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Abstract. Object signature management is a critical and urgent task that helps conceal and re-
strict the detection of contemporary optoelectronic systems. The design of thermal camouflage
textiles and material solutions constitutes a significant scientific area, however, publications in
this area are restricted because of military competitiveness and technological secrecy. Research
on thermal camouflage materials has garnered interest both domestically and internationally for
various purposes, especially in military applications. Multi-layered textile structures offer several
advantages, including a simple structure, the ability to combine multiple materials with different
properties, and wide applicability. The article presents a simple model for computing and simulat-
ing heat transfer through multi-layer textiles, along with tests to assess the heat suppression effect
and heat radiation energy of some samples of multi-layer textiles made of domestic materials.
The initial computational and experimental results provide an important foundation for further
research and application of multi-layered textile structures.

Keywords: thermal signature management; multi-layered textile structures; thermal camouflage;
heat transfer; background.

Classification numbers: 42.79.Dj; 44.10.+i; 81.05.Lg.

1. Introduction

With the strong development of sensor technology, objects can now be easily identify utiliz-
ing medium- and long-wavelength infrared emission indicators thanks to advanced optoelectronic
systems with greater sensitivity and resolution [1-3]. This has a direct impact and presents several
challenges in the signature management of vital objects to restrict detection by enemy optoelec-
tronic systems, thereby contributing to safety and force preservation [4,5]. One effective solution
for managing object signatures is to apply camouflage measures to reduce or eliminate the object’s
signature, particularly its thermal signature [6-8].
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An object’s thermal signature is generated by the thermal contrast between the object and its
background. This contrast is influenced by the material’s characteristics, surface structure, and en-
vironmental factors [6—8]. Thermal imaging devices capture an object’s thermal signature through
the thermal radiation it emits, which is dependent on the emission coefficient, radiation wave-
length, the object’s temperature, and environmental conditions. According to Stefan-Boltzmann’s
law, the radiative power of an object is a function of its fourth power temperature and emission
coefficient (&) [5-8]. Therefore, thermal camouflage solutions focus on two main approaches: ad-
justing the object’s temperature, modifying its emission coefficient, or combining both strategies.
As a result, various thermal camouflage materials have been developed. These include paints,
thin films that cover an object’s surface directly, cover plates, nets, canvas, and other materials
designed to conceal the object. Additionally, self-adaptive smart camouflage systems have been
developed, which continuously adjust an object’s temperature and emission coefficient to blend
seamlessly with its surroundings [7, 8]. However, the thermal signature of large objects, such as
structures and mobile vehicles, greatly depends on the temperature difference (AT') between the
target and the background. This AT is a crucial parameter for developing thermal camouflage
solutions focused on temperature adjustment [9]. Smaller AT values result in low target detection
likelihood and shorter detection distances, while larger AT values lead to higher detection capabil-
ities and longer detection distances. To reduce AT, a common method is to use multi-layer thermal
camouflage textiles. This approach involves layering multiple materials to lower the temperature
of the object’s surface through heat exchange effects [9—15]. Multi-layer thermal camouflage tex-
tiles have been widely employed for the thermal camouflage of mobile vehicles across various
countries and represent a promising and highly feasible research direction in our country [15].

The article primarily covers the introduction of the general model for calculating heat ex-
change through the multi-layer textiles, temperature measurement experiments, simulation cal-
culations using MATLAB, and radiation energy measurements for several multi-layer thermal
camouflage textile samples made from available materials. The simulation and experimental re-
sults are presented and discussed in Sec. 3. The conclusion and directions for further research are
presented in Sec. 4.

2. Theoretical background, numerical model, simulations and experiment

This section introduces the fundamental theory of thermal imaging systems and a simple
model for heat transfer through multi-layered textile structures (MTS). Using existing materials
and simulations, the study optimizes the layering of these materials and evaluates the effectiveness
of thermal camouflage for the selected MTS.

2.1. Theoretical background

The thermal imaging system (TIS) captures images of the object according to the diagram
shown in Fig. 1 [16]. An object’s thermal signature describes the spatial distribution of its irra-
diance, and it is captured by the thermal imaging system. The object’s irradiance is a complex
number due to the interaction of the radiation qualities of the object and the background (emis-
sion coefficient, reflection coefficient, and temperature), as well as scattering on the atmospheric
transmission path before going to the thermal detector [17].
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Fig. 1. The basic components of a thermal imaging system (TIS).

