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Abstract

This paper is a part of the work in developing a software that predicts IR signatures from objects in the scene by considering the direct
and diffuse solar irradiations, the atmospheric convection and the conduction within objects. The thermal information of the objects and
their background is essential for understanding the IR signature characteristics from the scene. The thermal contrast between the objects
and the background is then used to obtain their infrared radiation contrast which is the important signal in identifying the objects. We
considered the composite heat transfer modes including conduction, convection and spectral solar irradiation on the objects within a
scene to calculate the surface temperature distribution. The radiative energy components included in the thermal analyses are consisted of
the direct and diffuse solar irradiances and sky thermal irradiation, while the thermal conduction within the object is approximated as
one-dimensional heat transfer into the depth. The measured diurnal surface temperature variations on the three different test plates facing
east, south and west respectively are fairly well compared with the modeled results obtained from the software developed in this study
and a commercial software. A complete set of measured data including the plate temperature together with the detailed weather informa-
tion and the irradiation data can be valuable reference for future study.
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1. Introduction

Electromagnetic thermal radiation emitted from objects
above 0 degree Kelvin can be utilized for many different pur-
poses. The thermal radiation is a typical passive signal from
the objects within a scene which can be detected covertly by
some proper detectors located at a sufficient distance from
them such as infrared detectors. The infrared signals from the
objects propagate through semi-transparent media such as air,
gas, liquid, or solid with some attenuation due to the absorbing
and scattering characteristics of the media. Detection of these
infrared signals from the objects lets us to figure out their ap-
pearances and movements even in the dark night [1, 2].

We are encouraged to utilize software tools to get the spec-
tral infrared images from some specific remote objects for pre-
examination purposes because it may not be a sufficient way
to obtain the desired infrared data from those objects by meas-
urement only due to a large variety of objects, environments,
and meteorological conditions. However a few of the devel-
oped countries have the capabilities to develop, test and main-
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tain the infrared image generation software which can be used
to simulate the infrared signatures from the objects within a
certain designated region [3, 4]. Some of the well-known soft-
ware are DIRSIG (USA, [5]), RadThermIR or MUSES (USA,
[6]), OKTAL-SE (France, [7]), Ship[R/NTCS (Canada, [8])
etc. These software are open to the public with limited func-
tions and also they are very expensive even with the limited
functions. These software tools can be used for synthetic im-
age generation which includes simulated imagery in the visi-
ble through thermal infrared regions. They are designed to
produce spectral imagery with band approximations through
the integration of radiation propagation sub models.

This study is focused on experimentally verifying the ther-
mal module of the synthetic infrared image generation soft-
ware, Silhouette, developed by the authors. Three sets of test
plates fabricated by using aluminum plates insulated on the
back side are used to measure the diurnal temperature varia-
tions of the three plates facing east, south and west respec-
tively. The diurnal variations of meteorological data including
the solar and sky irradiations, the air temperature, the wind
velocity and the wind direction are also measured at the same
time interval as the temperature measurement. The measured
diurnal surface temperatures are compared with those ob-
tained by using the software developed in this study (Silhou-
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Fig. 1. Schematic diagram of the thermal balance on an object surface.

ette) and by using the commercial software (RadThermIR)
where both of the modeled results are obtained by using the
measured irradiation and weather data.

2. Theoretical background

The surface temperature of an object can be determined by
considering the energy balance over a finite surface element as
shown in Fig. 1. The resulting equation for the time-dependent
surface temperature (7, ) is expressed as [9, 10]

dT,
=0 0~ 0 0 n

Mst,s [

where M, and C,, are the mass and specific heat of the
surface element. O, , is the conductive heat transfer through
the plate thickness (one-dimensional). O, is the convective
heat exchange with the wind and Q,,, is the surface emission
[11]. Q... is the solar and sky energy absorbed by the sur-
face. Q,,, 1s determined by considering the surface absorp-

irra
tion as;
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where ¢, v @4 Gy s @r€ the total solar energy
fluxes by direct and diffuse irradiations. g, is the total en-
ergy flux by the sky radiation. &, is the angle between the
normal directions of object surface and the horizontal surface.
The absorptivity ¢ is the hemispherical short-wave absorp-
tion property on the spectral band between 0.3-3 um , and the
absorptivity «,, is the hemispherical long-wave absorption
property on the spectral band between 3-30 um [12]. The two
different spectral bands are considered since the solar energy
flux meters used in this study detect the solar energy in these
spectral bands respectively.

