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SYNTHETIC THERMAL IMAGE GENERATION USING HEAT
TRANSFER MODELING

RUDI HERIANSYAH!, U. U. SHEIKH?, & S. A. R. ABU-BAKAR®

Abstract. Thermal image is an image that shows the thermal or temperature properties of an
object. Thermal image of an object is obtained from a thermal infrared camera. This camera
works by employing radiative heat transfer principles and uses sensors to capture the radiated
energy of an object. Thermal image of an object in the real world which is captured by a thermal
camera is a real thermal image of that object. But sometimes there is a situation in which it is
necessary to simulate a real situation in order to generate synthetic thermal image, for example in
estimating the temperature distribution or in understanding the thermal behaviour of a particular
object. This paper demonstrates the technique to generate the synthetic thermal images, all which
is based on image processing paradigm.

Keywords:  Synthetic thermal image; numerical heat transfer; infrared thermography

Abstrak. Imej haba adalah imej yang menunjukkan ciri haba atau suhu daripada sebuah
objek. Imej haba ini diperolehi dengan menggunakan kamera haba inframerah. Kamera ini bekerja
menggunakan prinsip radiasi perpindahan haba dan menggunakan penderia untuk membaca
radiasi tenaga sebuah objek. Imej haba dari sesuatu objek di dunia nyata adalah imej haba sebenar
dari objek berkenaan. Walau bagaimanapun ada situasi tertentu yang mana imej haba tiruan
diperlukan, misalnya untuk mengira pengagihan suhu atau untuk memahami perilaku haba sebuah
objek. Kertas kerja ini memperlihatkan cara untuk mendapatkan imej haba tiruan ini, yang
berdasarkan pada paradigma pemprosesan ime;j.

Kata kunci:  Imej haba tiruan; perpindahan haba berangka; termografi inframerah

1.0 INTRODUCTION

Thermal image is an image that shows thermal or temperature properties of an
object. The term thermal refers to heat or hot energy and usually, this is called as
hot-spot. A hot-spot in an object can reflect an abnormal situation or condition
occurring in that object. The hotspot can be a sign to an internal fault, hidden
defective region, abnormal operation or anything that indicates that something is
wrong.

Thermal image of an object is obtained from a thermal infrared camera. This
camera works by employing radiative heat transfer principles and uses sensors to
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capture the radiated energy of an object [1]. This kind of technology is called as
infrared thermography (IRT) [2], and it is one of many techniques in nondestructive
testing (NDT) [3]. As implied by its name, IRT uses the distribution (suffix —graphy)
of surface temperature (prefix thermo-) to assess the structure or behaviour of what is
under the surface [4].

The thermal image of an object in the real world which is captured by a thermal
camera is the real thermal image of that object. But sometimes there is a situation in
which it is necessary to simulate a real situation in order to generate synthetic thermal
image, for example to estimate the temperature distribution or to understand the
thermal behaviour of an object, so that with a controlled environment and with
known parameters, the result can be properly predicted.

Nowakowski et al. [5] uses synthetic thermal pictures to improve diagnostics in
medicine. The specific time constant synthetic images were generated by the principle
of pulsed thermography. They defined some parameters that relate the temperature
values to the time constants. Weijie et al. [6] used the principles of heat transfer
based on two dimensional implicit finite difference technique to calculate the surface
temperature of an object and to generate infrared image of the object. Gambotto [7]
combined the synthetic thermal image with the real image to generate realistic infrared
images of outdoor scenes. The generation method is similar as in [6] by using the
principles of heat transfer. Evans [8] modeled the thermal warming and cooling of
an object to simulate forward looking infrared (FLIR) imagery using electrical circuit
principles of the heat transfer. Oh et al. [9] modeled accurate IR images of an object
by using octree. However, these works take no account of non-homogeneous
structured material and the internal heat source of the object.

