a\
>
A4

HeoO606

http://pubs.acs.org/journal/acsodf

Flame Temperature Measurement Based on Laser-Induced
Breakdown Spectroscopy and Element Doping

Bin Tai, Xiaojian Hao,* Jia Wang, and Haoliang Sun

Cite This: ACS Omega 2021, 6, 27239-27246

I: I Read Online

ACCESS |

[l Metrics & More

| Article Recommendations

ABSTRACT: In this study, based on the existing high-temper-
ature measurement and calibration equipment, calibration experi-
ments using the spectral emissivity of intrinsic element particles in
the field were designed to achieve the accurate measurement of a
temperature fleld. Laser-induced breakdown spectroscopy was
used to select the corresponding elements, and the element doping
method was used to approximate the real temperature field. After
calibrating the camera, the temperature distribution and spectral
emissivity distribution of the flame were calculated. The range of
calculated values was determined to be well-consistent with data
collected using an infrared thermal imager, which verified the
accuracy of the experiment.

1. INTRODUCTION

Owing to the influence of an extreme environment such as
high temperature, pressure, speed, and impact, it is difficult to
accurately measure the transient high temperature of an
intense flame at the scene of an explosion. This kind of
transient temperature measurement is often accompanied by
high-pressure or high-speed air flow, most of which are
nonrepeatable one-time processes. Therefore, poor measure-
ment conditions, high technical difficulty, and inaccurate
temperature measurement are problems that cannot be
ignored. At the same time, system reliability and data
acquisition speed also put forward high requirements. The
combustion of a fireball includes various physical phenomena,
such as fluid flow, fluid heat transfer, and chemical reaction.
Although many temperature sensors are suitable for different
temperature ranges and response speeds, theoretical research
and the practice of temperature measurement remain
insufficient.

Owing to their low cost, direct temperature measurement
principle, and high reliability of measurement, high-temper-
ature thermocouples, as the most common contact temper-
ature sensor, are widely used in the measurement of complex
temperature fields. However, owing to their invasive nature
and limited response speed, it is difficult to reflect the complete
distribution of a temperature field only through multipoint
measurements. Many scientific research institutions have
gathered numerous research results for the contact measure-
ments of the high-temperature fields of explosions.' ™ Owing
to its significant disturbance of the temperature field, a
thermocouple mostly plays a role in verifyin§ the noncontact
measurements of a flame temperature field."* Compared with
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the contact temperature measurement method, the noncontact
temperature measurement method has the advantages of
minimal temperature field disturbance, fast response speed,
and wide measurement range. For example, Shuai and others
designed an ultrasonic guided wave thermometer and
conducted high-temperature measurements.” Qi of Tsinghua
University and others used transverse shear interferometry to
measure and visualize the temperature field of a symmetrical,
annular, ethylene laminar-diffusion flame and performed
algebraic inversion calculations of its refractive index.'’ The
peak temperature of the flame can reach 1980—2440 K. The
California State University Banks’ team used planar laser-
induced fluorescence to build a measurement system to
measure the bubble temperature of laser-induced cavitation."'
According to the unique optical characteristics of the medium
in the temperature field and their influence on the optical
transmission process, the team from Sungkyunkwan University
in Korea combined tunable semiconductor laser absorption
spectroscopy (TDLAS) and laser-induced breakdown spec-
troscopy (LIBS) technology to analyze the optical absorption
and emission characteristics of medium particles in a flame
temperature field. Thus, a flame radial temperature distribution
and gas molecular absorption coefficient distribution were
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Figure 1. Energy spectrum analysis. (a) Average energy spectrum of the stainless-steel substrate and (b) average energy spectrum of the black

