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The bursting of pipes due to freezing of contained liquid is considerably costly in industrial
applications, resulting in over $4 billion in damage over the last decade alone in the United
States. The high values of pressure in these circumstances are often so dangerous that the safety
of workers may be at risk. Given the detrimental effects of freezing of water in closed systems,
further study of this phenomenon is of considerable importance. Considering the consequences
of the above-mentioned problem, it seems that more emphasis should be placed on finding a

solution to this unwanted phenomenon.

This doctoral research program attempted to study the root cause of the failure of pipes due
to freezing and then propose a novel solution to overcome this undesirable occurrence.
Furthermore, various aspects regarding fabrication of the coating-based heating system, as the
novel heating system for protection of pipelines, were investigated. In this regard, to understand
better the failure mechanism of the steel pipes due to internal pressurization and impact of
pressure on freezing behavior of water in pipes, several experiments were performed in an 18 m?
cold room in the first phase of this project. It was found that the freezing temperature of water is
greatly dependent on the internal pressure of the pipe, which is itself dependent on pipe material,

diameter, and thickness. Then, to mitigate the problems caused by ice formation and



accumulation, a novel heating system was developed for usage in pipelines. The flame spraying
process was used to deposit the coatings, which possess favorable mechanical and electrical
characteristics, onto the carbon steel pipes to heat and melt the ice formed within pipes by the
way of Joule heating. The results suggest that the proposed novel heating system can be used on

an industrial scale to mitigate the detrimental effects of ice accumulation in steel pipes.

The third phase of this project was focused on developing a mathematical model that can
predict the performance of the coating system by estimating the transient temperature of ice, the
times that were required to heat and melt ice, and the transient location of the moving solid-
liquid interface during the melting process. The results suggest that the mathematical models that
were developed based on one-dimensional conduction in cylindrical coordinates can be
employed to provide reasonable predictions of coating system performance up to maximum 16%
and 9% relative difference between the experimental measurements and model predictions for

ice heating and melting stages, respectively.

The final phase of this project was on developing a techno-economic model to assess the
feasibility of manufacturing and utilization of the coating-based heating systems. A data-
intensive model was developed to compare the technical and economic implications associated
with fabrication, installation, operation, and maintenance of multi-layered coatings with those of
conventional tracers. It was found that the total cost of fabrication of the coating system was
about 7 times that of the tracers due mainly to the labor cost. However, the efficiency of the
coating system was about 30% higher than conventional heat tracers. The results suggest that
end-users must weigh the improved performance of the coatings against the increased fabrication
and installation costs for large-scale protection of pipes against bursting in industrial

applications.
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Chapter 1

Introduction

1.1 Background

1.1.1 Failure of Pipes Due to Ice Accumulation

Formation and accumulation of ice inside closed piping systems are pervasive
phenomena in both residential and industrial sectors where the pipes are exposed to temperatures
below the freezing point of the enclosed water. The pressurization of the liquid phase inside the
pipe due to the freezing of the liquid water that is followed by bulging and rupture of the steel
pipes. It is known that the failure occurs at the location where unfrozen water is entrapped
between plugs of ice [1]. Failure of piping systems due to internal pressurization is not only

restricted to the metallic pipes and can also be observed in plastic piping systems as well [2].

It is well-established that the detrimental effects of such undesired phenomenon are
perilous and costly, especially in the industry due to the significant non-productive downtime
and production loss. The financial losses due to the damages that stemmed from the frozen pipes
were estimated to be $450 million/year during the 1985 to 1995 period only in the United States
[3]. Based on an investigation conducted by the Insurance Information Institute (I.L.1.) [4], one of
the main problems that occur during winter is freezing of enclosed liquid in pipes. The financial
losses caused by ice, freezing, and related issues averaged $1.2 billion annually only in the
United States over the last 20 years [4]. The detrimental effects of frozen pipes are not only
limited to financial losses. Due to the tremendous pressure and energy that is stored inside the

closed pressure vessels and piping systems, bursting of the pressurized pipes sometimes result in



explosive ruptures that can pose a threat to the well-being of the workers in the field and
endanger their safety. Given the prevalence, severity, and financial losses associated with the
formation and accumulation of ice in closed piping systems, it stands to reason that a great

emphasis should be placed on finding a practical solution.

Installing insulation material around the pipes is the most widespread and cost-efficient
strategy to decrease the wind chill effect and the rate of heat loss. It also increases the total time
required for cooling and freezing of water within the pipes and reduces the extent of losses
associated with burst pipes [5]. However, this solution is a suitable burst protection strategy
when the pipes are exposed to frigid environments for periods of limited duration [5]. Therefore,
it stands to reason that an efficient heating system must be accompanied by suitable insulation to

protect the piping systems properly against prolonged exposures to frigid environments.

1.2 Utilization of Heating Systems

Electric heat tracing has been suggested as an efficient means for temperature control of
water distribution pipes and protection against freezing where process steam and waste heat are
not available [6]. Furthermore, heat tracers are widely used for pipelines that carry high viscosity
fluids where temperature protection is required. The provision of clean heat sources, compared to
the low-pressure steam, on a large scale for both industrial and residential applications is another
advantage of the electric heat tracing method [7]. Electric tracing systems also have the
advantage of precise temperature control and economic, environmental, and safety benefits when
compared to steam-based heat tracing [8]. Furthermore, utilization of electric resistance heating
systems is not only limited to pipelines; they have been used successfully in other areas such as

power-line de-icing [9], cementitious composites for removal of snow from the surface of



transportation infrastructures [10], carbon fiber resistance heating for mitigation of ice

accumulation on road surfaces [11], and anti-icing and de-icing of wind turbines [12].

It is well-established that the power supplied to electric tracing systems can be adjusted
by controlling the input voltage. Therefore, the performance of the heating system can be
modified based on the environmental conditions and the required working conditions in the field
at any specific moment. In this regard, a controller can be employed to adjust the output of the
electric heating systems and make the heating system adaptable to environmental conditions
[13]. Not only does the application of a controlling system improve the efficiency of the electric
heating system for temperature protection of the lines, but it also reduces energy consumption.
The wide range of power that can be supplied by self-regulating heat tracers that start from 4
Watt per foot (W/ft) up to 30 W/ft at 10°C at operating voltages from 24 VAC up to 750 VDC is

another advantage of electric heating systems [14].

Other alternative electric resistive heating systems that are not based on conventional heat
tracers for pipelines haves been proposed recently. These include use of multi-layered thermally
sprayed coatings. Utilization of thermal-sprayed coatings has already been investigated
extensively for various heating applications, substrate geometries and materials, and temperature

ranges [15 - 20].

1.3 Fabrication and Utilization of Coating-Based Resistive Heating Systems
Thermal spraying has been present for over a century, being greatly refined and
optimized during this time, becoming nowadays a reliable and cost-efficient method to deposit

thick coatings with a wide variety of feedstock materials and substrates. Thermal sprayed



coatings have been successfully applied in fields such as aerospace or electricity production,
becoming an essential component of today’s industry. The usage of thermal-sprayed coatings as
electric resistance heating systems has received increasing attention in recent years. However,
the application of thermal-sprayed coatings in electronics was proposed around five decades ago
when planar ferrite microwave integrated circuits (MIC’s) were successfully fabricated by using
arc-plasma spraying (APS) process [21]. Smyth and Anderson [22] studied the effect of spraying
parameters on the physical and electrical properties of the produced film resistors. It was shown
that APS process can be used as an alternative method for producing electrical components and
circuit. It was found that a film with sheet resistivity from 5-500 €/sq could be obtained by using
a mixture of NiO and Fe3O4 powders with a particle size range of 1 — 20 pm and that APS can be
used for cheap quantity production of resistors and conductors with satisfactory long-term

stability [22].

Sampath, et al. [23], investigated the application of thermal spray techniques in
fabrication of meso-electronics. It was found that multilayer deposits of ceramics and metals that
have appropriate electrical properties can be produced by thermal spray methods to fabricate
electrical components ranging from insulators, conductors, and resistors. Fabrication of resistor
was conducted by deposition of NiCr alloy over alumina by plasma or HVOF processes. The
sheet resistance of the fabricated resistor was reported to be in the range of 17-54 KQ/sq. Low
cost, high production rate, flexibility of use of thermal spray process, and capability of producing
millimeter-thick layers of conductors and insulators made this process an alternative for
fabrication of components for power electronics [23]. Similarly, deposition of ceramic feedstock

particles by using HVOF process that is accompanied by oxygen-rich flames and the use of cold



spray process have been found to be appropriate methods in synthesis of high-quality dielectrics

and conductors, respectively [24].

In an early effort [25], air plasma spraying process was used to fabricate the resistance
heaters. The metal film heater (molybdenum), which was isolated from the faceplate by a
plasma-sprayed ceramic film, was able to generate heat fluxes up to 7.2 MW/m? over an area of
10.3 cm? [25]. Therefore, it was shown that thermal-sprayed coatings can be used as heating
systems. Given the direct deposition of the films atop the test surface, as opposed to
mechanically attaching the heater to the surface, the thermal contact resistance between the
thermal-sprayed heating element and the substrate is minimized [26]. This results in fabrication
of more efficient heating elements. The structure of the heating system depends on the electrical
resistance of the metallic alloy that is required to be achieved, the substrate material and its
electrical conductivity. Owing to the high thickness required to achieve the appropriate electrical
resistance, thermal spraying techniques are preferred over vapor deposition for fabrication of the
coating-based heating elements [26]. It is well-established that for the cases in which the
substrate is electrically conductive, an intermediary ceramic layer, which possesses dielectric
properties, is required to prevent short circuiting and leakage current in the heating system.
Therefore, it is required to develop a multi-layered coating system that consists of the two main
elements, namely the heating element that is usually a metallic alloy and an electrically

insulating ceramic layer.

1.3.1 Deposition of ceramic coating as an electrically insulating layer

Alumina is widely used as an electrical insulator due to the dielectric properties that this

material possesses. Given the rapid and simple coating of large surfaces by using plasma



spraying process, deposition of electrically insulating coatings have been an appealing option in
electronics industry. It has been shown that the volume resistivity of plasma-sprayed alumina
coating can be very high within the range of 10° - 10'® Q cm [27]. It has been reported in the
literature that the electrical resistivity of alumina depends on several parameters including
applied pressure, humidity, microstructural characteristics, and phase composition of alumina

[28 - 32].

Lue ef al. [28] demonstrated that the surface resistivity of alumina coating decreases by
applying pressure on it, but it still was larger than 10 Q cm when it was compressed at pressures
up to 250 MPa. High humidity levels also affect resistivity of the alumina coating [29 —31]. In a
study by Toma et al. [29] a dramatic decrease about five orders of magnitude in the resistivity of
alumina coating was observed when the relative humidity level was increased to 95%. The
deterioration of the insulating properties of alumina coating with increasing humidity was
explained by increase in the surface conductance of the oxide layer because of absorption and

accumulation of water molecules on the coating surface [30].

Furthermore, the different microstructural features of the coatings due to use of different
thermal spray processes affect the electrical resistivity of alumina layer. It was found that the
electrical resistivity of the alumina coating that was obtained from HVOF process was slightly
better than the one that was fabricated by APS process, which was likely due to the lower open
porosity and presence of defects [29]. Furthermore, it was shown that the alumina that is sprayed
by suspension HVOF (SHVOF) has better electrical resistance stability than the alumina coating
deposited by the conventional HVOF process due to the retention of higher content of a-alumina

[31].



The phase transformation of alumina is also another well-known, but neglected factor
that can negatively affect the electrical properties of the thermally sprayed alumina coatings. The
deterioration of electrical properties of alumina is due to the phase change from a-alumina
(corundum) to y-alumina, which is a metastable phase with undesired properties [31, 32]. The
phase change is attributed to the rapid cooling of the molten alumina particles below the
temperature at which the atomic rearrangement can occur before the stable phase of corundum is
reached [33]. It was found by McPherson [34] that the metastable form is retained during cooling
of particles that are less than 10 um diameter due to higher cooling rates and the particles larger

than that may transform to a-Al2O3 during the solidification.

It has been shown that plasma-sprayed deposits of cordierite (2MgO-2A1,03-5S10,) can
also be used as the electrically insulating layers due to the high electrical resistivity and chemical
durability of this material [35, 36]. Alumina-titania coatings are other alternatives that can be
used as electrically insulating layers. In addition to the dielectric properties, they benefit from
enhanced toughness, which increase their performance durability [37]. However, the electrical
resistivity of the alumina-titania coatings is partially compromised. As an example, it was
observed by Golnka and Pawlowski [38] that the surface resistivity of arc plasma sprayed

alumina was 10° Q cm, but that of alumina-2wt. % titania was 10’ Q cm.

The main challenge associated with the coating-based insulators is the dielectric
breakdown mechanism of the coating, which is indicative of the failure of the electrically
insulating layer, and is caused by electrical discharge when high local fields are produced. This
leads to physical degradation of the ceramic layer by formation of a complete failure path. It has

been found that voltage at which the breakdown of the APS-sprayed Al203-13% TiO> coating,



which is one of the compositions of alumina-titania systems that is widely used as an electrical
insulator, occurs is linearly related to the thickness of the coating. In this respect, the average

dielectric strength of the coating was measured to be 20 kV/mm [39].

It was observed by Killinger et al. [40] that the two most important factors regarding the
electrically insulating layer are breakthrough voltage and leakage current, which depended
heavily on the internal morphology of the coating that was related to the thermal spraying
process that was used for deposition of the coating. The difference in the breakdown voltage
versus coating thickness of the alumina coating that was deposited with HVOF and APS process
can be seen in Fig. 1-1(a). The pin hole that was produced by the voltage breakdown mechanism

is also shown in Fig. 1-1(b).
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Figure 1-1 (a) Breakdown voltage of alumina as a function of coating thickness and (b) Pin hole

formed due to high voltage breakdown [40]

1.3.2 Deposition of the metallic alloy coating as the heating element

A material that is electrically conductive and has high electrical resistivity is required to

be deposited onto the intermediary ceramic layer with dielectric properties to fabricate the



heating element. Deposition of several different thermal-sprayed metal alloys, namely
Molybdenum (Mo), nickel (Ni), nickel-20 wt.% chromium (Ni-20Cr), nickel-5 wt.% aluminium
(Ni-5Al), iron-13 wt.% chromium (Fe-13Cr), and Iron-chromium-aluminium (FeCrAl), by using
various thermal spraying processes including APS, VPS, HVOF, wire arc, combustion spray, and
wire flame spray, has been reported in the literature for usage as the heating elements [25, 26, 40

— 45].

Michels, et al. [26], used three thermal spray techniques, namely air plasma spray (APS),
vacuum plasma spray (VPS), and high-velocity oxygen fuel (HVOF), to produce resistance
heating elements that can generate uniform and easily controlled flux. It was found that HVOF
and VPS processes compared to the APS could manufacture consistent coatings with physical
properties that are close to the bulk materials. In this study, a metallic layer (nickel-chromium
alloy Ni80-Cr20), which served as the heating element, was deposited onto a ceramic layer
(alumina) that served as the electrically insulating layer. The layers had a thickness in the range

of 75 to 300 um. The configuration of the studied resistive heating system is shown in Fig. 1-2.



Figure 1-2 Configuration of heater and insulator films [26]

It was found that the thickness of alumina that was required to isolate the heating element from
the substrate was around 100 pm for HVOF, but 200 um for APS [26]. Furthermore, the highest
fluxes that could be generated from the fabricated heating system before failure was as high as
10.6 MW/m? and 17.2 MW/m? for HVOF and VPS films, respectively. The heaters failed at very
high level electrical currents. It was found that the failure mode of the thermal-sprayed heating
system was delamination of the Ni-Cr layer from the insulating ceramic layer. Therefore, the
evolved thermal stresses between the deposited ceramic and metallic films due to the mismatch

between the thermal expansion coefficients were suggested as the root cause of the failures [26].

Tong, et al. [41] investigated fabrication of microheaters by micromachining thermal-
sprayed 80Ni-20Cr coatings. In this study, thermal spray, as an additive manufacturing process,

was combined with micromachining, as a subtractive manufacturing process, to produce

10



functional microheaters. This technique shows considerable potential in fabricating small scale
embedded functional parts within thermal-sprayed coatings. In this study, both combustion and
plasma thermal spray techniques were used to deposit the NiCr coating with thickness in the
range of 25 to 75 um on alumina substrate. Ultrafast laser direct-wire technique was used to
fabricate patterns based on which uniform heat flux can be produced. Several different patterns

for fabrication of the micro heaters are shown in Fig. 1-3.

Figure 1-3 Microheater designs: (a) square-meander, (b) circular-spiral, (¢) SEM image of

circular-spiral, and (d) SEM image of concentric-circle patterns [41]

In this study, cracking and mechanical failure of alumina substrate was observed when
the temperature of the heater was increased to 450-500 °C. Therefore, the failure was attributed

to the thermal stresses caused by coefficient of thermal expansion mismatch in the multi-layered
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sample. It was concluded that the bimorph beam bending model can be used to explain the

failure caused by thermally induced stresses at elevated temperatures [41].

Killinger et al. [40] studied the electrical properties of both essential components of the
heating systems, namely the insulator and the film heater. The nickel-chromium (Ni20Cr)
coating was deposited onto the alumina coating by plasma spraying process and using spraying
mask technique to form the metal-ceramic multilayer composite that is required for fabrication of
the heating devices. The layout of the developed heater and the micrographs taken from the

cross-section of the coated samples are shown in Fig. 1-4 and Fig. 1-5, respectively.

Film heater

b

™ Blass ceramic

; \‘“ Insulator
a coating
L Glass ceramic tog

Figure 1-4 Examples of film heater layouts [40]

Figure 1-5 shows the microstructure of the deposited multi-layered coating that was
deposited onto both glass ceramic and steel substrates. The thickness of the alumina and NiCr
coatings were measure to be 200 and 30-50 um, respectively. It was found that the tensile
residual stresses reach very high values at the surface of the NiCr coating and deposition of

thicker coatings (more than 50 pm) would lead to delamination of the metal film [40].
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Substrate

Substrate

Figure 1-5 Micrographs taken from the plasma-sprayed metal-ceramic multilayer composites.

Ni20Cr/Al20O3 on (a) glass ceramic and (b) stainless steel substrates [40]

Prudenziati et al. [42], developed self-regulated heaters by air plasma spraying process
that could operate reliably at temperatures up to 600°C over long periods of time. In this study,
the heaters were designed for both planar and cylindrical geometries. Engraved metal masks
were used to fabricate the heating elements (Ni, Ni-20Cr, and Ni-5Al) in the shape of meanders

as shown in Fig. 1-6.
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Figure 1-6 Schematic of the heating plate that consists (1) alumina coatings, (2) heating

meander, and (3) metal coupon (substrate) from (a) top view and (b) cross-sectional view [42]

Two fabricated heating elements, heating plate and a runner nozzle for a polymer
injection moulding apparatus, are shown in Fig. 1-7. Due to the dependence of the heating
element electrical resistance on temperature, it was claimed that the metallic heating element
could also be used as a smart sensor for direct reading of the heater temperature. Therefore, there
would be no need to install a separate temperature sensor. Based on the claimed wide operation
temperature range (20-600 °C) and the industrial reliability of the fabricated coating systems, it
was concluded that the developed self-regulated heating platforms can be used for applications in

the field of high-temperature operating sensors [42].
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Figure 1-7 Cylindrical and Planar heaters developed by air plasma spray (APS) process [42]

In another study by the same author [43], the failure of the heating element and the
insulating layer was investigated. It was found more serious failure modes were associated with
use of NiCr- and NiAl-based heating elements than Ni-based ones. Electrical properties of both
thermal-sprayed Ni and Ni20Cr heating elements and the correlation between the microstructure
of the coating and the electrical properties of the metal alloys that were deposited by atmospheric
plasma spray (APS) and HVOF processes were investigated by Prudenziati and Gualtiei [44]. It
was observed that use of fine powders, oxygen-rich atmosphere in the plume, and high
temperature flames of APS and HVOF lead to preferential oxidization of Cr and formation of
oxide phases (mainly chromite NiCr.O4 and NiO) that are high resistive materials. The Ni/Cr
ratio in the oxidized regions was found to be lower than the value in the surrounding matrix. This
indicates that oxidation results in enrichment of Cr in the oxidized areas, which leads to
depletion of Cr and enrichment of Ni in the surrounding areas resulting in composition change

from 80Ni20Cr to xNiyCr with x/y > 4. This forces the electrical transport in the surrounding
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metal matrix with higher Ni/Cr ratio resulting in higher temperature coefficient of resistance
(TCR) values. Furthermore, it was found that the TCR of NiCr that was deposited by APS was

considerably less than the HVOF-sprayed NiCr [44].

Lamarre et al. [45] developed a multi-layered thermal-sprayed cylindrical resistive
heater. In this study, alumina dielectric insulator with a thickness of 250-300 um was deposited
onto metallic substrates by plasma spray process. Then, a wire flame-sprayed iron-based alloy
(FeCrAl) resistive element with thickness in the range of 75-100 um was deposited onto the
alumina coating with a specific pattern that is shown in Fig. 1-8 by masking technique. The
performance and the microstructure of the heating system were analyzed after energizing and

maintaining the cylindrical heater at a constant temperature of 425°C for up to four months.

Dizlectric Layer

Resistive Laver

Substrate

Figure 1-8 Schematic of a portion of the cylindrical resistive heating system (not to scale) [45]

A localized high-stress zone was observed at the intersection point of FeCrAl, alumina,
and ambient air, which is highly due to the discontinuity of the applied force on the surface of
the alumina coating. Formation of cracks in the alumina layer, which is of great importance in

deterioration of alumina layer and failure of the insulator can lead to short circuiting between the
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conductive substrate and the heating element, can be observed in Fig. 1-9. Based on the results
obtained from the simulation model, it was concluded that reducing the thickness of alumina can

decrease the maximum stress, but it increases the average stress in alumina layer.

Figure 1-9 Cross-sectional SEM images taken from the multi-layered heating sample showing

formation of cracks at the intersection point after conducting the thermal tests [45]

Flamed-sprayed coatings as novel heating elements with the potential impact of
eliminating the formation of ice on wind turbine blades were proposed by Lopera-Valle and
McDonald [46, 47]. It was found that flame spraying process could be used to deposit both
coating-based heating elements, namely nickel-chromium-aluminum-yttrium (NiCrAlY) and
nickel-chromium (NiCr) coatings, on top of the fibre-reinforced polymer composite (FRPC)
substrate successfully without any damage to the substrate. In order to prevent damage to the
fibres of the composite substrate due to the deposition of high-temperature molten powder

particles, a layer of garnet sand was used as an intermediary layer between the FRPC and the
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metal alloy coating. Furthermore, the garnet sand layer that was formed by sparkling garnet on
top of the last layer of epoxy prior to the curing process was also used as the roughening agent. It
was found that the use of the garnet sand layer was beneficial for both deposition of the flame-
sprayed coatings and also protecting the substrate against thermal damages due during the flame
spraying deposition process. The NiCrAlY and Ni-20Cr coatings that were fabricated in this
research were as thin as 80 = 15 um (n = 20) and 100 £ 15 um (n = 20), respectively. The SEM

images that were taken from the cross-section of the coated FRPC sample are shown in Figs. 1-

10(a) and 1-10(b).
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Figure 1-10 (a) Low- and (b) high-magnification SEM images taken from the cross-section of

the coated FRPC [46]

It was observed that with a supplied power as low as 2.5 W over 3 V the temperature of
the FRPC sample was 15°C above the ambient temperature when no air was flowing over the
sample [46]. In addition, application of the efficient coating-based heating element was
successful in increasing temperature of the FRPC sample under forced convective conditions. In

another study by the same authors [47], it was shown that the embedded coating-based de-icing

18



element was also able to melt the ice that was formed on top of the coated polymer-based

composite while the sample was exposed to forced convection conditions.

1.4 Development of Mathematical Models for Phase Change of Water/Ice

The modeling of the phase change of the materials has been the subject of extensive
research studies. In an early study by Poots [48], approximate integral methods were used to
determine the transient location of solid-liquid interface during the unidimensional solidification
of liquids that were initially at the fusion temperature. Due to the non-linearity of the interface
energy equation, obtaining the temperature distribution by using the analytical solutions was
very difficult. To overcome this challenge, use of computer-aided numerical solutions and
mathematical techniques such as variational technique, the heat-balance integral technique, and
the Riemann-Mellin contour integral technique were suggested as outlined in a review by
Muehlbauer and Sunderland [49]. Determination of the time required for solidification of food-
based materials was studied by Pham [50]. In this study, Planck’s equation was extended to
include the sensible heat effects for predicting the freezing times of foodstuffs of simple shapes.
Cleland et al. [51] used finite element method to predict the duration of phase change time in
solids of arbitrary geometry. The flexibility of the method allowed for prediction of rates of

freezing or thawing for wide variety of geometries and external heat transfer conditions [51].

Mathematical modelling of phase change problems has also been conducted in previous
studies [47, 52, 53]. It has been found that the models that were developed based on one-
dimensional transient conduction theory for finite length-scale media were able to estimate the
duration of the phase change of water/ice to within 15% of that which was observed in

experiments. In one study, Yan, et al. [54] developed a model that was based on the quasi-
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steady-state approximation to investigate the thermal characteristics of phase change material
enclosed in a pipe in both freezing and melting processes. It was concluded that the quasi-steady-
state model was highly efficient and reliable in determining the transient temperature of the

water during the phase change process.

