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Abstract: The thermal properties of electrically heated carbon-fiber-reinforced mortar prisms
with 0.5%, 1.0%, 1.5% and 2.0% of their volumes are investigated. Each prism dimension is
40 mm x 40 mm x 160 mm. When the constant power of 30W is applied to two conductive-gel
strips painted on the prisms’ surfaces as the electrodes, for 5 min, the prisms show that: (1) their
surface heating patterns have mostly the shape of two semi-circles centered at each of the electrodes;
(2) their surface temperatures increase more for those with higher fiber percentages; (3) their surface’s
average temperature increments are the highest for the first 1 min of heating; (4) the lines representing
the lowest and highest temperature zones and one of the normal lines to two electrodes record the
highest temperature increment for the first 1 min of heating; (5) the temperature ratio of two points on
the surface of each of four different percentage prisms has almost an unchanging value for all heating
time periods especially when the two points are close to the volume defined by two electrodes; (6) the
average temperature increments decrease with time. These facts are for all percentage prisms.

Keywords: electro-thermal properties; fiber reinforced mortar prisms; resistance; conductive gel
electrodes; heating with constant power

1. Introduction

The interest in developing conductive concrete increases with the growth of the
number of traffic accidents incurred by black ice, which is known as the thin layer of ice
on the surfaces of roads/airfield runways [1]. The conventional method of deicing roads
is spraying various chloride products to roads/airfield runways [2]. It is effective but it
damages cars/planes, roads, driveways and environments surrounding the roads/airfields
in the long run. Hence, as an alternative method to the spraying, melting the ice by heating
the road with electric power has been developed. However, the electric power can only
be delivered by the electric current because it is linearly proportional to the square of the
current. However, the concrete itself cannot flow electrical current because it is an electrical
insulating material. To make the road able to flow the current, it should be made to have a
certain electrical conductivity.

There are two known ways of making a road electrically conductive: one of them is
embedded heat-generating electric wires underneath the surface, and the other is making
the road itself to be a conductive material by mixing the concrete with materials that
conduct electricity. However, since it has been known that the former is more costly and
less reliable than the latter [3], more research has been done to develop conductive materials
to be mixed with the concrete. Typical conductive materials are electrically conductive
particles such as carbon black and steel powders, and carbon fibers (hereafter abbreviated
as fibers in this paper) [4-7].

The conductive particles and the fibers differ in their mixability with the concrete. The
particle form can be uniformly mixed with the concrete, but the fibers cannot. This is why
the fibers are made to have a wire form and they are embedded into the concrete [6,7].
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However, this is not a good method because it can reduce the physical strength of the
concrete instead of reinforcing it. Nevertheless, since a certain amount of short fibers
has often been mixed to reinforce the physical strength of the cement mortar due to
their much higher tensile strength compared with the concrete [8-10], their electrical
conductivity transforms the fiber-reinforced concrete into a conductive material. The
electric conductivity of the fibers is in the range of 5 x 10*~5 x 10° S (ampere/volt)/m
(length) [11]. This conductivity value is much lower than that of metal. Hence, it can be
used as a heat-generating electric wire, i.e., a heater that will generate enough heat to melt
the ice and keep the road surface ice-free.

The conductivity of conductive concrete is estimated with embedded mesh-type
wire grid electrodes placed at a fixed distance apart from each other. The resistance
value between two electrodes is measured [12,13] because the conductivity is obtained
by inverting the resistivity value, which is linearly proportional to the resistance value.
The resistance is defined as the resistivity of the fiber/conductive particles multiplied by
the distance between electrodes and divided by the electrode area. To heat the concrete,
it is necessary to attach the electrodes to the concrete. Since the mesh-type embedded
electrodes are just a wire grid formed by thin copper wires, each of these wires is localized,
i.e., isolated by the surrounding cement/concrete in the concrete. Due to this isolation, the
electric current will be confined within the area occupied by the wires. Since the area will
be much smaller than that of the concrete cross-section holding the electrode, the resistance
of the current will be very high. Hence, the large portion of the heat induced by the current
will be dissipated near the electrodes. Therefore, heating the concrete by flowing current
through the embedded wire grids will not be efficient.

It is possible to replace the wire grid with an electrically conductive glue. It can
be painted on the surface of the concrete to be used as an electrode. This glue is highly
convenient compared to the embedded wire grid electrode because an electrode of any
shape can be formed on any location of the surface when it is needed. Moreover, the
electrode can be printed on the rough surface of the concrete with good contact because the
glue can smear into the surface due to its soft gel form. Hence, an electrode of any size can
be doped on any road surface with the conductive glue.

In this paper, the electro-heating properties of mortar prisms reinforced with different
amounts of fibers, particularly, 0.5%, 1.0%, 1.5% and 2.0% in the volume of sand mixed
with cement are studied by analyzing heat distribution patterns on their surfaces. The
prisms’ surfaces are painted with a conductive gel to be used as electrodes. Three mortar
prisms for each fiber percentage are used.

2. Experimental Samples and Experimental Set-Up

Three mortar prisms reinforced with each of the four volume percentages of fibers,
namely, 0.5%, 1.0%, 1.5% and 2.0%, are prepared according to the Korean Standard [14].
The fibers are bundled to have a diameter of 7 & 2 um and then cut into 6 mm in length
before being added to the mortar mixture. The preparation details of the fiber to mix with
the mortar are described in [15]. The prism dimensions are 40 mm x 40 mm X 160 mm
and their designed weight is 500 g [15]. They were kept in a water reservoir for 28 days for
curing. Three samples for each fiber percentage were prepared. Each of these prisms was
broken into two parts due to the flexural strength test undertaken [16]. Thus, six pieces
for each fiber percentage were obtained. These pieces are not of same size because each
sample is broken into two pieces by the crack induced by the test.

