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Abstract

To be able to predict the IR-signature of an aircraft, the heat radiated, in form of
IR-radiation, has to be calculated. A program package, SIGGE, has been devel-
oped for this purpose. The already existing code has been improved. The code
can now handle radiation from hot gases and from walls with complex geometries,
including specular reflections.

This report describes some key equations used and a detailed description of
SIGGE is presented. The code has been verified against other calculations with
satisfactory result.
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Introduction

When aircraft have a low radar signature, their probalility to penetrate hostile air
space increases, which at the same time increases the risk factor of discovery by
infrared (IR) sensors. Thus, it is of great importance to minimize the IR-radiation
from the aircraft. The intensity of the radiation is dependent on the temperature
and the structure of the surface. In a gas, the IR-radiation heat transfer depends
on the temperature and the composition of the gas and a hot plume will contribute
to the IR-signature.

The Department of Computational Aerodynamics, Aeronautics Division (FFA),
at the Swedish Defence Research Agency (FOI), is developing a code, SIGGE, for
calculating IR-signatures for aircraft. A (-version of SIGGE already exists [1],
which has been validated for hot gases against experimental data [2]. The present
report complete earlier reports [1, 2, 3] with some improvements, a description of
the code and verification.

The code SIGGE uses a line-of-sight method with an efficient ray-tracing al-
gorithm. Very complex geometries can be handled without any problems. In
SIGGE V1.0, the capability of handling specular reflection on walls has been im-
plemented and the band models used have been improved. In the earlier 3-version
of SIGGE, only the spectral IR-intensity was calculated, but in this version the
spectral radiance is calculated as well. The ability to use mole fraction as an alter-
native to mass fraction [2] for distribution of species has also been implemented.

The new code, SIGGE V1.0, has been verified against other calculations. IR-
radiation from a simplified RM12 engine has been studied. Contributions from
walls have been verified both with and without reflections.

This report describes the theory used to do calculations with reflections, sec-
tion 3, and how this was implemented in the code, section 4. The report also
describes some programs used for pre- and post-processing, section 5. The news
have been verified and the result is presented in section 6. In section 7, conclu-
sions and outlook are found.
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2 Basic concepts of the program

Figure 1. The proposed struc-
ture of the module based code
SIGGE.

Figure 2. Rays are drawn from a
view position toward an object in
space through a mesh.

The program SIGGE is module based. Each module can operate alone or together
with the other modules. A proposed structure of SIGGE is presented in Figure
1. In SIGGE V1.0, the modules RAYFINDER and RADCALC are integrated in

Central module

* Communicate with the user
¢ GUL

» Creates case data

 Calls sub-modules

Rayfinder > Radcalc Data treatment
e Integration

 Defines rays based on Case data o Calculates the intensity of the IR- « Visualisation

Uses the geometry, the CFD radiation
mesh and solution together with * Uses absorption coefficient data
the boundary conditions | |

@IMI

the package, see section 4, while the “Data treatment” is delivered separately as
postprocessing tools, see section 5.

A CFD-solution® with a mesh of the area of interest is required as an input for
SIGGE. The CFD-solution should contain values of variables such as temperature,
pressure and distribution of species. Rays will be drawn through the mesh from
different view positions, defined by the user, see Figure 2.

¥ —
|
|

View position

At the view position, an imaginary sensor is defined. The sensor 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, 6 and ¢. Each pixel has a field-of-view of A8 x A¢, which
gives a total field-of-view of ngAf x ngA¢, where ng and n, are the number of
pixels in the 6- and ¢-directions, respectively. The number of rays, ng x ng, and
the angular resolution, A8 x Ag, are defined by the user.

The user will also define a target position, which is the position in space where
the centre of the sensor is aiming at, giving an aiming direction. This direction
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

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, ), 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 A@ and Ag.

12

Ad]

AO

\4

with angles of A# 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

20

View position

15

. 10

/ | *

\
/ Targ‘at posilioﬁ‘
| |
| \

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 g%—direction
will run along the y-axis.

If the mesh is axisymmetric, it does not have to cover the whole space. The
module RAYFINDER will mirror the mesh around the axisymmetrical axis and
associate the values from the CFD-solution with cells in a virtual mesh. The
mesh as to cover either half the space or a fourth of the space, given one or two
symmetry planes, respectively.

In the module RADCALC, the spectral intensity, I,,, and the spectral radiance,
L,, are calculated for each ray, see section 3.
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3 Theory

Figure 5. One example of the
cell intervals. t; - t3 are one-
dimensional coordinates and s;
- s3 are the lengths of the cells.

3.1 General equations

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 ti,ta ... . In Figure 5, an example, with only three cells involved, is sketched.
view position target position
tl 12 3
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

s1= g (1)
ta —

52:3Tt1 )
t3—t

s3= (3)

The intensity for each ray can be calculated by adding the contribution from
each cell, Eq. (4), and a possible contribution from a wall, Eq. (5).