Other mathematical models that pertain to formation of ice have been developed to
determine the transient thickness of ice [55 - 58]. As an example, a one-dimensional model for
ice accretion that was caused by in-flight supercooled droplets impacting on a thin substrate was
developed by Brakel, et al. [55]. The model was based on heat equations that were reduced to
pseudo-steady forms. It was found that the results of this model were in good agreement with
those that were obtained by a numerical scheme that solved the full Stefan problem. In addition,
a one-dimensional mixed ice accretion model was developed by Janjua, et al. [56], which was
capable of predicting the composition of the overall ice structure and transient ice thickness for
the case of formation of rime ice and glaze ice on aircraft wings. Furthermore, Zhang, et al. [57]
developed an improved one-dimensional model to describe the aircraft icing process. In this
model, the ice property variability and runback water were also taken into account. The icing
process was also investigated based on theories of phase change and film flow theories by
Yanxia, et al. [58]. In this study, the growth of ice was determined by coupling the solid/liquid
phase change with runback water flow. It was found that consideration of the flow of runback

water on the icing surface accelerated the phase change process and ice growth rate.
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1.5 Techno-Economic Assessment of Thermal-Sprayed Coating Systems

The initial monetary investment and the long-term expenses including the maintenance
and electricity consumption of the systems should be determined to assess the feasibility and the
economic benefit of utilization of the newly developed coating-based heating system in the
industry for protection of pipelines against freezing of the enclosed liquid and the following
failure. Furthermore, the technical performance of both heating systems should also be evaluated
and be taken into consideration. In this regard, conducting a techno-economic analysis (TEA)
that is composed of both technical and life-cycle cost analyses could be very informative and
helpful as it may be characterized as a systematic tool, which is utilized to analyze the economic
viability, opportunities, and negative economic effects of manufacturing processes, by
accounting for the overall variable, capital, and fixed costs [59]. TEAs have played an integral
part in determining which materials provide the greatest economic incentives for a particular

product or process [60].

A concurrent issue in conducting a life-cycle cost analysis (LCCA) is the challenge of
managing uncertainty in the assessment of emerging technologies. Therefore, selecting the
appropriate uncertainty assessment technique depending on the various nature, location and level
of uncertainty is important to guarantee effective decision-making [61]. A few assessment
techniques include sensitivity analysis, scenario analysis, and Monte Carlo analysis. Sensitivity
analysis determines how dependent variables are impacted by changes in the input variables of a
model. Scenario analysis is a process of examining and evaluating possible future events by
considering various feasible results or outcomes. Monte Carlo analysis evaluates the impact

probability distributions based on input independent variable uncertainties [61].

21



The LCCA consists of two stages. In the first stage, the reason and the purpose of a
LCCA are indicated, and the system boundaries and the functional unit are defined [62]. The
functional unit is the unit that can be quantitatively calculated to represent the function provided
by a product or a service. The second stage is to locate and quantify the inputs and outputs within
the system boundaries [62]. Once the technological aspects are coupled with the cost metrics of
the developed economic model based on the defined functional unit, a scalable view of the

technical and economic implications can be obtained [63].

To design a commercially viable system, and to make appropriate investment decision,
accurate facility, equipment, material and labour information must be collected first, and
investment and profits must be calculated. Techno-economic analysis (TEA) is a tool to evaluate
the potential cost and profits based on assumed equipment and facility characters and costs [64].
Since TEA can combine engineering design, technical information, and costs and profits
together, it can provide support not only for a long-term business strategic decision, but also for

on-going operation and improvement [65].

Given the importance of protection of pipes against freezing and rupture, comparison of
the technical and economic implications of use of conventional tracers and multi-layered coating
systems is needed for integration into industrial operations. Despite the importance of developing
economic models for comparison of the costs of fabrication of coatings based on different
spraying processes, the total cost associated with production and utilization of coating systems is
still not clear and only a paucity of techno-economic cost analysis studies are available. One
major barrier has been the reticence of companies and researchers to disclose confidential

financial and technical performance data [66].
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Several probabilistic cost analyses have been performed to estimate the total cost of
thermal-sprayed coating systems. In a study conducted by Glatzmaier and Gomez [67], a bi-
layered coating system was fabricated on wetted surfaces of stainless-steel tank walls. The
coating system in this study was fabricated for use in concentrating solar power thermal storage
applications. The coating system was comprised of a nickel-chromium alloy as bond coat, which
was used to promote adhesion between the top layer and the substrate, and a top coat of a-
alumina, which was used for protection of the substrate against corrosion due to contact with the
liquid inside the tank. All the costs, including powder, gas, energy, equipment, and labor for
fabrication of the coating system were estimated and the range of the cost of the coating system
was determined based on the surface area in $/m2. As a result of the developed model, a cost
benefit was found for fabrication of the bi-layered coating system for wetted surface tanks and
other components of concentrating solar power plants. Sensitivity analysis was also performed to
rank the significance of each of the parameters on the total cost of each system to understand and
to revise and improve the items that were of most impactful from a financial perspective [67].
This study, however, still left unanswered questions on impact of performance of the coating
systems when balanced with the cost of fabrication and implementation in industrial settings.
Very little work has been done so far to assess the life cycle costs of thermal-sprayed coatings. In
particular, no studies have been conducted to compare the costs of coatings used as heating
elements and conventional heating systems. No techno-economic studies have been conducted
wherein the costs of the coatings-based heating systems have been benchmarked against their

performance.
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1.6 Summary

Formation and accumulation of ice inside pipes are undesired phenomena for above-
ground water distribution pipelines that are exposed to cold environments. Transformation of
water into ice, which is accompanied by volume expansion, causes pressurization and bursting of
the pipes. Freezing experiments were conducted to study the dependence of the freezing
temperature of the enclosed water on several parameters such as pipe mechanical properties, pipe
wall thickness, and the work hardening the pipe has underwent in previous loading and
unloading cycles. The novelty of this section was finding the relation between the yielding of the
pipe material and beginning the second phase change stage. The findings can inform on the
beginning of the plastic deformation of the pipe before which a heating element must be utilized

to compensate the heat dissipation to the environment.

Therefore, the necessity of using a heating system for prevention of pipe failure due to
freezing of the enclosed liquid is obvious. In this regard, various thermal-spraying techniques
were employed to fabricate the next generation of heating systems for temperature protection of
pipelines. The obtained promising results show that the novel coating-based systems can be used
on large scale to heat and melt the ice within the steel pipes. Furthermore, it was found that the
coatings are even more efficient than conventional heating cables thanks to the intimate contact
with the surface of the pipe. The novelty of this study was fabrication of multi-layered thermally
sprayed coating systems for pipelines based on the actual environmental conditions during
wintertime to avoid bursting and failure of the steel pipes. Furthermore, the link between the
spraying process, spraying parameters, coating microstructure, electrical resistance, and heating

performance of the fabricated coatings were investigated in detail. Therefore, the findings of this

24



study can inform on the relationship between the material science and heat transfer for the

developed coating systems.

Furthermore, two one-dimensional transient heat conduction models were developed to
predict the heating and melting times of the ice inside a closed pipe that was coated with a multi-
layered thermal-sprayed coating system. The developed model for phase change of a finite-
length scale medium was able to determine the transient location of the solid-liquid interface and
predict the transient thickness of the enclosed ice. The results show that the mathematical models
that were developed based on one-dimensional transient conduction theory can be employed as a
reliable tool to predict the heating and melting times of the solid ice within coated carbon steel
pipes relatively accurately. Therefore, the proposed heating system, coupled with the model, can
be used as an effective and predictable means to mitigate the ice accumulation inside closed
metallic pipes. The novelty of this study was development of an analytical model for phase
change in a finite-length medium by utilization of superposition and separation of variables
method. Prior to this study, the exact solutions were only used for semi-infinite and infinite
regions and numerical and approximate solutions were suggested for finite regions. Furthermore,
the results of this study were also shown based on unitless phrases so that they can be used for

different pipe geometries and power supplies.

Techno-economic analysis (TEA) is a tool to evaluate the potential cost and profits based
on assumed equipment and facility characters and costs. Since TEA can combine engineering
design, technical information, and costs and profits together, it can provide support not only for a
long-term business strategic decision, but also for on-going operation and improvement. In this

regard, a techno-economic model was also developed to assess the feasibility of fabrication and
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utilization of the coating-based heaters on an industrial scale. Based on the obtained results, the
improved performance of the coating systems should be viewed in light of the increased
fabrication and installation costs by end users for large-scale protection of steel pipes against
bursting during freeze events. However, the coating-based heating system can still be further
developed and modified so that the required microstructure can be achieved at a lower cost either
by modifying the spraying process or spraying parameters. The novelty of this study was
investigating the economic viability of fabrication and utilization of coating systems for
protection of pipelines. The findings of this study inform on both higher efficiency of the coating
system and higher cost of fabrication of the coatings compared to the heating cables.
Furthermore, the heating performance of the proposed coating system was compared with the

convention heating cables in the actual environmental conditions for the first time.

1.7 Objectives

The objectives of this doctoral research project were to:

1)  Analyze the failure mechanism of the pipes due to freezing of the enclosed water.

i1) Develop suitable spraying parameters and procedures to fabricate functional coatings
on flat and cylindrical samples.

ii1) Analyze qualitatively the adhesion, microstructure, and homogeneity of the deposited
coatings by taking micrographs from cross sections of coatings by using a scanning
electron microscope (SEM).

iv) Assess the performance and functionality of each coating layer in providing the

electrical insulation, favorable electrical resistance, and proper electrical contact.

26



v) Develop two mathematical models based on transient one-dimensional heat
conduction to estimate the times that are required for heating and melting of ice
inside a closed pipe.

vi) Develop a comprehensive model to calculate the approximate overall expenditures of
fabrication, installation, operation, and maintenance of thermal-sprayed electric
resistance heating systems and conventional heat tracers.

vii) Compare the performance of the coating-based heating system with conventional

tracers based on actual low-temperature working conditions.

1.8 Thesis Organization

The present thesis document has several chapters with the following structure: Chapter 2
focuses on the failure of steel pipes due to the freezing of the enclosed water and ice
accumulation. The experimental setup that was employed for conducting the freezing tests and
the procedure for analyzing the failure of the pipes are included in this chapter. In Chapter 3 of
this thesis document, the fabrication of multi-layered coating-based heating systems was studied.
Discussion about the impact of spraying parameters on the microstructure of the fabricated
coatings and their electrical performance has been included in this chapter. Furthermore, the
performance of the developed coating systems, as de-icing elements, was discussed in detail in
this chapter. Chapter 4 presents the details related to the development of the mathematical
models that were used for prediction of heating and melting times of the ice inside the steel
pipes. Evaluation of the accuracy of the obtained results, which was conducted by comparing the
predictions of models and the experimental measurements, has also been included in this chapter.

In Chapter 5, details about the development of a techno-economic model are provided.
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Furthermore, the comparison of the techno-economic implications of fabrication and utilization
of coating-based heating system with those of conventional tracers has been provided in this
chapter. Chapter 6 summarizes the conclusions from this thesis. Finally, Chapter 7 provides the

suggestions for future work for extension and modification of this research work.
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Chapter 2

Failure of Steel Pipes Due to Ice Accumulation

Solidification of water in closed piping systems is a common phenomenon in both the
industrial and residential sectors. In some cases, the resulting damage may be both costly and
dangerous and thus warrants attention. Therefore, further study of the cooling and freezing
behavior of stagnant water within closed pipes seems to be necessary. In this regard, several
experiments were performed to investigate the freezing behavior of water in pipes. The inelastic
deformation, work hardening, and fracture of the pipes that were caused by volume expansion
due to the freezing of the water were also studied. Two conventional steel pipe materials, namely
ASTM A333-6 and ASTM A106-B, were used in the freezing tests. The fracture surfaces of the
pipes were analyzed by using both macroscale and microscale images of the surfaces.
Fractography analysis of the fractured regions was also performed by using a scanning electron
microscope. It was found that the damage caused during freezing to the A106-B pipe was
considerably more than that in the A333-6 pipe. The results confirm that A333-6 should be used

instead of A106-B in pressure equipment, such as pipes, that are exposed to low temperatures.

The presented work in this chapter has been published in the proceedings of The
Canadian Society for Mechanical Engineering (CSME) International Congress, Toronto, ON,

Canada, May 27-30, 2018.
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2.1 Experimental Method

Two 254-mm (10-inch) long, 51-mm (2-inch) diameter carbon steel pipes were used in
the freezing experiments. The steel pipes were of two different materials namely ASTM A333-6
and ASTM A106-B. However, the wall thickness of both of the pipes was the same. Schedule 40
pipes, which are widely used in industry, were selected for the tests. The pipes were chosen to

study the effects of pipe material on the resulting failure.

Each pipe assembly included a 254-mm (10-inch) long pipe with two A420 WPL6 butt-
welded end caps, each including a 19-mm (¥4-inch) Class 3000 A350 LF2 threadolet. Welding
consisted of a typical SMAW P1-P1 procedure using E6010 for the root and E7018 for the cap.
The total length of the assembly that consisted of the pipe, the two end caps, and the two
threadolets was approximately 381 mm (15 inches). A pipe assembly, which is related to a

Schedule 40 ASTM A333 Grade 6 pipe, is shown in Fig. 2-1.

| 10-inch long Schedule 40 carbon steel pipe (ASTM A333 Grade 6) | [ Threadolet |

l [@60 mm (238 inches) |

Pressure Transmitter (PT) |

Thermocouple

Pressure transmitter thermowell 1 254 mm (10 inches) Temperature Thermowell

381 mm (15 inches)

Figure 2-1 Pipe assembly, complete with the installed thermowells, thermocouple, and pressure

transmitter
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A thermowell (TW15, WIKA Instruments, Edmonton, AB, Canada) was installed into the
threadolets at each end of the pipe. The thermowells were used for positioning the type T
thermocouple (TC40, WIKA Instruments, Edmonton, AB, Canada) and the pressure transmitter
(PT) (S-20, Klingenberg, Germany). The tip of the thermowell used for the PT was drilled
through to enable pressure to be measured. A balloon filled with antifreeze was installed on the
tip of the PT thermowell to ensure that no ice would form inside the pressure sensing pathway
and to ensure that the peak pressure in the pipe, which occurs in the liquid phase, would be

measured.

Temperature and pressure data were collected at regular time intervals from the
thermocouples and the pressure transmitter by using two data acquisition systems. One data
acquisition system (SCXI-1600, National Instruments, Austin, TX, USA) was used to measure
the ambient and water/ice temperatures and a second data acquisition system (cDAQ-9171,
National Instruments, Austin, TX, USA) was utilized to collect and record pressure
measurements. The NI MAX software was used to collect all the measurement readings. The rate

at which data was collected from all the mentioned devices was one data point per second (1 Hz).

In order to assess the freezing behavior of water inside the closed pipes, several freezing
tests were performed in an 18.2 m® (640 ft*) cold room freezer (Foster Refrigerator USA,
Kinderhook, NY, USA) that was equipped with a temperature controller. The experiments were
all conducted with pipes that were oriented horizontally and under the same environmental
ambient conditions. The pipes were placed in the cold room in advance of conducting the tests so

that both the ambient and the water inside the pipe were at steady state. Care was taken to start
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all the tests at approximately the same temperature (27°C). The cold room set-point temperature

was -25°C and the tests were stopped when the water inside the pipe reached -15°C.

All of the experiments involved leaving a small pre-determined percentage of air space
inside the pipe, rather than filling it completely with water. The reason for having air in the
system was twofold. First, the first solidification plateau and ice cooling can only be seen when
some air is entrapped in the closed system. Second, some air in the system prevents the pipe
from yielding excessively and allows the pipe to be used for more freezing tests and, therefore,
work hardening of the pipe material can be better observed and assessed. As a result, the amount
of entrapped air in the pipe assemblies was set to a constant value of 5 vol.% for all the tests so
that the work hardening behavior of the pipe materials was studied without introducing the effect

of variation in the air content.

Considering the volume expansion of the pipes due to inelastic deformation, the volume
of the pipe assemblies was measured after each test. Then, the pipe assemblies were refilled with
water so that the increase in the volume of the pipe assembly was filled with water and the

volume percent of air could be maintained constant in all the freezing tests.

Eventually, after conducting repeated freezing tests, the piping assemblies failed. The
fracture surfaces were cleaned in order to study the microscopic features of the fracture surfaces.
The sectioned samples of the pipes were placed in an ultrasonic cleaner (Haver USC 200,
HAVER & BOECKER, Oelde, NRW, Germany) and cleaned with corrosion inhibited detergent
solution (Citranox, Alconox, NY, USA) for 30 minutes to ensure that the oxide scale and

deposits were removed from the fracture faces. The microstructure of the fracture surfaces was

32



then examined by using a scanning electron microscope (Zeiss Sigma 300 VP-FE, Carl Zeiss

Canada Ltd., Toronto, ON, Canada).

2.2 Results and Discussion

2.2.1 Freezing Behavior

The temperature and pressure traces of water/ice for the first freezing test that was
conducted on ASTM A333 Grade 6, hereafter referred to as A333-6, Schedule 40 steel pipe in
which 5 vol.% of air was entrapped in the pipe are shown in Fig. 2-2. The graph includes five
stages, namely water cooling, the first solidification plateau, cooling of the mix of water and ice,
the second solidification plateau, and the solid ice cooling. The first stage, which was related to
the liquid cooling, began when the fans in the cold room started cycling (dropping the
temperature in the room) and finished after a short supercooling period. The nucleation and
growth of plate-like solid crystals known as dendritic ice occur at this stage and during the
supercooling [68]. The length of the first solidification plateau in the second stage indicates the
time needed for some of the liquid water in the pipe assembly to solidify so that a mixture of
water and ice fills the entire volume of the pipe assembly. As the solidification proceeded
through this stage, the annular ice formed inward and the dendritic ice was engulfed by solid ice
[69]. At this point, solidification of water was paused due to the pressure increase. At the end of
the first solidification plateau, all the water had not been transformed into solid ice and some

water was still entrapped in the middle of the pipe assembly.
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Figure 2-2 Curves of temperature and pressure versus time for water/ice in A333-6 Schedule 40

low carbon steel pipe

In the third stage and during the elastic deformation of the pipe, the pressure of water
within the pipe increased sharply. As shown in Fig. 2-2, at the beginning of this stage, the
average rate at which the water temperature decreased in this period was very low (order of -
0.02°C/min) because the pressure of the water was lower than the pressure that was calculated

from the non-linear freezing relation for the hexagonal ice, which is given by Eq. (2-1) [70] as

8.38
_ 4 T;
P=6.11657 x 10* -414.5% (273.16 -1, @1

The values of pressure obtained from Eq. (2-1) were based on the transient temperature
of the freezing water inside the pipe (see Fig. 2-2). Further transformation of the water into ice
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caused an increase in the pressure of the freezing water such that the experimentally determined
transient pressure curve intersected and crossed the transient pressure curve that was obtained
from the non-linear freezing relation, which was representative of the magnitude of pressure that
was required to maintain the freezing water in its liquid form. This point and its analogous point
on the water temperature trace have been connected to each other with a dashed line (see Fig. 2-
2) in order to highlight the interaction between water pressure and temperature. After this point,
the high rate of increase in the pressure of the water caused a decrease in the rate of solidification
of the rest of the pressurized water due to a continuous depression of the freezing point.
Therefore, the heat loss in this period was mainly sensible as observed from the decrease in
temperature of the ice-water mixture and consequently, the average rate of decrease of the water
temperature changed noticeably from -0.02°C/min before 7,960 seconds after the start of the

experiment to -0.12°C/min after 7,960 seconds after the start of the experiment.

Once the carbon steel pipe entered the plastic deformation region, the pressure increased
with time at a lower rate than that which occurred earlier in the elastic deformation region. As a
result of further cooling of the freezing water when the pipe material was deforming plastically,
the pressure on the water was not sufficiently high to maintain the freezing liquid in its liquid
form and, therefore, the remaining water started transforming to solid ice. The average pressure
that was obtained from the experiment during this period (solidification plateau #2) was 5.2 MPa
lower than the average pressure that was obtained from the freezing curve for the given
temperatures (see Fig. 2-2). The transformation of water to ice, when the temperature trace
plateaued again, was clearly observed at the time when the pipe material started deforming

plastically.
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The magnitude of freezing point depression correlates with the pressure of the freezing
water, which itself is a function of the yield strength of the pipe and the pipe wall thickness
according to the von Mises yield criterion and thick-walled pressure vessel theory relations,
respectively. The yield strength of the pipe is not a constant value and varies due to work

hardening from one test to another.

At the end of the second plateau, all the water in the pipe had been transformed into
hexagonal ice. In the last stage, further cooling resulted only in temperature decrease of the solid
ice. The increasing deviation of theoretical pressure values from the experimental values in this
stage was likely due to a lack of pressurized water in the closed pipe. Therefore, comparison of
pressure values between the non-linear freezing relation and the experiment is not valid in this

stage.

2.2.2 Inelastic Deformation and Work Hardening

The inelastic deformation of the pipes that occurred during each freezing test was
determined by measuring the diameter of the pipes by using a Pi-tape. The outer diameter of the
pipes was measured before each test and after the failure of each pipe in the last test. The
transverse strain values were calculated by comparing the current diameter of the pipe with its
actual original value. As expected, the highest strains occurred near the middle of the pipe where

the reinforcing effects of the circumferential welds had the lowest impact.

It was found that the maximum strain values that A106-B and A333-6 steel pipes could
accommodate before rupture was 13.3% and 11.3%, respectively. It should be noted that the
minimum transverse elongation required before failure according to the standard respecting

ASTM A106 Grade B steel, hereafter referred to as A106-B, is 16.5% [71]. Therefore, the
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material did not meet the criteria under the frozen pipe tests. However, the requirement of the
minimum transverse elongation at failure for A333-6 steel is 11.4% [72], which is very close to

the strain value at which the pipe failed.

The number of loading/unloading cycles had a profound impact on the pressure values
that were required to promote plastic deformation of the pipe material in each freezing test. The
work hardening of both A106-B and A333-6 Schedule 40 steel pipes, which was caused by
generation and movement of dislocations within the pipe material, can be observed clearly in

Figs. 2-3 and 2-4, respectively.
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Figure 2-3 Effect of freezing/thawing cycles on yield pressure of A106-B Schedule 40 low

carbon steel pipe
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Figure 2-4 Effect of freezing/thawing cycles on yield pressure of A333-6 Schedule 40 low

carbon steel pipe

A comparison of the peak pressures in the elastic region between the first and the last
tests for both pipes shows approximately 23% and 17% increase in the pressure at which the pipe
material started to deform plastically for A106-B and A333-6 Schedule 40 steel pipes,
respectively (see Figs. 2-3 and 2-4). Therefore, the number of freezing/thawing
(loading/unloading) cycles and the resulting work hardening of the pipe material had an impact
on the increase of the peak pressures in the elastic region and, consequently, further depression
of the freezing point of the remaining water in the closed system during the second solidification

plateau according to Eq. (2-1).
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A comparison of the temperature and pressure data of the first and the last tests that were
performed with A333-6 steel pipe is shown in Fig. 2-5. The increase in the yield pressure and the

decrease in the temperature at which temperature curve plateaued again can be clearly observed

in Fig. 2-5.
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Figure 2-5 Effect of loading/unloading cycles on further depression of the freezing point at the

beginning of the second solidification plateau

The relatively lower rate of temperature decrease in Test #6 compared to that of Test #1
at the beginning of the third stage (cooling of the mix of water and ice) was an indirect
consequence of non-uniform bulging of the pipe assembly during the previous freezing tests,
which resulted in the increase of the volume of the closed pipe from 649 ml to 718 ml.

Therefore, more ice was required to be formed to compensate for the 10.6% increase in the
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volume of the pipe assembly and caused an increase in the water pressure to that which was

required according to the freezing curve.

2.2.3 Pipe Rupture

Failure of the pipes occurred after conducting several tests. The pattern of failure that is
shown in Fig. 2-6 is very common in pipe rupture cases. As expected, both pipe assemblies
fractured along the axial direction, which was perpendicular to the direction of the applied hoop
stress where the maximum principal stress for the case of the cylindrical pressure vessel was
located. Considering the geometry of the pipe assembly with thermowells installed, the center of
the pipe is the part that froze last. It was the expansion of the ice plugs in the axial direction and

the low compressibility of the entrapped water that caused freeze-induced pipe failure [1].

The gap at the failure site of the A333-6 steel pipe was remarkably narrower and shorter
than that of the A106-B steel pipe. It is believed that the longer axial crack for the A106-B pipe
compared to that of the A333-6 pipe was due to the decrease in the amount of energy that was
absorbed by the pipe material during propagation of the crack, which was due to the lower
toughness of A106-B material at low temperatures. While not dramatically obvious in these
specific tests due to the low amount of stored energy released at failure, the improved toughness
properties of A333-6 is expected to be much more relevant and evident in actual field conditions
where large amounts of stored energy is released at failure. The higher toughness of A333-6
provides better resistance to a brittle fracture developing following a ductile overload. The
dependency of the absorption energy in Charpy impact tests on temperature for an A106-B pipe

can be found in literature [73].
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Figure 2-6 Failure of (a) A106-B and (b) A333-6 Schedule 40 low carbon steel pipe due to

internal over-pressurization

The pipes were cut open after failure so that the fracture surfaces could be better
observed. Eight rings, each one centimeter wide, were cut from the middle section of the pipe to
study the fracture at different locations. The exact locations from which these eight rings were

cut are shown in Fig. 2-6.
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2.2.4 Failure Analysis

In order to study the macroscopic features of the fracture surfaces, images of the sides of
the fractured regions were taken, which can be seen in Figs. 2-7 and 2-8. The geometry and
appearance of the fractured regions are the characteristics that may be used to determine the
fracture mechanism and the failure mode of the pipe material. Both slant fracture and double-
slant fracture features, which are typical of planes-stress loading conditions in ductile materials
[74] and are common failure modes in pressure vessel and in the piping industry [75], can be

observed in cross-sectional views of the sectioned rings from the fractured portions.

These types of fractures, which are common in tubes with low wall thicknesses due to
their minimum through-the-thickness stresses, are known to be ductile in nature [74]. It is well
known that the tearing process is initiated by local thinning. The localization of two shear bands
oriented at 45° angles occurs inside the necked region [76, 77]. The resulting slant failure and the
necked regions can be observed in Figs. 2-7 and 2-8, in the middle and in front of the axial

cracks, respectively.
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Figure 2-7 Cross-sectional views of the rings sectioned from A106-B Schedule 40 low carbon

steel pipe
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Figure 2-8 Cross-sectional views of the rings sectioned from A333-6 Schedule 40 low carbon

steel pipe

2.2.5 Fractography

The higher magnification fractographs show that the mode of failure was ductile tearing

from void coalescence induced microcracks, which is characteristic of ductile fracture. This can
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be observed from coalescence of adjacent microvoids in the axial direction (see Fig. 2-9). The
dull and fibrous surfaces of the fracture that contained many dimples are indicative of dimpled

rupture fracture.

-

48 A333-6
“- 4 Sch. 40

Figure 2-9 Micrograph of the fracture faces of (a) A106-B and (b)A333-6 Schedule 40 low
carbon steel pipe (500X magnification)
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2.3 Conclusions

Several freezing tests were performed on two steel pipe assemblies with the same

dimensions, but with two different steel materials. By comparing the data, the following

conclusions can be drawn.