Hence, the length of each piece is either slightly longer or shorter than 80 mm, i.e.,
a half of the prism’s length of 160 mm. These broken sample pieces had been kept in
laboratory condition for almost three years. They were expected to be nearly dried because
the plane mortar prisms that were stored together with the samples revealed that their
resistances far exceed the Fluke’s handheld multimeter’s measuring range and their weights
do not have the designed value. All of them have lower values than the designed value
due to the presence of fibers.
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Table 1 shows the sample weight measured with a precision scale (Cas: cas-USA.com).
It includes the weight of plane prisms. The weights of two broken left and right pieces of
each sample and the sum and average of the same percentage prisms are also shown. The
table shows that the same percentage prisms have almost the same weight, though between
different percentage prisms, the weight differences are prominent. Only 1.0% prisms are
near 500 g while other percentage samples are much lighter than the 1.0%. The average
weight of the 1.0% prisms is 499 g. The weight is reduced to 495 g, 467 g, 462 g and 432 g
for the 0.5%, 1.5%, 0.0% and 2.0% prisms, respectively. When the average weights of other
percentage prisms are normalized by that of the 1.0% prisms, the values are given as 0.99,
0.94,1.0, 0.93 and 0.87 for 0.0%, 0.5%, 1.0% 1.5% and 2.0%, respectively.

Table 1. Weights of four different percentage prisms: Each percentage has 3 prism samples.

. Weigh
Sam. No. Left (g) Right (g) Sum (g) (szlrigz ((gg)))
1 216 248 464
0.0% 2 232 230 462 13§g %62)
3 225 235 460 :
1 246 250 496
0.5% 2 248 247 495 14§g g;%)
3 273 222 495 :
1 203 294 497
1.0% 2 241 259 500 149*71 ((4)199)
3 241 259 500 ~
) i 22 469 1400 (467
1.5% 2 227 235 462 o é4 )
3 245 224 469 :
1 195 241 436
2.0% 2 204 222 426 1228 2(34732)
3 212 222 434 -

These values are also specified in Table 1. The 2.0% prism reveals the smallest value.
The highest weight recorded by 1.0% prism implicitly informs that the number of air
pockets in the prisms is the smallest. The number of air pockets decreases as the fiber
percentage increases [15]. This is why the weight of the plane prism is slightly greater than
that of the 2.0% prism. The increasing fiber percentage reduces the prism’s weight, but the
decreasing rate in the number of the air pockets is greater than the weight reduction rate
due to the growth of the fibers volume. The weight of the plane prisms allows estimating
the density of the plane prisms. It is calculated as 1804.69 kg/m?3. This density value is
almost the same as that of the fiber (Toray (Japan)’s intermediate modulus type T1100G),
which is specified as 1800 kg/m3. The density value of the plane prisms also implicitly
indicates that they lost most of their moisture.

To heat the prisms, the DC (Direct Current) power supply should be able to regulate
current up to 5 A and voltage to 30 V for electrical heating. For electrical heating, a
conductive gel is painted on one surface of each piece and its opposite side along the
bisecting line of the piece in its length direction in order to have the shape of a rectangle
with dimensions of 40 mm Xx 5 mm. The rectangle shape is selected to observe the heat
diffusion to its two sides. Figure 1 shows the electrode preparation in each prism piece; the
electrode connection is also shown. A conductive gel electrode with a thickness of 5 mm is
drawn on one surface of each piece. On the opposite surface of the piece, another electrode
with the same dimension and direction as the first one is drawn. The electrode is located
near the middle area of each piece. One of the electrodes is connected to the ‘+’ terminal
of the power supply and the other to the ‘- terminal or ground terminal through electric
wires. These wires are in contact parallel to the long side directions of their corresponding
electrodes. The typical resistivity of the conductive glue is around 0.09 Q3-cm to 0.0001
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(-cm [17]. The resistivity can go up several tens percent more when it is heated [17], but it
is still very small compared with that of the dried prisms/concrete, which is in the range of
100 O2-cm to 1,000,000 Q-cm [18].

Wires for Connecting each
Conductive Gel Electrodes  gjectrode to Power Supply

To Power Supply

Figure 1. Conductive gel electrode and wire-connection preparation on the prisms. (a) Conductive
gel electrode. (b) Wire-connection preparation on the prisms.

These rectangles are working as electrodes. However, the contact between these
electrodes and the fibers in the prism piece can be hardly achieved due to mortars covering
the fibers. This ill connection problem is worsened when the densities of fibers under the
electrodes become lower. This ill connection and fiber density may be the decisive factors of
determining the resistance values of different fibers percentage prisms and different prisms
of the same fiber percentage. Hence, it is expected that the resistance values of the prisms
will be reduced as the fiber percentage increases. This resistance decrease also reduces the
resistance introduced by the ill connection, but it will still take the highest portion of the
resistance in the higher fiber percentage prisms.

It is also considered that the contact between electrodes and wires can also contribute
some resistance because the wires cannot be fully in contact with the electrodes. The
electrodes do not have a smooth surface because they are drawn on the prisms’ rough
surfaces. It is shown in the experiments that the resistance induced by the ill connection,
lower density and unsmooth electrode surfaces is much larger than that of the fibers in the
different percentage prisms. Since the resistance will induce heating near the surface of
the prisms, a certain amount of electric power can be ineffectively consumed. To minimize
this inefficient consumption of power, it is necessary to tighten the electric wires to the
electrodes as much as possible.

