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Nomenclature
dS = mean thickness of differential volume element

of plume (parallel to emission), m
dV = differential volume element of plume, m3

ebλ = spectral emissive power of blackbody
(given by Planck’s law), W/m2 · µm

Iλ = spectral radiant intensity, W/m2 · Sr · µm
P = pressure, Pa
T = temperature, K
αλ = spectral gas absorptivity coefficient, µm−1

βλ = spectral gas extinction coefficient, µm−1

λ = wavelength, µm
σSλ = spectral gas scattering coefficient, m−1

Introduction

I NFRARED (IR) signature is an effective passive technique of
detecting and locking on to an aircraft; hence, predicting air-

craft IR signature is an important aspect of aircraft susceptibility
assessment. An integrated overview of stealth technology and the
growing relative importance of IR signatures are discussed by Rao
and Mahulikar.1

Background and Motivation
Plume IR signature modeling is of direct interest for assessing sus-

ceptibility to IR guided missiles. A brief methodology for comput-
ing plume IR signature from a naval gas turbine is given by Bakker
et al.2 They used NATO’s plume flowfield program NPLUME for
computing ship exhaust plume flowfields. The naval ship IR signa-
ture countermeasure and threat engagement simulator by Vaitekunas
et al.3 describes IR signature modeling from various sources in a
naval ship (including plume radiation). Rapanotti et al.4 described
plume IR emission modeling for missiles. A model to evaluate IR
emission from turbofans for designing engine exhaust nozzle is
described by Decher.5 The model uses empirical correlations for
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modeling the physical flowfield of the plume. The spectral emissiv-
ity characteristics of exhaust gases, transmissivity of atmosphere,
missile characteristics, etc., were not considered. There is limited
information reported on aircraft plume modeling with the objective
of assessing its IR signature in the nonafterburning mode. Aircraft
plume has been considered a major source of IR signature, espe-
cially in early generation fighter aircraft with turbojet engines and
in the afterburner mode. With the advent of long-wavelength band
IR detectors, the emphasis shifted from the plume to other sources.
There still exists a popular belief that plume is invariably the dom-
inant source of IR signature.

Objective and Scope
This Note describes a methodology to evaluate IR radiation emit-

ted by plume and received by a ground-based IR detector (after
attenuation by the intervening atmosphere) and compares plume IR
signature with other sources such as rear fuselage and tailpipe. The
objective is to reexamine the notion regarding the significance of
plume IR radiation in the nonafterburning mode.

Aircraft Plume Modeling
The high-temperature plume ejected from nozzle is a mixture

of several species in gaseous state (solid and liquid phases being
generally negligible) that are produced from the combustion of hy-
drocarbon fuel. Gases with asymmetrical molecular structures such
as H2O, CO2, and CO are responsible for the emission of IR radi-
ation from the plume. Other species in the plume such as O2, N2,
Ar, etc., are radiatively inert up to very high temperatures and do
not emit significantly, even in the afterburning mode.6 IR radiation
from gases in the plume is emitted due to their vibrational energy.
These gases emit radiation only in the IR range of the electromag-
netic spectrum. Unlike metals and most solids, the emissivity of
gas changes sharply with wavelength. Hence, plume emits only in a
few discrete bands of the IR spectrum. However, the plume length
is several times more than the aircraft length; consequently, plume
radiation is visible from much wider view angles as compared to
the engine tailpipe (visible only in the rear aspect).

Gas Radiation Modeling
The energy needed to induce transitions in vibrational levels of

molecules is higher than rotational. Often, vibrational transitions
are overlapped with rotational transitions, resulting in vibration–
rotation bands. Molecular gases absorb and emit radiation over sev-
eral vibration–rotation bands, which consist of several narrow spec-
tral lines that may overlap (partially or fully) with one another.7 The
emissivity of a gas volume is a function of temperature, pressure,
molar concentration of the radiative participating species and of the
optical path length. Treating combustion gases as gray/semigray re-
sults in substantial errors in spectral radiative heat fluxes.8 Radiative
heat transfer calculations in combustion gases can be grouped into
three methods: line-by-line, narrow band, and global9; the most ac-
curate is the line-by-line approach.10,11 However, this method needs
a huge database to cover the entire IR spectrum for typical combus-
tion gases, which is impractical to apply to engineering problems.
Recently, the elaborate wavelet expansion method has been used to
evaluate spectral dependence in the solution of the radiative trans-
fer equation, and nongray radiation through absorbing, emitting,
and nonscattering medium between parallel plates has also been
analyzed.12
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Fig. 1 Differential element of
axisymmetric plume.

