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Abstract. The terahertz imaging detection technology is applied to low-visibility fire
environments to improve the traditional imaging detection equipment affected by the
changes in the morphology and particle size distribution of smoke particles. This
study focus on the transmission characteristics of terahertz waves in fire and smoke
environments. A model for the propagation of terahertz waves is obtained. Terahertz
imaging equipment is used to experimentally investigate the flue gas environment gen-
erated by three standard fires and combined with numerical simulations to analyze
the influence of the terahertz wave transmission under different flue gas environ-
ments. The results show that the transmission of terahertz waves in a flue gas envi-
ronment is affected by factors such as the smoke particle size and flue gas
concentration; however, the transmission is significantly better than that obtained
with traditional detection methods. In standard fire experiments, the terahertz equip-
ment can achieve good imaging results, and the transmittance of terahertz waves is
maintained above 88%.
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1. Introductions

In a fire environment, the large amount of dense smoke produced by an incom-
plete combustion can cause harm to the human body and reduce visibility, render-
ing a familiar environment unrecognizable [1]. Therefore, one of the key
technologies in the field of fire safety is the detection of people and objects in low-
visibility fire environments [2], which helps firefighters to quickly locate trapped
people and organize rescue. In recent years, the fire environment imaging technol-
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ogy has become a new research topic in the field of fire detection [3]; however,
certain existing imaging detection approaches such as visible light and infrared
thermal imaging, are affected by the concentration of smoke and temperature [4,
5]. Their impact is significant, leading to deviations in the test results. Terahertz
(THz) waves are clectromagnetic waves with a frequency of 0.1 THz—10 THz,
located between microwave and infrared waves [6], it takes into account the per-
meability and high spatial resolution. The THz imaging and spectroscopy technol-
ogy is used in radars, communications, medical imaging, security inspection, and
agriculture [7-9]; however, no systematic research has been carried out on the
influence of fire smoke environments on the propagation characteristics of tera-
hertz waves.

Relevant studies have shown that electromagnetic waves with frequencies above
100 GHz are affected by the flue gas environment. The morphological characteris-
tics, particle size and concentration of the smoke particles in the flue gas environ-
ment cause various degrees of attenuation of electromagnetic waves [10, 11].
Therefore, to study the transmission of terahertz waves in an environment with
fire smoke particles, it is necessary to consider the morphological characteristics of
smoke particles and the attenuation characteristics of the terahertz wave transmis-
sion caused by the dynamic changes in the size distribution of smoke particles. In
the early studies on the transmission characteristics of electromagnetic waves in
granular media, the granular medium was first regarded as spherical [12], and it
was then found that the nonspherical particle model is more consistent with the
medium morphology existing in the atmosphere [13—15]. The scattering character-
istics of smoke particles are significantly stronger than those of biological aerosols
[16], so the introduction of a fractal condensate structure to treat fire smoke parti-
cles has increased the accuracy of the analysis of the electromagnetic wave trans-
mission characteristics in fire smoke particles. Different incident light wavelengths
will have different performances in a smoke environment. When the incident light
wavelength is equivalent to the smoke particle size, the light is greatly affected by
the smoke particle morphology and particle size distribution; when the incident
light wavelength is much larger than the smoke particle size, the smoke particles
can be described approximately as spherical particles [17]. This provides a theoret-
ical support for studying the propagation characteristics of terahertz waves with
wavelengths (30 um—3 mm) longer than visible light in a smoke environment.

Several researchers have compared the transmission of terahertz waves with
infrared, laser and other millimeter waves in smoke and aerosol particle environ-
ments [18, 19], laying a foundation for the further study of the transmission char-
acteristics of terahertz waves in fire and smoke environments. Ken et al. developed
an active fire imaging system based on terahertz electromagnetic waves and com-
pared them with visible light and infrared imaging. It can be seen from the experi-
mental results that compared with visible light and infrared imaging, the terahertz
object image obtained in the simulated fire smoke environment is clearer, and the
signal-to-noise ratio of the infrared image decreases with the increase in the
extinction coefficient. Infrared imaging cannot be clearly imaged in a thick smoke
environment [20]. This study presents the propagation characteristics of terahertz
waves in a flue gas environment and an investigation of the attenuation character-
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istics of smoke particles to terahertz waves. A terahertz passive imaging system is
employed for the measurements, i.e., collecting the image data in a simulated fire
environment, to analyze the transmission characteristics of terahertz waves in the
smoke environment with numerical simulations, and to obtain the transmission
model of terahertz waves in the smoke environment.

