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ABSTRACT A real flight trajectory varying from 5-60 km altitude was adopted for analyzing the
effects of the angle of attack (AOA) on the IR signatures of rocket exhaust plumes. Three representative
under-expanded states based on nozzle pressure ratio (NPR), including moderately under-expanded (NPR =
1.27), highly under-expanded (NPR = 12.5), and over-highly under-expanded (NPR = 120) states, were
discussed. The results show that the appearance of the AOA shortens the plume scale size and after-
burning region, but the peak temperature cannot significantly change. As an increase in the AOA, the
high-temperature region and Mach cells are compressed to a small domain. The spectral radiant intensity is
reduced and the decreasing rate is gradual for a large AOA. The peak radiance in the 2.7 um band decreases,
but that in the 4.3 pm band increases. The peak radiance curve shifted toward the increasing NPR as the AOA
increases, and then the curve decreases monotonically from an initial “arched” shape. In addition, a group
of band pairs can be observed by two intersecting in-band profiles as a function of altitude. The characteristic
altitude of band pairs became more concentrated and moved toward low altitude with the increase in AOA.

INDEX TERMS Infrared signature, rocket exhaust plume, angle of attack, plume phenomenology.

I. INTRODUCTION

The rocket exhaust plume is a multi-component high-
temperature supersonic free jet, which is usually rich in fuel
injected from the nozzle exit [1]. After mixing with the
environment, the fuel-rich exhaust burns with the oxygen
of ambient air, leading to a change in the composition dis-
tribution, temperature, and radiation intensity in a certain
region downstream of the nozzle exit [2]. Rocket exhaust
plumes have been considered as a significant infrared radi-
ation (IR) source and have received considerable attention in
space-based detection systems for detection, tracking, classi-
fication, and identification purposes [3].

Generally, the structure of rocket exhaust plume is related
to the nozzle state and flight conditions, which can be
characterized by the nozzle pressure ratio (NPR) and the
nozzle pressure velocity (NVR). NPR is the ratio between
exit pressure of the nozzle to ambient pressure, and NVR
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is the ratio between exit velocity of the nozzle to free
stream velocity. According to the degree of expansion, the
rocket exhaust plume can be classified into four types:
low (1.0<NPR<1.1), moderately (1.1<NPR<1.2), highly
(2<NPR<15), and over-highly (NPR>15) under-expanded
plumes caused by the increase in flight altitude [4]. In these
cases, the plume has a strong interaction with the environment
and generates complex shock waves in the initial region,
including expansion, compression, and reflection waves [5].
The shock waves gradually weaken as the plume devel-
ops downstream until the pressure of the plume becomes
consistent with the environment. Simultaneously, afterburn-
ing occurs due to entrainment of the surrounding atmo-
sphere and chemical reactions of oxygen in the air with
unstable components of exhaust gases, such as CO, OH,
and H» [6], [7], which can significantly increase the tem-
perature of the plume. These complex physical processes
also affect the electromagnetic and microwave attenuation
characteristics of the rocket exhaust plume proposed by
Kinefuchi et al. [8], [9]. The aforementioned effects depend
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on the degree of expansion of the exhaust plume. The gaseous
species and particles at high temperatures emit strong IR sig-
natures, which has become the focus of space-based infrared
detection systems [2].

Several studies on the IR signatures of rocket exhaust
plumes have been conducted at a zero AOA («, angle
between thrust and vehicle velocity vector) [10]-[13]. How-
ever, the launch vehicle or missile travels with a varying
AOA according to the attitude adjustment and tactical condi-
tions [14], [15]. Generally, a moderate AOA is less than 30°,
however, higher values can be employed under extreme con-
ditions [16]. The variation in AOA changes the flow behavior,
such as afterburning, shock wave, parameter distribution of
species concentration, temperature, and density. In the after-
burning region, respective parameters to describe the plume
characteristic structure will change (see Fig. 1), including
the peak temperature (7peqr), offset distance between the
peak temperature position and the nozzle axis (D), and dis-
tance from the specified temperature position to the nozzle
exit plane (L). In addition, the nozzle velocity ratio (NVR)
decreases with an increase in altitude. A reduction in the
relative velocity between the plume and incoming stream
indicates a decreased entrainment effect. The IR signature
of the plume changes as the altitude increases owing to the
change in the NPR and NVR. The AOA also changes the
relative velocity. These varying parameters of a plume may
have a significant influence on the IR signatures [3].

Nozzle exit

Peak temperature

Specified temperature

Attack of angle "
¢ £ Nozzle exit axis

<«—— Afterburning region ——»

FIGURE 1. Schematic illustration of various parameters to describe the
afterburning.

