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Experimental and Computational Study of Infrared Emission
from Underexpanded Rocket Exhaust Plumes
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Underexpanded rocket exhaust plumes generated in a test-bed facility are studied experimentally. Infrared
(IR) images of the plume have been obtained with an IR camera equipped with narrow bandpass filters. The
spectral distribution of the IR emission has been measured with a spectroradiometer. Numerical simulations of
the exhaust plume have been conducted. The gas-dynamic and thermodynamic properties of the flowfield were
computed by the General Aerodynamic Simulation Program computational fluid-dynamic code. On the basis of
the simulated flowfield, the IR radiation was numerically calculated by using a computer program INFRAD, which
has been developed for this purpose. The program calculates the radiation transfer through the plume using the
statistical narrowband model technique. It allows simulation of the IR plume images as well as the local and the
space-integrated plume spectra. The simulated and experimental results agree well.
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I. Introduction

OCKET-EXHAUST plume technologies are used for detec-

tion and tracking of rockets, identifying plumes of unfriendly
vehicles, and distinguishing their emission from background sig-
nals. All of these applicationsrequire quantitative understanding of
plume thermodynamic and gasdynamic behavior, the knowledge of
its optical characteristics,and the ability to predict them.!-?
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The rocket-exhaustplume representsan interestingobjectfor pure
scientific research, where complicated structure of shocks, expan-
sion waves, and shear layers occur. It exhibits a unique phenomenon
of extremely high-velocity, high-temperature, and often two-phase
flow, including chemical processes.

Because the supersonic plume environment involves very high
dynamic loads and high temperatures, difficulties arise for intrusive
investigation of the plumes in flight and test bench conditions. De-
velopmentofradiationdiagnosticsof suchenvironmentsis therefore
required both for scientific and technologicalresearch.

There has been significant progress in the numerical modeling of
plumes in recent years.>~> However, because of the complexity and
the variety of plume phenomena a reliable complete prediction of
plume characteristics, including radiative and spectral features, is
still an active research subject. The problem of reliable modeling
includes testing various computer analyses and their validation by
comparison with experimental data.

The objective of the present work is to evaluate the ability of the
applied numerical procedure to predict the infrared (IR) radiation
features of exhaust plumes and to study the degree of the model
limitations. Particularly, this intention includes validation of the ra-
diation code INFRAD developed for this purpose.

The results of an experimental investigation of the IR character-
istics of a test-bed rocket-motor-exhaustplume are compared with
the computationalresults. Such a study gives a better understanding
of the physical and chemical structure of the plume flowfield.

The research includes three parts:

1) An experimental exhaust plume was generated by a small bal-
listic evaluation motor. IR images of the plume were obtained and
spectroradiometric measurements of the plume were performed.

2) The thermochemical data inside the motor were calculated by
the NASA thermochemicalcode CET89 (Ref.6). This data was used
asinput to the General Aerodynamic Simulation Program (GASP),”
by which the plume flow field was simulated. The temperature,
pressure and velocity fields were obtained, as well as the molecular
species distribution.

3) Based on the computational fluid dynamics (CFD) results, the
IR spectra and the IR images of the plume were calculated, using
the INFRAD program. The calculated results were compared with
the experimental IR images and spectroradiometric measurements.
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II. Experimental Setup

A. Ballistic Evaluation Motor

A solid-propellantballistic evaluation motor (BEM) was used to
generate underexpanded exhaust plumes. The first version of the
motor (BEM-1), shown in Fig. 1, consists of a metal canister, fuel
body, nozzle, and an annular nozzle holder. The throat and the exit
diameters are dy, = 15 mm and d, = 25 mm, respectively. As is seen
in the figure, the nozzle holder creates an obstruction for observing
the plume close to the nozzleexit. A secondmotor (BEM-2) was later
used, in which a new nozzle with an improved holder was designed.
The expansioncone of the nozzle was elongated; the throat and exit
diameters were the same as in BEM-1. This was achieved by reduc-
ing the cone expansionangle from 19 to 15 deg. The BEM-2 nozzle
enablesobservationof the exitplume, adjacentto the nozzleexit,and
allows for simplified boundary conditions for the numerical code.

