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Abstract: Infrared stealth technology plays a vital role in improving the survivability of future aircraft.
The exhaust system is the main source of infrared radiation on the rear side of the aircraft, and stealth
coating is an effective measure to reduce the infrared radiation on the solid wall of the nozzle. Mature
commercial computational fluid dynamics software was used to obtain and analyze accurate data
of the flow field to study the infrared radiation characteristics of the stealth coating on the turbofan
engine nozzle. Furthermore, infrared simulation software based on the reverse Monte Carlo method,
line-by-line calculation technique, and database technology for high-temperature gas parameters of a
narrowband model were used to numerically simulate the exhaust system of a turbofan engine with
infrared suppression coating. Assuming that the damage percentage of the external adjusting plate is
constant, the findings reveal that the overall infrared radiation intensity exhibits a steadily increasing
trend with the increase in the number of damaged adjusting plates. The maximum change in the
infrared radiation intensity between eight damaged adjusting plates and one damaged adjusting
plate was 11.67%. Thus, regular inspection and maintenance are required for the stealth coating on
the external adjusting plate of the aero-engine tail nozzle to maintain stealth integrity.

Keywords: aero-engine; exhaust system; infrared radiation characteristics; CFD; reverse Monte
Carlo method

1. Introduction

Stealth characteristics are an important feature of new-generation aircraft [1]. The
continuous development of infrared detection, tracking, and guidance technologies is creat-
ing increasingly stringent requirements for the infrared stealth characteristics of modern
aircraft [2]. Considering the infrared radiation intensity of an aircraft, the high-temperature
exhaust system and airflow are much higher than the skin radiation, and the radiation
energy of the engine is an order of magnitude higher than that of the skin [3]. Thus, the tail
nozzle of the aircraft engine is the main source of aircraft infrared radiation and the main
target captured by an infrared detector [4].

Several experiments and simulation studies have been conducted in China and world-
wide on the infrared radiation states of aircraft, engines, and their wakes, with a focus
primarily on the distribution characteristics of their infrared radiation intensity [5–13].
Several numerical calculation software for infrared radiation states of air target have been
developed abroad [14–16], and more detailed mathematical modeling and numerical calcu-
lation studies on infrared radiation states of engine exhaust systems have been conducted,
with relevant experimental validation also carried out. Chinese domestic research on the
numerical calculation of the infrared radiation of engine exhaust systems started late, Jin
Jie [17] et al., Zhang Xiaoying [18] et al. and Liu Youhong [19] developed a numerical
calculation method to calculate the infrared radiation states of exhaust systems based
on closed cavity theory algorithm, and this method is now more widely used in China.
Luo Mingdong, Ji Honghu and Huang Wei [20–22] have undertaken in-depth research
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in numerical simulation and experiments on the infrared radiation characteristics of the
exhaust system of an aero-engine and have achieved certain results. The infrared radiation
of the engine exhaust system can be divided into solid and gas radiation; the former is
caused by high-temperature components, such as the tail nozzle, and the latter is caused by
high-temperature fuel gas injected at high speed. Scholars have adopted different calcu-
lation methods to solve the infrared radiation transfer equation and developed multiple
methods to calculate infrared radiation characteristics [23], these include the Monte Carlo
method, the reverse Monte Carlo method (RMCM), and the discrete coordinate method.
However, little research has been conducted on stealth coating and its post-damage charac-
teristics, and the application of infrared low-emissivity coatings means that this research
gap direction urgently needs to be filled.

Based on the infrared radiation characteristics of the engine exhaust system of the low-
emissivity coating [24], a simplified model of the engine exhaust system was constructed
in this study and the damage location and degree were set based on the derived actual
exhaust temperature and emissivity. In addition, based on the actual working conditions, an
infrared simulation software, based on the RMCM and line-by-line calculation technology,
was used to study the effects of different types of coating damage on the infrared radiation
characteristics of the engine exhaust system. Furthermore, a database of high-temperature
gas parameters of a narrowband model was employed.

2. Physical Models and Calculation Methods
2.1. Physical Models

Each engine has 16 external adjusting plates. A symmetrical simplified exhaust system
model was established (as shown in Figure 1) with reference to the actual engine to reduce
the calculation workload. The model consists of a central cone, an afterburner, a contraction
section, an expansion section, and internal and external adjusting plates. The complex
internal structure of the components significantly affects the flow field distribution in
the nozzle, thereby changing the distribution of temperature, pressure, and component
concentration, thus affecting the radiation characteristics of the wall and gas flow. The
geometrically simplified model of the nozzle is presented in Figure 1.
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Figure 1. Schematic diagram of nozzle model.

