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A comprehensive scheme hasbeen developed for the prediction of radiationfrom engine exhaust and its incidence
on an arbitrarily located sensor. Existing codes have been modi� ed for the simulation of � ows inside nozzles and
jets. A novel view factor computation scheme has been applied for the determination of the radiosities of the
discrete panels of a diffuse and gray nozzle surface. The narrowband model has been used to model the radiation
from the gas inside the nozzle and the nonhomogeneous jet. The gas radiation from the nozzle inclusive of nozzle
surface radiosities have been used as boundary conditions on the jet radiation. Geometric modeling techniques
have been developed to identify and isolate nozzle surface panels and gas columns of the nozzle and jet to determine
the radiation signals incident on the sensor. The scheme has been validated for intensity and heat � ux predictions,
and some useful results of practical importance have been generated to establish its viability for infrared signature
analysis of jets.

Nomenclature
A1; A2 = surface areas in view factor geometry
aG ; a¸ = absorption coef� cients of gray gas

and real gas
C = carbon dioxide concentration
Cc = carbon dioxide concentrationat nozzle axis
.Cx ; C y; Cz/ = sensor center
De = nozzle exit diameter
D.K / = discrete elemental distances along jet axis
dA j ; dAk = elemental areas of panels j and k
dAs = elemental area projected onto hemisphere

surface
da; dAb = elemental area of sensor and elemental area

projected onto base of hemisphere
dFd j ¡ dk = elemental view factor between elemental

surface j and elemental surface k
dq¸I;k; dq¸O ;k = elemental incoming and outgoing spectral

heat � uxes of panel k
d¸ = elemental wavelength
d! j ; d!k = elemental solid angles
.Ex ; E y ; Ez/; = centroids of panels
.Ex1; E y1; Ez1/
e¸B;G = blackbody spectral emissive power

corresponding to gas temperature
inside nozzle

e¸B;k = blackbody spectral emissive power
corresponding to Tk

F1 ¡ 2 = view factor from area A1 to A2

h = distance between surfaces in view factor
geometry
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i 0
¸; i 0

! = spectral intensities based on wavelength and
wave number

i 0
¸b; i 0 = blackbody spectral intensity and total

intensity
i 0
¸.O/ = spectral intensity incident on gas column

i 0
¸O ; j = spectral radiosity of panel j

kg = number of jet sections
L N = idealized nozzle length
Me = nozzle exit Mach number
Ndg ; Nsg = number of radial sectors and even number of

angular sectors of nozzle face and
subsequent jet sections

P.I / = jet cross section radii at discrete elemental
distances D.K /

.Pag ; Qag ; Rag/ = point on the engine side of nozzle axis

.Pcg ; Qcg ; Rcg/ = center of nozzle exit face

.Px ; Py ; Pz/ = point on perpendicular to the sensor on its
active side

p0, p0
e, p0

0 = static pressure, nozzle exit pressure and
stagnation pressure

q = heat � ux per unit area
q¤ = nondimensional form of heat � ux,

q=.¾ £ 1004)
R j = radius of jet section
r = distance along line of sight from far end to

sensor center
rs = radius of sphere in view factor computation

by unit sphere method
r1; r2 = radii of disks in view factor geometry
s = length of gas column or distance between

centroids of panels j and k
T 0; T 0

amb; T 0
c = static temperature, ambient temperature, and

axial temperature
T 0

e ; T 0
0 = nozzle exit temperature and stagnation

temperature
U 0; U 0

c; U 0
e = x component of velocity, axial velocity, and

nozzle exit velocity
X i = optical path length of species i
.Xcg; Ycg ; Zcg / = point on the edge of nozzle exit face
x = axial or curvilinear coordinate
.xn1; yn1; zn1/; = vertices of panel
.xn2; yn2; zn2/,
.xn3; yn3; zn3/
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.xt1; yt1; zt1/, = projections of panel vertices onto

.xt2; yt2; zt2/, hemisphere base

.xt3; yt3; zt3/
® = angle between sensor perpendicularand line

joining sensor center with panel centroid
®¸; j ¡ k = spectral absorptivity of gas column between

panels j and k
¯ = angle between perpendicular to panel and

line joining panel centroid with sensor
2k; ½k = emissivity and re� ectivity of panel k
µ j ; µk = angles between perpendiculars to panels j

and k with the line joining the centers of
these panels

¸; ! = wavelength and wave number
¿¸ = spectral transmissivity
¿¸; j ¡ k = spectral transmissivity of gas column

between panels j and k
Á = angle between nozzle axis and line joining

nozzle exit face center to sensor center

Introduction

P RESENT day aircraft detection technologies have advanced
from active detection to passive detection and enable detection

in an almost all round spherical envelope. Thus stealth, as deter-
mined by the various signatures such as acoustic, visible, infrared
(IR), and radar, has become an integral part of modern aircraft de-
sign. IR signature has assumed importance because it enables pas-
sive detection. The aircraft surfaces radiate predominately in the
8–14 ¹m band whereas the engine exhaust or jet radiates strongly
in the 2–6 ¹m band.The jet radiation,which is the primary sourceof
IR, especially in afterburningmode, depends on its size, shape, and
species compositionand is also in� uenced by the radiation from the
nozzle interior. This nozzle radiation is determined by the charac-
teristics of its surface in terms of geometry, texture,and temperature
and the hot combustiongases containedby it. The radiation from the
exhaust is to some extent governed by the nature of expansion, but
the increasinguse of a variable convergent–divergent nozzle should
allow for optimum � ow expansions for almost all � ight conditions.