# cell
1995 = Z (Lo Ai (i1 — ) 4)
=1
Igall = 5(9)L76L;7allAwallTn,# cells (5)

In Eq. (4) and Eq. (5), n is the wave number, 7, ; is the transmissivity from
the ¥ cell to the view position , ¢ is the angle dependent emissivity of the wall
and A; is an area segment defined as:

A; = t2A0A¢ (6)

where t; is the distance to the view position discussed above and Aéx A is the
angular resolution discussed in section 2. Lfm is the spectral black body radiance

of the * cell, given by:

i 27rhcg773 B Cin3 )
bn — m(eheon/kT — 1) — ¢Can/T — 1

where
Cy = 2hed = 1.191 - 107 16Wm? (8)
Cy = heo/k = 1.4388 - 102 K'm (9)

13
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Table 1. Broadening coefficients
used in Eq. (15).

14

These equations are derived in Ref. [3], where the difference between intensity
and radiance is carefully discussed, with the conclusion that:

I=LxA (10)

where A is the area segment defined in Eq. (6).

3.1.1 Transmissivity

When estimating the transmissivity, the Statistical Narrowband (SNB) model for
a uniform gas is used. The line distribution within a band is assumed to be expo-
nential. This includes broadening due to collisions with other molecules and for
one cell with length s, the transmissivity is written as [4]:

qmﬁ:—ii—- (11)
G
VIt e
-
G = Ek,npks?o 12)

where %, is the spectral mean-absorption coefficient for the current “specie”
k, px is the partial pressure for “specie” k, Ty is the reference temperature equal to
273.15 K and T is the temperature in the current cell. The absorption coefficients
vary for different species and are dependent on the wave number, the temperature
and the distribution of species. The absorption coefficients are stored in a data
base, Appendix E. The outcome of the calculation is dependent on the quality and
correctness of the data base and the CFD-solution. The broadening parameter a is
given by:

azi%r (13)
where
d(T) = o—0-00106 T+1.21 (14)
and

TO Nk.k
t (), i (7> (15)

V& = [Z (Vi) g, P (%)nkl

!
Only broading due to collisions with N, and self-broadening is included. The
broadening coefficients used are summerized in Table 1.

Specie | H,O CO,
Vk,k 0.44 0.01
Vi, 0.09 0.07

Nk i, Nkl 0.5 0.5

The total transmissivity for each “specie” k, used in Eg. (4) and Eq. (5), is
given by multiplying the contribution from the current cells with the contributions
from all cells between the current cell, ¢, and the view position:
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For H,O, the transmissivity is corrected for “strong lines” [5, 6]. If x > 0.1,
the total transmissivity, from the :* cell to the view position, is calculated as:

B

—In7F, = —— 17
nhi= e (17)
where B and z are given by:
B=) G, (18)
j=1
2
= (19)

r=———
2 51 ;G

where a; and G; are the same a and G discussed above.
The total transmissivity for all species is given by multiply the transmissivity
of each of the species:

# of species

Tpi = H 7'7’7“71' (20)

k=1

3.2 Reflection
3.2.1 Method
The specular spectral reflectivity, pss, is defined as [7]:

_reflected part of incoming radiation
Pss = total incoming radiation

(21)

Using the line-of-sight method, the reflected ray path can be described as
sketched in Figure 6. The walls in Figure 6 can be non-parallel and, thus, it is
possible that «; is not equal to as.

In this example, incoming radiation is reflected on wall 2 and, thus, reduced
by a factor given as the reflectivity, pgi), of wall 2, defined in Eq. (21). The
radiation reaching wall 1 is given by:

|7(71) - Pg) (062) ’ L%nAQ + 57(72) (OQ) ’ L;ﬁyallAwallTn,# cells +
# cells
+ Z (LZZmAZ (7-7771'—1 - Tn,i)) == (22)
i=1

_ pg) (042) . I%n + I#all(Q) + I%as(Q)

where 57(72)(042) is the emissivity of wall 2, 7, ; is the total transmissivity be-
tween wall 1 and wall 2. The intensities 19°*® and 12*"®) are calculated in the

same way as described in section 3.1.

15
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Figure 6. Sketch of reflection in
one wall.

16

View position

At wall 1, the radiation is reflected again and reduced with the reflectivity of

wall 1, pg}g). Thus, the radiation reaching the view position is given by:
|7(7VP) _ pgi) (061) . |7(71) + I%uall(l) + I%as(l) (23)
where 19°*0) and 12*"") are the contributions from the gas between wall 1 and

the view position and the contribution from wall 1, respectively. If no reflections

were considered, the resulting intensity will be given by I%“S(l) + Iﬁ,”“ll(l).