2.2. Flow Field Calculation Method and Boundary Condition Setting

The solid wall of the exhaust nozzle of the turbofan engine and the temperature field
of the gas ejected from the tail nozzle were derived by performing numerical simulation
using the Fluent module of the ANSYS system, which is an important basis for calculating
the radiation characteristics. The calculated tail spray pipe model has a diameter of D, a
flow field length of 40 D, and a radius of 7 D. The structural meshing was performed, the
maximum mesh size for the wall was set to no more than 1/10 of the wall size, and the
flame stabilizer was encrypted. To reduce the computational time, a larger grid size with
symmetric grid was used for other areas. The final grid size was 4.7 million, as shown
in Figure 2. The specific boundary conditions were set as follows. After the nozzle inlet
was set as the mixer, the inlet was set as the pressure inlet, where the inlet pressure was
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162,008 Pa, and the total temperature was 1051 K. The external field boundary was set as
the pressure far-field boundary, the total temperature was 295 K, and the pressure was set
as 96,008 Pa. The wall thickness of the nozzle was 1 mm. Steel was used as the raw material,
and the body color was gray. Considering the heat transfer effect, each solid wall was
installed as a fluid–solid coupling surface to obtain the surface temperature distribution of
the nozzle inner wall accurately.
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Figure 2. Nozzle structure grid.

The density-based implicit solution was chosen, the turbulence model was the RNG k-ε
model, and the wall function was the standard wall. The boundary conditions for the pres-
sure far field require the gas type to be a compressible ideal gas. The solution was calculated
in first-order windward format. The calculation was considered converged when the resid-
uals were less than 0.001 and the mass flow rate of each component reached conservation.

Owing to the absorption, emission, and scattering characteristics of fuel gas, infrared
radiation intensity primarily hinges on such parameters as temperature, pressure, carbon
dioxide concentrations, water vapor, and other components. Thus, the concentration distri-
butions of various gas compositions were predicted and calculated using a gas transport
equation based on CFD software. Assuming that the inlet gas of the nozzle is completely
combusted gas, the volume percentages of carbon dioxide, carbon monoxide, and water
vapor were 0.0718, 0.0001, and 0.0294, respectively. The ambient composition was air, i.e.,
the nitrogen and oxygen amounts were 0.79 and 0.21.

2.3. Infrared Radiation Calculation Method

1. Reverse Monte Carlo Method.

This study adopted the RMCM for infrared calculation. When addressing radiation
transmission problems, radiation is considered to comprise independent rays and a series
of radiation transmission problems decomposed into a series of sub-processes, such as emis-
sion, reflection, absorption, and scattering [25]. The emission and transmission process of
each ray in the system is determined by a series of random numbers and probability density
functions. After tracking a large number of rays, stable statistical results can be obtained.

(1) Calculation formula of target radiation intensity.

The RMCM does not entail the discretization of the incident solid angle. Correspond-
ing to the emitted ray in the solid angle space and using the probability density function to
determine the absorption point of the ray [26], this method can identify the actual radiation
source, thereby replacing the realistic radiation source. The radiation intensity calculation
equation is

Hλ = ∑ N
i=1(Lbλ(i) cos θi/N) · Ωd (1)

In the aforementioned equation, the spectral radiation intensity of the black body is
described at the random ray absorption point to describe the angle between it and the
method line of the detection surface. When the detection point is far from the target,
Equation (1) can be written as

Hλ = Ωd∑ N
i=1Lbλ(i)/N (2)
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Bringing Equation (2) into the radiation intensity calculation equation, the expression
of spectral radiation intensity at the measurement point can be obtained:

Lλ = Ad∑ N
i=1Lbλ(i)/N (3)

After using the narrowband model, the above equation can be rewritten into a
numerical form:

I = Ad · ∆λ/N
N

∑
i=1

M

∑
j=1

Lbλ(i, λj) (4)

(2) Backtracking of random rays.