A search of literature reveals that this problem of jet radiation
most often has been addressed from an academic viewpoint only
and not in its totality. Many researchers have dwelt either on the
radiation inside the enclosureor the outsidegas radiationseparately,
whereas no one has considered the practically important aspect of
the arbitrary location and orientation of the sensor.

One of the earliestmethods for solutionof radiativetransferin en-
closures is Hottel and Saro� m’s zone method,1 applicable for non-
isothermal gas environments inside arbitrarily shaped enclosures.
Lockwood and Shah2 developed a method known as the discrete
transfermethod for the analysisof thermal radiation in combustors.
It combines features and advantages of Hottel and Saro� m’s zone
method,1 Monte Carlo method,3 and � ux models4;5 while avoiding
their shortcomings. However the assumption of a constant absorp-
tion coef� cient for the gas may limit its practical utility. Chui et al.6

presenteda � nitevolumemethod(FVM)for three-dimensionalradi-
ationproblems in cylindricalenclosures.Accuratepredictionsmade
for benchmark real furnace problems make this a good test for vali-
dation.Chai et al.7 extendedthe FVM for a Cartesiancoordinatesys-
tem to model irregulargeometries for participatingmedia and walls
using body-� tted coordinates. The predictions show good agree-
ment with establishedresults.However, the solutionsgiven by Chui
et al.6 and Chai et al.,7 though applicable for absorbing, emitting,
and scatterring media, have limited practical utility due to a gray
gas assumption.

Decher8 analyzed IR emission characteristicsusing a simple ab-
sorption coef� cient model, for an ideal cycle of a mixed � ow turbo-
fan having a rectangular nozzle to aid in the selection of candidate
designs. He indicated that the parameters that increase ef� ciency
reduce IR emissions and that the increase in IR emissions due to
afterburning are quite large compared to the corresponding thrust
augmentation.

a) Sensor in oblique mode

b) Sensor in tail-on mode

c) Sensor in aft mode

Fig. 1 Sensor location relative to jet.

Gauffre9 presented cursory details of a comprehensive package
for the IR radiation modeling of a full aircraft in the presence of
a participatingatmosphere. Though no experimental validation has
been presented, the effort can be considered as a signi� cant step in
the total solution process where the essentials of IR radiation have
been achieved. The physical limitations present in radiative studies
were removed to a large extent by Ludwig et al.,10 who presented
a theoretical model and some experimental validation for spectral
radiance calculation of nonhomogeneous media with a cylindrical
con� guration. The band model formulated in this work has been
adopted by many.

Dochertyand Fairweather11 adapted the discrete transfermethod,
compatiblewith � nitedifferencemethods,to providea computation-
ally inexpensivepredictionprocedurebased on the proven ability of
the exponentialwideband model of Edwards12 to describe radiative
transfer in nongray systems that may contain soot. The predictions
made by this method for representative one-dimensional � re con-
� gurations compare well with the predictions of a narrowband sta-
tistical model. In addition, the effect of soot and path length on the
radiative intensity, the directionalbias of radiation of asymmetrical
pro� les, and the dominance of gaseous species or soot on radiation
are demonstrated.

Radiation from hot jets is complicated in terms of radiation from
the nozzle, noncylindrical hot gas core, uncon�ned nature, and the
consequentmixing processes and the geometric orientation and lo-
cation of the surface at which the IR intensity or heat � ux is to be
estimated, as shown in Fig. 1. These have not been consideredso far
in literature. This paper deals with the IR signature of an optimally
expanded circular jet and is an ab initio modeling of gas radiation
in combination with geometric modeling.

The aim of this paper is to predict and simulate the radiation
levels on an arbitrarily located and oriented sensor from an engine
exhaust jet inclusive of the contribution from the nozzle interior. It
is generally perceived that a missile, during the initial part of its
trajectory, looks at the target emitting IR radiation, as a hot source,
whereas at closedistances,the targetradiationis perceivedin greater
detail as a combination of hot sources and is used to guide the
missile or trigger the warhead. The detailed modeling that has been
developed in the present work is very appropriate to near range
applicationsof present day all aspect missiles and is naturally valid
for long distances, too.



70 HERAGU, RAO, AND RAGHUNANDAN

Fig. 2 Block diagram of computation scheme.

