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Abstract.

This study presents a comprehensive simulation-based analysis aimed at enhancing the
serviceability of bridge decks in cold climates by preventing ice formation by applying an
electrical power heat source (EPH) within transversal rebars. The objective is to identify
the appropriate EPH capable of maintaining bridge surface temperatures above freezing

under various climatic conditions.

The study uses "Mean Minimum Temperature" data from the U.S. Climate Normals
dataset (1991-2020) to ensure simulations are applicable across diverse regions. By
systematically varying the power of the embedded heat source, the research identifies
the minimum required EPH input to maintain the bridge deck surface at 3°C, preventing
ice formation. Key findings indicate that the developed 3D FEA model effectively avoids
ice formation on bridge surfaces by using an external electrical energy source connected
to transverse steel rebars. Parameters such as outside temperature, wind speed, and EPH
location significantly influence the heating system's performance. A stress analysis

confirms this method's feasibility, providing designers with guidelines.

The study concludes that maintaining a spacing of 12 inches (0.3048 meters) is optimal
for the EPH placement, and for ensuring structural integrity, the EPH heat flow should be
at most 1.22kW.
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NOMENCLATURE.

E: Internal energy.

Q: Heat added to the system.

W: Work done by the system.

c: Specific heat capacity.

p: Density.

q: Heat flux vector.

v: Velocity field.

D: Conductivity matrix.

Te: Temperature of the fluid far from the source.

T: The absolute temperature. (K or °R)

To: Absolute temperature of the surroundings or the ambient temperature. (K)
Q: Heat transfer rate. (W, watts)

k: Thermal conductivity of the material. (W/mk)

A: Cross-sectional area perpendicular to the heat transfer direction. (m?)

h: Convection heat transfer coefficient. (W/mZ2K)



S: Surface area where convection takes place.

u: Characteristic velocity of the fluid. (m/s)

L: Linear dimension where the fluid flows. (m)

w: Dynamic viscosity of the fluid. (Pa s)

v: Kinematic velocity of the fluid. (m?/s)

a: Thermal diffusivity. (m2/s)

Cp: Specific heat capacity at a constant pressure. (J/kg K)

Nu,: Local Nusselt number at a specific length.

N: Number of radiating surfaces.

P: Total power radiated by the black body.

o: Stefan-Boltzmann constant, 5.67x10-8 (W/m2K#



CHAPTER 1.

INTRODUCTION.

Bridges play a crucial role in the transportation infrastructure, enabling the easy
movement of people and goods from one place to another. When weather is harsh,
specifically in winter climates, the potential formation of ice above these structures
creates severe challenges for the safety of both people and the structure itself.

Diverse data shows a significant increase in accidents and crashes caused by icy
conditions[1]. This results in human casualties because of the inherent danger of
collisions and reduces transportation accessibility, leading to economic losses and
inconvenience for commuters[2].

According to data from the DOT, a high number, exceeding 70% of the nation's
road network, is in areas characterized by harsh environmental conditions that could
lead to ice formation over the roads. Several factors associated with dangerous driving
conditions because of the buildup of ice, such as low pavement friction, more distance
needed for stopping, and compromised vehicle maneuverability, among others, result in

reduced speeds, less roadway capacity, and an elevated percentage of accidents[3].



The consequences of this adverse weather are considerable, with over 1,300
fatalities and over 116,800 injuries reported annually, Figure 1, in vehicular incidents

caused by these icy conditions[4].

116800,

1300, 3% 6%

B Total Fatalities M Total injuries

B Fatalities in icy M Injuries in icy
conditions 1812050 conditions
’

94%

Figure 1. Percentage of injuries and fatalities due to icy conditions.

The current methods for deicing the bridges have primarily relied upon the
utilization of deicing salts, such as NaCl or CaClz[5]. Although these salts have shown
efficacy in the timely melting of ice and snow, it has also been shown that the application
of salt and other chemicals does not melt snow when the temperature falls below —3.9 °C
[6], which is a limitation of the use of salts. Moreover, the application of salts brings
associated challenges. Primarily, the corrosive nature of deicing salts has been identified
as a catalyst for the accelerated degradation of bridge structures[7]. This deterioration
phenomenon reduces the overall service life of the infrastructure and incurs high
maintenance costs[8]; approximately 20% of the DOT maintenance budgets are being
used for winter road maintenance. State and local authorities collectively invest over 2.3
billion dollars annually in operations related to snow and ice control[4].

Other concerns about using salts include environmental damage to the
surrounding areas, the accumulation of salts in the ecosystems raising ecological alarms,
the risk of water body contamination, and threats to surrounding vegetation and
wildlife[9]. The cumulative effect of these environmental hazards reveals the need for

alternative, more sustainable deicing strategies.



To address these challenges, there is a growing need to explore alternative
methods of deicing that are more sustainable, efficient, and environmentally friendly. In
recent years, heat transfer has emerged as a promising approach for mitigating ice
accumulation on bridge surfaces[10],[11]. Utilizing heat to avoid ice formation can
minimize the effects associated with traditional deicing salts while maintaining the

structural integrity of bridge components.

The thermal approach is an effective method for avoiding ice formation over
bridges. Several studies have shown that ice and snow melt using hydronic heating
systems, which use water, glycol, or another fluid circulated through pipes as the heat-
transfer medium[12],[6], electrical heating cables or pipes, which consist of wires
embedded in the bridge deck that generate heat when an electric current passes through

them[11], and electrically conductive concrete[13].

While most research has focused on incorporating the previously mentioned
elements into the design of bridge decks, there is limited information on heating the
actual components of bridges; one research performed by Mehrabi[14] has studied the
thermo-mechanical response of various components of the bridge in under thermal
loading including the rebars. Therefore, this thesis aims to explore the temperature
distribution on the surface of the bridge deck by heating the steel rebars, a structural

component embedded within the structure.

1.1 RESEARCH OBJECTIVES.

This thesis aims to identify the appropriate EPH capable of preventing ice
formation on bridges under established climatic conditions. This goal is directed toward
analyzing the effect of rebar heating on bridge structures and evaluating its impact on the

resulting surface temperatures. The research focuses on analyzing how various



environmental conditions, including temperatures, wind speeds, and the location of the

EPH, impact the performance of this proposed heating system for bridges.

1.1.1 RESEARCH QUESTIONS.

e Isthere arelationship between the EPH and the temperature on the surface of the
bridge that can avoid the ice formation on the structure?

e How the different parameters used in the study affect the temperature
distribution in the surface of the bridge’s deck.

e I[sthere any thermo-mechanical limitation of the bridge’s model?

1.1.2 HYPOTHESIS.

e A linear relationship exists between the EPH and the surface temperature of the
bridge.

e The required EPH to prevent ice formation on bridge surfaces increases with

higher wind speeds and decreases with higher outside temperatures.

By employing heat transfer principles, the research will explore the conductive
properties of steel bars within bridges to transmit heat throughout the structure,
effectively avoiding ice formation on the bridge's surface. The investigation will include
a comprehensive analysis of the bridge's thermal behavior under different simulated

conditions.

To achieve these objectives, the research will employ simulations in Ansys to
model the heat transfer process within the steel bars of bridges. Various heating
scenarios will be considered, including different heat flow intensities, wind speeds, and
location of the EPH to predict the temperature distribution at the top of the bridge deck.
The simulation results will be compared to understand the heat transfer mechanism and

identify a relation between the EPH and the temperature distributions on the surface.



The outcomes of this investigation will offer significant results regarding the
viability and efficacy of rebar heating as an innovative approach to deicing bridges. This
research aspires to contribute substantially to advancing sustainable and ecologically
deicing methodologies. The final goal is to increase the safety of individuals using bridges,
underscoring the dual importance of environmental and public safety in the domain of

infrastructure maintenance.

The results of the simulations will offer valuable information for decision-makers,
bridge engineers, and relevant stakeholders to make informed choices regarding the best
methods for deicing bridges in areas with harsh winter weather, considering the

structure's structural integrity.



CHAPTER 2.

BACKGROUND.

Heat transfer is an innovative method currently being studied to address the
challenge of ice formation on bridges in the wintertime. There are several studies that
include the heat transfer process for deicing bridges. Most of them are studies that use
geothermal energy and an external pump in a closed system for circulating a fluid through
a pipe embedded in the bridge structure[15], the stable temperature of geothermal

energy prevents ice formation by maintaining a surface temperature above freezing.

Using an external device can be a solution for avoiding ice formation; an electrical
heat source can make the most of the characteristics of the thermal conductivity of the
rebars, an essential element in a bridge. Several studies include the implementation of
electric heating pipes embedded in the concrete layer[16], it has been demonstrated that
an electrical heating source can effectively raise the temperature of the bridge

components, resulting in no ice formation on the surface of it[17].

Heat transfer, in general terms, involves the movement of thermal energy from a
region of higher temperature to a region of lower temperature[18], there are three

primary types of heat transfer:



2.1 CONDUCTION.

The conduction phenomenon is a heat transfer process that occurs when there is
direct contact between two or more materials. In the context of avoiding ice formation on
a bridge, conduction is the primary heat transfer process because the electrical heat
source will be directly exposed to the heat faces of the rebar. Then, there will be
conduction between the rebars and the concrete, which are in direct bonded contact
inside the bridge deck. Additionally, convection plays a vital role in this process, as it
facilitates the transfer of heat from the concrete surface to the surrounding air, further

aiding in the prevention of ice formation.

Conduction happens because of the movement of thermal energy from high-
energy particles inside a material to lower-energy particles[19]. In a bridge deck, when
the face of a steel rebar is exposed to an electrical energy source, there will be more
thermal energy from the particles inside the rebar, and thus, they will start vibrating. The
highly energetic particles near the heat source will collide with the neighboring particles,
and because of this collision, there will be energy transfer in the process[20]. This chain
reaction of energy transfer will continue through the material, propagating particle by
particle. This phenomenon happens at a microscopic level and is quick, so the heat moves
efficiently along the material. The rate at which this heat transfer happens depends on
several factors. The most important ones are thermal conductivity (a physical property

of the material), density, and temperature.