2. Materials and Methods

Optical flue gas measurements and terahertz imaging detection are used simultane-
ously, in order for the detection results to have the same time scale. The experi-
mental results are verified by numerical simulation methods, and the radiation
transfer equation is used as a simulation analysis model. Furthermore, the influ-
ence of the smoke particle size and smoke concentration changes on the transmis-
sion of terahertz waves is determined, and a theoretical model for the transmission
of terahertz waves in a smoke environment is established.

2.1. Simulation Models and Methods

2.1.1. Single particle model and simulation method. Figure la shows polyurethane
fire smoke particles collected by a high-resolution field emission scanning electron
microscope [21, 22]. Fire smoke particles are not spherical, but are an aggregation
of different numbers of elementary particles, and their shape can be described by

Eq. (1) [23].

1\If=kf(1;—;‘f)Df (1)

In the equation, R, represents the radius of gyration of the aggregate; N, repre-
sents the number of elementary particles in the aggregate; d, represents the diame-
ter of the elementary particles; k, is a pre-factor; D, represents the fractal
dimension. The smoke particle agglomerate simulation generator is used to estab-
lish the smoke particle types in the agglomerate structure according to Eq. (1).
The parameters are set as follow: N = 100, D, = 1.8, and k, = 2.3.

Figure 1. a SEM scanning of smoke particles and b Simulation of the
smoke generation.
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The light scattering of terahertz waves by nonspherical smoke particles can be
described using the Stokes vector. The corresponding incident and outgoing light
transmission equations are shown in Eq. (2) [24], where [ represents the light
intensity, and Q, U, and V represent other light wave parameters. For the polar-
ization state, the right side of the equation represents the incident parameter, and
the left side of the equation represents the exit parameter [25]. The light scattering
Muller matrix can be represented by the 4 x 4 order matrix on the right side of
the equation, {Sij(ﬁ) (ij = 1,2,3,4)}, where each element represents the light scat-
tering characteristics.Sy;(0) describes the energy transfer between incident and
scattered light, while the other elements represent the transfer characteristics of
polarized light at different incident angles.

Toea(0) Su(0) Su(0) 0 0 0

Qsca(e) — 521(0) S22(6) 0 0 % Ql(g) (2)
Usea () 0 0 Su(0)  Su(0) || U0

Veea(0) 0 0 —S834(0)  S4a(0) Vi(0)

Since smoke particles possess a unique fractal aggregate structure, the discrete
dipole approximation (DDA) method is employed to simulate the scattering and
absorption characteristics of a single smoke particle and to calculate the extinction
characteristics of non-spherical particles [26]. The DDA algorithm is a commonly
used numerical method for studying the absorption and scattering of aerosols,
dust particles, etc. The DDA algorithm uses an array of a large number of dipoles
to model particles of any shape, and obtains the absorption and scattering charac-
teristics of the object by solving the polarization of the dipoles under the irradia-
tion of incident electromagnetic waves [27]. In this study, the DDSCAT 7.3
version of the DDA algorithm related software is used to calculate the absorption
and scattering characteristics of terahertz waves for a single smoke particle [28].