3.2.2 Calculating the reflection

As seen in Eq. (22) and (23), each reflected ray is treated separately, i.e. the
intensity and the radiance are calculated along the ray as an original ray starting
at the view position, VP. Thus, the extension of the reflected ray, through the
mesh, has to be calculated. As for the original ray, a view position, VP,,.,, and
a target position, TP,,.,,, are needed, see section 2. The original view position,
VP, the orignal target position, TP, the hit coordinate, HC, and the normal of the
wall are given by SIGGE. The hit coordonate, HC, is the point in space where
the line connecting VP and TP cuts the first wall. The new view position and
the new target position can be calculated from the orignal target position, the hit
coordinate and the normal of the wall. In Table 2, the variables given and needed
are collected and in Figure 7, the variables are defined.
The new view position is the same as the hit coordinate at the wall:

VPpew = HC (24)
The new target position is given by:
TPpew = VP + a1 (25)
The vector a; is defined as:

a;=2- (\_/1 + ﬁg) (26)
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Table 2. List of variables

Name Abbreviation  Description
View position VP Position in space where imaginary sensor is situated.
Given by SIGGE
Hit coordinate HC Position in space where ray hit the wall.
Given by SIGGE
Normal to wall Ny Normal to wall given by SIGGE.
Normal to wall No Normal with length from HC to middle of a;, see Fic
New view position  VP,cy View position for reflected ray.
New target position TP, Target position for reflected ray.
Vi Vector between VP and HC. v; =HC - VP
a Vector between VP and TP,,c. TPpew = VP + a1
Figure 7. Definitions of variables ) TPneW
for calculating new target posi-
tion.
!
i
_ _ I
_| =, n\|; —HC
al < < H
0 !
i
i
i
v, '
VP
where vy and n, are given by:
—Vi-n
V; = HC — VP flgy = ‘_1 - L (27)
Ny

where HC, VP and n; are given by SIGGE.

17
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4 Detailed description of the program

The program SIGGE requires a number of input files and will generate two output
files, see section 4.1 and section 4.2. All files used by SIGGE have a common data
format, the FFA-format, which is described in Ref. [1, 8]. The basic layout of the
modules RAYFINDER and RADCALC are found in section 4.3 and section 4.4.
Many of the subroutines have been modified in this version of SIGGE and, thus,
all subroutines are described in section 4.5 and section 4.6.

4.1 Input files needed

General input file In this file, variables needed to run the program are defined
together with the names of the other input files and the output files. This
file is refered to as the input file in this report and is described in detail in
Appendix B. The file normally has the extension .ainp.

Boundary condition file Contains the boundary conditions, used both in the CFD-
solution and for generating rays in SIGGE. The extension is .aboc.

Mesh file Contains the mesh and has the extension .bmsh.

CFD-solution file Contains the CFD-solution with the extension .bout.

The boundary condition file, the mesh file and the CFD-solution file have a format
which is required by the CFD-solver EDGE [9, 10, 11]. EDGE is an edge-based
Euler solver for unstructured grids developed at the Department of Computational
Aerodynamics, Aeronautics Division (FFA), FOI.

Ray definition file In this file, the user defines how the rays through the mesh
should be drawn. In this report, this file is referred to as the ray definition
file. The file is described in Appendix C and has the extension .aray.

Wall definition file In this file, the user defines properties, such as temperature,
emissivity and reflectivity, of different walls. This file is referred to as the
wall definition file. The file is described in Appendix D and has the exten-
sion .awall.

Absorption data basefile Contains the mean absorption coefficients needed to
calculate the IR-intensity. The extension is .btab and the file is described in
Appendix E.

4.2 Output files generated

Ray datafile File generated by the subroutine RAYFINDER, which contains all
information needed to calculate the IR-intensity. This is also an input file for
the module RADCALC, when discussing this module, this file is referred
to as the indata file. The extension is .bdat

Output file If only RAYFINDER has been run, this file is the same as the ray
data file described above. If RADCALC has been run, the file has been
complemented with the IR-intensities and IR-radiances.

19
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Figure 8. The basic structure
of the output files. Only the
names of the different sub-data
sets are displayed. The num-
ber of sub-data sets, sub_ray, are
given by the number of rays de-
fined by the user. The sub-
data sets free_stream.data and
flow_data contain more sub-data
sets.

20

The information and structure of the output files are found in Figure 8 and

Figure 9.