The internal combustion conditions were aimed at providing a
steady plume during the motor firing. The propellantgrain was a case
bonded cylinder. The ratio of the grain length to its outer diameter
was chosen to create a neutral burning pressure during a burn-out
time of about3.6s. To create a one-phasegaseous plume, the propel-
lant ingredients were chosen as to not include metal additives. The
propellant grains contained 87% ammonium perchlorate oxidizer,
13% hydroxy-terininatedpolybutadiene binder and nonmetallic ad-
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ditives. In another batch the grains also included 0.5% SiC in order
to dampen any possible burning instabilities. As it turned out, no
burning instabilities were observed irrespective of the presence of
the SiC. Addition of the SiC caused higher burning rates, as shown
in Fig. 2, where two pressure traces, measured inside the chamber,
are presented. The curves with the shorter and longer burning times
represent the measurements performed with and without the SiC
additive, respectively. It can be seen that in both cases the pressure
stays almost constant during the burning time.

The small amount of SiC did not influence the plume chemistry,
as verified by the negligible amount of condensed species found in
the plume.

The stagnation parameters obtained in the motor are listed in
Table 1.

The motor performanceand the thermodynamicparameters at the
nozzle throat were computed by an in-house CFD code and by
the NASA thermochemical code CET89. The values of pressure,
density, temperature, and specific heat ratio are summarized in the
Table 1. The calculated chemical composition is given in Table 2.
Calculationof the physicalconditionsand the species concentrations
at the nozzle exit were conducted by a one-dimensional code and
repeated by a two-dimensional code. A good agreement between
the two calculations was obtained (see Sec. III).
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Fig. 1 Schematic of BEM-1.
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Fig. 2 Pressure trace measured inside the BEM during operation: 1) without SiC and 2) with 0.5% SiC.
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Table 1 Pressure, temperature, specific heat ratio, and

Mach number in the BEM
Location Pressure, Pa  Temperature, K y M
Stagnation  3.43 x 10° 2930 1.16 0
Throat 2.24 x 10° 2720 1.21 1
Exit 2.88 x 10° 1960 130 2.35

Table 2 Species mole fraction in the BEM

Location H,O CO, CO N, H, OH HCl1

Throat 040 0.12 0.13 009 007 — 0.19
Exit 040 0.136 0.115 0.096 0.056 0.056 0.192

B. Radiation Measurements

The IR spectroradiometeric measurements were performed by
using the SR-5000 spectroradiometer (CI Systems). This spectro-
radiometer covers the 1.4-14-um wavelength region with the use
of a circular variable filter wheel. The average spectral resolution is
0.02 um (~20 cm™! in wave numbers) in the 1.5-5.5 um region,
being studied. The uniformity of the sensitivityover the field of view
(FOV) is typically within 5%. The measurements were carried out
with FOV of 100 mrad and with scan rate of 10 scans/s.

The IR imaging was accomplished by using a RADIANCE-1
(Amber, Inc.) thermal imaging camera with 256 x 256 integrated
indium antimonide focal plane array sensor. The calibrated camera
operates as an IR imaging radiometer in the 3-5 ;wm spectral range.
The spectralrange can be narrowed by using of areplaceablenarrow
IR filter.

Both instruments were placed at a distance of 9.4 m from the
plume. The calibrationof the instruments was done by using a black-
body source. The calibration of the spectroradiometer was carried
out with a blackbody temperature of 7, = 1200°C. The blackbody
was located at the focus of a 12.7-cm-diam collimator, coincident
with the plume position.

The RADIANCE-1 camera was also calibrated with the black-
body placed at the plume location. The calibration was performed
by increasing the temperature of the blackbody from 800 to 1200°C
by 100°C steps. The measured radiation of the blackbody aperture
was corrected by subtraction of the background gray levels.

III. Exhaust Plume Simulations

A. Flowfield Simulations

Various gasdynamic discontinuities, such as Mach disk, barrel
shocks, shear layers, shock-shock and shock-shear-layer interac-
tions are presentin the plume flow. To describe correctly the whole
complex flow, the Navier-Stokes equations coupled with chemi-
cal kinetics must be applied. The gasdynamic computations have
been performed using the GASP solver,” which is a general purpose
CFD code for chemically reactive flows. Flow discontinuities can
be captured by this code.