When Equation (4) is used to calculate the target radiation intensity, it is necessary to
emit N rays from any machine at the solid angle of the field of view. Normally, the direction
of the random rays can be determined according to the probability density function, and it
is not necessary to discretize the solid angle of the field of view. However, to adapt to the
infrared imaging simulation, the method shown in Figure 3 was adopted to determine the
direction of random rays. The coordinates in the local coordinate system of the pixel plane
can be detected using the following calculation:

Xr = RxL + Xc, Yr = RyL + Yc, Z = 0 (5)
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When the direction of the random ray is determined, it can be traced backward, such
as the random ray shown in Figure 3.

Ray tracing in the specific control body can start once the ray enters the computational
domain grid. The average transmittance of the spectral band in a specific control body can
be calculated by interpolation according to the travel length of the ray in the control body,
as well as the local temperature, pressure, and infrared active components of the control
body. Using the gas composition database, the spectral absorption rate of the control body
is obtained. The equation is

αk(λ) = 1 − τk(λ) (6)

First, the entry point of the ray entering the calculation area should be determined in
the calculation area. Simultaneously, in the CFD grid system, the surface unit that intersects
with the ray can be subjected to a full-disk search [27]. If no surface element intersects with
the ray, the ray has no intersection with the calculation area, indicating that the random
ray does not contribute to the radiation of the detection point. If such a surface element
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is searched, the surface element becomes the position where the random ray enters the
calculation area.

According to the spectroscopic theory, the absorption coefficient κη for a single spectral
line with a central wave number η0 is calculated as

κη = S · F(η − η0) (7)

where η is the wave number, η0 is the central wave number of the spectral line, S is the
spectral line intensity, and F(η − η0) is the normalized spectral line shape function.

For a real gas, the absorption lines are not isolated from each other in its absorption
band, but always partially overlap, and theoretically each spectral line has an effect on
the emission and absorption at any wave number position. Therefore, according to the
principle of the line-by-line method, the spectral absorption coefficient κη of the actual gas
at wave number η is equal to the sum of the absorption coefficients of all spectral lines at
that wave number.

κη = ∑
i

κi
η = ∑

i
Si · F(η − η0i) (8)

where κi
η is the absorption coefficient of the spectral line i at wave number η,F(η − η0) is

the normalized line function of the spectral line i; η0i is the wave number at the center of
the first i spectral line, Si is the absorption coefficient of the spectral line, and i is the line
intensity of the spectral line.

From the description of the line-by-line calculation above, it can be seen that to obtain
the exact spectral absorption coefficient of a gas at wave number η, it is necessary to
consider all the spectral lines that have an influence here, i.e., to calculate the contribution
of all the spectral lines to the spectral absorption coefficient κη at that point line-by-line.

Gas molecules often include thousands of spectral lines, and the calculation is quite
large if all of them are taken into account. From the line profile of the spectral lines, it can
be seen that the absorption capacity decays rapidly as the spectral line wings extend to the
sides, and when extended far enough, the effect is already relatively small and negligible.
In addition, a variety of spectral line functions of the description of the far-wing spectrum
may contain some kind of error, so it is important to take time to calculate the far-wing
contribution. In practice, line wing truncation is often used to improve the efficiency of the
calculation, i.e., only the contribution of spectral lines located within a certain range of the
calculated wave number are considered. In this paper, equal wave number truncation was
used, i.e., only the influence of spectral lines within a range of 10–30 wave numbers on both
sides of the center of the spectral line were considered. For convenience, the specific value of
the wave number range in the calculation was used as the input parameter of the program.
The detailed spectral characteristics of each spectral line of a gas molecule, including the
spectral line position, spectral line intensity, spectral line half-width, spectral line jump low
state energy and a series of other parameters, were required for the line-by-line calculation
study. The molecular spectral line library used for the line-by-line calculation study in this
paper was HITEMP version 2010.

2. Narrowband Model Parameter Library.

Generally, this method can reflect the radiation characteristics of the gas in a wide spec-
trum more quickly and accurately and can effectively describe the spectral band model [28].
Using the narrow spectral band model to obtain the average transmittance of the spectral
band, it is necessary to establish the spectral band model parameter data of the spectral
parameters that change with temperature and wavenumber. The infrared calculation in this
study was based on the HITEMP2010 high-resolution molecular spectrum database, and
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the parameter library of the narrowband model was constructed by theoretical calculation.
The band average transmittance for the central wavenumber is

τη(X) = exp

−2
γ

d

(1 + Xk
d
γ

)1/2

− 1

 (9)

When analyzing different infrared active components, such as H2O, CO2, and other
components in the high-temperature gas of the aircraft engine exhaust system, it is necessary
to fully consider the impact of the broadening effect on the radiation performance of the
infrared activity [29]. The empirical equations for the average half-width of the spectral
line of infrared reactive gases are