(IR_data };

—{CASENAME)

—{SIGGE_VERSION)

——IR_case | view_pos
target_pos
fov_theta
fov_phi
nray_theta
nray_phi

Wave_no

Intensity

I

—{sub_ray_node jr—{sub_ray };

target_pos
wall_boundary

coordinates

=
@
=
-
o
)

— free_stream data |

flow_data

Wave_no

Intensity
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Figure 9. The structure for the
data set sub_ray including two re-
flections

(sub_ray }——(view_pos
— wall_boundary }——1 hit_coordinate
 bound_surfnormal |

— free_stream data| [{boundary name

flow_data wall_temp
Wave_no  reflection |—— view_pos

Intensity

—

target_pos

wall_boundary
 bound_surfnormal |
—{ free_stream _data] [ boundary_name

il

21
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Figure 10. Program struc-
ture of RAYFINDER. The
subroutines REFLECTOR,

REFLECTOR_TRACK and RE-
FLECTOR_FILL are recursive
subroutines. The subroutines
FINDBOUND, TRACK_SUB and
FILL_.SUB are called from the
subroutines  BOUNDCHECK,
TRACKRAY, FILLRAY, re-
spectively, and the recursive
subroutines, indicated by the
arrows.

22

4.3 Main program of RAYFINDER

The main structure of RAYFINDER is presented in Figure 10. The rays are
tracked through the mesh by stepping from cell to cell along the ray. This im-
plies that the implementation is efficient even for grids with a large number of
cells. When testing for ray intersections with the cell faces, a line-triangle inter-
section algorithm, presented in Ref. [12], is used. The way of handling reflections
on walls is described in section 3.2.2.

RAYFINDER]
(CELLTRANSFORMER)
——{CELLCONNECTOR)
—SYMMETRYRESOLVER]
———(BOUNDCHECK)

FINDBOUND

REFLECTION

TRACKRAY
—(REFLECTOR_TRACK}—'
[

— TRACK_SUB

—(CELLWALKERjj
MERGERAY

FILLRAY
—(REFLECTOR_FILL}—‘
[

4.4 Main program of RADCALC

The program structure of RADCALC is presented in Figure 11. For each ray gen-
erated by RAYFINDER and for each wave number specified in the input file, the




FOI-R-0828-SE

Figure 11. Program structure of
RADCALC.

intensity and the radiance are calculated as described in section 3 and in Ref. [3].
In the present version of SIGGE reflections on walls are included and described
in section 3.2.1. The resulting spectral intensity has the unit [W/sr/cm~!] and the
spectral radiance has the unit [W/sr/cm~—1/m?].

(RADCALC)
—RADCALC_SUB)
SET_ATM
——{iNTCALC)
—{CALC _TAU - GET_KAPPA

4.5 Subroutines in RAYFINDER
451 makeirds

The subroutine makeirds creates sub rays according to the number of rays re-
quested in the field-of-view. Each sub ray is assigned an individual target position,
giving individual aiming directions.

45.2 celltransformer

The subroutine celltransformer transforms all cells in the CFD-mesh to tetrahedra.
The following element types are supported: Tetrahedron, hexahedron, prismatic
element and pyramid.

45.3 cellconnector

The subroutine cellconnector stores information for each node, containing ele-
ment numbers of the elements that the node is a member of. This information is
later used in the subroutine cellwalker.

23
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4.5.4 symmetryresolver

The subroutine symmetryresolver searches all CFD-boundary conditions for sym-
metry planes. If symmetry planes are found new coordinates are created repre-
senting the absent regions. One or two symmetry planes are supported, in the case
of two symmetry planes perpendicular planes are required.

455 boundcheck

The subroutine boundcheck searches all CFD-boundaries for ray intersections.
The intersections found is used in trackray as start and end points when the rays
are tracked through the mesh. Additional data such as the direction of the surface
normal is calculated and stored for each intersection. The recursive subroutine
reflector is used to find the reflections in the walls by calling itself until the max-
imum number of reflections is reached or until no wall is hit. The subroutine
findbound finds the intersections described above and the subroutine reflection
calculates new view- and target positions, see section 3.2.2.

4.5.6 trackray

The subroutine trackray handles the tracking of the rays through the mesh. The
intersections found in boundcheck are used and for each ray attempts are made
to find a way through the cells in the mesh that connects the intersections. The
recursive subroutine reflector _track is used to find the reflections in the walls by
calling itself until the maximum number of reflections is reached or until no wall
is hit. The subroutine trackray_sub tracks the ray through the mesh.

45.7 cellwalker

The subroutine cellwalker is a recursive routine that finds the way through the cells
in the mesh given a start point and an end point. Starting in the cell at the start
point the end point is searched by step wise walking to one of the neighbouring
cells and checking for ray intersections with the new cell.

4.5.8 mergeray

The subroutine mergeray cleans up after cellwalker and creates the final represen-
tation of the rays.

4.5.9 fillray

The subroutine fillray interpolates the CFD-solution to the points on the ray, linear
interpolation is used. A node based representation of the CFD-solution is required.
The recursive subroutine reflector fill is used to find the reflections in the walls
by calling itself until the maximum number of reflections is reached or until no
wall is hit. The subroutine fillray_sub interpolates the CFD-solution to the points
on the ray.
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4.6 Subroutines in RADCALC
4.6.1 radcalc_sub

This subroutine will step down in the structure of the indata file, see Figure 9,
to find the initial radiation to be able to start the calculations as described in sec-
tion 3.2.1. At each wall and at the view position the reflected radiance, the wall
radiance and radiance from the gas is added. The radiance and the intensity is
calculated , for each ray, in the subroutine intcalc. For each reflection ray the sub-
routine set_atm and one of the subroutines molefrac, massfrac or const_frac will
be called, see also Appendix A.

