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(ABSTRACT)

An important consideration in the design of military aircraft is observability,
or how visible an aircraft is to hostile weapons. One area of great importance to
overall observability is an aircraft’s infrared signature, particularly the infrared
emissions from the exhaust nozzle and plume. This creates the need for accurate
modeling of the infrared signatures from these sources as a design aid or for
comparison of candidate designs.

To that end, a parametric model has been developed based on the General
Electric F110-GE-129 jet engine. The basis of the model is a highly flexible
Monte-Carlo ray-trace formulation which is capable of simulating real surface
behavior, such as specular reflections, and allows for variation of input parameters
such as temperature, surface properties, and geometry. For given input
parameters, the model predicts the overall infrared signature due to surface
radiation from the exhaust nozzle and interior components. It also indicates the
relative contribution of each interior surface to the overall signature and predicts
the image that would be seen using infrared imaging equipment. The basic
principles of the simulation method and the theory behind the application are
discussed. Results are presented, primarily in graphical format, and

recommendations are made for further work.
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1.0 Introduction

History has unequivocally proven the dominant role of heat-seeking
weapons in combat, particularly air-to-air combat. Both the U.S. Air Force and the
aerospace industry have paid heed to history’s lesson and are engaged in ever
increasing efforts to decrease aircraft vulnerability to infrared weapons [1]. A
logical means of achieving that goal is by decreasing the infrared observability of
an aircraft. This implies the need for detailed information regarding the infrared
signature of a given aircraft at the design stage as well as at the operational stage.
The experimental methods which currently fulfill part of this need are expensive
and difficult, while the computational methods currently used are predominantly
based on overly simplified models [2]. The objective of this research is the
development of an accurate model of the infrared signature of a military jet
exhaust nozzle. The model should be suitable for parametric studies of infrared

emissions from candidate engine designs.
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The importance of heat-seeking weapons has been well established and will
continue to be of interest to military jet engine design engineers for the forseeable
future. Between 1958 and 1990, heat-seeking missiles accounted for 308 of the
407 known missile kills made in the air [3]. This statistic becomes more
impressive when one considers that less than one-half (992 of 2014) of the
missiles fired in the same period were heat seekers.

Additionally, the infrared-seeking missile responsible for most of the 308
kills, the U.S. Air Force Air Intercept Missile 9 (AIM9), is based on 1960’s
technology, whereas the radar-guided missiles fired were generally state-of-the-art.
Finally, the U.S. Air Force currently pays ten times more for the radar-guided
Advanced Medium Range Air-to-Air Missile (AMRAAM) than the AIM9 [3]. In light
of shrinking defense budgets worldwide, the low cost of the AIM9 and infrared
missiles in general makes them the weapon of choice for air-to-air combat.

The above discussion clearly demonstrates the proven performance of
infrared-guided missiles and consequently supports the premise that such weapons
will enjoy widespread use well into the next century. This establishes the need for
accurate prediction of infrared signatures, and constitutes the author’'s motivation
for the study of jet engine nozzle infrared image simulation.

The author is not alone in the study of infrared signatures. The U.S. Air
Force and the aerospace industry dedicate considerable resources to the purpose
of determining jet exhaust nozzle infrared signatures. Facilities such as the

altitude ground test facilities at Arnold Engineering Development Center (AEDC),
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Arnold Air Force Base, Tennessee, are used to obtain engine hot-part radiation
data over a wide range of operational parameters. These tests are conducted for
many types of jet engines, including the General Electric F110-GE-129 afterburning
turbofan [4].

In addition to these experimental facilities, great effort has been expended
developing computational models of infrared signatures. Computer simulations
such as Spectral Imaging of Targets and Scenes (SPIRITS) [2] and Low
Observable InfraRed (LOIR) [5] have been developed to predict observability of
aircraft to heat-seeking weapons. The widespread use of these simulations by
engineers and scientists is due to the fact that experimental data do not provide
all of the information needed regarding infrared signatures and are often expensive
to obtain and valid only for the engine being tested.

The task of the simulations cited above are to fill the void of data that either
cannot be obtained or are too expensive to obtain experimentally. For example,
the SPIRITS simulation accounts for all possible sources of infrared radiation,
including exhaust nozzle and plume, airframe emissions, and scattered earth-, sun-
, and skyshine. The SPIRITS code also allows for a variety of backgrounds [2].
The scope of such models is vast, and the simplifications needed to make such
a simulation viable are substantial.