Direct solar heat flux: The total direct solar irradiation in-
cident to the object surface can be calculated by integrating
the spectral direct solar irradiation between the wavelength
range 0~3 um as;

3
qsolar,dire(‘t = j; z.s (2’) : Isu[ar,direcl (ﬂ') COs 65 dﬂ’ (3)

where 7, 4..(4) is the direct spectral solar intensity above
the atmosphere. 6, is the solar angle measured from the nor-
mal axis on the horizontal surface. 7,(4) is the atmospheric
spectral transmission along the solar energy path. The total
direct solar irradiation g, 4., can also be measured by
using a proper solar direct flux meter with sun tracker.

Diffuse solar heat flux: The total hemispherical diffuse so-
lar irradiation can be calculated by integrating the spectral
diffuse solar irradiation between the wavelength range
0~3 um as

2r prml 2
qsular Jdiffuse f f f
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where 7, . (4,6,0) is the spectral diffuse solar intensity.
0 and ¢ are the polar and azimuth angles. The total hemi-
spherical diffuse solar irradiation g, 4u, can also be meas-
ured by using a proper solar diffuse flux meter. 7,(4) is the
atmospheric spectral transmission along the atmospheric en-
ergy path.

Sky heat flux: The total hemispherical sky irradiation inci-
dent to the object surface can be calculated by integrating the
spectral sky irradiation between the wavelength range
3~30 um as

T

where 1, (4,0,¢) is the spectral diffuse sky intensity. The
total hemispherical sky irradiation g,,, can also be measured
by using a proper sky flux meter.

o (4,6,0)d0d¢ dA (5)

3. Experimental validation

Surface temperature profile over the objects exposed to the
atmosphere can be measured fairly accurately by using ther-
mocouples installed on the object surface. The experimental
validation of the software developed in this study can be more
effective if we measure the solar and sky irradiations and the
weather data at the same time when the surface temperatures
are measured. By using the time dependent solar and sky irra-
diations and the weather data measured near the test plates, the
validation procedure of the thermal module developed in this
study can be free from the uncertainties due to the modeled
solar and sky irradiations using the well-known softwares
such as LOWTRAN [13] or MODTRAN [14]. In this study,
we used three sets of simple test plates facing east, south and
west directions with 15 degrees of inclined angle, and the
weather station and the solar and sky irradiation measurement
system are installed near the test plates as shown in Fig. 2. The
Experimental site is located in Seoul, South Korea, at the lati-
tude of 37.34N and the longitude of 126.34E.
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Table 1. Accuracy of the weather station sensors.

Table 2. Integrated irradiation flux instrument.

Weather Parameters Unit Accuracy Flux Parameters Unit Sensitivity
Wind velocity m/s +0.3 m/s Pyrheliometer (NIP) W/m? Approx. 8 uV/Wm
Wind direction Degree +2° Pyranometer (PSP) W/m? Approx. 9 uV/Wm
Atmospheric temperature °C +0.3°C Pyrgeometer (PIR) W/m? Approx. 4 pV/Wm
Relative humidity % +3%
Atmospheric pressure mbar +0.15 mbar . i

Fig. 2. Picture of the experimental system.

3.1 Test plates

Three sets of test plates are fabricated by using aluminum
plates with the dimensions of width [1 m] x length [1 m] X
thickness [5 mm], and on the back side of each test plate ther-
mal insulation board of 65 mm thick consisted of polyvinyl
sponge sheet, polystyrene foam board and wood plate is ap-
plied as shown in Fig. 3. The heat conduction on the alumi-
num plate can then be approximated as one-dimensional mode
through the plate thickness. On each of the aluminum plate 21
thermocouple sensors are mounted on the back side surface
through the drill holes with the depth of 4mm as shown in Fig.
3. Each of the thermocouple sensors is inserted into the corre-
sponding drill hole and mounted firmly by filling the copper
based thermally conducting cement (Technovit 5000 from
Kulzer Co. Ltd) into the hole. The uniformity of temperature
on each of the test plates is checked by comparing the thermo-
couple readings from the 21 sensors. The maximum tempera-
ture difference between different sensors on each of the test
plates is measured within 1°C which ensures that the heat
conduction within the test plate is nearly one dimensional.

