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Abstract: Vacuum Insulation Panels (VIPs) provide significant adiabatic performance for heat/
cooling systems to reduce energy consumption. The application of fibrous porous material (FPM) as
the ideal core of VIPs has gained global attention in recent decades. The microstructure and physical
properties of FPMs, filled as novel VIPs’ core material, and holding superior thermal performance,
affected effective thermal conductivity (ETC) greatly. Aiming to deeply understand heat transfer
mechanisms, a holistic simulation method that combined with a developed 3D FPM structure gener‑
ation method and a D3Q15‑Lattice Boltzmann method (LBM) is proposed to simulate the heat trans‑
fer in FPM and to illuminate the influence factors of ETC on the microstructure of FPM in a vacuum.
The improved and modified mesoscopic 3D fibrous random micro‑structure generation approach
involved five structural parameters: generation probability of nucleus growth, fiber length, diam‑
eter, coincidence rate, and orientation angle. The calculation model of ETC is established, and the
discrete velocity, distribution, evolution, and boundary conditions of D3Q15‑LBM are invested in
detail. The model is validated with influences of different microstructure parameters. It indicated
that FPMwith finer diameter, smaller average pore size, and bigger orientation angle easily gain the
lower ETC in a vacuum. The ETC was also affected by the orientation angles of fibers. The more the
heat transfer direction is inconsistent with the length direction of the fiber, the better the adiabatic
performance is. The reliability of the model is verified by comparison, and this work is a reference
to optimize the fibrous core of VIPs.

Keywords: vacuum insulation panel; fibrous porous materials; effective thermal conductivity;
Lattice Boltzmann method; mesoscopic scale

1. Introduction
Global climate change, along with carbon emissions, threatens the international

community [1]. Focusing on Chinese carbon emissions, the government has announced
its aim to reach peak emissions before 2030, and further become carbon neutral before
2060 [2]. Although the Chinese allowance of total carbon emission before 2030 has not
yet been officially determined, every effort will be made to reach the peak ahead of time.
This has been allocated to different provinces and cities where emission reduction actions
are primarily implemented [3]. The Chinese carbon emission peak is estimated to be hit
around 2025, five years ahead of 2030, thanks to the effort of energy transformation and
conservation [4]. Thermal insulation material is an effective pathway to reduce energy
consumption, which is honored as the fifth energy source after coal, petroleum, nuclear
energy, and natural gas [5–10]. To achieve the double carbon goals, the innovation and
application of super insulation materials in China have become an urgent and active dis‑
cussion and concern [4–15].
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With their thermal superiority, vacuum insulation panels (VIPs) are admired as one
of the super adiabatic materials [16]. Its thermal conductivity is always 2–8 mW·m−1·K−1,
much lower than common insulation materials (20–120 mW·m−1·K−1). A classical VIP
mainly consists of a porous core material, a barrier envelope, and a getter, if necessary, As
introduced by H. Simmler et al. [17].

Our diagrammatic sketch of a VIP is shown in Figure 1. The porous core is composed
of a solid skeleton and inter‑connected cells, which are significant in energy exchange and
storage [18,19]. They can be applied to insulation systems due to their excellent properties.
The primary function of barriers is to prevent moisture and gases from permeating into
the core, maintaining internal pressure.
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Fibrous porous materials (FPM) were widely used as the core of VIPs. Many sim‑
ulated and experimental research studies have been performed in the literature of sci‑
ence and technology in the last decade. A general comprehension of the two‑phase heat
exchange mechanisms inside the core is vital to improve the adiabatic performance of
VIP [20]. As we all know, heat transfer in FPM depends on the thermal properties and
porosities of all components. However, it is nearly impossible to control or measure mi‑
crostructures of FPM by the experimental method in a direct way, because of its anoma‑
listic characteristics. So, the understanding of the effects of the different parameters on
the contributions that make of the heat transfer in FPM required a model with high pre‑
cision and feasibility. Simulations can indicate the actual pore structure based on macro‑
scopic parameters to illuminate the effect of micro geometric factors on heat transfer in
FPM. Two categories were introduced in the notable present literature; one is the ideal‑
ized elementary units, while the other is steerable stochastic generation.