The freezing point depression of the water depended on the fluid pressure, which itself

was a function of pipe material yield strength and wall thickness.

The amount of work hardening mainly depended on the number of freezing/thawing
cycles that the closed pipes had experienced. After performing several freezing tests, the
pressure at which both A106-B and A333-6 steel pipes started deforming plastically was

increased 23% and 17%, respectively.

Work hardening of the material caused depression of freezing point in the second
solidification plateau. It was found that an increase in the yield pressure of A333-6 steel
pipe material on the order of 10 MPa (1,450 psi) resulted in a 0.9°C decrease in the

temperature at which the remaining entrapped water started to freeze to solid ice.

Failure and bursting of the pipes occurred after several loading/unloading (freeze/thaw)
cycles. Double-slant and slant fracture appearances were observed in the macroscopic

examination of the cross-sectional views of the sectioned rings.

Higher-magnification views of the fracture surfaces of both pipes confirmed dimpled
rupture fracture, which was indicative of ductile fracture. It was observed that the axial

cracks were formed by coalescence of adjacent microvoids in the axial direction.
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e As expected, the resulting damage in A333-6 pipe was less noticeable than that in A106-

B pipe due to decreased toughness of the A106-B material at low temperatures.
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Chapter 3
Fabrication of Multi-Layered Coating-Based Heating

System

Various multi-layered thermal-sprayed coating systems were developed as resistive
heating elements for temperature control of the carbon steel pipes. Feasibility and reliability of
fabrication of different resistive heating coatings, namely Ni-20Cr and Ni-50Cr deposited by
flame spraying onto the carbon steel samples were studied. Given the electrical conductivity of
carbon steel, an electrically insulating layer, namely alumina or alumina-13 wt.% titania, was
deposited by flame spraying process between the conductive resistive heating coating and the
substrate to prevent short circuiting and flow of electrons between these layers. Fabrication of
the coating systems was considered for both flat and cylindrical samples. Afterwards, the coated
samples were sectioned and prepared for microstructural examination and elemental
composition. The homogeneity, continuity, adhesion, and microstructural features of each
coating system were examined by using a scanning electron microscope. The impact of various
spraying parameters on the structure of the developed coating systems was investigated. It was
found that the proposed heating system was able to generate the heat that was required to prevent
formation and accumulation of ice, thus avoiding detrimental effects of bulging and ultimate
bursting on the pipe due to internal pressurization. Furthermore, it was also found that the
selection of a thermal spraying process and spraying parameters can have a noticeable impact on
the electrical performance and the resistance of the coating system against electrical and
mechanical failure modes. The obtained promising results indicate the potential utilization of

these coatings in industry on mass scale.
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Sections 3.1.2, 3.1.3, 3.1.4, 3.1.5, 3.1.7, 3.2.1, 3.2.2, and 3.2.4 of the work presented in this

chapter, especially with regards to the cylindrical samples, have been published in:

M. Rezvani Rad, A. McDonald, “Development of a flame-sprayed coating system to mitigate ice
accumulation and freezing damage in carbon steel pipes”, in: International Thermal Spray

Conference, May 7-10, 2018 (Orlando, FL, USA), ASM International, (2018), #44600, 8 pages

on compact disk.

In addition, sections 3.1.1, 3.1.7, and 3.2.3, of this chapter have been published in:

Morvarid Mohammadian Bajgiran, Milad Rezvani Rad, André McDonald, Christian Moreau,
“On Reliability of Thermally-Sprayed Alumina Dielectric Layers in a Multi-layered Coating-
based Heating System”, in: Proceedings of the Joint Canadian Society for Mechanical
Engineering and CFD Society of Canada International Congress 2019, June 2-5, 2019 (London,
ON, Canada), The Canadian Society for Mechanical Engineering, (2019), 8 pages on compact

disk.9

Furthermore, some parts of sections 3.1.2, 3.1.3, 3.1.4, 3.1.5, 3.1.6, 3.1.7, 3.2.1, 3.2.2 and 3.2.4
of the work presented in this chapter, especially with regards to flat samples, have been

published in:

M. Rezvani Rad, M. Mohammadian Bajgiran, C. Moreau, A. McDonald, “Microstructural and
performance analyses of thermal-sprayed electric resistance heating systems deposited onto steel
pipes as de-icing elements”, in: International Thermal Spray Conference, May 26-29, 2019

(Yokohama, Japan), ASM International, (2019), # 47189, 8 pages on compact disk.
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The extended version of these papers that includes sections 3.2.5 and 3.2.6 will be submitted to

Surface and Coatings Technology Journal.

3.1 Experimental Method

Details regarding the spraying process, microstructure of the developed coating, electrical
performance, and the challenges of fabrication of high-quality heaters are discussed in the

following sections.

3.1.1 Feedstock Powder

In this study, various powder materials, namely aluminum oxide (Al.O3, AMDRY 6060,
Oerlikon Metco, Westbury, NY, USA), alumina-13 wt.% titania (Al.O3-13TiO2, ALO-187,
Praxair Surface Technologies, Indianapolis, IN, USA), nickel-50wt.% chromium (50 Nickel-50
Chromium, 1260F, Praxair, Concord, NH, USA), nickel-20wt.% chromium (Metco 43F-NS,
Oerlikon Metco, Westbury, NY, USA), and copper (SST-C5003, CenterLine, Ltd., Windsor,
ON, Canada), were used to fabricate the coatings by using flame spraying (FS) and cold spraying
(CS) processes. The morphology of the powder materials that were utilized in this study are
shown in Figs. 3-1(a) - 3-1(e). All micrographs were taken at 500X magnification in secondary
mode by using a scanning electron microscope (Zeiss Sigma 300 VP-FE, Carl Zeiss Canada Ltd.,

Toronto, ON, Canada).

The size distribution of alumina and alumina-titania powder particles that were used for
FS process were 5 to 45 pum (-45+5 pm) and 11 to 45 um (-45+11 pm) and their angular/blocky
morphology that is shown in Figs. 3-1(a) and 3-1(b) was because of the manufacturing process

that was selected for their fabrication that was fusing and crushing [78, 79].
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The size of the Ni-50Cr particles were between 22 to 53 um (-53+22 um) and the
spheroidal shape of the powder that can be observed in Fig. 3-1(c) was due to the gas
atomization manufacturing process of the powder [80]. The water atomized Ni-20Cr powder that
was used for the FS process was fabricated in irregular shape as shown in Fig. 3-1(d) with the
size distribution of 10 to 63 pm (-63+10 um) [81]. Dendritic copper powder with minimum
purity of 99.7 % and size distribution of 5 to 45 um (-45+5 pm) [82], which was manufactured
by electrolysis process and can be seen in Fig. 3-1(e), was used in cold spraying process in this

study to fabricate the desirable electrical contacts.
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Figure 3-1 Micrographs taken at 500 X magnification from (a) Al2O3 powder, (b) Al2Os-
13%Ti0O; powder, (c) Ni-50Cr powder, (d) Ni-20Cr powder, and (e) Copper powder
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3.1.2 Substrate Preparation

Both flat and cylindrical carbon steel samples were used as the substrate in this study.
First, the coating system was deposited on a pipe to study the feasibility and functionality of the
proposed system as a de-icing element. Then, numerous coating systems with different spraying
parameters and thermal spraying procedures were fabricated on flat samples to study the effect of
different parameters on the electrical performance of the coating systems. This could potentially
lead to optimization and improvement of the ultimate thermally-sprayed coating-based heating
system that can be deposited onto pipes to act as de-icing or anti-icing elements based on actual

working conditions.

A 254-mm (10-inch) long, 51-mm (2-inch) diameter carbon steel pipe (ASTM A333-6)
as the substrate was taken into consideration in this study to investigate the application of the
coating system based on actual working conditions. A pipe assembly was made by welding two
A420 WPL6 butt-welded end caps, each including a 19-mm (0.75-inch) Class 3000 A350 LF2
threadolet, to the ends of the pipe. The total length of the pipe assembly that consisted of the
254-mm (10-inch) long pipe section, the two end caps, and the two threadolets was
approximately 381 mm (15 inches). The pipe assembly that was used as the substrate is shown in

Fig. 3-2.
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Figure 3-2 The components of the pipe assembly that was used as the substrate

The flat samples, which were also used as other substrates, were water jet cut in two
different sizes from 6-mm (0.25-inch) thick steel plates (A36/44w mild steel hot rolled flat bar,
Metal Supermarkets, Edmonton, AB, Canada). The larger rectangular 127-mm (5-inch) long and
25-mm (1-inch) wide samples were employed for the heating tests. However, the smaller square
25 mm x 25 mm (1 inch x 1 inch) samples were utilized for microstructural analyses. Both
samples were mounted for coating deposition in each trial to ensure the identical and

indistinguishable coating structure.

All flat and cylindrical samples were grit-blasted with #24 alumina grit (Manus Abrasive
Systems Inc., Edmonton, AB, Canada) at an air pressure of 586 kPa (85 psig) to create the
roughness that was required to cause the adhesion between the FS alumina or FS alumina-titania
coatings to the substrate. For the case of the pipe substrate, just the middle section of the pipe
assembly including the 254-mm (10-inch) pipe section and the pipe welds, which is shown in
Fig. 3-2, was grit-blasted. To ensure that the coating layers does not deposit on the end caps of
the pipe assembly, these areas were covered by using a masking tape (170-10S Red, Green

Belting Industries, Mississauga, ON, Canada) during the grit blasting stage.
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To decrease the tensile residual stresses that were generated during the cooling stage and
solidification of the alumina molten droplets, both flat and cylindrical substrates were preheated
by passing the plasma over the samples several times. The ratios that were used for mixture of
the oxygen and the gas in the torch for the preheating process were the same as the ones that

were used for the deposition of the alumina and alumina-titania layers.

3.1.3 Deposition of Coating Layers

Fabrication of coating system for cylindrical sample

For the case of cylindrical sample, alumina powder with the composition of Al,O3 99.5+
wt.%, NaxO 0.3 wt.%, Fe:O3; 0.05 wt.%, CaO 0.05 wt.%, and SiO2 0.02 wt.% was fed
continuously to an oxy-acetylene flame spray torch (6P-II, Oerlikon Metco, Westbury, NY,
USA) based on a series of spraying parameters that are listed in Table 3-1 by using a volumetric
powder feeder (SMPE, Sulzer Metco, Westbury, NY, USA). For the flame spraying process,
different volume flow rates of acetylene, oxygen, and air, were provided to the torch to bring
about the combustion flame that was required to melt and accelerate the powder particles. In
addition, argon gas with the flow rate of 0.56 m*/h (20 standard cubic feet per hour) was selected

to act as the carrier gas.

The oxy-acetylene flame spray torch was installed on a programmable robot (HP-20,
Motoman, Yaskawa Electric Corp., Waukegan, IL, USA) to ensure a consistent and repeatable
deposition. To deposit the coating layers, the pipe assembly was held by a rotating chuck. While
the rotating chuck was made to move at the speed of 600 rpm, the torch was moved in a linear
fashion over the middle of the sample in the axial direction. Relatively high rotational speed of

600 rpm and low linear speeds of 10 mm/s and 24 mm/s were chosen for deposition of Al,O3 and
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Ni-50Cr coatings onto the pipe, respectively, to ensure that helical pattern for the coatings would
not be obtained and a homogenous coating will be fabricated, especially in the axial direction.
The higher linear speed and the stand-off distance (SOD) for deposition of Ni-50Cr compared to
those of the Al,O3 was due to the much larger flame that was achieved for deposition of Ni-50Cer.
To increase the homogeneity and continuity of the coating layers, low powder feed rates and a
high number of passes were used. The relative rate at which powder was conveyed to the torch
by the volumetric powder hopper is given by flow meter reading (FMR) parameter, which is a
dimensionless parameter and is listed in Table 3-1. The density of the powders affects the
powder flow rate in the carrier gas (Ar). That said, the FMR parameter was used in this study to
be indicative of different flow rates for different powders because of the variations on material

densities.

57



S S S S S S S VN € € € € € € € € € VN (vrwr) yudurddUY
0 S 01 S S S S S S S S S S S S S S S (1sd) danssaad ary
sassed Suneayaad
0 0 0 0 0 0 0 0 I I I I I I I I I 9 J0 Joquiny
C C 4 4 4 4 4 8 € € € € S S S S S 1 sassed jo JoquinN
© @ | @] @] OO ||/ |G |[©/]6]6]®©]C]®C]E© (2] (ur) [urur]
TST | TST | TST | LL | 6TCT | TST | TST | ST | LTl | LTl | LL | LTU | LTU | LL | LL | LTI | LTI | TOI duE)SIp JJo-pue)ls
0ST | 0ST | 0ST | 0ST | 0ST | 0ST | 0ST | ¥T | 0ST | 0ST | 0ST | 0ST | 0ST | 0ST | 0ST | 0ST | 0ST | OI [s/wua] paads joqoy
S9 | S9 | S9 | S9 | s9 | s9 | $9 0L | 001 | 00T | 00T | 00T | 00T | 00T | 00T | 00T | 00T | 00T (I
Surpedy JI9)19JA MO
960 | 9570 | 9S°0 | 9S°0 | 950 | 950 | 950 | 950 | 950 | 950 | 9570 | 950 | 950 | 9S°0 | 950 | 950 | 950 | 950 [t/
danssdad uogay
61 | vT | 61 | 61 | 61 | ST | 61 | 61 | ¥T | 81 | 8T | 1T |81 |81 | 1T |¥T|1T]| 61 [u/ 1] Moy wa4xQ
60 | €1 |60 | 60 | 60 | ST | 60 | 60 I'T | ST | ST | €] ST | ST | €1 |11 | €l €1 [w/etwl
MO[J JUI[AIY
LS | 9S | SS | ¥S | €S | TS | IS |@yos | ¥S | €S | TS | IS | SS | ¥S | €S | TS | IS Stapuered
IN) adig Suifeadg
(1D0T-IN) Y814 odig el 1erd
eue)n AI)oWI093
surny pue sSuneo)

WNWoIY)-PYIIN

%"IM [-euImn|y

‘sorduwres adid pue je[y uo s3uneod jo uonisodap 10y s1vjowered Surlerds swel] [-€ dqe L

58



For the case of the cylindrical sample, Ni-50Cr with a composition of Cr 46 wt.%, Fe 1.0
wt.%, and Ni 53 wt.% was deposited onto the FS alumina coating by flame spraying process to
fabricate the heating element. The final structure and geometry of the bi-layered coating system
completed with copper strips at the ends of the pipe section can be observed in Fig. 3-3. It should
be noted that the length of the pipe on which alumina coating was deposited was more than the
length onto which Ni-50Cr was sprayed. The reason for that was to avoid short circuiting
between the conductive heating element and the conductive substrate that can lead to the
malfunction of the heating system by depositing the Ni-50Cr coating directly on top or very
close to the steel substrate. To prevent any deposition of Ni-50Cr coating near the ends of the
alumina coating, those regions were covered by wrapping several layers of masking tape around

the pipe welds.

To fabricate the copper rings for proper electrical contact between the heating element
and the power supply, a low-pressure cold spray system (SST series P, CenterLine, Ltd.,
Windsor, ON, Canada), with a converging-diverging de Laval nozzle and compressed air as the
working fluid, was utilized to preheat and accelerate copper powder particles based on the
spraying parameters listed in Table 3-2. Copper is well-known for its favorable electrical
properties, which makes this material ideal for electrical contacts [82]. Similar to the flame spray
torch, the cold spray nozzle was also mounted on the automatic robot to ensure reproducibility of
the fabricated coatings by maintaining the transverse speed and the stand-off distance of the
nozzle during spraying. The micron-sized dendritic copper powder particles were then preheated
and projected onto the Ni-50Cr coating to form a dense copper coating. Given the rotational
speed of the pipe assembly, the robot was programmed in such way to fabricate the copper

coating in the form of a ring at each end of the pipe assembly.
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Table 3-2 Low-pressure cold spraying parameters for deposition of copper on cylindrical and
flat samples

Coating
Parameters Copper
Compressed air pressure (kPa) 634
Powder feeder opening 10%
Compressed air temperature (°C) 400
Stand-off distance (mm) 5
Number of layers 2
alumina Ni-50Cr Copper

y

&
<

Ni-50Cr

v

N

v

alumina

Figure 3-3 The pipe assembly coated with functional bi-layered coating system and completed

with cold-sprayed copper rings at the ends of the pipe section

Fabrication of Coating System for Flat Samples

For the case of the flat samples, ten different electrically insulating layers, namely five FS
alumina coatings and five FS alumina-titania were deposited onto the flat steel substrates. FS
process was also employed to deposit the resistive heating layer (Ni-20Cr) on the alumina and

alumina-titania coatings. The spraying parameters for deposition of the electrically insulating
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layer and the heating element by FS process are listed in Table 3-1. The coating systems that

were fabricated on flat samples and their geometry and dimensions are shown in Fig. 3-4.

Figure 3-4 Fabricated coating systems on flat samples

3.1.4 Installation of Fittings and Sensors

Fittings and temperature sensors were utilized in order to assess the heating performance
of the fabricated coatings. For the case of the pipe sample, it was filled with water to study the
efficacy of the developed heating system in melting the enclosed ice within the pipe. To ensure
that the pipe assembly does not undergo plastic deformation and bulging during the freezing

process due to the expansion in the volume of the water during transformation into ice that is
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around 9 vol.%, a 10 vol.% air gap was included in the pipe assembly to prevent internal

pressurization and possible damage to the coating system.

Two thermowells (TW15, WIKA Instruments, Edmonton, AB, Canada) were fastened
and tightened into the threadolets at each end of the pipe. The reason for utilizing the
thermowells was twofold. First, installation of the thermowells was essential for sealing the pipe
assembly, which was necessary for conducting the freezing and heating test. Second, it allowed
insertion of industrial thermocouples that could measure the temperature of ice or water inside
the pipe assembly at the middle section. In this regard, two T-type thermocouples (TC40, WIKA
Instruments, Edmonton, AB, Canada) were placed inside the thermowells whose stem length and
insertion length were 209.5 mm (8.25 inches) and 165.1 mm (6.5 inches), respectively. In order
to measure and collect the surface temperature of the heating element, a T-type surface
thermocouple (TC50, WIKA Instruments, Edmonton, AB, Canada) was also attached to the NiCr
surface in the middle of the pipe. To ensure that its temperature readings would not be perturbed
by circulation of air over the pipe, the surface thermocouple was covered with glass wool

thermal insulation.

The pipe assembly completed with the installed fittings and sensors is shown in Fig. 3-5.
The transient ambient temperature inside the cold room was also measured by using another
Type-T thermocouple. For the case of the flat samples, a similar scenario was repeated. The only
difference was that the heating tests were performed without consideration of water/ice.
Therefore, the temperature measurements were only conducted to collect the transient

temperature of the Ni-20Cr coating (the heating element) during the heating tests.
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Figure 3-5 The coated pipe assembly completed with installed fittings and temperature sensors

3.1.5 Joule Heating Test

To perform the heating tests, the fabricated samples were placed inside an 18.2 m? (640
ft’) cold room freezer (Foster Refrigerator USA, Kinderhook, NY, USA). The set point
temperature and the bandwidth were selected as -25°C and +2°C, respectively. All cylindrical
and flat samples were positioned horizontally inside a 2 m x 0.66 m % 0.48 m closed galvanized
sheet metal duct. Not only did the utilization of the closed duct reduce the effect of circulation of
air over the sample in the free convection tests, but it also resembled the forced convection
condition by turning on the fan at the end of the duct. To simulate the severe environmental
conditions when pipes are exposed to external wind flow, forced convective cooling was caused
by movement and circulation of air within the galvanized sheet metal duct by utilization of a
0.25 kW (0.33 hp) direct-drive tube-axial fan (DDA-12-10033B, Leader Fan Industries, Toronto,
ON, Canada). The geometry, dimensions, and the main components of the apparatus that was
used for simulation of the forced convection condition can be found in previous studies [47, 52].
The location at which the coated pipe assembly was placed during the heating tests can be seen

in Fig. 3-6.
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Coated Pipe Assembly

Figure 3-6 Placement of the coated pipe assembly inside a galvanized duct for conducting the
heating tests

Several electric resistive heating tests were conducted to confirm the functionality of the
fabricated coating systems. In this respect, a direct current (DC) power supply (1902B DC, B&K
Precision Corporation, Yorba Linda, CA, USA) was employed to supply the required voltage and
move the negatively charged electrons through the metal alloy coating. The wires connected to
the power supply were directly soldered from the other end to the copper rings/strips to minimize
the electrical resistance. Heat was generated by way of Joule heating by passing electrical current
through the Ni-20Cr/Ni-50Cr coating (heating element). Most of the generated heat was
transferred to the substrate by conduction and some of it was also dissipated to the environment
by convection. Given the application of the coating system that is melting the ice within the pipe,

alumina coating was specifically chosen as the dielectric layer to conduct the heat properly to the
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substrate and the enclosed freezing liquid for the case of pipe samples and minimize the

dissipated heat to the ambient environment.

Various powers of 20 W, 45 W, 80 W, 125 W, 180 W and 500 W were supplied to the
fabricated coating systems to assess the performance of the coating-based heating system. In all
the tests, the data that was measured by the temperature sensors were collected at a frequency of
1 Hz (1 measurement per second) by using NI MAX software and a data acquisition system
(SCXI-1600, National Instruments, Austin, TX, USA). For the case of the cylindrical sample, the
heating tests were conducted with and without thermal insulation and under both free and forced
convection heat transfer conditions to study the efficacy and practicality of the developed

systems under severe climatic conditions and thermal loadings.

3.1.6 Electrical Resistivity

To compare the electrical resistivity of the heating elements, a 6.5-digit bench multimeter
(34461A, Keysight Technologies, TX, USA) was used to measure the precise electrical
resistance of the Ni-20Cr coating that was deposited on flat samples based on four-wire sensing
(Kelvin sensing) method. Then, the acquired electrical resistance values were converted to
electrical resistivity by taking into account the dimensions of the coating, namely width, length,
and thickness. In this regard, several SEM images were taken from the cross section of each
fabricated coatings and the average thickness was calculated by using image analysis software
(ImagePro, Media Cybernetics, Bethesda, MD, USA). For each of the images, the thickness of

the coating was acquired by dividing the cross-sectional area of the coating by its width.
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3.1.7 Preparation of Samples for SEM

Both cylindrical and flat samples were water jet cut and cold-mounted in an epoxy resin
(LECO, Mississauga, ON, Canada) for microstructural examination. Samples were cut from both
middle and end sections of the samples where cold-sprayed copper was deposited to observe the
interaction between all the coating layers. The sectioned samples were ground comprehensively
with 180, 240, 320, 400, 600, 800, and 1200 silicon carbide grit papers (LECO, Mississauga,
ON, Canada) and polished afterwards by using both 3 and 1 um diamond slurry suspensions
(LECO, Mississauga, ON, Canada) to achieve the desirable high quality that was required for
taking the SEM images. To avoid having any surface charging on the non-conductive alumina
coating and to eliminate the accumulation of static electric charges, the samples were coated with
a thin layer of carbon by using a sputter coater (EM SCD 005, Leica Baltec Instrument, Balzers,
Liechtenstein). The porosity percentages were obtained by using image analysis software
(ImagePro, Media Cybernetics, Bethesda, MD, USA). To achieve a reliable value, the porosity
was obtained by calculating the average between the findings from five (n = 5) different SEM

images.

3.2 Results and Discussion

3.2.1 Coating Characterization

To study the microstructure of the samples, micrographs were taken in both backscattered
electron and secondary modes by using a scanning electron microscope (Zeiss Sigma 300 VP-
FE, Carl Zeiss Canada Ltd., Toronto, ON, Canada). To observe the topography of the powder
particles and the top surfaces of the coatings properly, the secondary electron mode was

employed. However, the backscattered mode was utilized for the images that were taken from
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the cross section of the samples so that the elemental composition of the coatings can be

observed in a clearer manner due to the higher contrast between different constituent materials.

The micrographs that are taken from the cylindrical sample are shown in Fig. 3-7. Given
the brittle nature of the alumina coating and placement of this ceramic layer between two
metallic layers and probable generation of significant thermal stresses at the interfaces, cracking
and even delamination of this layer was likely. However, after conducting several experiments in
which the sample underwent repetitive heating and cooling cycles, the failure of this layer was

not observed during the microstructural analysis.

Regarding the deposition of alumina, it should be noted that this specific coating material
was chosen in this study due to its desirable electrical and mechanical properties. Although this
material has favorable dielectric properties, it can conduct heat well compared to the other
ceramic materials [78]. Therefore, not only does selection of this material prevent the short
circuiting between the heating element and the substrate, but also it facilitates the transfer of heat

from the heating element to the pipe and the enclosed freezing water/ice.

Penetration of the Ni-50Cr coating into the alumina coating can be seen in Fig. 3-7(a),
which was mainly due to the presence of the network of connected pores. Therefore, the molten
Ni-50Cr particles found their way through these channels to reach to the lower parts of the
alumina coating. Although this is not desirable from the electrical perspective due to the
reduction in the effective thickness off the dielectric layer, it may be considered as a plus point
from mechanical viewpoint as it can provide better bonding and interlocking between the coating
layers. However, it should be noted that in this case a relatively thick alumina coating should be

deposited to ensure that a continuous pathway of Ni-50Cr is not generated through the alumina
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coating because it can lead to the malfunction of the coating system. The higher magnification
micrographs from the interfaces of the coating system are shown in Figs 3-7(b) and 3-7(c). No
evidence of delamination was detected at the interfaces between the layers, which speaks to the

proper adhesion between the layers.
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Figure 3-7 Micrographs taken from the coated pipe: (a) multi-layered coating system and (b)

NiCr-alumina, and (c) alumina-substrate interfaces at higher magnification
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It is well-known that the electrical properties of the coatings are dependent on their
microstructure. In this regard, defects including pores, microcracks, and oxides in the Ni-50Cr
can affect the electrical resistance of the coating noticeably. The porous structure of the Ni-50Cr
that was deposited by flame spraying process, which is shown in Fig. 3-7(a), results in increase
of the electrical resistance of this coating, in comparison with the bulk material, as it reduces the
effective cross-sectional area of the coating through which the electrons can flow [83]. The same
effect has been observed for presence of cracks within the coating-based heating element [84].
That said, this structure might be even advantageous in reaching high values for the electrical
resistance. Moreover, the presence of the pores might arrest the cracks and prevent them from
further propagation. This may result in higher integrity of the heating element, especially when it

needs to undergo many heating-cooling cycles.