When using the DDA method, it is first necessary to determine the effective
radius and shape of the smoke particles as well as the size and coordinates of the
particles that constitute smoke particles. It is also required to determine the com-
plex refractive index of the smoke particles in different terahertz wave bands. In
order to ensure accuracy when calculating the absorption and scattering character-
istics of the smoke particles, the input model must satisfy Eq. (3) [29].

m'|kid <0.5, ki = 2m/ (3)

where m'’ is the complex refractive index and & (um) is the distance between two
adjacent dipoles. Among these parameters, the wavelength /4 (um) and the com-
plex refractive index m’ are candidates for investigating. To satisfy the above
Eq. (3), d needs to be sufficiently small, that is, the number of dipoles N should be
sufficiently large to describe the morphological characteristics of the smoke parti-
cles.
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2.1.2. Smoke Particle Group Model and Simulation Method Tam et al. proposed
the radiative transfer equation in 1982 to replace the Lambert Beer law to solve
the output light power. This approach effectively overcame the drawbacks of the
Lambert Beer law, disregarding the effect of light scattering on transmission [30,
31]. When light is transmitted in a flue gas environment, the smoke particles
impede light transmission through absorption and scattering. Light absorption
does not affect the transmission direction; however, the scattering of light causes it
to diffuse and change direction. The light that changed direction reaches other
particles, where it is absorbed and scattered again, leading to multiple scattering
effects. The multi-scattering effect increases the intensity of the incident light and
affects the calculation of the output light power. The radiative transfer equation is
shown in Eq. (4) [32]. The influence of the multiple scattering effect is considered
in the light transmission calculation, improving its accuracy.

pTEL ) (e ) (2. 0) @
T
The three-dimensional reference coordinates of the transmission equation are
shown in Fig. 2. In Eq. (4) [32], I is the output light power and has spatial direc-
tivity, and (¢, i, /) are the three-dimensional coordinates (z is the space optical dis-
tance between a certain point and the incident light plane, u is the angle between
the emitted light and the vertical Z axis, and ¢ is the angle between the emitted
light and the horizontal plane).

S represents the multi-scattering effect of the smoke particles in the smoke envi-
ronment, which can be expressed by Eq. (5) [32]:

w 2n 1
S(ep0) = o { do’ f1 du'P(z, ;1 @") x I(z, 1, @) (5)

where P is the phase function, describing the probability of light scattering form
the 1/, /" direction to the (u,f) direction. The Henyey Greenstein phase function
can be used to simplify the calculation, as shown in Eq. (6) [32]:

z

x N

Figure 2. Space coordinate diagram of the radiative transfer
equation.
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Pl it ¢) = 4 % i (6)
Y 4" (1+g* —2gcosp, p; i, ¢')

In this equation, g is the asymmetry factor, which represents the symmetry
between the forward and backward scattering of particles. w is the single scatter-
ing reflectance, which represents the particle scattering ability and can be expres-
sed by the ratio of the scattering ability to the total extinction ability, as shown in
Eq. (7) [32]:

Csca

w :a (7)

where Cg, is the scattering cross section of the smoke particles, and Cgy is the
extinction cross section of the smoke particles, which represents the total attenua-
tion of absorption and scattering. The optical thickness t of the smoke layer can
be expressed by Eq. (8) [32], which is used to describe the attenuation ability of
the smoke layer:

T =p,Cext L (8)

Here, p, is the number concentration of the smoke particles, Cey is the extinction
section of the smoke particles, and L is the physical thickness of the smoke envi-
ronment.

The transmission attenuation parameter for a single smoke particle is deter-
mined by the parameters of the radiative transfer equation (single scattering reflec-
tance, asymmetry factor, and attenuation factor). The discrete ordinate method
(DOM) is used to solve the radiative transfer equation [33]. Specifically, the DOM
algorithm related software DISORT is used. The DOM method employs the
Legendre polynomials to discretely expand the phase function in Eq. (6), then
converts the integral operation in Eq. (5) into a differential form, and finally
determines the transmission solutions in different directions through boundary
conditions.

2.2. Experimental Design and Methods

The entire experimental flame area is separated from the flue gas area. The fire
source is placed in the ignition furnace, and the flue gas collection box is placed
on the optical platform. The terahertz detection equipment and the optical smoke
density measurement equipment are placed on both sides of the experiment box.
Figure 3 shows the diagram of the optical platform. The optical platform and the
ignition furnace are connected by an aluminum foil hose, and a fan is connected
between the two, which is used to pump the flue gas generated in the ignition fur-
nace into the flue gas test box.