4.6.2 molefrac

This subroutine calculates the partial density and pressure, for the different species,
from the mole fraction given in the indata file.

4.6.3 massfrac

This subroutine calculates the partial density and pressure, for the different species,
from the mass fraction given in the indata file and mole fraction given in the input
file.

4.6.4 const_frac

This subroutine defines the partial density and pressure for different species if
neither then mole fraction or the mass fraction is not defined in the indata file.
Constant values given in the input file are used.

4.6.5 set.atm

In this routine the distribution of species in the atmosphere is set by using the
values defined in the input file. For temperature, density and pressure either the
free-stream-values or user-defined values are used.

Since the models used in the present version of SIGGE are not vaild for the
atmosphere, the distribution of species should always be set to zero.

4.6.6 intcalc

This subroutines calculates the spectral intensity and the spectral radiance for each
ray. The transmissivity needed is calculated in the subroutine calc_tau, which is
used to calculated the intensity and radiance from gases and walls. The intensity
and radiance from a gas are calculated in gsimple and from a wall in wsimple, as
described in section 3.1.

4.6.7 calc_tau

For each cell and wave number, the subroutine get_kappa is called, which will get
absorption coefficients for the different species from the absor ption data base file,
section 4.6.8 and Ref. [3]. The transmissivity is calculated as described in section
3.1.1.
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4.6.8 get kappa

This subroutine will read the absorption coefficients from the absorption data
base file. Normally is mean absorptions coefficients given in the data base. The

absorption coefficients are either given as pressure absorption coefficients, E’;n,

or mass absorption coefficients, Eﬁn. These absorptions coefficients have to be

multiplied with either the partial pressure or the partial density, Appendix A:

Ry =TFp, X Dk (28)
Ry =R, X Pk (29)

The units for %%, should be (atm x cm)~* and for %%, it should be m?x (kg x
cm)~L. It has to be given in the input file whether the data base contains pressure
absorption coefficients or mass absorption coefficients.

The program will check if the temperature and wave number of interest is in
the interval of the data base, if not the closest one will be used.

The program will use bilinear interpolation to find the absorption coefficients
in the data base.

The partial pressure of interest or the partial density of interest will be found
and multiplied with either the pressure absorption coefficients or the mass ab-
sorption coefficients as described above. Absorption coefficients for the different
species specified will be returned to the subroutine calc_tau.
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5 Pre- and post-processing programs
A couple of pre- and post-processing programs have been developed for SIGGE.

MARD Stands for Mean Absorption Coefficient Read Data. Calculates the mean
absorption coefficients from data extracted by HITRAN and HITEMP [13],
using the line strengths and the Lorentz broadening [14]. The output files
from JHAWKS? can be used directely as inputfiles to MARD. The format
of the output file is presented in Appendix E.

ffav2f Converts a CFD-solution with mesh on a format deliverd by VAC? from
the program VOLSOL [15] to FFA-format.

ffae2f Converts a CFD-solution on a simple ascii format to FFA-format. A mesh,
on FFA-format (unstructed), must exist.

postSIGGE Converts the FFA-format output file to ascii format to be read by, for
example, MATLAB. Some alternatives can be choosen:
o Total spectra with intensity and radiance. All pixels/rays are added.
o Total spectra for different parts of the geometry.
e Spectra for every individual ray.
e |R-images.

2JAVA HITRAN ATMOSPHERIC WORKSATION; interface for HITRAN and HITEMP
3\Volvo Aero Corporation, Trollhéttan, Sweden
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6 Verification

Figure 12. Sketch of the geome-
try for case V1 and V2. In verifi-
cation case V1 onlythe the inner
structure (blue) and the outer
structure (purple) was defined.
In verification case V2 the flame
holders (red) were included. In
the figure the central ray which
has an angle of 5° to the sym-
metry axis is drawn in green.

-05 * ; *

The verification was made for a jet engine exhaust pipe in two steps. In the first
case, V1, a simpler geometry was used and radiation from gases and walls without
reflections was considerd. In the second case, V2, the geometry was a little more
complicated and reflections were included. The geometries and the CFD-solution
was provided by VAC, who also provided IR-calculations to verify against. The
VAC calculations were made using an 2D-IR-code, developed at VAC [16]. The
two codes use the same band model, described in section 3.1 and section 3.1.1, but
the implementations and the data base with absorption coefficients are different.