One source of infrared radiation that is frequently simplified is the exhaust
nozzle. Because of the complex nature of the interior components and numerous

dependent and independent parameters, current generations of models such as
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SPIRITS and LOIR model the exhaust nozzle as diffusely emitting, fixed-geometry
cavities with constant properties [5]. Though such approximations may give
adequate results in limited applications, we cannot claim a priori knowledge of
exhaust nozzle infrared emissions based on results from these models. Finally,
the most important drawback of these simplified models is that they preclude
parametric studies of exhaust nozzle radiative signatures.

The main impetus for the current research is to meet the need for a highly
accurate model based on first principles that includes few simplifications and
allows for parametric studies of infrared emissions. The nozzle used as a
reference in the model formulation is the F110-GE-129 afterburning turbofan.
Technical information regarding the F110-GE-129 is available elsewhere [6,7]. The
model developed forms a steady-state representation that includes complex
geometries and realistic surface properties [8], such as specular reflections, but
does not account for participating media such as hot exhaust gases and the
atmosphere. Because participating media are not included, this model represents
only the first step in creating a comprehensive jet engine infrared model. However,
in certain wavelength intervals, particularly the long wavelength band (8-12um), hot
exhaust gases, whose radiating components are primarily carbon dioxide and
water vapor, and the atmosphere are nearly transparent and may be omitted in the
radiative analysis [9]. The model allows for variation of surface properties,
temperature distribution and changes in geometry, such as a variable nozzle.

The numerical model developed, Program ANSIRS (Augmented turbofan
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exhaust Nozzle Simulated InfraRed Signature), is based on a Monte-Carlo ray-
trace method which is widely used and well suited to complex geometries [10,11].
The Monte-Carlo approach involves simulating a large number of individual
interactions between energy bundles and surfaces based on interpretation of
surface radiative properties as probabilities, and predicting the overall behavior
based on the outcome of all the individual interactions [12,13]. The Monte-Carlo
method was first applied to radiative heat transfer in the analysis of participating
media by Howell and Perimutter and has since become a popular approach to
radiant exchange between surfaces [14-16]. The method has proven to be
particularly useful in the analysis of radiometer cavities, in which the effects of
specularity are significant [17-21].

When compared with other methods for determining radiant exchange
among surfaces, such as the projection [16] and net-exchange methods [11], the
Monte-Carlo method competes favorably for use in this application. The projection
methods are competitive only for diffusely emitting and reflecting surfaces or flat
surfaces, whereas the Monte-Carlo method may be used to treat diffusely and
specularly reflecting curved surfaces, such as those found inside a jet exhaust
nozzle. The net-exchange methods, which involve solving simultaneous equations
for all surfaces, become impractical in applications where many curved surfaces
and blockage are present, as is the case in the F110 jet engine. This method
necessitates finding the specular exchange factors, which can be a formidable

task. This leads to the conclusion that a Monte-Carlo ray-trace method is the most
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suitable approach to a complex geometry with real surface properties [11].

The Monte-Carlo ray trace allows the distribution factor between any two
interior nozzle surfaces to be determined. The distribution factor, as defined by
Mahan and Eskin [20], allows for direct calculation of radiative transfer between
all surfaces, including virtual observer surfaces located outside the nozzle. The
total infrared signature of the nozzle consists of the intensity and direction of all
thermal radiation that leaves the nozzle cavity. It may be determined by
calculating the total radiative transfer between all interior nozzle surfaces and all
observer surfaces. In addition, the matrix of distribution factors provides
information such as the contribution of each interior surface to the overall
signature. A technical discussion of the model is undertaken in Chapter 2. A
discussion of the validation efforts, including the process of random number
generation [22-24], is presented in Chapter 3.

The effects of changes in various parameters, such as temperature
distribution, on the thermal radiative signature may be studied by altering these
parameters and executing Program ANSIRS. A series of such parametric studies
has been performed and the results are discussed in Chapter 4. Several
improvements or additions could be made to the model which would make it more
useful. In Chapter 5, a discussion of these modifications is presented along with

recommendations for future research.
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2.0 Technical Description of the Model

The purpose of this chapter is to present a detailed discussion of the
infrared signature model. The model is a Monte-Carlo-based simulation
implemented for the General Electric F110-GE-129 jet engine. Therefore, technical
descriptions of the Monte-Carlo method and the F110 engine are warranted.
Additionally, the treatment of radiative surface properties and radiant exchange
between surfaces is addressed. Finally, the user interface with program ANSIRS
(Augmented turbofan exhaust Nozzle Simulated InfraRed Signature) is fully

described.