Materials with high thermal conductivity will conduct heat more efficiently. Steel
rebars have a high thermal conductivity value, allowing heat to transfer quickly through

them[21].



The thermal conduction equation is given by the first law of thermodynamics, as shown

in Equation(1). The first law for a control volume can be stated as:

ae . (D
ar- ¢W
For simplicity, we assume no work is done by the system (/W =0), and the heat
added (Q) results in a temperature change. The internal energy E, Equation(2) is related

to temperature T by the specific heat capacity c and the density p.

E = pcT (2)
Taking the time derivative:
dE. 0T
ar ~ ot

Heat can be conducted and convected in a differential control volume, shown in
Equation(3). Fourier's law describes heat conduction, and a convective term describes
heat convection. Considering a source term representing internal heat generation. The

heat transfer per unit volume can be written as:

Q=-Vq+pcv VT +q 3
According to Fourier's law of heat conduction, Equation(4):
q=—kVT 4)

The divergence of the heat flux is shown in Equation(5):

Vq = —V(kVT) (5)
Substituting in the heat transfer equation:
Q = V(kVT) + pcv VT + ¢

Equating the rate of change of internal energy with the heat transfer term:

aT .
ch = V(VT) + pcv VT + q



Generalizing the differential operators and variables in matrix form and denoting

the gradient operator V by L:

oT T .
pca+pCV.LT+L q=q

Note that v.LT is the dot product, that can be written as v LT in matrix form:

The equation becomes:

aoT
pc(E+VT.LT)+LTq =g

Then Fourier's law, Equation(4) is used to relate the heat flux vector to the thermal

gradients, integrating D as the conductivity matrix:
q = —-DLT
Then it is found Equation(6) which is the governing equation for conduction and

convection.

daT
pc (E +vT .LT) =LT(DLT) + ¢ ©

There are three types of boundary conditions:
1. Specified temperatures acting over the surface.
2. Specified heat flows acting over the surface.

3. Specified convection surfaces acting over the surface or Newtons law of cooling

shown in Equation(7).

q =h(T-To) ()



2.2 CONVECTION.

Convection is the transfer of heat through the movement of fluids, such as air or
water[22]. While convection is minimally related to direct heat transfer between bridge
structures, it will significantly impact the heat dissipation from the bridge surface to the

surrounding environment.

When the rebar in the bridge gets hot, by conduction, there will be a rise in the
temperature of the concrete as well, and it will heat the air or surrounding fluid around
it. In this case, the fluid will be the air circulating through the bridge. The heat will be
transferred to the particles of air that are directly touching the surface of the bridge’s
deck. Once these particles gain energy from the concrete, they will start moving
vigorously, and when the particles of the air become heated, they tend to move apart from
each other, becoming less dense. In gravity, less dense material always rises above denser
material. As the hot air rises, it creates a space filled by the cooler air, which will happen

along all the bridge surfaces. This is called natural convection or free convection[23].

An external force, the wind, inducing the movement of the air, increases the heat
transfer ratio from or to the bridge structures. This aspect can be a crucial parameter
when analyzing the temperature distribution on the surface of the bridge’s deck. This

process is called forced convection.

When wind blows across a bridge, it acts as an external force that moves the air
particles around its surface. Usually, forced convection results in a higher heat transfer
rate than natural convection[24] because the movement of the air is more vigorous than

the slow and steady movement produced by natural convection.

The rate of heat transfer because of forced convection depends on several factors,

including the wind speed magnitude and the direction of the wind[25][26]. Higher wind
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speeds usually increase the heat transfer rate because they replace the warmed air on the
bridge's surface faster. The direction of the air also plays a role. It affects the parts of the

bridge most exposed to the wind current.

This factor needs special attention and consideration, specifically for bridges that
do not have a structure or soil below them. They will have accelerated heat loss because
of the forced convection[27] and the action of the winds blowing by the upper and lower

parts of them.

Convection plays an essential role in the thermal behavior of bridge structures,
especially when the conditions create more heat dissipation on the bridge's surface.
When modeling the bridge's deck, some simplifications must be done to address the
convection phenomena. The assumptions include creating a plane surface and wind
flowing parallel to the surface. Figure 2 shows how the velocity variation of the air and

temperature will affect the structure in ideal conditions of parallel air flow.

Velocity variation of air T

AJr flow k T
— Temperature variation of air
QCG?’!‘U‘

Hot surface

Figure 2. Convection phenomenon in a plane surface.

Usually, A, the convection heat transfer coefficient, is obtained by experiments, and

it depends on several factors such as:

- Bulk fluid velocity.

11



Increasing the fluid's velocity will also increase the convective heat transfer
coefficient. A higher velocity tends to disrupt the thermal boundary layer that forms
on the object's surface.

Properties of the fluid.

The fundamental properties that affect the convective heat transfer coefficient
include viscosity, thermal conductivity, specific heat, and density[28].

Surface geometry.

Different geometrical features can affect the convective heat transfer coefficient
because they affect the fluid flow patterns and the overall transfer rate. The most
important ones are usually the surface area, shape, and surface roughness. A rough
surface area can promote the effect of turbulence, which will increase the heat
transfer rate, especially in forced convection.

Nature of the fluid motion.

This is related to natural and forced convection. In natural convection, fluid motion is
driven by density differences within the fluid, while in forced convection, fluid motion
is generated by external means, such as a fan, pump, or blowing wind. Table 1 displays
the predetermined values obtained from experiments that explain the convection

heat transfer coefficient in different phases and states of matter.

Table 1. Values of convection heat transfer coefficient.

Process Range of h [W/m? K]

Free convection.
Vapors. 3-25

Liquids. 20-1000

Forced convection.
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Vapors. 10-500
Liquids. 100-15000
Phase change.

Between liquids and vapor 5000-10000

2.2.1 Boundary layer.

The boundary layer in the fluid forms right next to the object's surface when a fluid
flows past it, Figure 3. The velocity of the fluid within the boundary layer changes from
zero at the surface (because of the no-slip condition where the fluid sticks to the surface)
to nearly the free stream velocity (the velocity of the fluid far away from the surface) as
you move away from the surface. In this layer, the effects of viscosity (the fluid's

resistance to flow) are significant.

Relative velocity of fluid layers
Uniform approach velocity

—

Zero velocity at the surface

Figure 3. Velocity along the boundary layer.

The study of this layer is very complex, and extensive research has been
performed on flat plates[29]. The importance of the velocity layer lies in the friction
between the fluid and the surface. It is also essential in the momentum of the fluid, which
is directly influenced by the Reynolds number[30].

Several dimensionless numbers are very important for characterizing the flow and

heat transfer behavior in the study of heat transfer, especially in convection[31]. These
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numbers allow the comparison of different physical situations and can be a tool for
developing correlations for heat transfer coefficients.

Three main dimensionless numbers—the Reynolds number, Equation(8), the
Prandtl number, Equation(9), and the Nusselt number, Equation(10)—are of paramount
importance in the study of heat transfer and convection. Understanding these numbers
is crucial for characterizing and predicting the flow and heat transfer behavior in various

physical situations.

2.2.2 Reynolds number.
Re= —=— (3

The Reynolds number is significant because the numerical results indicate the
flow regime and determine whether it is laminar or turbulent. For flat surfaces, a
Reynolds number of 500000 and below is considered laminar, and a Reynolds number

over 500000 is considered turbulent[32].

2.2.3 Prandt]l number.
v
Pr=—=— (9)
a

The Prandtl number compares the momentum diffusivity to the thermal diffusivity
of the fluid. It is essential in heat transfer, especially in studying the boundary layer
behavior. “The Prandtl number represents a dimensionless value intrinsic to a fluid.
Fluids with low Prandtl numbers exhibit high thermal conductivity and fluidity, making
them suitable for heat-conducting liquids[33]”. For example, Na has a value of 0.01, air

0.72, and glycerol 7612.74.
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2.2.4 Nusselt number.

The Nusselt number compares the convective heat transfer to conductive heat
transfer within the fluid. A higher Nusselt number shows more effective convective heat

transfer relative to conduction[34].

Using specific correlations to calculate the convective heat transfer coefficient
over flat surfaces in both laminar and turbulent flows is crucial for design and analysis in
thermal engineering because of their accuracy and relevance in predicting thermal
behavior across a broad range of applications[35]. These correlations, derived from
theoretical and experimental solutions, enable engineers to estimate how changes in flow

conditions confidently.

It is crucial to select appropriate correlations for calculating this coefficient. It
depends on several factors, including the system's geometry, the nature of the fluid flow

(laminar or turbulent), the temperature difference, and the fluid's physical properties.

Using correlations specifically derived or validated for flat geometries is essential
for simulations involving plane surfaces. Plane surfaces have distinct characteristics in
flow boundary layers and heat transfer dynamics compared to curved surfaces or

complex geometries.

2.2.5 Correlation for laminar flow over a flat surface.

The local Nusselt number in a laminar flow over a flat plate is verified for values

of the Re number < 500000 and is given by Equation(11):

1 1
Nu, = 0.332Re2Pr3 (11)
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2.2.6 Correlation for turbulent flow over a flat surface.

A commonly used correlation is the Colburn correlation[36], also known as the
Reynolds-Colburn analogy, Equation(12), to calculate the convective heat transfer
coefficient on flat surfaces in turbulent flow. This correlation applies to turbulent flows
over a flat plate. It is based on the concept that an analogy exists between heat transfer

and momentum transport in turbulent flows.