In order to study the mechanism for penetration of the Ni-50Cr coating into the alumina
layer during the spraying process, images from the top surface of the FS alumina, FS alumina-
titania, and SPS alumina, which were deposited on flat samples, were taken in secondary
electron mode. Open pores were observed on the top surface of the alumina and alumina-titania
coatings that were deposited by FS process during the microstructural evaluation. As can be seen
in the high-magnification (1000X) micrographs that are shown in Figs. 3-8(b) and 3-8(d), some
of the open pores are not superficial and may be connected to a network of connected pores that
can channel and direct the molten particles of the top coat to the lower parts of the

alumina/alumina-titania coatings.
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(d)
Figure 3-8 Secondary SEM images from top surface of the electrically insulating layers at 100X

and 1000X magnifications; (a)-(b) FS alumina and (c)-(d) FS alumina-titania
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The microstructure of the coatings that were fabricated by choosing different spraying
parameters on the flat mild steel samples by using flame spraying process, can be seen in Fig. 3-
9. From among all the spraying parameter, only the contents of acetylene and oxygen and the
stand-off distance (SOD), which are of utmost importance, were varied so that the impact of
these parameters on the microstructure of the coating systems could be investigated. Since the
impact of changing the parameters were similar for both alumina and alumina-13 wt.% titania
coatings, the effect of SOD and oxygen/acetylene ratio are shown only for Al203-13%TiO2 and
ALO;s, respectively. Given the lower melting point of the Al,03-13%TiO2 (1675 °C [79])
compared to that of the alumina (2054 °C [78]), a denser coating was obtained for alumina-13

wt.% titania coating based on the same spraying parameters even with lower number of passes.

The effect of SOD on the microstructure of the alumina-titania coating can be seen in
Figs. 3-9(a) and 3-9(b). It was observed that reducing the SOD from 127 mm (5 in) for the case
of S3 to 76 mm (3 in) based on S2 set of parameters resulted in noticeable increase in the
porosity of the coating from 15 % to 19 %. The same effect, which was also observed in alumina
coating, was due to less exposure time of the powder particles to the high-temperature flame. As
a result, the powder particles were melted to a lesser extent leading to a more porous structure.
The comparison of the Ni-20Cr S1 and Ni-20Cr S2 in Figs. 3-9(a) and 3-9(b) reveals the effect
of oxygen/acetylene ratio on the porosity and oxidation content of the heating element. For the
case of Ni-20Cr S2, due to the higher content of acetylene flow, a higher temperature for the
flame was obtained that resulted in a denser coating. Furthermore, due to lower flow of oxygen
(1.5 instead of 1.9 m3/h), oxidation that can be found in the darker regions was generated to a

lesser extent.
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Alumina coatings that were fabricated based on S2 and S4 set of parameters are shown in
Figs. 3-9(c) and 3-9(d), respectively. A relatively thick, but porous, microstructure was obtained
for the case of FS alumina S4. However, the alumina coating that was deposited based on S2 set
of parameters, which was close to the stoichiometric ratio of acetylene’s combustion, was not
satisfactory due to the low deposition efficiency that was caused by lower temperature of the
flame that was a result of higher flow of oxygen and lower flow of acetylene into the flame.
Further, the microstructure of the FS Ni-20Cr coatings based on S3 and S6 set of spraying
parameters can be seen in Figs. 3-9(c) and 3-9(d). Low thickness and remarkable oxidation
content of the FS Ni-20Cr S3 coating was due to the increased stand-off distance. Given the
more distance that the molten particles had to traverse to reach the sample, they had more
interaction with the ambient air within the flame, and as a result of which more oxidation was
generated. Increased content of oxidation can also be seen in the FS Ni-20Cr that was deposited

based on S6 parameters, which was mainly due to the increased flow of oxygen to 2.1 m*/h.
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Figure 3-9 SEM image taken in backscattered mode from the cross section of the coating
systems fabricated by FS process based on different spraying parameters, namely (a) Al203-TiO2
(S3)—Ni-20Cr (S1), (b) Al203-TiO2 (S2)—Ni-20Cr (S2), (c) Al203 (S2)—Ni-20Cr (S3), and (d)

Al,03 (S4)—Ni-20Cr (S6)
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The microstructure of the FS Ni-20Cr coating that was deposited based on SI set of
spraying parameters can be seen in Fig. 3-9(a). However, in order to understand the elemental
composition and oxidation content of this coating in a clearer manner, EDS analysis was
performed. The distribution of the constituent elements of the FS Ni-20Cr S1 coating can be seen
in the elemental maps shown in Figs 3-10(a) - 3-10(d). The bright regions indicate presence of
nickel and the dark regions are indicative of formation of chromia (Cr,03) [43], where both
chromium and oxygen contents can be found. Further, some regions of light grey color are
representative of another impurity phase (chromite (NiCr204) [43]) in which all elements of
nickel, chromium, and oxygen can be found. That said, comparison of the SEM images shown in
Figs. 3-9(c) and 3-9 (b) indicates the highest and the lowest contents of oxidation for the Ni-20Cr

coatings deposited based on S3 and S2 set of parameters, respectively.
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Figure 3-10 Representative (a) SEM images in backscattered electron mode and EDS mapping
images of (b) oxygen, (c) nickel, and (d) chromium

3.2.2 Electrical Performance

The electrical resistivity of the fabricated heating element was calculated to assess the
electrical performance of the fabricated coating systems. In this regard, the dimensions of the

samples were taken into calculation to convert the electrical resistance to electrical resistivity,
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which is a material property, so that the obtained values could be comparable regardless of the
dimensions of the samples. The thickness of the coatings were measured by calculating the
average value from at least five SEM images (n = 5). As an example, the average thickness of the
FS Ni-20Cr S1 on flat samples was calculated to be 43 + 4 um. The electrical resistivity of the
Ni-20Cr heating elements that were deposited on flat samples by FS process are listed in Table

3-3.

Table 3-3 Measured bulk resistivity of the NiCr coatings

Insulating Layer Heating Element Resistivity (Q-pm)
FS alumina (S4) FS NiCr (S6) 4.7
FS alumina-titania (S3) FS NiCr (S1) 5.0
FS alumina-titania (S2) FS NiCr (S2) 5.6
FS alumina (S3) FS NiCr (S4) 6.6
FS alumina (S5) FS NiCr (S7) 7.9

As shown in Table 3-3, the resistivity of the flame-sprayed Ni-20Cr was found to be 4.7
Q-um based on the S6 set of spraying parameters. In contrast, the resistivity of the same material
deposited based by way of the same process, albeit with different spraying parameters (S7), was
found to be 7.9 Q-um, which indicates a 68% relative difference between the obtained values.
The higher content of both acetylene (1.3 m*/h compared to the 0.9 m*/h of the S1 reference
spraying parameters) and oxygen (2.4 m’/h compared to the 1.9 m/h of the S1 reference
spraying parameters) in S6 spraying parameters resulted in a higher combustion flame
temperature, which led to a dense and uniform microstructure as shown in Fig 3-9(d). This

resulted in the reduced resistivity that was obtained from all sets of flame spraying parameters.
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3.2.3 Challenges Associated with Fabrication of the Coating System

Brittleness of alumina is one of the design-limiting factors that restrict usage of this
material in many engineering applications. This becomes a challenge when maximum
functionality is required without comprising the mechanical integrity of this material [85]. In this
specific study, alumina layer is deposited between two metallic layers, namely the substrate
(low-carbon steel) and a heating element (nickel-chromium). Given the different thermal and
physical material properties of these layers, some challenges may be associated with the
fabrication and operation of the multi-layered coating-based heating system. One of the main
challenges is possible cracking and delamination of the alumina coating from the substrate,
which is mainly caused by the generation of thermal stresses at the interfaces with the heating

element and the substrate.

The top views of the FS-sprayed alumina and alumina-titania coatings, which can be seen
in Figs 3-8(b) and 3-8(d)) reveal cracking within the solidified splats due to the quenching stress
even prior to deposition of the NiCr coating. In addition to the quenching stress, thermal stress
was also generated during the deposition of the NiCr coating and the following cooling and
solidification period. Therefore, in addition to the fine cracks that were formed after deposition
of the first layer, some relatively long cracks were generated within the alumina coating,
especially at the interfaces, likely because of the generated thermal stresses, the particular
positioning of the adjacent pores and merging of the finer cracks as shown in Fig. 3-11 in which

presence of cracks both within coating and at the interface can be observed.
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Figure 3-11 Backscattered SEM image of the cross section of the coating systems composed of
FS Al2O3 S1—FS Ni-20Cr S1

3.2.4 Heating Performance

For the case of pipe sample, various powers were supplied to the heating element (Ni-
50Cr coating) over different voltages of 10 V, 15V, 20 V, 25 V, and 30 V under free convection
heat transfer conditions. The performance of the heating element was assessed based on the
temperature of the heating element and the duration of time that was needed to heat and melt the
ice within the pipe. The transient temperatures of the coating surface and ice/water inside the
pipe for the test in which 80 W at 20 V was provided to the Ni-50Cr is shown in Fig. 3-12.
Furthermore, the times required for heating and melting of ice inside the pipe are listed in Table

3-4 as a function of the supplied power.
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To compare the results between different tests, the duration of test was divided into two
different stages heating and melting. Due to the curved form of the ice temperature trace,
specifying the precise moment at which the melting stage began may not be possible. It should
be noted that the melting process begins from the inner surface of the pipe where measuring the
temperature was not possible due to practical restrictions. Therefore, the classification of the
different portions of the test to heating and melting stages was subjected to some uncertainty. In
order to determine the beginning of the melting stage roughly, the temperature of the coating
surface was taken into consideration as a close value to the actual temperature of outer surface of
the enclosed ice/water in contact with the pipe. This assumption is defensible because of the
negligible thermal resistance value between the heating element and the outer surface of the ice
in the pipe, which is a result of high thermal conductivity of the coating layers (13.7 W/m-K for
NiCr [86] and 35 W/m-K for alumina [87]) and the steel pipe (order of 50 W/m-K [88]) and the
small thicknesses of all the layers (110 um for Ni-50Cr, 180 pm for alumina, and 3.9 mm for the

steel pipe).

That said, the heating period was defined as the duration of time between supplying
power to the heating element and the time the coating surface reached the temperature at which
the enclosed ice experienced phase change. The melting stage was also defined as the period
between the end of the heating phase and beginning of temperature rise at the end of the melting
plateau where all the liquid underwent phase transformation. It should be noted that in practice,
there was an overlap between the end of heating and beginning of melting stages. In other words,
when the outer surface of the ice was melting, the ice at the core of the pipe was still heating up.

This can be seen in the lower rate at which the coating surface temperature rises at the beginning
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of the melting stage, which is mainly because of the reduction in the portion of the sensible heat

as the latent heat, which causes the phase change of ice, increases.

The classification of the stages was conducted only for comparison purpose to investigate
the performance of the heating system based on different conditions. During the melting stage,
the solid-liquid interface that was formed at the inner surface of the pipe at the beginning of the
melting period traversed radially inward to the center of the pipe and therefore, the ice
transformed into liquid completely. Once all the ice was melted, further transfer of the generated

heat manifested itself in the form of sensible heat, which resulted in sharp increase of the water

temperature.
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Figure 3-12 Temperature measurements from a heating test under free convection condition in
which 80 W over 20 V was provided

83



Table 3-4 Heating and melting times of ice within a coated 60-mm nominal diameter low carbon
steel pipe under free convection heat transfer conditions

Test | Voltage | Current | Supplied | Ice heating | Melting
No. | (V) (A) |power (W)| time (min) |time (min)
1 10 2 20 121 +£3 1024 +5
2 15 3 45 31+1 158 £3
3 20 4 80 10+1 61+1
4 25 5 125 6£1 35+1
5 30 6 180 4+1 26+ 1

Before conducting the heating tests for the pipe sample the electrical resistance of the
heating element (Ni-50Cr coating) was measured to be 5 Q. It was observed that this value was
constant in all the heating tests. The values for current, which are listed in Table 3-4 and Table 3-
5, were measured during each heating test. It was observed that the coating was performing
based on the Ohm’s law in which the applied voltage was proportional to the current. That said,
it was concluded that the heating element (Ni-50Cr coating) that was deposited on the cylindrical
sample was an Ohmic material as previously found by Lopera-Valle and McDonald [46]. During
the heating tests, due to the increase in the temperature of the flame-sprayed Ni-50Cr (heating
element), the electrical resistance of the coating was increased [46], as a result of which slight (<

2 %) decrease in the values of the current was observed.

It was observed that even 20 W over 10 V was sufficient for the developed heating
system to heat and melt the ice inside the bare pipe that was located in the cold room and was
directly exposed to stagnant cold air at -25°C. This speaks to the high efficiency of the fabricated
heating system on the pipe that has been proven to be noticeably higher than the conventional

tracers. The reason for that is the intimate contact between the heating system and the substrate.
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Furthermore, homogenous temperature distribution over large surface can be obtained from such
heating systems [42] that could not be obtained for ordinary tracers that are widely used in the
industry. As can be seen in Table 3-4, the durations of heating and melting were dependent on
the supplied power. However, the impact of supplied power on duration of the heating test was
less for high powers such as 180 W over 30 V. The reason for that was more sensible heat that
was transferred to the coating, which resulted in increased coating surface temperature that led to

more dissipation of heat to the ambient cold air.

In order to assess the performance of the heating system under critical environmental
conditions, the Joule heating test was also conducted under forced convection heat transfer
condition. Utilization of the fan in the duct increased the speed of the free-stream airflow to 31
km/h, which was even more than the outdoor wind speeds in winter that are typically around 24
km/h according to American Society of Heating, Refrigeration, and Air-conditioning Engineers
(ASHRAE) and Canadian Wind Energy Atlas [89]. Six different voltages were applied to the
heating element to assess the performance of the developed coating-based heating system under
forced convection heat transfer conditions. Aside from the same five voltages that were also
provided in the free convection heating tests, a relatively high power of 500 W over 50 V was
also given to the heating element to study the sustainability of the developed coating system to
perform well under severe electric power input. Based on calculations, continuous provision of
10 W should be sufficient for anti-icing of a meter of thermally insulated 2-inch diameter pipe.
Given the length of the coated pipe in this study, the supplied power of 500 W was 200 times
greater than the necessary supplied power. The duration of times for heating and melting stages
for each of the electric loading conditions under forced convection heat transfer scenario is listed

in Table 3-5.
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Table 3-5 Heating and melting times of ice within a coated 60-mm nominal diameter low carbon

steel pipe under forced convection heat transfer conditions

Test | Voltage | Current | Supplied | Ice heating | Melting
No.| (V) (A) |power (W)| time (min) |time (min)
1 10 2 20 NA NA
2 15 3 45 NA NA
3 20 4 80 NA NA
4 25 5 125 11+1 157+3
5 30 6 180 5+1 55+1
6 50 10 500 1 12+1

The temperature traces of the heating element surface and ice/water within the pipe for
the case of 500 W supplied power are shown in Fig. 3-13. Due to the provision of high electric
power input to the bare pipe that was exposed to cold ambient air, the heating and melting stages
only took only about 13 minutes. However, supplying high powers is not suggested as it
produces a noticeable temperature gradient within the coated pipe as evidenced by the
remarkable gap between the temperatures of the coating and ice at the centerline of the pipe. The
disadvantages of such an action are twofold. First, the rate of heat loss to the cold ambient
environment is increased. Second, the temperature gradient within the coating system can
increase the thermal stresses between the nickel-chromium and alumina coatings and, as a result,

threaten the sustainability and useful lifetime of the coating system.
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Figure 3-13 Temperature measurements from a heating test under forced convection condition in
which 500 W over 50 V was supplied

Due to the manipulation of motion of air inside the duct and around the pipe, the heat
transfer coefficient was increased and caused increased surface heat transfer rate based on
Newton’s law of cooling [90], which resulted in higher rate of heat loss and longer durations of
heating and melting compared to the case in which fan at the end of the duct was not employed.
As can be seen in Table 3-5, in the first three tests (No. 1, 2, 3) the power was not sufficient to
heat and melt the entire ice. For instance, the temperature of the ice could not increase from -

20°C when 20 W was provided to the heating element. Further, for the cases in which 45 W and

80 W were supplied the system reached equilibrium state at -13°C and -2°C, respectively.
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The temperature gradient between the heating element and the center of pipe was lower
during the ice heating stage compared to the melting stage. This could be observed in heating
experiments in which high electric powers were supplied. Although the thermal diffusivity of the
ice is relatively low (1.194x10-6 m?/s) [52], it is more than eight times greater than that of water
[91]. Therefore, once a portion of annular ice at inner surface of the pipe was melted and
transformed to water, the rate of heat transfer to the ice at the core of the pipe was reduced due to
the reduction in the thermal diffusivity and resulting reduced ability of the material to conduct
thermal energy through itself by conduction, because of higher thermal inertia of the water
compared to that of the ice. As a result, the gap between the temperature traces of the coating and

ice became much wider as can be seen in Figs. 3-12 and 3-13.

In addition to the cylindrical sample, the heating tests were also conducted for the flat
samples under both free convection heat transfer conditions. The performance of the FS Ni-20Cr
coatings were evaluated by conducting heating tests. Due to the different microstructures and
thicknesses of the Ni-20Cr coatings, which resulted in variable electrical resistances for the
fabricated heating elements, care was taken to supply proportional voltages to the coating
systems such that the generated powers were the same for all coating systems. In this regard, the
same power of 10 W, 20 W, and 50 W was supplied to the flat samples, which were placed
inside a cold room that was equipped with a temperature controller. The transient temperature of
the coatings surfaces was measured from the middle of the samples where temperature was the
highest during the heating test [46]. The electrical resistance of the heating elements did not vary
noticeably (less than 4%) during the heating in the temperature range between -20 °C and 20 °C
that is a common range for above-ground bare pipes. As can be seen in Fig. 3-14, both coating

systems behaved similarly. The slight deviations between the temperature graphs in Figs. 3-14(a)
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and 3-14(b) were likely due to the relative difference in the electrical resistance of the heating
element and the circulation of the air within the cold room and inside the closed galvanized duct

for the tests that were performed under free and forced convective heat transfer conditions.
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Figure 3-14 The transient surface temperature of the FS-, APS-, and HVOF-sprayed Ni-20Cr
coatings during the heating test under free convective heat transfer condition and
supplied powers of (a) 10/20 W, and (b) 50 W

In order to ensure proper performance of the coating system and its structural integrity
under several loading conditions and high supplied powers, a power of 150 W was supplied to
one of the 127 mm x 25.4 (5 in x 1 in) flat samples. The temperature trace of the heating
element, which can be seen in Fig. 3-15, shows functionality of the coating system even at much
higher temperature ranges that are required for de-icing application. Given the melting point of
the tin solder material, which was used for electrical connection of the copper strips to the

connecting wires of the power supply, is about 190 °C, the test was stopped when the surface
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temperature reached 200 °C. Provision of the high power of 150 W to a bare small scale sample
that is exposed directly to the cold ambient air and proper functionality of the coating system
even at temperature that are much higher than the actual requirement of the heating system can
ensure the end users about proper performance of the developed heating system. A relative
increase of 21% was observed in the electrical resistance of the flame-sprayed coating-based
heating element during the heating test, which clearly shows the dependency of the electrical

resistance of the Ni-20Cr coating on temperature.
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Figure 3-15 Functionality of the developed coating system at relatively high temperatures and
the resulting impact on the resistance of the heating element
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3.2.5 Challenges Associated with Utilization of the Coating System

In order to assess the reliability of the developed coating systems, high power inputs up
to 500 W were supplied the coated pipe while it was placed in front of the axial fan inside the
closed duct and was directly exposed to the circulation of the cold air. The purpose was to
provide the coated pipe with the most severe environmental and electrical loading conditions to
see investigate its probable failure. Obviously, the coating-based heating system would not be
exposed to such critical conditions in case it is used properly for temperature protection of
pipelines in the industry. After the heating system operated more than 100 hours and experienced
at least 30 different heating tests under severe conditions of high-power input and direct
exposure to the cold ambient air, several axial cracks were observed on the surface of the heating
element. The coated pipe assembly was then sectioned and a portion from the damaged area was
removed for microstructural analysis. The micrographs taken from the cross-section of the

damaged part are shown in Figs. 3-16(a) and 3-16(b).

Given the noticeable difference in the thermal expansion coefficient of the alumina
coating and that of the carbon steel pipe, thermal stresses were generated at the interface that
resulted in formation and propagation of cracks along the interface as shown in Fig. 3-16(a).
Expansion of the pipe in the circumferential direction, especially in the experiments in which
noticeable increase was caused due to the high supplied power, resulted in complete separation
of the bi-layered coating in the circumferential direction as shown in Fig. 3-16(b). It is
noteworthy that even under this circumstance, partial detachment of Ni-50Cr coating from
alumina was not observed. Based on the micrographs that were taken from the damaged zone, in
all the cases, the delamination occurred at the alumina-substrate interface, which is mainly

because of remarkable difference in the material properties of the afore-mentioned layers. Given
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the novelty of the application of the developed coating system on steel pipes, no methodical
study has been done on the failure of these coatings under thermal cyclic loadings yet. In this
regard, further study of the durability of the developed coating system and its reliability in

service for relatively long runtime would be the subject of the next study.
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Figure 3-16 SEM images of flame-sprayed bi-layered Ni-50Cr-alumina coatings after thermal
loading cycles at (a) the alumina-substrate interface and (b) the damaged cross
section

3.2.6 Temperature Distribution of the Coated Pipe Surface

A high-speed thermal imaging camera (FLIR X8500sc MWIR, FLIR Systems, Inc.,
Wilsonville, Oregon, USA) was employed to get the temperature contour of the Ni-50Cr coating
during the heating test. The camera was placed at the end of the duct to capture a full view of the
coated section of the pipe. Due to the restrictions for operation of the thermal camera, the
environment temperature was set to -15°C and the fan at the end of the duct was not employed to
cause any interruption or disturbance in the data collection process by the thermal imaging

camera. The images that are taken from the camera at specific intervals are shown in Fig. 3-17.
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The power of 100 W was continually supplied to the heating element until the surface of the

coating reached the maximum temperature of 50°C.
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Figure 3-17 The temperatures contours taken from the coated pipe surface during the heating
test at (a) 60 s, (b) 600 s, (c) 1,200 s, (d) 3,600 s, (e) 4,800 s, and (f) 6,000 s
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The maximum temperature of the heating element was achieved at the middle of the
heating element as shown in Figs. 3-17(a) to 3-17(f). The main reason for the temperature
gradient along the surface of the coated pipe here was likely the heat dissipation through the end
caps in the pipe assembly, which acted as heat sinks. Higher temperature was also observed at
the upper parts of the coated pipe, which was because the 10 vol.% of air that was included in
the pipe prior to fastening and tightening of the thermowells to prevent internal pressurization
and possible damage to the coating system due to the volume expansion after formation of ice
inside the pipe. Therefore, during and after the melting stage, which are shown in Figs. 3-17(a) -
3-17(d), the upper part of the pipe was warmer because of the shrinkage in the volume of the
mixture of ice and water during the melting stage and the resulting lack of intimate contact

between the inner surface of the pipe and the enclosed ice/water.

Minor axial cracks can be observed clearly in the middle of the pipe section in the images
that were taken by the thermal camera, which are shown in Figs. 3-17(a) and 3-17(f). These
images speak to the functionality of the coating system even after formation of relatively large
cracks. The developed coating system would be operational until the heating element or the bi-
layered coating system is removed entirely from the circumference of the pipe even in a short
length of pipe, which can bring about discontinuity between discrete sections of the coating
system. Based on visual inspection of the coating system and examination of the microstructure
of the coating system, and the direction of the generated cracks that are formed along the axial
direction of the pipe rather than circumferential direction, the possibility of total failure of the
coating system is too low. Therefore, it is expected that misuse of the coating system and
exposure to critical environmental conditions only affect the resistance of the heating element

and do not result in the failure of the coating system.
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In order to have a better understanding of the temperature distribution on the surface of
the heating element, the temperature profiles along the axial direction of the pipe from one
copper ring to the other one were obtained from the temperature contours as shown in Fig, 3-
18(a). The increase in the temperature of the heating element can be seen in Fig. 3-18(b) at
different time intervals. At the early stages of the heating stage, higher temperature gradient can
be observed in the temperature profiles. However, due to the circulation and the resulting free
convection of the water inside the pipe during and after the melting stage, more uniform

temperature was achieved on the surface of the heating element.
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Figure 3-18 Representative (a) the line from which the temperature profiles were obtained, (b)

temperature profiles obtained at various times

3.3 Conclusions

Flame spraying and cold spraying processes were employed in this study to fabricate

-icing purpose.

based heating systems on flat and cylindrical samples for de

multi-layered coating
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The fabricated coatings were also characterized by using scanning electron microscopy (SEM)

and energy-dispersive X-ray spectroscopy (EDX). The performance of the coating-based heating

systems that were fabricated by using different thermal spraying processes was assessed by

conducting heating tests under various environmental and electrical loading conditions. The

microstructure of the fabricated coating systems was examined after conducting the heating tests

by using scanning electron microscopy (SEM) to observe the extent of exerted damage to the bi-

layered coating. Based on the observations, obtained results, and microstructural analyses, and in

the view of foregoing discussion, the following conclusions can be drawn:

The feasibility of utilization of the multi-layered thermally-sprayed coatings as resistive
heating systems for prevention of formation of ice within the pipes and protection of
them against bursting was studied. It was found that the compound of the selected
materials, namely alumina, as an electrically insulating layer, nickel-chromium, as a
heating element, and copper, as an electrical contact, were satisfactory for the given Joule

heating task.

Penetration of flame-sprayed NiCr into the flame-sprayed alumina and alumina-titania
coatings was observed in the SEM images from the cross-section of the coating systems.
This may be considered as an advantage from mechanical viewpoint thanks to the
enhanced adhesion and interlocking between the coating layers. On the other hand, it may
be considered as a drawback due to the decreased effective thickness of the dielectric
layer. Therefore, FS alumina coatings should be deposited with higher thicknesses
compared to the SPS alumina coatings to protect this layer against dielectric failure and

the whole coating system against short circuiting and malfunction.
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It was observed that only 20 watts was sufficient to heat about 600 cm3 of ice from -20°C
to 0°C and, more importantly, melt it when the bare pipe was directly exposed to the cold
air at -25°C. This speaks to the high efficiency of the developed heating system. Further,
testing of the coating system under high power input of 500 W was also successful and it
took only 13 minutes for the entire ice within the bare pipe to heat and melt when pipe

was tested under forced convection condition.