The terahertz detector is a passive imaging device. The center frequency of the
terahertz wave emitted by the emission source is 0.1 THz, and the spectrum range
collected by the receiving camera is about 50 GHz-700 GHz. As shown in Fig. 4,
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Figure 3. Optical experiment platform. T Teraheriz wave emission
source, 2 Teraheriz camera, 3 Optical lens, 4 HeNe laser transmitter,
5 Silicon detector; 6 Flue gas experiment box.

Figure 4. a Teraheriz wave transmitting source equipment and b
Teraheriz camera.

the optical lens is installed in front of the terahertz wave transmitter to amplify
the intensity of the transmitted terahertz wave, in order to improve the camera
reception. A HeNe laser with a dominant wavelength of 632.8 nm and a silicon
detector with a detection range of 350 nm—-1100 nm are used to measure the
smoke density. The flue gas environment is enclosed within a
700 x 500 x 100 mm?® acrylic transparent box with a thickness of 5 mm. The box
is supported by four solid transparent glass rods. A smoke inlet with a radius of
13 mm is located at the bottom of the box. The shorter side of the box has a cir-
cular hole with a radius of 21 mm, which corresponds to the size of the detection
head of the optical smoke density measurement device, the circular hole improv-
ing the detection accuracy, avoid the influence of acrylic transparent box on tera-
hertz waves imaging.
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According to the GB4715-2005 standard experimental fire specifications, cotton
rope smoldering fire, n-heptane open flame, and polyurethane open flame are
selected as experimental fires. The three experimental fire sources are all placed in
the ignition furnace when they are ignited, and a heat shield is placed at the bot-
tom of the fire source for safety. When conducting a cotton rope smoldering fire
experiment, the cotton rope is directly ignited and then quickly extinguished, with
the pyrolysis stage being avoided.

The experiment is divided into three phases: preparation, combustion, and com-
bustion end phase. Each group of experiments was recorded for 16 min, which
can be subdivided into the preparation phase (60 s), combustion phase (600 s),
and final phase during which the recording continued for 300 s after the combus-
tion. Multiple sets of experiments were carried out for each standard experimental
fire to verify the reliability of the experiment.

2.3. Working Conditions

Table 1 shows the amount of ignition material and experimental method used.
The physical thickness of the flue gas layer corresponds to the size of the experi-
mental smoke box, which is 0.7 m.

The particle size and concentration for the three fire smoke environments were
measured with a scanning electromigration particle spectrometer and an ion
smoke densitometer. The influence of the distance between the ignition area and
the smoke test box, ambient temperature, and fan on the flue gas transmission
rate was considered. Three standard experimental fires with an effective radius a.;
and a particle concentration p, of the smoke particles at the five moments of igni-
tion were used in the simulation. The time interval for each set of data selection is
2 min, corresponding to 120 s, 240 s, 360 s, 480 s and 600 s after ignition, so that

Table 1
Standard Fire Reference Table

Material
(burning

state)

Dosage

Experimental method

Cotton rope

50 pieces of clean and dry cotton ropes

The cotton rope is evenly fixed on a metal

(smolder- with a length of 50 cm ring with a diameter of 10 cm, and the
ing) ring is fixed on the bracket so that the
cotton rope is suspended in air

N-heptane 200 ml of n-heptane (purity > 98.5%) lig-  The n-heptane liquid is poured into a
(open uid square oil pan with a side length of 10 cm
flame)

Polyurethane 3 pieces with dimensions of 30 cm The 3 blocks are placed together in a
(open (length) x 10 cm (width) x 4 cm (thick- square oil pan with a side length of 20 cm.
flame) ness) polyurethane plastic blocks The polyurethane block is placed on the

edge of the oil pan and soaked in alcohol
to facilitate ignition
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the data selection covers the entire combustion process. The specific parameters
are shown in Table 2.

The simulation data selection also takes into account the effects of turbulent
condensation and Brownian condensation. The former primarily appears in the
area near the flame during the combustion process, and the floating fire plume is
formed by the combustion entrained air. The particle size gradually increases with
the change in the air temperature and air velocity. The latter mainly occurs in the
area of the flue gas layer and is also affected by turbulent condensation. In addi-
tion, after taking the generation rate of the combustion particles and the tempera-
ture changes into account, the Brownian condensation will change.