Figure 2 shows the experimental set-up. The set-up consists of a power supply for
applying both voltage and current to the prism to be heated, a multimeter for measuring
the resistance of the prism before applying power to determine the necessary current and
voltage values for applying 30 W power, a bench vise for connecting the electric wires
tightly to the gel electrodes, a thermal camera for photographing the thermal image, i.e., the
prism’s surface temperature variation with time, and a notebook for recording the thermal
images as files. The prism’s surface in the thermal image is one of the prism surfaces
between the electrode surfaces. The thermal camera is fixed directly above the prism at a
distance of 500 mm.

Through the wires, 30 W of power was applied to each prism for up to five minutes.
Therefore, the total energy deposited to each prism is 9 KJ (30 W x 60 sec x 5 Min.). FLIR
T640 thermal camera, which has a pixel resolution of 640 x 480, a pixel size of 17 pm and
temperature resolution of 0.03° K at 30 °C, was used to determine the surface temperature
distribution of the prism, before applying the power and every thirty seconds of heating.
The thermal image from this camera can show the heating level of the test objects with a
temperature distribution represented by a different color combination.
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Figure 2. Experimental set-up.

When the voltage is applied to the prism through the electrodes, the current induced by
the voltage takes the path that reveals the lowest resistance. Hence, the ideal prism volume that
will provide the paths to the current are calculated as 40 mm x 40 mm x 5 mm = 8000 mm?,
as shown in Figure 3, because the resistance is linearly proportional to the path length. The
path should be as short as possible while it is considered that the prism has a uniform
resistance. The shortest path of connecting two electrodes is just the straight line normal to the
electrodes. The prism volume defined by the shortest path represents the minimum volume
that will be heated in any circumstance when the voltage is applied to the electrodes. This
volume will have the maximum weight of 15.63 g (500 g x 5 mm/160 mm).

Electrode Electrode
(a)

Broken prism piece
4 -

LCracked
1 Surface

Power

Supply
Conductive 40 Heat | l-l'e at .
Glue: ™ piffusion Diffusion

Electrode Ay.--,

5 mm Mortar volume defined
by two Electrodes

(b)

Figure 3. Equivalent circuit of the mortar prisms. (a) Equivalent circuit of the prisms. (b) A schematic
of electrical connection.

Figure 3 shows an equivalent electrical circuit of the prisms (Figure 3a) and electrical
connection diagram of the experimental set-up (Figure 3b). The equivalent circuit can be
represented as the two electrodes and the resistance represents the total resistance of the
volume. In practice, the volume that provides the current path will always exceed the
minimum volume because the fibers, which are the main current path in the prism, are
randomly directed, aligned and distributed in the form of a strand, strands, bunches and
balls [15,19]. This means that there may not be any uniformly connected path between
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the electrodes and, hence, the lowest resistance path may not always be the straight line
normal to the electrodes. The path is defined by the size and amount of the clustered
fiber strands and their aligned and connected directions. In each position of this path,
the fibers are differently heated by the current because of the resistance differences for
various positions. The path has a non-uniform heat distribution. Therefore, the minimum
volume is hardly identified. The path works as the heat source because the electric power
is deposited to the path. The heat from the path radiate, convect to the surrounding space
and diffuse to its neighboring volumes. By diffusion, the entire prism is heated. This is
why the temperature distribution along the length direction of the prism may reveal the
heat diffusion/distribution pattern.

3. Some Relationships Governing the Mortar Prism Heating with the Electric Power

When a voltage Vis applied to two electrodes attached to a material with resistance R,
then current I, flowing through the channel between the electrodes, and power P, deposited
on the material, are expressed as [20]:

I=V/RR 1)

P=VI=RI?>=V?*/R )

Equations (1) and (2) indicate that the power deposited on the material is inversely
proportional to the resistance. This means that the power applied to the material with
higher resistance will be smaller for a given voltage. Power P has the unit of W(Watt),
while V and I values have the units of volt (V) and ampere (A), respectively. Resistance R
has the unit of QO (Ohm) and is related with resistivity p as,R = pA /I, where A (mm?) is
the average of the two electrode areas and /(mm)is the thickness of the material. Energy E
deposited on the material by the given power P is described as E = Pt [(Joule), where t is
the time of applying power to the material in seconds.

Due to this energy, the temperature of the material will increase. The temperature
increments AT, due to the deposited electric power, Pt, is expressed as [21]:

AT = E/mS 3)

where m denotes mass of the minimum volume, as shown in Figure 2, in the unit of Kg,
and S is specific heat of the material in the unit of J/(Kg-K), where K is the absolute
temperature. For the specific heat of the mortar prism, 980 J/(Kg-K) is used [22]. Since
the temperature increment is inversely proportional to the prism weight as shown in
Equation (3), the smaller weight prisms will gain higher temperatures. This should be
normalized by considering their weights to correctly compare the thermal properties of the
prisms with different fiber percentages.

The normalized numbers calculated previously, which are specified with an asterisk (¥)
in Table 1, work as the compensation factor for each percentage prisms. When the factor is
multiplied by its corresponding temperature increment, the increment should be the same
as that of the 1.0% prisms. However, since the presence of fibers with different volume
percentages transforms the prisms with different fiber amounts to the materials with
different conductivities, the actual temperature increment will be different for different
fiber percentages. The compensation factor should be multiplied by the temperature
increments from the heating.