Nu = 0.0296 Re3Pr3 (12)
Findings from various sources in studies about how heat moves in fluids reveal an
interesting pattern. When looking at how heat is transferred alongside flat surfaces and
turbulent flow inside tubes, there are some similarities if the temperature is assumed to
be at a specificlayer, known as the 'film' temperature. This overlap in data highlights that,
despite the different settings, the way heat moves in these situations shares fundamental

similarities[36].

2.3 RADIATION.

Radiation is the transfer of heat through electromagnetic waves. It can contribute
to heat transfer because electromagnetic waves penetrate the molecules and heat them
at specific rates [37]. Other forms of radiation include infrared heaters, ultraviolet lamps,

and others.

One of radiation's properties is that of other types of heat transfer; radiation does
not require the presence of an intervening medium. This is because electromagnetic
waves can travel through the vacuum of space, and when they hit an object, they can be

absorbed, reflected, or transmitted[38].
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The efficiency of solar radiation absorption depends on several factors, such as
color, texture, and the angle at which the waves strike the surface[39]. Darker surfaces
are known to absorb higher radiation. The color black results from a surface absorbing
most of the wavelength of visible light that strikes it. This is not only happening with the
visible spectrum but also the infrared radiation, which is the main component of thermal
energy generated by the sun or other sources[40], lighter surfaces reflect more of the
incoming radiation. The reflectivity of a surface is not only determined by color but also
depends on the material surface properties, such as texture and composition, “albedo” is
the term used for defining the reflectivity of solar radiation from a surface[41]. The range
is from 0 to 1, where 0 indicates that a surface reflects all incoming light and absorbs

none.

It is important to note that all bodies, solid, liquid, and gases, at temperatures

above absolute zero, emit, absorb, or transmit radiation to varying degrees[42].

The radiation emitted by a body is based on the Stefan-Boltzmann Law,

Equation(13):

P = gAT* 13)
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CHAPTER 3.

RESEARCH METHODOLOGY.

3.1 INTRODUCTION.

In this section of the study, the methodology employed to develop a bridge deck
model is presented, a bridge that functions as the pathway for vehicular traffic, cyclists,
and pedestrians. This model's primary objective is to prevent ice formation on the
bridge's surface. This goal will be achieved by strategically applying heat to the upper
steel reinforcement bars embedded within the deck structure. The research focuses on
simulating temperature variations across the deck's surface. By maintaining the surface
temperature within a narrow range of 2 to 4 degrees Celsius, the model aims to avoid ice
formation effectively[43],[44]. This temperature regulation is critical for ensuring the
safety and integrity of the bridge during cold weather, potentially mitigating the risks

associated with ice formation.

3.2 TYPE OF INVESTIGATION.

The investigation is based on computational simulations. Specifically, ANSYS FEA
software is used to model the concrete bridge and check the temperature profiles across
the surface of the bridge's deck[45]. The investigation will employ an EPH simulated by
the program when applied directly to the structure's transversal reinforcement bars

(rebars).



The main goal is to investigate the relationship between the EPH and the resultant
temperature variations observed on the bridge deck. Exploring this method is necessary
to evaluate the feasibility of heating a structural element in the bridges to avoid ice
formation. Also, by doing this, there will be a better understanding of how heat transfer

mechanisms impact the overall thermal behavior of a bridge.

3.3 DESIGN AND DEVELOPMENT OF THE MODEL.

For this study, the standards followed were the American Association of State
Highway and Transportation Officials' “AASHTO LRFD Bridge Design Specifications”[46]
and the ACI Committee 318’s “ACI 318-19: Building Code Requirements for Structural

Concrete”[47].

According to the DOT, “the specifications require that the minimum thickness of a
concrete deck should not be less than 7 inches (0.1778m)”[4]. Usually, the range for the

thickness of the deck is between 7 to 10 inches.

The thickness of the deck is set as 9 inches (0.2286m), the span will have a value
of 100 inches (2.54m), and the lane width of the deck is set as the standard for freeways
according to the FHWA 144 inches (3.6576m) for each lane[48]. Figure 4 shows the

bridge’s deck dimensions used for the simulations.
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Figure 4. External dimensions of the bridge's deck.

Simulation of the bridge in ANSYS involved simulating one of the two halves and

mirroring all components to create the final bridge model.

Starting from the top, the first layer is 1.5 inches thick, followed by a 1-inch-thick
layer of concrete. Within this 1-inch layer, steel reinforcement bars are placed. The
separation of these two layers serves only as a reference, and the model was considered
just as one complete concrete layer. The span has 24 longitudinal bars spaced 6 inches
(0.1524m) apart. Additionally, there are 17 transverse bars spaced 6 inches apart along
the length of 2.54m[46],[47]. The longitudinal bars are positioned next to the top of the
1-inch concrete layer and have a diameter of 0.5 inches[47]. The transverse bars are
adjacent to the bottom of the 1-inch layer, fitting perfectly within the structure. After,
there is a 2-inch-thick layer. This configuration represents half of the bridge deck, with
the lower half being an exact mirror of the upper layers. Figure 5 shows the distribution

of longitudinal and transverse rebars used in the simulations.
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The characteristic properties of the materials were assigned into the model

according to the literature review[16],[49]. The reinforcement rebars utilized in the

bridge deck construction are composed of structural steel[49]. The concrete is assumed

to be a high-temperature-conductive Portland concrete[16]. The principal properties of

the bridge components are shown in Table 2.

Table 2. Structural and thermal properties of the materials.

Concrete | Structural steel

Thermal conductivity W/(m-°C) 2.75 60.5
Specific heat (J/Kg °C) 780 434
Density (Kg/m3) 2600 7850
Young’s Modulus 3el0 2ell
Poisson’s ratio 0.18 0.3
Bulk modulus (Pa) 1.5625e10 1.66e11
Shear modulus (Pa) 1.2712e10 7.69e10
Tensile yield strength (Pa) N/A 2.5e8
Compressive yield strength (Pa) N/A 2.5e8
Tensile ultimate strength (Pa) 5e6 4.6e8

3.4 SIMULATION RUNS.

Different EPHs at constant heat flow will be introduced to the 17 exposed faces of

the transversal rebars. Figure 6 shows the “heat faces” of the corresponding 17 rebars to
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check the temperature distribution at different power levels. The analysis iterates until
finding an appropriate energy source capable of maintaining the lowest recorded

temperature on the top of the bridge deck at the desired 3°C.

0.000 0.200 0400 (m)
[ SEa— [ ES—

0.100 0300

Figure 6. The faces of the transversal rebars are subjected to different heat flow.

A reference temperature was selected for each state to gather temperature data
for the simulations. The coldest temperature corresponded to Alaska, with an average of
-28.5°C. This information was obtained from the government website weather[50].
Specifically, the "Mean Min Temperature" data from the U.S. was used for this purpose.
The U.S. Climate Normals offer a detailed collection of data products, presenting typical
climate conditions at thousands of U.S. locations based on data collected from 1991 to

2020.

3.5 BOUNDARY CONDITIONS.

Figure 7 explains the boundary conditions in the model. Left and right surfaces are
periodic boundaries, meaning the system extends infinitely in one or more dimensions.
The top and bottom surfaces are exposed to the different external environment
temperatures obtained from the dataset explained before. The simulations assume the
same value for the convection and outside temperature. In this study, another
consideration adopted is that when comparing the temperature of the concrete structure

to the surrounding environment, there was no significant difference, so the impact of the
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radiation on this model becomes negligible, meaning that the heat exchange between the
concrete and its surroundings primarily occurs through both convection and conduction
mechanisms. Because of this, the effect of the radiation was neglected in the simulated

model.

Heat convection
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Figure 7. Boundary conditions.

Experiments were used to determine the heat convective transfer coefficient over
a flat surface, it is important to note that the convection coefficient is temperature
dependent, and the calculations for it were done by considering stagnant air at a velocity
of 0.25 (m/s). Calculating the convection coefficient of the air depending on the
temperature requires obtaining the thermodynamic properties of the air at specific
temperatures. The thermodynamic tables from the book 'Thermodynamics: An

Engineering Approach' were utilized for this purpose[51].
For a temperature of 1°C, we have:
p: 1.2874 (kg/m3)
Cp: 1006 (J/kg K)
k: 0.0237
w 1.734e-5

Prandtl number: 0.73596
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Using the Equation(8) for calculating the Reynolds number we got:

pulL
Re = T = 67889.19

Then, applying Equation(11):

1 1
Nu = 0.332Re2Pr3

w
m2°cC

Finally, replacing the value in Equation(10) the value for h is: 1.24

The Colburn relation expresses that there are similarities when assuming the film
temperature for flat surfaces and horizontal cylinders in turbulent flows[36], then the
film coefficient can be obtained from the data in horizontal cylinders and stagnant air[45],

Figure 8 shows the non-linear relationship between the convection coefficient and the

temperature.
Temperature[°C] | Convection coefficient [w/i{m“C)] 14
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Figure 8. Relationship between temperature difference and convection coefficient.

3.6 MESHING TECHNIQUE.

A mesh sensibility analysis was performed. This is important in ANSYS because an
accurate meshing technique and size ensure the reliability of the computer simulations.
Determining the optimal mesh “density” can offer an adequate balance between

computational efficiency and solution accuracy. One common technique for performing
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mesh sensitivity analysis is to refine the mesh size and record the data. If the data do not
change, this indicates convergence, which implies that similar values appear in the results
even with further mesh refinement. When reaching that point there will be accurate
results independent of the element size. This is important for accurately capturing the
key phenomena studied in the thesis, such as thermal gradients and stress
concentrations. Then, when evaluating the results, there will be areas where they become
critical, and they will serve as a comparison point for critical values, such as the ultimate

strength of the materials.