γCO2 =
P
P0

(
T0

T

)0.7
 0.07CCO2 + 0.058−

0.058
(
CCO2 + CH2O

)
+0.1CH2O

 (10)

γH2O =
P
P0


0.462CH2O

(
T0
T

)
+

T0
0.5[0.079(1−CH2O)]

T0.5

T0
0.5[0.027CCO2+0.036CO2 ]

T0.5

 (11)

γCO =
P
P0


0.075CCO2

(
T0
T

)0.6

+0.12CH2O

(
T0
T

)0.82

+0..06
(

T0
T

)0.7(
1 − CCO2 − CO2

)
 (12)

In the HITEMP database, the optical spectral parameters were given, and the average
absorption coefficient of the spectral band was solved using the numerical averaging
method of spectral line parameters.

k =
1

∆η

N

∑
i=1

Si (13)

where N denotes the number of spectrum lines in the spectrum interval, ∆η denotes the
wavenumber interval of the band interval, and Si denotes the intensity of the ith spectral
line in the band. The band model approach divides the spectral interval to be calculated
into many spectral bands. In each spectral band interval, the Planck function can be
approximated as a constant because its variation is much smoother compared with the
variation of the absorption coefficient. Therefore, the average transmittance of the spectral
bands can be used to calculate the average radiation brightness of the spectral bands, and
then solve for the total radiation intensity.

3. Calculation Results and Analysis
3.1. Flow Field Calculation Results

In Figures 4–6, the cloud charts of the total temperature, Mach number, and total
pressure on the symmetry plane of the calculation area are derived.
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Considering the cloud charts obtained by the calculation, the main heat source of
the aero-engine tail nozzle is the high-temperature tail flame ejected from the tail nozzle.
Concurrently, according to the Mach number and the total pressure cloud chart, the gas
flow gradually accelerates in the convergent section and reaches the speed of sound at the
throat position. Owing to the three-dimensional flow pipeline effect, the sonic surface is a
circular arc surface that protrudes in the rearward direction. Then, the gas flow continues
to accelerate to supersonic speed in the expansion section, inducing the expansion wave
system, and the expansion waves continue to reflect and intersect in the tube. When the gas
flow reaches the nozzle position, it is in a state of slight overexpansion, which induces a
compression wave system and forms a local high-Mach-number area. The maximum Mach
reaches approximately 1.77.

The local high-Mach-number area also significantly impacts the intensity of infrared
radiation. The mass fraction field distribution of CO2 and H2O was considered for analysis,
and the concentration field distribution of components was intercepted at multiple distance
interfaces behind the nozzle. The distribution trend of the mass fraction field of the
remaining infrared active components is similar, and thus the trend was not analyzed.
The distribution of CO2 components is consistent with that of temperature as shown in
Figure 7. Mixed by the mixer, the inner and outer air mixers are basically the same. Their
concentration is the largest near the center of the nozzle, and the concentration gradually
decreases farther from the center. With continuous mixing of the tail jet and outside
atmosphere, the high-concentration core area continues to decrease. The distribution of the
H2O mass fraction field is similar as shown in Figure 8.
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3.2. Infrared Simulation Calculation Results

The flow field data calculated with the nozzle model were imported into the infrared
simulation calculation software for infrared radiation calculation. The nozzle wall was
coated with a low-emissivity coating. The emissivity of the intact part of the coating was 0.3,
and that of the damaged part was 0.8. The calculation condition was set to the ground, and
the detection distance from the target was 5 km. As the infrared radiation of the external
adjusting plates of the nozzle was studied primarily, the wavebands to be considered
during the calculation were 3–5 and 8–14 µm.

When the aircraft flight Ma number is low (such as Ma < 1.2), the engine thermal com-
ponents and high-temperature tail jet radiation plays a dominant role, and its contribution
to aircraft infrared radiation reaches more than 90% in the 3~5 µm radiation band, which
is the main object of infrared heat-seeking weapons detection. In the case of Ma > 1.2, the
peak radiation of the aircraft envelope is just in the 8~14 µm band and because the envelope
area is very large, its infrared radiation magnitude cannot be ignored [30–34].

In the calculation example, there were 16 external adjusting plates of the engine nozzle,
which were placed and numbered according to the calculation coordinate system. This was
convenient for the setting of working conditions for simulation calculations in the later
stage, as shown in Figure 9.