4. Experimental Results

Before electrical heating, the resistances of the prisms were measured with a digital
multimeter [23]. However, for the plane prisms, no heating was deposited to them because
of their very high resistances. Since the plane prisms do not include any conductive
material, their resistances cannot be measured with the multimeter. The resistance values
of the fiber-reinforced prisms are summarized in Table 2. The resistance values of the
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front-back and top-bottom sides of the minimum volume specified in Figure 2 for three
prisms of each fiber percentage are shown in Table 2. This table also presents the averaged
resistance values of all three prisms specified as 1, 2 and 3, and the front-back and top—
bottom sides specified by “a” and “b”, respectively. In addition to the abovementioned
values, the dynamic resistances of the different fiber percentage prisms under heating are

also shown with the applied voltage, current and power.

Table 2. Measured and calculated resistances of prisms of 4 different percentages.

Sample

2 3 Applied

Total Power(W) Dynamic
Side a(Q) b () a(Q) b () a(Q) b (Q) Average (Voltage(V) Resistance((})
Prism Average (Q0) Average () Average () S Current(A)) (Temp. Incre.)
. 167 28 24 24 12 2 30.25 22.87
0.5%(2) 22.35 24 17 2112 (26.3,1.15) (119.71)
i 8.3 7.5 6 6.8 5.1 8.5 29.92 6.18
1.0%(02) 7.9 6.4 6.8 7.0 (13.6,2.2) (117.24)
. 54 49 6.5 48 5.2 5.0 30.0 5.21
1.5%() 5.15 5.65 5.1 53 (12.5,2.4) (127.22)
. 5.1 42 44 48 3.7 43 29.97 2.19
2.0%() 465 46 40 4.42 8.1,3.7) (137.83)

Table 2 informs about the following:

(1) The average resistance value of the same fiber percentage indicates that, as the fiber
percentage increases, the resistance values decrease; the values are 21.1 (), 7.0 (2, 5.3 Q
and 4.4 Q), for the 0.5%, 1.0%, 1.5% and 2.0% prisms, respectively;

(2) The resistance values of “a” and “b” are not the same and the three prisms of the same
fiber percentage numbered 1, 2 and 3 have slightly different resistance values even if
they were made from the same batch mortar mix;

(38) The difference between the lowest and the highest resistance values is 16 (2, 2.5 (),
1.7 ) and 1.4 ) for the 0.5%, 1.0%, 1.5% and 2.0% prisms, respectively.

However, the actual resistance values calculated from the voltage and current values
(voltage/current) are 22.9 (3, 6.2 (3, 5.2 (3 and 2.2 Q) for the 0.5%, 1.0%, 1.5% and 2.0%
prisms, respectively. These values are nearly the same as their corresponding average
values, except for the 2.0% prisms.

Item (1) confirms that the conductivity of the prisms is originated by the fibers. Other-
wise, the fiber percentage increase does not induce the further increase in the conductivity
values, i.e., decrease in the resistance values. In addition to this, Equations (1) and (2)
inform that more power will be applied to the prism as the fiber percentage increases.
Item (2) indicates that the fibers in the prisms are not uniformly distributed because the
conductivities of the mortar prisms are brought by the fibers. As indicated in Item (3), the
reducing resistance difference between prisms of the same fiber percentage tells that the
fibers become more uniformly distributed in the prisms as the fiber percentage increases.

Item (3) also shows that the actual resistances for the 0.5%, 1.0% and 1.5% prisms
are slightly different from their corresponding average values, but for the 2.0% prism, the
value is half of the measured resistance value. The reason is not completely clear, but it
could be caused by the loosely contacted fibers, which become tightly connected to each
other by the heat induced by the current flowing through the fiber. As shown in Equations
(1) and (2), the resistance decrease will cause applying more power to the prism. This
power increase will induce further increase in the temperature of the prism. This increase
squeezes the fibers in the prism more due to the growing thermal expansion of the prism.
The fibers squeezing will improve the connection between fibers, which, in turn, will cause
the decrease of the resistance. The resistance decreases in the 2.0% prism when the power
is applied will be the result of the improvement.
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Figure 4 shows the full frame thermal image of a piece of a 1.0% prism to specify
the surface area for determining the average temperature and the lines to show the heat
diffusion/temperature distribution patterns of the different percentage prisms. The total
resolution of the image is 640 x 480, but the surface area of the piece is approximately
444 x 222 pixels. The trace of the discarded conductive gel electrode is also shown in the
middle of the prism. The vertically aligned rectangle in this trace represents the location
of the minimum volume defined by the 5 mm width electrodes. Since the 222 pixels
correspond to 40 mm, the width of the rectangle corresponds to 28 (~222 x 5/40) pixels.

A Prism
Piece

Surface
Representing
Each Prism Vertical

Bisect
Line

(156, 122) . (476,122),

——
/‘ (156, 233)
s ‘ Surface
g Corresponding to the
(156, 327) Minimum Volumeﬁ 4 W

43 mm v Al
476, 344)

T;\)r J‘hr . «7 \

¥

Line of the Lowest
Temperature Zone

Line of the Highest
Temperature Zone

Figure 4. Position of lines and surfaces for measuring temperature increments. The temperature
distribution is less than 25°. The prism surface is in the 23° range.