The significance and influence of AOA on the flows and
radiation signatures have been studied sporadically in pre-
vious works. Kennedy et al. [16] compared and analyzed
the flow field parameters of a general rocket exhaust plume
at 40 km with an AOA of 15°. The study revealed that
the appearance of the AOA enhanced the mixing between
the plume and the ambient air, and combustion occurred
early. Paiva and Slusher [3] stated that exotic spectral and
spatial intensity information and asymmetric infrared ther-
mal images may appear for space-based detection systems
under the AOA case, which can be used as a phenomenology
opportunity for space-based surveillance systems to finalize
missile types. Simmons [2] also reported that the rocket
exhaust plume phenomenology caused by the AOA could
significantly change the radiation intensity and asymmetry
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of the corresponding plume. In addition, some observational
data for bulky launch vehicles have shown that the AOA
caused a clear separate upper lobe and a stronger lower lobe
fused in the trial [2], [3]. These attributes can be significant
for certain defensive applications. To date, relevant studies
on the influence of AOA on the IR signature of the plume
are limited. Therefore, it is necessary to investigate the influ-
ence of AOA on IR signatures and rocket exhaust plume
phenomenology.

In this study, the plume flow field and IR signatures
are calculated through numerical methods for the liquid
Atlas-IIA rocket exhaust plume. The objective of this study
is to examine the influence of flight parameters on the plume
radiation signature in different AOA cases, including flow
field parameters, afterburning properties, infrared thermal
images, spectrum, in-band radiance, and point-source band
pairs. The remainder of this paper is organized as follows:
Section II provides the descriptions of AOA and IR mech-
anisms. Section III introduces the numerical models for the
plume reacting flow and IR signature. Section IV presents
computation details and validation of the numerical models.
Section V analyzes and discusses the influence of AOA on
the plume infrared signatures. Finally, Section VI presents the
concluding remarks.

Il. DESCRIPTION OF PLUME AND INFRARED RADIATION
PROPERTIES

For the zero AOA case (o = 0°), the thrust vector of the motor
is consistent with the incoming velocity. The plume possesses
an axisymmetric structure. During the development of the
plume, the supersonic flow interacts strongly with the sur-
rounding atmosphere and produces a series of shock waves,
as shown in Fig. 2. There exists a typical high-temperature
core region in the downstream of the nozzle exit, where the
shock wave is complex, and the Mach cells form a diamond

Plume slipstream
Prandtl-Meyer

expansion fans

— /Normal shoc

Detached shock

< _<<t’/ \\1‘
arrel shock Mach disk
mixing layer

.
Plume bow shock
Plume mixing layer

Inviscid supersonic region

FIGURE 2. Schematic of half-section of a rocket exhaust plume for highly
under-expanded (top half) and moderately under-expanded (bottom half)
plumes with and without AOA, respectively.
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feature in the infrared thermal radiation image. In addition,
the unstable species in the mixing layer, where the plume
interacts with the atmosphere, react with oxygen in the air.
With the development of the plume downstream, the mixing
layer gradually thickens, and the turbulence, mixing, and
reacting effects are strengthened.
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FIGURE 3. Main radiating species and their modes of vibration and
energy levels for rocket exhaust plume infrared emission. The black and
red Arabic numerals denote the wave number (unit: cm—') wavelength
(unit: xm), respectively.

Accordingly, some factors affecting the plume IR signature
also change, such as radiating species, vibrational energy
levels related to temperature and number density, and spec-
tral bands, as shown in Fig. 3. It is noted that the plume
develops from the moderately under-expanded condition to
an over-highly under-expanded condition with an increase in
the NPR. Further, the aforementioned flow field behaviors
may change with the appearance of AOA, which may pos-
sess a substantial impact on the IR signature of the plume.
Therefore, the effect of AOA on the plume IR is of significant
concern in engineering applications.

lIl. COMPUTATIONAL METHODOLOGY

A. GOVERNING EQUATIONS

The calculation of infrared radiation of rocket exhaust plume
can be divided into two steps: reacting flow calculation and
radiation characteristics calculation. The first step of this
study is to obtain the chemical reaction flow field parameters
of the plume. Previously, we have developed a FORTRAN
program for simulating plume flow field, which has been suc-
cessfully applied to under-expanded free jets with chemical
reactions [17]. A two-dimensional infrared radiation calcula-
tion model of axisymmetric plume was established in the pre-
vious work [18], which was used for analyzing point-source
infrared radiation phenomena of rocket exhaust plumes at low
and middle altitudes. Based on previous work, the current cal-
culation model needs to be extended from two-dimensional
model to three-dimensional model to simulate the effect of
AOA on plume.
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The mass conservation for species is given by

dps ~ Opsi; 0 Vs
s I 2 (ppy 2 1
o o ooy PPy ) T W

where py is the density of species s (kg/m3). @y is the mass
production rate (kg/(m3-s)). u; is the j; component veloc-
ity (m/s). ys and D; are the mole fraction and diffusion
coefficient of species s (m?/s), respectively.