This paper uses the finite element based numerical heat conduction method to
generate the synthetic image of a high temperature object such as an industrial
furnace wall. Finite element method (FEM) has some advantages over finite difference
method (FDM) in the context of its generalization and its proper application to
deformed object models [10]. The synthetic thermal images are generated to simulate
the defective wall of a furnace and its temperature distribution on the other surface
of the non-defective wall. The first step is to build the model, and then to simulate
the numerical heat conduction. Lastly based on the temperature values, a synthetic
thermal image of the non-defective wall is generated. The generation mechanism
based on this method is described in this paper.

2.0 MODEL DESCRIPTION

The model for this study is taken from [11] but with the addition of a steel wall as the
outer surface (cold-face) wall as shown in Figure 1. The model is selected because it
represents the actual situation of refractory layered wall [23]. A multiple layer wall of
a furnace consists of a firebrick layer (22 cm), an insulation wall (11 cm), a ceramic
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Figure 1 Typical four layer furnace wall and its front-side view

fiber block (6 cm) and an AISI 316 stainless steel (0.5 cm). For studying purposes,
we will concentrate our analysis on an area of 1 m X 0.5 m.

2.1 Simulated Defect Model

This paper will generate the synthetic thermal image of a defective wall, and the
defect type to be modeled is the spalling defect. Spalling defect is defined as “the
breaking or cracking of refractory brick in service, to such an extent that pieces are
separated or felt away, leaving new surfaces of the brick exposed.” Spalling of
refractory brick is of three general types: thermal spalling, mechanical spalling, and
structural spalling [12]. The model was designed with SolidWorks [13], and the
defect was embedded within the hotface refractory wall (22 cm wall). Size of defect
was fixed to 15 cm? with depth of 15 cm from the hotface wall (Figure 2).

steel

fiber block
insulation

firebrick

Figure 2 Refractory wall with spalling defect with 34.5 cm depth
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Figure 3 View of cold-face wall of the model after meshing

3.0 SIMULATION RESULT

The simulations for this study involved three dimensional finite element models.
COSMOSWorks [14] was employed for the thermal study and the model was meshed
with the coarse element size of 5 cm and the tolerance approximate to 0, hence there
will be 11 X 21 nodes in row and column direction respectively. Figure 3 shows the
view of the coldface wall after meshing. The nodal temperature values on this wall
which will be then used to generate a synthetic thermal image.

In this simulation, it is assumed that the temperature has been at its steady-state
condition, hence hot-face wall temperature was constant at 1100°C, while ambient
temperature assumed to be at 25°C. Adiabatic boundary conditions are applied to
the four sides of the wall, thus there are no losses through these sides as they are
assumed to be insulated. Losses due to convective (A = 10 W/m2.K) and radiative
(€ = 0.5) heat transfer occurred from the outer surface (cold-face) wall. Thermal
properties of the model are given in Table 1. Temperature distribution result within
the wall for a certain spalling size and depth is shown in Figure 4. In the figure, the
red colour represents higher temperature section and the blue colour represents
lower temperature section. It is obvious from the figure that the hot temperature at
the inside surface wall gradually decreases to the outer surface wall. Another fact is
that the temperature at the outside wall (at the position where the defect is located in

Table 1 Thermal properties of the model

Wall Type Thermal Conductivity Specific Heat Densitg
(W/m.K) (J/ kg K) (kg/m")
Firebrick 1.436 0.96 2300
Insulation 0.225 1.3 1200
Ceramic fiber block 0.116 2.8 430

AISI 316 Stainless steel 16.3 499.99 8000
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Figure 4 Middle-bottom halfsection view (left), rightmiddle half-section view of temperature
distribution within the walls (right) (size = 15 cm?, depth = 15 cm)

the inside surface wall) is hotter than surroundings due to the shorter length of the

layered walls.

4.0 SYNTHETIC THERMAL IMAGE GENERATION

Simulation from the previous section provides the temperature nodal values data of
size 11 X 21 or 231 nodes, which are in Celsius degree. The synthetic thermal image
will be generated based on these temperature values. The process flow for synthetic
thermal image generation is as shown in the Figure 5. The discussion for this process

is described in the following section.