When spectral radiative heat fluxes are calculated from gases, it
is noted that the gas absorption coefficient varies rapidly across the
spectrum. Hence, the actual absorption coefficient is replaced by
smoothened values, appropriately averaged over a narrow spectral
band. A comprehensive method for obtaining emission from gases
of hydrocarbon combustion using the statistical narrowband model
is given by Soufiani and Taine.13 It was shown earlier14 that the most
accurate statistical model for species generated from the combustion
of hydrocarbon fuels is the random model with the S−1 exponential-
tailed distribution of line intensities suggested by Malkmus15 that
also considers the several weak lines that arise in the bands, espe-
cially at high temperatures.

Plume IR Signature Prediction
For predicting IR emission from plume, its structure, that is, tem-

perature, pressure, species distribution, and radiation transfer, must
be simultaneously computed. To simplify this process, the plume
structure is computed separately using a standard commercial com-
putational fluid dynamics (CFD) solver. The plume is generated
for a typical single-engine fighter aircraft (with axisymmetric noz-
zle), at 5-km altitude and Mach number 0.8. The plume IR solver
reads the temperature and pressure profile as computed by the CFD
solver. The planar grid is revolved to generate a three-dimensional
axisymmetric plume, which is further discretized circumferentially
to create isothermal gas volumes (Fig. 1). Plume IR signature is
maximum when the aircraft is directly above the missile site, and
only IR radiation emitted by the plume in the radial direction is
visible to the detector. For a missile on the ground, the rear end of
the plume is visible only from the aircraft rear view, and the plume
acts more as an absorber of tailpipe emission than a radiation source
(because the plume is at lower temperature and has lower emissivity
as compared to the tailpipe). Therefore, only radiation heat transfer
in the radial direction of the plume is considered here. The radia-
tion heat transfer between various isothermal discretized volumes
of the plume is computed. Furthermore, plume IR radiation in the
dry mode of an engine is considered (in which unburnt hydrocarbon
and soot are negligible).

For an isotropic absorbing and emitting elemental volume of gas,
the spontaneously emitted intensity of radiation in any direction
is given by16 dIλ(λ, T ) = [αλ(λ, T, P) · ebλ(λ, T ) · dS]/π . A beam
with radiation intensity Iλ that passes through a slab of gas undergoes
a change in its intensity by an amount dIλ, which is a result of the
following effects:

1) The Iλ is augmented by emission from the elemental volume
by

dIλ = [αλ(λ, T, P) · ebλ(λ, T ) · dS]/π (1)

2) Absorption by gases attenuate Iλ as it passes through dV , which
is evaluated as dIλ = βλ(λ, T, P) · Iλ(λ, T ) · dS, where βλ = αλ +
σS,λ. When scattering is assumed to be negligible, βλ = αλ, and this
equation is written as

dIλ = αλ(λ, T, P) · Iλ(λ, T ) · dS (2)

When Eqs. (1) and (2) are combined, the net change undergone
by Iλ in passing through the discretized gas volume is given as
dIλ = αλ(λ, T, P) · dS · {[ebλ(λ, T )/π ] − Iλ}. The monochromatic

absorptivity coefficient of discretized isothermal gas volume αλ

is computed using the statistical narrowband model described by
Soufiani and Taine13 and using the data by Modest and Zhang.9

The concentration of radiation participating gases is obtained by
assuming the Schmidt number as unity, which holds for most gases
and their mixtures; consequently, isothermal zones are the same as
isoconcentration zones.