In the last decade, many novel research studies have predicted the ETC.
Wang et al. [21], Alessandro Tugnoli et al. [22], Tian Xiao et al. [23], Wang et al. [24],
Mendes et al. [25], and Yixiong Lin et al. [26] proposed microscopic models of random
generation and proposed a method to evaluate ETC. Wei et al. [27], Bi et al. [28], and
Farahani, M. V. et al. [29] conducted a mechanistic study on pore‑scale mechanisms in
partially saturated porous media. A numerical model was developed for the prediction of
ETC using LBM, and themodel was validatedwith the experimental data to assess its accu‑
racy against the existing models. A D3Q19‑BGKwas proposed by Lu et al. [16] to research
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the ETC in a vacuum. Qu et al. [30] presented a method to simulate heat transfer in FPM
based on LBM and generated its porous geometry, but it was only implemented in two di‑
mensions. Jesse et al. [31] established a tool to generate geometry and then automatically
simulate the ETC.

In macro continuum models, the material is regarded to be continuous and uninter‑
rupted. The established series of partial differential equations involving macro physical
quantities (such as pressure, velocity, density, and temperature) and time were used to
describe various macro motions. In micromolecular dynamics models, materials are con‑
sidered to be composed of a large number of molecules. Every molecule was studied, us‑
ing Newton’s law of motion, to describe the overall flow characteristics based on statisti‑
cal methods. Due to the limitations of continuity assumptions, the continuum model is
no longer applicable to some microscopic problems. The subsequently developed meso‑
scopic kinetic theory, LBM, is a mesoscopic model that lies between the aforementioned
macroscopic continuum model and the microscopic molecular dynamics model. LBM is
regarded as the macroscopic motion is the average statistical result of the thermal motion
of all molecules.

To evaluate thermal properties in FPM, the temperature distribution in
systems [32,33], types of porous materials [34,35], and heat transfer models of porous ma‑
terials are impotent. However, while all the above generation methods have been widely
and highly employed to generate various porous materials, they can hardly be applied to
the FPMbecause of its long strip shape. Therefore, research effortwent into this study of its
microstructure and thermal properties. In this work, a developed D3Q15‑LBM for proce‑
durally generating and simulating heat transfer through FPM is presented. The modified
method provided a distinct advantage over other approaches in this paper. The measure‑
ment system to measure the ETC of VIPs is also presented. The simulation results are
discussed, and suggestions are given to improve the ETC of VIPs.

2. Model and Methods
Microstructural models present ideal geometries constructed from periodic arrays of

the regular pore. The consequence of the model is that the stochastic properties of the
microstructures are neglected for porous media, and attention is focused only on the effect
of the pore shape and ligament nodes on thermal performance. As one kind of common
porousmaterial, FPM inherently owns a randommicroporous network structurewith high
porosity, and pores are normally intruded by various fluids, such as water and air.

As we all know, DmQn (m is dimension and n is growth direction) model is the basic
model of LBM. The D3Q15 is implied in Figure 2.
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Two steps were followed. FPM geometry was first generated by D3Q15, and then the
ETC of FPMwas simulated by CFD. The two steps were followed by the physical measure‑
ments of ETC, which were involved to compare with simulated results.

2.1. Geometry Generation Approach
D3Q15‑LBM was introduced to simulate the microstructure of FPM. The solid fibers

are generated and distributed in random manner, and the connections are also randomly
constructed according to the growth of the solid skeleton. The D3Q15 model is utilized for
three‑dimension calculation. The solid fiber phase is selected as the growth phase, and the
gas (invaded pores) is selected as the non‑growth phase.

