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Abstract: Aimed at calculating the infrared radiation of a rocket exhaust plume exactly and efficiently, a
method for defining the domain of an exhaust plume was reported. As a basic work, the flow field was
calculated by using the CFD software FLUENT, and the radiation was calculated by means of Finite
Volume Method (FVM). Then, variables that might be able to be used to differentiate an exhaust plume
from surrounding atmosphere such as temperature and species composition were studied and the mass
fraction of CO was chosen. When calculating the infrared radiation of an exhaust plume, only the part
where the CO mass fraction bigger than the threshold was taken into account, and the rest were
neglected. The change law of size of calculation domain, calculation time and infrared radiation with
thresholds were studied. The results show that, as the threshold decreases, the size of calculation domain
and the calculation time increase monotonously and rapidly, while the infrared radiation changes a lot at
first and becomes stable at last. Besides, it was indicated by simulation experiments that the CO mass
fraction 0.000 5 as the threshold is acceptable to define the calculation domain of the exhaust plume.
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一种火箭尾焰区域确定方法

刘尊洋，孙晓泉，邵 立，汪亚夫
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摘 要： 为了准确、高效地计算火箭尾焰的红外辐射特性，提出了一种确定火箭尾焰区域的方法。 作
为基础工作，分别使用 FLUENT 和有限体积法(FVM)完成尾焰流场和红外辐射的计算。 分析了可能
用来区分尾焰和周围大气的变量，如温度和组分含量等，并选择 CO 的质量分数作为阈值变量。即，在
选定阈值后，计算尾焰红外辐射时仅考虑 CO 质量分数大于阈值的区域，忽略小于阈值其区域对整体
辐射的影响。 分别研究了尾焰尺寸、计算时间和辐射强度随阈值的变化规律，结果表明，随着阈值的
减小，尾焰尺寸和计算时间迅速单调增加，尾焰的红外辐射强度不断波动，且波动幅度逐渐变小，最
终趋于平稳。 另外，算例表明，选择 CO 质量分数为 0.000 5 作为阈值可以确定一个比较合理的尾焰计
算区域。
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0 Introduction

Since infrared radiation from a rocket plume plays
a significant role in base heating calculation, engine
performance diagnostics as well as in identification
and detection of rockets, its simulation has caused
continuous interests over more than 50 years [1-2]. Over
the years, significant progress has been made on both
the models of flow field and radiation calculation and
the results became more and more exact.

Several methods of flow field simulation were
proposed, and the simulated flow field became capable
of revealing the details of exhaust plumes. A. D.
Devir [3] used GASP and INFRAD to calculate the flow
field and infrared radiation of a Ballistic Evaluation
Motor (BEM) and testified them with experiment
data. Rodolphe Duval[4] reported a numerical simulation
method which could calculate coupled radiative transfer
and turbulent flows of aluminized solid propellant
rocket engines. Jiang[5] studied a model calculating the
after鄄burning flow field, Wang [6-7] used the FLUENT
to calculate the after鄄burning flow field coupled with
radiation transfer.

Radiation calculation methods with more accuracy
have been proposed besides the classical models such
as GASRAD [8] and SIRRM [9 -10]. Surzhikov [11] studied
Monte Carlor simulation methods thoughtfully from
2002 to 2005. Shuai [12-14] used backward Monte Carlo
method and testified it. Cai [15], Fan [16] and Coelho [17]

suggested the Finite Volume Method (FVM) to solve
the radiation transfer equation (RTE) of liquid and
solid rocket plumes. Zhang [18] and Dong [19] employed
DOM to simulate the infrared characteristics of the
solid rocket plume.

However, as far as the authors knew, efforts
were emphasized on the calculation models, and there
was little discussion on how to define the domain of
an exhaust plume. Some papers[15, 16, 20-23] used a specified
zone to calculate the infrared radiation, and some
others didn′ t mention this aspect [13, 14, 16, 18, 23,24]. As is

known to all, when ejected from the nozzle, the
exhaust plume mixes with the air gradually without a
clear boundary. Therefore, when calculating the
radiation from an exhaust plume, the domain of the
exhaust plume should be defined properly firstly. On
one hand, if the domain is too small, the calculated
spectral radiation might be inaccurate. On the other
hand, if the calculation zone is too large, useless
burden of calculation will be brought in. Figure 1
shows the spectral radiation calculation results of the
same exhaust plume with different size of calculation
domain. The differences on spectral infrared radiation
suggest the necessity of choosing proper calculation
domain.