Formation of axial cracks on the heating element was observed after conducting
numerous heating tests under severe environmental and thermal loading conditions. The
supplied power in these tests was up to 200 times greater than the necessary power that
should be provided in actual working conditions in the field. It was found that generation
of even relatively large cracks does not impede the functionality of the heating system

and it only affects the electrical resistance of the heating system.
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Chapter 4
Development of a Mathematical Model for Prediction of

Performance of the Coating System

The heating and melting processes of solid ice inside a closed pipe were investigated by
performing experiments and developing mathematical models. Several experiments were
conducted in a cold room to measure the transient temperature and the times that were required
to heat and melt ice inside a nominal 51-mm (2-inch) diameter Schedule 40 carbon steel pipe. By
passing current through the coating heating system, sufficient heat was generated by way of
Joule heating to heat and melt the ice in the closed pipe. One-dimensional transient heat
conduction models were developed in cylindrical coordinates to predict the transient temperature
of the ice during the heating process and the transient location of the moving solid-liquid
interface during the melting process. The models were developed based on the separation of
variables and the superposition methods. The data obtained from the models were compared with
the results that were from the experiments. It was found that the models predicted the solid ice
heating times to within 16%, 12%, and 15% and the melting times to within 6%, 8%, and 9% of
those that were measured in experiments with supplied powers of 10 W, 20 W, and 40 W,
respectively. The results suggest that the developed models based on one-dimensional transient
heat conduction in cylindrical coordinates can be employed to provide reasonable predictions of

the times required for a coating-based heating system to heat and melt the ice within steel pipes.

The materials presented in this chapter were published in the International Journal of

Heat and Mass Transfer, (138) 923-940, 2019.
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Nomenclature

A inn

Anicr

Jo

J1

area of the inner surface of the pipe
(m?)
area of the outer surface of the NiCr

coating (m?)
set of constants in function R,

set of constants in function R,

specific heat capacity (Jkg'K")

diameter (m)

integration constant in function ¢

integration constant in function ¢

set of constants in function y,

set of constants in function ¥,
heat transfer coefficient (Wm2K™)
electric current (A)

Bessel function of order 0 of the first

kind

Bessel function of order 1 of the first

kind

Pr

Ste

qs

ri

RV

RIV

Repo
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thermal conductivity (Wm'K™)

substrate length (m)

constant of integration in function I',

constant of integration in function ¢,

electrical power (W), P = VI

Prandtl number, pr = C” #

C. (T -T
Stefan number, Ste = M

generated heat due to Joule heating

(Wm?)

radial coordinate

location of liquid-solid interface (m)

electrical resistance (£2)

thermal resistance (K/W)

Reynolds number, Re, = puD, / u

temperature (°C)



t  time(s) ?  function dependent on r

u free stream air velocity (ms™) T function dependent on ¢, only

dimensionless parameter, ratio of the

supplied thermal energy to the

V' wvoltage (V) v
dissipated heat, ,, _ V2 R,
UANiCr (T} _Tx)
W  constant of integration in function @, Y  functiond ependent on r and ¢

Bessel function of order 0 of the second
Yo h latent heat of fusion (Jkg™!)
kind

Bessel function of order 1 of the second

41 o0 ambient
kind
Greek symbols Subscripts

a  thermal diffusivity (m’s™) F  fusion

p  density (kgm) i initial

X function dependent on 7, only L liquid phase
I'  function dependent on ¢, only K number
A, setof constants in function 7, O  outer

characteristic values for the heating
y) S solid phase
stage (m™)

characteristic values for the melting
¥ insul insulation
stage (m™)

4 dynamic viscosity (kgm's™) alum alumina
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4.1 Experimental Method

The coating system that was deposited onto the pipe assembly (see Fig. 3-3) was used in
this study as the heating system for conducting the heating test. The coated pipe assembly was
then placed in a closed duct in a cold room freezer (Foster Refrigerator USA, Kinderhook, NY,
USA), which was equipped with a temperature controller. Further information regarding the

experimental assembly for the freezing tests can be found in previous chapter.

In this study, a 25-mm thick insulation layer was utilized to reduce the rate of heat loss
from the coating heating element to the cold ambient air. According to ASHRAE Standard 90.1-
2013 [92], the minimum thickness of insulation for steel pipes with nominal pipe size between

40 and 100 mm is 25 mm with the thermal conductivity between 0.029 and 0.037 Wm™'K! for

cooling systems working at temperatures below 4°C.

In order to study the heating and melting processes of the ice inside the pipe, direct
electric current was applied to the heating element (the NiCr coating) under forced convection
heat transfer conditions when the temperature of the ice inside the pipe reached -20°C. Relatively
low powers of 10 W, 20 W, and 40 W were supplied to the heating element by a direct current
(DC) power supply (1902B DC, B&K Precision Corporation, Yorba Linda, CA, USA) in order
to prevent significant temperature gradients in the solid ice along the radial direction. The heat
that was generated by way of Joule heating was transferred to the solid ice within the pipe
assembly by conduction, which resulted in temperature increases, and eventually melting of the
ice. The wires that were employed to connect the DC power supply to the heating system were
soldered to the cold-sprayed copper coatings to make a functional electrical connection and

minimize the electrical contact resistance between the power supply and the heating element.
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In order to collect the temperature data from the ice, two T-type thermocouples (TC40,
WIKA Instruments, Edmonton, AB, Canada) were placed inside thermowells (TW15, WIKA
Instruments, Edmonton, AB, Canada) that were tightened to the threadolets at the ends of the
pipe assembly. Furthermore, a T-type surface thermocouple (TC50, WIKA Instruments,
Edmonton, AB, Canada) was attached to the NiCr surface in the middle of the pipe to measure
the transient temperature of the coating surface. In order to ensure that the temperature
measurements from the surface thermocouple would not be perturbed by the flow of frigid air
over the pipe that was located inside the galvanized duct (see Fig. 3-6), insulation was attached
to the outer surface of the thermocouple to cover it. The transient temperature of the ambient
cold air was also measured by using a Type-T thermocouple, which was installed in the cold
room. All the temperature data were collected and recorded by a data acquisition system (SCXI-

1600, National Instruments, Austin, TX, USA) at a rate of one Hz (one data point per second).

4.2 Development of Mathematical Models

4.2.1 Heating Stage

The separation of variables method with application of superposition was used to solve
the heat conduction problem in cylindrical coordinates and to determine the transient temperature
of ice during the heating stage. Theoretically, the length of the pipe must be considerably greater
than its diameter so that the assumption of one-dimensional conduction is justified. In this case,
the length of the pipe section was about four times greater than its diameter. Therefore, some
error was introduced into the model by this simplification when the heat transfer along the axial
direction of the pipe assembly was neglected. A schematic of the cross-section of the coated pipe

is shown in Fig. 4-1, which may be used for both the heating and melting stages.
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Liquid
L (r.0)

Insulation

Figure 4-1 Schematic of the cross section of the coated pipe with an insulation layer during the

melting process

Assuming that the properties of ice are constant in the temperature range that was studied (-20 to

0°C), the governing equation is

lﬁ(rMJ:LM_ (@-1)
ror or ag Ot
The boundary and initial conditions are
01s(0.0) _ . (4-2)
or
0T, (R, »t) (T v
kSAiImS(T:ﬂ(qg _UANiCr I:TNiCr (t)_Too:|)D KLK - _UANiCr |:]—'S (Rinn’t)_Tw]}, (4'3)
NiCr
Ts(r’o):Ti' (4-4)
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where ;4 is the heat energy generated by way of Joule heating by passing current through the

heating element. Given that the heating element was Ohmic [46], the heat that was generated by the
coating was represented as a function of the supplied voltage (7) and the electrical resistance of the
heating element (R"). The power that was supplied to the coating-based heating element resulted in
heating of all the components including the solid ice, the pipe, the thermowells, the coating layers,
and the industrial thermocouples. Therefore, not all of the generated heat was absorbed by the ice.
Given the installation of a 25-mm thick insulation layer around the pipe assembly and the provision
of low powers, the difference among the transient temperatures of the pipe, fittings, and the ice was
negligible. Therefore, the portion of the generated energy that was required to heat the ice was
calculated by dividing the product of mass and specific heat of ice by the sum of the product of the
mass and specific heat of each component, which is shown as f in Eq. (4-3). The energy that was
dissipated through the wires, which were used to connect the heating element to the direct current
(DC) power supply, to the ambient cold air in the cold room was calculated to be 1.8% of the total
supplied power. Given that this portion was not significant, it was not taken into account when

comparing the experimental results with those obtained from the model.

The UAy. | T (t)-T, | term in Eq. (4-3) was the amount of heat that was dissipated from the
NiCr |~ NiCr

o0

heating element to the ambient air, resulting in energy transfer that was determined by an expression
that 1s analogous to Newton’s law of cooling. The thermal conductivity of the steel pipe (order of 50
W/m-K) [88], NiCr coating (11.3 W/m-K) [86], and the alumina coating (35 W/m-K) [87] were
small, and when coupled with thicknesses that are usually small for the pipe and coating layers, the
thermal resistance to heat transfer across the coating-pipe ensemble was low. Due to the low
thermal resistance of the pipe material and the coating layers, there was negligible temperature

difference between the temperature of the ice at the inner surface of the pipe and the temperature of
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the NiCr coating surface. Thus, the Tnic{(?) term in Eq. (4-3) was replaced by the 7s(Rinn,?) term so
that the transient temperature of ice was the only dependent variable in the problem. This
simplification is justified by the small total thermal resistance of the coated pipe (R"), which takes

into account the separate thermal resistances [93], and it is given by

ll'l RNiCr ll'l Ralum hl Ro,pipe
R I RO pipe Rinn pipe
R'=R' +Rl +Rle=—tml, L 000/, e (4-5)

pipe alum NiCr — 27[lkNiCr 2xlk 27k

alum pipe

where / is the length of the pipe section, Rimpipe 1S the inner radius of the pipe, and Ro pipe, Raum, and
Rxicr are the outer radii of the pipe, alumina coating, and the NiCr coating, respectively. The term U
in Eq. (3) is the overall heat transfer coefficient, which can be obtained from Eq. (4-6) by taking into

account the thermal resistance associated with the layers as

U= ! . (4-6)
RNiCr l 4 RNiCr ln( Rinsul j

NiCr

insul insul

where /4 is the forced convective heat transfer coefficient and Rinsu is the outer radius of the
insulation layer. Owing to the low temperature of the coating system during the tests, the heat loss
from the NiCr coating to the cold ambient air inside the cold room by radiation was considered to be
negligible and was not included in Eq. (4-3).

Correlation equations that were developed in other studies [94, 95] were used to estimate the forced
heat transfer coefficient for flow over the pipe that was installed inside the duct. Perkins and Leppert
[94] studied the local heat transfer coefficients for external flow over a uniformly heated cylinder
and compared the values that were obtained with analytical predictions. They also investigated the

influence of variation of dynamic viscosity with temperature across the boundary layer. According
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to their findings, the average heat transfer coefficient can be estimated from the correlation
equation, which is given as

h = (0.31Rep™ +0.11Re}™ JPri (4-7)

o,convection insul

insul

where the equation is valid only for Reynolds numbers that are lower than 2x10°. Due to the
marginal effect of temperature on the viscosity of the air that flows over the pipe in the tests that
were conducted in this study, the ratio of dynamic viscosity at the wall to the bulk dynamic viscosity
of the air in the undisturbed free flow was assumed to be unity. In another study, Robinson, et al.
[95] took into account the effect of blockage on the average heat transfer coefficient by making a
correction to the Reynolds number for use in the correlations. It is well known that blockage
directly affects the flow velocity and pressure distributions of the external fluid and, as a result,
changes the location of the separation point over the cylinder. This will in turn affect the heat

transfer coefficient of the flow over the cylinder. In this regard, an empirically-determined factor
(1+ %) was proposed for the average heat transfer coefficient over a non-isothermal cylinder.

Therefore, by applying the correction, Eq. (4-7) becomes

_ , D.
T comecion = g £1+ / ;MJ(oisegifm +0.11Rep” Pr*. (4-8)
insul

where H is the height of the duct, which was 254 mm (10 in). In this study, the insulated pipe

was placed in a closed duct. Therefore, the effect of blockage caused by placement of the pipe in
the flow of air in the closed duct on the average heat transfer coefficient was predicted more

accurately by consideration of the correction factor that was proposed by Robinson, et al. [95].
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Given the non-homogeneity of one of the boundary conditions (see Eq. (4-3)), superposition was
used to solve Eq. (4-1). In this method, it is assumed that the solution for 7s is the sum of two
separate functions, namely ¥s (7,¢), which depends on both the cylinder radius and time, and ¢s (7),

which is only a function of the radius. Therefore, Ts (7,7) was defined as

Ty (r,t) =y (rt) + (). (4-9)

Substituting Eq. (4-9) in Eq. (4-1) gives

ﬁ[,,@ws_(w)jgi(rd%(r)):ﬁws_(m)

rorl or ) radr dr ) a o (4-10)
Separation of independent terms in Eq. (4-10) gives

10 ops(r)) 1 dws(rt)

L (4-11)
r or or a;, Ot

1 d| dg(r)

——|r———=1=0 -
rdr dr ’ (4-12)

Function ¥s (7,f) can be solved by employing the separation of variables method in which the
partial differential equation given in Eq. (4-11) can be replaced by sets of ordinary differential
equations. The proper form of the solution for the given function ¥s (,7) is assumed to be the

product of two functions with independent variables as

ws(r1)=R(r)7(2). (4-13)

Substituting Eq. (4-13) in Eq. (4-11) and separating into two sets of ordinary differential

equations specific to the independent variables gives
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2
e 14 v
ddft A7 =0. (4-15)

For the special case in which 1,= 0, Egs. (4-14) and (4-15) become

A*R. 1 dR
" o
ddio _o. (4-17)

Performing the integration for Egs. (4-14) — (4-17) yields the solutions as

R, (r)=B,J, (4r)+CY, (A7) (4-18)
7,(6)=A, exp(-aAlt). (4-19)
R,(r)=B,Inr+C,. (4-20)
7,(t)=A,. (4-21)

Substitution of Eq. (4-9) into Egs. (4-2) — (4-4) transforms the boundary and initial conditions to

oy (0.0 (4-22)
or
dqiSZ(O) . (4-23)
v
al// nn?
kSAinn % - _IBU ICI‘(//S ( inn 2 ) (4-24)

112



kA, % = ﬂﬂ d }—UANQ [4(R,,) —TJJ . (4-25)

W (r,0)+ds(r)=T. (4-26)

Application of the first boundary condition for function ¥s (r,7) (Eq. (4-22)) yields Cn =0. The

characteristic values can be obtained by applying the second boundary condition for the Ys (r,7)

function (Eq. (4-24)) as

n mn

_ BUAyie/o (}L R )

= B #0. 4-27
" A,k (AR, n 7 (4-27)

nn n- mnn

Furthermore, application of boundary conditions (Egs. (4-22) and (4-24)) for the special case of

Y (r,t) in which A, = 0 yields ¥ (r,¢) = 0. Therefore, ¥s (7,f) can be written as

00

ws(r.t)=Yb,J; (/Inr)exp(—as/ljt) , (4-28)

n=l
where bn = Bn/\n . In order to obtain the temperature distribution in the ice, the solution for the ¢s
(r) function is required. Performing the integration of Eq. (4-12) yields
¢s(r)=Elnr+F. (4-29)

Applying the boundary conditions for ¢s () (Egs. (4-23) and (4-25)) yields

V2
V)|=—+ 7130 . 4'30
¢S( ) URI’\IiCrANiCr ( )
Substituting Egs. (4-28) and (4-30) into Eq. (4-9) gives T5s (r,t) as
Vv 2
Ts(r,t):ﬁ+Tw+anJ0(/1nr)exp(—aS/1§t), 4-31)

NiCr“*NiCr n=l
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Application of the initial condition (Eq. (4-26)), which is required to determine the set of

constants, by, yields

2 ©
+T,+Y bJy (Ar), (4-32)

I(r,0)=T =———
S(r, ) 1 URI’\IiCrANiCr n=1

where set of constants, by, has to be determined. Eq. (4-32) can be written in the form of

VZ 0
T-T,-————=YbJ,(47). 4-33
URNiCrANiCr HZI: ' ( ) ( )

It is noteworthy that Eq. (4-33) was obtained by separation of variables method to replace the
partial differential equation (Eq. (4-1)) with sets of ordinary differential equations (Eq. (4-14)
and Eq. (4-15)). In this regard, Eq. (4-14) is a Sturm-Liouville equation that belongs to a class of
second order ordinary differential equations. It is known that the general form of the Sturm-

Liouville equation is as
d’ d
Kén+al (x)d;in+[a2 (x)+Ala, (x):|¢n =0. (4-34)

where solutions for ¢, are known as characteristic functions [96]. The weighting function that is

necessary for solving the Sturm-Liouville boundary-value problem can be obtained as
w(x)=a, (x)xefal(x)dx. (4-35)

Comparing Eq. (4-14) with Eq. (4-34), the values of ai, a3 can be obtained. The weighting
function can also be determined by solving Eq. (4-35). For this specific case, the weighting
function was calculated as w (r) = r. One of the noticeable features of the Sturm-Liouville
equations that are invoked in the application of the separation of variables method is
orthogonality. The functions of ¢, (x) and ¢m (x) are orthogonal in the range (a,b) with respect to
the weighting function w (x), if
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i[¢n (x)x g, (x)x w(x)] dx =0 n# m. (4-36)

Furthermore, the boundary conditions at x = a and x = b should be homogeneous. With that in
mind, orthogonality can be applied to Eq. (4-33) as the governing Eq. (4-14) was a Sturm-
Liouville equation and the boundary conditions (Eq. (4-22) and Eq. (4-24)) were homogeneous
at » = 0 and = Rinn. Multiplication of both sides of Eq. (4-33) by the weighting function w = (7)
and the characteristic function of Jo(Am#) and integrating from » = 0 to » = Rin, gives

Ry V2

J.[Ti—Tw UR'—J (Aur)rdr = I {ZbJ (A,r } (A,r)xrdr. (4-37)
0 Nicr ANicr

Interchanging the integration and summation signs and noting that the integral under the

summation signs vanishes except when n = m gives

y? Rign R,
[Ti -T, - UR'—ANICJ ! Jo(ﬂnr)rdrzbnjo Jy (A, rdr . (4-38)

NiCr

Therefore, the values for by can be determined by performing the integration as

(Ti—Tw , j j Jo (Agr)rdr [ T, ——— j[ LR J (anmn)j
b URN]Cr NiCr 0 URNICr NiCr /In . (4_39)

I: -([ J(f (ﬁnr)rdrjl 2/12 l:(ﬁU NICI‘ /1“ mn) j|J2 (lann)

le]
where the value of the normalizing integral [J' Jo ( ﬁnr)rer in the denominator of the first
0
phrase leads to a characteristic equation that is dependent on the form of the homogeneous
boundary condition of the conduction problem. Given the Robin boundary condition of Eq. (4-
24), the value for the normalizing integral was obtained from Jiji [97]. Therefore, the complete

solution for 75 (7,¢) becomes
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V2
o 2ﬂ’n1€inn‘]1(ﬂ“nRinn)(z_Tw T 4

2 " UR' 4-40
Ts(r,t):V—+Tm+z URyicr A ( )
URI,\IiCrANiCr

: Nicr“Inicr J J, (ﬂnr)exp (—asﬂnzz) .
n=l [ﬂl]ijmj +(ﬂ‘nRinn )2‘|J§ (iann)

Equation (4-40) was used to estimate the transient temperature of the solid ice at any radius at a
given time during the ice heating process. Furthermore, the time required to heat the solid ice
from its initial temperature, 7;, to its melting point, 7%, can be calculated by using Eq. (4-40) with
substitution of 7t for 7s (r,f). The general properties of ice that were used in the model regarding

the heating stage are shown in Table 4-1.

Table 4-1 Properties for solid ice at 0°C [98]

Property, symbol Value
Specific heat capacity, cp,s 2010 J/kg-K
Density, ps 917 kg/m?
Thermal conductivity, ks 2.2 W/m-K
Thermal diffusivity, os 1.19 x 10% m?%/s
Melting point, Tt 0°C

4.2.2 Melting Stage

A one-dimensional transient heat conduction model for phase change of a finite-length scale
medium was used to determine the transient location of the solid-liquid interface. The schematic
of the movement of the solid-liquid interface is shown in Fig. 4-1. It was assumed that during the
melting process, the properties of both ice and water were constant and the decrease in the

thickness of the ice was axisymmetric. It was also assumed that the temperature of the ice after
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the heating stage was constant and remained at the fusion temperature. The governing equations

for the temperature distribution in the solid and the liquid phases are

T(r.0)=T,, 0<r<nli) (4-41)
15(,,5TLj:15TL, n(f)<r<R, (4-42)
ror\ or a, ot

The boundary and initial conditions for the phase change problem are

T (rt)=T,- (4-43)
k A aTL(Rinn’t) _ Ve —UA [T (R t)—T :l 4-44)
L“%inn or _R;\HCI NiCr | L inn ° o |-+ ( -
7(0)=R,,. (4-45)
T (0)=T.. (4-46)

where r; (¢) is the transient location of the solid-ice interface. Unlike the heating stage in which
the generated heat caused the temperature rise of all the components of the coated pipe assembly,
the majority of the heat that was generated by the coating in the melting stage caused the melting
of the ice and, therefore, the ratio of the sensible heat to the latent heat was considerably low.
Therefore, the term f that was used in the boundary condition of Eq. (4-3) for the heating stage,
was not used in the case of melting. Application of conservation of energy at the solid-liquid
interface yields the non-linear interface energy equation that will be used to determine the
transient location of the moving boundary, i (f). The interface energy equation for the case of
melting is expressed as

g ) (4-47)

Yoo dat
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where 7/ is the latent heat of fusion. The temperature distribution in the liquid water can be
derived by applying both superposition and the separation of variables method. It was assumed

that the transient temperature of the liquid phase was the sum of two separate functions as

T (rt)=vi(r)+o(r). (4-48)

Substitution of Eq. (4-48) into Eq. (4-42) and splitting the independent variables yield

1o oy, 1 oy,

| = — 2L k()< r<R . 4-49
r@r(r 8rj a o’ r'() < Ry (4-49)
1d( dg

——|r—1=0. r <R -
rd,,(” dr] n(f)<r<R,. (4-50)

It was assumed that the solution to function ¥i(r,¢) was product of two independent functions,

namely y(r) and I'(¢) as

v (r1)=z(r)T(¢). (4-51)

Substituting Eq. (4-51) into Eq. (4-49) and separation of functions with independent variables

give
dy, ldx, >
n —_— n = O. 4‘52
dar? N r dr LD ( )
n + r = 0 . 4‘53
dt L/ n n ( )

where y, are characteristic values that must be determined by applying the boundary conditions.

For the special case of yn=0, Egs. (4-52) and (4-53) become

I L _g

ar* o odr (4-54)
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dr,

~0. 4-55
= (4-55)

The solutions to Egs. (4-52) and (4-53) are
1(r)=GJy (rr)+H Y (1), nr(t)<r<R,. (4-56)

I (1)=M, exp(— Lyjt). (4-57)
Furthermore, the solutions for the special case given in Egs. (4-54) and (4-55) are

2 (r)=G,Inr+H,. (4-58)
Lo(t)=M,. (4-59)

In addition to the solutions for ¥.(7,?), the solution to ¢1.(7) is

6 (r)=Nlnr+W, r(t)<r<R,. (4-60)

Substitution of Eq. (4-48) into Egs. (4-43) and (4-44), the boundary conditions become

w, (r,1)=0. (4-61)

¢ (r)=T.. (4-62)
oy, (R_,t

kLAirm %ﬁm) = _UANiCrl//L (Rirm ’t) . (4_63)
d Rinn Vz

kLA ¢L ( ) = - UANiCr |:¢L (Rinn ) - Tw:l . (4_64)

inn Y
dr Ry,

Application of the transformed boundary conditions for ¥.(7,7) (see Egs. (4-61) and (4-63)) gives

the set of constants Hy, and characteristic values y, in Eq. (4-56) as
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H =-G, : (4-65)
Y, (7.7)
J,(y.r
Jl(ynRinn)_ O(ynl)Yl(ﬂ/n inn)
Y, (7.7) Udye
i =—N& G 20, (4-66)
JO (]/n”;) kLAinn
']0 (ynRinn)_ Y (7/ l") YO (7nRinn)
0 n'i

The characteristic values (y,) were obtained by solving Eq. (4-66) numerically based on the
transient locations of the solid-liquid interface, which were provided as model input. The
interface locations were defined such that the distance between each of two consecutive
interfaces was only 1 mm. Only the first ten (10) characteristic values for each interface location
were taken into account. It was observed that the contribution of the terms with higher values of
k was decreased rapidly. Therefore, the contribution of terms with £ > 10 was not considered
because they were negligible. The application of the transformed boundary conditions for the

special case in which y, = 0 (Egs. (4-61) and (4-63) for Eqgs. (4-58) and (4-59)) yields

v, (r,t) =R, (r) 7, (t ) =0. Therefore, the solution for the y1.(r,f) function becomes

0

W (1) =Y & [ % (7)o (rar) =T (7)Y, () Jexp (- 731 ). (4-67)
n=1
X
where g, = Y“ ( 3 . In addition, application of the boundary conditions for ¢.(r) (see Egs. (4-
0 yn’:
62) and (4-64)) yields
2
R, Z T
. . 7
g (r) = et [R‘ ]m(zjm- (4-68)
inn +1n inn
UANiCr&nn }/;
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Substituting Eqs. (4-67) and (4-68) into Eq. (4-48) gives the temperature of the liquid phase,
Ti(rt), as
V2

TL (I’,Z) — RNiCrANiCrU

kL‘Ainn +hl &
UAy. R, T

NiCr ™ “inn i

T 4T,

ln(fjﬂf 3, (1 (1) 0 () = (72 s () Jex(~ex, ) - (4-69)

n=1

In order to determine the set of constants ( g,), the initial condition (Eq. (4-46)) was applied.