The real Microstructure of FPM was scanned by electronic scanner apparatus. The
scanning electron micrographs (SEM) for FPM are shown in Figure 3. The real microstruc‑
ture parameters can be easily gained by SEM, and the key parameters (such as fiber av‑
erage diameter, fiber average length, and orientation angle) were collected. All parame‑
ters clearly named physical mean to ensure the stochastic properties of the microstructure.
From the SEM,we can easily find that the realitymicrostructure of FPM is random, and the
fibers for structural composition are irregular, instead of tetrahedral or hexahedral. There‑
fore, considering the stochastic properties, the D3Q15‑LBM is appropriate to reconstruct
the microstructure model, which is closer to the reality microstructure. Microstructure
reconstructing process of FPM is illustrated in Figure 4.
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Figure 3. SEM image of FPM and quantities: the average diameter (a,b) was 4.3 µm and
5.4 µm, respectively.

Aftermicrostructure of the FPMwas obtained in SEM, the imageswere then imported
into ourMATLABprogram. The preprocessing of image handling includes image clipping,
filtering, histogram equalization, gray scale adjustment, linear sharpening, binarization,
and so on. After image binarization, the solid‑phase volume fraction of FPM can be calcu‑
lated, and the parameters from SEM can be imported into the D3Q15 LBM program.

Given the fact that the noise reduction is at the expense of image blurring in the fil‑
tering proceeding, while the clarity of the SEM is not high, the contrast between the target
and the background leads to deviation between the establishedmodel and the actual inter‑
nal structure. Therefore, median filtering method is used for image filtering in this work.
Histogram equalization can automatically enhance the contrast of the images, facilitating
the binarization proceeding to distinguish between the target and background colors.
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FPM mainly consists of solid fiber and the fluid that invades the pores (usually air
and water). The solid phase is selected as generation phase, and the gas (invaded pores)
as non‑growth phase. The developedmodel of FPM is described in Figure 5. The steps are
illustrated as follows:
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Generating cube domain is selected, mesh is divided, and all meshing nodes are ini‑
tialized. All grid nodes (Nx × Ny × Nz) are initialized to fluid phase. Based on the given
solid‑phase growth rate Pg (Pg is not greater than solid‑phase volume fraction, 1 − ε), the
solid‑phase fibers are randomly distributed on the grid nodes. A non‑solid growth core
(x0, y0, z0) is randomly located based on a given constant core distribution probability, cd.
Each node in the region is traversed, and a random number is generated within the (0, 1).
If the given random number is less than Pg, the node is a solid‑phase fiber. Otherwise, the
node is not a solid‑phase core.

Inclination angle α and azimuth angle β are defined to evaluate the fiber growth di‑
rection; α is the angle between fiber and z‑axis, β is the projection angle between fiber and
y‑axis in plane Z, and a length l f and a diameter d f are given to limit the fiber geometry,
as illustrated in Figure 2.

All grids are traversed and located at a non‑solid point. If the peripheral node redistri‑
bution of random number is, respectively, smaller than P, the point changes to
solid phase.

Steps (2)–(4) are repeated until the solid‑phase volume fraction reaches the previous
setting value.

The procedure ended, and the results were output.
The microstructure of FPM is reconstructed according to six parameters: cd, α and β,

l f , d f , and ε. According to functions, α and β always constant values or random values.
While l f and d f are defaulted to be random values in [0, Nx] and [2 µm, 4 µm], respectively.
Furthermore, orientation angle θa is introduced and defined as the angle between fiber
length direction and heat transfer direction. Two typical growth directions of fiber length
are defined, which are perpendicular to heat transfer direction and parallel to heat transfer
direction, and also a random number in uniform distribution [0, 90◦]. In Figure 2, we can
see that the fibers interweave through each other rather than interpenetrate into each other.
An interpenetrating rate is named to calculate the probability that one fiber interpenetrates
another in random generating proceeding.

D3Q15LBM model, a 3D randomly constructed physical model of FPM, was applied
to simulate the heat transfer process inside the material and predict its ETC. Due to the
dense grid division, the generation and iterative evolution of physical models require
a long time to complete, and the requirements for computer hardware are high. Mesh divi‑
sion that is too sparse may lead to significant differences between the constructed physical
model and the actual microstructure, resulting in insufficient simulation accuracy. Consid‑
ering the above two situations, the calculation domain is divided into 200× 200× 200with
a grid step size of δX = 1 µm. The FPM structure that was reconstructed by the modified
model is shown in Figure 6.