powder residue.
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Figure 2. Characteristic energy spectra of K (766.60 and 769.90 nm).
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obtained via TDLAS, and the variation law of molecular
concentration under different equivalence ratios was explored
via LIBS."” Professor Ghezelbash’s team from Malek Ashtar
University of Technology in Iran used LIBS to analyze the
temperature field of different types of laminar diffusion flames;
they divided the flame area according to height information
and obtained the excitation spectral properties of characteristic
elements and groups in different areas of the flame.” With
regard to the thermal and optical radiation emission of
medium particles in the temperature field, Professor Zhou et al.
conducted a detailed analysis combining spectral analysis and
radiation temperature measurement technology. According to
the overall spectral characteristics of the flame temperature
field, strong emission lines of alkali metal elements were
reasonably avoided, and the radiation transfer model was
simplified. However, it is difficult to determine the flame
emissivity when it changes with wavelength. Combined with
the colorimetric temperature measurement method, the two-
dimensional spectral emissivity and temperature field of the
flame in a pulverized coal combustion furnace were
determined."*
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All of the abovementioned temperature measurement
methods have their unique advantages and specific applica-
tions, but they also have certain limitations because of their
own service conditions and equipment dependence, resulting
in problems such as difficulty in application for field-test
experiments, excessively expensive equipment, and high actual
test costs. Therefore, based on the research of various
measurement methods, this study aims to integrate the
advantages of various methods and select appropriate temper-
ature measurement methods for combining and optimizing
various methods. In this article, we have designed a new flame
temperature measurement method. Through the combination
of LIBS and element doping, data calibration using a camera
and doping particles was conducted using a standard
blackbody furnace, and the functional relationship between
the corresponding gray values and temperature, as well as the
functional relationship between the spectral radiance and the
emissivity of the doping elements, was fitted. The distribution
range of the flame was obtained by calculating the functional
relationship obtained by fitting. The flame temperature was
determined with an infrared thermal imager, and the
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experimental results were in good agreement with the
calculated results.

2. THEORETICAL BACKGROUND AND ELEMENT
ANALYSIS

Radiation refers to the phenomenon where part of the
electromagnetic energy emitted by a field source propagates
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Figure 3. sCMOS quantum efficiency curve.

Table 1. sCMOS Camera Parameters

parameter DHYANA 400BSI
sensor size 12"
sensor type back-illuminated sCMOS

2048 (H) x 2048 (V)
6.5 um X 6.5 um

number of effective pixels

single pixel size

frame rate 74 fps@4.2 MP
time of exposure 6.6 s to 10 s
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Figure 4. Transmission characteristic curve of the K element filter.

away from and then does not return to the source. The energy
diffuses outward in the form of electromagnetic waves or
particles. The medium in the temperature field is excited by
local high heat in a high-temperature environment, and the
particles in the medium change from the ground state to the
excited state. When the dielectric particles in the ground state
inside the temperature field are excited by local high heat, a
transition from the ground state to the excited state will occur,
and excited atoms or ions will be generated. Then, the energy-
level transition from the high-energy state to the low-energy
state will occur within 10—8 s, and optical radiation with its
own characteristics will be emitted to release energy outside
the system in the form of light. It is difficult to accurately
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measure the temperature field due to the interference of
various substances and the influence of the extreme environ-
ment. Therefore, it is necessary to analyze the specific medium
in the temperature field to measure the temperature.

Based on the excitation effect of intrinsic element energy
spectra in high-temperature fields, it is necessary to study the
radiation intensity of the specific internal material excited by
heating and establish the corresponding relationship between
the radiance L and node temperature T. According to Planck’s
blackbody radiation law, we can first determine the relationship
between spectral radiance and temperature in a blackbody
environment

Ly(4, T,) dd = L2752/ % — 1" da
T

¢, = 3.741771852 X 107¢ (W-m?)

—_

¢, = 1438776877 x 10> (m-K) 1)
where L,(4, T) is the spectral radiance of an ideal blackbody;
Ty is the ideal blackbody temperature at wavelength 4; and ¢,
and ¢, are the first and second radiation constants, respectively.

For a real object, its emissivity cannot reach 0.99 of the
blackbody. Therefore, based on Planck’s blackbody radiation
law, the thermal and optical radiation of a real object needs to

be calculated using its spectral emissivity

L(;L) T) = Lb(/l; T)’&'(/{, T) (2)

where L(/4, T) is the spectral radiance of the real object; T is
the blackbody temperature at wavelength 4; and &(4, T) is the
spectral emissivity of the real object.