The actual fire environment is extremely complex and the simulation of the
smoke characteristics in the experimental environment is not sufficient to establish
an effective transmission model. When performing numerical simulation analyses,
in addition to the verification of the experimental conditions, it is required to sim-
ulate and analyze the flue gas parameters in a comprehensive fire environment,
and vary the terahertz wave wavelengths in order to analyze the influence of the
change in wavelength on the transmission. The particle size D has values of
0.2 um, 0.3 pm, 0.4 pm, 0.5 um, 0.6 pm, 0.7 pm, and 0.8 um. The effective radius
a.; = D/2 is used in the simulation. The particle number density p, can take four
values, namely 0.6 x 107particles/cm?® 0.9 x 10’particles/cm®, 1.2 x 10"particles/
em’, and 1.5 x 107 particles/cm®, and the physical thickness of the smoke layer is
set to 1 m. The terahertz wave is in the wavelength range of 31.25 um—55.55 pm.
As shown in Table 3, the complex refractive index of the terahertz wave is
obtained from the HITRAN database and is the input parameter of the simula-
tion [34].

3. Results and Analysis
3.1. Optical Smoke Density Measurement Result

When smoke particles enter the experiment box, the intensity of the light emitted
by the optical transmitter is weakened after passing through the smoke layer.
Therefore, the light intensity received by the receiver is reduced compared with the

Table 2
Three Standard Experimental Fire Smoke Particle Size and
Concentration

Experimental fire type Effective radius a4 (um) Particle concentration p, (particles/cm?)
N-heptane open 0.1/0.12/0.13/0.14/0.15 0.5/0.8/1.1/1.2/1 x 10’

flame

Polyurethane open flame 0.08/0.1/0.12/0.13/0.14 0.15/0.4/0.8/0.9/0.8 x 10’

Cotton rope smoldering 0.06/0.08/0.1/0.12/0.13 0.2/0.45/0.63/0.64/0.65 x 107
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Table 3
THz Waves Corresponding to the Complex Refractive Index in Smoke
Particle

Wavelength Complex refractive index

A/um n k
1 31.25 2.583 0.342
2 33.33 2.597 0.336
3 35.71 2.612 0.334
4 38.46 2.631 0.334
5 41.66 2.66 0.333
6 45.45 2.697 0.323
7 50.00 2.731 0.295
8 55.55 2.754 0.264

initial light intensity, and the attenuation degree of the light has a functional rela-
tionship with the smoke concentration, which can be expressed by Eq. (9) [35]:

k= %ln (ITO) 9)

In this equation, k is the extinction coefficient (1/m); L is the physical thickness of
the smoke layer(m); I, and [ respectively represent the initial light intensity and
real-time light intensity, which is given by the voltage (v). In order to facilitate
comparisons, the initial light intensity of each experiment was modulated to 2v.

Figure 5 shows the extinction coefficient k of the three standard experimental
fires measured with the optical smoke density equipment during the experiment.
The ignition time and extinguishing time are marked. It can be seen that when the
combustion conditions are similar, the extinction coefficient of each standard fire
is consistent across multiple experiments, and the rise rate and size change are
almost constant. The error of the n-heptane open flame experiment curve is ana-
lyzed and found to have, a significant difference in the extinction coefficient curve
between the two experiments. The curve representing the mean of the extinction
coefficient curves of the two experiments is shown in the figure with a dotted line.
The standard error ¢ varies between 0.0002 and 0.4 with an average value of 0.09.
This indicates that the extinction curves obtained from the two experiments do
not differ significantly, thus verifying the reliability of the experimental results.