Thermal imaging systems employ irradiance differences to generate thermal images. To
simplify the description of the object’s thermal signature, it is typical to use the temperature dif-
ference between the target and the background AT according to the formula [17]:

AT = Trg — Tpg,

A
Trg o< / j{ lerG(x,y,A) - Lrg(x,y, T (x,y)) + prc - Mes,rc(x,y,A)] dxdyd 7.,
M JArg M

A
TG o< /)L ]g lep(x,,A) - LpG(x,y, T (x,y)) + PpG - MEs.pG (x,y,A)| dxdydA,
1 BG

where the symbols “TG” and “BG” denote the target and the background, respectively. Ttg and
Tpg represent the temperatures of the target and the background, € represents the emissivity, p
represents the reflectance, L represents the blackbody radiance (W/(m?.sr.um)), T represents the
local temperature (K), and M represents the irradiation from external radiation sources (W/m?).
The above value is integrated over the area Atg or Apg (m?), within the spectral range from A; to

Az (um).
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Fig. 2. Diagram of temperature measurement by thermal camera [18].
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Heat energy can be transferred in three ways: conduction, convection and radiation. The
thermal radiation detected by the TIS consists of three sources: (1) emission from the target Wrg,
(2) emission from the surroundings reflected on the target Wi, and (3) emission from the atmo-
sphere W, as illustrated in Fig. 2. The total thermal radiation captured by the TIS (denoted as
Wris (W/m?)) is quantified by the following formula [18-20]:

Wris = €rG - Patm - Wre + (1 - 8TG> *Patm * Wref + (1 - patm) : Watm’ (2)

where p,m represents the atmospheric transmittance. It is assumed that the reflected radiation
from the surroundings has a uniform temperature T.s with an emissivity coefficient &.r equal
to one. The radiation emitted by the object, and reflected radiation is partially absorbed by the
atmosphere along the transmission path. Additionally, atmospheric radiation is emitted from the
atmosphere between the object and the TIS at the background temperature Ty, with an emissivity
coefficient of “1- pym”. The value of pum depends on Ty, humidity and the distance between
the object and the TIS. To calculate in-band radiance, an integration function similar to formula
(1) can be derived by incorporating the components from formula (2) [21].

2.2. Numerical model of heat transfer through MTS

Fig. 3. Diagram of heat transfer through n layer MTS.

A multi-layer textile is made up of overlapping single layers of material. The thermal
camouflage textile is applied directly to the object being concealed. The thermal imaging device
will then get the temperature from the object as it passes through the textile via heat transfer
mechanisms. As a result, the thermal camouflage textile is designed and manufactured to keep the
coating surface temperature within the desired range. Assume that the multi-layer textile consists
of n distinct layers of flat material with isotropic thermal properties, as illustrated in Fig. 3. For
simplicity, the analysis excludes the effect of contact thermal resistance between these layers [22].

Consider a method of static heat transfer through n layers of flat material, with each layer
having a surface temperature ty j (°C), thickness d; (mm) and heat transfer coefficient k; (i=1,2,...,n)
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(W/(m-K)), respectively. Assuming steady state heat transfer (q;=q;;+; for i=1,2,...,n+1), and that
the thermophysical properties of the material are constant, the temperature in the coating changes
linearly [23,24]. Thus, the heat transfer diagram in Figure 3 includes: the temperature ttg and the
ambient temperature t,;; are constant, and the continuous heat transfer from t; 1 to t;n+1. Thus,
the heat transfer process from ttg to ty;; will include: heat conduction from trg to tp n+1, and both
heat convection and heat emission from t; ;41 to t,ir. The heat flow density q; transmitted from the
heat source through the first material layer by conduction (denoted as qcond (W/m?)), and through
layers 2, 3, ..., n with corresponding heat flow densities q»...., 4, can be calculated as follows [23]:

ki kn  trG —trp+1
Geond =q1 = (L1 —112) - & =..=qn="tLp—tLpt1)- f = Tﬁ- 3)
' iglé

The heat flow density qu+1 from the n-th surface to the ambient air layer, including thermal
convection in the air and thermal emission from the surface, is calculated as follows:

qn+1 =Yconv + 4rad = 9cond
4 4
=0 (tppt1 —lair) O €- (tLp1” —tair ),

where ¢, ¢ and € are the exothermic coefficients, the Stefan-Boltzmann constant and the surface
emission coefficients of the n-th material layer respectively. Assume the material system consists
of 3 (n = 3) layers, and set p;=ki/d; (i=1, 2, ..., n). Since the heat flow density from the heat
source and through the material layers is constant, g; = g» = ¢3, the following formulas can be
applied:

“)

p1-(tre —tL2) = p2- (tL2 —13), 5)
pi1-tr —(p1+p2)-tLa+pa-trs =0,

p2-(tLa—13) = p3- (L3 —1r4), ©)
p2-tro—(p2+p3)-tr3+p3-tpa=0.

