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Abstract

To be able to predict the IR-signature of an aircraft for example, the heat radiated,
in form of IR-radiation, from the aircraft has to be calculated.
The module based code SIGGE, for calculating the IR-signature, is under de-
velopment. This code uses a number of equations to calculate the IR-intensity.
This report describes how these equations are derived together with a brief
discussion about radiative heat transfer.
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1 Introduction

Figure 1. Spectrum for electro-
magnetic radiation.

Table 1. Relations between
wavelength and wave number.

Radiative heat transfer in the infrared (IR) interval is normally defined as electro-
magnetic waves or electromagnetic radiation with wavelengths between 0.7 um
and 100 pm, see Figure 1. Electromagnetic waves could be represented by wave-
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length, A, frequency, v, wave number, », or angular frequency, w. They are related
to one another by:

v= == (1)
where ¢ = <0 is the speed of light in a medium with refractive index n and ¢ is
the speed of light in vacuum. In the IR-region, the wavelength or the wave number
are the most common used with the units xm for wavelength and cm~"! for wave
number. In Table 1, some relations between wavelength and wave number are

presented.

Wavelength [um]  Wave number [cm~!]

0.7 ~ 14000
3 ~ 3000
14 ~ 700

In room temperature, the largest part of the IR-radiation is in the interval
0.7 - 14 um. In the atmosphere, the transmission is largest between 3 - 5 um
and between 8 - 14 um. In the interval in between, a large part of the IR-radiation
is absorbed.

A surface or a body, with a temperature T > 0 K, radiates heat in form of
IR-radiation. The intensity is dependent on the structure and temperature of the
surface. In a gas, the IR-radiation heat transfer depends on the composition of the
gas and gas temperature.

Different vehicles will emit IR-radiation of different wavelength and intensity,
this will give rise to an IR-signature. For an airborne vehicle, the hot plume from
the engine will contribute largely to the IR-signature. For some military vehicles,
it is of most importance to have a low IR-signature.

By doing calculations of the IR-signature for an aircraft or parts of an air-
craft, the factors that contribute the most and critical points can be identified and
minimised.

The Department of Computational Aerodynamics, Aeronautics Division (FFA),
at the Swedish Defence Research Agency (FOI), is currently developing a com-
puter code, SIGGE, for calculation the intensity of IR-radiation from airborne
vehicles or specific parts of these vehicles.
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In this report, the equations used for intensity calculations, on which some
parts of SIGGE are based, are described. In section 2, the basic layout of program
itself is described. Some general concepts in radiative heat transfer is found in
section 3. In section 4 and section 5 are the data base with absorption coefficients
and the distribution of species discussed. In section 6, the definition of cells is
presented. The intensity and the radiance is discussed in section 8. Radiation
from walls are treated in section 7. The resulting final equation is found in section
9. Some ways of presenting the resulting intensity are discussed in section 10. In
section 11, conclusions and outlook are found.
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2 Basic layout of SIGGE

Figure 2. The proposed struc-
ture of the module based code
SIGGE.

Parameters needed for the IR-calculation, in a gas, are for example temperature,
pressure and distribution of the different species. The values of these parameters
can be extracted from CFD-calculations®. When performing a CFD-calculation,
the object of interest is surrounded by a mesh and a solution of the fluid dynamics
equations is found, defining flow quantities in each cell. Thus, for each cell in the
mesh, the parameters of interest, for the IR-calculation, are known.

The proposed structure of SIGGE is presented in Figure 2. The code is module

Central module
Communicate with the user
GUI
Creates case data
Calls sub-modules

Rayfinder SN Radcalc BN Data treatment
e Defines rays based on Case data e  Calculates the intensity of the IR e Integration
e  Uses the geometry, the CFD radiation e Visualisation
mesh and solution together with e Uses absorption coefficient data
the boundary conditions

Structured | | Unstructured | | Gas | | Wall
Input data Output data
Geometry e Intensity of IR radiation
CFD mesh (optional representation)
CFD solution (incl. specie distribution) e IR-images

Boundary conditions (incl. wall data)
Absorption coefficient data
Case data

based, where each module can operate alone or together with other modules. The
modules discussed in this report are RAYFINDER and RADCALC.

The user will define an imaginary sensor, which consists of a flat plane with a
number of pixels, giving an IR-image for each specified wave number, see Figure
3. The orientation of the sensor in space is defined by two orthogonal vectors, &
and . Each pixel has a field-of-view of A8 x A¢, which gives a total field-of-
view of ng Ag and n,Ag, where ng and n, are the number of pixels in the 6- and
o-directions, respectively.