Figure 9 presents the finite element meshing, utilizing the tetrahedrons method.
The choice of the tetrahedral method for meshing in this study is based on its capacity to
accurately represent the geometries and details present in the model. The tetrahedral
method's flexibility in capturing regular shapes and volumes is a key advantage, but its
ability to allow a refined mesh in areas of importance, such as the transverse rebars
where the EPH is connected[52], is particularly useful. The tetrahedral method is also
suitable when accommodating domains characterized by varying material properties,
ensuring precision in simulations encompassing thermal dynamics and structural

mechanics.

Figure 9. Tetrahedrons mesh before sizing.
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Table 3 shows the sensitivity analysis of the mesh used for the simulations. The
element size is significant when conducting the study, as the main criterion is trying to

get a convergence value.

The 0.01m element size selection in the mesh analysis is justified based on a
careful balance between accuracy and the computational resources used. The data shows
a converging trend in the temperature values as the mesh size is refined. The temperature
change from 0.03 m to 0.01 m is approximately 2.4%, while the change from 0.01 m to
0.005 m is only about 1.5%. The percentage error in temperature decreases from 3% at
0.01 m to 2% at 0.005 m, showing that the benefits of further refinement are minimal.
The computational cost increases significantly with finer meshes, as seen with the jump
from 951,933 elements and 2,061,024 nodes at 0.01 m to 1,049,871 elements and
2,229,142 nodes at 0.005 m. A 3% error is typically acceptable for practical engineering

applications, making the 0.01 m mesh size a prudent choice.

Table 3. Sensitivity analysis of the mesh.

Element size # #Nodes Temperature % Error on
(m) Elements °O) temperature
Default-0.2225 848293 | 1880629 3.821
0.1 894448 | 1961284 3.491 9%
0.06 909519 | 1987644 3.289 6%
0.03 920822 | 2007414 3.145 5%
0.01 951933 | 2061024 3.0682 3%
0.005 1049871 | 2229142 3.0221 2%

A finer mesh is necessary because it significantly increases the accuracy and
resolution of computational simulations. A finer mesh allows a more detailed

representation of the modeled geometry and physical phenomena. This improved detail
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helps capture small-scale variations and complexities, leading to more precise results.
The small element size in the heating area, shown in Figure 10, is adopted for having

accurate results and for checking precisely any critical parameters in the design of the

model.
Figure 10. Tetrahedrons mesh after refinement sizing.
3.7 VALIDATION.

To validate the model, a prior study titled "Thermo-mechanical assessment of
heated bridge deck under internal cyclic thermal loading from various heating elements:
pipe, cable, rebar" was referenced[14]. In this study, boiling water served as the heat

source due to its consistent temperature maintenance throughout the test.

The experimental setup used a cylindrical concrete specimen with a diameter of
150 mm and a length of 300 mm, containing a 400 mm long, 16 mm rebar embedded

longitudinally at the center. The specimen was heated by immersing the rebar in boiling
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water contained in a steel pot and heated using a portable pan stove. The specimen was
positioned vertically on a plywood stand placed over the water pot. Water was
continuously supplied through an opening in the plywood to account for water loss due
to boiling. Temperature measurements were taken using thermocouples connected to a
data acquisition system via amplifiers. The critical difference between the referenced
study and this research is the form of heating. The referenced study used boiling water
to heat the rebar, while this thesis employed a continuous flow into the rebars as the

heating technique.

Comparing the thermocouples' readings allows for assessing the validity of the
proposed model, simulating a real-world scenario. Two sets of thermocouples were
analyzed: the first set, labeled "TR-X," was placed near the central rebar, and the second

set, labeled "TC-X," was installed on the outer surface of the cylinder.

Figure 11 compares the experimental values obtained from the literature review
to the results acquired for our simulations for the TR thermocouples. The maximum
difference between the two is 6.03%, which indicates a generally good agreement
between the simulated and experimental data. This discrepancy of 6.03% was observed
at the TR (152) point, suggesting that while the simulation captures the overall trend
accurately, there may be factors influencing higher temperature regimes that require

further investigation.

Similarly, in Figure 12, the most significant deviation observed for the TC
thermocouples is 6.18% at TC (279). This discrepancy, although slightly higher than that
of the TR thermocouples, still suggests a reasonable agreement between simulation and

experiment across the temperature range. This finding underscores the importance of

28



validating simulations against experimental data across various conditions to ensure

robustness and accuracy in predictive models.
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Figure 11. TR comparison of previous experimental data with the simulation.
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Figure 12. TC comparison of previous experimental data with the simulation.

Further analysis involved numerically modeling a transverse strip of a concrete

deck slab. In their previous study, the authors simulated a strip with dimensions of 0.15

m width, 0.15 m depth (in the Z-direction), and a length of 2 m. The simulation applied a

uniform heat source of 60°C throughout the traditional steel rebar. In contrast, our thesis

simulations applied a uniform heat flow to the transverse face of the molybdenum bar.

29



Materials identical to those in the referenced research were employed to ensure
consistency and comparability, specifically concrete and a molybdenum bar. This choice
was due to the broad variability in concrete properties across literature sources. By
utilizing the same concrete type as the original study, significant variables were
controlled, ensuring any discrepancies in results stemmed solely from the method of
heating rather than material properties. Using a molybdenum bar, characterized by a
higher melting point and superior thermal conductivity than steel, significantly

influenced heat absorption and dissipation dynamics.

Figure 13 replicates the previously stated research, demonstrating that the results
align with the author's findings. This is evident through the temperature distribution,
which shows similar values for two critical points reported in the original study: the
temperature at the "concrete interface,” or the area adjacent to the molybdenum rebar,

is 55-57°C [14], and the "temperature at the external surface of the concrete slab" is 26°C.
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Figure 13. Temperature distribution applying constant heat flow.
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The "temperature at the external surface of the concrete slab" (26°C) was used as
a reference point for the subsequent analysis, as shown in Figure 14. After implementing
the heat flow method, a parameter, specifically the total deformation, was compared. The
total deformation from the previous research was 2.1116e-5 m; the results for the model

used in the thesis show a total deformation of 2.0131e-5 m.
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Figure 14. Total deformation of the replicated specimen.

To validate these results, a comparison was made, and the percentage error was

calculated as follows:

2.1116e—5)—(2.0131e—5
( )=( ) %100
2.1116e-5

%Error =

%Error = 4.66%.

This low percentage error indicates that the results from the current study are in
good agreement with the original research, further validating the methodology and

findings.
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CHAPTER 4.

RESULTS AND ANALYSIS.

This section discusses the results of the simulations performed with previously
mentioned data. Understanding the relationship between the EPH and the resulting
temperature distribution at the top of the bridge deck represents a complex task,
especially understanding how environmental conditions can affect the structure. In the
simulations, six data points were selected for each state. The interest is to explore a range

of temperatures close to the actual value of 3°C to avoid ice formation over the bridges.

The parameters in these simulations include the range of temperatures of the data
obtained from the "Mean Minimum Temperature" data from the U.S. Climate Normals
dataset. It is noticed that the temperatures vary between ranges, where the lowest

temperature recorded is a median temperature of -28.5°C.

Given the complexity and the computational time required for each simulation and
the approach to conducting simulations for each state, limiting the number of data points
to 6 per state is a pragmatic decision. It balances the necessity of detailed data against

the constraints of time and computational resources.



ANALYSIS OF DIFFERENT PARAMETERS FOR 5 REPRESENTATIVE STATES.

In this section, the analysis will explore the results for different parameters in 5
states: Alaska, Virginia, Missouri, Tennessee, and South Carolina, with corresponding
ambient temperatures of -28.5, -16.5, -10.444, -4.667, and -0.278°C, respectively. The
states were chosen based on their representative temperature variations. Analyzing each
state individually will enhance understanding of the influence of the other parameters

involved in the study.

4.1. Electrical power heat source.
Table 4 shows the values for the power heat source and minimum surface

temperature in Alaska.

Table 4. Datapoints of temperature for Alaska.

Alaska (-28.5°C)
Power of the heat source (kW) | Minimum temperature in the Surface (°C)
10 4.69
9 3.54
8.6 3.06
8 2.27
7 0.76
6 -0.9

In Alaska, as shown in Figure 15, the state with the recorded lowest temperature,
an 8.6kW EPH, is necessary to achieve the target temperature, specifically 3.0682°C. It is
important to note the temperature decreases exponentially as it moves away from the
area where the reinforcement bar is in contact with the power source, which aligns with
expectations. Upon analyzing the results, the hottest part is observed on the surface

where the power source is applied, registering a temperature of 541.33°C in the concrete.
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Figure 15. Temperature distribution in the left edge of the deck in Alaska using a 8.6 kW
power energy source.

Figure 16 displays the temperature distribution along the edge farthest from the
EPH. This edge was chosen due to its distance from the heat source, which contains the
coldest point on the entire upper surface of the bridge deck. A uniform temperature
distribution pattern is evident longitudinally, which helps minimize the risk of warping,
cracking, or other structural deformations due to differential expansion or contraction.

The maximum temperature difference observed is 0.0079°C.
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Figure 16. Temperature distribution in the top edge of the deck in Alaska.

The mathematical relationship between the power of the heat source and the
minimum surface temperature is observed in Figure 17. At lower power levels, the
minimum surface temperature falls below zero, indicating that the power of the heat
source is insufficient to keep the surface above the freezing point under the conditions
tested. For this case, even high values of the EPH, 6kW, are not enough to reach the
desired temperature, giving us a clear idea of how difficult it is to reach the desired value

under extremely cold climates.
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Figure 17. Linear fit expression for minimum surface temperature vs power of the heat

source in Alaska.

Table 5 shows the results for the next state, Virginia, with a median temperature

of -16.5°C.

Table 5. Datapoints of temperature for Virginia.

Virginia (-16.5°C)
Power of the heat source (kW) | Minimum temperature in the Surface (°C)
5.5 5.38
5 4.62
4.5 3.76
4 2.86
3.5 1.86
3 0.74

Figure 18 shows that in Virginia, applying a 4000W EPH is necessary for achieving

the desired target temperature of 2.856°C. Additionally, the maximum temperature on

the deck's surface is 278.99°C, a significant reduction compared to Alaska.
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Figure 18. Temperature distribution in the left edge of the deck in Virginia using a 4 kW
power energy source.

