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Radiation heat transfer plays a dominant role in high-temperature flow field. Rapid and reliable calculation of spectral radiation
properties is beneficial for thermal analysis and detection of radiation target. In this paper, a multiscale-band k-distribution model
is proposed for the study of radiation properties in high-temperature gases. The accurate absorption coefficients are firstly
calculated using the line-by-line model. The slope of the accurate absorption coefficient line and its slope threshold are then
extracted and analyzed, which act as a basis to divide the absorption coeflicient line into multiple segments. For different segments,
different bandwidths are chosen for the corresponding band k-distribution model. In the model, the 7-point Gauss-Lobatto
method is employed to obtain the optimized absorption coefficients. These optimized absorption coefficients formed the ab-
sorption coefficient database. The radiation intensities of gases are finally calculated and analyzed based on the optimized database.
Experimental results suggest that the multiscale-band k-distribution model can improve the efficiency up to 35% compared with
the widely used narrow-band k-distribution model. Simultaneously, the relative calculation error is less than 5% compared with

the most accurate line-by-line model.

1. Introduction

Gas radiation properties are commonly used in various
research fields, including atmospheric radiation transfer-
ring, atmospheric remote sensing, and ecological moni-
toring [1-3]. They also exhibit outstanding advantages in
space-based applications, such as spectral detection, thermal
protection, and hypersonic target detection and tracking
[4-6]. In the detection and identification of hypersonic
aircraft, the detailed information of altitude, velocity, and
type of aircraft can be obtained effectively by analyzing the
radiation properties of plasma sheath around the reentry
stage of aircraft, which is of great significance in military
confrontation.

In recent years, the development of space technology has
driven advances in the calculation of radiation properties. A
variety of calculation models have been established for the
calculation of the radiation properties, which can be cate-
gorized into the global model [7], surrogate model [8], line-

by-line (LBL) model [9], and band model. Among these
models, the LBL model is the most accurate one but is time-
consuming because it considers the superposition of each
spectral line. The global model is generally used for analyzing
the whole spectrum radiation in practical engineering. The
surrogate model has relative high computational efficiency,
but the calculated results are often difficult to analyze. The
band model can characterize the spectra structure in detail
while significantly reducing the required computational
time. The superior capability of the band model enables its
wide use in academic research and engineering applications.
Band models can be classified into narrow band and wide
band ones according to the spectral resolution. The Elsasser
model is recognized as the simplest narrow band mode for
calculating the parameters of diatomic and polyatomic
molecules. In 1990s, the statistical narrow band correlated-k
model (SNBCK) was proposed to solve the problem of
scattering in the field of thermal radiation transfer [10]. The
commonly used wide band models for practical scenarios are
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the box model (BM) [11], the Edwards model (EWB) [12],
and the wide band k-distribution model (WBK) [13]. Recent
advances in band models are mainly based on the k-dis-
tribution function. For example, Bansal et al. [14] presented
a k-distribution model for gas mixtures in thermodynamic
nonequilibrium, where the radiative transfer equations are
solved separately for each emitting species and overlap with
other species is treated in an approximate way. Hu et al. [15]
deduced an improved spectral absorption coefficient
grouping strategy of wide band k-distribution model used
for calculating the infrared remote sensing signal of hot
exhaust systems. Kez [16] conducted a comprehensive
evaluation on the results of different models, including the
statistical narrow band (SNB) model, the SNBCK model, the
WBCK model, the FSCK model, and the WSGG model.

The aforementioned narrow band and wide band models
exhibit both advantages and disadvantages in terms of al-
gorithm complexity, efficiency, and accuracy. Generally, the
narrow band model is more accurate than the wide band
model and is more suitable for the study of the spectral
radiation properties. The wide band model neglects the
details of spectral line characteristics, and the data of the
whole vibration-rotation band are processed directly.
Therefore, the wide band model has high computational
efficiency with large error and is mostly used in engineering
applications. For space-based applications, the space target is
characterized with high speed, far distance, and complex
background, which would result in complex spectral char-
acteristics over the whole spectrum range. The current wide
band models cannot satisfy practical requirements of
complex spectral characteristics. To better characterize the
spectral radiations of the space target, there is an urgent need
for introducing more accurate and effective solution models.
In particular, for models that possess superior performance
to existing methods, complex and time-consuming proce-
dures are not required.