When there is no heat diffusion, the electric power will heat the volume, which works
as the heat source defined above. Thus, the expected temperature increments predicted by
Equation (3) will be 119.71°, 117.24°, 127.22° and 137.83° for the 0.5%, 1.0%, 1.5% and 2.0%
prisms, respectively, when the weight and the applied electric power differences of each
percentage prism from other prisms as shown in Tables 1 and 2 are considered. However,
in practice, the temperature increase will be much lower than the value given above due to
the fact that (1) the heat source has higher volume than the minimum one, (2) the heated
volume will radiate the heat to the surrounding space through radiation and convection,
and (3) some heat from the volume will be diffused to the neighbors. Due to this diffusion
and the electrical paths formed outside of the volume, the temperatures of the volume
surrounding the minimum volume will also increase.

As the prism temperature increases, the prism’s overall resistance can decrease. The
increasing temperature will induce the prism to expand. The expansion of the prism
will cause stronger squeezing of the fibers in it. This squeezing will force the fibers to
contact/connect themselves more tightly. This tightened contact/connection will reduce
overall resistance of the prism, which will be reduced even further as the fiber amount
increases. This could be the reason why the heated state resistance of the 2.0% prism is
reduced to a half of its unheated state resistance. However, this decreased resistance could
revert to its unheated value when the prism is cooled.

Since the presence of the minimum volume is hardly identified due to thermal dif-
fusion, the accurate estimation of the electric power deposited to the volume will not
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be possible. For estimation, the average temperature of the surface area defined by the
rectangle with 320 pixels in horizontal and 222 pixels in vertical direction are found. These
pixels correspond to 57.66 mm x 40 mm of the surface area. This rectangle is specified by
the four corner pixels having the positions of (156, 122), (476, 122), (156, 344) and (476, 344),
as shown in Figure 4. It is expected that the 57.66 mm dimension covers most of the prism
lengths because the prism pieces are not of the same size, and their broken faces have very
bumpy profiles.

Along with the averaged surface temperature, observed are the temperature distri-
butions of the horizontal line that bisects the prism piece into two horizontal parts and
another horizontal line at 3 mm distance from the bottom edge of the piece. The former
represents the lowest temperature and the latter represents the highest temperature zone
of the heated prism. The bisecting horizontal line will pass the pixels (156, 233) and (156,
327), and the other line will pass the pixels at (156, 233) and (156, 327) in Figure 4. These
temperature distributions are used to show the heat diffusion pattern of the prism. The
relative positions of the lines and sizes of the rectangles in other percentage prisms are also
the same.

Apart from these lines and rectangle, the average temperatures of the broken rectangle
in the middle part of the piece, which corresponds to the surface areas of the minimum
volume, and the vertical bisect line of this rectangle are also found to identify the heat
deposition pattern with time. In fact, the vertical bisect line represents the line connecting
the centers of two electrodes, where the wires from the power supply are in contact. This
line will be one of the normal lines to two electrodes.

In Figure 5, the thermal images of the electrical heating for the 0.5%, 1.0%, 1.5% and
2.0% prism pieces are shown. These images show the temperature distribution pattern
for the heating time specified at each image. However, it is expected that this distribution
pattern may not be the same as those of different cross-sections of the volume underneath
the surface because of inhomogeneity of the prisms. The temperature range of each thermal
image is normalized from 22.8° to 80° to compare the temperature variations of different
percentage prisms with heating time. The color bar on the right side of the images informs
about the temperature corresponding to each color. The numbers in the bar represent the
temperature of each color. The dotted rectangle in each image represents the surface area
corresponding to the minimum volume. When a voltage is applied through the electrodes,
a current loop is formed by the wires connected to the “+” terminal of the power supply,
electrode, fibers in the minimum volume, opposite side electrode and wires connected to
the “—"/ground terminal of the power supply. In this loop, the overall resistance is the
sum of the resistances from the contacting parts of (1) the wires and the electrodes, (2) the
electrodes and fibers in the volume, and (3) the fibers themselves. Among these three, the
highest resistance will be that from the contacting part of the electrodes and fibers. Due to
this resistance, the heat contribution from the fiber heating will not be significant.

The temperature distribution pattern indicates that the heat is mostly generated at the
surface of the piece, where the wires, the electrodes and the fibers near the electrodes meet.
The applied electric power is mostly deposited at the interfaces between the electrodes
and the fibers. That is why the heat distribution pattern has the shape of a half circle. The
heat from the interfaces is diffused radially to the inside of the prisms. However, since the
interfaces are not completely parallel to the electrode’s long sides and they are different for
different electrodes, the two circles do not have the same radius and they are somewhat
distorted. As shown in the 240 sec images, the radii of the circles increase as the fiber
percentage increases, though the difference between 0.5% and 1.0% is not prominent. This
means that the prisms with higher fiber percentage will be heated more.

The amount of the diffused heat reduces as the radius of the circle increases and the
area between these two half circles, i.e., the middle part of the prism is heated less due to its
smaller resistance compared with the near-electrode parts. This makes the temperature of
the middle part much lower than the electrode side. However, as the heating time increases,
a clearly visible heated corridor having a width comparable to the dotted rectangle in each
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image appears between these two circles, as shown in the 270 sec image of 0.5%, 240 sec
images of both 1.0% and 1.5%, and 180 sec image of 2.0%. These corridors identify the
presence of the minimum volume. The further increase in the heating time induces the
circles to contact and overlap with each other, as shown in the 300 sec image of 1.5% and
the 240 sec and 300 sec images of 2.0%. Figure 5 also shows that the circles have bigger
radii as the fiber percentage increases.

0.5 %

1.0 %

1.5%

2.0 %

Figure 5. Heat/Temperature distribution patterns of a prism set. The dotted vertical rectangle and
the time in each temperature distribution represent the surface area of the minimum volume and the
heating time, respectively.