Continuing the analysis, Figure 19 shows that the state's initial temperature
implies a decreased need for electrical power to achieve the desired temperature; at -
16.5°C, a power of approximately 4kW will be enough. When evaluating the curve for

fitting the target temperature, the result is an EPH of 4.14kW.

x Data points

Linear Fit: 1.8503x + -4.6604 X
R?=0.9955

Surface temperature in the coldest point (°C)

3.0 3.5 4.0 4.5 5.0 5.5
Power of the heat source (kW)

Figure 19. Linear fit expression for minimum surface temperature vs power of the heat source
in Virginia.
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The next state analyzed is Missouri, Table 6 shows the values that were generated

by the simulations.

Table 6. Datapoints of temperature for Missouri.

Missouri (-10.444°C)
Power of the heat source (kW) | Minimum temperature in the Surface (°C)
4 6.28
3.5 5.41
3 4.45
2.5 3.35
2 2.05
1.5 0.45

At a temperature of -10.444°C, it is observed in Figure 20 that the requirement for

the EPH is around 2.5kW. The maximum temperature recorded in this simulation is

187.55°C, which follows the tendency as the ambient temperature keeps decreasing.

0.000 1.000 2,000 (m) z)\ X
— 3

T
0.500 1.500

Figure 20. Temperature distribution in the left edge of the deck in Missouri using a 2.5
kW power energy source.

Consistent with the graphs analyzed previously, Figure 21 shows a linear
relationship. The reduction of the power of the heat source is a direct response to the
decreasing temperature of the state; a heat flow of 2.46kW will be enough to reach the

temperature to avoid ice formation over the bridge's deck. The model gives a value of
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0.98609, suggesting that approximately 98.69% of the variation in the dependent variable
(surface temperature at the coldest point) can be explained by the independent variable
(power of the heat source). This strongly indicates that the model is a good fit for the

data.

% Data points
Linear fit: 2.3046x + -2.6726 X
R?=0.9869

61 —

Surface temperature in the coldest point (°C)
[¥¥]
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x
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Power of the heat source (kW)

Figure 21. Linear fit expression for minimum surface temperature vs power of the heat
source in Missouri.

The following state analyzed is Tennessee, Table 7 shows the values that were

generated by the simulations.

Table 7. Datapoints of temperature for Tennessee.

Tennessee (-4.667°C)
Power of the heat source (W) | Minimum temperature in the Surface (°C)

1.8 4.97
1.6 4.48
1.4 3.92
1.2 3.29

1 2.58
0.8 1.76

According to Figure 22, utilizing a 1.2kW EPH results in a minimum surface

temperature of 3.29°C. This observation contributes to our understanding of the thermal
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effects induced by varying the electrical power input. Specifically, it highlights how a

relatively low power setting can still achieve temperatures above freezing under specific

conditions related to “warmer” temperatures.

0.000 1,000 2.000(m) ZA X
I ]

0500 1.500

Figure 22. Temperature distribution in the left edge of the deck in Tennessee using a 1.2 kW
power energy source.

In Figure 23, the positive linear coefficient shows a direct relationship between
power and temperature. For each 0.1 kW increase in the power of the heat source, the
surface temperature in the coldest point increases by approximately 0.31971 degrees
Celsius. When fitting the data into the linear expression the value of the EPH required for

this state is 1.14kW.
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Figure 23. Linear fit expression for minimum surface temperature vs power of the heat
source in Tennessee.

Finally, the last state analyzed is South Carolina and the corresponding values are

shown in Table 8.

Table 8. Datapoints of temperature for South Carolina.

South Carolina (-0.278°C)
Power of the heat source (W) | Minimum temperature in the Surface (°C)

1.2 5.41

1 4.92
0.8 4.44
0.6 3.74
0.4 291
0.2 1.87

In Figure 24, the ambient temperature of the state of South Carolina is close to 0°C.
As a result, the energy source's power requirement is the lowest among the states
analyzed. The graph displays the temperature distribution using a 400W constant heat
flow for each bar. The maximum temperature value recorded is 37.705°C. This illustrates
the heating system's efficiency even at a lower power setting. Achieving significant

heating with a reduced energy input underscores the importance of adjusting power
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levels based on environmental conditions to optimize energy use while achieving the

desired thermal outcomes.
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Figure 24. Temperature distribution in the left edge of the deck in South Carolina using
a 0.4 kW power energy source.

The variation in surface temperature with these data falls within a range of
approximately 3.5°C. The distribution exhibits a consistent behavior across all instances,
characterized by a linear trend line, as shown in Figure 25. This consistency in the
temperature distribution pattern, regardless of the specific conditions or power settings,
underscores the robustness of the linear model in predicting the thermal response. The
relatively narrow temperature range observed in this instance illustrates the precision
with which thermal effects can be managed and anticipated, facilitating more efficient

and targeted control of heating systems in various environmental conditions.

The ideal EPH for this state is a value of 447W.
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Figure 25. Linear fit expression for minimum surface temperature vs power of the heat
source in South Carolina.

Once the EPH analysis for each state was completed, an analysis was conducted
starting from the freezing point down to the lowest recorded value (-28.5°C) in
increments of -2°C. The results here show the whole range of temperatures related to the
value of the EPH for achieving the target temperature of 3°C and avoiding ice formation;
it is essential to note that the simulation included the properties of the air under 1atm of
pressure and the wind speed as a fixed value of 0.25m/s (stagnant air). Table 9 shows

the values obtained from 0°C and subsequent increments of 2°C.

Table 9. Electrical power required at different ambient temperatures.

Ambient temperature (°C) | Electrical power required (kW)
0 0.39
-2 0.57
-4 1.01
-6 1.38
-8 1.80

-10 2.26
-12 2.78
-14 3.35
-16 3.97
-18 4.65
-20 5.37
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-22 6.12
-24 6.9
-26 7.72
-28 8.57

Figure 26 shows an exponential fit applied to the data concerning temperature and

the required power to achieve a temperature of 3°C. This analysis is shown in

Equation(14).
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Figure 26. Electrical power required for avoiding icing formation.
y(x) = 0.64e7010% (14)
The value of R? (coefficient of determination) indicates that approximately
85.66% of the variance in the electrical power required can be explained by the ambient
temperature using this model. A high value, such as 0.8566, suggests a strong correlation

between the variables and that the model fits the data well. The remaining 14.34% of the

variance is due to other factors not captured by the model, such as measurement errors
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or other variables influencing the power requirement. This high value validates the
effectiveness of the exponential model in predicting electrical power requirements based

on ambient temperature.

As the ambient temperature drops, the EPH increases, indicating that heating
systems become less efficient in colder climates. The non-linear behavior can be
explained by the convection heat transfer coefficient, indicating that colder temperatures
require more energy to maintain the desired temperature of the deck’s surface due to

increased heat loss to the surroundings.

Appendix A, corresponding to Figure 39 to Figure 78 shows the temperature
distribution for each state at the recommended EPH. Similarly, Table 21 in Appendix B

shows the ideal EPH corresponding to each state's temperature.

4.2 Wind speed.

The following analysis examines the impact of wind on the temperature
distribution across the surface of the bridge deck. All previous calculations were
conducted under stagnant air conditions, with a wind speed of 0.25 m/s. However, wind
speed variations can influence the amount of power required for the heat source to avoid
ice formation. Wind can significantly influence the heat transfer rate from the surface,
potentially altering the effectiveness of the heating strategies. The increased convective
heat loss in environments with high wind speeds could necessitate higher power inputs

to maintain desired temperature levels.

To conduct this analysis, a range of wind speeds will be considered using the
values obtained from the Beaufort scale[50], which estimates wind speeds based on the

observed conditions of the sea or land, as shown in Table 10.
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Table 10. Beauford scale.

BeSaCl;{grt Description Average Wind Speed (mph) Average Wind Speed (m/s)

0 Calm 0-1 0-0.45

1 Light Air 1-3 0.45-1.34
2 Light Breeze 4-7 1.79 - 3.13
3 Gentle Breeze 8-12 3.58-5.36
4 Moderate Breeze 13-18 5.81 - 8.05
5 Fresh Breeze 19 -24 8.50-10.73
6 Strong Breeze 25-31 11.18-13.87
7 Near Gale 32-38 14.32-16.99
8 Gale 39-46 17.43 - 20.57
9 Severe Gale 47 - 54 21.01-24.14
10 Storm 55-63 24.59 - 28.16
11 Violent Storm 64 -73 28.61 - 32.62
12 Hurricane 74+ 33.06+

This analysis considers different wind speeds: 0.25 m/s, 1 m/s, 5 m/s, 10 m/s, 15
m/s, and 20 m/s. This range was chosen to encompass a broad condition from calm air
to gale-force winds. Investigating these varying wind speeds aims to capture a broad
spectrum of real-world scenarios. The lowest speed, 0.25 m/s, represents the initial
stagnant air environment. Incrementally increasing the wind speed allows us to observe

the progressive impact of wind-induced convective cooling on our ability to maintain the

desired surface temperature of 3°C.

Table 11 shows the convective film coefficient with the different wind speeds for
each state, the calculations of the convection coefficient for each state are performed
evaluating the Reynolds number in each case. When checking the results for the Reynolds

number, the transition to a turbulent flow occurs at 1.85m/s.

Table 11. Convective film coefficient for each state.