The momentum conservation is

dt ij ax]' 3Xj

where p is the mixture pressure (Pa). t;; stands for the viscous
stress tensor and can be written as

314,' 4 auj 2 8uk8 (3)
Tij = —+— ) —=
h=r ox;  0x; 3“814

where p is the viscosity of the gas mixture (N-s/m>), and 3ij
is the Kronecker delta function.
The energy conservation is

~ N,
IE | dply _ 9 (LT 0 Ny
ar= ;2 2 hD. 25
or o g o) Tag \2 g o

where E and H are the total energy (J/kg) and total enthalpy
per unit mass of gas mixture (J/kg), respectively. T is the
temperature (K) and 7 is the thermal conductivity (W/(m-K)).
hg is the enthalpy per unit mass of species s (J/kg). For the
enclosure of equations, the state equation based on Dolton’s
law is given by

Ny
10,

p=RTY > )
s=1 §

where R, is the universal gas constant (8.314 J/(mol-K)), N
is the number of species, and Wj is the molar weight (g/mol).

The polynomial fitting relation in Ref. [19] is used for com-
puting the thermodynamic properties (specific heat, specific
enthalpy and free energy). The transport properties (viscosity,
thermal conductivity and diffusion coefficient) can be calcu-
lated by least-squares fits, and these coefficients can also be
obtained in Ref. [19]. For most of the plumes, the entrainment
and turbulent effects need to be considered in the mixture
layer. The two-equation k-¢ turbulent model is thus used in
this study, which has been used in Refs. [20]-[23]. The code
is based on a numerical framework finite volume method and
a multi-dimensional total variation denoising (TVD) scheme
to accurately simulate the supersonic flow.

B. CHEMICAL REACTION MODEL

For high-speed reacting flow, when the time of chemical
reaction is comparable with the residence time of fluid ele-
ment in space, the chemical reaction cannot be considered
to be completed instantaneously. In this case, it is necessary
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to consider the chemical non-equilibrium effect. In order to
describe the chemical reaction rate of high-speed reaction
flow, a finite rate chemical reaction model is used in this
paper. For a single chemical reaction, the mass change rate of
component s, namely the density change caused by a single
chemical reaction, can be expressed as

Ny

s =W (Bs.r = asr) (Rrr = Ror) ©

r=1

where o5 - and §, , are the equivalent coefficients of reactant
and product s in the rth elementary reaction, respectively Ry ,
and Ry, , denote the formation rates of forward reaction and
backward reaction in the rth reaction respectively, which have
the following form

Ny

R O r
305\
Rrr =k [ (10 3#) (7-2)
s=1 S
Ny .Bs.r
Ror = ko [ | (10—3%> (7-b)
N

s=1

The forward reaction rate constant ky , can be determined
by Arrhenius formula
o nf.r Eagf.r
krr =Ar, Te " exp (RuTc ) (8)
where A is the frequency factor, which represents the total
collision frequency of the chemical reaction rate coefficient.
Its unit is (m3/mol)M°~1/s, where N, is the order of the reac-
tion. E, is the activation energy (J/mol), and 7 is the control
temperature (K). The inverse reaction rate constant kj, , can
be obtained by equilibrium constant and positive reaction rate
constant. The nine-species ten-reaction chemistry reported by
Wang et al. [24] was used for the flow calculations. A sim-
plified H,/CO reaction system with five exchange and five
recombination reactions is adopted in this study. The reaction
system was also used in Ref. [25].

C. INFRARED RADIATION COMPUTATION OF PLUME
The spectral band model method, which is commonly used
in engineering, is used to compute the radiation of a
high-temperature rocket exhaust plume. The statistical nar-
row band method is a single line group (SLG) model [26]
based on the Curtis Godson (G-C) approximation [27] used to
solve the radiation physical parameters of radiating species.
The average transmittance within a wavenumber interval
has the following form

= (L) — B /1 4SL 1 9
Ty ( )—exp(_T( +§_ ) 9

where the intermediate variables are given by

B =28,/ (10-a)
S =Kyp (10-b)
B, =27v,/d, (10-c)
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where L is the path length (m), the subscript n denotes
the wavenumber (cm~'). 7,,d, and &, are the average
band model parameters, which stand for the half-width
at half-maximum (HWHM), the band spacing, and the
absorption coefficient, respectively. The required parame-
ters are obtained from the NASA-SP-3080 database [26].
The database provides the radiative parameters of the main
molecules (such as CO,, H,O, CO, HCI, NO, OH, etc.) within
the temperature range of 300-3000 K.

For propellants without considering the influence of metal
additives, the radiative transfer equation does not involve
particle scattering. Therefore, the spectral radiation intensity
along a specific path can be conveniently solved by the fol-
lowing expression

L

d
I, = _/Ib,7 (T) %dz (11
0

where [, is the emitting spectral radiation intensity
(W/(sr-m?-cm™1)), and Ipy(T) is the local blackbody spec-
tral radiation (W/(sr-m?-.cm™")). 7, is the local transmis-
sion along the integral path. At a fixed observation angle,
the radiation intensity along the path is obtained using
the line-of-sight (LOS) clusters passing through the plume
inclusion. The infrared thermal image of the plume can be
easily obtained by integrating the spectral bands. A detailed
algorithm can be found in Ref. [17].