Energies 2022, 15, x FOR PEER REVIEW 9 of 19 
 

3.2. Infrared Simulation Calculation Results 

The flow field data calculated with the nozzle model were imported into the infrared 

simulation calculation software for infrared radiation calculation. The nozzle wall was 

coated with a low-emissivity coating. The emissivity of the intact part of the coating was 

0.3, and that of the damaged part was 0.8. The calculation condition was set to the ground, 

and the detection distance from the target was 5 km. As the infrared radiation of the ex-

ternal adjusting plates of the nozzle was studied primarily, the wavebands to be consid-

ered during the calculation were 3–5 and 8–14 μm. 

When the aircraft flight Ma number is low (such as Ma < 1.2), the engine thermal 

components and high-temperature tail jet radiation plays a dominant role, and its contri-

bution to aircraft infrared radiation reaches more than 90% in the 3~5 μm radiation band, 

which is the main object of infrared heat-seeking weapons detection. In the case of Ma > 

1.2, the peak radiation of the aircraft envelope is just in the 8~14 μm band and because the 

envelope area is very large, its infrared radiation magnitude cannot be ignored [30–34]. 

In the calculation example, there were 16 external adjusting plates of the engine noz-

zle, which were placed and numbered according to the calculation coordinate system. 

This was convenient for the setting of working conditions for simulation calculations in 

the later stage, as shown in Figure 9. 

1
2

3

4

5

6

7
8 9

10

11

12

13

14

15
16

y

z
x

 

Figure 9. Number of adjusting plates outside the nozzle. 

The xz-plane and xy-plane were defined as the horizontal and vertical detection 

planes, respectively. The calculated angle was located in the horizontal detection plane, 

where the direct backward direction of the nozzle outlet was defined as 0°, and 19 meas-

uring points were selected. 

Considering every 5° as an azimuth angle from 0° to 90°, the infrared radiation inten-

sity of the nozzle was detected as shown in Figure 10. In this setup, 16 adjusting plates 

outside the nozzle were evenly distributed in an annular shape in four quadrants. Thus, 

the corresponding law can be derived by calculating the data of only one quadrant. 

Figure 9. Number of adjusting plates outside the nozzle.

The xz-plane and xy-plane were defined as the horizontal and vertical detection planes,
respectively. The calculated angle was located in the horizontal detection plane, where the
direct backward direction of the nozzle outlet was defined as 0◦, and 19 measuring points
were selected.

Considering every 5◦ as an azimuth angle from 0◦ to 90◦, the infrared radiation
intensity of the nozzle was detected as shown in Figure 10. In this setup, 16 adjusting plates
outside the nozzle were evenly distributed in an annular shape in four quadrants. Thus,
the corresponding law can be derived by calculating the data of only one quadrant.
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Figure 10. Number of adjusting plates outside the nozzle.

To evaluate the impact of the damaged area, number, and position of the adjusting
plate on the infrared radiation intensity of the exhaust system, the damage was set as
follows. The damage location of a single adjusting plate was randomly distributed in
the areas of 20%, 40%, 60%, and 80%. The number of damaged adjusting plates was
set to be 1, 2, 3, 4, 5, 6, 7, and 8. The positions of the damaged adjusting plates were
arranged and combined according to possible situations, and the left half area was set
considering occlusion.

To simulate the actual situation, the skin damage form was set as random in the calcu-
lations, as shown in Figure 11. In order to more realistically simulate the real conditions,
envelope damage form in the calculation was set to random damage. Using the Monte
Carlo method to increase the randomness of the calculation, and according to the damage
percentage, the brighter colors indicate that the damage percentage is higher. The color
intensity indicates the damage percentage, the closer the color is to red, the higher the
percentage of damage.
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Figure 11. Random damage of skin coating.

Previous research conclusions indicate that the infrared radiation in the 3–5 µm band
primarily comes from the high-temperature wall inside the exhaust system, while the
temperature of the external adjusting plate of the tail nozzle is far lower than that of the
inner wall. Thus, the infrared radiation is primarily concentrated in the 8–14 µm band,
while the infrared radiation of the high-temperature tail jet covers two bands, generating a
more complicated impact on the infrared radiation in the two bands. Hence, it is necessary
to compare the simulation results in the two bands. The infrared imaging simulation
results in the 3–5-µm band of the four detection points were selected for analysis. Figure 12
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presents the damage of adjusting plates 1 and 4 at a damage degree of 80%, and the rest of
the parts are intact.
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Figure 12. Infrared image of 3–5-µm band. (a) 90◦; (b) 60◦; (c) 30◦; (d) 30◦.