1 (m/s) 5 (m/s) 10 (m/s) 15 (m/s) 20 (m/s)
Alaska 4.386 15.894 27.673 38.277 48.183
Virginia 4.303 15.594 27.15 37.554 47.272
Missouri 4.247 15.39 26.796 37.063 46.655
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Tennessee 4.196 15.205 26.473 36.616 46.092
South Carolina 4,156 15.06 26.222 36.27 45.656

Consistent with expectations, shows that increased wind speed necessitates a
corresponding elevation in the EPH for keeping the deck’s surface at a non-freezing
temperature. The following results, derived from data collection and simulations, are

presented for the five states.

Table 12 shows that increased wind speed necessitates a corresponding elevation
in the EPH for keeping the deck’s surface at a non-freezing temperature. The following

results, derived from data collection and simulations, are presented for the five states.

Table 12. Electrical power in kW required for different wind speeds at different

temperatures.
Temperat(t:{:()e Alaska | Virginia | Missouri | Tennessee | South Carolina
Wind speed (m/s) (-28.5) | (-16.5) | (-10.444) | (-4.667) (-0.278)

0.25 8.64 4.14 2.46 1.14 0.45

1 10.16 5.3 3.39 1.81 1.07

5 11.61 6.39 4.27 2.44 1.65

10 12.95 741 5.08 3.03 2.19

15 13.82 8.07 5.6 3.41 2.54

20 14.46 8.56 6 3.69 2.79

Some key findings come from Figure 27; the tendency is consistent in the different
states analyzed, and the key factor differentiating the curves is the initial temperature of
each state. It is noted that Alaska needs a more significant increase of electrical power for
archiving the target temperature compared to the other states, with a value of 5.82kW
for mitigating the cooling effects of wind at 20m/s; this can be explained by a

thermodynamic approach in colder climates, especially those with high wind speeds, the
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forced convection effect becomes significant. The value of h increases with wind speed,
which means that the colder and windier it is, the more heat is lost from the bridge. An

increase in the heat losses is compensated by adding more heating power to the EPH.

—— Alaska (-28.5°C)

—— Virginia (-16.5°C)

— Missouri (-10.444°C)
—— Tennessee (-4.667°C)
South Carolina (-0.278°C)

14

12

10 A

Electrical power required (kW)

T T T T T T T T T
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Wind Speed (m/s)

Figure 27. EPH required at different wind speeds - polynomial fit.

The polynomial approach corresponding to Figure 27 does not correctly address
the data points at lower wind speeds; it is noted that particularly in between the 0.25m/s
and 1m/s exists a discrepancy in the second degree polynomial fit, which is why more
detailed simulations were performed for checking the behavior at this low wind speed
settings, as shown in , usually when simulating or doing experimental work the wind

speed will be a controlled parameter. It will be a lower value for simplicity purposes.

Table 13 , usually when simulating or doing experimental work the wind speed

will be a controlled parameter. It will be a lower value for simplicity purposes.
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Table 13. Electrical power in KW required for different small values of wind speeds at

different temperatures.

Temperatg’l(':e)z Alaska |Virginia | Missouri |Tennessee |South Carolina
Wind speed (m/s) (-28.5) | (-16.5) [(-10.444) | (-4.667) (-0.278)

0.25 8.64 4.14 2.46 1.14 0.45
0.4 8.91 4.35 2.68 1.31 0.61
0.6 9.46 4.89 3.03 1.56 0.79
0.8 9.99 5.21 3.27 1.74 0.92

1 10.16 5.3 3.39 1.81 1.07
5 11.61 6.39 4.27 2.44 1.65
10 12.95 7.41 5.08 3.03 2.19
15 13.82 8.07 5.6 3.41 2.54
20 14.46 8.56 6 3.69 2.79

When including the data points at low wind speed levels, a better understanding
of how much the EPH increase will be needed to mitigate the wind speed factor. Figure
28 shows the individual analysis for each state; higher wind speeds mean higher EPH to
reach the target temperature, as expected. In colder climates, the necessity of increasing
the EPH becomes more evident, meaning that colder climates will demand more energy

connected to the transverse rebars to overcome the effect of wind speed.
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Figure 28. EPH required per state at different wind speeds.

The data exhibits a linear trend at lower wind speed levels; consequently, an
independent analysis was conducted for wind speeds ranging from 0.25 m/s to 1 m/s.
Figure 29 displays the corresponding linear equations and R-values for each state

analyzed.

The independent analysis at lower wind speed levels is well-justified. In practical
experimental setups, the wind speed parameter is more likely to be set below 1 m/s to
simplify the experimentation process. Consequently, conducting a detailed analysis for
wind speeds ranging from 0.25 m/s to 1 m/s ensures that the findings are relevant and
applicable to these common conditions, providing valuable insights for experimental

purposes.
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Figure 29. Trend analysis at lower wind speed velocities.

After incorporating additional data corresponding to low wind speeds, it has
become evident that a logarithmic (In) model is more suitable for accurately representing
the relationship between wind speed and the EPH. Initially, a second-degree polynomial
model was employed, which provided a reasonable fit for the existing dataset. The
logarithmic model offers a better fit by more accurately reflecting the change in the EPH
variable as wind speeds decrease. This adjustment ensures a more precise and reliable
representation of the observed phenomena across the entire range of wind speeds, as

shown in Figure 30.
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Figure 30. EPH required at different wind speeds - logarithmical fit.

The simulations’ objective is to estimate the EPH required to avoid ice formation
over bridges during the wintertime. Table 14 shows the amount of EPH required
considering two crucial parameters: wind speed and temperature; the results presented

are based on theoretical models and are intended to serve as a reference.

Itis essential to address the limitations of the simulations. Usually, the simulations
do not encompass all the variables of a real-world scenario, which is why the data
presented in Table 14 should be interpreted cautiously and used as a reference for further
investigation; in practical applications, the simulation results are used as a guideline for
designing experimental setups and for evaluating the feasibility of preventing freezing
over the bridge’s decks. In this table, the parameters were calculated based on the

properties of the air at 1 atm of pressure.
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The result of this simulation offers valuable insights into preventing freezing on

bridges, providing a framework for future research and engineering interventions.

Table 14. Table of EPH required (kW) according to wind speed and temperature.

Wind speed (m/s)

Laminar flow Turbulent flow
025] 04 | 06 | 08| 1 5 | 10 [ 15 | 20
-0.278 | 045 061 079 092 1.07 | 165 219 254  2.79
2 |068 084 105 12 129 | 1.87 241 276  3.01
-4 | 101 118 142 159 166 | 227 285 322  3.49
4667 | 114 131 156 174 181 | 244 303 341  3.69
6 |141 159 186 205 213 | 281 344 385 415
-8 | 186 206 236 257 267 | 343 414 46 494
10 | 235 256 29 314 326 | 411 491 541 58
-10.444 | 246 268 3.03 327 339 | 427 508 56 6
12 | 287 31 349 374 387 | 482 569 625 668
342 364 41 438 45 | 553 647 7.08 755
16 | 399 421 473 504 514 | 622 723 788 836
-16.5 | 414 435 489 521 53 | 639 741 807 856
18 | 459 479 538 573 578 | 69 795 864  9.13
20 |522 539 606 634 644 | 758 867 937  9.88
22 | 59 604 677 708 714 | 829 941 10.14 10.64
24 | 663 677 752 787 79 | 909 1023 1099 115
26 | 745 761 832 872 879 | 1004 1124 1203 1258
28 |838 862 922 974 985 | 11.25 1256 1341 14.02
285 | 864 891 946 999 10.16 | 11.61 1295 13.82 14.46

Temperature
(°0)
=

4.3 Location of the EPH.

During the simulations for this thesis, the focus was on applying the electrical
power source to the 17 rebars corresponding to the analyzed segment of the bridge deck.
As part of our optimization strategies to check the effects on the temperature
distribution, an alternate rebar heating approach was conducted. Instead of heating 17
rebars, only 9 rebars were heated, resulting in a change in the spacing between the rebars

to 12 inches (0.3048 m).
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This approach is crucial in our efforts to maintain the desired temperature across
the bridge deck. It allows us to assess the efficiency and effectiveness of different
configurations, ensuring that the bridge deck remains at the optimal temperature. By
reducing the number of rebars powered at any given time, potential energy savings can
be made while still achieving the minimum temperature to avoid ice formation. The
alternate connection strategy, utilizing 9 rebars or less, could offer insights into how the
spatial distribution of heating elements impacts the overall temperature distribution and

the system's ability to counteract environmental cooling effects.

Figure 31 displays the rebars that will be heated with electrical power for the
alternate approach scenario. The method seeks to balance the need for maintaining safe

surface temperatures against the goal of minimizing electrical consumption.

Figure 31. Alternate heating of rebars.

Alaska

The temperature is homogeneous in the coldest zone of the bridge; there is a
difference of temperature of 0.02°C along the longitudinal direction, a positive outcome
for the research because the objective is to keep the temperature surface of the deck

homogeneous to avoid complications.
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Figure 32 displays the temperature distribution for Alaska when implementing
the strategy of alternating the application of the EPH to the rebars. The temperature
difference of the first method is 0.3kW, as shown in Table 15. This is an exciting finding.
With a slight increase in the power of the heat source in the alternate approach, the
objective of reaching the target temperature can be achieved, meaning that the spacing

strategy works well.

Table 15. Alternate heating method data in Alaska.

Alaska (-28.5°C)

Power for archiving the target temperature (kW)
All rebars Alternate rebars
8.64 8.94

0750 2250

16 2 24 254

Figure 32.Surface temperature distribution in Alaska with alternate rebar heating.

Virginia

This analysis reveals that increasing the spacing in the rebars connected to the

EPH can reduce energy consumption. Also, there are many benefits in the thermal
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stresses avoided in the non-connected rebars. Data shows that when the alternate option

is used, in Table 16, the increase of the EPH will be 210W.

When taking the approach of alternating two rebars, there is a significant
difference in the power needed for the electric energy source; the increase in the value
for the EPH goes to 2.9kW, which can potentially lead to failure of the model because of
the stresses produced both in the rebars and the concrete layer, this is why alternating a

space of 18inch is not viable for the model.