By contrast, the extinction coefficient curves of the three standard fires show
different sizes and rates of change. The rising rate of the n-heptane open flame is
found to be the highest. Since it is directly ignited in the oil pan when it burns, it
can fully combust, and the flue gas changes rapidly. The second fastest is the
polyurethane foam open flame. Since it only ignites the accumulation of foam, the
corner of the block does not maximize its combustion state instantancously, and
the rate of increase of the extinction coefficient is below that of the n-heptane
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Figure 5. Time-sharing extinction coefficient measured with the
optical smoke density equipment: a Cotton rope smolders, b
polyurethane open flame, ¢ n-heptane open flame, and d comparison
of three types of standard fires.

open flame. The slowest change in the extinction coefficient is exhibited by the
cotton rope smoldering fire. This is related to its burning state, and the rate at
which the smoke particles are produced in the smoldering states is low. However,
the smoke concentration in the flue gas test box can reach saturation within 4 min
of ignition. The extinction coefficient of the n-heptane open flame experiment is
the highest when it reaches a stable value, followed by those of the polyurethane
foam open flame, and cotton rope smoldering open flame. The relationship
between the extinction coefficients of the three standard fires is in agreement with
their respective flue gas characteristics, which also confirms the appropriateness of
the selection of the three standard fire parameters during the simulation.

After the burning material is extinguished, the extinction coefficients of the
three standard fires decrease to varying degrees, and reach a constant state after a
short period of decline. The n-heptane open flame is exhausted before the extin-
guishment of the fuel, so the extinction coefficient changes significantly before the
extinguishing time, which is a normal phenomenon and does not affect the experi-
mental results. The smoke exhaust system was turned on at 840 s to extract the
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flue gas in the experiment box, and the extinction coefficient began to drop
rapidly again until the end of the recording.

3.2. THz Equipment Test Results

The terahertz detection equipment adopts the detection method of video record-
ing. The recording time corresponds to the optical smoke density detection. Each
group of experiments intercepts the images of the terahertz detection system at
four moments, which correspond to the images at 50 s, 200 s, 500 s and 800 s,
covering the stage before ignition, initial flue gas stage, flue gas saturation stage,
and combustion end stage.

The imaging standard is shown in Fig. 6. The color change represents the
strength of the terahertz wave signal received by the terahertz receiving camera
from the transmitter. Red represents complete reception, while blue and black rep-
resent complete occlusion. We quantify the received terahertz wave signal through
the normalized ‘“‘average”, “max’’, and “min” values, and the value range of the
three parameters is 0—1. “Average” represents the overall intensity of the terahertz
wave signal received by the camera; “max’™ and “min” respectively represent the
maximum and minimum values of the regional signal in the entire image.

The “average”, “max”’, and “min”’ values before ignition in all experiments are
all equal to 1, and the “max’ value remains at 1 during the experiment. Figure 7a
shows the corresponding images of the four moments detected by the terahertz
equipment in the cotton rope smoldering experiment. At 200 s, the “average”
value is 9.99E—01, the “min” value is 0.996, and the image is unchanged. At
500 s, the “average’ value is 9.93E—01, the “min” value is 0.933, and a small part
of the right edge of the image appears yellow. At 800 s, the ‘“‘average” value is
9.98E—01, the “min” value is 0.983, and the image shows no change. Overall,
there is only a slight change in the image at around 500 s, and the transmittance
of the terahertz wave can reach become greater than 99.3% during the entire

l 1-0

08

02

0.0

Figure 6. Teraheriz equipment imaging standard.
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Figure 7. Teraheriz detection images: a cotton rope smoldering
image, b polyurethane open flame image, and ¢ n-heptane open
flame image.

experiment, indicating that the transmission of the terahertz wave is not affected
by the smoke environment generated by the smoldering fire of the cotton rope.

Figure 7b shows the corresponding images of the four moments detected by the
terahertz equipment in the polyurethane foam open flame experiment. At 200 s,
the “average” value is 9.98E—01, the “min” value is 0.994, and the image is
unchanged. At 500 s, the “average” value is 9.88E—01, the “min” value is 0.866,
and a part of the upper right corner of the image appears yellow. At 800 s, the
“average” value is 9.83E—01, the “min” value is 0.733, and the upper right corner
of the image becomes more yellow. According to the analysis, the yellow color of
some areas of the image becomes darker at 800 s since polyurethane flame is a
high polymer material, and the smoke particles are extremely sticky. After the
combustion is completed, certain larger particles adhere to the side wall of the flue
gas experiment box. Overall, the “min” value of the affected area reaches 0.733,
which means that if the area is detected, the transmission transmittance of the ter-
ahertz wave can also reach 73% or more, and a good detection can thus be
achieved. In the smoke environment generated by polyurethane, the “average”
value of the entire received signal can be maintained above 0.98, indicating that
the overall imaging detection can maintain a transmittance of above 98%.