Modeling
As can be seen in Fig. 1, the missile sensor perceives different

parts, shapes, and regions of the nonhomogeneousjet with different
locations of itself with respect to the jet. These perceptions change
not only with the orientationand location of the sensor with respect
to the jet, but also with its � eld of view or aperture. For the side lo-
cation (as in Fig. 1a) some of the rays or lines of sight emanate from
the deep interior of the nozzle and pass through the homogeneous
and nonhomogeneous parts of the jet. The remaining rays have a
passageonly through the jet. However, for the tail-on location (as in
Fig. 1b), most of the radiation is due to the rays that emanate from
the deep interior of the nozzle and pass through the jet. Finally, for
the aft location (as shown in Fig. 1c), the jet radiation, as perceived
by the sensor, does not have any direct contribution at all from the
nozzle interior.Hence detailed� ow simulationsand exhaustivegeo-
metric/radiationmodelingare required1) for � owsimulationsinside
the nozzleand its jet, 2) to identify and isolateparts of nozzleand jet
contributing to radiation, 3) to determine radiation emanating from
the jet, 4) to include the effect of nozzle interior radiation, if any,
on some or all of this radiation, and 5) to account for effective per-
ception of this radiation by the sensor for any of its given locations
and orientations. The radiation modeling requires the � ow proper-
ties inside the nozzle and jet as determined from � ow simulation,
whereas the geometric modeling requires the discretization of the
jet region, the formation of discrete elemental panels and volumes
and their identi� cation for radiation contribution. Thus, this mod-
eling scheme involves different aspects that form parts of a typical
computation scheme as shown in Fig. 2.

Nozzle Internal Flow and Jet Development
The � ow simulation has been made in two parts. The � rst part

deals with the � ow generation in the nozzle, which yields the exit
conditions. The second part utilizes the nozzle exit conditions so
derived as the initial conditions for the � ow development outside.

Flow Simulation Inside Nozzle

As noted by Shapiro,13 the one-dimensional approximation is
very useful in the study of � ow in ducts. Therefore, the � ow inside
the nozzle is assumed to be steady, one-dimensional, inviscid and
isentropic, shock free, and chemically reacting. An existing code,
namely that contained in a NASA report by Lordi et al.,14 has been
adapted for this purpose. The required details of program adapta-
tion and modi� cation made are found in Refs. 15 and 16. Because
turbine fuels are made up of hundreds of different hydrocarbons,
a simple molecular formula, C8H18 of the form of CnH2n C 2 has
been assumed for the fuel. The species proportions of the mixture
obtained for combustionof this fuel in excess air can be easily com-
puted from equilibrium considerations.Because the code does not
deal with the combustionprocess per se, but considersall elemental
reactions that make up the equilibrium, the stagnation temperature
at the inlet of the nozzle is a prescribedparameter and not computed
from combustion reactions. This is appropriate because substan-
tial energy transfer would have already occurred during expansion
through the turbine. The code examines only the downstream part,
where species concentrationsvary along with pressure and temper-

Table 1 Input data

Case Type of � ow NC
a NH

a NO
a NN

a p0
O T 0

O

A Subsonic � ow, 0.982 2.210 14.174 54.23 1.93 828.4
F=A D 0.0142b

B Supersonic � ow, 1.185 2.667 14.132 54.071 3.05 955.0
F=A D 0.0172b

aNumberofgram atoms of carbon, hydrogen,oxygen,and nitrogenper gram ofmixture.
bFuel-to-air ratio.

Table 2 Nozzle exit conditions

Mass Mass
fraction fraction

Case Type of � ow of CO2 of H2O p0
e , atm T 0

e K U 0
e m/s

A Subsonic � ow, 0.043 0.020 1.1 716 493
F=A D 0:0142

B Supersonic � ow, 0.052 0.024 0.96 705 740
F=A D 0:0172

Fig. 3 Variations of temperature, pressure, and Mach number with
distance along nozzle for subsonic expansion.

ature as the � ow expands through the nozzle. Because of the very
small variationsin actualmagnitudesof the mass fractionsof carbon
dioxide and water vaporbetween equilibriumand frozen � ows even
for a stoichiometricmixture, � ow analyseshave been made only for
frozen � ow composition.Figure 3 shows the predictedvariationsof
temperature,pressure,and Mach number for the � ow with a fuel-to-
air ratio of 0.0142 for a subsonic expansion. It can be seen that the
temperatureand pressureratios at the throat are about0.83 and 0.53,
respectively, as predicted by isentropic � ow theory. The expansion
corresponds to a practical case because the nozzle exit pressure is
about 1 atm. The shallow nozzle divergence, 0.05 deg, is re� ected
in the variations of pressure, temperature, and Mach number with
distance because most of the variation takes place in the convergent
part. IR signals of interest will be predicted later for practical cases
such as this subsonic expansion and another supersonic expansion.
The input data required for the code and the corresponding noz-
zle exit conditions derived out of them for these cases are given in
Tables 1 and 2.

Flow Simulation Outside Nozzle

The � ow outside nozzle or the jet is assumed to be steady, two-
dimensional, viscous, nonreactive, compressible, and shock free.
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Fig. 4 Variation of nondimensionalaxial velocity in subsonic jets.

Fig. 5 Temperature pro-
� le across jet, Me = 0:85.