IV. DESIGN OF NUMERICAL EXPERIMENT AND
COMPUTATION DETAILS

A. GEOMETRY AND MESH SIZE

The Atlas-IIA rocket has a multi-nozzle kerosene/liquid oxy-
gen motor group, which consists of one main and two booster
motors [28]. The detailed configuration and geometry size
are provided in Ref. [28]. To study the flow field and IR
signatures of the Atlas-IIA plume, various studies [29], [30]
adopted an equivalent single nozzle to characterize the multi-
nozzle structure. Hence, the nozzle exit parameters of a
single nozzle can be calculated according to the equivalent
principle of the flow rate and species mass flow. However,
the multi-nozzle has a proper effect on the flow field structure
and radiation signatures. Generally, the structure of a typical
missile body is composed of a blunt cone and a section of a
cylindrical structure. In this study, we intend to examine the
effect of AOA on the radiation signature of plume. Therefore,
the multi-nozzle effect is not considered. A three-dimensional
model is used for the AOA cases. To reduce the computation
cost, a half model is used, as shown in Fig. 4(a) and (b).

In simulation, an appropriate mesh size and distribution is
necessary to satisfy all calculation cases, specifically for large
AOA cases. Accordingly, the calculation domain adopts a half
cylinder having 2000 m length and 300 m radius, and the
mesh distribution is shown in Fig. 4(b). The computational
mesh has 700 x 120 points in the streamwise and radical
directions with 50 transverse points, respectively. The mesh
is refined at the nozzle exit and base regions, and also extends

113159



IEEE Access

Q. Niu et al.: Investigation on IR Signatures of Under-Expanded Rocket Exhaust Plumes Due to AOA

TABLE 1. Exit conditions of the equivalent single nozzle.

Fluid conditions

Mass fraction of species

TE, K P@, Pa U@, m/s Hz Hzo
2230 68850 2960 0.012194  27.2437

0.000028

H OH cOo CO,
0.000127  0.000797 0.412125  0.302293

P
(b) Mesh distribution

FIGURE 4. Computational model of a general rocket exhaust plume with
an equivalent single nozzle.

toward the exit of the computational domain along the region
where the plume passes.

B. BOUNDARY CONDITIONS

The distribution estimation of the flow field parameters,
including pressure, temperature, and species number density
is a prerequisite for the computation of IR signatures. The
high-temperature shock layer of the fore body also has a
certain effect on the IR of the plume. For simplification, only
the effect of AOA on plume radiation signatures is considered
in this study.

According to the calculation domain shown in Fig. 4(a),
the following boundary conditions are employed: A non-slip,
constant-temperature wall is applied to the body (a-b-c and
d-f-g) and the nozzle surface (c-d). A multi-species velocity
and temperature boundary condition is used on the nozzle
exit plane, as shown in Table 1. Uniform co-flowing condi-
tions are specified at the entrance (g-h and a-k) and far-field
boundaries (k-j and h-i) of the computational domain. The
incoming flow parameters including the flight speed, ambient
pressure, and temperature, depend on the flight trajectory of
the vehicle as discussed in Section IV-C. The exit boundary
(i-j) is considered as a supersonic boundary and obtained by
extrapolation of the upstream parameters.

113160

C. COMPUTATIONAL CASES

Usually, the speed of the launch vehicle and the ballistic
missile increases with an increase in flight altitude during
the boost phase. The structure and parameter distribution of
plume depend on the flight speed and altitude. The NVR is
related to the entrainment effect of the environment, which
affects the air mixing and afterburning. With the increase in
NPR, the density of the atmospheric environment decreases
with an expansion in rocket exhaust plume, and the mixing
effect of oxygen declines simultaneously.

In this study, seven cases of AOA ranging between 0°
to 30° with a constant interval of 5° are considered. The
flight altitude includes 12 cases, ranging between 5 km to
60 km with a constant interval of 5 km. The flight altitude
is obtained from the real trajectory of Atlas-IIA at a flight
time segment ranging between 58-161 s [31]. The flight
Mach number ranges from 0.71 to 7.80. The range of NPR
is significantly wide, spanning three orders of magnitude,
from 10° to 103. This indicates that the exhaust plume expe-
rienced three types of under expansion: moderately, highly,
and over-highly under-expanded conditions. The NVR values
ranging between 1.2-13 are considered. Fig. 5 shows the
variation in flight altitude and Mach number curves with
NVR and NPR. From Fig. 5, it is evident that the flight
altitude and speed are closely related. In summary, there
are 84 plume flow field calculation cases in this study. The
co-flowing parameters at zero AOA are listed in Table 2. The
velocity at other AOAs is calculated using the component of
velocity at « = 0°.

)

/00

FIGURE 5. Profiles of altitude (H) and Mach number (Ma) with NPR and
NVR.