(a) Spectral radiation intensity

(b) Amount and percentage of change on spectral radiation

Fig.1 Spectral radiation from one exhaust plume with different

size of domain

This paper tries to develop an approach to define
the domain of an exhaust plume for calculating the
infrared radiation. As the basis of this work, the
FLUENT is chosen to simulate the flow field, and the
FVM is chosen to solve the radiation transfer
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equation.
The remainder of this paper is divided into three

sections. The foundational work for domain determination,
such as the method of calculating a flow field, issues
about radiation transfer is presented briefly. This is
followed by the studies of the approach for defining the
domain of an exhaust plume. Then, the results and
some discussions are provided. Finally, the concluding
remarks are presented.

1 Calculation methods for flow field and
radiation

1.1 Flow field
The FLUENT was used to calculate the flow field

of an exhaust plume. The steady implicit density-based
solver was chosen, and the mass conservation equation,
momentum equations, energy conservation and species
mass鄄conservation equations were solved together. The
standardized鄄two equations were employed to solve the
turbulent flow field.
1.2 Radiation parameters

The narrowband model was used to calculate the
radiation parameters of an exhaust plume gas. The

average transmittance 子軃 棕 near wave number 棕 is:

子軃 棕=exp -2 酌軈棕

d軈棕

1+ u资軈棕d軈棕

酌軈棕姨 -- %1- % (1)

Where u=PiL(296/T), standardized to 0.101MPa, 296K;
Pi is the fraction pressure of H2O or CO2, L is the

path length transmitted through, 资軈 棕、 1/d軈 棕 and 酌軈 棕 are
the average absorption, spectrum line density, and average
half width at 棕�respectively. These parameters can be
obtained from the HITEMP database [25-26 ] . Radiations
from other gases are neglected except for the two
most important radiation gases: H2O and CO2. The
transmittance of the mixed gases is the arithmetic
product of transmittances of H2O and CO2.
1.3 Solution of the radiation transfer equation

The variation of the spectral radiation intensity
along a path is described by the radiation transfer

equation(RTE)[27]:
dL姿(s，棕)

ds =-琢姿(s)L姿(s，棕)+琢姿(s)Lb姿(s)-滓姿(s)L姿(s，棕)+

滓姿(s)
4仔 棕i=4仔

乙L姿(s，棕i)椎(姿，棕i，棕)d棕i (2)

Where L姿(s，棕) is the spectral luminance at point S in
the direction 棕, 琢姿 (s) is the total absorption coefficient
at point S, 滓姿(s) is the scattering co鄄efficient of particles
at point S, Lb姿(s) is the spectral radiation intensity of
blackbody at point S, and 椎 (姿，棕i，棕 ) presents the
spectral scattering phase function.

We just took the exhaust plume without particles
into account, therefore, the effect of scattering could
be neglected, and the RTE could be written briefly as:

dL姿(s，棕)
ds =-琢姿(s)L姿(s，棕)+琢姿(s)Lb姿(s) (3)

The FVM was used to solve the RTE in this
paper. Space within the interior of the exhaust plume
domain was subdivided into discrete non鄄overlapping
volumes. Following the control volume of spatial
discretization, the angular space was subdivided into
M=N兹×N渍 control angles. An instance of volume and
angular discretization is shown in Fig.2. Assuming all
variables as constant over each control volume and
each control angle, the RTE in the control volume P
and control angle m could be written as:

M

j
移Ac,jL

m

姿 ,c , j D
m

j =[-琢姿,PL
m

姿 ,P +琢姿,PLb姿,P]VP赘m (4)

Fig.2 Schematic of control volume and control angle

The left of this equation presents the net loss of
energy through all surfaces of the control volume P in
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the control angle m. The right is the net gain of
energy within the control volume P in the control
angle m. The detail of this equation and its solution
can be found in Refs[15-16].