The justi� cations for these assumptions made for � ow simulations
inside and outside nozzle may be found in Ref. 16. As explained
by Abramovich,17 a jet typicallyconsists of an initial region mainly
comprising the potential core, the transition region, and the devel-
oped region. Because the jets are boundary-layer-type � ows, the
GENMIX code, developed by Spalding18 for boundary-layer-type
� ows, has been used for its simulation. The details regarding adap-
tation of the program are found in Ref. 19. The potential core is a
regionof high temperatureandconcentrationsand will have a signif-
icant effect on IR signal emissions from the jet. Thus, in the present
context of IR, the focus is on correct simulations of potential core
and temperature and concentrations of CO2 and H2O. It was found
that the mixing lengthparameter, in the computationof eddy viscos-
ity, is an important tuning factor to obtain correct simulations of the
potential core region. Hence, the � ow simulations have been made
based on the choice of mixing length parameter to yield a typical
length of potential core for turbulent jets, which is about 6De .

The simulation of optimally expanded � ows has been validated
against experimental results provided in Ref. 20 for both cold and
hot jets. Air and a combusted mixture were used as the working
media for the cold and hot jets, respectively.Based on the total tem-
perature values, the fuel-to-air ratio was found to be 0.014 for the
hot jet. Figure 4 shows the predicted variation of normalized axial
velocity with distance for the case of cold jets. The local axial ve-
locity has been normalized with respect to the nozzle exit velocity.
Numerically predicted values in Fig. 4 show a fair agreement with
the experiments, especially with respect to the constant region, in-
dicating the good predictionof potential core.The axial variationof
the normalized axial velocity shows invariancewith Mach number,
unlike the experiments. Note that the mixing length parameter has
been set to a constant value in the prediction scheme and not as
a function of downstream distance. Figure 5 shows the predicted
variation of normalized temperature difference and Fig. 6 the pre-
dicted variation of normalized CO2 concentration across the jet at
an axial distance beyond the potential core, x=De D 10, in compar-
ison with experimentalvalues given in Ref. 20 and the values given
by Gauffre.9 The normalization has been done with respect to the
centerlinevaluesand, hence, the variablesassumea valueof unity at

Fig. 6 Variation of carbon dioxideconcentration across jet, Me = 0.85.

the axis. It has been seen that the mismatch between predictionsand
experimental results can be corrected by using the mixing length
parameter as a good tuning factor. However, it may happen at the
expense of the accuracy of potential core region. The apparent � at-
ness around the axis is due to low resolution at the center of the
Gaussian curve. Thus, when the exit conditionsof the internal � ow
simulationsare usedas input to the external� ow, a reliablepictureof
the entire � ow� eld inside and outside the nozzle has been obtained.

Geometric Speci� cations
To tackle all IR scenarios, the nozzle, jet, and sensor are � xed

arbitrarily in a three-dimensional coordinate system. The sensor is
� xed in terms of the sensor center and the perpendicularto the sen-
sor on its active side. The discretizedpoints on the inside surface of
the nozzle generated a priori are used. The jet is � xed in terms of
the nozzle exit face center coinciding with the jet origin, any point
on the nozzle axis and any point on the edge of initial jet section
coinciding with the nozzle exit face, as indicated in Fig. 1. The pa-
rameters required for grid generation are Ndg ; Nsg; kg ; D.K /, and
P.I /, which provide wide � exibility in controlling the discretiza-
tion. Furthermore, the species concentrationsand the temperatures
at each of these jet radii P.I / at each of the D.K / elemental dis-
tances along jet axis are obtained from � ow calculations made ear-
lier. Therefore, the values of Ndg; kg , D.K /, and P.I / have to be
compatible with the GENMIX code employed for external � ows.
The nozzle inside surfaceas such can havevaryingtemperaturesand
emissivities.Theseare explicitlyspeci� edbasedon practicalvalues.
The gaseous environment inside the nozzle obtained from internal
� ow calculations is assumed to be homogeneousand is equal to the
exit conditions because very little variation occurs in the diverging
section in view.

Generation of Grid Points
The generation of grid points in the jet domain is based on the

solution of three equations, namely, 1) the equation for a point on a
plane such as a jet section, 2) the equation for the dot productof two
lines, and 3) the equation for the distancebetween two points on the
plane.With the � nal solutionbeingbasedona singlequadraticequa-
tion, the solutionprocess needs to be carried out for only one-halfof
a section.Thus, (Ndg £ Nsg C1) numberof grid pointsare generated
on each section.To ensurea propercorrespondencebetween thegrid
points on adjacent sections so that the grids do not become skewed,
principlesof coordinategeometryand linear algebraas describedby
Flanders and Price21 have been used. With these speci� cations, it is
possible to generate a total number of [.Ndg £ Nsg/ £ .3kg C 1/]
grid panels, which include f.Ndg £ Nsg/ £ .kg C 1/g number of
planar grid panels occurring on the nozzle face and jet sections
and .Ndg £ Nsg £ 2 £ kg/ number of planar grid panels between ad-
jacent sections. As shown in Fig. 7, most of these grid panels are
quadrilateral, such as abdc, with only a small number touching the
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Fig. 7 Schematic of occurrence of panels and volumes between
sections.

axis being triangular, such as efp. Most of the elemental volumes
formed by these panels are six sided, such as abdcCDBA, with only
a small number bounded by triangular panels being � ve sided such
as efpPFE. The radiation from any elemental panel is assumed to
originate from its centroid. Many subscripted variables are used
like three-dimensionalsubscripted variables for centroids and grid
points. For the centroids, the subscripts indicative of the angular,
radial, and axial nature vary from 1 to .2 £ Nsg/, 1 to Ndg , and 1 to
.2 £ kg ¡ 1/, whereas for the grid points, the subscripts vary from
1 to Nsg, 1 to Ndg , and 1 to .Kg C 1/, respectively.