To resolve the above issues, in this paper, we propose a
multiscale-band k-distribution (MSBK) model to optimize
the calculation of radiation properties. The proposed model
partitions the spectral wave-band into several segments
according to the line trend of the accurate absorption co-
efficients obtained by the LBL model. The absorption co-
efficients at different segments are processed by the band k-
distribution model with different bandwidths to improve the
computational efliciency while ensuring the accuracy. The
remainder of this paper is organized as follows: Section 2
introduces the computational method. Section 3 conducts
the model validation. Section 4 outlines the corresponding
results and discussion. Section 5 summarizes conclusions of
this paper.

2. Computational Method

The accurate determination of radiation properties depends
on three aspects, i.e., accurate spectral data, efficient model
for spectral radiation, and the reliable the radiative transfer
equation (RTE) solution model. In this section, the method
for calculating radiation properties is explained first. Then,
the MSBK model is proposed to optimize the calculation of
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radiation properties. The spectral data are obtained based on
HITEMP [17] and HITRAN [18] databases. The MSBK
model is adopted for spectral radiation. The radiation in-
tensity is obtained by solving RTE.

2.1. Calculation of Radiation Properties. The parameters of
the gas radiation property model are generally described by
absorption coefficients. These parameters can be obtained
either from the experiment or from the spectroscopic da-
tabase-based calculation. In practical applications, the
molecular line-broadening effect occurs near the center
frequency of the absorption line. Therefore, the absorption
coefficient k, [19] of a molecule at wave number o is the sum
of all absorption lines at o, which can be expressed as

ky = Z S; (00:)F (0 = 00;)s (1)

where §; is the intensity of the ith line at the center wave
number ¢y; and the term F(o-0y;,) is the normalized function
of line broadening.

The absorption coefficient of the mixed gases can be
obtained by the correlation or noncorrelation methods [20].
The noncorrelation method is employed here due to its small
error and high efficiency. In the noncorrelation method, it is
assumed that the statistical independence exists among the
absorption coefficients of different gases, which can be
regarded as random variables. The absorption coefficient k,
of a mixture of several gases can therefore be obtained by the
sum of the absorption coefficient k; , of each species i, which
can be expressed as

k, = Zk,.,g. 2)

The transmittance 7,; at wave number ¢ with distance L is
[21] written as

7, = exp[—k, - L]. (3)

The radiative transfer equation (RTE) that neglects the
scattering can be expressed as [22]

dI
SS(S) = —k,I,(s) +k,I,, (s), (4)

where k, is the absorption coefficient and I, and I, are the
local spectral intensity and Planck blackbody radiation in-
tensity at the s location, respectively.

The RTE can be solved by using the line of sight (LOS)
method. Specifically, during the calculation of LOS, an
LOS line is divided into N segments corresponding to the
layers of the flow field. Each layered medium is assumed to
be uniform, isotropic, and isothermal. A single LOS line
has a known and continuous transmission path inside the
flow field, along which the radiation intensity is deter-
mined by the distribution of temperature, pressure, and
gas concentration. The intensity of absorption and
emission in each layer is calculated layer by layer along the
LOS line. The radiation intensity along the LOS line can be
written as
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FIGURE 1: Schematic diagram of waveband division in the MSBK
model.

I=[-2t + 40, (5)

where n denotes the layer number, I} is the radiation in-
tensity at the n-th layer, and the multiplication of the spectral
absorption coefficient and the path length, 7," = exp(-k,"L),
is defined as the optical thickness.