In the infrared radiation intensity map obtained by simulation calculation, the tail
flame part and the inside of the nozzle are highlighted, while the external adjusting plate is
less bright owing to its lower temperature. Moreover, the contrast in brightness between
the damaged area and areas with intact coating is not significant. Concurrently, because
the radiation of the external adjusting plate is not concentrated in the 3–5 µm band, some
noise is inevitably present in the external adjusting plate, considering the results obtained
by random calculations.

It is necessary to study the calculated data after image analysis. Figure 13 presents
a comparison chart of the infrared radiation intensities of adjusting plates 1 and 4 with
damage degrees of 20%, 40%, 60%, and 80%. Figure 14 shows a comparison of adjusting
plates 4 and 5, 3–6, 2–7, and 1–8—all damaged by 80%.
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Figure 13. Radiation intensity curves of adjusting plates 1 and 4 of the 3–5 µm band with different
damage degrees.
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Figure 14. Radiation intensity curves of adjusting plates 1 and 4 of the 3–5 µm band with different
damage degrees.

According to the comparison of the curves, in the 3–5 µm band, the infrared radiation
intensity did not change significantly when the adjusting plates were damaged at the same
position with varying degrees of damage or damaged to the same degree at the same
position but in different numbers because the infrared radiation of the external adjusting
plates was primarily concentrated in the 8–14-µm band. Hence, numerical research on
the infrared radiation characteristics of stealth coatings of turbofan engine tail nozzles has
mainly been conducted in this band. The infrared imaging comparison chart of different
damage degrees of the fixed adjusting plate was calculated and obtained, with adjusting
plates 1 and 4 set to be damaged, while the rest were left intact. The given detector angles
are 0◦, 30◦, 60◦, and 90◦. The infrared thermal images at various angles are presented in
Figures 15–18. The color scale in the figure is adaptive to the maximum and minimum
values of each image. The unit of radiation brightness is W/(sr·m2).

Energies 2022, 15, x FOR PEER REVIEW 12 of 19 
 

0.98

0.99

1.00

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
0.4

0.5

0.6

0.7

0.8

0.9

1.0

Th
e 
r
el

at
iv

e 
va

l
ue

 o
f 

th
e
 i

nt
eg

ra
t
ed

 
ra

di
at

io
n 
i
nt

en
si

ty
（

I/
I 

ma
x）

Detector Angle (Degree)

 Intact
 2 pieces damaged by 80%  4 pieces damaged by 80%
 6 pieces damaged by 80%  8 pieces damaged by 80%

 

Figure 14. Radiation intensity curves of adjusting plates 1 and 4 of the 3–5 μm band with different 

damage degrees. 

According to the comparison of the curves, in the 3–5 μm band, the infrared radiation 

intensity did not change significantly when the adjusting plates were damaged at the 

same position with varying degrees of damage or damaged to the same degree at the same 

position but in different numbers because the infrared radiation of the external adjusting 

plates was primarily concentrated in the 8–14-μm band. Hence, numerical research on the 

infrared radiation characteristics of stealth coatings of turbofan engine tail nozzles has 

mainly been conducted in this band. The infrared imaging comparison chart of different 

damage degrees of the fixed adjusting plate was calculated and obtained, with adjusting 

plates 1 and 4 set to be damaged, while the rest were left intact. The given detector angles 

are 0°, 30°, 60°, and 90°. The infrared thermal images at various angles are presented in 

Figures 15–18. The color scale in the figure is adaptive to the maximum and minimum 

values of each image. The unit of radiation brightness is W/(sr·m2). 

 

Figure 15. Imaging comparison of different damage degrees at 90°. Figure 15. Imaging comparison of different damage degrees at 90◦.



Energies 2022, 15, 7486 12 of 17Energies 2022, 15, x FOR PEER REVIEW 13 of 19 
 

 

Figure 16. Imaging comparison of different damage degrees at 60°. 

 

Figure 17. Imaging comparison of different damage degrees at 30°. 

20% 40%

60% 80%
 

Figure 18. Imaging comparison of different damage degrees at 0°. 

The comparison indicates that the contrast among varying coating damage degrees 

is not significant under the working condition of uniform upper and lower thresholds of 

Figure 16. Imaging comparison of different damage degrees at 60◦.