We also have g3 = ¢4, so:

p3-(tL3—tra) = Q- (tra—tar) + - € (tra* —tar*) o
p3-tr3—(p3+a)-tra=—0 tuir+ qraa-

Thus, for a number of layers n > 3, the following equations apply:
—(p1+p2)-tr2+prtiz+0-tpa+---+0-1r np1 = —p1-trg,
prtro—(pa+p3)-tr3+prtra+0-tps+---4+0-1 01 =0,
O-tr2+p3-tr3—(p3+pa)-tra+ps-trs+---+0-1,11 =0, -

0‘tL72+ coF Pp—1tLp—1— (pn—l "‘PH) Lt Pnlopel = 0,
O'IL,Z"‘ te +O‘tL,n—l + Dn ’tL,n - (OH‘Pn) 'tL,n-H = —O lgir + Grad-
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If we arrange the matrices A, x and B in the following form:

—(p1+p2),p2,0,---,0 Lo —p1-irG
plv_(p2+p3)7p3707"' ,0 tL,3 0
07p37_ P3+ P4 7174707"' 70 IL4 0
— ( ] ) , X= . , B= ) )]
0,--- apnfla_(pnfl‘kpn)apn ILn 0
07"' 70707pna_(a+pn) tL,nJrl _a'tair+qrad

The system of equations (8) will be written in a simple form as follows:

A-x=B (10)
Given the known values of the material layers and the deterministic values of o, trg, t,i and

Jrad> A and B are deterministic, so we calculate the value of x as the surface temperature values of
the material layers according to the following formula, where A~! is the inverse matrix of A:

x=A"!.B. (11)
To measure the textile surface temperature, use the HT 9815 Contact Thermometer, to

measure qr,q emitted from the object, use the heating source RaSou-12 and the SR-5000N Spec-
troradiometer [26], with a measured spectral range from 2.5 ym to 14 um.

2.3. Simulations

Based on the multi-layer textile model and the formulas (3), (4), (9) and (11) presented in
subsection 2.2, develop a calculation program on MATLAB software. The basic parameters of the
material layers, measured at the Center for High Technology Research and Development, Vietnam
Academy of Science and Technology, are shown in the following Table 1:

Table 1. Materials used to prepare the multi-layer textile sample.

Code Group Thickness Quantity Thermal
(g/lem2) Conductivity

coefficient

(mm) (W/(m-K))
I I-Inside 0.12 0.013 0.543
12 (Metallic 0.16 0.021 0.083
I3 coating) 0.10 0.008 0.259
Ml 5 0.048 0.103
M2 M-Middle (3D textile) 8 0.058 0.102
M3 15 0.079 0.141
0O1 0.49 0.038 0.650
02 O-Outside 0.43 0.024 0.383
03  (Camouflage print textile) 0.21 0.021 0.641
04 0.11 0.008 0.281

Randomly select materials from each of the three sets of materials (I, M, O) and combine
them in the sequence specified in Table 2:
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Table 2. Multi-layer assembly of materials from existing materials.

Number of Sort order Number of multi-layer

material layers material sample combinations
I-M-O 3x3x4=36

4 I-M-I-O 3x3x3x4=108

Run the software program in each case according to the amount of material layers (3 or
4), and can modify the number of layers to benefit the power of the calculation speed. However,
the authors only concentrate on two cases of 3 layers and 4 layers of material as represented
within the scope of the article due to the limited number of material samples and to minimize the
experimental volume; in the case of more material layers, the calculation and experimental steps
are similar. Note that, in (4), the temperature factors t; ,+; have a great influence on the values
Jrad and qp+1, so for each case of 3 layers and 4 layers of material, we need to find the layered
combination with the smallest surface temperature in the outermost material layer t 4 to test the
sample.