To obtain the gasdynamic and thermodynamic parameters at the
nozzle exit, the internal nozzle flow was calculated by GASP for an
axisymmetric flow model. Along the walls adiabatic,no-slip bound-
ary conditionswere used. The calculationsbegin at the nozzle throat,
where the flow conditions, pressure, temperature, and specific heat
ratio are those given in Sec. II. The thermodynamic parameters
averaged over the exit cross section agree very well with those cal-
culated by the one-dimensionalcode. The values obtained are given
in Table 1.

A very low Mach number (M = 0.2) was assigned to the ambient
freestreamat the plane of the nozzle exit. This nonzero value, which
differs from the experimental conditions, was assigned in order to
improve the computational scheme for the compressible flow.?

To describe the external plume flow, the Reynolds-averaged
Navier-Stokes equations coupled with the chemical kinetics are
applied. The third-order Roe scheme with the min-mod limiter for
the inviscid fluxes was used in the GASP code.

In the case of BEM-1, the plume flow adjacent to the nozzle
exit is bounded by the nozzle holder walls. However, because the
holder geometry is strongly overexpanded, the flow is expected to
detach from its walls. For the flow within the holder walls zone, the
Baldwin-Lomax turbulence model was applied.’

At the first stage of the research, the free plume flowfield was as-
sumed to be laminar for both the BEM-1 and BEM-2 configurations.
This assumption is valid only in the near-field region close to the
jet exit, whereas downstream the flow becomes turbulent. The tur-
bulence influences the mixing layer, which plays a significant role
in the plume structure, in particular determining the length and the
width of the plume. Neglecting the effects of turbulencereduces the
accuracy of the solutionmainly in the far field. Actually, to correctly
calculate the plume over its total length the two-equationturbulence
model (k-& or k- model) is needed.'® Subsequently the k- model
was used for the BEM-2 configuration.

The far downstream boundary of the computation field was cho-
sen to be 2 m downstreamof the nozzle exit, where the characteristic
subsonicconditionswere defined. The same conditionsare also used
on the far radial boundaries. The singular axisymmetric conditions
are used on the plume axis.

The primary chemical species in the exhaust gas are CO, CO,,
H,0, H,, OH, and HCI. The species mole fractions calculated by
GASP at the exit plane of the nozzle are summarized in Table 2.
Following Ref. 4, 10 chemical reactions between the plume species
and the ambient atmospheric gases were considered:

OH + O < H+ O,, OH+H< H,+0

OH + OH < H,0 + O, OH+H, <+ H,0 + H

OH + CO < CO, + H, JH+X < H, +X

H+OH+ X < H,0 + X, H+0+X < OH+X

20+X < 0, +X, CO+0+X < CO,+X

where X can be any one of the chemical species. The chemical
reaction rates are included in the GASP database.

The HCl species was assumed as being nonreactive.It was shown
in Ref. 11 that the conversion of the HCl into Cl occurs in a rocket
plume afterburning region by the reaction:

HCI + OH — Cl + H,0

However, it was shown for TITAN IV motors (15% of HCI mole
fraction at the nozzle exit plane) that the degree of HCl dissociation
is proportional to the plume altitude and to the distance from the
nozzle exit.!" It was found that at an altitude of 0.5 km about 90%
of HCI molecules remained unreacted. For the present study with
conditions of sea-level altitude and up to 2 m plume length, the
dissociation of HCI can be considered negligible, and thus the HCI1
chemistry can be ignored. Indirect justification for this assumption
is the agreement between the calculated and measured radiance at
the HCI emission band (Sec. IV.C).

B. Infrared Radiation Calculations

For the numerical study of the spectral and radiative properties of
the plume in the IR spectralrange, the INFRAD program was devel-
oped. The program uses the narrow statisticalband model technique
to calculate the radiation transfer of nonuniformand nonisothermal
media.'” The code is based on Young’s comprehensive analytical
investigationof the various statisticalband model techniques.* The
“intuitive derivative approximation” (according to Young’s termi-
nology), which showed the best agreement with the experimental
data of water vapor IR emission, was chosen in our code.'*

The spectral resolution given by the code is determined by avail-
able band model parameters data and is typically 20 cm~! in wave
numbers.