Figure 7c shows the images of the four moments detected by the terahertz
equipment in the n-heptane open flame experiment. At 200 s, the “average” value
is 9.99E—01, the “min” value is 0.986, and the image is unchanged. At 500 s, the
“average” value is 9.84E—01, the “min” value is 0.745, and yellow appears in the
edge area of the image. At 800 s, the “average” value is 8.87E—01, the “min”
value is 0.533, and there is no discernible change in the center area of the image,
but the edge shows a yellow green color. During the entire experiment, water
vapor starts to appear 5 min after ignition. As the experiment progresses, the mix-
ture of smoke particles and water vapor adheres to the inner wall of the experi-
ment box. Therefore, the change in the image at 800 s is caused by the mixture of
smoke particles and water droplets adhering to the inner wall of the experiment
box. As the smoke concentration of the experiment box increases, some areas at
the edge of the image appear yellow, indicating that the smoke environment gen-
erated by the n-heptane flame affects the terahertz wave imaging. Overall, the
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transmission of terahertz waves is greatly affected by water vapor. Without the
influence of water vapor, the transmission rate of terahertz waves in the n-heptane
fire gas experiment can reach more than 98%. Under the influence of water vapor,
the transmittance remains constant at about 90%.

Figure 8 shows the simulation results for the smoke environment generated by
the three standard fires. The abscissa in the figure is the smoke particle size, the
ordinate on the left is the particle concentration, and the ordinate on the right is
the light transmittance. The upper curve in the figure corresponds to the transmit-
tance of terahertz waves, and the lower curve corresponds to the smoke particle
concentration. The simulation results show that the transmission transmittance of
terahertz waves in cotton rope smoldering fires can exceed 99%, while the trans-
mission transmittances in polyurethane open flames and n-heptane open flames
can exceed 98%. The transmission of terahertz waves is affected by the changes in
the flue gas and decreases as the size and concentration of the smoke particles
increase.

Figure 9 shows the “min” value of the terahertz wave detection corresponding
to the extinction coefficient detected by the optical smoke density measurement
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Figure 8. Simulation results for the three standard fire smoke
environments: a cotton rope smoldering simulation, b polyurethane
open flame simulation, and ¢ n-heptane open flame simulation.
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Figure 9. Teraheriz wave transmittance corresponding to the
extinction coefficient.

equipment. The “min” value of each standard fire is the average value obtained
from two experimental records. The abscissa shows the stages of the change in the
extinction coefficient in the initial stage of the standard fire experiments. In this
way, the influence of the changing flue gas environment can be observed and ana-
lyzed. Two experimental datasets for the n-heptane open flame are used for stan-
dard error analysis. The range of the standard error ¢ of the two experiments is
found to be less than 10 %, which confirms the reliability of the transmittance mea-
surement. From the figure, we can see that as the extinction coefficient increases,
the “min” value begins to decrease. Among the three standard fire experiments,
the transmission and permeability of terahertz waves in the cotton rope smolder-
ing fire experiment are the best, while the transmission and permeability of tera-
hertz waves in the n-heptane open flame experiment are the least but still
relatively high. For regional imaging detection, in the three standard fire experi-
ments, the minimum value of the terahertz wave signal collected by the camera
can exceed 80%.

3.3. Simulation Results and Analysis

In order to establish an improved terahertz wave transmission model in a fire
environment, a wide range of smoke particle sizes and particle concentrations is
selected for the simulation analysis, and terahertz waves with different wave-
lengths are chosen for comparison. Considering the uncertainty in the incident
direction of the terahertz wave and the change in the characteristics of the smoke
particles, in this work, the smoke particles are rotated multiple times, and the
average value is calculated when determining the attenuation characteristics.
Terahertz waves exhibit different attenuation characteristics for different smoke
particle sizes, and different incident wavelengths also result in a varying attenua-
tion. Figure 10 shows the light transmittance of the terahertz wave in the smoke
particle group obtained via the radiative transmission equation. It can be seen
from the figure that the transmission of the terahertz wave in the smoke environ-
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Figure 10. Influence of the incident light wavelength and particle
size distribution on the light transmission a p, = 0.6 x 107 particles/
em3, by = 0.9 x 107 particles/em>, ¢ p, = 1.2 x 107 particles/em?,
and d p, = 1.5 x 107 particles/cm®.