The time dependent temperature change on each of the test
plates is then obtained by averaging the temperature values
from the five thermocouple sensors located near the center of
the test plate. A data logger with 60 channels (DC 100 from
Yokogawa Co. Ltd) is used to gather the temperature values
from 15 sensors on three test plates at every five minutes.

3.2 Weather station

A portable weather station NOMAD from Casella Co. Ltd)
is used to measure the weather data near the test plates as
shown in Fig. 2. Accuracy of each sensor mounted on the
weather station is summarized as shown in Table 1. Five dif-
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Fig. 3. Test plate used for experiments.

ferent weather data including the air temperature, wind veloc-
ity, wind direction, humidity and atmospheric pressure are
recorded every five minutes during the experiment.

3.3 Integrated irradiation flux instrument

The irradiation flux measurement is conducted by using the
integrated irradiation sensor apparatus supplied by Epply
Laboratory as shown in Fig. 2 which is mounted on the sun
tracker. The irradiation flux sensors mounted on the sun
tracker are consisted of the solar direct irradiation sensor
(Normal Incidence Pyrheliometer (NIP) from EPLAB), the
solar diffuse irradiation sensor (Precision Spectral Pyranome-
ter (PSP) from EPLAB) and the sky irradiation sensor (Preci-
sion Infrared Radiometer (PIR) from EPLAB), and the accu-
racies of these sensors are summarized in Table 2. The irradia-
tion data are recorded at the same time interval (every five
minutes) as the temperature recording during the experiment.
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Table 3. Material Properties considered[15].

Thermal | Shortwave | Longwave
conductivity| Absorptivity|Absorptivity
(W /m-K)|(0.3~3 um )|(3~30 um )

201.0733 0.30 0.22

Density [Specific heat]

Material (kg/mH|(J/Kg-K)

Aluminum|2770.0906| 884.2521

4. Results and discussions

4.1 Applied conditions

To validate the software developed in this study, the tem-
peratures measured from the test plates are compared with
those obtained from the modeling where the irradiation and
weather data are supplied by the measurement. The test plates
are located at the geographical location at the latitude of
37.34N and the longitude of 126.34E as described in Section 3,
and the experiment was performed between August 27 and 28,
2008. The thermodynamic and optical properties of the alumi-
num considered in this study are listed in Table 3 [15].

4.2 Validation of the software

The software developed in this study, Silhouette, is based on
one dimensional heat conduction through the depth of the
object. The temperature distribution is predicted by consider-
ing the solar and sky irradiations, the convection heat ex-
change with the atmosphere, and the heat conduction through
the object. A well-known commercial software, RadThermIR,
which is based on a fully three dimensional heat conduction
model predicting the surface temperature distribution over the
object surface is also used for comparison. The environmental
parameters required by the RadThermIR and the Silhouette
are provided by the measured data from the weather station
and the irradiation flux instrument. The material properties of
the aluminum plate given in Table 3 are used for the numeri-
cal modeling by the RadThermIR and the Silhouette.

Fig. 4 shows the diurnal cycle of the measured solar and sky
irradiances, the atmospheric air temperature, the wind velocity,
the wind direction, the relative humidity and the atmospheric
pressure. Since the weather on the day of the experiment
showed clear sky in the morning and showed some scattered
clouds in the afternoon, the measured solar irradiation curve
shows strong and smooth solar flux distributions in the morn-
ing and reduced solar flux distributions due to the scattered
cloud in the afternoon. The solar irradiations are detected after
6:30 in the morning and are not detected after 6:30 in the af-
ternoon, while the diffuse sky irradiation remains nearly un-
changed during the whole cycle of the experiment. The air
temperature and wind speed are also shown in Fig. 4, and the
diurnal cycle variations of the air temperature, wind speed and
direction are observed between 20 and 25°C, 0 and 4 m/s, 0
and 359°(0° indicates north direction and 90° indicates east
direction) respectively.