The user will define a view position, which is the position where the imaginary
sensor is located, and a target position, which is the position in space where the
centre of the sensor is aiming at, giving an aiming direction, which should be
orthogonal to the sensor plane.

The module RAYFINDER will use this information to draw rays from the
view position through the mesh. Each ray will be separated from their neighbours
with angles of A8 and A¢. Thus, each ray will correspond to a pixel in the
imaginary sensor. In Figure 4, a view position and a target position are defined

1CFD: Computational Fluid Dynamics

11
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Figure 3. Imaginary sensor de-
fined by the user. The sen-
sor will collect one image for
each wave number, n, specified.
Each pixel has the field-of-view:
A6 X Adg.

Figure 4. Rays are drawn from a
view position where the centre-
ray is drawn toward the target
position. Each ray is separated
from the neighbouring rays with
angles of A6 and A¢.
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in space, making, in this case, the aiming direction of the sensor run along the
z-axis. The imaginary sensor will, therefore, coincide with the x-y plane and the
f-direction can be chosen to run along the x-axis and, consistently, the ¢-direction
will run along the y-axis.

20
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/ Targét position
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The user will define the number of rays, ny x ng, and the angular resolution,
AfO x A¢. The method of drawing rays through a mesh, see Figure 5, is called
the line-of-sight method. It is of great importance to point out that the normal
spherical coordinates are not used here.

The radiative heat transfer, which gives the IR-intensity, is calculated along
each ray giving a one-dimensional problem. This is discussed in more detail in
section 6. The module RADCALC will do the actual calculation and it uses a data
base of absorption coefficients and the parameters given by the CFD-solution.

The gas, through which the rays are drawn, can be composed of different
species, such as CO, and H,O. All species have specific absorption coefficients,
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Figure 5. Rays are drawn from
a view position toward an object
in space or “infinity” through a
mesh.

>
>
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View point

for different wave numbers, given in the data base, see section 4.

For a more detailed description of the program code SIGGE, Ref. [1] is rec-

ommended.

13
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3 General concepts in radiative heat transfer

For gases and surfaces, we define the absorptivity, «, the transmissivity, 7, and the
emissivity, e:
_ absorbed part of incoming radiation

Abw t. -t : — = " - - 2
rptivity: o total incoming radiation @

transmitted part of incoming radiation

Transmissivity: 7 = . - —
total incoming radiation

3)

energy emitted from a surface
energy emitted from a black body surface at same temperature

(4)

The spectral transmissivity in a homogen isothermal gas cell can be written
as:

Emissivity: ¢ =

Ty = e (5)

where s is the thickness of the gas cell and the proportionality constant «,, is the
absorption coefficient. The spectral absorptivity in the gas can be written as:

ap=1—71,=1—¢""" (6)

The spectral radiance for absorption and emission in one homogen gas cell
becomes for small ds:

dL
T = (L — L) )
=
Ly = Ly(0)e™ o 0t 4 1y (1= e o mac) (8)

L+, is the spectral black body radiance given by:

L - 27rhc%773 _ Cin3 )
bn = (eheon/kT — 1) — eCan/kT _1
where
Cy = 2hcg = 1.191 - 10~ 1°Wm? (10)
Cy = heo/k = 1.4388 - 10 2Km (11)

For further reading, Ref. [2] is recommended.

15
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4 Data base with absorption coefficients

Figure 6. Pressure absorp-
tion coefficients, averaged over
5cm~L.

In the data base, the absorption coefficient, m,‘ip , Which is different for different
species, is either given as a mass absorption coefficient, 5, or a pressure absorp-
tion coefficient, «,5. To get the absorption coefficient, ", the partial absorption
coefficient has to be be multiplied with partial pressure, pg,, or partial density,

Psp-

Kyl = Ko X Dsp (12)
Ky = Ky X Psp (13)

The units of partial absorption coefficients in the data base should be [;}] =
m3 x(kg x cm)~! and [kp,] = (atm x cm)~ 1, respectively. The coefficients are
dependent on wave number [cm~!] and temperature [K]. All species have specific
absorption coefficients, which are indicated with the superscript sp, and the total
absorption coefficient is achieved by adding absorption coefficients for different
species:

Ky = Z Hf?p (14)
sp

Pressure absorption coefficients for CO5 and H,O can be extracted from files
generated by HITRAN and HITEMP [3, 4]. Examples of pressure absorption
coefficients, with a wave-number resolution of An =5 cm~1, are presented in
Figure 6. These absorption coefficients have been extracted from HITRAN and
HITEMP, by calculating a mean of the emission lines using the line strengths and
Lorentz broadening [2, 3].

co, H0

1000
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5 Mass fraction, mole fraction and distribution of species

As discussed in section 4, the partial absorption coefficients, x°), | has to be
multiplied with the partial pressure, pg,, or the partial density, psp.’ Thus, these
quantities must be known or must be possible to calculate.