6.1 Description of verification cases

Both verification cases use the same base geometry, Figure 12, which is a sim-
plification of the RM12 engine. In both cases, the view position is located 5 km
away, giving parallell rays. The rays have an angle of 5° to the symmetry axis.

0.5 T T T

v |

—~

/7

In verification case V2, 10 radial flame holders and an anular flame holder
were included in the geometry.

The same CFD-solution was used in both cases. The geometry was meshed
using the mesh program GAMBIT 2.0.4 4. The temperature, the emissivity and the
reflectivity of the walls were set in the wall definition file and values for different
parts are summerized in Table 3. The reflectivity was set to 1 - the emissivity.

A field-of-view of 0.07°x0.07° was used, which covered the whole opening
of the engine. The calculation was made in the wave number intervall 500 cm~!
- 5500 cm~*, with a resolution of 25 cm~!. 25x25 rays were used.

The species considered were CO, and H2O. Only gas with temperature higher
than 400 K was taken into account, since the contribution from gas with lower
temperature is nearly neglectable. No atmospheric moderation was considered.
The mean absorption coefficint data base was generated using MARD, described
in section 5, with indata from HITEMP.

-2 -15 -1 -0.5 0.5

6.2 Result of verifications

When comparing spectra, only contribution from the inner structure is included.

4Software from Fluent Inc.
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Table 3. Temperature and emis-
sivities used on the different
walls of the geometry. The re-
flectivity is defined as 1 - the
emissivity, (pss =1 - €).

Figure 13. Verification case V1.
Calculation made by FOI com-
pared with calculation made by
VAC. All parts inside are in-
cluded.

30

Wall | Temperature [K] Emissivity
Cone 900 0.7
Turbine 1120 1
Liner 530 - 658 0.7
Nozzle 658 - 678 0.7
Outside 200 1
Radiell flame holder 700 0.9
Circular flame holder 600 0.9

i Only used in V2, in V1 all emissivites were set to 1.

6.2.1 Verification case V1

In verification case V1, two spectra are compared. In Figure 13, all contributions
are seen, while in Figure 14, contributions from the cone have been excluded.
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As seen in Figure 13 and Figure 14, the agreement is excellent for most parts
of the spectra. Differences are due to differences in the absorption coefficient
data bases used. As seen in Figure 14, the peak around 2400 cm~! is missing in
the FOI calculation. This is due to the data base used, which is confirmed by a
calculation with resolution 5 cm~1, see Figure 15.

The result can also be presented as IR-radiance images, Figure 16. For each
pixel the wave-number spectra has been integrated from 500 cm~—! to 5500 cm—!.
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Figure 14. \Verification case
V1. Calculation made by FOI
compared with calculation made
by VAC. Contributions from the
cone are excluded in these cal-
culations.

Table 4. Running (CPU) time for

the different verification cases.
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6.2.2 Verification case V2

In verification case V2, four reflections are included in the calculations. In Figure
17, the result is presented together with calculations made by VAC.

In this verification case, the agreement is not as good as in verification case
V1. This is probably due to the fact that the geometries and the meshes used in the
FOI calculation and VAC calculation are not exactly the same. Further, the rays
drawn through the mesh are not the same and, thus, the reflections are different.

IR-radiance images from verification case V2 are found in Figure 18.

6.2.3 Runtimes

All calculations were run on a Compag GS160 computer®. Only one processor
was used. The CPU times used for the different cases are presented in Table 4.

Case #pixels Resolution Time

V1 25x%25 25cm—! 10 min
25x25 5cm—! 1lh
100x100 25cm~! 4 h

V2 2525 25cm—1 15 min
100x100 25cm~! 13 h 46 min

In V1, no reflections were considered, while in V2 up to four reflections for
each ray were included.

®Compag GS160 has 16 Alpha EV67-processors on 733 MHz and 16 Gb of memory.
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Figure 15. Same calculation 1
as in Figure 14 for VAC, but in — FOI
the FOI calculation a wave num- 0.9F — VAC |
ber resolution of 5 cm~! is pre-
sented. 0.8 ]
0.7f .
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Figure 16. \Verification case
V1. IR-radiance image with (a)
25x 25 pixels and (b) 100x100
pixels.
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Figure 17. Verification case V2. 1
Calculation made by FOI com- — FOI
pared with calculation made by 0.9F — VAC |-
VAC.
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Figure 18.  \Verification case
V2. IR-radiance image with (a)
25x 25 pixels and (b) 100x100
pixels.
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7 Conclusions and outlook

The IR-signature calculation code, SIGGE V1.0, can handle radiation from hot
gases as well as radiation from walls including reflections. This report has de-
scribed the theory used and how the theory has been implemented. The code has
been verified against calculations made by VAC. The verification shows satisfac-
tory agreements. Thus, SIGGE is now a code which could and should be used in
real applications.