2.2. ETC with LBM in Simulation
LBM is well suited to simulate heat transfer in resolving FPM. Two equations were

combined to solve the conjugate heat transfer. One is involved in solving the diffusion
equation, which was introduced in Section 2.2.1, and the other is relative to radiative trans‑
fer, which was described in Section 2.2.2.
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The diffusion equation can be solved by:

f (x + ∆x, t + ∆t) = fi −
1
τ
( fi − f eq

i ) (3)

The equilibrium function fieq is given according to [24].

f eq
i = wiT(x, t) (4)

where T (x, t) is local temperature and wi is weight coefficient, calculated below [16]:

ωi =


2/9
1/9
1/72

i = 0
i = 1 ∼ 6

i = 7 ∼ 14
(5)

The local temperature T (x, t) and heat flux q (x, t) are calculated by

T(x, t) = ∑i fi(x, t) and q(x, t) =
τ − 1

2
τ ∑6

i=0 ci fi(x, t) (6)

Referring to Chapman–Enskog expansion [24],

τ =
α

c2
s
+

1
2

(7)

α =
λ

ρcp
Additionally, cs =

1√
4

. τ|Ωs= τs , τ
∣∣∣Ω f = τf . ρ f ∗ = 1ρs∗ = ρ f ∗

cp, f

cp,s

2.2.2. Radiation Equations
A. Mink et al. [36] introduced a mesoscopic sink term to solve the radiation transfer

equation. Assumptions were proposed according to the P1‑approximation–homogeneous
participatingmedia, spatially constant scattering, and absorption parameter σs and σa. Ad‑
ditionally, the radiation equation can then be modified as

1
c

∂∅
∂t

=
1

3(σa + σs)
∇2∅− σaϕ (8)

where the artificial diffusion coefficient D is

D(σa, σs) =
1

3(σa + σs)
(9)

gi(x + ∆x, t + ∆t) = gi −
1
τg

(
gi − geq

i

)
− 3σa(σa + σs)

8
gi (10)

where geq
i = wiφ and τg = 1.

Based on distribution function’s Zeroth moment, the spatial light intensity is

φ(x) = ∑i gi (11)

Following the Stephan–Boltzmann law, the boundary radiation intensities are
chosen by

∅ =

(
T(x, t)

Thot

)4
(12)
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2.2.3. ETC
Heat transfer in VIPs λg, λs, λr, and λc is summed.

λe = λg + λs + λr + λc (13)

where λe in resolved packing is calculated by

λe =
qeL
∆T

(14)

where qe is given by
qe = qs + q f + qr (15)

qr is calculated by
qr = σa

(
4σbT4 − ϕ

)
(16)

where, σb is the Stephan–Boltzmann constant.
The ECT is then gained in the simulation.

2.3. Variables in Simulation
λg (convection) is given by

λg =
λg0

(1 + 2β·Kn)
(17)

λg0 is the effective thermal conductivity in continuum (26.606× 10−3W·m−1·K−1 [16]).
β values for air and vapor are 1.63 and 1.5, respectively.

Along with inside air pressure decreasing, the heat transfer through the fluid de‑
creases inversely proportional to Knudsen number [16].

Kn =
l f

Φ
(18)

lf can be given by

l f =
1√

2πσ2
g n

(19)

n is the number of molecules per volume n = N
V
[
m−3] and σg is the molecular diam‑

eter (air): σg =
(√

2πl f n
)−1

= 3.7 × 10−10m.
The range of Knudsen number is 10−1 ≤ Kn ≤ 101. Heat convection can be neglected

when the pore size is smaller than 3 mm [16]. An initial δ is given in (20).

δ = (2/3) · d · π/(1 − π) (20)

ρf can be calculated by

ρ f =
pg

(Rs ·
−
T)

(21)

where Rs is 287.058 J·kg−1·K−1 [16] and T is 305.65 K.
σa is approximated as

σa = 9.2693 × 10−3 log(P) +1.3437 × 10−1 log(P) + 4.7933 × 10−1 (22)

σs is given as 0.1 [16].
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2.4. Thermal Boundary
The nonequilibrium distribution bounce‑back rule is employed to solve isothermal

boundary to calculate ETC; the boundary treatments in detail are illuminated in Table 1
and Figure 8.