Application of the initial condition yields

V2
S Ryl
e . ,/‘ _
Zg“ [Y;) (7nr;)JO (7[]7')_.]0(7/“7;)%(7/“}")]:— DR 1n(—}' (4 70)
= kLA Rinn ’:
UANiCrRinn rl

Given that the [YO (7.1:) o (7ar) =, (;/nri)YO(ynr)] term is the solution obtained from a

Sturm-Liouville equation (see Eq. (4-52)) and the boundary conditions for function ¥i are

homogeneous at » = r; () and » = Rinn (see Eqgs. (4-61) and (4-63)) orthogonality was invoked to

obtain the values of M at each interface location and for all the characteristic values. Given that

the Bessel function of the second kind (¥, ( }/nl”)) is singular at r; () = 0, the results obtained from

this point were not taken into account.

Invoking orthogonality over the region that was bounded by 7 (t ) <r<R_ gives

2
. 2 Z o ey . (4-71)
2 . . r
0 | (X () o (1) = () Yo (var) ] dr == P jrln(;)[Yo(m)Jo(7nr)—Jo(7nra)K,(7nr)]dV
i L“inn +1n inn 4 i
Udyic Ry, ( i j

The integral of the right hand side of Eq. (4-71) may demand the use of integration by parts,
which in the case of Eq. (4-71) would likely be arduous and onerous. Thus, the integral was

solved numerically in order to expedite the solution. However, the solution for the integral in left
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hand side of Eq. (4-71) is known based on the given Dirichlet and Robin boundary conditions

(see Egs. (4-61) and (4-63)) [99]. Therefore, evaluating the integral and solving for g, gives

V2

Rl |

| R Jrln[ e )—Jo<ynn)n<ynr>]er
L14'|m1 _'_h,l(Rinnj (

UA... R 7

g~ L vicr AT i . @47
[2)1 s () +72 )= [ =7 (PR )+ Ty (VR )]

’ el (7. mn)+kJ (7n R,)T

V4

The interface energy equation that was represented by Eq. (4-47) was applied to determine the

transient location of the liquid-solid interface. Differentiation of Eq. (4-69) with respect to r

gives
V2
— 1L +T, .
Hlnd) 1) Rigpthuol 28 [1 ()4 () =X (), () Jexp (-eni) - (479)
ar ]’; L141nn +1n % n=1
UANlCrRmn ’;

Substitution of Eq. (4-73) into Eq. (4-47) gives the energy equation as

V2
Tt
| L Raeduel " : e, (4-74)
—k, | = + 3 & u[ Lo () Y (7)) = Yo (7u1) J, (74) Jexp (e 7t ) | = pu
7 k Amn +1 Rinn n=1 at
UANlCrRlnn }’:

Since Eq. (4-74) cannot be solved explicitly, the integration was performed numerically to obtain
the transient location of the solid-liquid interface. It was observed that only the first value (for n
= 1) for the summation term was significant and contribution of the other terms (for n > 2) were
negligible. It was also found that the summation term on the left side of Eq. (4-74) was small

compared to the other term so that it could be neglected. Therefore, Eq. (4-74) was simplified to
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2

fi - T} + Tm
__kL RyicrAic:U ~p h A (4-75)
~FL
l’; k L ‘Ailm + ln & at
UAyic: Rinn K

Eq. (4-75) produces the same results that would be obtained from the quasi-steady approximation
in which the temperature distribution is assumed to depend only on the radius and is independent
of time. The general properties of water that were used in the model regarding the melting stage

are presented in Table 4-2.

Table 4-2 Properties for water [98, 100]

Property Value

Thermal diffusivity, ar. | 1.4 x 107 m?/s

Specific heat capacity, cp. | 4200 J/kg-K

Density, pL 1000 kg/m’

Thermal conductivity, kL | 0.59 W/m-K

Latent heat of fusion, 7 334,000 J/kg

4.2.3 Non-Dimensional Solution for the Melting Stage

In an effort to generalize the solution that was obtained for the specific case of a 51-mm (2-inch)
nominal diameter steel pipe, a non-dimensional model was also developed so that the solution can
be utilized for other similar pipe diameters, supplied powers, and overall heat transfer coefficients.

Non-dimensional terms on which the model was developed are given as
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¢= 2 (4-76)
r=-21_4, and (4-77)
Rinn
T (r,t)-T
QL(@T):%, (4-78)

f 0

for the non-dimensional pipe radius, time, and temperature, respectively.

The governing equation, interface energy equation, boundary conditions, and the initial condition

were modified accordingly to

e (4-79)
s 05 o0& or
- A dr’ (4-80)
05 (,-T,) de

A (&)=0. (4-81)
Ak 06, (1,7) _ 2 B )

R, o R (T,-T,) Udyie, —UAy, 6, (1,7), (4-82)
6,(£,0)=0. (4-83)

Given the non-homogenous boundary condition of Eq. (4-82), superposition should be applied to
solve the governing equation. After using the separation of variables method and invoking
orthogonality, the temperature distribution of the liquid phase was obtained. By differentiating the
non-dimensional temperature term and substituting it in Eq. (4-80), the transient location of the

moving boundary during the phase change can be obtained from
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P2

——UA,,.

R{\liCr (Tf - Tno ) e
Lk

A};n b —Udyie, In(&)

inn

L . (4-84)
g

+ e A4 (N (7E) T (RE) (7 Jewn(7i0) |~ 2 o

©

It was found that the contribution of the summation term on the left hand side of Eq. (4-84) was

negligible and Eq. (4-84) could be simplified to

2
. ——
RT’\IiCr (Tf B Tw) e ~ aLpLh ) (4_85)

1
e
2 LkL Udyi, In(&)) (Tt _T”) dr

nn

Given the complexity of Eq. (4-85) and the implicit nature of the solution, numerical integration
was implemented to solve Eq. (4-85) and obtain the transient non-dimensional location of the

interface, &.

4.2.4 Uncertainty in the Estimation of the Transient Ice Temperature

An error analysis was conducted to study the propagation of uncertainty in the results that were
obtained from the thermal models for heating and melting of the ice. The error associated with
the geometry of the problem and the thermo-physical properties of the ice, steel pipe, and the
coating layers was assumed to be negligible. Mahdavi and McDonald [101] have made a similar
assumption with respect to thermos-physical properties. It was observed that one of the major
determining factors and a potential substantive source of uncertainty in the models was the
thermal properties of the insulation layer. It is well known that the thermal conductivity and the
resulting resistance value (R-value) of the glass wool insulation are greatly affected by the
application of compression forces during installation, which change the physical morphology and

density of the insulation. The resulting increase in the density of the insulation material results in

125



increase of the thermal conductivity of the insulant [102]. In the models that were developed in
this study, the conductivity of the insulation material was assumed to be 0.04 Wm'K™! [103].
However, a relatively broad range for this value can be found in the literature [104]. Therefore,
in order to study the effect of the thermal conductivity of the insulation material on the overall
heat transfer coefficient and the resulting effect on the ice temperature estimation, an uncertainty
analysis was performed. For the heating stage, the impact of uncertainty of the overall heat
transfer coefficient on the eigenvalues (Eq. (4-27)) was studied, and then, the propagation of

error in the temperature distribution of the ice (see Eq. (4-40)) was determined.

It was assumed that the uncertainty in the thermal conductivity of the insulation layer was =&

0.005 Wm™'K'!. This was based on the range of the thermal conductivity values that were
suggested for the glass mineral wool insulation, which was 0.035 and 0.045 Wm'K"! [105].
Therefore, the resulting uncertainty in the U-value, which was calculated to be 2.16 Wm?K'!

from Eq. (4-6), was found to be =0.27 Wm™2K"!. Given the dependence of the eigenvalues on

the overall heat transfer coefficient (U), the resulting uncertainty in the determination of the
eigenvalues (4n) was also calculated. In this regard, Eq. (4-27) was rewritten in the form of Eq.
(4-86) as

/InJl (A‘nRinn ) — ﬂUANiCr
JO (ﬂ'nlzinn ) ‘AﬁunkS

= F(4)=nU> (4-86)

where 7 represents all the constants in the right hand side of Eq. (4-86), and therefore, does not

contribute to the propagation of uncertainty. Then, the uncertainty in the eigenvalues was

estimated by taking the derivative of the function F’ with respect to 4, as

(AR )+ 2, [&..nJo (W)= (AR )HX(Jn (AR ))+[ Ry (2R ][ 2 (4R )]
[JO (j“nRinn ):I2

dr (4,)
di,

(4-87)

SF(4,)= 5%, = 8, =ndU’
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Following from Eq. (4-87), the resulting uncertainty in the eigenvalues was calculated to be
6.3%. Given that both functions Ys(r,f) and ¢s(r) (see Egs. (4-28) and (4-30)) are mutually
dependent on each other and both include the U and A, terms, the uncertainty associated with the
temperature distribution of the ice was calculated by taking the summation of the uncertainty

contributed by each function [106], and is given by

ST, (r,t) = 8¢ (r)+ S (r,2), (4-88)

The uncertainty caused by each function was calculated from Eqgs. (4-89) and (4-90) and is given

as

Sp = d¢S—(U)§U - |_V—2 SU, (4-89)
dU UzRI,\IiCrANiCr

Oys(rt)=2.0(ys), (r1), (4-90)

n=1

The uncertainty in the function was the sum of all the uncertainties that was calculated for each
value of n. It was observed that only the first eigenvalue was significant to the estimation of the
overall uncertainty in ¥s (7,¢) due to the fact that for the cases in which n > 1, the value of ¥s (7,7)
and the resulting uncertainty were negligible. For ease of calculation, function ¥s (r,f) was divided

to two dependent terms of H; and H> as

2
2R A (AR )| T =T = ——
inn”*n 1( n”inn )[ ! * UR{\HCrANiCr]
(Hl )n - UR ’ | (4-91)
|:(ﬂkNlcrj + (ﬂ’nRinn )2}‘]02 (lﬂRi“n)
(Hz )n =J, (lnr)eXp(_aSljt)’ o
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where H; is the term that was obtained by invoking orthogonality and H> is the function that
consists of the Bessel and exponential functions of Eq. (4-40). Given that the variables 7 and ¢ are
in the H> function, the uncertainty must be calculated at a specific time and location. The
propagation of uncertainty for ¥s (r,7) that are related to each value of £ was derived by way of

summation of the fractional uncertainties [106] in Hi and H> given by

Sy, (rt) _s(m), 8(m), 1 [d(H),| 1 |d(i)

i) (), ), ), au PV,

n

, (4-93)
U |6U

where the uncertainties for terms of A1 and H> are given by

2Ry Do, (AR )+ ARy (2R =y (2R ) ] {

X
y? v
T-T,—— |[+2R_A J, (AR )| ———
R o L el

NiCr “*NiCr

{w[%] +22, %% (R, )z}Jg(ﬂann)

(B} s 4m, >2}J5W<m>

" SU )
+ 2 x| 22,R, i (AR, )| T =T, =
N S S S ey | =)
5(H,) =d(dlj})"5U= - 0 - . sU
(2T vtanay e
d(H,), O, O,
§(H,) = d—l; ou =‘[—rJl (lnr)](ﬁjxexp(—asﬂ,:t)—Z/Inast(5Ujexp(—asﬁft)><Jo (A4,1)6U 5  (4-95)

It was observed that in the specific case in which the voltage difference was 7.5 V, r = Rim, and ¢
= 3,000 seconds, the uncertainty that propagated through the (Hi)x and (H2)x functions were
11.6% and 1.8%, respectively. This resulted in uncertainty of 13.4% in the corresponding value of
¥s (r,f). The uncertainty that was related to ¢s () was also found to be 14.8 %. These estimates are
in good agreement with the resulting uncertainty in the ¢s (r) and ¥s (r,¢) functions. By
substituting the maximum and minimum U-values in the model it was observed that values of the ¢s
(r) and ¥s (r,¢) functions changed by = 15% and + 14.4%, respectively. However, the total

uncertainty of 28.2% that was obtained from the sum of the uncertainties (13.4% and 14.8%) in
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the ice temperature distribution, which was estimated by using Eq. (4-88) was significantly
overestimated. The overestimation was due to the repetition of the same terms in both the ¢s () and
¥s (r,¢) functions that makes them mutually dependent on each other. Given the equal, but opposite
values of the estimated uncertainties, the total uncertainty was neutralized or counter-balanced,
which is known as compensating error [106]. However, according to Eq. (4-88), all the uncertainties
are simply added together, which has resulted in the overestimation of the total uncertainty.
Therefore, the uncertainty value that was estimated from the propagation of uncertainty analysis is
not accurate and reliable values of the uncertainties in the ice temperature distribution and the
duration of the heating and melting times may be obtained by substituting the maximum and
minimum values of the different overall heat transfer coefficient values into the models to obtain
quantitative information on the possible range of the duration of time needed for heating and

melting of ice in the pipe.

The uncertainty that was calculated was only related to the results that originated from the
modelling procedure. However, in practice, the uncertainty was not only limited to the model. The
experimental measurements were also subjected to uncertainty. Based on the specifications
provided by the manufacturers of the devices that were used in this experiment, uncertainty on the
order of £1°C, +0.2 %, £0.1 A, were associated with measurement of temperature, supply voltage,
and measurement of current, respectively. Given the wide range of measurements, the uncertainties
that were claimed appear to be negligible.

4.3 Results and Discussion

The microstructure of fabricated coatings that are used as heating elements or heating films will
affect the amount of energy that is generated by the coatings and the temperature distribution of the

coatings. The resistivity and the measured resistance of the coatings will be dependent on, among
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other factors, the microstructure of the fabricated coatings. The electrical resistance of the coating
heating element was measured to be 2.8 Q. Therefore, by adjusting the voltage of the DC power
supply to 5.3 V, 7.5 V, and 10.6 V, the supplied power (P) to the coating-based heating system was
calculated to be 10 W, 20 W, and 40 W, respectively. By fabricating numerous coating systems, it
was observed that the electrical resistance of the coating heating element depended greatly on the
thickness of the coating and its microstructure. It is well-established that the electrical resistance of a
conductive material is inversely proportional to its cross-sectional area. It is also well-known that
the presence of microstructural defects, microcracks, and porosity can affect the electrical resistance
by changing the effective cross-sectional area of the conductive material [83]. In this study, the
average porosity of the Ni-50Cr coating was measured from high-magnification SEM images and
found to be 5.6 £ 1.6 vol. % (n = 10). Furthermore, it was found that the thickness of the alumina
layer was useful in avoiding malfunction of the coating system. Figure 4-2 presents a micrograph
that was taken from a cross section of the coated pipe, and shows that the alumina layer that was
deposited by way of the flame spraying process had a porous structure. It was found that a thickness
of alumina that was on the order of 180 microns was sufficient to protect the alumina layer from

dielectric breakdown and the metal coating from short circuiting at high powers.
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Figure 4-2 Backscattered SEM image of the coating system sectioned from the middle of the

coated pipe (200X magnification)

The performance of the heating system to heat and melt ice enclosed in a steel pipe was
investigated and the data from the experiments were compared with results from the models that
were developed. The results that were obtained from the heating tests and the mathematical
models for the supplied powers of 10 W, 20 W, and 40 W are shown in Figs. 4-3(a), 4-3(b), and
4-3(c), respectively. The beginning of the heating process was defined as the point at which
electric current was supplied to the coating heating element and the end of the heating process
was defined as the time at which the temperature of the coating surface reached the fusion
temperature of the ice. The values of the times required to heat the ice to the fusion temperature

as predicted by the model and observed from experiments are shown in Table 4-3.
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Figure 4-3 Experiment and model predictions of transient temperature for supplied powers of (a)

10 W, (b) 20 W, and (c) 40 W

Table 4-3 Comparison of duration of time that was obtained from the tests and the models for

each stage
Stage Source of data Duration (min)
(Relative difference %)
10 W 20 W 40 W
Heating Experiment 139+ 4 5742 27+ 1
of'ice
Model 117+ 4 50+ 1 23
(16 %) (12 %) (15%)
hféélting Experiment 431+8 172+ 4 78 +2
ofice -
Model Tlmg-dependent 45 83; 185+ 6 83 +2
solution (6 %) (8 %) (6 %)
Quasi-steady 45832 186 85+2
approximation - B
PpTO¥ (6 %) (8 %) © %)
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Due to practical limitations, the temperature of ice that was in contact with the inner surface of the
pipe could not be measured. However, the temperature at the outer surface of the NiCr coating was
measured instead. Considering the relatively high thermal conductivity of the steel pipe, alumina
coating, and NiCr coating and the small thicknesses of the Schedule 40 steel pipe (order of 3.9 mm)
and the deposited coatings (order of 180 um for alumina and 110 um for NiCr), the estimated
thermal resistance of the coating layers and the pipe wall (see Eq. (4-6)) was found to be negligible
(approximately 0.0002 K/W) and, therefore, the difference between the temperature of the outer
surface of the NiCr coating and the temperature of the solid ice at the inner surface of the pipe was
considered to be negligible at steady state. Given the transient nature of the problem, the validity of
this assumption is undermined as the supplied power is increased. Therefore, it was assumed that
the ice began to melt when the coating temperature reached the fusion temperature. The end of
the melting process was defined as the moment when the temperature of the water inside the pipe
began to increase from the fusion temperature at the end of the melting plateau. At that time,
further heating of the water was observed as evidenced by the increase in water temperature due
to sensible heating (See Fig. 4-3).

The comparison of the results that were obtained from the thermocouples for the cases in which 10
W and 20 W were supplied (see Figs. 4-3(a) and 4-3(b)) confirms the negligible temperature
difference between the transient temperatures of the NiCr coating surface and the ice at the inner
surface of the pipe during the heating stage. Comparison of the transient temperature of the ice at
the center of the pipe from the initial temperature up to -5°C obtained from the test and model
revealed that the average difference between the results were 0.8°C, 0.4°C and 1°C for the cases in
which 10 W, 20 W, and 40 W were supplied to the heating element, respectively. While the

transient heat conduction model predicted the transient temperature of the ice accurately up to -5°C
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(see Figs. 4-3(a) and 4-3(b)), the predictions of the model deviated considerably from the
experimental results at temperatures close to the melting point. This deviation was caused by the
reduced sensible heat absorbed by the ice.

The temperature of the heating element near the copper coating rings was slightly higher (order of
1-2°C) than that at the middle of the heating element. The reason for this observation was twofold.
First, the electrical contact resistance between the connecting wires, solder material, copper coating,
and the NiCr coating was low, thus allowing for increased energy generation at the copper coating
rings due to the higher electron density there. Second, and more importantly, there was a lower
volume of water at the ends of the pipe due to the presence of the end caps and installation of
thermowells. Thus, a lower volume of water was available to absorb the heat that was generated. As
a result, not all of the heat that was generated was absorbed by ice and water as sensible heat to
increase the temperature of ice or water. The portion of the heat that was absorbed by ice near the
copper coatings to melt the ice caused the small deviation between the model and experiment
results. It is hypothesized that this difference in the obtained results, which was due to the effect of
the end sections of the coated pipe, would likely be lower for longer coated pipes.

The transient temperature of the ice and the duration of time that was required to heat the ice
from the initial temperature to the fusion temperature were obtained from the transient heat
conduction model. Comparison of the predictions of the model and the data from the
experiments shows that the model predicted the duration of ice heating to within 16%, 12%, and
15% of that which was measured from the experiments for supplied powers of 10 W, 20 W, and
40 W, respectively. The higher relative difference between the data from the experiment and
prediction of the model for the case in which 10 W was supplied was likely due to the uncertainty

associated with calculation of the overall heat transfer coefficient and the greater contribution of
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2

term UA

NiCr

[TNiCr (1)— Tw:| in Eq. (4-3) because of the lower value of the term. In contrast,

’
NiCr

for the case in which 40 W was supplied and the contribution of the UAy,., [Tmcf ( f)—Toc] term

was much less, the relatively high difference was likely due to the higher temperature gradient and
the fact that the comparison was made between the NiCr coating surface temperature from the
experiment with the temperature of the ice at the inner surface of the pipe from the model.

The determinative factor in calculation of the overall heat transfer coefficient (U) was
determination of the heat transfer coefficient (%), which was estimated based on the speed of the
air inside the closed galvanized duct. The speed of the free-stream airflow was measured to be 31
km/h (19.3 miles/h). This free-stream air velocity provided a stringent testing parameter since the
American Society of Heating, Refrigeration, and Air-conditioning Engineers (ASHRAE) and the
Canadian Wind Energy Atlas have suggested that outdoor wind speeds in the winter are typically
about 24 km/h (15 miles/h) [89]. The average heat transfer coefficient that resulted from external
airflow over the cylindrical pipe, and which was required in order to calculate the overall heat
transfer coefficient, was estimated to be 91 Wm?K™! from Eq. (4-8) that was also verified with
experimental data. Several experiments were conducted to obtain the heat transfer coefficient. In
these experiments thermal insulation was installed at the ends of the pipe assembly to expose
only the portion of the pipe that was coated with NiCr to the circulation of the cold ambient air at
the same time that power was supplied to the coating. Therefore, according to the balance of the
energy at steady state, the heat that was provided to the pipe was equal to the heat that was
dissipated to the environment by convection. By measuring the temperature of the surface of the
NiCr coating at steady state by using surface thermocouples and applying the balance of energy,

the only unknown variable, which was the heat transfer coefficient, was obtained. It was
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observed that the values that were obtained from these tests were in close agreement with values
obtained from the correlation equation of Eq. (4-8).

The other reason for the relative difference between the results from the model and the experiment
for the solid ice heating stage was the fact that not all of the supplied thermal energy was absorbed
by the ice. This resulted in deviations from an ideal one-dimensional heat conduction problem.
Taking into account the mass and specific heat capacity of all the components in the coated pipe
assembly, term £ in Eq. (4-3) was calculated to be 0.37 for the heating stage. In contrast, given the
low ratio of the sensible heat to latent heat in the melting stage, it was assumed that all the generated
heat was absorbed by the ice that was inside the pipe (see Eq. (4-44)). The validity of this
assumption will be undermined when higher powers are supplied to the coating-based heating
element since higher energy input will result in higher water temperature at the inner surface of the
pipe, resulting in higher sensible to latent heat ratio during the melting process.

The transient thickness of the ice within the pipe during the melting process and the time that
was required to melt the ice inside the pipe completely (see Figs. 4-4(a), 4-4(b), and 4-4(c)) were
acquired from the model that was based on the transient moving-boundary problem in finite-
region. The total times that were required to melt the entire ice inside the pipe for the supplied
powers can be measured from Figs. 4-3(a), 4-3(b), and 4-3(c). The duration of the melting
process that was obtained from the model was the time that was required for the solid-liquid
interface to move from the inner radius of the pipe (Rinn) to the centre of the pipe at » = 0. The
values of the times required to melt the ice as predicted by the model and observed from
experiment are shown in Table 4-3. Further details regarding the transient thickness of ice and

comparison between the results obtained from the time-dependent solution and quasi-steady
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approximation given by Eqgs. (4-74) and (4-75), respectively, can be seen in Figs. 4-4(a), 4-4(b),

and 4-4(c).
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Figure 4-4 Transient location of the interface at supplied powers of (a) 10 W, (b) 20 W, and (c) 40

Y

The rate at which the ice thickness decreased during the melting stage increased with time. This
was due to the variable surface area at each solid-liquid interface location, ri(¢). As the interface
was approaching the center of the pipe, less heat was required to melt ice at the surface area of
the moving interface, and, as a result, less time was required for the interface to move inward.
The results show that the marginal contribution of the summation term that is shown in Eq. (4-
74) is obvious when the interface radius (7i) decreases as the interface moves towards the center
of the pipe, resulting in lower characteristic values, especially for cases in which higher powers
are applied. This negligible impact of the summation term, especially at the early stages of the

phase change when the interface location is not close to the center of the pipe was due to the
exp(—aL}/ft) term in Eq. (4-74) whose value was reduced because of the presence of large
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negative value in the exponential term. Therefore, the contribution of the results obtained from
function ¥1 was negligible compared to that obtained from the function ¢r. (see Eq. (4-48)). That
said, the solution for the transient moving boundary problem could be simplified by taking into
account only the contribution of function ¢, which only depends on radius. Therefore, the
procedure for solving the phase change problem could be simplified by using a quasi-steady state
model.

There were two challenges associated with consideration of function ¥ to determine the
transient location of the solid-liquid interface. First, it has been stated in the literature that the
superposition principle is not applicable to phase change problems due to the non-linear nature of
the interface energy equation [107]. Therefore, in the absence of exact solutions, approximate
and numerical methods can be used to solve the phase change problems [107]. As a result, the
data obtained from consideration of %L could not easily be summed with results obtained from
the function, ¢L. However, in this study, it has been shown that for the given problem and
boundary and initial conditions, application of the superposition method was not problematic due
to the negligible contribution of the summation term in Eq. (4-74). Second, the initial condition

that was given by Eq. (4-43) did not fully describe the true initial condition of the problem. This

could have affected the values obtained for &, in Eq. (4-72).

The relative differences between the predictions of the model and the measurements from the
experiments for the duration of the melting process were calculated to be less than 9% for all the
supplied powers. Table 4-3 lists the detailed results related to the duration of each stage of the
process that were obtained from the heating experiments and the models. The temperature of the
surface of the coating was higher for the cases with higher supplied powers. This resulted in

slightly higher proportion of sensible heating to latent heating for the cases with higher applied
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powers. In free boundary conduction problems of melting, the quasi-steady approximation will

CpL (TNiCr - Tf)
be valid when the Stefan number, Ste :T , 1s less than 0.1 [108]. For the cases in

which 10 W and 20 W of power were supplied, the Stefan number was no more than 0.1 (0.03
for 10 W and 0.09 for 20 W), resulting in the agreement that was observed between the model
predictions and the experiments as shown in Fig. 4-3. The difference between the data from the
experiments and predictions of the model (quasi-steady approximation) for the duration of the
melting process was slightly greater for the case in which the highest power of 40 W was
supplied. Given the higher temperature gradient across the radial and along the axial directions
of the coated pipe, which was caused by pipe end effect and electrical contact resistance between
the connecting wire, solder material, copper coating, and NiCr coating, the melting of the ice
inside the pipe likely started earlier than the time indicated by the surface thermocouple
measurement and, therefore, the difference between the data from the model prediction and the
experiments for the case in which 40 W was supplied was likely due, in part, to the limited
length of the coated pipe sample. Further, beyond 4,500 seconds of heating with 40 W of power
(see Fig. 4-4(c)), the Stefan number was as large as approximately 0.15, which is larger than 0.1,
indicating that the quasi-steady approximation would no longer be valid.