The input to the program includes temperature, pressure, and
species mole fraction fields, as calculated by GASP. The program
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can simulate both the radiation emitted from a local plume volume
and the integrated spectra over the whole plume length.

The molecular species and the temperature distributions, com-
puted by the CFD code, were used in INFRAD to simulate the ex-
perimental images. The simulated IR images have been compared
with the experimentally measured results.

IV. Results and Discussion

A. Results of the CFD Computations

Figure 3 presents calculated Mach contours in the near field of
BEM-1. In this figure the characteristic structure of the plume flow
pattern for the underexpandednozzle P,/ P, ~ 3 can be seen.>!%13
The Prandtl-Meyer expansionfan arises from the edge of the nozzle,
tending to balance the exhaust gas pressure P, and the ambient
pressure P,.'>!® The cross section of the jet increases downstream
of the nozzle exit, and the flow is accelerated.

The ensuing jet interface has a decreasing slope. The reflected
waves from the ambient air are oblique shocks, where contraction
and deceleration of the jet occurs. Their envelope line is a barrel
shock. This barrel shock can be seen in the figure at the largest Mach
value contour M = 4.3. The barrel shock collapses to a Mach disk.
As is seen in the figure, a Mach reflected shock begins at the Mach
disk. The reflected shock separates a domain, in which compressed,
high-temperature flow exists. This domain strongly radiates and is
known as a “diamond.” Downstream of the Mach disk, there is
a near-axial subsonic flow zone of the gas that has traversed the
Mach disk. This zone has the highest pressure and temperature and,
accordingly, is expected to exhibit the maximum radiance.

The cell patternstarts at the nozzle exit and terminates at the axial
station, where the reflected shock intersects the plume interface.
Hereafter, the expansion process begins again, similar to that at the
nozzleexit, and the whole patternrepeats, resultingin appearanceof
several diamonds. Downstream, mixing of the plume with ambient
air causes the wave pattern to fade out.

Figure 4 exhibits the calculated pressure along the flow axis of the
laminar BEM-1 and turbulent BEM-2 plumes, where the location
of the diamonds can be seen. Figure 4 shows a higher compression
at the first diamond of the BEM-1 flow, as compared to the BEM-2
flow. It can also be seen that the damping of the pressure oscillations
is faster for BEM-1 in spite of the turbulence assumed in the BEM-2
flow.
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Fig. 3 Calculated Mach contours of BEM-1 plume.
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Fig. 4 Calculated pressure along the flow axis of the laminar BEM-1
and the turbulent BEM-2 plumes.

One of the reasons for the higher compression is that the nozzle
expansionangle of BEM-1 is slightlylargerthan that of BEM-2. This
causes a corresponding steeper turn of the diverging characteristics
originating at the nozzle edge and, as a result, a steeper turn of
the following converging characteristics. The high convergence of
the flow leads to the higher compression observed in the BEM-1
plume. A second reason is the presence of the nozzle holder walls,
causingthe strongerreflection fromthe outerboundary.Calculations
show that, although there is a Mach reflection in the plume of the
BEM-1, a regular reflection takes place in the BEM-2 flow. The
stronger compression in BEM-1 also affects the temperature field.
Figures 5a and 5b show the calculated temperature fields in the
near region of the laminar BEM-1 plume, where the weak effect
of the turbulence can be expected, and for the BEM-2 turbulent
plume model, respectively. The laminar model for the BEM-2 gives
a different temperature field from the BEM-2 turbulent model for
the same initial conditions. The maximum temperature in the first
diamond of the laminar BEM-2 plume was about350 K lower thanin
the laminar BEM-1 plume because of lower compressionin BEM-2.
For the turbulent model of BEM-2, the heat losses increase, and the
temperature even in the first diamond is 300 K lower than in the
laminar BEM-2 plume.

The CO, mole concentration in the BEM-2 turbulent plume is
shown in Fig. 6 for later comparison with measured IR images,
taken in the characteristic spectral range of CO, emission. It can be
seen that the concentration of CO, varies by a factor of three over
the diamonds and intermediate regions.