D. VALIDATION OF MODELS

The liquid Atlas-IIA rockets launched from the Kennedy
Space Center on the night of May 3, 2000, were observed by
the Ballistic Missile Defense Operations (BMDO) Innovative
Science and Technology Experiment Facility (ISTEF) and
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FIGURE 6. IR intensity of the Atlas-11A rocket exhaust plumes for (a) 21 km and (b) 41 km.

TABLE 2. Freestream conditions of ATLAS-II at o = 0°.

t,s  Ue,m/s Hpkm Po,kPa T,K  Ma
58 226.2 5 54048 2557 0.71
76 382.0 10  26.500 2233 1.28
90 545.5 15 12.112  216.7 1.85

102 720.1 20 5529 2167 244

113 930.0 25 2.549 2216 3.12

122 1131.4 30 1.197 2265 3.75

128 1308.5 35 0.575 236.5 4.24

135 1504.6 40 0.287 2504 4.74

143 1771.9 45 0.149 2642 544

148 1934.5 50 0.080 270.7 5.87

155 22029 55 0.043 260.8 6.80

161 2456.1 60 0.022 247.0 7.80

the Arnold Engineering Development Center (AEDC) [32].
These data have been used to validate the numerical models.
Considering the numerous conditions involved in the obser-
vation data, several studies have adopted the equivalent single
nozzle model, as discussed in Section I'V-B.

Ozawa et al. [29] calculated the radiation spectra of
the Atlas-IIA plume with an equivalent nozzle at altitudes
of 21 km and 41 km for « = 0° using the nonequilibrium
radiation distribution (NERD) program. In this test case,
the axial and radial dimensions of the computational domain
are 100 m and 30 m, respectively, and the boundary condi-
tions are the same as those described in Section IV-B. Further,
the observation angle is perpendicular to the plume axis. It is
to be noted that the computing results are the spectrum of
the self-emission intensity of the plume. More detailed infor-
mation can be found in Ref. [29]. In the current calculation,
the spectral resolution is 5 cm™!. Fig. 6 shows the comparison
of the radiation spectrum between the calculated values and
the reference data in the 2.0-6.0 um band. It can be seen that
the simulation results are in good agreement with reference
results, except for some underestimation in the wavelength
band of 2.3-2.5 pm. In addition, our previous work [17] also
gave the detailed process of validating the calculation model
by using the infrared measurement data of the ground test of
the exhaust plume.
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V. RESULTS AND DISCUSSIONS

A. EFFECT OF AOA ON FLOW FIELD PROPERTIES
High-temperature exhaust gas is injected into the atmosphere
from the nozzle exit, which has a strong interaction with
the environment and produces complex shock waves at the
origin. The shock waves gradually weaken as the plume
develops downstream until the pressure of the plume becomes
consistent with the environment. The exhaust plume mixes
with the surrounding atmosphere and entrains oxygen in the
air to participate in the chemical reaction of the unstable com-
ponents. A shear layer is formed by the interaction between
the exhaust plume and the environment, and subsequently the
temperature of the exhaust plume increases with the occur-
rence of afterburning.

Fig. 7 shows the temperature distributions of the three types
of under-expanded plumes at the three representative AOAs.
Each illustration from top to bottom shows the temperature
distribution on the symmetry plane of the plume at« = 0°,
15° and 30°, respectively. It can be seen from Fig. 7(a) that
the moderately under-expanded plume (NPR = 1.27) forms
typical Mach cells near the nozzle exit region (also shown
in Fig. 2). In a certain downstream region, the tempera-
ture is lower than that of the nozzle exit. Subsequently, the
temperature and its range increase close to the nozzle exit
temperature. The apparent afterburning region disappears at
o = 15° owing to the existence of AOA. The AOA causes the
incoming flow to interact with the exhaust plume, which is
similar to the appearance of the windward side, compressing
the exhaust plume into a limited area with a slender shape.
With an increase in the AOA, the high-temperature region
of the plume decreases, and the Mach cells are compressed
to a small domain. In this case, the flow field structure is
still relatively smooth. For the highly under-expanded plume
(NPR = 12.5) shown in Fig. 7(b), the Mach cell disappears
near the nozzle exit, and the initial shock structure change
results in formation of a Mach disk. The temperature is also
lower than that of the nozzle exit. An evident afterburning
phenomenon occurred in the downstream region of the plume.
It should be noted that the core region of the plume near the
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nozzle exit is severely deformed owing to the AOA, which
changes the temperature and its distribution. The over-highly
under-expanded plumes (NPR = 120) are shown in Fig. 7(c),
where the position of the Mach disk is far away from the noz-
zle exit, resulting in a decreased overall plume temperature.
The high-temperature region primarily exists in the afterburn-
ing region. With an increase in the AOA, the deformation
in the expansion area of the plume appears as a small high-
temperature region.