To measure the radiance of an actual object, we must first
calculate its emissivity. Since we cannot directly obtain the
relationship between the gray value and blackbody temper-
ature, the gray value and radiance, and the emissivity and
blackbody temperature to complete the modeling of thermo-
optical coupling in the temperature measurement process, we
need to calibrate a camera to obtain the relationship between
the gray value and the blackbody temperature.

Usually at a high-temperature explosion site, potassium (K)
will be in the temperature field. Therefore, we decided to use K
as our doped element."”

To increase the reliability of determining elements in the
experiment, we chose black powder as our experimental object
and used a laser to strike its combustion residue via LIBS to
analyze its internal element composition and spectral
information. To clearly observe the spectral curve of the
combustion residues of energetic materials, we used blank
stainless steel as the substrate for data analysis. Figure 1 shows
the average energy spectra of the combustion residues of the
stainless-steel substrate and black powder.

After observing their spectral differences, it was found that
compared to the stainless-steel substrate, the black powder
combustion residue had additional characteristic peaks at
various wavelengths. Combined with the National Institute of
National Institute of Standards and Technology (NIST)
spectral database for further element determination, K
exhibited strong spectral line peaks at 766.60 and 769.90
nm, as shown in Figure 2. This experiment also confirmed that
K could competently serve as a doping element when
measuring the temperature field.

The camera used for calibration was a Tucsen Photonics
Dhyana 400bsi ultrahigh sensitivity sSCMOS scientific camera,
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and its quantum efficiency is shown in Figure 3. The
parameters of the camera are shown in Table 1.

As mentioned above, K was used as the dopant for our
temperature measurements. To measure the spectral informa-
tion of K, a 768 nm filter was installed in front of the camera
lens. The transmission characteristics of the K filter are shown
in Figure 4.

Combining the characteristic energy spectrum of K, the
transmission characteristics of the filter, and the quantum
efficiency of the camera, the camera was found to have a high
quantum efficiency in the band of 766.6—769.9 nm.

Since there is no elemental form of K in nature, we selected
potassium sulfate (K,SO,) as our doping element in light of its
physicochemical properties and abundant NIST library data.

3. CAMERA CALIBRATION

We defined the blackbody radiation source area as A, the
entrance pupil area of the instrument to be calibrated as A,

Figure S. Calibration diagram.

Figure 6. Gray image of a medium-temperature blackbody furnace.
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Figure 7. Blackbody temperature and imaging gray value.

and the effective photosensitive area of the pixel plane of the
detection module as A, The effective emissivity € of the

blackbody furnace cavity can be expressed as follows

. gll + (1 — &) (AS/S — AQ/7x)]
a go(1 — AS/S) + AS/S 3)

where €, and § are the emissivity and area (including opening
area) of the inner wall material of the blackbody cavity,
respectively; AS is the opening area; and AQ is the solid angle
of the cavity corresponding to the opening of the blackbody
cavity. The thermal radiation power emitted by the microfacet
on the blackbody (small area) source to the solid angle of the
optical module through the optical aperture D is as follows

d® = zL, dA, sin” U (4)

After passing through an optical lens with a transmission
ratio of 7y, the radiation power transmitted to the pixel plane
of the instrument to be calibrated is as follows

d® = 77, L, dA, sin® u, (5)

Since the media on both sides of the optical lens remained
unchanged, we can see that the refractive index on both sides is
ny = n;. Based on the Lagrange invariant (6) of the coaxial
spherical system, the abovementioned formula can be rewritten
as eqs 7 and 8

no-rAc~sin Uy = n1~rAs-sin Uy (6)
do = ﬂ-TlensLt d‘Ac Sin2 U (7)
T D’ I’z
dd = Lt' lens > .= Lt' lens2
1({D 2 D
1+ Z(?) 4(1 + (2> )
D’z
X Ly —2 4O
4 (8)

where D is the optical aperture of the optical component of the
instrument to be calibrated; dA. = dA; is the microelement
area of the black surface; L, is the comprehensive radiance

considering all kinds of external attenuation; and dQ = ? is

the space solid angle corresponding to the selected single pixel.