2 Variable chosen for domain definition

As the radiation comes from the high temperature
gases of the exhaust plume, temperature might be the
best variable to define the exhaust plume domain. But
when examining the temperature of atmosphere at
different altitudes, it was found that the temperature
varies greatly as the altitude increasing. Figure 3 shows
the temperature of the atmosphere along the altitude.
It can be found that, the atmosphere temperature
changes with the altitude with no law and becomes
very high at high altitude, therefore, temperature isn′ t
a suitable variable for defining the boundary between
an exhaust plume and atmosphere.

Fig.3 Temperature of the atmosphere along the altitude

Then, some other differences between an exhaust
plume and atmosphere were studied. And it was found
that species proportions of an exhaust plume were
much different from that of the atmosphere. Besides,
the species proportions of the atmosphere were stable.
Therefore, the mole fraction or mass fraction of one
proper species could be chosen as the variable to
define the boundary. Species whose fraction is much
more in an exhaust plume than that in the atmosphere
might be considered as the proper one. The species
compositions of dry clear atmosphere at the sea level
are shown in Tab.1.

Tab.1 Species volume fraction of dry clear

atmosphere at the sea level

The dominate species in an exhaust plume are
generally H2O, CO2 and CO etc [3,28,29]. H2O and CO2

are the most important radiation species. However, in
the atmosphere, the mass fraction of H2O varies a lot
with the gas humidity and the mass fraction of CO2 is
much bigger than that of CO. Therefore, the mass
fraction of CO was chosen as the variable for defining
the boundary of an exhaust plume.

3 Calculation instance and discussions

3.1 Parameters of instance
The rocket was supposed to fly at the altitude of

10 km, and the parameters of the flow field were set
as follows: considering the flow field′ s symmetry
construction, half of the 2-D zone was chosen as the
calculation zone shown in Fig. 4(a). The size of the
calculation zone is 1 500 m×30 m, the radius of the
throat and outlet of nozzle are 10 cm and 30 cm
respectively. The boundary conditions definitions are
shown in Tab. 3. The calculation grid near the nozzle is
shown in Fig. 4(b). Neglecting the unimportant species,
the species calculated in this paper are shown in Tab.4.

(a) Calculating zone (b) Grid near the nozzle outlet

Fig.4 Calculating zone and grid near the nozzle outlet

Species
Volume

percentage

N2 78.084%

O2 20.947%

Species

Kr

Xe

Volume
percentage

1.14×10-4%

8.7×10-6%

Ar 0.934% CH4 2×10-4%

CO2 0.032% H2 5×10-5%

Ne 1.82×10-3% CO 6×10-6%

He 5.24×10-4% SO2 1.0×10-4%
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Tab.3 Boundary conditions definitions

Tab.4 Mole fractions of species in the combustion

chamber and in the free stream

The radiation between 2-5 滋m was calculated, and
the band width of the narrow band model was chosen
to be 12 cm -1. The discretization methods of FVM
were selected as follows: the direction was subdivided
into N兹 ×N渍 =13 ×24 discrete solid angles. In circular
direction, the domain of the exhaust plume was
discretized into 11 parts. In radial and axial direction,
the spatial domain was discretized into fixed sizes
驻r =0.6 m and 驻z=6 m, meaning that, the number of
control volumes would increase with the size of
exhaust plume domain.
3.2 Results and discussions

The contours of CO mass fraction in the plume
flow field are shown in Fig.5. With the purpose of
finding a proper threshold, a series of CO mass fraction
threshold from 0.003 to 0.000 06 were examined. The
length of plume domain and time consumed for
radiation calculation are plotted in Fig.6. It is clear
that, the size and time increase rapidly as the
threshold decreasing. The band radiation of 2.60 -
2.80 滋m and 4.18-4.45 滋m[30] are plotted in Fig.7. It is
clear that, as the threshold decreasing, the band

radiation changes a lot at first and becomes stable at
last. The law of radiation changing with the threshold
can be described as follows: while the threshold
decreasing, the size of the calculated plume enlarges,
on one hand, the new part of plume increases the
total radiation of a plume; the outer cooler layer of
plume will become thicker and absorb more resulting
in decrement of total radiation. As the concentration
and temperature of radiation gases in near field are
much higher than that in far field, when the size of
the plume is small, the radiation intensity changes
greatly with the size; when the size is large, the
radiation intensity changes little with the plume size.