2.4. Experiments

According to the simulation results, the material combination that produces the lowest tem-

Spectroradiometer - 3+85m
SR-5000N :l : &

HT-9815

Fig. 4. Schematic diagram of thermal suppression measurement.

perature at the outermost surface for each case of 3 and 4 layers is identified. Multi-layer textile
samples shall be produced experimentally using the aforementioned combination. Place the multi-
layer textiles on the heating plate in turn according to the test diagram as shown in Fig. 4, and
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measure the surface temperature with the HT-9815 Contact Thermometer and the radiation energy
with the SR-5000N Spectroradiometer. The SR-5000N’s optical objective is set at a field of view
of 2 mrad, 5 m from the heating plate [26].

The heating plate is set to a temperature that is significantly higher than of the medium. In
this article, the heating plate is adjusted at 50°C and 80°C, with an ambient temperature of 30°C.
To calculate the thermal camouflage effect, the concept of thermal suppression efficiency Ts (%)
provided by MTS is used, according to the following formula [9]:

Ts(%) = Tr6 =Turs 100, (12)
Irg — Tpe
where Ttg, T, TmTs are respectively the temperature of the heating plate, the ambient temper-
ature and the outermost surface temperature of the MTS.
To calculate the heat radiation energy degrading effect of the textile, at this time the formula
(12) becomes the heat radiation energy degradation effect Trp (%) of the MTS according to the

following formula (13) [27]:

E —FE
Teo(%) = (1 — MTS,30 MTS,SO)

x 100, 13
ErGs0 — Erc 50 (13)

where Evts g0 and Evrs, 50 represent the radiation from the textile when cladding it to the heating
plate (camouflaged target) at 80°C and 50°C, respectively. Etg o and Erg so represent the radiation
from the heating plate (non-camouflaged target) at 80°C and 50°C, respectively. These values will
be measured in units of (W/(cm?-sr)) using the SR-5000N Spectroradiometer [26].

3. Results and discussion

3.1. Model calculation results

From the materials in Table 1 and formulas (3) and (4), we can see that for the minimum
surface temperature ty,; of the n-th layer, we are given a 3-layer material combination of I2M302
and a 4-layer material combination 12M31202. Applying the formula (9) and (11) with the values
set as tyg=50°C and tyg=80°C, t,;;=30°C, assuming o=13.6 (W/(m?-°C)) and Jrad (W/m?) (taken
from the measurement results in the following section), we can calculate the surface temperature
of the material layers as follows:

3 layers:
trg=50°C, Qrad=84 W/m?: tL,2=49.7°C, tL,3=34.5°C, tL,4=34.3°C.
trg=80°C, Jrad=95 W/m?: tL’2=79.4°C, tL’3=46.3°C, tL,4=45.9°C.
4 layers:

t16=50"C, qrag=86 W/m?: t_ ,=49.7°C, t 3=34.6°C, 1y 4=34.3°C, t_5=34.1°C.
t16=80°C, qraq=88 W/m?: 1 ,=79.4°C, t 3=46.9°C, t,_4=46.3°C, tr5=46°C.

3.2. Experimental result

The surface temperature of the outermost layer of the 3-layer (I2M302) and 4-layer
(I12M31202) textiles when applying them to the heating plate surface at 50°C and 80°C respectively
measured by HT-9815 with an ambient temperature of 30°C are shown in the following Fig. 5:
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Fig. 5. The surface temperature of the textiles when applied to the heat source.

With these results, it is found that, when the heating plate temperature is set at 80°C, the
textile surface temperature increases rapidly and begins to stabilize after about 6 minutes with
surface temperatures of 46.2°C (3-layer) and 45.4°C (4- layer), respectively. Where the heat-
ing plate temperature is set at 50°C, the textile surface temperature increases more slowly and
gradually stabilizes after about 4 minutes with surface temperatures of 35.4°C (3-layer) and 34°C
(4-layer), respectively. The surface temperatures measured by the contact thermometer are close
to the calculated results in subsection 3.1, but the discrepancy between the simulation and actual
measurements may be due to contact thermal resistance.