Therefore, according to the fixed transformation relationship
between the thermal radiation flux and the thermal radiation
illuminance, the thermal light radiation illuminance received by
the central pixel area of the pixel plane can be obtained as
follows

do
E="—
da, ©)
D, D ’
E= Lf% = Lt'z.rlens' _, = Lt'z.rlens'D/2
af 4 f 4

(10)
where D’ is the relative aperture of the optical component.
The thermal radiation transmitted to the optical lens of the
detection module was attenuated by the atmospheric environ-
ment and the attenuator into different degrees and contains the
background radiation and other interference radiation of the
environment. Assuming that the radiator is a Lambert radiation
source, that is, its spectral radiance is the same in all directions,
the integrated radiance transmitted to the optical lens area of
the instrument to be calibrated is as follows

Lt(ﬂ’ T) = E'Tair'rredc'(l‘bs(ﬂ! Tt) + (1 - 8)8eLb(j" Tenv))
(11)
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Figure 8. Imaging gray value and blackbody spectral radiance.
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Figure 10. Emissivity and spectral radiance of the K element.
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According to the equivalent transformation relationship
between the small blackbody and surface radiation source

I 1 A, L 4A
bs — b T b5
AP D (12)

C

The results are as follows

4A
LA, T)= e-'rair-'rredc-(”—D;Lb(i, T) + (1 —¢)

SeLb(/lf Tenv)] (13)

where ¢ is the effective spectral emissivity of the equivalent
blackbody radiation source; 7.y, 7,4 and 7y, are the spectral
transmittance of the atmospheric environment, attenuator, and
optical components, respectively; and e, is the spectral
emissivity of the external atmospheric environment.
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For a multichannel instrument, the output gray response
signal of each channel in the working band can be expressed as

j'2
G. (1) = ot f E(A, T)-R,(2) dA + G,
1b() gmt /11 ( ) () P (14)

where g is the corresponding voltage gain of the detection
module; ¢, is the exposure (integration) time of the detection
module camera; E(4, T) is the irradiance of a single pixel in
channel i of the detection module; R/(4) is the spectral
responsivity of the i channel of the detection module, where
the average value of the selected bandwidth band can be taken;
and G;, is the gray offset generated at the pixel, which can be
expressed by the gray response value of the detection module
when there is no radiance input.

Because the integral term in eq 14 is continuous for [4,, 4,],
according to the integral mean value theorem, it can be
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concluded that there is at least one [A;, A,] in the filter
bandwidth interval £

Gib(l) = (ﬂz - Al)'Ri(é)'Lt(é; T) + Gip (15)
The abovementioned formula can be expressed as
Gy(4) = AL(4, T) + B, (16)

where L(§, T) is the spectral radiance of the channel at a
certain temperature at a specific wavelength &, and & can take
the wavelength median of the selected bandwidth band; A4; is
the linear coefficient of channel i of the detection module and
can be regarded as a constant coeflicient when the basic
parameters of the detection module are unchanged; and B; is
the gray response offset. Given the filter and the module to be
calibrated, the relationship between the comprehensive
radiance L, and the average gray response signal Gy of the
instrument can be obtained. Furthermore, the linear function
relationship between the ideal surface radiation source
temperature T and the average response signal G; can be
obtained according to Planck’s law.

The camera calibration used a medium-temperature black-
body furnace in the range of 0—1400 K. The blackbody
chamber had an inner diameter of 25.4 mm, a length of 100
mm, and a spectral emissivity of approximately 0.99. The
experiment was conducted in a dark room to reduce the
interference of background light. Before the experiment, the
camera was fixed at 0.5 m away from the blackbody furnace.
During the experiment, the measurement was conducted every
50 K, and 40 frames of gray images were collected each time.
Considering that the radiation of the central point of
blackbody radiation is usually different from that of the
surrounding positions, to solve the problem of blackbody
radiation nonuniformity, we batch-processed the grayscale
images at each temperature after image acquisition. The
feature-extraction method based on gray histograms was used
to threshold-segment the calibrated image, extract the
luminous-effective part of the blackbody cavity, average the
gray value in the region, and finally fit the temperature value
and the average gray value. The relationship between spectral
radiance and average gray value was obtained by Planck’s law
(Figure S).