Fig.5 Contours of CO mass fraction of the exhaust plume

flow field

Fig.6 Length of plume domain and time consumed for calculation

Fig.7 Band radiation

The radiation of the plume with the size of 30m×
1500m was calculated as a standard one. The percentage
of difference between radiation in band 2.60滋m×2.80滋m

Zone Boundary type

AB Pressure inlet

CD Pressure far field

Pressure/MPa

4

0.101 325

Temperature/K

3 000

288

Velocity

-

0.2 Ma

DE Pressure far field 0.026 5 223 0.2 Ma

EF Pressure outlet 0. 026 5 223 -

Species Combustion chamber Free flow

H2O 0.404 0

CO2 0.136 0

CO 0.111 0

H2 0.055 0

O2 0 0.211

N2 0.1 0.789

HCl 0.194 0
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and 4.18滋m×4.45滋m of plume defined by every threshold
and the standard one are plotted in Fig.8. It can be
found that the differences between radiations of the
two bands are less than 5% when the threshold is
less than 0.000 9, and the radiation intensity reaches the
max value at 0.000 5. When the threshold is chosen as
0.000 5, the band radiations are about 2.5% and 1.8%
greater than the standard one in corresponding bands,
while consuming only 1.5 percent of time. It can be
deduced that the radiation from the part where the
mass fraction of CO is less than 0.000 5 is very weak,
besides, this part is very large and the calculation is
very time consuming according to Fig.6. Therefore,
considering both accuracy and efficiency, the mass
fraction of CO at 0.000 5 was suitable to be chosen
as the threshold of the plume.

The spectral radiation instance of the plume
defined by the threshold of 0.000 5 and the standard
one are plotted in Fig.9. It can be found that the two
spectral radiation curves consistent well with each

Fig.8 Percentage of differences of band radiation between plume

defined by threshold of 0.000 5 and the standard one

Fig.9 Spectral radiation of plume defined by threshold of 0.000 5

and the standard one

other, meaning that there is little difference between

the calculated spectral radiation of the two cases.
As a validation, the spectral radiation of exhaust

plume at an altitude of 5 km was calculated, where the
free flow pressure and temperature are 0.540 48 MPa
and 256K. The spectral radiation instance of the plume
with the threshold of 0.000 5 and the standard one are
plotted in Fig.10 (a), and the amount of differences and
the percentage differences between the two cases are
plotted in Fig.10 (b). It can be found in these two figures
that there is little difference between the calculated
spectral radiation defined by the threshold of 0.0005 and
the standard one. Therefore, the mass fraction of CO
as 0.000 5 is suitable to be used as the threshold to
define the domain of this plume.

(a) Spectral radiation

(b) Differences of spectral radiation

Fig.10 Radiation comparisons between plume defined by threshold

of 0.000 5 and the standard one at the altitude of 5 km

4 Conclusions

This paper reported a method for defining the
domain of an exhaust plume to calculate the infrared
radiation. After analyzing several possible threshold
variables, mass fraction of CO was chosen as the
variable to define the boundary of an exhaust plume.
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To get a proper threshold, comp arisons were made
between the radiations of plume with the domain
defined by a series of thresholds and the standard one
with the size of 1 500m×30m. Conclusions were drawn
as follows:

(1) The CO mass fraction is suitable to be used
to define the domain of an exhaust plume for
radiation calculation.

(2) According to the cases in this paper, as the
threshold of CO mass fraction decreasing, the band
radiation changed a lot at first and became stable at
last, specially, when the threshold of CO mass fraction
was less than 0.000 9, the differences of radiations in
band 2.60-2.80 滋m and 4.18-4.45 滋m were less than
5% between the plume domain defined by the threshold
and the standard one.

(3) According to the cases in this paper, CO mass
fraction equaling to 0.000 5 was a proper threshold
which could get a result 2.5% larger than that of the
standard one, while using only 1.55 percent of time.

(4) As compositions of exhaust plumes and flight
conditions vary from one to another, further more
studies are needed to get a general threshold definition
method.
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