Raw
temperature data

t(x.y)

Transformation

Synthetic
thermal image

f(x.y)

Figure 5 Synthetic thermal image generation process

4.1 Image Representation

A digital image may be defined as a two-dimensional function, f{x,y), where x and y
are spatial (plane) coordinates, and the amplitude of f at any pair of coordinates (x,y)
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is called the intensity of the image at that point [16]. In a digital computer, it is
required to represent images as two-dimensional arrays of points. A point on the
2-D grid is called a pixel or pel. Both words are abbreviations of the word picture
element.

In the simplest case, the pixels are located on a rectangular grid. The position of
the pixel is given in the common notation for matrices. The first index, m, denotes
the position of the row, the second, n, the position of the column (Figure 6). If the
digital image contains M X N pixels, i. e., is represented by an M X N matrix, the
index 7z runs from 0 to N-1, and the index m from 0 to M-1. M gives the number of
rows, N the number of columns [17].

A digital thermal image (or shortly thermal image) has similar notation with a
digital image (or shortly an image). 7hermogram is a common name for a thermal
image and the common term for a digital image is a visual/ image. In a thermogram,
f(x,), defined as a 2-D radiance function and the value of f at any point (x,y) is
proportional to the radiance or energy emitted from the scene at that location.

The raw radiometric data obtained from an infrared camera is generally either of
8, 12, 14, or 16 bits, giving 2% = 256 (0 to 255), 2" = 4096 (0 to 4095), 2™* = 16,384
(0 to 16383), or 2'° = 65,536 (0 to 65,355) intensity values. In this paper, 8 bit gray-
level is applied when generating the synthetic thermal image.

columns
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Figure 6 Image representation

The following section discusses on the technique in generating this thermogram
based on its raw temperature data. There are two schemes for this purpose: first,
grayscale thermogram and second, color thermogram using RGB colour space. In
color image terminology, the latter coloring mechanism commonly known as pseudo-
or false-color image.
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4.2 Grayscale Thermogram

In infrared thermography, usually low intensities in a thermogram are represented
with dark shades and high intensities with bright shades [4], but this is not always the
case, since the vice versa scheme can also be applied. For this two color modes: it is
called as Black = White (B > W) color map if the dark shades represent low
intensities or low temperature value, or White = Black (W > B) color map if the
bright shades represent low intensities or low temperature value.

0 255
_—

0 255
v v

Figure 7 (B > W) and (W = B) color bar

For 8 bit color system, low intensities (low temperature values) are represented by
0 and high intensities represented by 255 in the case of (B = W) color map, and vice
versa for the case of (W = B) color map. Color bar illustration (using full intensity
values) for these two cases is shown in Figure 7.

The transformation or mapping process from radiometric raw data (temperature
values) to intensities values can be done straightforward. Let 7" and 7 denotes the
temperature values and intensity value respectively. 7,5, is the temperature value
from £ =1 to K. Iz.:i is the gray-level value that will be used for mapping process,
from i, to i, and as mentioned previously, we just concentrate on 8 bit system,
hence the maximum value for ¢, is always equal to 255. For simplicity, the discussion
in this paper is limited to K < 256.

The first step is to sort the raw data in ascending order to generate (B > W) color

map or in descending order for (W => B) mapping. Then, calculate numbers of
temperature value level K. After that, determine starting gray-level value 7, that
will be employed, and assign all values to gray-level Values For (B > W) case
T, =1 Ty=i 4t 1, .., ITg= IK” (F1gure8)orTK Ty =ipm+1,.
T\ =Ig., for (W=> B) mapping. "This mapping process is just applied to one
column vector (one color plane), therefore when generating actual image in any
format, another two color planes are assigned to this mapped color plane. Since
equal intensities of each red, green and blue color channel will display that image as
a greyscale image.

min? mm’
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Temperature Gray-level
T1 — 0
T2 1
T3 — 2 i
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TK—1 ] 254 K + imin
Tk — 255

Figure 8 Mapping from temperature to intensity value

Figure 9 Synthetic greyscale thermogram: B > W (top), W = B (bottom)
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Figure 9 shows the generated synthetic thermal image in grayscale format, both
for (B > W) and (W -> B) respectively. It is obvious from the figure that low
temperature value will have low intensity value and high temperature has high intensity
(as shown in the centre of the image) for (B = W) mapping, and vice versa situation
is occurred in (W > B) mapping. Note that thermograms in the figure are scaled for
displaying purpose only. Readers who are interested on the image scaling mechanism
can refer to the standard literature [21].