Figure 6 shows thermal images for different pieces of the percentage prisms, different
from Figure 5.

1 Min.

3 Min.

$ Min,

Initial Temp : 24 degree
Figure 6. Heat/Temperature distribution patterns of another prism set. The numbers represent
average temperatures of the prism surface (top left corner of each image) and the minimum volume
surface (middle). The dotted vertical rectangle and the solid line in each temperature distribution
represent the surface area of the minimum volume and the bisect line of the rectangle, respectively.

Only three thermal images at 1, 3 and 5 min of heating for each percentage prism
are combined to show the temperature distribution changes in the prism surface with the
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heating time. The dotted rectangle in each image represents the surface area corresponding
to the minimum volume. Each image corresponds to the surface area of 57.66 mm x 40 mm
specified in Figure 4. The numbers in the left corner and the center of each image indicate
the average temperatures of the surface area and the dotted rectangle, respectively, during
the initial temperature, i.e., the temperature before heating, which is 24°. Thus, the actual
temperature increment by the electric power will be the numbers minus 24°, i.e., 8.6°
(32.6-24°) for the 1 min case of the 0.5% prism in Figure 6.

The temperature range of each thermal image is normalized from 22.8° to 80° for
comparison. The color bar is the same as in Figure 5. The color changes from black, purple,
blue, green, red and yellow to white, corresponding to the lowest to the highest temperature.
Therefore, as the time increases, more surface areas of each prism turn red, yellow and
white. The temperature distribution patterns are very similar to the images in Figure 5,
except for the 1.5% prism. For the 1.5% prism, the bottom electrode pattern is the same
as the 1.5% patterns in Figure 5, but the top electrode pattern has a cucumber shape that
almost fits inside of the rectangle. This identifies the presence of the minimum volume and
indicates that the resistance value of the minimum volume under the cucumber-shaped
area is almost the same as that of the interface between the electrode and fibers. This part
of the minimum volume is almost equally heated by the electric power.

The images for the 3 and 5 min durations show that the top and bottom patterns
overlap each other and extend outside the rectangle. Figure 6 reveals the following:

(1) The waveforms of the temperature distributions are somewhat smoothly varying with
their peaks near the left and right edges, and their minimum is at their middle parts.
However, for the 1.5% prism, the smoothness is greatly reduced and their right peaks
are away from the edge. This is probably caused by its unique heating pattern.

(2) The recorded average temperature (the temperature increment from Equation (3)
of the minimum volume for 1 min heating is 20.0° (119.71°), 30.2° (117.24°), 48.6°
(127.22°) and 35.0° (137.83°) for the 0.5%, 1.0%, 1.5% and 2.0% prism, respectively. The
calculated temperature increment is in the order of 2.0%, 1.5%, 0.5% and 1.0% because
the weights of the prisms increase with the opposite order of the increment, as shown
in Table 2. The recorded average temperature is much smaller than expected. This
considerable difference could be caused by (a) the heat diffusion and (b) the current
paths outside of the minimum volume.

(3) The average temperature is higher in the order of 0.5%, 1.0%, 2.0% and 1.5% prism for
all heating time periods.

(4) The temperature increment for 1 min is 20° (0.5%) to 48.6° (1.5%); 19.4° (0.5%) to 27.5°
(2.0%) for 1 to 3 min, and from 11° (1.0%) to 14.3° (2.0%) for 3 to 5 min. The greatest
temperature increments are recorded within 1 min, and the increment decreases as
the heating time grows.

Table 3 shows the increments of the surfaces” average temperature specified in Figure 6.
The ‘Incre’ in Table 3 is the temperature increment from the previous heating time. This
table reveals that there are no distinctions described in items (3) and (4) for the minimum
volume. The average temperature of the surface area informs the following:

(1) The temperature increments are 8.6°, 10.9°, 15.6° and 15.0° for the 0.5%, 1.0%, 1.5% and
2.0% prisms, respectively, for the first 1 min of heating; this shows that the temperature
increases more for higher fiber percentage prisms, though the temperature of the 1.5%
prism is slightly higher than that of the 2.0% prism.

(2) The temperature increments for the first 1 min are higher than those for 1 to 3 min
for both the 0.5% and 1.0% prisms, and they are almost the same for the 1.5% and
2.0% prisms.

(3) For the 3 to 5 min cases, the increments for 0.5% and 1.0% are slightly different from
the first 1 min, but for the 1.5% and 2.0% prisms, the increments are smaller than those
for the 1 min and the 1 to 3 min cases.

(4) The prism volume covered by the surface is about 11.43 times of the minimum vol-
ume. This indicates that the average temperature increments for 1 min heating cannot
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exceed 10.47°, 10.26°, 11.13° and 12.06° for the 0.5%, 1.0%, 1.5% and 2.0% prisms,
respectively, but these temperature values are smaller than the measured values
described in item (1), except for the 0.5% prism. This informs that the volumes under-
neath the surfaces of the 1.0%, 1.5% and 2.0% prisms have much lower temperature
increments than their corresponding surfaces.