The transient location of the solid-liquid moving interface during the melting process for eight
cases in which different powers were supplied are shown in Fig. 4-5. The curves were created
based on a dimensionless term (v), which indicates the ratio of the thermal energy supplied to the
ice to the approximate dissipated energy to the environment. The dependence of the duration of
melting on the heat generated by way of Joule heating can be seen in Fig. 4-5 based on non-
dimensional terms according to the non-dimensional quasi-steady approximation given in Eq. (4-

85). As can be seen, the difference in the duration of the melting processes is reduced at high
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powers. The reason for that is the increase in the temperature of the liquid phase due to the larger
temperature gradient in the radial direction, which increases the sensible to latent heat ratio. As a
result, more heat is transferred to the liquid phase and then dissipated to the ambient by
convection and a reduced portion of the supplied heat is absorbed by the ice for the phase

change.

Figure 4-5 Non-dimensional transient location of the interface based on quasi-steady approximation

for various non-dimensional supplied powers

The speed at which the solid-liquid interface propagated toward the center of the pipe versus the
interface location for different supplied powers is shown in Fig. 4-6, which was obtained from
Eq. (4-75). The speed of propagation of the liquid-solid interface increased dramatically as the
interface approached the center of the pipe. Given the decrease in the lateral surface area of the

solid ice in the cylindrical pipe as the interface moved toward the center of the pipe and with the
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approximately constant energy input from the coating-based heating system, the heat flux that
was applied to the solid-liquid interface surface increased with time. Therefore, the velocity at
which the moving boundary propagated increased as shown in Fig. 4-6. This increase in the
interface velocity was noticeable when the interface was close to the center of the pipe (s ).
Due to the singularity of the heat conduction solution at the center of the pipe when both the
applied heat flux to the ice and the velocity of the interface approached infinity, the classical
Fourier theory of heat conduction would not be valid at the time at which the interface arrived at
the center of the pipe at r; = 0. Therefore, it is suggested that a non-Fourier conduction model,
which would be based on a hyperbolic heat conduction equation, should be used to predict the
temperature distribution and interface location at that particular time at the center of the pipe
[109]. It was found by Sadd and Didlake [109] that the temperature of the liquid phase that is
predicted by a non-Fourier model during melting is slightly higher than the temperature that is
obtained based on the classical Fourier model. Furthermore, depending on the assumed
relaxation time, the location of the interface would be slightly farther for the case in which the
heat conduction model is developed based on a non-Fourier heat conduction behavior [109].
Although the transition from the parabolic Fourier model to the hyperbolic non-Fourier model
for short time scales and its effect on the temperature response have been the subject of

numerous research studies [109 - 111], it is not within the scope of the present study.

143



0.9

0.8

0.7

0.3

0.2

0.1

Figure 4-6 Transient speed of the moving interface versus interface location for various supplied

powers

4.4 Conclusions

In this study, two one-dimensional transient heat conduction models were developed to predict

the heating and melting times of the ice inside a closed pipe that was coated with a multi-layered

thermal-sprayed coating system. Based on the obtained results from the models and the
experiments, the following conclusions can be drawn:

e [t was found that the results obtained from the model and the data collected from the heating
test were in good agreement with one another. For the cases in which 20 W and 40 W powers
were supplied to the heating element, the model could satisfactorily predict the transient
temperature of the enclosed solid ice. However, in the case in which 10 W was applied, the

prediction of model slightly differed from the experimental results due to the greater
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contribution of the term related to the dissipation of the heat to the ambient and the

uncertainty in calculation of the overall heat transfer coefficient.

The relative errors between the results obtained from the heating tests and the model that was
developed based on one-dimension transient conduction for all the supplied powers were less
than 16%. The relative differences between the duration of time obtained from the test and
the model for the melting stage were calculated to be less than 9% for all the three applied

powers.

It was found that results obtained from the simplified case of quasi-steady approximation
could be used solely to predict the duration of the melting stage. The impact of including the
function ¥, which was dependent on both time and radius, was insignificant, especially for

the cases in which low powers of 10 W and 20 W were provided to the heating element. The

reason for this negligible effect was the exp(—aLyft) term in Eq. (4-74). Given the high

values of the characteristic values and the time, especially for cases in which low powers are
supplied, the resulting values for this term were sufficiently low to neglect the contribution of

the solution obtained for function ¥1.

The results of this study show that the mathematical models that were developed based on
one-dimensional transient conduction theory can be employed as a reliable tool to predict the
heating and melting times of the solid ice within coated carbon steel pipes relatively

accurately. Therefore, the proposed heating system, coupled with the model, can be used as
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an effective and predictable means to mitigate the ice accumulation inside closed metallic

pipes.
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Chapter 5
Techno-Economic Assessment of Coating-Based Heating

System Versus Conventional Tracers

Techno-economic assessment of the utilization of thermal-sprayed coatings for
temperature control and protection of water distribution steel pipes against freezing and
subsequent bursting was conducted. A data-intensive model was developed to compare the
technical and economic implications associated with fabrication, installation, operation, and
maintenance of multi-layered coatings, as heating systems, with those of conventional heat
tracers. The total costs of the of multi-layered coating-based resistive heating system and the
conventional heat tracers were obtained and converted to cost per unit length of a 50-mm (2-
inch) diameter pipe to allow for scaling by engineers in the field for longer and larger pipes.
From the financial perspective, it was found that the cost of material for both heating systems
was approximately $25 USD per meter of 50-mm diameter steel pipe. However, the total cost of
fabrication of the coating system was noticeably higher due mainly to the labor cost. After
conducting the heating tests based on low-temperature working conditions in a cold room, it was
found that the efficiency of the coating-based heating system was higher than conventional heat
tracers, which was mainly due to intimate contact between the coating-based heating element and
the pipe substrate. Based on the obtained results, the improved performance of the coating
systems should be viewed in light of the increased fabrication and installation costs by end users

for large-scale protection of steel pipes against bursting during freeze events.

Sections 5.1.1, 5.2.1, 5.3.1, and 5.3.4 of this chapter were published in:
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M. Rezvani Rad, K. Ngaokere, D. Hayden, A. Kumar, A. McDonald, “Technoeconomic
assessment of coating-based resistive heating systems versus conventional heat tracers”, in:
International Thermal Spray Conference, May 26- 29, 2019 (Yokohama, Japan), ASM

International, (2019), # 47224, 7 pages on compact disk.

Furthermore, the extended version that included all the sections in this chapter was submitted to

Cold Regions Science and Technology for publication.
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5.1 Experimental Method

Details regarding conducting the heating tests for both coating-based heating system and

the conventional tracer, and development of a controlling system are presented in the following.

5.1.1 Utilization of the Heating Cable

A similar pipe assembly that was used as the substrate for deposition of the coating
system was used for the heating test by using a tracer. The heat tracer that was employed in this
study as a heating element was an 1828-mm (6-ft) self-regulating pipe tracing cable (BSX-8-2-
FOJ, Thermon, TX, USA). The heating cable was directly connected to a 208 V single phase
plug, resulting in heat output with power density of 19.5 W/m (6 W/ft). However, the power
output of the heating cable was heavily dependent on the surrounding temperature, and the
output wattage could only be obtained at 10°C (50°F). In order to compare the performance of
both systems, specific lengths of the tracer based on the required output wattage were wrapped
around the pipe to provide approximately 10 W and 20 W for the majority of the duration of the
heating test. However, due to the high sensitivity of the self-regulating cable polymeric core and
its increased electrical resistance versus temperature, the output wattage of the tracer changed
often during the experiments. Therefore, it was difficult to set fixed output wattages over the
course of the experiments. An alternate current (AC) power source was used to supply the
voltage that was required for moving the electrons through the coating-based heating system and

generate heat by way of Joule heating.

Similar to the case in which the coating-based heating system was used for generation of

heat, several surface and industrial thermocouples were used to evaluate the performance of the
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tracer and compare it to that of the coating system. In this regard, a surface thermocouple was
also installed on the surface of the heating cable to measure its transient temperature during the

heating test.

5.1.2 Development of a Control Unit

A temperature controller (CN7500 ramp/soak controller, OMEGA, QC, Canada) and a
high reliability solid state relay (SSRL240DC25, OMEGA, QC, Canada) was assembled to
control the heating performance of the coating system and maintain the temperature of the
enclosed water at a constant specified value. Not only does using the controlling system decrease
the consumption of energy, but also it protects the pipe against freezing in a more efficient and
safer manner as the temperature does not fluctuate around the freezing point. It is generally
agreed upon that the maintenance temperature should be kept at a temperature higher than the
freezing point to prevent formation of ice inside the pipe. In this regard, it has been reported in
the literature that control temperature of 5°C provides the required safety factor in protection of
the pipe and its content from freezing [112]. The schematic of the controlling system is shown in
Fig. 5-1. The controlling unit works based on the difference between the specified set point
temperature and the current temperature value, which is measured by a using an industrial

thermocouple inside the pipe.

150



T

Set Point 20 Do e Power
Termperinre ‘ QOuipunk
Temperature Controller —Il Heating Cable >
Sensor Measurement |4
4 Y.
i M
(a)
Sect Pomt
Tempemioe

Temperature Controller —il Coating System >

Sensor Measurement

(b)
Figure 5-1 Schematic of the controlling loop developed for the temperature protection of

pipelines for (a) heating cable and (b) coating-based heating system
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5.2 Development of the Techno-Economic Model

Details regarding the constitutive parameters, formulations, and assumptions that were

taken into account tin the model are presented in the following.

5.2.1 Economic Analysis

A data intensive economic model was developed to compare the total estimated costs of
both coating-based and tracer heating systems, which are composed of fabrication, installation,
operation, and maintenance expenses. All costs regarding the acquisition, operation,
maintenance, and disposal of materials and goods were taken into consideration in the life-cycle
cost analysis (LCCA). The advantage of conducting the LCCA is to select a design alternative
that brings about the same or similar performance under the same working conditions at a lower
cost. Cost parameters were developed based on a detailed literature review, in consultation with
experts, and modelling, and are specific to the eastern US market. Different stages associated
with application of each heating system and the required materials and procedures are shown in

Fig. 5-2.
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According to Fig. 5-2 the costs associated with all components of the LCCA can be

Figure 5-2 Process flow of each heating system

obtained from Eq. 1 given as

LCcC=C +C +C.,+C_+C,,

where Cic, Cin, Ce, Cm, and Cy are initial cost, installation cost, energy cost, maintenance cost,

and disposal cost, respectively.

The initial cost of the coating system includes feedstock powder, connecting wires
between the power supply and the coating-based heating element, thermal insulation, controlling
system, and above all, the labor cost associated with fabrication of the coatings. The cost of the

powder was calculated based on the consumption of powder by measuring the weight of the
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powder that is used for deposition of the coating by knowing the pipe surface area, coating
thickness, density of the coating material, and the deposition efficiency of the thermal spraying
process. Alternatively, it could be obtained by just measuring the weight of the powder inside the

powder hopper before and after spraying the coating on a specified length of pipe.

The cumulative cost related to reservation of the thermal spray shop, consumption of
gases and other consumables, electricity, overheads, and the experienced technician labor, was
considered to be $300 USD per hour. The total required time for fabrication of the unit length (1
m) of the coating system was calculated based on scaling up the measured times for surface
preparation (grit blasting) and deposition of the coatings for the given length of pipe (254 mm) in
this study. It should be noted that the required duration of time for deposition of coating layers
heavily depends on the required thickness of layers, number of passes, and the speed of the
robot. Therefore, the required time depends on the thermal spraying process that is used for
fabrication of the coating systems. In this study, the traverse speeds of the oxy-acetylene torch
along the pipe were 10 mm/sec and 24 mm/sec during deposition of alumina and Ni-20Cr
coatings, respectively. Furthermore, the number of passes that were required for preheating of
substrate prior to the deposition of alumina, fabrication of alumina layer, and fabrication of Ni-
50Cr layer were 6, 14, and 6, respectively. That said, the time that is needed for fabrication of the
whole coating system could be calculated for greater scales. In comparison to the coating system,
the initial cost of the tracer includes a self-regulating heating cable, a line connector, and thermal
insulation. For the case of a smart heating system, a controlling unit including a solid-state relay,
temperature sensor, and a temperature controller can be added to both systems to improve the

heating systems from a passive mode to a smart mode.
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The installation cost is related the labor that is required for setting up each heating
system, assembling the discrete elements such as segmented coated pipes at the location where
protection against freezing and accumulation of ice is needed, installation of the thermocouples,
and connecting the heating systems to the power sources. For the case of the heat tracers, the
installation of the heating system is noticeably easier as it does not require much expertise and
specialized knowledge and the heating cables can be installed along the existing pipelines in the
axial direction easily. With regards to the installation of the tracers, it was advised by the
manufacturer of the heating cable (Thermon, TX, USA) that approximately 15 minutes is
required for installing the heat tracer and the required temperature sensors for controlling and
monitoring the performance of the heating system on a one-meter long 50-mm (2-inch) diameter
pipe. The cost of labor regarding the ordinary task of installation of the cable on the pipe was

considered $50 USD per hour in the model.

For the case of the coating-based heating system, coating deposition should be conducted
on each pipe section separately. Then, the coated pipe sections will be shipped to the location,
where the heating system is required. In this study, assembling of the pipe sections by way of
welding was taken into consideration. Given the restriction on the length of the coated pipes for
shipping, the potential length of the pipes for shipment was assumed to be 5 meters. The duration
of time that was required to weld two pipe sections together was considered to be 10 minutes.
The labor cost of $150 USD per hour was also considered for an on-site certified welder. The
calculation of the exact shipping cost and its inclusion in the model was very challenging due to
the noticeable uncertainty regarding the shipment of the coated sections to the potential site.
Given the distance between the desired field and the thermal spray shop can very remarkably

from one case to another case, it should only be considered based on specific case studies.
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Therefore, the shipping cost that should have been acknowledged in the installation cost was not
taken into consideration. The same assumption was made for the case of heating cable due to the
unknown distance between the supplier’s location and the location of the field, where tracers are
needed. However, several case studies are proposed so that the approximate cost of the shipping
can be estimated. Variable parameters and conditions can be considered in these cases based on

different scenarios.

The cost of energy in the model was related to the energy consumption per unit of time in
both heating systems. The electricity cost was calculated based on the required output wattage to
prevent formation and accumulation of ice. However, the required wattage is dependent on the
environmental and climatic conditions, desired temperature of the enclosed liquid, pipe diameter,
and above all, the efficiency of the heating system. Based on the calculations, provision of 10 W
was sufficient per meter of the pipe for only four months of a year when the pipes are exposed to
the cold environment and temperature control of pipes and protection against freezing are

required.

After conducting the heating tests, it was found that the coating-based heating system was
noticeably more efficient than the tracer. Although the average input wattage for the case of
heating cable was 20% higher than the coating system, the required time for heating and melting
of ice was also longer about 10%. That said, it was assumed in the model that efficiency of the
coating-based heating system was 30 % higher than the tracer, and therefore, the consumption of

energy for the tracer was 1.3 times that of the coating system.

The average electricity price in major cities of United States that is $0.085USD/kWh was

the value that was considered in the calculations [113]. The energy cost was calculated based on
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Eq. 5-2 in which annual payment of energy was calculated based on several assumptions, namely
a 10% discount rate, a 2.2% annual inflation rate in the United States [114], and assumed 10-year

useful life for both heating systems. Therefore, the present value of energy is given by

=gl (i)
=%\ d—e) \i7d) | (5-2)

where Ce, 4., d, e, and n are total energy cost, annual energy cost, discount rate, inflation rate,

and the number of years, respectively [63].

The maintenance costs consist of the technician’s salary, technical support regarding the
problem identification and repair, and general overheads. Given the novelty of the application of
the coating-based heating system for pipelines, the maintenance cost of the coating system is not
known. Therefore, the annual maintenance cost was assumed to be 5% of the total capital cost.
The maintenance cost was calculated based on Eq. 5-3 by considering the annual payment,

discount rate and useful life as

C — \ Amx w 53
"G d(1+d) | (5-3)

where Cn, Am, d, and n are total maintenance cost, annual maintenance cost, discount rate, and

the number of years, respectively [63].

The cost of disposal, which is an incremental expense attributed to the disposal of both
heating systems and all attached electrical connections and controlling units at the end each
system’s life cycle, should also be considered in the life cycle cost (LCC) analysis. It is generally
agreed that the coating material can be recycled at the end of its useful life. That said, it was
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assumed that the cost of removal of coating from the pipe and its disposal was in the same order
of the revenue from recycling the multi-layered coating system. Therefore, no extra expense was
considered in the model regarding the disposal of the coating system. The same approach was
adopted for the heating cable. All parameters and assumptions that were taken into account in the
LCC model are listed in Table 5-1. Given the rapidly evolving economy in the additive
manufacturing field, in general, and the thermal spraying field, in particular, the provided values

and estimations in this study would be subject to change over time [66].

Table 5-1 The parameters and assumptions that were used in the LCC model

Items Values Comments
Discount rate 10% Assumed
Inflation rate 2.2% [114]
Contingency 10% of the total cost Assumed
Useful life 10 years Assumed
Maintenance (Coating) 5% of the total cost Assumed
Maintenance (Tracer) 1% of the total cost Assumed
Diameter of pipe 60.3 mm (2.4 in) -
Thickness of insulation 12.7 mm (0.5 in) -

5.2.2 Shipping of the Materials

The cost of shipping is dependent on many factors including, but not limited to, labor,
mileage, fuel consumption, seasonality, and trucking lane availability. Due to the high

complexity of assessing the actual economic implications of product shipment, making precise
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estimations are not possible. However, the overall shipping cost can be estimated with some
degree of uncertainty. Given the fabrication of the coating layers onto the pipe surface is required
to be conducted in the thermal spray shop, the shipment process is more elaborated for the
heating system as shown in Fig. 5-3. Due to the greater distance that must be travelled for
transportation of cargo for the case of coating-based heating system, more emission of pollutants
and greenhouse gases to the environment are expected to be incurred. Further, it stands to reason

that the cost of shipping would be higher for the case of coating-based heating system.

Conventional electric tracing

i
Installation of tracers on
. the pipelines in the field

Coating-based heating system

Powders Deposition of coating
layers onto the pipes in

thermal spray shop pipes by welding process

Assembly of the coated

Figure 5-3 Required shipping for the raw material and the final products for both heating
systems
The raw materials (powders) are shipped to the thermal spray shops from the powder
suppliers that are usually far from the shops. In some cases, they are even shipped from foreign
countries. Aside from the concerns related to the availability of the powder feedstock, shipping
of powder feedstock to the thermal pray shop can be as costly as the cost of the powder itself.

However, the major concern is related to the shipment of the coated pipe sections to the field.
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This greatly depends on the distance between the thermal spray shop and the field where the

coated pipes should be installed.

In order to have a better understanding of the economic impact of the shipping of the pipe
sections to the thermal spray shop and the coated pipe sections to the field, ground transportation
by 26 ft trucks was considered. The fuel consumption of a vehicle of this size has been reported
to be around 10 miles per gallon (mpg) (23.5L/100km) for an empty car. However, for a fully-
loaded vehicle, the fuel consumption can get higher to 6 mpg (39.2L/100km) according to
discussion with experts in the field of shipping. Therefore, for the round trip, the average
consumption of 8 mpg (29.40L/100km) was taken into calculation. The rental cost of $40 for the
truck for a day, the mileage cost of $0.99/mile ($0.62/km), and the labor cost of $25/h were also

considered in the calculation of the shipping cost.

Three different random distances of 25 km, 50 km, and 100 km were considered so that
the approximate cost of shipping for the extra distance that is required for shipment of the
coating-based heating system can be estimated. The weight of the coated pipe was calculated to
be 29.9 kg for a 5-meter long 2-inch diameter schedule 40 coated pipe. Given the maximum load
of the truck is 4,087 kg (9,010 Ib), it can accommodate and carry 135 coated pipes with a total
length of 675 m. The estimated total cost of shipping that was obtained for each scenario was
then divided by the length of the pipe so that the cost of shipping per unit length of pipe ($/m)
can be found and be compared with the total cost of fabrication and utilization of the coating

system.
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5.2.3 Sensitivity Analysis

The data, assumptions, and scenarios in this study are subject to uncertainty. In this
regard, sensitivity analysis was conducted to understand better the impact of uncertainty of each
independent variable. In addition to the uncertainties in assumptions, some uncertainty also
exists in the measured data due to inherent randomness and fluctuations in measured variables
that might affect the model estimations partially [115]. This uncertainty was not taken into

consideration in this study due to its negligible nature and for simplicity.

Among all the parameters that were investigated in this study, two items namely
maintenance and shipping were subjected to noticeable uncertainty. The reason for the
uncertainty in the estimated cost of maintenance of the novel coating-based heating system in the
field was lack of experimental record and knowledge because fabrication of this coating system
is still in the early stages of research and feasibility study. Therefore, the proposed system has
not been operated in actual working conditions in the field and some of its features may not be
known precisely [67]. However, the case for the shipping was different as the uncertainty was so
high that assuming a reasonable value was not possible. Therefore, several different scenarios
were taken into consideration to give the reader insight into the impact of the shipping cost on
the total cost of fabrication and utilization of the coating system based on the unit length (1m) of
the 2-inch diameter pipe. Sensitivity analysis was also conducted to understand the impact of
changing each determining factor within a reasonable range on the total cost of heating systems
and to introduce the weight factors in a systematic manner. The robustness of the developed
model can be increased by finding the factors that cause noticeable uncertainty and variation in

the outcomes or predictions of the model.
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5.3 Results and Discussion

5.3.1 Technical Assessment of Performance of the Heating Systems

As explained earlier, providing the same power input to both heating systems was not
possible due to the unequal change of the electrical resistance of the heating systems versus
temperature. The increase in the electrical resistance of the coating system within the
temperature range of -25°C and 10°C was relatively negligible (less than 4 %). This resulted in
power output reduction of the coating-based heating element in the order of 7%. In comparison,
the increase in the electrical resistance of the coating was more than 300% in the given
temperature range of -25°C up to 30°C. Therefore, the electric current that was passed through
the heating cable was measured at each second so that the transient power can be determined.
Then, the average power outage was calculated to make the comparison between the coating-
based heating system and the heating cable possible. The heating performance of both systems
was evaluated based on the duration of time that was required for heating and melting of ice
inside the pipes. The data acquired from both systems for the given powers of 10 W and 20 W

are shown in Figs. 5-4(a) and 5-4 (b), respectively.
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Figure 5-4 Comparison of the performance of both heating systems under free convection heat

transfer condition and supplied powers of (a) 10 W and (b) 20 W
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Given the variable watt output of the heating cable throughout the heating test, the
comparison between the heating and melting times of both systems should be conducted with
care. The heating of the ice from -20°C up to the melting point occurred faster when the heating
cable was used. In contrast, the duration of the melting phase was much shorter for the case of
coating system for the same supplied powers. The reason for that was the noticeably higher
output wattage of the cable at sub-zero temperatures. However, once the temperature of the
heating cable reached a plateau at around 30°C, the power outage was reduced as its electric
resistance increased remarkably. In comparison to the heating cable, the performance of the
coating system did not undergo remarkable change during the heating experiment, and the
reduction of the power output was less than 7% in the given temperature range from -20°C to

20°C.

To understand better the impact of temperature on the electrical resistance of the cable
and the generated power, their transient values versus temperature are shown in Fig. 5-5. As can
be seen in Fig. 5-5, the electrical resistance of the wire was increased from 160 Q to 480 Q due
to the increase in the temperature of the cable from -20 °C to 30 °C. This resulted in reduction of
the outage power from 57 W to 24 W within the same temperature range. The average value of
the output power for the heating cable, which was obtained from the data shown in Fig. 5-4 (b),
was found to be 24 W for the entire duration of the test. However, the average power
consumption was different during each stage. It was found that the average power was 25.5 W
and 23.5 W for heating and melting stages, respectively. Although the average supplied power to
the cable (24 W) was 20 % greater than the one the was provided to the coating system, the total
duration of heating and melting was even 10 % less for the case of the coating system. This

clearly speaks to the higher efficiency of the coating system.
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Although the self-regulating feature is advantageous in limiting the output wattage and
temperature of the cable, and as a result, prevents the cable from destruction due to overheating
[116], the continuous change of the power during temperature fluctuation makes the comparison
of the performances of the heating systems difficult. The detailed quantitative results regarding
the approximate duration of heating and melting stages for both heating systems for the given

powers are listed in Table 5-2.
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Figure 5-5 Dependence of electrical resistance and power output of the heating cable on

temperature
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Table 5-2 Duration of times for heating and melting stages of each heating system

Duration of Phase (min)
System Phase
10 W 20 W
Heating Heating 123 48
Cable Melting 480 205
Coating Heating 150 55
System Melting 435 176

5.3.2 Microstructure of the Coating System and Calculation of Labor Cost

A micrograph that was obtained from the cross-section of the bi-layered coating system
in the middle of the coated pipe section can be seen in Fig. 5-6. The average thicknesses of the
coating layers were found to be 171 = 6 um (n = 5) and 128 £ 4 um (n = 5) for alumina and Ni-
50Cr coatings, respectively. The thickness of the coating layers was dependent on many
parameters including the number of spraying passes. Therefore, more labor time, feedstock

powder, gases, and electricity are required to achieve thicker layers.

The obtained microstructure for the flame-sprayed alumina was porous. Furthermore,
some of the Ni-50Cr coating was penetrated into the alumina coating, which resulted in
reduction of the effective thickness of this insulating layer. Therefore, high numbers of
preheating passes (6) and spraying passes (14) were considered for deposition of alumina layer to
achieve a thick coating that can provide the required electrical insulation. However, the required
thickness for this electrically insulating layer can be reduced by application of high-temperature

thermal spraying techniques that can lead to deposition of a dense alumina coating. An
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alternative plan would be sealing the top surface of alumina layer prior to deposition of the Ni-
50Cr layer. These actions may lead to noticeable reduction in the spraying time and as a result,

considerable savings in the labor cost associated with fabrication of the coating system.