In addition, at 60 seconds, the temperature of the 3-layer 12M202 (50°C) and 4-layer
12M2I1202 at both 50°C and 80°C has the same value and then increases. This may be explained
because, in the material structure, the first two layers, including 12 and M2, are the same, therefore
when initially exposed to the heating plate, the outermost layer temperature is the same. However,
with the 3-layer I2M202 (80°C), because the heating plate temperature is high and the number of
layers is minimal, the temperature transfers to the outermost layer extremely quickly, leading to a
greater surface temperature than other textiles.

At both heating plate temperatures, the 4-layer textile had a lower surface temperature than
the 3-layer textile. Using the formula (12), we can compute the thermal suppression efficiency of
the textiles, as indicated in the Table 3.

The findings of monitoring the surface temperature of the textile using a contact thermome-
ter show that the 4-layer textile has a greater thermal suppression efficiency than the 3-layer tex-
tile. This means that the more layers a material has, the more heat suppression it has. Using
this method, we can totally design a structured textile with the appropriate number of layers of
materials to achieve excellent thermal suppression efficiency.
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Table 3. The textile’s thermal suppression efficiency at the temperature values.

Multi-layer textile The heating plate at The heating plate at
temperature 50°C temperature 80°C

3 layers - 2M302 73% 67.6%

4 layers - 12M31202 80% 69.2%

Continue measuring the radiance of the heat source with and without the MTS using the
SR-5000N Spectroradiometer [26], the results are shown in Fig. 6. The results in Fig. 6 show

2.0x10% |- P EREE
1.5x10°% |- a'N e, e
E ] .
= 8
32 & e,
<E 1.0x10% | -
S e heat source (50 °C)
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< 5.0%107 - —-—- 4 layers 12M31202 (50 °C)

——— 3 layers 12M302 (50 °C)
4 layers 12M31202 (80 °C)
3 layers 12M302 (80 °C)
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00 b assesniess™

8
Wavelength (um)
Fig. 6. Spectral radiance of the heat source with and without the MTS.

that, at heating plate temperatures of 50°C and 80°C, the 4-layer textile has a lower peak of the
irradiation power spectrum density per unit mass angle than the 3-layer textile, indicating that the
4-layer textile effectively shields the heat radiation. It can be seen that in the 8 um to 12 um
range, there is the highest irradiation power density compared to other spectral regions. Besides,
multi-layer textiles are remarkably effective in reducing the irradiation power spectrum density. In
the range of 2.5 um to 7 um, it can be seen that the irradiation power density is strongly reduced
due to two major reasons: the heating plate at 50°C to 80°C is mainly emitted in the range of 8 um
tol4 um and less emitted in the range of 3 um to 5 um because this is a low temperature range,
similar to the temperature of a person when actively moving and the surfaces when absorbing solar
irradiation.

The results demonstrate that the 4-layer textile more efficiently reduces irradiance com-
pared to the 3-layer textile. Across the entire measured spectrum of the SR-5000N, the 4-layer
textile reduced irradiance by up to 92%.
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Table 4. The textile’s radiation reduction efficiency.

Multi-layer textile Spectrum Spectrum Whole range

3 um-=-5 um 8 um--14 ym 2.5 uym-+-14 um
3 layers - 2M302 83% 64% 68%
4 layers - 12M31202 91% 82% 92%

4. Conclusion

This article developed a simple model to calculate the temperature distribution of material
layers in multi-layer thermal camouflage textiles, performed simulation calculations for design
optimization, and produced trial samples to test the textile’s heat suppression effect and irradiation
reduction efficiency.

Based on the results from 10 available material samples and the model’s calculations, two
textile structures were selected: a 3-layer structure with the order I2M302 and a 4-layer struc-
ture with the order I2M31202. Testing revealed that, at an ambient temperature of 30°C, the
4-layer textile 12M31202) outperforms the 3-layer textile in terms of thermal suppression effi-
ciency. Specifically, the 4-layer textile achieved efficiencies of 80% and 69.2% at heating plate
temperatures of 50°C and 80°C, respectively. Additionally, the SR-S000N Spectroradiometer mea-
surements showed that the 4-layer textile had greater irradiation reduction efficiency compared to
the 3-layer textile, with reductions of 91% in the 3 yum to 5 yum range, 82% in the 8 um to 14 um
range and 92% in the 2.5 um to 14 um range.

Based on the obtained results, the authors will further refine the calculation model and
incorporate a material library to optimize the layering design. This will aid in the development
of an MTS that effectively shields the heat and reduces target radiation, making it suitable for
practical applications.
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