The band model used in the present code assumes an uniform gas, which, for
most cases, is not true. The SNB model for a nonuniform gas (classical Curtis-
Godson approximation) with an inverse-exponential distribution within the band
[17] will be implemented in SIGGE shortly. The code will be further developed
with improvements of the bandmodels used and with coupling between source
radiation and the atmosphere. Validations with experimental data shall be done.

Also, to be able to fast evaluate new geometries the code has to be faster, thus
parallel.
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Appendix A

Distribution of species

As discussed in section 4.6.8, the partial absorption coefficients, m’; o has to
be multiplied with the partial pressure, p, or the partial density, px. Thus, these
guantities must be known or must be possible to calculate.

In the program package SIGGE, three options are available by using one of
the subroutines molefrac, massfrac or const_frac, see section 4.6.1.

A.1 Mole fraction

If the mole fraction, z;, ;, of each specie, k, is given for each cell ¢, in the CFD-
solution, the partial pressure and partial density are simply given by:

{ Dhi } i { pi } (30)
Pk,i pL

where p; and p; are the total pressure and density in the i*" cell.

A.2 Mass fraction

The distribution of species in the CFD-solution could be given as a mass fraction,
which is the fraction between the ambient air and the combustion gas. For simplic-
ity, it is assumed that the ambient air will not contain species that will contribute
to the IR-signature. The mole fractions are assumed to be constant in all cells and
should be given in the input file of SIGGE, see section 4.1. The mole fractions for
the different species in the combustion gas can, for example, be calculated with
the program CET89 [18].

By using the mass fraction from the CFD-solution and the mole fraction, the
concentration of species could be approximated for the ¥ cell as:

{ 1;’” } = mass fraction for gas x mole fraction for species x { ]p)i } (31)

where, again, p; and p; are the total pressure and density in the i cell.

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.

A.3 Constant fraction

If no distribution of species is given in the CFD-solution, a constant fraction for
all cells can be given in the input file. For most cases, this is not recommended.
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Appendix B

The input file

Figure 19. Example of the def-
inition of one parameter in the
input file. Here is the parame-
ter WAVENO defined, which is
of type REAL, has size 3 and di-
mension 2. In this case the num-
ber of intervals is defined with
the size.

The input file is common for the modules RAYFINDER and RADCALZC. In
this file, some parameters are given to define different cases or scenarios. The
input and output files are also given in this file.

Example of how a parameter should be defined is described in Figure 19.

dimension
name type size X # of sub nodes

NN

WAVENO, R, 3,2, 0 b
700. 1300. 1500. 2000, 2700. 3000,

interval [

minimum
maximum

interval 11 interval 111

General parameters set in the input file are:
SIGGE_VERSION Program version
CASENAME Case description name
AUTHOR work doneby. . .

For RAYFINDER, the following parameters are defined:
RUNRAYFINDER if RAYFINDER should be ran or not

e 0: No
e 1: Yes

FOV_THETA field-of-view in the #-direction (degrees)

FOV_PHI field-of-view in the ¢-direction (degrees)

NRAY _THETA number of rays per viewpoint in the 6-direction

NRAY _PHI number of rays per viewpoint in the ¢-direction

NOREFL number of reflections on walls

WTEMP usetemperature on wall from CFD-solution or fromwall definition file

e 0: CFD-solution
o 1: Wall definition file

For RADCALC, the following parameters are defined:
RUNRADCALC if RADCALC should be ran or not

e 0: No
e 1: Yes
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WAVENO min and max of wave number, number of intervals should also be
given

DWAVENO resolution which will define the number of wave numbers
DATABASE_TYPE thetype or unit of the absorption coefficients

e 1: mass absorption coefficients
e 2: pressure absorption coefficients

TRANSMODEL the transmissivity model
e 1: Simplest model, same for all gases
GASMODEL type of gas model

o 0: No gas model (gives intensity: I,,(gas) = 0)
e 1: Basic gas model

SPNAME list of species, order should be the same asin the data base of absorp-
tion coefficients

SPTYPE gives on which formthe distribution of speciesis given

e 0: No distribution of species given in the indata file
e 1: Mass fraction given in indata file
e 2: Mole fraction of species given in indata file (not implemented)

SPDIS distribution of speciesin gasif not given in the indata file
(only if SPTYPE set to 0)

MOLEFRAC needed to convert the mass fraction to pressure and density distri-
bution of the species (only if SPTYPE is set to 0)

ATMVAL which temperature and pressure values should be used in the atmo-
sphere

e 0: Use free-stream-values
e 1: Use values set by ATM

ATM temperature[K] and pressure[Pa] inthe atmosphere, if free-stream-values
not are used (i.e. ATMVAL isset to 1)

SPATM distribution of species in the atmosphere
WALLMODEL type of wall model

o 0: No wall model (gives intensity: 1,,(wall) = 0)
e 1: Basic wall model

ATMOMODEL type of model for atmospheric background

¢ 0: No atmosphere model (gives intensity: I, (atmosphere) = 0)
e 1: Basic atmosphere model (not implemented)
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Input and output files defined in the input file:
BCFILE Boundary condition file
MSHFILE Meshfile
SOLFILE CFD-solution file
RAYFILE Ray definition file
WALLFILE Wall definition file
ABSFILE Absorption coefficient data base file

RAYTEMPFILE Ray data file. Contains information about the rays, including
densities, temperature and such things. This file must exist before RAD-
CALC starts, if it does not exists, it must be generated by RAYFINDER, i.e
run RAYFINDER (set option in input file).