(5) For the 3(5) min heating cases, the temperature increments expected from Equation
(3) are 31.41° (52.35°), 30.84° (51.30°), 33.48° (55.80°) and 36.51° (60.85°) for the 0.5%,
1.0%, 1.5% and 2.0% prisms, respectively. However, the average temperatures of the
surfaces shown in Figure 6 are 22.5° (35.2°), 25.4° (36.4°), 30.1° (41.0°) and 34.2° (46.9°),
which are smaller than those from Equation (3) for all percentage prisms. The ratios of
these measured and those from Equation (3), i.e., the heating efficiencies are 0.72 (0.67),
0.82 (0.71), 0.9 (0.74) and 0.94 (0.77), respectively. The ratios are higher for the higher
percentage prisms, and they are decreasing with time. Furthermore, the differences
between different percentage prisms are reducing. The ratio differences between the
0.5% and 2.0% prisms are 0.221 (0.1). This may mean that the temperature distribution
patterns of the volumes underneath the surfaces become more uniform and similar
to those of their corresponding percentage prisms. In any case, the temperatures
indicate that the average temperature increments of the surfaces are the highest for
the case of 1 to 3 min heating. However, the time period is 2 times that of the first
1 min case. When this time length is considered, the first 1 min heating induces the
highest temperature increment for all the prisms.

(6) The average temperature of the 2.0% prism is higher than that of the 1.5% for 3 min
heating. This is probably caused by the light weight of the 2.0% prism compared with
the 1.5% one and the resistance decrease in 2.0% prism as explained before.

Table 3. Prisms’ temperature increments for three different heating time periods of the first 1 min, 1
to 3 min and 3 to 5 min.

Temperature Increment

Prisms ; 3 3 Remark
Incre. 1 min Incre. 3 min Incre. 5 min
0.5% 8.6° 8.6° 13.9 22.5 10.8 33.3 Incre.: Increment ->
1.0% 10.9 10.9 14.6 255 10.9 36.4 Temperatur.e; increment between
1.5% 15.6 15.6 14.5 30.1 11.5 41.6 heating periods
2.0% 15.0 15.0 21.2 36.2 10.7 46.9

Figure 7 shows the temperature distributions along the vertical bisect lines of the
dotted rectangles in Figure 6. The distribution pattern has a non-uniform shape because of
the non-uniform distribution of fibers with different resistances along the line. The numbers
in these distributions represent the average temperature of the distributions. However,
since the default value of the maximum temperature recorded is 160.2°, the top parts of the
waveforms for the 2.0% prism are missed for the 3- and 5-minute heating.

It is also noticed that the average temperature values of the 1.5% prisms are higher
than those of the 2.0%, but the peak intensity values are opposite. This informs that the
temperature, i.e., the heat in the 1.5% prisms is more distributed than that in the 2.0%
prisms. Figure 7 shows that the waveforms of the distributions at 1, 3 and 5 minutes
heating for each percentage prism are of almost the same shape. This means that the
temperature ratio of one point 2 to another point b on each of these lines is a fixed value for
a prism.

The average temperature increment is within 20.2° (0.5%) to 50.8° (1.5%) for first 1 min,
19.5° (0.5%) to 26.9° (1.5%) for 1 to 3 min, and 10.3° (1.0%) to 13.9° (2.0%) for 3 to 5 min. The
temperature increment is the highest for the first 1 min of heating and then reduces as the
heating time increases. In fact, the temperature increment for the first 1 min is much higher
than those for 1 to 3 min and 3 to 5 min. These increment characteristics closely match
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those of the broken rectangles specified in Figure 6. However, the average temperature of
the surface does not follow this increment pattern.

1 Min.

3 Min.

S Min,

0.5 % 1.0 %

1.5% 2.0 %

Figure 7. The waveforms of temperature distribution patterns along the vertical bisect lines: The
vertical and horizontal axes represent temperature and pixel numbers from top to bottom of the

vertical bisect line, respectively.

Figures 8 and 9 show the temperature distributions of the horizontal line at 3 mm
distance from the bottom edge of the piece and the horizontal line bisecting the prism piece
into two horizontal parts, respectively, for the 0.5%, 1.0%, 1.5% and 2.0% prisms. They show
that the temperature distributions of the horizontal bisecting line are smoother than that
of the 3mm distance horizontal line, though the 1.5% case does not show much difference
between them. This may be caused by its unique heating pattern, shown in Figure 6.

120- 0.5 %

Temperature

100 200 300 400
Line Length in Pixels
140~

1.5 %
61.3

Temperature

100 200 300 400
Line Length in Pixels

120- 59.6° 1.0 %

Temperature

0 100 200 300 400
Line Length in Pixels
160- 73.6 2.0 %

Temperature

0 100 200 300 400
Line Length in Pixels

Figure 8. The temperature distribution pattern of along the line representing the highest temperature
zone. The number in each curve represents the average temperature of the area covered by it.



Appl. Sci. 2023,13, 3988

14 of 17

657 0.5 % 70r 1.0 %
60" r
o £ 48.4°
5 )
=9 =9
E E 40
h o
= 27.6°
1:‘0- 1 t 1 1 t 1 t 1 1 20; 1 f i t t 1 1 t 1
0 100 200 300 400 0 100 200 300 400
Line Length in Pixels Line Length in Pixels
100( 1.5 % 2.0 %
53.4°
2 so- =
E £
S b
o 6
2 3
E )
= 4 =
20— i T i T i T i T ; 0 ! 160 . 260 : 360 2 ."])0 :
0 100 200 300 400 . s 3
Line Length in Pixels Line Length in Pixels

Figure 9. The temperature distribution pattern of along the line representing the lowest temperature
multizone. The number in each curve represents the average temperature of the area covered by it.