Energies 2022, 15, x FOR PEER REVIEW 13 of 19 
 

 

Figure 16. Imaging comparison of different damage degrees at 60°. 

 

Figure 17. Imaging comparison of different damage degrees at 30°. 

20% 40%

60% 80%
 

Figure 18. Imaging comparison of different damage degrees at 0°. 

The comparison indicates that the contrast among varying coating damage degrees 

is not significant under the working condition of uniform upper and lower thresholds of 

Figure 17. Imaging comparison of different damage degrees at 30◦.

Energies 2022, 15, x FOR PEER REVIEW 13 of 18 
 

 

Figure 18. Imaging comparison of different damage degrees at 0°. 

The comparison indicates that the contrast among varying coating damage degrees 

is not significant under the working condition of uniform upper and lower thresholds of 

brightness, while the brightness peak mainly gathers in the core area of the tail jet. As the 

radiance contrast is not evident, further analysis is required by studying and comparing 

the radiation intensity curves. 

First, a comparison of the radiation intensity curves of different detection points un-

der the condition that adjusting plates 1 and 4 are damaged reveals that the integrated 

radiation intensity reaches a peak at the 25° detection point and then gradually declines 

with the increase in the detection angle. With the rise of the damage degree, the infrared 

radiation intensity exhibits an increasing trend, albeit small, with increments of less than 

1%, as shown by the data. Thus, the difference in damage degree has no apparent effect 

on the overall radiation intensity, as shown in Figure 19. 

 

Figure 19. Radiation intensity curves of adjusting plates 1 and 4 with different damage degrees. 

Second, a comparison was conducted to determine whether the positions of the dam-

aged adjusting plates affect the radiation intensity when two adjusting plates are dam-

aged. The settings of each scheme are as follows. Schemes A, B, C and D entail the damage 

of adjusting plates 1 and 3, 1 and 5, 1 and 7, and 1 and 8, respectively, considering a dam-

age degree of 80%. The calculation results reveal that, considering the same number of 

damaged adjusting plates and the same damage percentage, the variation trend of the 

infrared radiation intensity is not closely related to the position of the adjusting plate if 

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
0.5

0.6

0.7

0.8

0.9

1.0

T
h
e
 
r
el
a
t
i
v
e 
v
a
l
u
e 
o
f
 
t
he
 
i
n
t
eg
r
a
t
e
d 

r
ad
i
a
t
i
on
 
i
n
t
en
s
i
t
y
（
I/
I 

ma
x
）

Detector Angle (Degree)

 20% damaged
 40% damaged
 60% damaged
 80% damaged

Figure 18. Imaging comparison of different damage degrees at 0◦.

The comparison indicates that the contrast among varying coating damage degrees
is not significant under the working condition of uniform upper and lower thresholds of
brightness, while the brightness peak mainly gathers in the core area of the tail jet. As the
radiance contrast is not evident, further analysis is required by studying and comparing
the radiation intensity curves.
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First, a comparison of the radiation intensity curves of different detection points under
the condition that adjusting plates 1 and 4 are damaged reveals that the integrated radiation
intensity reaches a peak at the 25◦ detection point and then gradually declines with the
increase in the detection angle. With the rise of the damage degree, the infrared radiation
intensity exhibits an increasing trend, albeit small, with increments of less than 1%, as
shown by the data. Thus, the difference in damage degree has no apparent effect on the
overall radiation intensity, as shown in Figure 19.
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Figure 19. Radiation intensity curves of adjusting plates 1 and 4 with different damage degrees.

Second, a comparison was conducted to determine whether the positions of the
damaged adjusting plates affect the radiation intensity when two adjusting plates are
damaged. The settings of each scheme are as follows. Schemes A, B, C and D entail the
damage of adjusting plates 1 and 3, 1 and 5, 1 and 7, and 1 and 8, respectively, considering
a damage degree of 80%. The calculation results reveal that, considering the same number
of damaged adjusting plates and the same damage percentage, the variation trend of the
infrared radiation intensity is not closely related to the position of the adjusting plate if
the two damaged external adjusting plates are on the same side. The infrared radiation
intensity curve is presented in Figure 20.
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Figure 20. Radiation intensity curves of 80% damaged adjusting plates at different positions.
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Finally, the influence of the number of damaged adjusting plates on the overall in-
frared radiation intensity of the coating was studied. The calculation results are presented
in Figure 21.
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Based on previous research, it was learned that the damage of a single adjusting
plate has little effect on the overall radiation intensity. Thus, the damage degree of all the
adjusting plates was set at 80%. As the number of damaged adjusting plates increases, the
overall radiation intensifies and the integral radiation intensity reaches the peak value at
the detection point of 25◦, then gradually recedes with the increase in the detection angle.