Table 16. Alternate heating method data in Virginia.

Virginia (-16.5°C)

Power for archiving the target temperature (kW)
All rebars Alternate rebars
4.14 4.35

A slight enhancement in the heat source's power with the alternating method,
shown in Figure 33, can fulfill the objective of reaching the desired temperature; by doing
so, the power input for all the sections of the bridge's deck can be reduced, if counting the
total heating power avoiding by this method, the value can round approximately

31.23kW.
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Figure 33. Surface temperature distribution in Virginia with alternate rebar heating.

Missouri.

The difference between the EPH value is shown in Table 17, the temperature
distribution at this state is shown in Figure 34, the spacing of the application of the energy
source is an essential factor, the homogeneous distribution of temperature in the surface
of the bridge’s deck is expected, the difference almost no noticeable, meaning that this
type of method is a good option for both, saving power in the energy source and keeping
the effects of homogeneous temperatures along the longitudinal direction of the bridge’s

deck.

Table 17. Alternate heating method data in Missouri.

Missouri (-10.444°C)

Power for archiving the target temperature (kW)
All rebars Alternate rebars
2.46 2.58
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Figure 34. Surface temperature distribution in Missouri with alternate rebar heating.

Tennessee.
Table 18 demonstrates that a modest increase in power input, specifically of 80 W,
can replicate the performance levels associated with the all-rebars method. Also, Figure

35 shows that the temperature distribution is still constant around the longitudinal axis.

Table 18. Alternate heating method data in Tennessee.

Tennessee (-4.667°C)
Power for archiving the target temperature (kW)

All rebars

Alternate rebars

1.14

1.22




0000 1,500 3,000(m) </‘\ x
| SEaa—  SS—

0.750 2.250

0. 6.4 08 1.é ‘vl.G 2 ;.‘ 2.5;
[m]
Figure 35. Surface temperature distribution in Tennessee with alternate rebar heating.

South Carolina.

Consistent with trends observed in other states, lower ambient temperatures
reduce the need to increase the power of the electrical source. In this case, an increase of
just 40W is sufficient for the alternate rebar approach to meet the requirements to
prevent ice formation on the surface of the bridge's deck, according to Table 19. The
approach saves a total of 8.4kW. Additionally, using the alternate rebar approach
conserves energy and helps reduce the stress imposed on the rebars. This stress
reduction contributes to the longevity and durability of the bridge's structural
components. Reducing the mechanical stress typically experienced by the rebars during
deicing operations enhances the overall structural integrity of the bridge. This dual
benefit of energy efficiency and reduced structural stress makes the alternate rebar
approach a highly advantageous strategy for maintaining bridge safety and functionality

in colder climates.

59



Figure 36 shows the temperature distribution in South Carolina. Temperature
remains constant in the longitudinal part of the bridge, and there is no significant

difference in the analyzed heat line.

Table 19. Alternate heating method data in South Carolina.

South Carolina (-4.667°C)

Power for archiving the target temperature (kW)
All rebars Alternate rebars
0.45 0.49

31132
TERIE R

31122
39119

0. 04 0.8 12 7 71.6 2 2.4 254
[m]
Figure 36. Surface temperature distribution in South Carolina with alternate rebar
heating.

An analysis explored the feasibility of skipping two rebars when connecting the
energy source. However, the outcomes of this approach could have been more favorable,
as the energy demand from the source increased exponentially when the rebars were
separated by 18 inches. This strategy's major limitations included a significant
temperature increase in the rebars exposed to the EPH. This rise in temperature imposed

additional stress on the rebars and the concrete, presenting considerable challenges to

both structural integrity and energy efficiency.
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The heightened temperatures could accelerate the degradation of both the rebars

and the concrete, potentially leading to premature failure of structural components.

The increased energy consumption required to maintain deicing effectiveness at
greater distances between powered rebars does not represent energy savings, making
this approach unviable. The combination of higher operational costs, potential risks to
structural safety, and decreased environmental efficiency highlights the critical need for

optimizing the location of the EPH in deicing systems.

4.4 Stress analysis.

Rebars are a structural component of concrete bridges, and steel rebars
strengthen the structure. When heating is applied to rebar, it will expand differently from
the surrounding concrete because of the differences in the property materials, precisely
because of the differences in their thermal expansion coefficients; this differential
expansion will induce tension and compression stresses in the concrete, potentially
leading to cracks or other forms of structural damage. Stress analysis helps in

understanding and managing these effects to ensure the bridge's structural integrity.

Figure 37 illustrates the stress distribution in a transverse rebar embedded in
concrete under an ambient temperature of -0.278°C, representing South Carolina's
environmental conditions. The analysis reveals that the maximum stress occurs at
0.1524m in the transversal direction from the front face of the model; this point of
maximum stress is defined as a critical value of stress. Thermal stresses produced by the
application of the EPH will be the greatest among the structure and must be compared
with the strength of the rebar to ensure structural integrity and safety; for theoretical
purposes, the value should be lower than the tensile or compressive strength of the rebar

for avoiding deformation. The stress magnitude decreases as one moves further along the
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transverse direction. This reduction in stress can be attributed to the dissipation of
energy away from the initial source, which is consistent with theoretical models
predicting that stress concentrations are highest near the point of applied load or energy
source; the decrease in stress as distance increases implies the rebar is less likely to
experience critical stress levels further from the energy source, reducing the risk of

structural failure in those regions.

This stress analysis is part of a broader effort to prevent ice formation on the
concrete surface by ensuring the rebar does not compromise the structural integrity. The
findings from this analysis can be used in the design process, as they help optimize the
selection and placement of rebar to enhance the durability and resilience of the concrete

structure under varying environmental conditions.
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Figure 37. Von-Mises stress distribution in the transversal rebar.
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Figure 38 shows the stress distribution in the concrete, which reveals significant
stress concentrations near the interior walls where contact with the rebars exists. This
phenomenon happens because there is a transfer of stress from the steel rebars to the
concrete, and the embedded rebars produce tensile strength to the concrete because of

the direct contact between them.

The maximum value found in the stress distribution of the concrete is 1.69MPa
when considering the Von-Misses equivalent stress, the points of contact between the
rebars and the concrete are areas of special attention; most likely that higher stresses in
the rebars will produce stress in the concrete as well, that is why the maximum value can
be found inside of the walls. The bond between rebars and concrete is essential, too; the
contact zones between the rebars and the concrete are modeled as bonded, the rebars
deform under loads and generate an additional force on the concrete as well, and the steel
rebars have a much higher modulus of elasticity than the concrete, this is the reason there
is different stress concentrations in both materials. The regions near the interior walls
where the rebars are embedded are critical for evaluating the structural integrity and

durability of the reinforced concrete structure.
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Max;: 1.6914e6
Min: 0.04516

1.6914e6
1.5034e6
1.3155e6
1.1276e6
0.3964e5
7.5172e5
5.6379e5
3.7586e5
1.8793e5
0.080847

Figure 38. Stress distribution in the concrete.

Table 20 provides the critical stress concentration in both stress and transverse
rebars for the two cases, all rebars method, and the alternate rebar approach method for

the five states.

Table 20.Critical stress concentration in concrete and rebars.

Stress in concrete | Stress in rebars
State Method
(Pa) (Pa)
All rebars 3.3e7 6.6e8
Alaska (-28.5 °C)
Alternate rebars 3.86e7 1.22e9
All rebars 2.99e7 2.39e8
Virginia (-16.5 °C)
Alternate rebars 3.22e7 2.51e8
All rebars 9.39e6 1.2e8
Missouri (-10.444 °C)
Alternate rebars 1.14e7 1.52e8
All rebars 4.3e6 3.7e7
Tennessee (-4.667 °C)
Alternate rebars 4.8e6 4.06e7
All rebars 1.69e6 1.28e7
South Carolina (-0.278 °C)
Alternate rebars 2.5e6 3.13e7
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The data shows a trend of increasing stress with decreasing ambient temperatures
because of the need for a higher EPH. Alaska, with the lowest temperature (-28.5°C),
exhibits the highest stresses, mainly when using alternate rebars, where concrete stress
reaches 3.86e7 Pa and rebar stress 1.22e9 Pa. In Virginia (-16.5°C), Missouri (-10.444°C),
and Tennessee (-4.667°C), the stresses progressively decrease, with alternate rebars
consistently showing higher values than all rebars. South Carolina, at -0.278°C, has the
lowest stress values, with 1.69e6 Pa in concrete and 1.28e7 Pa in rebars using all rebars,

and higher stresses of 2.5e6 Pa in concrete and 3.13e7 Pa in rebars using alternate rebars.

Considering the properties of the materials selected for this simulation, it is
essential to note that concrete can handle a maximum tensile stress of 5 MPa. This
limitation is due to the ultimate strength of the tensile concrete. Beyond this value, the
material will crack and fail. The steel used for rebars in reinforced concrete structures
has a tensile and compressive yield strength of 250 MPa. To maintain structural integrity
and avoid plastic deformation of the steel, the stress in the rebars should not exceed 250
MPa. These stress limitations ensure that the concrete remains intact under tensile stress
and that the rebars do not yield, preserving the overall durability and safety of the
structure. Based on the previously analyzed data and the material properties, in
extremely cold conditions such as in Alaska (-28.5 °C) and Virginia (-16.5 °C), the stresses
in both concrete and rebars exceed their respective safe limits, indicating a high risk of
structural failure. When the temperature is in relatively cold conditions such as Missouri
(-10.444 °C), the stress exceeds the admissible limit of the concrete, but the rebar stress
remains within safe conditions (120 MPa and 152 MPa, respectively); in this situation,
safety problems related with concrete cracking will need to be taken in consideration.
Finally, in milder conditions like Tennessee (-4.667 °C) and South Carolina (-0.278 °C),

both materials remain within safe stress limits, indicating that the method can be
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performed with no structural influence of the bridge. Considering these stress limits
during structural design and analysis is essential to ensure safety and durability. The
results try to give a preliminary concept of how to design and address the limitations of

the simulation model.
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CHAPTER 5

CONCLUSION.