Identi� cation of Columns Contributing to IR Signal
The uninterruptedlines of sight joining the sensor center with the

centroids of some of these grid panels on the outer surface of the
jet will form the centers of elemental gas columns that contribute to
the radiation (shown in Fig. 8). The radiation contribution of each
of these contributoryelemental gas columns will sum up to the heat
� ux of radiation. The contributory elemental gas column, within
which the sensor perpendicular lies, accounts for the intensity of
radiation. The prime task of geometric modeling is to isolate the
elemental gas columns that contribute to radiation.

In this task, it is � rst seen whether the sensor is located behind
the nozzle face. If the angale Á as shown in Fig. 8a is ·90 deg, the
sensor is behind the nozzle face, the nozzle face does not contribute,
and only the panels on the outer surface of the jet are considered for
computationalpurposes. It has to be determined whether the line of
sight and, hence, the radiation from some of these panels are also
blockedby the nozzle face.Thus whether the line of sight joining the
sensor center with the centroid of a panel intersects the plane of the
nozzle face is examined. If the distance of this point of intersection
from the nozzle center is less than the radius of the nozzle exit face,
then the radiation from that panel is blocked, and it is disregarded.
Otherwise, the panel is considered for further analysis. If Á > 90
deg, the nozzle face may contribute, and all of the grid panels on
the nozzle face are considered for their radiation contributionalong
with those on the jet.

Next for each of the panels under consideration, it is checked
whether the angle ®, as shown if Fig. 8b, is greater than 90 deg. A
panel is disregarded if ® is greater than 90 deg because the orienta-
tion of the sensor is such that its back is facing the panel like panelm
shown in Fig. 8a. Otherwise that panel (like panel l, whose position
is indicated in Fig. 8a) will be considered for IR computations.

Finally, it is seen whether angle¯ (Fig. 8b) is greater than 90 deg.
If the angle is greater than 90 deg, the location of the panel is such
that its back is facing the sensor and not otherwise. Invariably a
near-end panel like k will be such that its back is facing the sensor,
whereas a far-end panel like j will be such that its back will not
(as in Fig. 8a). These tests result in the isolation of gas columns
of lengths s and bounded by pairs of far-end and near-end panels.
These columns determine the radiation signal.

For thegascolumnsstartingfrom thenozzleface, it is necessaryto
determine the lengths of the gas columns within the nozzle interior
that contribute to the radiation. The panels on the inside surface
of the nozzle, containing their intersection points with the lines

a) Typical grids on nozzle face and jet

b) Radiation from a typical column onto sensor

Fig. 8 Occurrence and formation of grid panels and elemental vol-
umes with respect to sensor.

of sight, are determined. The lengths of gas columns (between such
intersectionpointson the inside surface of the nozzle and the nozzle
exit face) contribute to radiation from the nozzle interior in addition
to the radiosities of the panels on the inside surface of the nozzle
where the lines of sight terminate. For the gas columns that have
been isolated, the area of the far-end panel of this elemental gas
column, dA j , and the extent of the gas column within the jet, s, the
angles ®, ¯ , and the distance of the far-end panel from the sensor
center, r , are determined (Fig. 8b). These quantities are used in
radiation calculations to be described later.

The computations described suf� ce for a homogeneous gas re-
gion. However, for a nonhomogeneousgas region, it is required to
identify the gas conditionsencounteredalonga ray or a line of sight.
The gas conditions are assumed constant within an elemental vol-
ume formed by the grid panels but varying from one volume to the
other. The same techniquesof geometric modeling used for the ho-
mogeneousgas region are used for the nonhomogeneousgas region
to isolate pairs of far-end and near-end panels and to � nd their inter-
section points with the line of sight that form elemental lengths ds 0

as shown in Fig. 8b. Each of these elemental lengths determine the
extent of the local homogeneous gas conditions that determine the
radiation signal. These elemental volumes, which do not occur in a
descending or ascending fashion along the line of sight, are further
shuf� ed. This effectively places the elemental volumes within each
column in their naturally occurring order. The geometric modeling
that has been developed requires many geometric computations for
the generation of the planar equations of the grid panels, their cen-
troids, and their perpendicularsdirected into the gas region, as well
as computationof their areas and determinationof their intersection
points with lines of sight, gas column lengths, panel distances from
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the sensor, effective panel areas, and angles. These computational
details are explained in Ref. 16.

It must be emphasized that the mass that contributes to the IR
signal is a complex three-dimensional shape. Thus, although the
jet is treated as a body of rotation from the two-dimensional case
solved earlier, geometric modeling evolved here is essentially three
dimensional and can be used for any arbitrary radiating medium or
for any other property estimation.