Normally, what is given in the CFD-solution is the mass fraction, which is
the fraction between the ambient air and the combustion gas. The combustion
gas mainly comprises Ny, O5, H2O and CO5. H,0 and COs, will give rise to IR-
signatures and thus their concentrations are needed. For simplicity, it is assumed
that the ambient air will not contain species that will contribute to the IR-signature.
The mole fractions for the different species in the combustion gas can, for exam-
ple, be calculated with the program CET89 [5]. The mole fractions are assumed
to be constant in all cells and should be given in the input file of SIGGE [1].

The concentration of species can be given either by the partial pressure, ps),
or the partial density, psp,, and by using the mass fraction from the CFD-solution
and the mole fraction, the concentration of species could be approximated as:

{ isf" } = mass fraction for gas x mole fraction for species x { ]pj } (15)
sp

where p and p is the total pressure and density.

Doing this simplified calculation some errors will occur. When the ambient air
is mixed in, the molecule weight will change, therefore, the mole fraction should
be multiplied with the change in molecule weight. The mole fraction varies non-
linearly with the equivalence ratio, which also will give rise to an error. These
corrections are not implemented in the current version of SIGGE, therefore, the
partial pressure and the partial density are impaired by a few percents error.

It should be pointed out that, if the concentration of species is given directly
in the CFD-solution, SIGGE will be able to handle that as well.

19
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6 Cell definition

The mesh around the object of interest is represented in a coordinate system. The
rays drawn from the view position are represented in the same coordinate system.
The coordinates of each ray are transformed to a one-dimensional system, given

by t1, t2... . In Figure 7, an example, with only three cells involved, is sketched.
This example will be used to illustrate and explain the equations derived in this
report.
Figure 7. One example of the . e
view position i
cell intervals. t; - t3 are one- P target position
dimensional coordinates and s; t1 2 t3
- s3 are the lengths of the cells.
sl s2 s3

The view position is placed in t; = 0. From the one-dimensional coordinates,
the length of each cell is defined as:

to — ¢t

51 = 221 (16)
ta —t

32:% (17)
ta —t

53=% (18)

Assuming that the absorption coefficient is constant through the whole cell, the
radiance for each cell is given by Eq. (8) and can be written as:

Ly(s1) = La(0)e ™™ L3, (1—e7he) (19)
2 —K2s 2 —K2s

Ly(s2) = L2(0)e 1% 4 L2, (1 — e ) (20)
3 —K3s 3 —K3s

Ly(s3) = L3(0)e 0% 4 L3, (1 e 3) 1)

Assume that L%(O) =0, i.e. no initial radiation from a wall nor contributions from
any background outside the mesh, and that L%(O) =L, (s3):

Ly(s2) = L, (1= 7 ) e 13 (1 e (22)
Put L}7(0) =L, (s2):
Ly(s) = e (13, (1= e ) emmion 13, (1 e7io2) ) 4
+L, (1 - e‘ﬁ%Sl) _
= Ll%n (1 — 67'%71781> + 23)

_ el 2
1 l%ne Kps1 (1 e /@nsz)
1 2 3
1 gne K1 oKy S2 (1 67"{"83>

which gives the spectral radiance in the view position, t; = 0.

21
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7 Treatment of walls
(or radiation from real surfaces)

Using the same example as in section 6, the radiance from a surface is given by:
I_ _ L 7!@181 7%282 7}{?83 24
n = eglppe” "7t e (24)

where ¢, is the spectral emissivity for the wall. With direction dependence, the
spectral emissivity is given by:

L, (30) cospdf L, (30)

! —
¢ (0) N Lb77 COS 90d9 N Lb77

(25)

where 3y shows the direction dependence of the radiance. Here, we are dealing
with the normal spherical coordinates. The spectral hemispherical emissivity is
given by:

2m (/2 L, (0, ¢) cos 6 sin 6dfd¢

_Jo_Jo
57] - 7TLbn (26)
which can be written as:
1 27 /2
En = — / / £,(6, ¢) cos 0 sin 0dfde (27)
™ Jo 0

For an isotropic surface, i.e. a surface that has no different structure, composition
or behaviour for different direction on the surface (independent in the azimuthal
angle ¢), the spectral hemispherical emissivity is given by:

w/2
en =2 /0 £, (0) cos O sin d6 (28)

For a diffuse surface or a Lambert surface, the emissivity is the same in all direc-
tions, i.e. 517 is independent of 6. This gives a spectral hemispherical emissivity
of:

€y = 5% (29)

To conclude, to calculate IR-radiation from a surface the temperature and the
emissivity of the surface have to be known.