For each fiber percentage, three distributions for 1, 3 and 5 min heating from bottom
to top are shown. The average temperatures are specified on each of the distributions. The
three distributions of each percentage prism have a similar waveform if they are drawn
to have the same scale, as shown in Figure 7. The similarity increases closer to the middle
part of the waveforms. In fact, they look almost the same at their middle parts. However,
the similarity decreases closer to both edges of the waveforms. This is especially noticed
in the waveforms of the 1 min heating. This can be explained if it is considered that
the heat diffused to the sides does not have enough energy to meaningfully increase the
temperatures of the edge sides. In fact, the temperature of these sides is lower than the
initial average temperature 24° of the 1 min heating case.

These waveform characteristics are not different from those of the vertical line in
Figure 7. It means that the temperature ratio of a point a to another point b on each of
these prisms has a fixed value. This value will be more valid as the points are nearer to or
within the minimum volume. The average temperature values are higher for the higher
fiber percentage prisms for all heating time periods in both Figures 8 and 9, except for
1 min heating of the 1.5% and 2.0% prisms in Figure 9. This difference may be the result of
the unique heating pattern of the 1.5% prisms.

The differences between the average temperatures of the 3 mm distance and the
bisecting lines for the three heating periods are in the range of 12.5° to 14.1° for the 0.5%,
10.4° to 11.8° for the 1.0%, 5.8° to 8.9° for the 1.5%, and 17.2° to 19.1° for the 2.0% prism.
These temperature ranges do not overlap each other; the smallest temperature difference is
observed in the 1.5% prism and the highest in the 2.0% prism. This indicates that the 1.5%
prism is heated more uniformly than other prisms, and the 2.0% has the worst uniformity
among the four percentage prisms. The maximum difference between the lowest and the
highest temperatures in the ranges, 3.1° (8.9-5.8°), indicates that the average temperature
differences between the two lines, i.e., between the highest and the lowest temperature
distributions in each percentage prism are kept nearly the same without regarding the
heating time periods.
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Figure 10 presents graphical comparison of the variation in the average temperature
increment of the surface with the heating time for four percentage prisms. The temperature
values in this graph are obtained by averaging the temperature increments of the prisms
shown in Figures 5 and 6 (Figure 10a). Since there are some differences between prism
weights and the electric power applied to the prisms, these differences should be compen-
sated for accurate comparison. For this purpose, the weight is normalized in the way that
is described in Section 2, while the electric power shown in Table 2 and the weight are the
same as for 30 W. The compensation factors are calculated as 0.982 for the 0.5%, 1.0 for the
1.0%, 0.924 for the 1.5%, and 0.853 for the 2.0% prism. Figure 10a is compensated by these
normalization factors as shown in Figure 10b. Figure 10a shows that:

(1) There are distinctive temperature differences between different percentage prisms,
and the temperature is higher for the higher fiber percentage prisms, though the
difference between the 1.5% and 2.0% prisms is reversed at the beginning stage
of heating;

(2) The temperature increments are reducing as the heating time increases;

(3) The temperature gaps between the 0.5% and 1.0%, the 1.0% and 1.5, and the 1.5% and
2.0% prisms become almost constant, increasing and saturating, respectively, as the
heating time increases.

=0 ‘ 45
L 1.5%
5]
S’E’ = 40 2.0% 5 35
= 2 = 2
5 & 3 D25
¥ ¥
é )—:1 ﬁ = 15-
57
5 1 5
Heating Time Heating Time
(Number x 30 sec) (Number x 30 sec)
(a) (b)

Figure 10. Comparisons of the surfaces” average temperature increments of four different percentage
prisms: (a) Directly measured, (b) Compensated.

For Figure 10b, the temperature gap between 1.0% and 1.5% is slightly reduced, and
between 1.5% and 2.0%, it almost disappears, but between 0.5% and 1.0%, it is increased.
Due to this compensation, the temperature increments are slightly reduced for the 0.5%
and 1.5% prisms, but they are significantly reduced for the 2.0% prism. Because of this
reduction, the temperature difference between 1.5% and 2.0% almost disappears. In fact,
the temperature of 2.0% (1.5%) at 5 min heating is reduced from 47.65° (43.5°) to 40.64°
(40.19°). The difference between the two values is just 0.45°.

5. Conclusions

Electric current can flow through fiber-reinforced prisms due to the carbon fibers.
Carbon fiber is a conductive material, and the amount of current flowing through the
prisms depends on the voltage applied on them and the resistances introduced by the
amount of fibers. When a constant power of 30 W is applied to each of the prisms reinforced
by fibers of four different percentages, namely, 0.5%, 1.0%, 1.5% and 2.0%, the average
temperature increment of the observed prism surface is greater for the higher percentage
prisms. The heating efficiency of these prisms is higher for those of higher percentage,
but the differences between them reduce as the heating time increases. The efficiency is
in the range of 0.67 to 0.77 for the 5 min heating. The temperature increments for (1, 3)
5 min heating are (9.75°, 24.4°) 33.3°, (11.9°, 26.75°) 37.35°, (14.95°, 30.45°) 43.5° and (15.0°,
34.45°) 47.65° for the 0.5%, 1.0%, 1.5% and 2.0% prisms, respectively, as shown in Figure 10.
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These values indicate that the highest increments are recorded at the first 1 min, and the
increments are decreasing as the heating time length increases for all percentage prisms.
The first 1 min also records the highest temperature increment for the lines representing the
lowest and the highest temperature zones, and one of the normal lines to two electrodes,
on the surfaces. In these cases, the increments at the first 1 min are higher than those for
1 to 3 min and 3 to 5 min heating. The physical reasons behind these facts are unclear as
of now. The unchanging temperature ratio of two points on the surface during the 5 min
heating also requires explanation.
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