At the end of the experiment, the collected images were
processed in batches, and the relationship between the
blackbody temperature and the imaging gray value was fitted
according to the gray value data and temperature data (Figures
6 and 7)

G,(T) = 1.165 X 107°T;,> — 0.03635T,* + 37.92T;
- 132 x 10 (17)

where G;(T) is the gray value of the blackbody image collected
by the camera and T, is the temperature value of the
blackbody.

According to formula 17, we can calculate the spectral
radiance of the blackbody environment at different temper-
atures and then fit the relationship between the imaging gray
value and the spectral radiance according to the gray value data
and the spectral radiance data (Figure 8)

G,(T) = 0.0101SL,(T) + 11.04 (18)

where Ly(T) is the spectral radiance in the blackbody
environment.

Because the radiation of K was not as strong as that of the
blackbody, the ratio of spectral radiance of K to that of the
blackbody at the same temperature equaled the emissivity of K

_ Ls(ﬂ‘) T)
Lb(/l; T) (19)
According to the formula, to obtain the emissivity of K, its
spectral radiance must be determined (Figures 9 and 10).
According to the previous steps of analysis and calculation, the
relationship between the emissivity of K, the temperature of

the blackbody furnace, and the spectral radiance of the
blackbody is obtained

£ = 0.7551 X exp(—9.153 x 10 'L,)
— 0.4799 X exp(—0.002924L,)

£ =371x10"'T* - 1.626 x 107°T° + 0.002654T">
— 1.909T + 511
(20)
where ¢ is the spectral emissivity of K element, L, is the
spectral radiance of K element at the corresponding temper-
ature, and T is the current temperature value.

4. EXPERIMENT AND RESULT ANALYSIS

Ethane (C,H) was used in the experiment as a fuel source. To
meet the calibration range of the medium-temperature
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Figure 11. Calculation chart of flame temperature.

Table 2. Infrared Thermal Imager Parameters

measuring range —40 to 2000 °C

emissivity range 0.1-1
detection band 8—14 pum
sensor CMOS
resolving power 640 X 480
frame rate 50—60 Hz

blackbody furnace, after turning on the Bunsen lamp, the air
inlet of a Bunsen lamp was adjusted to ensure that the
temperature was within the calibration range using a
thermocouple. When the flame was burning, a powder feeder
was used to evenly disperse K,SO, powder into the flame. The
previous camera calibration equipment remained unchanged,
and multiple groups of gray images were collected. The
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Figure 12. Infrared acquisition chart of flame temperature.
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temperature was calculated via the fitting formula in the
previous section. The temperature results are shown in Figure
11.

To verify the calculated results, a DL700 infrared thermal
imager from Dali Science and Technology Co. was used in the
experiment. The parameters of the infrared thermal imager are
shown in Table 2.

Combined with the analysis and conclusions of infrared
emissivity of several gas flames evaluated by Yuen,' the
average infrared spectral emissivity of the flame was
approximately 0.19 after several temperature measurements
and comprehensive analyses of the flame at different heights.
The standard temperature range measured using the infrared
thermal imager was 845.9—1231.3 K, which was close to the
calculated result obtained using the element doping method, as
shown in Figure 11. Thus, the feasibility of the intrinsic
element doping method for measuring a temperature field was
verified experimentally (Figure 12).

5. RESULTS AND DISCUSSION

This study creatively proposed an element doping method to
measure a temperature field. According to experimental
temperature field requirements, LIBS spectrum analysis
experiments were conducted to analyze the characteristic
energy spectrum of elements in black powder, and K was
selected as a doping element. A calibration experiment of the
spectral emissivity of intrinsic element particles in the
temperature field was designed. The relationship between the
correlation temperature and gray value, the spectral radiance,
and the emissivity of the doped elements was obtained. The
temperature range of the flame was further determined by
fitting the function relationship between emissivity and
temperature, which was verified using an infrared thermal
imager. The range of the calculated value well-matched the
data collected using the infrared thermal imager, which verified
the feasibility of the element doping method proposed in this
study. This method provided a new scheme for the
measurement of flame temperature fields, which can be
applied to the measurement of temperature fields in more
complex and extreme environments.
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