23
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8 Intensity and radiance

Figure 8. Definition of area seg-
ment and solid angles for calcu-
lating the flux.

The difference between intensity and radiance can be introduced by two quota-
tions of Boreman [6].

“Intensity, I, has units of W/sr and is interpreted as power per unit solid an-
gle’

“ Radiance, L, has units of W/(m?sr), and is used to characterize extended
sources!

8.1 Intensity
The radiative flux (power), @, is defined as [6]:
dd =1 x dQy p) (30)
orif dQ ~
D =1xQyp (31)

where (2 is the solid angle and V' P is short for view position. €2y, p) is defined in
Figure 8.

A(TP)
8.2 Radiance
The radiative flux can also be defined as [6]:
d® =L x ClA(Tp) X dQ(Vp) =L x dQ(Tp) X dA(Vp) (32)

where T'P and V P are short for target respective view position. If dQ2 ~ Q we
get:

=L x A(TP) X Q(VP) =L x Q(TP) X A(VP) (33)

where the area segments, A, and the solid angles, €2, are defined in Figure 8.
Combining Eqg. (31) and Eqg. (33), a relation between the radiance and the
intensity is accomplished:

=L x A(TP) (34)

25
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9 Final equation

To calculate the intensity for the example defined in section 6, each part of Eq.
(23) has to be multiplied with an area segment according to Eq. (34). Thus, the
spectral intensity for a gas is given by:

I,(gas) = Lén (1 - e_’“?lisl) Al +
+LZ e (1 - e—ﬁisz) Ao+ (35)
L} e st (1 - e_”%s3> As
Ui
The area segment is given by:
A; = t2A0A¢ (36)

where ¢; is defined as the distance between the it" cell and the view position, see
section 6.
In the same way, the intensity from a wall, 1, (wall) , is given by:

Iy (wall) = Ly(wall) x Acrp) (37)

where L, (wall) is given in Eq. (24) and A p) is the area segment at the target.
The total spectral intensity can now be written as:

l, = Iy(gas)+ l,(wall) = (38)
— L, (1 - e*“%ﬁ) As +
HLZ e (1 - e_“?vS?) A+ (39)

1 2 3.,
l 2776 KpS1 =Ky S2 (1 e—nnss) A3
1) 1 .2 3.
577'-1()1:(1 )6 FnSle™FnS2¢e “WSJAS

since in our example A(rpy = As.

27
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10 Presenting the result

As discussed in section 2, the intensity is calculated as a one-dimensional problem
for several rays. Each ray has an angular resolution in the 8- and ¢- directions,
given by A# and A¢. This gives rise to a pixel pattern.

The resulting intensity is calculated for each pixel or ray and the result could
be presented as seen in Figure 9. The sum of all spectral intensities, giving a total

Figure 9. Example of spectra of Ray 10

single rays. — - Ray 30
0.9 Ray 50 H

— Ray 70
— Ray 90
0.8+ Ray 110 H
Ray 130

Ray 150

—— Ray 170 H
— - Ray 190
Ray 210

— - Ray 230 H
Ray 250

— Ray 270
— Ray 290 ||
Ray 310

Ray 330

— Ray 350
—— Ray 370
— - Ray 390

Intensity

|
2500 3000 3500
Wave number [cm_l]

spectral intensity, is one other way to view the result, see Figure 10.

Yet, an other way to present the result is to integrate the intensity over all wave
numbers for each ray (pixel) and present an intensity image of the target, Figure
11.
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Figure 10. Example of spectrum 25 ! ! !
where spectral-intensity spectra
of 400 rays have been added.
20 b
15 b
2
2
e
=
10| b
5 - -
MMAA

O 1 1
1500 2000 2500 3000 3500
Wave number [cm™]

Figure 11. Example of an inten-
sity image.
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11 Conclusions and outlook

The basic layout of the module based code SIGGE, for calculating IR-intensity,
has been presented. The basic equations needed for these calculations have been
derived. The difference between radiance and intensity has been discussed and
some ways of presenting the result have been pointed out. The treatment of walls
has been discussed and equations for radiance from diffuse isotropic surfaces have
been derived.

In the future, more complex equations for specific species can be added. Non-
diffuse surfaces should be possible to handle as well as specular reflections, i.e
bidirectional reflectance distribution functions (BRDFs) will be implemented.

An important factor in the IR-calculations are the absorption coefficients.
These can be extracted in several ways, for example by considering line-by-line
absorption coefficients or by statistic band models. Ways of handling this will be
attended in the future.
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