2.1 The Monte-Carlo Method

"Monte-Carlo" refers to a statistical numerical technique that simulates
actual events by interpreting physical variables as probabilities and performing a
large number of simulated individual events or experiments. If enough
experiments are performed, an accurate depiction of the actual behavior will result.
The general theory of Monte-Carlo methods is well known, and detailed

descriptions are available elsewhere [10-15]. Thus, this section focuses on the
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use of the Monte-Carlo method in the current application.

The use of a Monte-Carlo technique is generally considered to be among the
best of available methods for complex geometric structures such as the interior of
an exhaust nozzle [11,16]. In addition, the Monte-Carlo method may be used to
treat any type of surface, from a black surface to one with spectral, bidirectional
properties. This consideration was of high priority in the selection of a modeling
approach for the application at hand.

For this work, the Monte-Carlo method is used to simulate radiant exchange
among surfaces. The mechanism of physical radiant exchange is the emission,
absorption, and reflection of discrete energy bundles. The Monte-Carlo ray-trace
technique simulates the emission of energy bundles from a surface and traces
their life history until they are absorbed. Decisions throughout the energy bundle’s
lifetime are made based on comparison of property values interpreted as
probabilities with the values of random numbers. Perhaps the best way to explain
the Monte-Carlo method as used in this research is to describe the life cycle of a
typical energy bundle, explaining each step along the way. The flow chant of
Program ANSIRS shown in Figure 1 depicts all of the steps involved in the
simulation.

Before the Monte-Carlo method is applied, preliminary calculations
determine the values of variables to be used in the model. This preprocessing is

based on the input parameters and includes definition of the specific geometry and
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assignment of surface properties. The details of this preprocessing are not directly
related to the application of the Monte-Carlo ray-trace technique to this model.
Therefore, the discussion of this aspect of the simulation is postponed until
Sections 2.3 - 2.6.

Once the specifics of the model have been defined, a Monte-Carlo ray trace
consisting of five distinct steps is applied to determine interactions between
surfaces. Together, the five steps simulate the diffuse emission and subsequent
reflection or absorption of one energy bundle. The first of these steps is to
determine an exact source point for emission of an energy bundle from a given
surface. This is accomplished by subroutine SOURCEPT, as depicted in the flow
chart of Figure 1.

Two uniformly distributed random numbers between zero and unity, R, and
R,, are drawn to determine the coordinates of the emission point. The list of
random numbers that are drawn is created by subroutine CHAN of Program
ANSIRS, which numerically generates the random numbers as they are needed.

Because the model developed consists of planar, conical, cylindrical, and
spherical surfaces, the means of source-point location differ from surface to
surface. Therefore, in the following discussion Cartesian coordinates are used and
a rectangular planar surface is assumed, taking x and z to be independent and y

to be dependent. For surface element i with width Ax and length Az, as shown in
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Figure 2, the x and z coordinates of emission are given by

x, = x, + R,Ax (1)

z, = z, + RAz, (2)

andy, is determined by the relationship between variables defined by the particular
surface equation. The subscript "i" in Equations 1 and 2 refers to the coordinates
of the reference corner of the surface element.

After establishing the point of emission, the second step is to determine the
direction of emission, which is accomplished by subroutine DIRECTION shown in
the flow chart in Figure 1. Two more random numbers, R, and R,, are drawn to
determine the angles 6 and ¢ that define the direction of emission with respect to
the surface normal and tangent, respectively, as shown in Figure 2. According to

Siegel and Howell [10], for diffuse emission 6 and ¢ are related to R; and R, by

0 = sin“(‘/g) (3)

and
¢ = 2nA,. (4)

In the current work, only diffuse emission is considered. However,
directional emission could be modeled if directivity relations corresponding to
Equations 3 and 4 were available for the surface in question.

After determining the location and direction of emission, the third step is to
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conduct a search to determine the nearest point of intersection between the
emitted energy bundle and all surfaces in the enclosure. To find the nearest point
of intersection, all surface equations that define the components of the model must
be examined separately. Each equation must be solved simultaneously with the
equation of the line defined by the direction and origin point of emission. This is
done for all surface equations in turn, and solutions are accepted only if the
intersection point lies on a part of the mathematical surface which represents a
physical surface of the enclosure. If an intersection with a given physical surface
is found, the distance between the point of emission and the point of intersection
is calculated. If an intersection with another surface is subsequently found, the
distance is again calculated and compared with the previous value. If the new
distance is shorter than the previous one, that indicates that the energy bundle
struck the enclosure at that point. The shortest distance is stored and updated as
each surface equation is examined. In that way, when the search among all
surfaces is completed, it is assured that the point of intersection is indeed the
nearest, and thus the correct, point. This search is accomplished by subroutine
INTERSECT shown in the Program ANSIRS flow chart of Figure 1.