When solving equation (5), the integral scheme of the
band k-distribution models adopted in this research is the
key factor to obtain the radiation intensity efficiently and
accurately. An efficient method needs to be introduced to
ensure accuracy and efficiency. Therefore, a widely used 7-
point Gauss—Lobatto quadrature [23] method is employed
here, which has the highest calculation accuracy. The main
purpose of this method is to simplify calculations by
replacing integral with accumulation. Seven integral points
and weight factors are provided in this method, and only
seven calculations are required to solve the RTE. Equation
(5) can be solved by obtaining seven values for the radiation
intensity in a waveband:

I"') = [1 - TZi,m]Ingln + Tgi,mIZU’ (6)

where the subscripts m and oi denote the absorption co-
efficient point and the number of the wavebands,
respectively.

The average intensity of the oi-th band is written as

7
Iy = Z w;ly op (7)
=

where g; and w; are the integral points and weight factors of
the quadrature, respectively.

2.2. Multiscale-Band K-Distribution Model. In the narrow
band, the Planck function can be approximated as a con-
stant, so the radiation intensity in the band is only a function
of the absorption coefficient. The traditional k-distribution
method reorders the absorption coefficient into a smooth

and monotone increasing function, during which each ab-
sorption coefficient value is calculated only once.

According to the k-distribution method [19], the
probability density function (PDF) of the absorption coef-
ficient can be written as

1 1
fHR= ja(k—ka)de—GZ

Ao

do
& ®
where Ao is the wave number interval and (k) is the Dirac
delta function.

The cumulative distribution function is given by
k
g(k) = J F(K)dk ", )
0

In equation (9), g (k) is a monotone increasing function
ranging from g (k,;,) = 0to g (k) = 1, with kyin and kpax
being the minimum and maximum values of k, inside Ac.

According to equations (8) and (9), the same bandwidth
was employed over the whole spectrum for the traditional
NBK model. In this case, although the computational ac-
curacy can be guaranteed, the computational efficiency
cannot be taken into account simultaneously. Therefore, a
multiscale-band k-distribution (MSBK) model on the basis
of the narrow band k-distribution (NBK) model was pro-
posed. The principle of the proposed model is shown in
Figure 1. Firstly, the accurate absorption coefficient line
obtained by the LBL model was divided into multiple seg-
ments according to the slope of the line and the given slope
threshold. For different segments, different bandwidths were
then chosen for the corresponding k-distribution model. The
minimum bandwidth was adopted in the segments where
the slope of the absorption coefficient line was greater than
the given slope threshold, and different bandwidths within
range A0,,;,—A0,,,, were adopted in other segments. It was a
tradeoft of the calculation accuracy and efficiency.

During the MSBK model, the accurate absorption co-
efficient line was firstly obtained by the LBL model. Then, the
corresponding slope of each point on the accurate ab-
sorption coefficient line was calculated. The accurate ab-
sorption coefficient line was divided into multiple narrow
bands with bandwidth Ao, and the average absorption co-
efficient in each narrow band was obtained. The slope of the
spectral line in the i-th band can be obtained by

[-3k(0,,) + 4k(0;) - E(“iu)]’ (10)

ki (o) = Ao
ki (o) = [_E(Ui—lz)A";E(Um)]’ (11)
ki (o) = [E(GH) - 452:) i E(oiﬂ)], (12)

where " k(oi) is the average absorption coefficient in the i-th
narrow band whose central wave number is ¢i and k’(oi) is
the slope of the spectral line in the i-th narrow band.

The slope threshold is the key factor to ensure the ef-
ficiency and precision of the MSBK model. In order to obtain
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FIGURE 2: Flow chart of system performance calculation.

the optimal slope threshold, several appropriate samples of
the slope threshold were selected, and the system perfor-
mance P for each sample point was calculated. For the i-th
sample point k’;, the calculation process of system perfor-
mance P; is shown in Figure 2.

The system performance P is evaluated by the relative
error and improved efficiency. A high system performance
represents high improved efliciency and low relative error.
Here, the relative error and improved efliciency were cal-
culated by the total transmittance obtained from different
models. The total transmittance 7 [24] can be expressed as

I.(L
T, = I:EO; = exp (—k,L), (13)
= w, (14)
[o 1,(0)do

where 70 is the transmittance at wave number ¢ and the
function Io(L) is the radiation intensity at distance L.