OUTFILE Output file with wave number, intensity and other things, see section
4.2,

In the Tables 5, 6, 7 and 8, the descriptors for the parameters defined in the
input file are described.

Table 5. The descriptors for the

general parameters set in the in- name type size dimension sub nodes

put file. SIGGE N 0 0 34
SIGGE_VERSION  SI 1 1 0
CASENAME LI 1 1 0
AUTHOR LI 1 1 0

Table 6. The descriptors for - - -

RAYFINDER set in the input file name type size dimension sub nodes
RUNRAYFINDER | 1 1 0
NRAY _THETA | 1 1 0
NRAY _PHI | 1 1 0
FOV_THETA | 1 1 0
FOV_PHI | 1 1 0
NOREFL | 1 1 0
WTEMP I 1 1 0
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Table 7. The descriptors  for name type size dimension  sub nodes
RADCALC set in the input file.
RUNRADCALC I 1 1 0
WAVE_NO R  #of intervals 2 0
DWAVENO I # of intervals 1 0
DATABASE_TYPE I 1 1 0
TRANSMODEL I 1 1 0
GASMODEL I 1 1 0
SPNAME L 1 # of species 0
SPDIS R 1 # of species 0
FIMAX I 1 1 0
MOLEFRAC R 1 # of species 0
ATMVAL I 1 1 0
ATM I 1 2 0
SPATM R 1 # of species 0
WALLMODEL I 1 1 0
ATMOMODEL I 1 1 0
Table 8. The descriptors for the name type size dimension sub nodes
file names set in the input file.
BCFILE L 1 1 0
MSHFILE L 1 1 0
SOLFILE L 1 1 0
RAYFILE L 1 1 0
WALLFILE L 1 1 0
ABSFILE L 1 1 0
RAYTMPFILE L 1 1 0
OUTFILE L 1 1 0
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Appendix C

The ray definition file

Table 9. The descriptors for pa-
rameters set in the ray definition
file.

The sensor position and the spatial orientation of the sensor is specified by the
user in the ray definition file. An arbitrary number of sensor cases can be used and
for each case a sub-data set is defined. For each case the following parameters
must be specified:

VIEWPOS coordinates of the sensor position

TARGETPOS coordinates of a point on the sensors line of sight in the centre of
the field-of-view

THETADIR vector defining 6-direction
PHIDIR vector defining ¢-direction

In Table 9 is the descriptors described.

name type size dimension  sub nodes
RAYDATA N 0 0 # of ray sets
RAY N 0 0 4
VIEWPOS RD 3 1 0
TARGETPOS RD 3 1 0
THETADIR RD 3 1 0
PHIDIR RD 3 1 0
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Appendix D

The wall definition file

Table 10. The descriptors for pa-
rameters set in the wall definition
file.

Different walls in the case can have different properties. These properties are
defined in the wall definition file, where each wall as a unique name to which the
properties are associated. For each wall a sub-data set is defined and for each wall
the following parameters must be specified:

NAME Unique name of the wall. Max 12 character.
TEMPERATURE Temperature onthewall givenasT = a+ b-x.

EMISSIVITY Emissivity for the wall given ase = a + b-a + c-o?, where a is
the angle between the wall normal and the ray.

REFLECTIVITY Specular reflectivity for thewall givenasp = a+ b-a + ¢-a?,
where « is the angle between the wall normal and the ray.

In Table 10 is the descriptors described.

name type size dimension sub nodes
WALLDATA N 0 0 # of walls
WALL N 0 0 4
NAME LI 1 1 0
TEMPERATURE RD 2 1 0
EMISSIVITY RD 3 1 0
REFLECTIVITY RD 3 1 0
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Appendix E

The absorption data base file

To be able to calculate the IR-intensity, the mean absorption coefficients, %,,,
have to be known, see Eq. (12). The absorption coefficients are different for
different species and are dependent on the temperature and wave number. Thus,
in the absorption data base file, the different species have their own sets of ab-
sorption coefficients, which are connected to temperature and wave number. The
structure of the file is presented in Figure 20.

Figure 20. The structure of the - .
absorption data base file. IR_absorptlon I title

author

ate
species

ju

i

species

The mean absoprption coefficients can be extracted with the program MARD
from files generated by HITRAN and/or HITEMP, see section 5.
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