Radiation Modeling
The radiation from a jet is dependent on its thermodynamiccon-

ditions, the species comprising the jet, its physical dimensions, and
boundary conditions. The temperature determines the nature of ra-
diation such as continuum or band radiation, which occurs at tem-
peraturestypicalof jet engine exhausts, and the strengthor intensity
of radiation signal. Pressure exerts in� uence on radiation through a
broadening mechanism. The species determine the radiation bands
with each species having characteristic bands. The absorption co-
ef� cient and physical path length determine what is known as the
optical path lengths, which determine the radiation strengths. The
boundaryconditionsmainly occur as initial radiation incidenton jet
boundary as it happens on the nozzle face as in the case of a sensor
viewing in a tail-on mode.

Computational Model
With reference to Fig. 8b, the basic radiative transfer equation

given by Siegel and Howell,22 in the absence of scattering, reduces
to

di 0
¸

ds 0 D ¡a¸i 0
¸.s 0/ C a¸i 0

¸b.s0/ (1)

Equation (1) can be modi� ed to yield the radiative transfer equation
given in Ref. 23 in terms of transmissivity as

i 0
¸.s/ D i 0

¸.0/¿¸.0; s/ C
Z s

0

i 0
¸;b

@

@s 0 ¿¸.s 0; s/ ds0 (2)

The � rst term representsthe effect of initial radiationand the second
term represents the effect of radiation through the gas column on
the total radiation.

The determination of spectral intensity requires the determina-
tion of spectral transmissivity, which requires the computation of
optical path lengths. Optical path length is a misnomer in the sense
that it is actually a nondimensional quantity. However, it is exten-
sively used in radiative studies to indicate the attenuation along the
path.The speci� cationof absorptioncoef� cient for differentspecies
and thermodynamic conditions and their application along the ac-
tual path lengths for the determination of optical path lengths and
transmissivities is based on band models.

Band Models
Band models are hypothetical models of simpli� ed structure,

which are introduced to provide a fair representation of the radi-
ation properties of real gases at a reasonable computing cost. In
general, a model consists of a set of lines in a spectral interval with
speci� ed properties regarding the intensities, shape, number, and
distributions of lines. Band models can be classi� ed into narrow-
band models and wideband models. The two types of wideband
models are the box model and the exponential wideband model of
Edwards.12 The typesof narrowbandmodels are Elsassermodel and
the statistical model. Because the wideband models are useful for
obtaining total quantities and the narrowband models are useful for
obtaining spectral information, the results based on the application
of narrowband model given in Ref. 23 are presented here.

Narrowband Models
Reference 23 deals with the developmentof a narrowbandmodel

basedon theCurtis–Godsonapproximation.This narrowbandmodel
considers both collision broadening and Doppler broadening. It is
basedon randomlyspacedand equally intensecollisionand Doppler
lines for collision and Doppler broadening. The present work con-
siders the single line group form of the narrowband model given in

Ref. 23 to yield the transmissivityto be used in Eq. (2). The spectral
transmissivity of a medium containing a system of species is

¿¸ D exp

µ
¡

X

i

X i

¶
(3)

The applicationof this band model for the deteminationof optical
path lengths requires the knowledge of the absorption coef� cients
and mean inverse line spacing for the species that are considered in
radiation computation, namely, CO2, H2O, and CO. The data given
in Ref. 24 have been used. The details of the adaptation of this
narrowband model are given in Ref. 16.

The radiation through an elemental gas column, in terms of total
intensity signal incident at the sensor location, is given by

i 0.s/ D
Z

¸

i 0
¸.s/ d¸ D

X

¸

i 0
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whereas the heat � ux signal is given by
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Numerical integrationis carriedout to solve for these signals,which
require various geometric quantities such as angles, areas, and dis-
tances determined from geometric modeling.

When the sensoris viewingthenozzlein a tail-onmode, it requires
to determinei 0

¸.0/ ofEq. (2), to evaluatethe initialradiation,which is
thecontributionfrom thenozzleinterior.This is dependentonnozzle
surface radiosities and the gas conditions inside nozzle because the
nozzle interiorcontributionis assumed to originateat the nozzleexit
face instead of its surface. This evaluation is based on the radiation
modeling of the nozzle interior as will be explained.

Radiation Modeling of Nozzle Interior
Radiation from the nozzle interior emanates from the hot inside

surfaces of the nozzle and traverses through the hot gas, which acts
as a participatingmedium. The nozzle surface radiosities consist of
the emitted and re� ected portions of the radiated energy. The emit-
ted portion is determinedby the individualsurface temperaturesand
their emissivities. The re� ected portion is determined by the inci-
dent radiation and the surface re� ectivities. However the incident
radiation itself dependson the visibilityof each of the other individ-
ual surfaces from the surface under considerationand the radiosities
of those surfaces. Hence, the radiation from the nozzle interior is a
typical example of gas radiation in an enclosure.