The infrared radiation diagram of the exhaust system reveals that the radiation inten-
sities of the detection points in the direct rear direction and in the direct lateral direction
are relatively small because infrared radiation of the engine tail jet is related to the total
temperature and the composition of the tail flame gas. Some gas components, such as water
and carbon dioxide, absorb infrared radiation from, and emit it to, each other, exerting a
complicated influence on the infrared radiation. Nozzle radiation and tail jet radiation,
inseparable as a whole, must be considered comprehensively. Nozzle radiation cannot be
directly captured by the detector but must be detected after being attenuated in the tail jet.
The water and carbon dioxide content is high in gas, while the tail jet radiation is primarily
affected by the total temperature, total pressure, and gas composition field distribution.

The calculation and analysis of the flow-field cloud map demonstrated that the central
region of the tail jet is relatively long under the working condition in this study. Moreover,
the radiation of the tail jet occupies a large proportion of the overall radiation. Both the
nozzle and the adjusting plate have a high temperature, yet the effective radiation area is
smaller than that of the tail flame gas. Moreover, because of the attenuation of the plume
gas, the radiation of the solid wall inside the nozzle is dominant when detected in the direct
rear direction. According to the curve, the radiation intensity in the direct rear direction is
similar to the direct lateral radiation. The high-temperature wall surface inside the nozzle
can be seen near the 25◦ detection position. Meanwhile, the area of the external adjusting
plates in the imaging is larger owing to the azimuth angle. As it is less affected by the
mainstream in this direction, the radiation intensity of the tail nozzle system reaches its
peak in the angle range of 25–30◦.
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In the calculations, the damage was set to the same state symmetrically along the
xy-plane, and omnidirectional calculation was performed in the horizontal plane (xz-plane),
with the results drawn into the angular distribution of infrared radiation, as shown in
Figure 22. The curve shape conforms to the characteristics of the “pear-shaped” distribution
of turbofan engine nozzles proposed by many scholars, which indicates that the calculation
results are overall highly credible.
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4. Conclusions

An aircraft tail nozzle model was established, and simulation calculations were con-
ducted using commercial CFD software to obtain relatively accurate flow field data, partic-
ularly the infrared active gas component. The accurate flow field data were imported into
infrared simulation software—based on the RMCM, line-by-line calculation technique, and
database technology for high-temperature gas parameters of the narrowband model—to
conduct infrared radiation intensity calculation. The analysis reveals that the simulation
results are highly reliable, and the simulation model of the aircraft’s infrared radiation is
credible. The main conclusions are as follows.

(1) As the radiation of the aircraft exhaust system primarily stems from the impact of
the tail jet, the radiation of the tail jet is mainly distributed in the 3–5-µm wave
band. However, in the 8–14-µm band, the radiation from the solid walls, such as that
from the adjusting plates outside the tail nozzle, has a certain impact on the overall
radiation intensity.

(2) Within the 8–14-µm wavelength band, the radiation intensity of the exhaust system
increases first and then decreases from 0◦ to 90◦, with the peak appearing near the
azimuth angle of 25◦. The angular distribution of the infrared radiation of the nozzle
presents a “pear shape”, which conforms to the general pattern, proving that the
calculation of the results is reasonable and reliable.
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(3) When the numbers of damages and damaged positions of the external adjusting plates
are the same, the change in the overall infrared radiation intensity is limited when
the damage percentage increases from 20% to 80%. Furthermore, the change of the
positions of the damaged adjusting plates on one side has little effect on the overall
radiation intensity.

(4) When the damage percentage of the external adjusting plates is constant, the overall
infrared radiation intensity shows a trend of steady growth with the increase in the
number of damaged adjusting plates. With a detection angle of 45◦, the maximum
change in the overall infrared radiation intensity contrast value I/Imac of one and
eight damaged adjusting plates is 8.31%, and that under a detection angle of 55◦ is
11.67%. Thus, the stealth coating of the external adjusting plate of the tail nozzle of the
outer aero-engine must be inspected and maintained regularly to ensure the integrity
of the stealth performance.
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