Fig. 8 shows the mass fraction distributions of CO;. The
distribution structure of the CO;, mass fraction is similar to
that of temperature. The size range of CO; is smaller than
that of temperature, which is due to the fact that the temper-
ature generation lags behind the chemical reaction with the
development of flow field. The CO, mass fraction decreases
gradually from the nozzle to the downstream. The results
show an increase in NPR and a decrease in NVR. Moreover,
a decrease in the entrainment effect and oxygen content is
observed which leads to a low temperature in the afterburning
region and an extension in the length of the plume.

B. EFFECT OF AOA ON AFTERBURNING
Generally, the combustion products of propellants, such as
H,, CO, OH, and other unstable components, are fuel-rich.
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When the plume interacts with the ambient atmosphere,
the air is entrained and reacts with these unstable components
to produce stable chemical products, such as CO, and H>O.
During this process, a large amount of heat is produced by
the chemical reaction, and the temperature of the plume rises
sharply. Afterburning occurs as soon as the plume interacts
with the environment. Owing to the strong shock wave inter-
action in the initial region of the plume for an under-expanded
jet (see Fig. 2), the oxygen in the environment is gradually
mixed with the plume, and afterburning usually exists in
the jet region [30] downstream of the plume. To describe
the effect of AOA on afterburning, three parameters, Tpeak,
D and L as shown in Fig. 1, are selected to characterize the
change in temperature of the afterburning region. Fig.9 shows
the curves of aforementioned parameters as a function of
AOA for the three cases. Fig. 9(a) shows the relationship
between the distance of the maximum temperature offset
by the nozzle axis and the AOA. The curve shows approxi-
mately linear relationship between offset distance D and AOA
with steeper slope for the over-highly under-expanded plume
than the moderately and highly under-expanded plume. This
means that the under-expanded plume caused by the increase
in flight altitude is more sensitive toward the change in
AOA. In this case, significant deformation will occur in
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the high-temperature region compared with the condition of
zero AOA.

The variation in the peak temperature with AOA in the
afterburning region is shown in Fig. 9(b). The peak tem-
perature is dimensionless with respect to the nozzle tem-
perature. The peak temperature decreases with increasing
degree of expansion. For instance, the peak temperature of
the over-highly under-expanded plume is 70% of the nozzle
exit temperature, while the peak temperature of a moderately
under-expanded plume is approximately 10% higher than that
of the nozzle exit. It can be considered that the occurrence of
AOA cannot significantly change afterburning, at least in the
upstream region.

To quantify the effect of AOA on the scale of the afterburn-
ing region, a specified temperature of 1200 K is specified.
The distance from the specified temperature to the nozzle exit
plane as a function of the AOA is presented in Fig. 9(c). It can
be seen that the appearance of AOA shortens the length of the
afterburning zone. The L —« curve also shows approximately
indirect linear relationship. A comparison of the three curves
shows that a large AOA can significantly reduce the scale of
the high-temperature region at over-highly under-expanded
states.

C. EFFECT OF AOA ON IR SIGNATURES

The IR intensity of the exhaust plume depends on several
factors including the composition, number density, tempera-
ture, observation angle, and atmospheric attenuation. Several
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investigations related to the IR characteristics of exhaust
plumes at zero AOA have been conducted. Sections V-A
and V-B demonstrate that the appearance of AOA has a
significant influence on the plume flow, specifically for the
distribution and level of temperature and composition. These
properties are directly associated with the IR of the plume.
An observation angle perpendicular to the axis of the nozzle
is considered to analyze the intrinsic radiation signatures
of the plume. In addition, self-radiation is used to describe
the IR characteristics of the plume without considering the
atmospheric attenuation effect along the observation path.

Fig. 10 shows the spectral radiant characteristics of three
representative under-expanded plumes in the cases of o« = 0°,
15°, and 30°. From Fig. 10(a), it can be observed that the
spectral radiant intensity of the moderately under-expanded
plume with NPR = 1.27 significantly decreases as the AOA
increases. An evident absorption peak is observed at wave-
length of 4.3 pum. This may be attributed to the effect
of CO; and temperature distribution in the exhaust plume.
Fig. 10(b) shows the spectrum of a highly under-expanded
plume with NPR = 12.5. The spectral radiation intensity
peaks twice symmetrically at wavelengths of 2.7 um and
4.3 pum. A highly under-expanded plume with NPR = 120 is
shown in Fig. 10(c). It can be seen that the peak radia-
tion intensity of the two bands is opposite to that shown
in Fig. 10(a).

The appearance of AOA significantly reduced the spectral
peak radiation intensity. The decrease in radiation intensity
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is not proportional to the increase in AOA, however the rate
of decrease becomes gradual for a larger AOA. For instance,
the 4.3-pum peak radiation intensity between AOA of 0° to 15°
decreases by 63.2% and 12.6% for NPR = 12.5 and NPR =
120, respectively. However, when the AOA increases from
15° to 30°, the peak radiation intensity decreases by 26.3%
and 19.6%, respectively. By comparing Figs. 10(a), (b),
and (c), the peak spectral intensity at wavelength of 2.7 um
first increases and then decreases with the increase in NPR,
while that of 4.3 um band increases continuously. In addition,
the peak spectral intensity at wavelength of 2.7 um shows a
decreasing trend compared with that at 4.3 um. These differ-
ences in radiation intensity are resulted from the combined
effect of the species distribution, flow structure, temperature,
and LOS path.