Results and Discussion
The aircraft lock-on range is a function of the IR detector’s noise

equivalent irradiance17 and the contrast generated by the target air-
craft with respect to the background radiance.18 For estimating the
IR signature level incident on the detector, the plume is assumed
as optically thin; hence, spectral correlation phenomenon and the
consequent self-absorption are not considered, thereby overestimat-
ing plume IR signature level. The role of the atmosphere in dictat-
ing IR signature levels produced by the rear fuselage and engine
tailpipe and a methodology of computing the background radiation
have been discussed.18−20 The methodology for computing IR sig-
nature from the plume of a typical fighter aircraft, as perceived by
a ground-based IR detector on a surface-to-air missile (SAM), is
shown in Fig. 2. The aircraft is considered to be cruising at zenith
over the SAM site. Figure 3 shows the average Iλ of the discretized
plume, which illustrates its prominence only in a few bands of the
IR spectrum, the primary being the 4.15–4.45 µm band (due to

Fig. 2 Procedure for evaluating plume IR signature.

Fig. 3 Plume Iλ without atmospheric attenuation.
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Fig. 4 Plume Iλ considering atmospheric attenuation.

the fundamental vibrational frequency of CO2 and CO). However,
most bands in which plume radiation is significant coincide with
atmospheric absorption bands18 because the plume and the atmo-
sphere have the same radiative participating species, but differ in
temperature, mole fraction, and pressure. Hence, most IR radia-
tion emitted by plume is absorbed by the intervening atmosphere.
Primarily, the radiation emitted by the broadened wings of these
emissive bands (due to higher temperature and species concentra-
tion of radiative participating gases in the plume) is transmitted
by the atmosphere and reaches the IR detector of a SAM. This
may not be the case for an air-to-air missile (AAM) fired from air-
craft because atmospheric transmissivity at higher altitude is greater,
hence, some of the emissive bands absorbed by the atmosphere in
case of a SAM, are transmitted in case of an AAM. Hence, an
AAM can lock onto its target aircraft from a longer distance than
a SAM.

Figure 4 shows the Iλ of a plume, after transmission by the at-
mosphere; as illustrated, the plume is prominent only in the 4.15–
4.20 µm band. The experimentally obtained spectral intensity of the
plume of a passenger aircraft (Boeing 707) (Ref. 21) qualitatively
matches with that shown in Fig. 4. The aircraft operating conditions,
chemical composition of exhaust gases, atmospheric conditions,
etc., are uncertain; hence, there is some quantitative discrepancy.
Unlike the case of radiation from the rear fuselage and tailpipe, the
plume does not emit any radiation in the 8–12 µm band. Hence,
plume radiation is unaffected by the background radiation (domi-
nant in the 5–25 µm range). The plume is transparent to radiation
of a higher wavelength; hence, longwave IR radiation from the sky
above is transmitted by the plume without significant attenuation.
When IR signature level due to rear fuselage and engine tailpipe18

is compared with the plume, it is seen that that the IR signature from
tailpipe and rear fuselage is more prominent than the plume in the
nonafterburning mode. The IR signature level due to the powerplant
is prominent in the following bands: 1.95–2.50, 2.92–3.20, 3.24–
4.18, 4.50–4.93, and 8.20–11.80 µm. Thus, in the nonafterburning
mode, the aircraft is more susceptible due to IR radiation emitted
by the powerplant than from the plume.

Conclusions
1) The spectral intensity of aircraft plume as received by an

IR-guided SAM in nonafterburning mode is prominent only in the
4.15–4.20 µm band.

2) Most plume IR radiation is absorbed by the intervening at-
mosphere; primarily, it is the radiation emitted from the broadened
wings of the plume emissive bands that reaches the detector.

3) The background radiation does not significantly affect the
plume IR signature level.

4) In the nonafterburning mode, the IR signature from plume is
much lower than from tailpipe and rear fuselage; especially with the
use of 8–12 µm band IR detectors.
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