ment decreases with the increase in the smoke particle size and increases with the
increase in the wavelength of the incident wave. The light transmission also
decreases as the smoke particle concentration increases. For high particle concen-
trations in the flue gas, the transmission is greatly affected by the particle size. If
the particle size and concentration are low, the transmission of terahertz waves is
almost unaffected. It is notable that terahertz waves can reach a transmittance of
more than 70% in an environment with high particle concentration and large par-
ticle size.

4. Conclusion

In this work, the transmission characteristics of terahertz waves in the smoke
environment generated by a fire were investigated. Passive terahertz imaging
equipment was used to image and detect the smoke environment generated by
three standard fires. An optical smoke density measuring instrument was used to
detect real-time smoke density changes, in order to study the changes in terahertz
imaging under different flue gas concentrations. The radiation transmission equa-
tion was used in the simulations. The influence of the size and concentration of
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smoke particles on the transmission of terahertz waves with different wavelengths
was analyzed via numerical simulations. A transmission model for terahertz waves
in fire and smoke environments was established. It was experimentally found that
in the early stage of the smoke environment generated by the fire (200 s before the
experimental record), the smoke particles are small, their concentration is low,
and the terahertz wave imaging is hardly affected by the smoke change. The tera-
hertz wave emitted by the device could reach a fully transparent state, which can
facilitate rescue in the initial moments of the fire. In the middle stage of the fire
smoke environment (experimental record: 200 s—500 s), the smoke environment
slowly developed from small particles at a low concentration to large particles at a
high concentration and finally became saturated. Excluding the interference of
other factors, the transmittance of terahertz waves in the flue gas environment at
this stage could exceed 98%. In the middle and late stages of the fire (experimen-
tal record: 500-800 s), as the fuel burned out, the flue gas concentration started to
decrease. Considering the interference of numerous factors (water vapor, con-
densed particulate matter, etc.), the transmittance of terahertz waves in the flue
gas environment generated by a standard fire could be maintained above 80%.
Overall, terahertz imaging in fire and smoke environments is significantly better
than traditional detection techniques, and it can be beneficial for improving the
imaging detection in low-visibility fire environments.

A real fire smoke environment is complex and changeable. Considering that the
experimental environment is relatively simple, in addition to the analysis of the
experimental conditions during the simulation analysis, a smoke environment with
different smoke particle sizes and particle concentrations was also investigated.
The simulation results showed that the attenuation characteristics of smoke parti-
cles to terahertz waves (single scattering reflectance, asymmetry factor, and extinc-
tion cross section) increase with the increase of the particle size of the smoke
particles and decrease with the increase in the wavelength of the terahertz waves.
In a flue gas environment, the terahertz waves were also found to be affected by
the particle size distribution, and the transmission decreased with the increase in
the particle size and concentration. However, it increased with the increase in the
wavelength.

If the terahertz imaging detection technology will be used for the imaging detec-
tion of fire environments in the future, it will be necessary to fully consider the
transmission characteristics of terahertz waves in fire and smoke environments.
The research in this work is relatively limited, and experimental fires are too sim-
ple to simulate a real complex fire scene. For instance, the existence of many poly-
mer composite materials in real fire environments could affect the terahertz
imaging. Furthermore, the fact that metallic objects cannot pass through and hin-
der the imaging as well as the inevitable influence of water vapor in high-tempera-
ture environments must be taken into account. The terahertz imaging equipment
used in this field also has certain limitations. The imaging area is small, which
limits its application in fire and smoke environments. In future experiments, a ter-
ahertz array experimental platform will be built to conduct large-scale and human
imaging experiments to improve the experimental data on fire and smoke environ-
ments, thereby yielding more comprehensive experimental results.
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