Figs. 5, 6 and 7 show the diurnal cycle of measured and pre-
dicted surface temperatures of the plates facing east, south and
west respectively shown together with the solar irradiations.
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Fig. 4. Measured diurnal solar and sky irradiations shown with the
weather data.

Fig. 5 shows the diurnal temperature variations on the east
facing plate obtained from the experiment and from the nu-
merical predictions by using the Silhouette and the RadTher-
mIR. All of the three different results show reasonable tem-
perature variation curves reflecting the strong direct sun light
before the noon and no direct sun light due to shade in the
afternoon. The RadThermIR and the Silhouette predict tem-
perature jump by the sunrise near 6:30 in the morning similar
those shown by the experiment near 6:30 in the morning. The
RadThermIR underpredicts the plate temperature in the period
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Fig. 5. Comparison of the measured and simulated diurnal plate tem-
peratures shown with the irradiations (east facing with 15 degrees of
inclined angle).

70 1000
—&— Measured +  Solar Direct
—— Silhouette | | ————— Solar Diffuse
60 4 RadThermIR ———  Sky
L so0 o
£
5 50 4 2
i L =]
° : = 2
E 3 =
© 40 1 ®
8. =
§  mn i &
~ 30 =l o
E:
2 s [}
20 g Ll 2
5 g
o
e
10 T T T T T T T

00 02 04 08 08 10 12 14

Time [Hour]

Fig. 6. Comparison of the measured and simulated diurnal plate tem-
peratures shown with the irradiations (south facing with 15 degrees of
inclined angle).

of no sun light up to 2.58C as compared to those obtained by
the experiment and the Silhouette while the Silhouette over
predicts the peak temperature due to the sun light near 10:00
in the morning than those obtained by the experiment and the
RadThermIR. Both the RadThermIR and the Silhouette pre-
dict lower temperature profiles after 2:00 in the afternoon than
those obtained from the experiment.

Fig. 6 shows the diurnal temperature variations on the south
facing plate obtained from the experiment and from the nu-
merical predictions by using the Silhouette and the RadTher-
mIR. All of the three different results show reasonable tem-
perature curves reflecting the strong direct sun light between
8:00 in the morning and 5:00 in the afternoon. The RadTher-
mlIR predicts earlier temperature rise due to the sun light in the
morning and earlier temperature drop due to the sun set in the
late afternoon as compared to the experiment and the Silhou-
ette, and it also shows appreciable under prediction of the
plate temperature up to 8.35 ¢ lower temperature as com-
pared to the experiment especially in the afternoon. On the
other hand, the Silhouette shows fairly reasonable results with
less than 5.32°C difference as compared to the experiment.

Fig. 7 shows the diurnal temperature variations on the west
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Fig. 7. Comparison of the measured and simulated diurnal plate tem-
peratures shown with the irradiations (west facing with 15 degrees of
inclined angle).

facing plate obtained from the experiment and from the nu-
merical predictions by using the Silhouette and the RadTher-
mlIR. All of the three different results show reasonable tem-
perature curves reflecting the strong direct sun light after the
noon and the sun set near 6:30 in the afternoon. Although the
RadThermIR shows appreciable underpredictions of the night
time plate temperature, it shows fairly good agreements with
the experimental temperature distributions while the Silhou-
ette shows appreciable delay in temperature rise due to the sun
light.

5. Conclusions

This study concludes that the modeling tools for prediction
of the object surface temperature exposed to the atmosphere
are useful for many applications. The two modeling tools used
for demonstration of the surface temperature prediction, a
commercial software RadThermIR and the Silhouette devel-
oped in this study, result in a fairly good agreement with the
carefully measured surface temperature. For the thin flat alu-
minum plate the one-dimensional approximation for the con-
duction within the object can be a good approximation to re-
duce the computation time up to approximately 1/3 with mi-
nor loss of accuracy as compared to the well-known three-
dimensional code, RadThermIR. Although the one-
dimensional approximation for the conduction within the ob-
ject can be a good choice for wide and flat objects the full
three-dimensional modeling may be better selection for most
of the objects with unequal heating by various internal and/or
external heat sources. A complete set of measured data includ-
ing the plate temperature together with the detailed weather
information and the irradiation data supplied by this study can
be a valuable reference for future study.
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