The hot gas inside the nozzle is assumed to be an absorbing
and emitting medium with uniform properties equal to that of the
potential core of the outside jet as noted earlier. A tail-on view of
the nozzle shows a combination of surfaces, as shown in Fig. 9a.
Because aircraft engine nozzles are fairly shallow as compared to,
for example, rocket nozzles, it suf� ces to treat the nozzle and the
insideportion as a cylinder,as shown in Fig. 9b, thoughit is possible
to account for its actual outer shape. The head end of the cylinder
is treated as a hot surface to account for the complex details inside.
The cylinder length is set equal to the sum of the slant lengths of the
nozzle or the sum of the jet pipe length and the slant lengths, and its
fore and aft areas have been set equal to the nozzle exit face area.
The nozzle inside surfaces are assumed as diffuse and gray with
speci� ed properties of temperature and emissivity. The grid points
of the inside surface of the nozzle generated a priori are used in the
formationof elemental triangularareasor panels,which makeup the
nozzle surface.Because the many re� ectionsand radiationsbetween
the individual surfaces have a tendency to even out the directional
dependencies of the radiation between the surfaces, the radiation
results based on the diffuse and gray nature of the surfaces may not
be much different from the realistic scenario. The radiation model
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a) Actual tail-on-view

b) Idealized representation

Fig. 9 Schematic of nozzle.

Fig. 10 Geometry of unit-sphere method for obtaining view factors.

considers the participationof the gas inside the nozzle, although the
results have been generated in its absence.

The visibility of the panels with respect to one another is de� ned
by the view factors of the panels. With respect to Fig. 9b, it is given
by

dFd j ¡ dk D
³

cosµ j cos µk

¼ s2

´
dAk (6)

Most of the methodsavailablein the literaturefor the computationof
these view factors have their limitations in the form of convergence
or requirement of excessive computer resources such as time and
memory. An elegant method is the unit sphere method of Nusselt,
which has been discussed by Siegel and Howell.22 Its application
can be understood with respect to Fig. 10. The method involves the
constructionof a hemispherewith one of the elemental areas dA j as
the center of the hemisphere. The other elemental area dAk is � rst
projected onto the hemisphere surface to form area dAs and further
onto the base to form area dAb , as shown in Fig. 10. Equation (6)
reduces to

dFd j ¡ dk D
³

cos µ j

¼

´
d! j D

dAb

¼r 2
s

(7)

Thus, the computationof view factors reduces to the determination
of dAb . The general view has been that it is rather inconvenient
to determine the projected areas on the hemisphere surface and
its base. Thus, this technique has traditionally been the basis of
only graphical and experimental methods, as noted by Siegel and

Fig. 11 Variationofview factor between parallel circular disks, r1 = r2.

Howell.22 However, in the present work, a direct application of the
unit sphere method of Nusselt has been attempted. Its numerical
application has been possible using techniques of linear algebra.
These view factors form a matrix, which is used in the radiation
modeling scheme to form a modi� ed matrix system for solution.

Typical View Factor Results
Figure 11 shows the view factor results for a two-disk con� g-

uration. This con� guration is similar to the geometric orientation
of the front and aft ends of an aircraft engine nozzle, with respect
to each other. As a validation case, the predicted variation of view
factors with distanceare shown for a range of disk sizes. This range
encompasses the sizes of normal nozzle sections. Good agreement
is noticeable in Fig. 11. The agreement improves with decreasing
disk size and lower ratio disk radius to axial distance. The minor
deviations may be because of numerical accuracy levels that result
in the closure relationnot being satis� ed. Beyonda certainprecision
in view factors, it is more important to consider the uncertainty in
radiation properties to get accurate results.

Radiation Formulation
Because the nozzle surface radiosities are dependent on each

other, the formulation for the determination of these radiosities has
to be a coupled system of equations. Consider an enclosure com-
posed of n surfaces as shown in Fig. 9a. The outgoing spectral � ux
made up of emitted and re� ected energy can be written for a diffuse
gray surface as

dq¸O ;k D 2k e¸B;k d¸ C ½k dq¸ I;k (8)

Considering the participation of gas inside the nozzle, it can be
shown that

dq¸I;k D
nX
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¸O ; j ¿¸; j ¡ k ] dFk ¡ j d¸

C
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Equation (9) can be used to substitute for dq¸ I;k in Eq. (8) to yield
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In the absence of the participationof the gas inside the nozzle in the
radiation process, the formulation reduces to
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¸O ;2 d¸ ¡ ¢ ¢ ¢ C ¼i 0
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Fig. 12 Nondimensional heat � ux on side wall of a cylindrical enclo-
sure containing an absorbing, emitting, and nonscattering gas.

The formulation results in a system of equations cast in a matrix
form, the size of which is determined by the number of panels.
Because the number of panels required in the analysis of practical
problems is high, the size of this matrix is large. Hence, its in-
version to determine the solution vector containing the radiosities
of the panels is based on the Gauss–Siedel iteration procedure to
obtain the results within a reasonable time. These radiosities form
the initial radiation in the application of Eq. (2) for radiation from
gas columns inside the nozzle. The radiation so obtained forms the
initial radiation for the jet radiation as noted earlier. The details
of view factor computations and radiation formulation are given in
Ref. 16.