Then, the relative error (RE) and the improved efficiency
(IE) can be expressed as

_ |TMNBI< - TLBL|
RE="—""+"——"—

, (15)
T < REjine
IE = (trp - tMNBK)) (16)

t181 > I Ejine

where REline and IEline are the maximum permissible
relative error and the minimum improved efficiency, re-
spectively. Here, REline is set as 5% and IEline as 95%, and
the sample points that do not satisfy the required conditions
are negligible.

Based on the above results, the system performance P; of
the i-th sample point can be obtained by
—RE,

IE. - IE_. RE
P, =05 i _——min_ g5, —omax T 2T gy
IEmax - IEmin REmax - REmin

where REmin and REmax are the maximum and minimum
permissible relative error, respectively. IEmin and IEmax are
the maximum and the minimum improved efficiency, re-
spectively. In addition, larger P suggests better system
performance.

The aforementioned calculation process with different
sample points kK’i is repeated, and then the system perfor-
mance Pi of all sample points was calculated. Finally, the
optimum slope threshold was obtained, which was the
sample point of the maximum system performance. Based
on the optimal slope threshold, the optimized gas absorption
coefficients were obtained by the MSBK model as shown in
Figure 2.

The wavebands where the line slope is lower than the
slope threshold are wider. Therefore, the Planck function can
no longer be regarded as a constant in calculating the
blackbody radiation. The Planck function can be corrected
by a correction factor as

o+Ac
_ Ty, _ f” (Ib”’/m)dm _ Yic1 LnsiAo; (18)
¢ Iba Iba IboAU )
3. Model Validation

The division of spectral wave-band based on the slope
threshold is of great significance for the accuracy and effi-
ciency of the MSBK model. Therefore, the influence of the
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band-width on the total transmittance of the NBK model is
analyzed in this section to determine the appropriate
bandwidth range. Then, the selected bandwidth is
substituted into to the MSBK model to calculate the total
transmittance. Since the absorption coeflicient is associated
with the gas species, temperature, and pressure, only the
effects of temperature, pressure, and gas mole fraction on the
optimum slope threshold are finally analyzed. Since CO, is
one of the most active gas species in radiation properties, it is
taken as an example for model verification.

The effect of bandwidths on total transmittance at dif-
ferent distances is given in Figure 3. As illustrated, the NBK
model with 200cm™ bandwidth has the largest relative
error, while the model with 25 cm™ to 100 cm ™" bandwidths
has almost the same errors. In general, the total transmit-
tance obtained by the LBL model and the NBK model with
different bandwidths exhibited almost no discrepancy.
However, as smaller bandwidth of the NBK model was
employed, more computation is required. Therefore, con-
sidering the calculation accuracy and efficiency compre-
hensively, the bandwidth ranging from 25-100cm™" is
therefore adopted in the following verification.

Figure 4 shows the correlation between the optimum
slope threshold and the temperature, the pressure, and the
mole fraction under uniform isothermal medium at a dis-
tance of 10 m. The fitting results suggest that the optimum
slope threshold increases linearly with temperature. The
effects imposed by the pressure and the mole fraction on the
optimum slope threshold are negligible. Therefore, only the
influence of temperature is needed for calculating the op-
timal slope threshold of different species. The optimal slope
threshold of CO, at different temperatures can be obtained
from Figure 4.

4. Results and Discussion

The CO,, CO, and H,O are active gas species of radiation
properties in most engineering applications. In this section,
the proposed MSBK model was used to calculate the radi-
ation intensities of CO,, CO, and H,O mixture gases in
isothermal medium and the pure CO, gas in the non-
isothermal medium. The calculated results were compared
with the experimental data [20, 25]. The accuracy and ef-
ficiency of the MSBK model were analyzed and compared
with those of the NBK model.