Furthermore, Ni-50Cr was deposited onto the alumina coating by passing the torch six (6)
times along the pipe in the axial direction while the pipe was rotating to achieve a uniform
coating. Utilization of another high-temperature thermal spraying technique such as air plasma
spraying or high-velocity oxy-fuel (HVOF) may bring about a more uniform and denser coating
whose electrical resistivity would be lower than the flame-sprayed Ni-50Cr coating. As a result,
a similar or the same electrical resistance and heating performance may be achieved by reducing
the required thickness of this layer, which can result in reduction in the required spraying passes,

labor time, and the final cost of fabrication of the coating system.
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Figure 5-6 Micrograph taken from the cross section of the coating system at 200 X

magnification in backscattered mode

The detailed information regarding the required time for each stage of the fabrication
process of the coating system and the estimated costs are presented in Table 5-3. Based on
measured times, it takes about one hour to fabricate the coating system per meter of 2-inch
diameter pipe. Although the exact time of some of the stages such as deposition of alumina was
known, the required time for some of the tasks such as grit blasting and mounting the samples
were estimated. Therefore, the time that has been provided for the miscellaneous tasks in Table
5-3, which includes the times for mounting the sample, mounting flame spray torch and cold
spray nozzle, refilling the powder hoppers for both flame spraying and cold spraying processes,

and deposition of coatings on 3-inch extra sections before and after traversing the whole length
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of pipe to ensure uniformity and consistency, is an approximate value and therefore, is subject to
some uncertainty. Although the duration of time for deposition of alumina and Ni-50Cr layers
were calculated based on the traverse speed of the oxy-acetylene torch in the axial direction, the
required time for deposition of the copper rings at each end of the coated section was obtained
based on the traversing speed of the cold spray nozzle in the direction perpendicular to the
centerline of the pipe due to the required different motion of the robot for fabrication the copper
rings at the ends of the pipe section. To ensure continuity and uniformity of the deposited copper
coating, about 7.6 mm (3 in) extra path was taken into consideration prior to reaching and after

passing the 60-mm diameter pipe.

Table 5-3 The measured/estimated times and costs for various stages of fabrication of the
coating system

Ttems requiring labor Number | Traverse speed Requirec{ time for|Total labor| Cost per unit
of passes | of gun (mm/sec) | 5-m section (sec) | cost ($/m) | length ($/m)
Grit blasting NA NA 3,000 250 50
Substrate Preheating 6 10 3,000 250 50
Deposition of alumina 14 10 7,000 583.3 116.7
Deposition of Ni-50Cr 6 24 1,250 104.2 20.8
Deposition of Copper 4 5 240 20 4
Miscellaneous tasks NA NA 3,510 292.5 58.5
Total NA NA 18,000 1,500 300

5.3.3 Selection of Materials and Spraying Processes

Alumina was selected because of its unique electrical and thermal properties. Although
alumina is an insulator from the electrical perspective, it is a good conductor of heat compared to

other ceramics [78]. Therefore, the heat that is generated in the top metal coating layer (the
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heating element) was transferred to the pipe and to the enclosed ice/water. As a result, heat
dissipation to the environment was reduced. Nickel chromium was also selected because of its
relatively high electrical resistivity [81]. The flame spraying technique was also chosen because
of the low cost of equipment, availability, ease of use, and low cost of labor compared to other
high-temperature thermal spraying processes. Copper was also selected because it is a superior
electrical conductor. In addition, the connecting wires that are also made of copper can be
soldered easily to the dense copper ring. Cold spraying was selected for deposition of copper due
to its high precision, low consumption of powder, and the resulting denser structure of the

coating [82].

The main reasons for selection of the flame spraying process in this study were the
inexpensive cost and easiness of utilization of this thermal spraying method. Although flame
spraying process was very widespread during 1980s and 1990s, its usage got less popular by
introducing newer techniques such as air plasma spray (APS) and high-velocity oxy-fuel
(HVOF) spraying. As an example, the percentage of application of combustion spraying in
industry was reduced from 87% in 1994 to 50% in 2000 among all the different spraying
techniques including PTA, D-Gun, plasma, HVOF, and arc [66]. Despite the reduction in the
usage of this spraying process in recent years, it is still one of the popular, available, and easy to
use thermal spraying processes. The other important reason is the remarkable lower investment
cost of this process compared to the other thermal spraying methods that makes it feasible for
local or small-scale companies to purchase this equipment. For instance, the investment cost of
equipment was estimated to be between $65,000 USD and $130,000 USD for HVOF/HVAF
processes. However, the total investment cost of automated powder flame spraying process was

estimated to be between $6,500 USD and $13,000 USD [117].
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The other determinative factor in selection of the thermal spraying process for fabrication
of the heating system is the consumption of the energy. Comparison of the power input for
various spraying methods shows that arc and flame spraying techniques are among the lowest
consumers of the energy [118]. In contrast, HVOF and high-velocity liquid fuel (HVLF) are the
largest energy consumers among the thermal spraying processes and require approximately more

than ten times greater power than the power input of flame spraying process [118].

This study is focused on the techno-economic implications. However, a complete
assessment of the systems should include the environmental impacts of materials, processes, and
services [119]. Given the novelty of this research in fabrication of the coating system for
pipelines, the environmental impacts of fabrication and utilization of the proposed thermally
sprayed coating system are unknown. It is known that LCA is a powerful tool to assess and
quantify various environmental impacts of a process such as emissions to air, land, and water,
damage to the human health, damage to the ecosystem quality, and resource depletion, to name
but a few. Environmental impacts regarding utilization of different thermal spraying processes,
namely wire arc, cold spray, plasma spray, and high-velocity oxygen fuel spray, which have
already been studied by Moign, et al. [120], should also be taken into consideration in the
decision-making process. Furthermore, the emission of pollutants to the environment due to the
shipping or environmental impact of consumption more electricity in other thermal spraying
techniques are of great importance for selecting the best heating system option. As an example, it
was found by Moign, et al. [120] that consumption of electricity during the APS and SPS
processes was of the utmost importance as it was responsible for about 70-80 % of the

environmental impacts.
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5.3.4 Assessment of Economic Implications

Based on the assumptions that were mentioned earlier, the total cost of each heating
system was calculated. The costs associated with fabrication and installation of the coating
system were estimated based on the discussions with the experts in the field. Geographical
considerations must be taken into account regarding the accuracy of these numbers as these costs
may vary noticeably based on the location where they are fabricated and are needed to be used.
All the calculated estimations are subjected to different degrees of uncertainty. A 10%
contingency was taken into account to ensure that these uncertainties are reflected in the

estimated total cost.

The estimated cost of each component of the life cycle analysis is listed in Table 5-4. The
total expenditures of each system for 10-year time span can also be compared clearly based on
data shown in Fig. 5-7. The noticeable gap between the two graphs was because of the higher
capital cost of the coating-based heating system, which was mainly caused by high labor cost of
the experienced technician and noticeably high operating cost of the thermal spray shop.
Furthermore, the gap even became wider in the upcoming years due to the higher assumed
maintenance cost of the coating system compared to that of the tracer. Due to the high reliability
and safe operation of the heating cable, the maintenance cost of the heating cable was considered
to be as low as 1% in this study. The reliability and working lifespan of the heating cables are so

high that manufacturers of the cables often guarantee the performance of them for 40 years.
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Table 5-4 The associated costs of each component of the life cycle cost analysis for the first year

Total Cost (USD)

Figure 5-7 Comparison of the total cost of each heating system for an assumed 10-year lifetime
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Fabrication 300 N/A
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The higher efficiency of the coating system compared to the heating cable was explained
and illustrated earlier. The benefit of using the coating systems for less consumption of energy
was quantified. As can be seen in Table 5-4, less energy consumption of the coating system did
not bring about noticeable financial benefit in the cost of energy for the given diameter of the
pipe, the required power density, and the given working time per year. Therefore, the saving
from the less energy consumption of the coating system was not comparable to the higher
maintenance cost and a higher degree to the capital cost required for fabrication of the coating

system.

That said, the tracers seem to be a much more affordable and suitable choice for
temperature protection of pipes and their protection against freezing. The tracers offer other
advantages, including but not limited to, lower cost, easy shipment, fast installation, no necessity
for repair, no need for special expertise for installation of the cables, capability for being stored,
and above all, the availability of the heating cables in the market. Furthermore, in case of failure
of the tracers, they can be easily replaced. However, in case of failure of the coating system,
either the coating layers have to be removed from the pipe and again be sprayed onto the pipe
on-site or the pipe section with the failed coating should be cut from the pipeline and be sent

back to the thermal spray shop for repair.

In comparison to the above-mentioned advantages of the tracers, coating systems offer
higher thermal efficiency, better performance, and temperature uniformity over a large surface.
Therefore, they can be employed in specific cases and under particular circumstances wherein
high thermal efficiency of the heater and more surface temperature uniformity are required and

extremely appreciated even at higher costs.
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It is noteworthy that the obtained values are only applicable to 2-inch diameter pipe
sections. However, in the actual working conditions, valves, supports, flanges, branches, and
other geometrical complexities, increases the energy consumption. As an example, it has been
found by Sandberg, et al. that as high as 30 % of the generated heat is dissipated through valves
and supports [121]. Further, fabrication of coating on curved surfaces or on parts like valves and
flanges with complex geometries require special care and will take more time and budgetary

cost.

5.4 Uncertainty Assessment
5.4.1 Scenario Analysis

5.4.1.1 Labor Cost

To examine and evaluate the possible regional effects on labour and shipping costs
properly, an extensive scenario analysis was conducted to estimate the total cost of each heating
system. It is well-established that the labor cost for fabrication, installation, repair, and disposal
of the coating vary significantly based on the location and the country based on which the
assumptions are made. All the assumptions and the obtained values for total cost of the coating
system in this study were obtained based on the rates of Eastern US market. Therefore, the
fabrication and operation of the coating system may be more competitive and comparable from
financial viewpoint with those of the tracers in other geographical regions. In this regard, two
other rates of $100 USD and $200 USD per hour were also taken to account to comprehend
better the effect of costs associated with reservation of the thermal spray shop and the labor
required. The impact of the cumulative costs associated with fabrication of the coating system

can be seen in Fig. 5-8.
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Figure 5-8 Comparison of the total cost of coating-based heating system per meter during the

10-year lifetime based on different labor costs of $100/h, $200/h, and $300/h

As shown in Fig. 5-8, the labor cost has a profound impact on the total cost associated
with fabrication and utilization of the coating-based heating system. Comparison of the total cost
of the coating system in which labor rate of $100/h was taken into consideration with that of the
ordinary tracer shows that the systems are still not comparable as the total cost of the coatings
system is about three times greater than the tracers. Therefore, further modification of the
spraying parameters and selection of high-temperature thermal spraying processes are still
required to reduce the labor time and the resulting cost to make the coating system competitive

with the tracers from financial perspective.
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5.4.1.2 Shipping Cost

As explained earlier, the shipping cost for the coated pipes and the tracers could not be
predicted precisely due to the unknown distance between the thermal spray shop or the supplier
of the tracers and the field where heating system is required. Given the likely extra distance that
is required to be travelled for shipment of the coated pipes, the extra cost of shipping for coating
system compared to the ordinary tracers can be estimated. In this regard, the extra costs of
shipping and their impact on the total cost of the coating system per unit length of the pipe,
which were estimated based on the imaginary scenarios, are listed in Table 5-5. It can be seen
that the cost of shipping based on conservative estimations for an approximate distance of 100
km between the thermal spray shop and the field would be about $0.46/m of 2-inch diameter
pipe, which is not comparable with the fabrication cost of the pipe that is about $300/m. This
shows that the shipping of the coated pipe to the field would not be a challenge from financial

viewpoint.

Table 5-5 The estimated cost of shipping from thermal spray shop to the filed based on

different imaginary scenarios for the coated 2-inch diameter pipes

liems . Total | Average fuel | Fuel|Average Rental |Mileage|Total|Cost/unit
Distance| . i Labor .
(km) mileage| consumption | cost | speed ($/h) vehicle| rate | cost| length
Cuse (km) | (L/100km) |($/L)| (km/h) ($/day)| ($/km) | ($) | ($/m)
#1 25 50 108 | 0.16
#2 50 100 29.4 0.8 50 25 40 0.62 | 176 | 0.26
#3 100 200 311 | 0.46
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5.4.2 Sensitivity Analysis

To better understand the impact of each of the variables on the total costs of the heating
systems, sensitivity analysis was conducted. The results of this analysis are shown in Figs 5-9(a)
and 5-9(b) for tracer and coating system, respectively. In an attempt to consider the global
market rather than just focusing on one specific region (Eastern US area), wide potential changes
in each of the independent variables were taken into consideration. It is expected that these
relatively wide ranges enable the readers and engineers worldwide to calculate the approximate
costs of utilization of both heating systems. As an example, the discount rate in this study was
considered to be 10%. Consideration of relative differences of -30% and +50% in this value
brings about a relatively wide range of discount rate from 7% to 15% that could accommodate

the actual investment condition in many regions.

The other benefit of conducting the sensitivity analysis is finding the most determining
parameters. As an example, the uncertainty in the cost of electricity is of utmost importance in
calculation of the total cost of the tracer as the maintenance cost is negligible in this heating
system. However, the uncertainty in the fabrication labor is the main parameter for consideration
for the coating system. It can be seen in Fig. 5-9(b) that the contribution of electricity cost is not
comparable to other determining variables for the coating system. The results shown in Figs. 5-
9(a) and 5-9(b) are obtained based on potential maximum changes in the values of each
parameter. To have a better understanding of the impact of uncertainty on each parameter based
on the same relative percentage changes of +50% and rank the significance of each parameter the
results are shown in Figs. 5-10(a) and 5-10(b) in a different format. Although the cost of the
heating cable and electricity cost are the major contributors for the tracers, the fabrication labor

and maintenance are the most important factors for consideration regarding the coating systems.
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Figure 5-9 The impact of potential uncertainty on the total cost associated with fabrication and

utilization of (a) tracer and (b) coating-based heating system
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5.5 Utilization of the Controlling System

In a test that was conducted by employing the controlling system, the temperature of the
enclosed water was set at 5°C. Therefore, once the temperature was close or at the set-point
temperature, the electric power to the system was not provided continuously as before. The relay
was adjusting the power output by switching on and off the current. As the temperature got
closer to the set-point value, the duration of time at which power was supplied to the heating
element was decreased. The temperature traces collected from the industrial thermocouple within

the pipe and the surface thermocouple on the heating element are shown in Fig. 5-11.

At slightly over 3,000 seconds after beginning of the heating test when the temperature of
the water within the pipe reached 5°C, which is shown with the first dotted vertical line and an
arrow, the temperature of the heating element began decreasing as the supplied voltage to the
heating system was switched off and no heat was generated anymore. However, the temperature
of the enclosed water was still rising until the point when both the outer surface of the coating
and the enclosed water inside the pipe reached equilibrium at the same temperature around 16°C.
After that the temperature of the pipe and the enclosed water were reduced due to the heat
dissipation to the cold ambient air until the temperature of the enclosed water got below 5°C
again, which is shown with the second vertical dotted line and an arrow. Then, the system
reached equilibrium at 5°C. This shows that the use of controlling system based on the enclosed
water in the system and provision of 80 W will reach equilibrium after about 5 hours and will

stay at that specific temperature.

The temperature sensor based on which the controlling unit operates could be installed on
the heating element to minimize the thermal inertia and the required time for the system to reach
equilibrium. However, operation of the controlling unit based on the temperature sensor installed
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on the coated pipe can be misleading, especially for the larger diameter pipes as

noticeably different than the core of the enclosed liquid.
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Figure 5-11 The impact of using a controlling unit on the performance of the coating-based

heating system

Although addition of the controlling system can be beneficial from the technical

perspective, it might be cost prohibitive. Therefore, the cost of the controlling system should be

calculated and be divided by the length of the pipe section for which the controlling system was

employed. In this regard, three scenarios were considered to better understand the approximate

cost of controlling system per unit length of the pipe. Given the sections that were considered in

this study are each five meters long, pipe assemblies composed of one section, two sections, and

three sections equal to Sm, 10m, and 15m, respectively, were taken into consideration. The

detailed cost analysis of the controlling system is listed in Table 5-6. It stands to reason that
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development of the controlling system is more beneficial for longer pipe sections. However, due
to possible temperature gradients along the long pipe sections, the consumption of energy could
be increased. Furthermore, to increase the safety of the operation of the controlling section and to
ensure that the ice is not formed inside the pipe, several temperature sensors should be utilized to
read and collect temperature data from the enclosed liquid along the pipe section. Although the
cost of development of the controlling system per meter of the pipe is high for the case of 5-m
pipe relative to the fabrication cost of both tracer and coating system, the obtained values for the

15-m and 25-m sections appear to be reasonable as shown in Table 5-6.

Table 5-6 The estimated cost of utilization of a controlling system per unit length of a 2-in

diameter pipe

tems Pipe Total  Temperature  Solid Electrical ~ Assembly Total Unit
Sections  Length Controller (§) State  connections  Labour  cost cost

(m) Relay (3) cost($) (§) ($/m)

Case (3)

#1 1 5 54.8
#2 3 15 162 37 50 25 274 183
#3 5 25 11.0

5.6 CONCLUSIONS

Techno-economic implications of utilizing two heating systems for protection of pipes
against freezing and bursting, namely conventional heating cable and thermal-sprayed coating
system, were investigated. In the view of foregoing discussion, the following conclusions can be

drawn:

e The coating-based heating system was noticeably more efficient than the heating cable in
terms of heating and melting the ice within the pipe. Although the power that was provided

to the cable was approximately 20 % greater than the supplied power to the coating during
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the experiment, it took relatively 10 % more time for the heating cable to heat and melt all
the ice inside the pipe.

The higher efficiency of the coating system is mainly because of the immediate contact
between the heating element (nickel chromium coating) and the substrate (pipe) that
minimizes the thermal contact resistance between them.

The costs of fabrication and maintenance of the coating-based heaters are noticeably higher
than those of the tracers. It is mainly because of the high labor rate of the experienced
technician and operational cost of the thermal spray shop.

The advantages of utilization of the cables are low capital cost, easy shipping, low
maintenance cost, high reliability, capability of storage, availability in the market, and
utilization for complex geometries, and no necessity for high level of knowledge or skill for
installation.

In comparison, the benefits of employing the coating system are provision of uniform
heating over large surfaces, higher efficiency thanks to the immediate contact of the heating
element to the substrate that leads to less consumption of energy, and easier control over the
output power.

Based on the results obtained from comparison of economic and technical implications of
each heating system, the decision for utilization of the coating system should be viewed
from a financial perspective and weighed with consideration of the higher heating efficiency
that the coating system offers where protection of steel pipes against freezing damage and
bursting is required. The better heating performance of the coatings may make them
competitive too, or even more desirable than, the cables for specific and targeted

applications.

184



Chapter 6

Conclusions

The protection of pipelines against bursting, which is caused by transformation of the
enclosed water into ice, was the primary focus of this research program. In order to better
understand the failure mechanism of the pipes due to exposure to cold ambient air, numerous
experiments were performed on two conventional steel pipe materials, namely ASTM A333-6
and ASTM A106-B. It was found that freezing behavior of the water inside the pipe is dependent
on the pipe material, pipe thickness, mechanical properties of the pipe, and the work hardening
that was occurred in the previous experiments. It was also found that internal pressurization
begins when the there is no more room inside the pipe to accommodate the expansion in the
volume of the mixture of ice and water during the freezing stage. Sufficient heat should be
provided to the pipe prior to reaching to the yielding point of the pipe when inelastic deformation

occurs.

Given the necessity of supplying heat to protect the pipelines, heating systems should be
employed to prevent ice accumulation, flow blockage, bulging, and ultimate failure of the pipes.
In this regard, the feasibility of using a multi-layered coating-based heating system was studied.
The reason for development of the heating system was the potential for achieving higher
efficiency compared to the conventional tracers. To that end, the primary objective of this
research was finding the materials with favorable electrical properties and developing the
spraying parameters for deposition of the layers by using flame and cold spraying techniques.
The feasibility of utilization of the multi-layered thermally-sprayed coatings as resistive heating

systems for prevention of formation of ice within the pipes and protection of them against
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bursting was studied. It was found that the selected materials, namely alumina, as an electrically
insulating layer, nickel-chromium, as a heating element, and copper, as an electrical contact,

were satisfactory for the given Joule heating task.

The only challenge with deposition of the NiCr coating was its penetration into the
insulating layer. This resulted in reduction in the effective thickness of the alumina coating, and
therefore, the voltage at which the coating can be failed would be reduced. Although this was a
drawback from electrical point of view, it can be viewed as an advantage from mechanical
perspective thanks to the interlocking and enhanced adhesion between the coating layers. It was
also observed that relatively low powers such as 20 W were sufficient to heat and melt the ice
inside the bare 254-mm (10-inch) long, 51-mm (2-inch) diameter carbon steel pipe that was
located in the cold room and was directly exposed to stagnant cold air at -25°C. This speaks to

the high efficiency of the fabricated heating system.

Developing mathematical models to predict the transient temperature of the ice during the
heating stage and the transient location of the solid-liquid interface during the melting stage was
another objective of this research. The mathematical models were developed based on one-
dimensional transient conduction theory for finite length-scale media. It was found that the
results obtained from the model were in good agreement with the measurements from the heating
experiments. Comparison of the predictions of the model and the data from the experiments
shows that the model predicted the duration of ice heating to within 16%, 12%, and 15% of that
which was measured from the experiments for supplied powers of 10 W, 20 W, and 40 W,

respectively.
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Aside from the improved performance of the coating systems, studying the economic
feasibility of fabrication and utilization of the coating system was of interest. To that end, a data-
intensive model was developed to compare the total costs associated with fabrication, installation,
operation, and maintenance of multi-layered coatings with those of conventional heat tracers. Although
the cost of the raw material for both heating systems are in the same order, the fabrication cost of the
coating system is noticeably higher, which is due to the higher labor cost. However, the obtained results
are based on the Eastern U.S. market values and the total cost associated with fabrication of the coating
system could be more comparable to the tracers at regions where labor rate is relatively low. The results
suggest that end-users must weigh the improved performance of the coating systems against the increased
fabrication and installation costs for large-scale protection of steel pipes against bursting in industrial

applications.
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Chapter 7

Recommendations for Future Work

This research program has made significant contributions in the areas of fabrication of
coating-based resistive heating systems, development of mathematical models for determination
of the required times for heating and melting of the ice within the steel pipes, and assessment of
techno-economic implications of fabrication and utilization of thermal-sprayed coatings for
heating purpose. However, these themes can be further enhanced and expanded. Several

recommendations for conducting further research in these areas can be provided as follows:

e The transient pressure of the enclosed freezing liquid inside the pipe can be determined
by obtaining the temperature data from the heat transfer model and coupling it with the
pressure values from the non-linear phase change curve of the phase diagram of water,
the mechanical properties of the pipe, pipe geometry, and the work hardening that has
already occurred during the previous loading/unloading cycles. The obtained pressure
values can be related to strain by mathematical formulations. Then, the obtained strain
values can be compared to the critical strain values to inform on the approximate time of
rupture of pipes.

e In the fabrication of the coating-based heating systems, high-temperature thermal spray
processes such as flame spraying, wire arc spraying, air plasma spraying, and high-
velocity oxygen fuel spraying have been used. Fabrication of the heaters with cold-spray
process offers many advantages over thermal spray for fabrication of heaters such as
lower labor cost and reduced environmental impacts due to the absence of in-process

combustion gases. Furthermore, the cold-sprayed coating would not penetrate into the
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electrically insulating layer, and therefore, there would be no concern related to the
decreased effective thickness of the insulating layer. The most important advantage of the
cold-sprayed heaters is the extra design flexibility that can be achieved thanks to easier
control on the length of the coating compared to its thickness when it is deposited in
meander shape.

Assessing the techno-economic implications of the coating-based heating system is of
great importance because the economic feasibility and improved performance of the
coatings are the determining factors in selection of the coating-based heaters for large
scale industrial applications. Furthermore, optimizing the spraying parameters can result
in denser, thicker, and more uniform coatings, especially for fabrication of the electrically
insulating layer. This can result in reduction of the labor cost and make the coating
system competitive to the conventional tracers from financial perspective.

For utilization of the developed coating system in industry on mass scale, many
environmental and technical factors should be taken into account. In the present thesis
document, only economic considerations and electrical performance of the heating
systems were assessed. Conducting a comprehensive life cycle analysis (LCA) is
necessary to compare the environmental implications of both heating systems with one
another before selecting one of them. It is well-known that LCA is a powerful tool to
assess and quantify various environmental impacts of a process such as emissions to air
and water, damage to the human health, damage to the ecosystem quality, and damage
the resources. Furthermore, technical considerations such as corrosion resistance, wear
resistance, vulnerability of the deposited coatings to possible damages during shipping

and the necessity of deposition of a flexible polymer coating onto the heating element,
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and on-site reparability in case of damage to the coating system could be the main focus
of future studies.

Some assumptions and simplifications were taken into account in the mathematical
models that were developed based on one-dimensional transient heat conduction in
cylindrical coordinates to predict the heating and melting times of the enclosed ice inside
the pipe. A more accurate 3D modeling can be conducted by using CFD where the
change in the volume of the ice during phase change and free convection inside the pipe
due to the movement of the ice, which is caused by change in the density of the ice after
transformation into water, can be simulated.

Given the brittle nature of the ceramic layer (alumina) and the generation of thermal
stresses due to positioning of this layer between two metallic layers, temperature cyclic
loadings should be conducted at severe loading conditions to ensure the reliability of the
developed coating system. Furthermore, it has been observed that formation of cracks
would not impede the heating performance of the coating system. It only increases the
electrical resistance of the heating element. The link between formation of cracks and the
increase in the electrical resistance is an interesting topic that can be assessed by using a
thermal imaging camera for capturing the formation of cracks and using a data logger for
reading and collecting the transient electrical resistance values.

A basic controlling unit, which was composed of a solid state relay, temperature
controller, and a temperature sensor (surface thermocouple), was developed to control
the heating performance of the coating system. Given the change in the electrical
resistance of the heating element versus temperature, a more sophisticated controlling

system can be developed that can automatically switch on and off the system based on
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the electrical resistance readings from the coating-based heating element. This can bridge
the gap between the passive functional coatings and the smart active coatings for the

purpose of protection of pipelines against freezing and rupture.
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