Results and Discussion
The combined code for geometric and radiation models is � rst

validated against two well-known cases, one for heat � ux and the
other for spectral intensity, and later some predictions of practical
interest have been made. Figure 12 shows the nondimensionalheat
� ux predictions for an absorbing, emitting, and nonscattering gray
gas obtained with fewer grids than the method of Chui et al.6 The
cylinder walls are black at 0 K (as shown in the inset) and do not
participate in the radiation process. The heat � ux incident only on
one-half of the cylinder side wall is shown because the radiation
environment is symmetric. The predominant effect of solid angle in
heat � ux computations is seen for all of the three cases of different
absorption coef� cients, with the heat � ux being maximum at the
center of the cylinder and a monotonic reduction in heat � ux with
distance from the center. These aspects are more pronounced when
the gas medium has a high absorption coef� cient.

Spectral Intensity

Figure 13 shows the spectral intensity predictions in comparison
with that givenby Simmons et al.25 for radiationfor a nonisothermal
mixture of the two radiating species, CO2 and H2O with N2 . The
partial pressures of H2O, CO2, and N2 are 57, 28, and 675 mm of
Hg, respectively. The temperature pro� le and pressure are similar
to that found across a subsonic jet. The predicted spectrum covers
the common peak regions (around 2.7 ¹m) of water vapor and car-
bon dioxide. The intensity peaks due to these have been predicted
fairly well with respect to their locations. Apart from the possible
differences in the absorption coef� cient and line spacing data, the
possible contributing factor for the slight mismatch in peak val-
ues at some locations may be the difference in accounting for the
inhomogeneitiesalong the line of sight.

Spectral Intensity Predictions for Engine Exhausts

Radiationmeasurementsmade on a ground-basedaircraftgas tur-
bine are available in Ref. 26. In the absenceof suf� cient details, the
nozzle exit gas temperature is estimated to be around 635 K, the
exit pressure to be around 1 atm, and the nozzle wall temperature

Fig. 13 Predicted
variation of spectral in-
tensity for nonisother-
mal column of CO2,
H2O, and N2 .

Fig. 14 Comparisonof predicted and measured spectral intensities for
actual engine.

to be about 500 K, based on thermodynamiccycle and heat transfer
considerations.A wall emissivityvalueof about0.8 is assumed.The
expectedvaluesof mass fractionsof carbondioxideand water vapor
are around 0.042 and 0.02, respectively, roughly corresponding to
case A in Table 2. A mesh of .39 £ 20 £ 100/ has been used in the
computations. Because the jet is axisymmetric, a small number of
grids for the angular direction is not likely to have any signi� cant
effect on the predictions. For the nozzle inside surface, a total of
410 grid points as used resulting in a total number of 780 trian-
gular panels for which the surface radiosities were computed. The
predictions from the present model as shown in Fig. 14 compare
reasonablywell with the measured data, especially at shorter wave-
lengths.The importantpeaksat about2.7 and 4.3 ¹m corresponding
to gas radiation due to CO2 and H2O and nozzle surface radiation
at about 5.8 ¹m have been predicted well. There is no transfer of
energy from one wavelength band to anotherwavelength band. The
small disagreement at shorter wavelengths and the mismatch at the
longer wavelengths between the prediced values and the measured
data may be due to the approximations in modeling of the nozzle
interior radiation. Note that the variation of gas temperature inside
the nozzle has not been considered,whereas all of the panels of the
nozzle wall have been set to the same emmissivity. In addition, the
empirical expressiongiven in Ref. 24 for H2O spacing is based on a
binarymixture.An intensitycalculationof this nature takes a typical
time of about 120 min on the IBM 3090 (Model-150E) computing
system. Most of this time is required for the computation of nozzle
wall radiosities.

Heat Flux for Optimum Expansions

Figure 15 shows the polar plot of heat � ux for the supersonic
case, namely, case B in Table 2. The same mesh as for the earlier
calculation has been use in the generation of this polar plot. The
sensor opening is assumed to be completely wide (half-anglebeing
90 deg), whereas the locusof sensormovement is as shown in the in-
set. The generationof heat � ux results is computationallyintensive.
Hence, these results have been genereated on a RS/6000 (Model-
58H) system. It takes about 1500 min to generate the results for
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Fig. 15 Polar plot of heat � ux for supersonic expansion.

20 locations of the sensor over a polar angle of 180 deg. Figure 15
shows the symmetrical nature about the jet axis with the heat � ux
signal being a minimum in the tail on mode. Thus, the nozzle radia-
tion has a deterministiceffect only on intensity.The signal variation
with increasingangle from the jet axis is because of the variation in
solid angle subtended at the sensor by the radiating gas volume.

Conclusions
The complexities in terms of the combination of surface and gas

radiation, the inhomogeneites of the medium, and the complicated
geometry of the radiating volume comprising the jet and nozzle
make the task of predicting IR signal a dif� cult but an interesting
engineering problem. The practical need to have such a signal pre-
dicted for any arbitrary sensor location and orientation makes it
more involved. Indeed, the geometric variationsarising with sensor
position become critical at close ranges in this context. The present
work has attempted to model the problem of IR signal prediction
covering all of its facets.
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