For nonisothermal medium, the RTE can be solved with
the LOS approach. Figure 5 shows the radiation intensity of
CO, at 2.7 ym obtained from HITRAN and HITEMP da-
tabases, to which the high-temperature conditions are listed
out in Table 1. The EXP line is obtained from the experiment
[20]. It can be observed from the figure that the results
calculated by MSBK model based on different databases are
all in good consistency with the experimental data, with all
the relative errors below 5%.

For the mixed gases, Figure 6 shows the comparison of
experimental data and spectral intensities calculated by the
LBL model and the MSBK model. The flow field data
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adopted in the calculation are obtained from the experiment
[25]. It can be observed from Figure 6 that, for the calcu-
lation of radiation intensities in the mixed gases, the results
match well with the experimental data. The total relative
error is less than 5%. The results are slightly lower than the
experimental data at the waveband of 3.5-4.0 yum, which may
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attribute to the neglected scattering during the calculation.
As can be seen from the above results, the proposed MSBK
model can well calculate the radiation properties of the high-
temperature gases.

The accuracy and efficiency of the MSBK model are
analyzed as follows. Taking nonisothermal CO, medium as
an example, the total radiation intensities under different
transmission distances were calculated based on the MSBK,
NBK, and LBL models, respectively. The environmental
conditions are shown in Table 1. Compared with the LBL
model, the relative errors of the MSBK model and NBK
model were analyzed. Compared with the NBK model, the
improved efficiencies of the MSBK model were calculated.
Figure 7 shows the accuracy and efficiency of the MSBK

model for the total radiation intensity of CO, at
0-10000 cm ™. Figure 7(a) shows the relative errors of total
radiation intensities obtained by the MSBK model and by the
NBK model compared with the LBL model. Figure 7(b)
shows the improved efficiency of the MSBK model com-
pared with the NBK model. The results suggest that, as the
transmission distance increases, the improved efficiency is
about 16%, the average relative error is less than 5%.

In order to further analyze the accuracy and efficiency of
the MSBK model, HITEMP with larger data volume was
used to calculate the radiation intensity. The effects of dif-
ferent bandwidth ranges on the accuracy and efficiency of
the MSBK model were also analyzed. Figure 8 shows the
accuracy and efficiency of the MSBK model at different
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bandwidth ranges. It can be observed that, as the bandwidth
range increases, the average improved efficiency is 27%, and
the maximum is 35%. When the bandwidth range increases
to 400 cm™’, the relative error increases, and the improved
efficiency decreases.

In summary, the proposed MSBK model can be
employed to obtain the radiation intensity efficiently and
accurately:

(1) For the nonisothermal medium, the relative error of
the MSBK model is slightly higher than that of the NBK
model, but the efficiency is significantly improved.

(2) For an appropriate bandwidth, the relative errors of
the proposed MSBK model are less than 5%

compared with the LBL model, which is similar to
the NBK model. But compared with the NBK model,
the improved efficiency is up to 35%.

(3) Extension of the bandwidth range and increase of the

number of absorption lines can also improve the
calculation efficiency to a certain extent.

5. Conclusions

Considering the practical application requirements of the
radiation properties, a MSBK model was proposed for the
efficient and accurate calculation of radiation properties in
the high-temperature gases, particularly H,O and CO,. The



proposed model divides the spectral waveband into several
segments, according to the line trend of the accurate ab-
sorption coefficients obtained by the LBL model. The
spectrum band can be processed flexibly by using a small or a
large bandwidth, thereby ensuring the accuracy while
maximizing the efficiency. Simulation results show that the
relative errors of the proposed model are less than 5%
compared with the LBL model, with the improved efficiency
of being up to 35% compared with the NBK model. Fur-
thermore, the moderate extension of the bandwidth range
and increase of the absorption lines can improve the
computing efficiency.

The proposed MSBK model is compatible for various
methods of RTE solution and is suitable for calculating
radiation properties in particular at the entire spectrum
ranges. The radiation intensity obtained by this model can
provide reference data for hypersonic target detection and
tracking.
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