B. Plume Images

Typical experimental images of the BEM-1 and BEM-2 plumes
are shown in Figs. 7a and 8a, respectively. The images shown were
obtainedsequentiallyin one motor firing. The time intervalsbetween
images are 0.5 s and 1 s for BEM-1 and BEM-2, respectively. The
images were taken by the RADIANCE-1 camera with bandpass fil-
ters of 4.527-4.615 pum for the BEM-1 plume and 4.372-4.516 um
for the BEM-2 plume.

The BEM-2 images, shown in Fig. 8a, exhibit the known
structure;’ schematically illustrated in Fig. 8b (reproduced from
Ref. 3.) The plume can be subdivided into three zones:

1) The first zone is the near field, ~30 cm from the nozzle,
where the plume structureis determined solely by the pressureratio
between the exhaust gases and the ambient air. In this region the
mixing process is confined to a thin layer.

2) A transitionalregion is the second zone, where the wave struc-
tureis smeared. The wave strengthsdissipationcanbe seen, resulting
from an interaction process between the plume and ambient air. The
mixing layer penetrates to the plume axis.

3) The third zone is the far field, where wave processeshas totally
diminished and the flow becomes fully turbulent. This region is
clearly seen to begin at a distance of ~60 cm from the nozzle exit.
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Fig. 5a Calculated temperature field for the laminar BEM-1 exhaust
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Fig. 7a Experimental IR images of BEM-1 plume obtained sequen-
tially in one run. Time between images ~ 0.5 s. Bandpass filter 4.527-
4.615 pm. X = 0 is at the nozzle holder exit plane.
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Fig. 7b Synthetic IR image of BEM-1 plume (laminar model). Band-
pass filter 4.527-4.615m. X = 0 is at the nozzle holder exit plane.

Figure 7a shows only the near field, ~30 cm in length, of the
BEM-1 plume images. To be noted is that in Fig. 7a the coordinate
origin X =0 is at the nozzle holder exit plane, from which an ob-
servable plume starts, rather than at the nozzle exit as in Figs. 8a
and 8c. As seen in the figure, the flow in the near field is mainly
laminar, and, therefore, the laminar model, used for BEM-1 plume,
gives satisfactory results for this flow region.

Both bandpass filters, used in the BEM-1 and BEM-2 experi-
ments, fall within the characteristicradiation of the 4.3-um funda-
mental molecularband of CO,, with only a minor contributionof CO
emission. This molecular band was chosen because it is known to
be the strongestIR radiator among the characteristicplume species.
The wider bandpass filter was used for BEM-2 plume to better cap-
ture the peak of the CO, emission.

As was already noted, the CFD calculations show a three-fold
variation of the CO, concentration between the diamond and in-
termediate regions (Fig. 6). The temperature in the diamonds is
about 25% higher than in the intermediate regions. However, the
diamonds are only 2.3 times brighter than the region between them
(Figs. 7a and 8a). This indicates that the outer plume layer smoothes
the radiative contrast of plume core.

The plume images, shown in Figs. 7a and 8a, allow the identifi-
cation of the reflected shocks and the measurement of their angles,
as well as distances between sequential Mach disks. Comparison
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Fig. 8a Experimental IR images of BEM-2 plume, obtained sequen-
tially in one run with the 1-s interval between scans. Bandpass filter
4.372-4.516 pm. X = 0 is at the nozzle exit plane.
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Fig. 8b Structural features of plume near field, transition region, and
far field (reprinted from Ref. 3).
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Fig. 8¢ Synthetic IR image of BEM-2 plume (turbulent model). Band-
pass filter 4.372-4.516 pm. X =0 is at the nozzle exit plane.

between these images and the simulated ones, illustratedin Figs. 7b
and 8b, shows good agreement, in spite of the complex two-stage
(fluid dynamic and radiative) simulation procedure.

For example, for BEM-1 the measured angle between the first re-
flected wave and plume axis is 25 deg with 15% accuracy (Fig. 7a).
This is in agreement with the angle of 30 deg measured on the syn-
thetic images for BEM-1 (Fig. 7b). The measured distance from the
nozzleholderexitto the firstMachdiskis 5.5+ 0.3cm(8.1+£0.3cm
from the nozzle exit), whereas the calculated distance is 5.7 cm,
which lies within the experimental dispersion.