4.3 Color Thermogram

The use of color in image processing is motivated by two principal factors. First,
color is a powerful descriptor that often simplifies object identification and extraction
from a scene. Second, humans can discern thousands of color shades and intensities,
compared to about only two dozen shades of gray [18].

Color image processing is divided into two major areas: full-color and pseudo-color
processing. In the first category, the images in question typically are acquired with a
full-color sensor, such as a color TV or color scanner. In the second category, the
problem is one of assigning a color to a particular monochrome intensity or range of
intensities. Until recently, most digital color image processing was done at the pseudo-
color level.

4.3.1 Thermogram Generation

The procedure to generate a color thermogram is similar to the generation of
grayscale thermogram described in the previous section. But in generating color
thermogram, the each temperature values are mapped to the three RGB components.
These RGB values are usually known as color scale or color ramp [19]. The most
commonly used color scale is often refered to as hot-to-cold or blue-to-red (B > R)
color scale. Blue is chosen for the low values, green for middle values, and red for
the high bounds. Cyan and yellow are added so that the color scales only move
along the edges of the color cube [20]. The path of this color scheme within color
cube is shown in Figure 10.

Color transition for (B = R) color scale is shown in the Figure 11. This color is
generated using the standard color table as shown in Table 2 [20]. It is easy to
understand that the color runs from blue, cyan, green, yellow, and red.

For color synthetic thermal image generation, each temperature value is mapped
to its RGB value after sorting the data in ascending order, meaning that blue represents
low temperature and red represents hot temperature. Color thermogram version for
the temperature data using (B = R) color scale is shown in Figure 12. This synthetic
thermal image is easier to interpret and gives more intuitive sense for fast decision
making to a thermographer.
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Figure 10 (B > R) color scale within color cube
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Figure 11 (B - R) color transition

Figure 12 Color thermogram of temperature data
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Table 2 A standard (B - R) color scale
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Table 2 (Continued)

ID R G B ID R G B ID R G B ID R G B
53 0 212 255 118 0 255 37 183 222 255 0 248 255 27 0
54 0 215 255 119 0 255 33 184 225 255 0 249 255 23 0
55 0 220 255 120 0 255 29 185 230 255 0 250 255 19 0
56 0 223 255 121 0 255 25 186 233 255 0 251 255 15 0
57 0 228 255 122 0 255 21 187 238 255 0 252 255 11 0
58 0 231 255 123 0 255 17 188 241 255 0 253 255 7 0
59 0 236 255 124 0 255 13 189 246 255 0 254 255 3 0
60 0 239 255 125 0 255 9 190 249 255 0 255 255 0 0
61 0 244 255 126 0 255 5 191 254 255 0
62 0 247 255 127 0 255 1 192 255 252 0
63 0 252 255 128 1 255 0 193 255 247 0
64 0 255 254 120 5 255 0 194 2556 244 0

Other color scales with various combination of red, green, and blue color components
are also possible [19], and users can design their own color scale which is more
suitable to fulfill their needs. Principally, one thing that should be considered in
data presentation is that the purpose of coloring the radiometric raw data is to make
the interpretation of the data in a more effective and efficient way and an accurate
decision can be achieved.

5.0 CONCLUSION

This paper demonstrates the use of numerical heat conduction modelling to simulate
the real situation of thermal properties of object of interest. This data is then used to
generate the synthetic thermal image. The way of visualization that has been described
in the text is both for the generation of a grayscale and color thermogram. Synthetic
thermogram gives many advantages to thermographers, since they can simulate the
real situation without any need to fabricate the specimen and they can test their
developed image processing algorithms in case the real thermograms are difficult to
obtain.
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