After finding the point of intersection, the surface element containing this
point must be determined so that the local surface radiative properties may be
used. This is straightforward for one-sided surfaces, but for two-sided surfaces it
becomes more difficult. For two sided surfaces, the side the energy bundle

actually struck may be determined from the point of emission, the direction of
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emission, and the distance to intersection.

A simple way to accomplish this is to calculate a point that the energy
bundle passed through just before striking the surface of interest. This is done by
subtracting a small vector amount from the known intersection distance and
calculating the coordinates at the new distance along the original line of emission.
This test point is then compared to the surface of intersection according to a rule
defined by the particular surface equation. For example, if a ray strikes a two-
sided planar surface, the coordinates of the test point are substituted into the
equation of the plane and the result is examined. The sign of the result indicates
the correct side of intersection and constitutes the rule for planar surfaces. Other
types of surfaces are governed by different rules. After the rule is applied and the
side of intersection is found, the corresponding surface element is found by
subroutine SURFACE shown in the flow chart of Figure 1.

Once the surface element on which this intersection occurs is found, step
four is to determine if the energy bundle is absorbed or reflected. This requires
that another random number R; be drawn. This number is then compared to the
absorptivity of the surface of intersection by subroutine ABS. If the random
number is less than or equal to the absorptivity, the incident bundle is absorbed
and a counter is incremented. This counter, Nij, represents the "score" or number
of bundles emitted by a specific element i that are absorbed by another element
j- If Rg is greater than the surface absorptivity, the energy bundle is reflected, in

which case step five is invoked.
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In this application, each surface has an associated reflectivity ratio, «, defined

as

K=.Ef, (5)

where p is the sum of a specular component of reflectivity, p,, and a diffuse
component of reflectivity, py. In order to decide if a given reflection is diffuse or
specular (step five), another random number R, is drawn and compared to x for
the surface in question. If Ry is less than or equal to k the reflection is specular;
otherwise it is diffuse. If the reflection is diffuse, step two is repeated to determine
a new random direction associated with the diffuse reflection. If the reflection is
specular, the direction of reflection is determined by the angle of incidence and
orientation of the surface. The reflected energy bundle is then traced to another
surface of intersection and steps three through five are repeated until the bundle
is absorbed, at which point the element of origin i and element of absorption j are
stored. This entire process is repeated many times for each surface element.
When the process of emitting and tracing energy bundles is complete, the
result is a matrix of values that represent the actual number of energy bundles
emitted from a surface element that are absorbed by another element, or N;. To
convert this data into a meaningful form, the values may be nondimensionalized
into distribution factors D; between elements. If each value represents the total
number of bundles emitted from surface i that are absorbed by surface |, then a

nondimensional form may be calculated by dividing this value by the total number
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of bundles emitted from surface i, or N;. The resulting distribution factor D; is a
number between zero and unity that is equal to N/N;. The distribution factors may
then be used to calculate radiative heat transfer between surfaces, as discussed

in Section 2.5.

2.2 Description of the F110-GE-129 Engine

The General Electric F110-GE-129 engine is a two-shaft augmented turbofan
which was first used in the General Dynamics F-16C in 1990 and has since been
selected to power Japan’'s FSX fighter [6]. This engine represents current
technology for production aircraft engines. The exhaust nozzle section of the F110
is a convergent/divergent nozzle with hydraulic actuation. With the exception of
the convergent/divergent portion, all structures downstream of the last stage
turbine blades are stationary [25]. A cut-away view of the entire engine is shown
in Figure 3. The exhaust nozzle section of the F110 is fabricated from five
different materials: Inconel 718, Inconel 625, René 41, Hastelloy X, and Haynes
Alloy 188 [7]. All of these materials are Nickel-Chromium alloys with various other
constituents. The total length of the F110 engine is 4.83 m and the maximum

diameter is 1.21 m [6].

2.3 Geometry Modeling
The model created consists of 1512 real surface elements and 552 virtual

observer surface elements located on an imaginary hemispherical surface outside
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