For BEM-2 the measured distance of first Mach disk from the
nozzleexitis 9.1 0.3 cm (Fig. 8a). The differences between these
measured values for the BEM-1 and BEM-2 plumes provide exper-
imental evidence for the steeper first reflection in the BEM-1 plume
compared with BEM-2 plume, as was discussed in Sec. IV.A. The
calculated distance from the nozzle exit to the first Mach disk is
9.3 cm, which also lies within the experimental dispersion.

The measured distance between the first and the second Mach
disksis 10 cm for BEM-1 and 11.6 cm for BEM-2 within the same
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Fig. 9 Measured and calculated IR spectra of the BEM-2 plume emis-
sion, integrated over 1 m of plume length (turbulent model).

3% accuracy (Figs. 7a and 8a). The calculatedlaminar models over-
estimate these values both for BEM-1 and BEM-2 plumes. The
laminar model for BEM-1 gives 10.8 cm, which is within 8% of
accuracy. The laminar model for BEM-2 overestimates this value
by 10%, namely giving the value of 11.3 cm. The result obtained
with the turbulent model (BEM-2) is 11.3 ¢m, which is within 3%
of accuracy.

As was expected, the best agreement, 20% of accuracy, between
the calculated laminar plume structure and experiment is obtained
in the near field, to a downstream distance of about 15 nozzle exit
diameters for BEM-1 and to 10 nozzle exit diameters for BEM-2.
The discrepancy between the laminar model calculations and ex-
perimental images progressively increases with the distance from
the nozzle. The turbulent pattern is clearly seen in the experimental
images, the distance between diamonds becomes shorter, and finally
the diamonds disappear. The simulated laminar pattern for BEM-2
shows that the periodical structure remains at significantly longer
distancesin contrast with observations. The turbulent model allows
extending the agreement to the far field (Fig. 8a). The decay of the
wave structure at 25 exitdiameters downstream from the nozzle exit
is obtained on the simulated images, which agree with the experi-
mental observation, as well as the number and shape of the legible
diamonds.

The agreement between the measured and calculated radiance is
within 5-10% for the turbulent model.

C. Plume Spectrum

Spectral measurements in real rocket flight conditions are usu-
ally performed by collecting the integrated emission from the whole
plume length. Although these measurements do not give detailed in-
formation on the plume structure, they can be used for plume char-
acterization. The plume spectrum of this kind is known in literature
as the plume “signature.’”

A typical experimental plume spectrum, integrated over 1 m of
BEM-2 plume length, is shown in Fig. 9. Sequential scans of the
plume spectrum during one firing give almostidentical results indi-
cating high plume stability. Also in Fig. 9 the synthetic spectrum,
integrated over the same plume length, is shown. The spectrum was
calculated using the results of the turbulent model. The locations of
the characteristic bands of the molecular species are marked on the
figure.

Comparisonbetween experimentaland calculatedspectrareveals
good agreementfor the turbulentmodel results, shown in the figure.
The laminar model results (not shown in the figure) overestimatethe
experimental results by a factor of ~1.4 over almost all of the spec-
tral range. This result can be explained by the effect of turbulence,
which leads to a more intense mixing of the hot exhaustgas with the
cold ambientair, causingincreased heat exchange. Thus for the lam-
inar model overestimationof the temperature values appears mainly
in the transitional and far-field regions.



AVITAL ET AL. 383

An overshoot of the predicted spectra is observed at the 2.7-um
H, O band by a factor of about 1.5; its origin is not clear yet.

V. Summary

The comparison between the numerically simulated BEM ex-
haust plumes and the experimentally measured plumes shows good
agreement. The numerical simulations quite accurately describe the
basic gas dynamic, thermodynamic, and radiative characteristics of
the plume. Comparison of the detailed features, such as plume spa-
tial structure and spectral radiative intensity, shows that an accuracy
of better than 10% can be achieved by the calculations.

For the near field of the plume, a laminar model can be applied.
At a distance of about 20 nozzle exit radii, the effect of turbulence
causes a significant departure between the mathematical model and
experimental measurements. Application of the k- two-equation
turbulence model allows good agreement to be extended up to 50
nozzle exit radii.

Images of the plume were obtained using narrowbandfilter within
the CO, fundamental vibrationalband. These images show the flow
structure of the plume. The measured spatially integrated spectra
agree very well with the calculated spectra except for the discrep-
ancy in the H,O 2.7-um band.
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