Figs. 11 and 12 show the synthetic IR image in bandpass
filters of 2.7 um (2.70 £+ 0.15 um) and 4.3 um (4.2 £
0.15 pem), respectively. It can be seen that the axial and radial
dimensions of the bright region decrease with an increase in
the AOA. With increasing flight altitude, the NPR increases
and NVR decreases. The bright area in the infrared ther-
mal image, located in the middle and downstream of the
plume, becomes larger. This is because the increase in NPR
intensifies the under-expanded state of the plume, and the
decrease in NVR reduces the mixing of plume in atmosphere,
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resulting in the expansion of the afterburning zone. With the
appearance of AOA, the region with an evident afterburning
effect disappeared. The comparison between Figs. 11 and 12
shows that the radiation intensity and radiation range of the
moderately under-expanded plume in the 2.7 um band are
significantly larger than those in the 4.3 yum band. The bright
region of the thermal image in the 2.7 um band of the highly
under-expanded plume is located in the afterburning region,
while the bright region in 4.3 wm band mainly exists in
the upstream of the plume. The radiation intensity of the
brightest region of the over-highly under-expanded plume is
approximately one order of magnitude lower than that of the
other two types of plumes. In addition, the radiation intensity
of 2.7 um band is closer to that of 4.3 um band, but the
radiation intensity of the former is lower than that of the latter
in both axial and radial directions.

D. EFFECT OF AOA ON IN-BAND RADIANCE

In addition to the infrared image and spectrum of the plume,
the integrated radiation intensity in a specific band is also an
important parameter for describing the radiation phenomenon
of the rocket exhaust plume, especially for the plume as a
point source. Owing to the existence of atmospheric window,
the band pass of the infrared detector is generally selected
in the range between 3-5 um. In addition, water vapor and
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carbon dioxide are the main gaseous components of the
plume, and their characteristic radiation peaks are in the
2.7 pm and 4.3 um bands, respectively. Therefore, these two
bands are commonly used in engineering applications.

Fig. 13 shows the integrated radiation in the 2.7 um,
4.3 pum and middle wavelength infrared (MWIR, 3-5 um)
bands as the function of AOA and flight altitudes. By com-
paring Figs. 13(a) and 13(b), it can be seen that the integrated
radiation intensities of 2.7 um and 4.3 um bands are con-
siderably different. In the 2.7 um band, the range of high
radiation intensity is small, primarily concentrated in the low
altitude and small AOA constrained range. Low radiation
intensity occurs in two areas: one is in the range of low
altitude and high AOA, and the other is at a high altitude.
In the 4.3 pum band, the radiation intensity depends on the
flight altitude. The radiation intensity of the high-altitude
plume is evidently higher than that of the low-altitude plume.
The higher radiation intensity is concentrated in high-altitude
large-AOA and medium-altitude small-AOA regions. The
results show that a reasonable combination of AOA and flight
altitude can potentially reduce the radiation signature of the
plume. In the 3-5 um mid-infrared wave band, the radia-
tion intensity distribution is similar to that of the 4.3 um
band, while the radiation intensity is significantly higher. The
high radiation intensity is concentrated in the range of the
medium-altitude and small AOA.

To analyze the radiation intensity variation with flight con-
ditions in three typical bands, flight altitude and flight speed

VOLUME 9, 2021

1(10°W/sr)
—g 8

/ /

/

S50t ///

—®— 2.7 um band
—A—4.3 um band

r —m—3-5 um band
10 L 1 1 L 1 L 1

H (km)
5
W)
\
N\
AN
— N W ~

0 5 10 15 20 25 30
o (%)

FIGURE 15. Peak in-band radiance with function of AOA and altitude.

are characterized by NPR and NVR, respectively. These two
parameters are presented in Fig. 5. A large NPR represents
a high altitude. Fig. 14 shows the relationship between the
integral intensity in the band and NPR for the four AOA cases
of « = 0°, 10°, 20°, and 30°. With an increase in AOA,
the peak radiation intensity in 4.3 um band increases and
decreases in the 2.7 um band. The peak value of the 3-5 um
band first decreased and then increased. For the same spectral
band, the peak value of the integral radiation intensity curve
shifts toward the direction of increasing NPR, and the curve
is initially ““arched” and gradually becomes smooth with an
increase in the AOA. It should be noted that the integral
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intensity curves in the 2.7 um and 4.3 pum bands intersect
to form a group of band pairs. With the increasing AOA,
the corresponding NPR of the spectral band pair exhibits a
slight change. In addition, an increase in AOA significantly
enhances the radiation intensity of larger NPRs and decreases
the radiation intensity of smaller NPRs. It is evident that the
appearance of such band pairs and the formation of char-
acteristic altitudes are significant to plume phenomenology.
In Section V-E, the effect of AOA on the band pairs will be
analyzed in detail.