5.1 ANSWER TO THE RESEARCH QUESTIONS.

It has been determined that a correlation exists between the EPH and the
temperature on the surface of the bridge. Equation(14) establishes the mathematical
relationship between these two variables studied; this equation is not universal and is
only valid under the assumed circumstances of standardized air, 1 atm of pressure, and

0.25m/s wind speed.

Different parameters affect in different ways to the temperature distribution in
the bridge's surface's deck; an increase in the EPH results in an increase in the
temperature distribution, and higher wind speeds cool down the surface of the bridge
faster and need higher values of the EPH for keeping the surface at the desired
temperature, the location of the EPH into the rebars is also an important parameter, the

more space between the rebars, the more EPH energy level will be needed.

By checking the thermo-mechanical properties of the model, the heat flow

corresponding to the EPH should be less than 1.22kW for granting structural integrity.



5.2 GENERAL CONCLUSIONS.
A 3D FEA model was built to avoid ice formation over a bridge's deck.
Influence factors on the temperature distribution and responses of the EPH were studied
when heating the steel rebars of a concrete deck. The following conclusions are drawn

from this study:

1. The model was developed to solve the problem of ice formation on the bridge's
surface. It included using an external electrical energy source connected to the
transverse steel rebars embedded in the concrete structure.

2. This study individually considered parameters such as outside temperature,
EPH location, and wind speed. Additionally, a stress analysis was conducted to
evaluate the feasibility of this method and provide guidelines for designers.

3. The location of the EPH is limited to the design of the bridge. In our case, the
spacing in the alternate rebar approach is 12 inches (0.3048m) because of the
regulations in the design of the bridges.

4. Alternate rebar heating is recommended. However, the EPH heat flow should

not exceed 1.22kW at any time to ensure the bridge's structural integrity.

5.3 RECOMMENDATIONS.

It is recommended to implement adaptive power management systems, as this is
for increasing the efficiency of the model and for economic advantages. By implementing
these strategies, the EPH will be constantly subject to changes according to the conditions
based on the input parameters studied in this thesis. It is of utmost importance to monitor

the temperature distribution on the surface of the bridge to avoid complications related
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to thermal stresses. Ideally, installing sensors across the surface of the bridge will allow

the system to respond effectively to changes in environmental conditions.

Increasing the performance of the system by considering new methods related to
advanced conductive materials and thermal insulation also needs to be further explored

to enhance the efficiency of heating systems.

5.4 FUTURE WORK.

Future work will conduct experimental setups with the configuration proposed in
the thesis’s model, designing and implementing the physical systems that can achieve the
conditions and parameters of the simulations to observe how the model will perform in
real-world environments. It is highly recommended to use Table 12 as a reference for
initial experimental setups. The table shows the EPH required under different scenarios
of outside temperature and wind speeds. Any value can be obtained by doing a simple

interpolation between the data presented.

While the thesis focused on heat transfer and thermal management,
understanding the structural implications of the model is crucial for ensuring structural
integrity, mainly because the rebars are a structural element. The potential effect of
fatigue in the rebars and concrete needs to be addressed more deeply. While the focus
was not exceeding critical values for ensuring structural safety, cycling loads can be
harmful because of the fatigue of the components. The thesis will provide a
comprehensive view of the proposed heating systems, from their thermal efficiency and
energy use to their structural viability and environmental impact, giving a solid

foundation for future innovations in sustainable building technologies.
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APPENDIX A

Temperature distribution with the

recommended EPH across the states of USA.
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Figure 39. Temperature distribution in the left edge of the deck in Alabama using a
648.28W power energy source.
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Figure 40. Temperature distribution in the left edge of the deck in Arizona using a
2660.15W power energy source.

0.000 0500 1.000 () z‘)\ Y
[ -]

0.250 0.750

Figure 41. Temperature distribution in the left edge of the deck in Arkansas using a
901.64W power energy source.
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Figure 42. Temperature distribution in the left edge of the deck in California using a
5402.38W power energy source.
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Figure 43. Temperature distribution in the left edge of the deck in Connecticut using a
2181.48W power energy source.
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Figure 44. Temperature distribution in the left edge of the deck in Delaware using a
711.58W power energy source.
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Figure 45. Temperature distribution in the left edge of the deck in Georgia using a
921.38W power energy source.
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Figure 46. Temperature distribution in the left edge of the deck in Idaho using a
3516.86W power energy source.
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Figure 47. Temperature distribution in the left edge of the deck in Illinois using a
2591.7W power energy source.
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Figure 48. Temperature distribution in the left edge of the deck in Indiana using a
2154.29W power energy source.
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Figure 49. Temperature distribution in the left edge of the deck in lowa using a
3110.03W power energy source.
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Figure 50. Temperature distribution in the left edge of the deck in Kansas using a
2140.63W power energy source.
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Figure 51. Temperature distribution in the left edge of the deck in Kentucky using a
1180.13W power energy source.
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Figure 52. Temperature distribution in the left edge of the deck in Louisiana using a
397.08W power energy source.
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Figure 53. Temperature distribution in the left edge of the deck in Maine using a
5402.38W power energy source.
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Figure 54. Temperature distribution in the left edge of the deck in Maryland using a
1012.01W power energy source.
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Figure 55. Temperature distribution in the left edge of the deck in Massachusetts using
a 2984.58W power energy source.
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Figure 56. Temperature distribution in the left edge of the deck in Michigan using a
4507.06W power energy source.
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Figure 57. Temperature distribution in the left edge of the deck in Minnesota using a
6132.69W power energy source.

84



0.000 0.500 1.000 () z')\ .
L E—]

0.250 0.750

Figure 58. Temperature distribution in the left edge of the deck in Mississippi using a
569.83W power energy source.
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Figure 59. Temperature distribution in the left edge of the deck in Montana using a
4906.69W power energy source.
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Figure 60. Temperature distribution in the left edge of the deck in Nebraska using a
3031.22W power energy source.
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Figure 61. Temperature distribution in the left edge of the deck in New Hampshire using
a4619.53W power energy source.
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Figure 62. Temperature distribution in the left edge of the deck in New Jersey using a
1915.65W power energy source.
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Figure 63. Temperature distribution in the left edge of the deck in New Mexico at
2489.96W power energy source.
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Figure 64. Temperature distribution in the left edge of the deck in New York using a
3910.41W power energy source.
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Figure 65. Temperature distribution in the left edge of the deck in North Carolina using
a 881.87W power energy source.
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Figure 66. Temperature distribution in the left edge of the deck in North Dakota using a
5814.53W power energy source.
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Figure 67. Temperature distribution in the left edge of the deck in Ohio using a
1902.62W power energy source.
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Figure 68. Temperature distribution in the left edge of the deck in Oklahoma using a
1663.75W power energy source.
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Figure 69. Temperature distribution in the left edge of the deck in Oregon using a
1651.42W power energy source.
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Figure 70. Temperature distribution in the left edge of the deck in Rhode Island using a
1688.29W power energy source.
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Figure 71. Temperature distribution in the left edge of the deck in South Dakota using a
4231.22W power energy source.
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Figure 72. Temperature distribution in the left edge of the deck in Texas using a
1472.22W power energy source.
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Figure 73. Temperature distribution in the left edge of the deck in Utah using a
4176.86W power energy source.
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Figure 74. Temperature distribution in the left edge of the deck in Vermont using a
3857.94W power energy source.
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Figure 75. Temperature distribution in the left edge of the deck in Washington using a
2033.56W power energy source.
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Figure 76. Temperature distribution in the left edge of the deck in West Virginia using a
1993.86W power energy source.
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Figure 77. Temperature distribution in the left edge of the deck in Wisconsin using a
4488.61W power energy source.
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Figure 78. Temperature distribution in the left edge of the deck in Wyoming using a
4322.41W power energy source.
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APPENDIX B

Table of ideal EPH for each state.

Table 21. Ideal EPH for state.

State Temperature (°C) EPH (W)
Alabama -2.055 648.29
Alaska -28.5 8798.85
Arizona -11.5 2660.15
Arkansas -3.556 901.24
California -0.444 404.88
Colorado -20.167 5385.36
Connecticut -9.611 2177.85
Delaware -2.444 711.42
Georgia -3.667 920.95
Idaho -14.5 3508.25
Illinois -11.222 2586.66
Indiana -9.5 2150.75
lowa -13.111 3103.05
Kansas -9.444 2137.13
Kentucky -5.056 1179.23
Louisiana -0.389 397.08
Maine -20.167 5385.36
Maryland -4.167 1011.43
Massachusetts -12.667 2978.08
Michigan -17.611 4494.19
Minnesota -22.111 6112.14




Mississippi -1.556 569.79
Missouri -10.444 2385.60
Montana -18.778 4892.00
Nebraska -12.833 3024.55

New Hampshire -17.944 4606.15

New Jersey -8.5 1912.85

New Mexico -10.833 2485.29
New York -15.778 3900.16

North Carolina -3.444 881.49
North Dakota -21.278 5795.53
Ohio -8.444 1899.86
Oklahoma -7.389 1661.68
Oregon -7.333 1649.38
Pennsylvania -10.444 2385.60
Rhode Island -7.5 1686.15
South Carolina -0.278 381.45
South Dakota -16.778 4219.57
Tennessee -4.667 1104.72
Texas -6.5 1470.65
Utah -16.611 4165.45
Vermont -15.611 384791
Virginia -16.5 4129.65
Washington -9 2030.40
West Virginia -8.833 1990.83

Wisconsin -17.556 4475.82
Wyoming -17.056 4310.36
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