Fig.15 shows the relationship among the angle of attack,
the peak radiation intensity and the altitude. In this figure, the
horizontal ordinate represents AOA, and the vertical ordinate
is the altitude where the strongest radiation intensity appears.
In addition, the radiation intensity value is represented by a
color label. The peak intensity of the 2.7 um band decreases
rapidly in the range of 0°-15°, and decreases slightly in the
range of 15°-30°. Its peak range is wide, covering 0—60 km.
The peak intensity of the 4.3 um band increases slightly
with the increase in the AOA, which is approximately con-
stant. The characteristic altitude of the peak intensity is more
than 40 km. The peak intensity of the 3—5 pm band increases
with an increase in the AOA, and its peak value is in a
higher altitude range. This is because the radiation intensity
of CO» in the 4.3 um band is higher than that in the 2.7 yum
band under the combined action of NPR and NVR, which is
previously explained in Fig. 10.

E. EFFECT OF AOA ON BAND PAIRS
From Fig. 14, it is observed that the radiation intensity curves
of 2.7 um and 4.3 um bands can form a group of spectral
band pairs, and the corresponding altitude of the spectral
band pair is used as the characteristic altitude (H.), which
can be considered as one of the characteristics of a rocket
exhaust plume. In this section, five spectral bands, includ-
ing 2.7 pum, 4.3 pum, 4.35-4.65 pum, 2.80-3.00 um, and
2.50-3.20 um bands, are considered. The selected spectral
bands are significantly important for infrared detectors and
have been reported in Ref. [2].

Fig. 16 shows the radiation intensity distribution curves of
the five bands as a function of altitude and the corresponding
band pair distribution at four representative AOAs. It can be
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seen that the curve distribution of 2.7 pum, 2.80-3.00 um, and
2.50-3.20 pum bands is significantly different from the other
two bands. The intensity of the distribution curves of the three
bands are considerably different, however the distribution
rules are similar. With an increase in the AOA, the radiation
intensity curves present three evident phenomena: (1) the
radiation intensity decreases and increases at low and high
altitudes, respectively, (2) the peak intensity shifts toward
high altitudes, and (3) the radiation intensity distribution
curve increases monotonously in the altitude range of 60 km.
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FIGURE 17. Variation of characteristic altitude with AOA change.

To further analyze the variation of the characteristic alti-
tude and radiation intensity with AOA, the distribution of
spectral band pairs corresponding to the radiation intensity
and characteristic altitude under AOA conditions is shown
in Fig. 17. The AOA ranged between 0° to 30° with con-
stant 5° intervals. The best fit-line is used to represent the
relationship between intensity and characteristic altitude for
different AOAs. It can be seen that the radiation intensity of
the band pair decreased with an increase in AOA. The band
pair spacing becomes more concentrated and shifts toward
low altitudes. In addition, the increase in-band aggregation
reduces the coverage of the characteristic altitude and the dif-
ference in the radiation intensity of the band pairs. The results
imply that the radiation intensity of the plume and degree of
feature recognition decrease with an increase in the AOA.
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VI. CONCLUSION

In the current study, the influence of AOA on the IR signature
of an under-expanded plume was studied using numerical
methods. The Atlas-IIA liquid rocket motor with a real trajec-
tory was employed to study the characteristics of the reacting
flow field and IR signatures of the plume under moderately,
highly, and over-highly expanded states at AOA ranging
between 0-30°. The IR characteristic parameters included
the spectral radiant intensity, infrared thermal image, integral
intensity in the spectral band, and characteristic altitude of the
corresponding spectral band pair. We conclude this study as
follows:

(1) The appearance of AOA leads to a deformation in the
expansion area of the plume, forms a small high-temperature
region, and shortens the length of the afterburning zone with
an approximately linear relationship.

(2) With an increase in the AOA, the spectral peak radiation
intensity decreases and the rate of decrease becomes gradual
for a larger AOA. Besides, the axial and radial dimensions of
the bright region decrease from the IR image with an evident
afterburning effect disappeared.

(3) A reasonable combination of AOA and flight altitude
can potentially reduce the radiation signature of the plume.
For the same spectral band, the peak value of the integral radi-
ation intensity curve shifts toward the direction of increasing
NPR with an increase in the AOA. An increase in AOA
significantly enhanced the radiation intensity of larger NPRs
and decreased the radiation intensity of smaller NPRs.

(4) The band pair spacing becomes more concentrated
and shifts toward low altitudes with an increase in AOA.
The increase in-band aggregation reduces the coverage of
the characteristic altitude and the difference in the radiation
intensity of the band pairs, which implies that the radiation
intensity of the plume and degree of feature recognition
decrease with an increase in the AOA.
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