Table 1. Boundary condition definition.

Items Condition Lbm Solution

Hot Plate Isothermal boundary
(Thot = 302 K)

The nonequilibrium distribution
Bounce‑back rule

Cold Plate Isothermal boundary
(Tcold = 298 K)

The nonequilibrium distribution
bounce‑back rule

Top Wall Adiabatic (q = 0) Neumann boundary
BottomWall Adiabatic (q = 0) Neumann boundary
Front Wall Adiabatic (q = 0) Neumann boundary
Back Wall Adiabatic (q = 0) Neumann boundary
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2.5. Measurement Device
To collect the ETC of VIPs, the experimental devices were set up. The inter‑pressure

in VIPs is the key parameter to evaluate the thermal insulation properties. A vacuum ap‑
paratus including a pressure sensor, valve, on/off, and pressure gauge was designed to
measure the final vacuum degree. The schematic is shown in Figure 9a. The typical accu‑
racy of the measurement is ±3%.

To measure ETC of samples (in Figure 9b) versus various internal pressures, the
guarded hot plate apparatus is employed. The measurement system is shown
in Figure 9c,d.

In this system, a heating block is located in center. An electric heating unit is installed
in heating block. It is made of pure copper with the size 150 × 150× 50 mm3. The heating
block is surrounded by a guard plate. The specimen is placed between cold plate and
heating block/guard plate. Both cold and hot plates are made of pure copper, and the sizes
of both are 300 × 300 × 50 mm3. The temperatures of both plates are maintained constant
by an isothermal water tank.
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In measuring the ETC of specimen, the cold plate is held at a constant temperature of
15 ◦C while the hot plate maintains a constant 35 ◦C. The power required to maintain the
hot plate temperature is recorded. The ETC is automatically reported once the temperature
reaches stable value.

3. Results and Discussion
In this section, the LBM is performed to investigate the effects of gas pressure, fiber

diameter, and orientation angle on the ETC of the FPM, especially on the ETC. All the
unspecified values are set as default.

3.1. ETC Versus Gas Pressure and Fiber Diameter
Gas pressure seriously affected heat transfer through VIPs with the FPM core. The

mentioned literature above reflected that the FPM can gain an excellent adiabatic perfor‑
mance in extremely low pressure (≤ 50Pa). However, it is sensitive to pressure fluctua‑
tion [18,36]. The reason may be due to its high open cell rate and large pore size against
other materials. The above literature did not directly explore the effects of fiber diameter.
In this work, five diameters, that is, d f = 1 µm, 2 µm, 4 µm, 6 µm, and 7 µm are involved,
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and the microstructure was reconstructed with ε = 0.9, cd = 0.0001; l f = U(0, Nx); and
θa = U(0, π). λe versus d f illuminates the similar trend as Pg changes, which is shown in
Figure 10. With λe = 8 mW·m−1·K−1 as the failure threshold, t d f = 7 µm obtained the
threshold value, while the Pg was 100 Pa. The finer the fiber diameter is, the higher the fail‑
ure pressure is. The Knudsen can be introduced to illuminate. The characteristic pore size
(lcs) is close to diameter. The fiber diameter of the microstructure in Figure 3a was finer
than that in Figure 3b. A finer fiber diameter means more fibers were required to gain
the same porosity. The smaller pore size and more uniform pore distribution exhibited in
Figure 3a are better than that in Figure 3b.
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gassing from the FPM and permeating into the panel through the barrier. It indicated that 
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Figure 10. Temperature distribution in simulation (ε = 0.9, cd = 0.001, l f = de f ault, and θa = de f ault)
under two pressures at the steady condition: (a) d f = 1 µm; Pg = 105 Pa; (b) d f = 7 µm; Pg = 105 Pa;
(c) d f = 1 µm; Pg = 1 Pa; and (d) d f = 7 µm; Pg = 1 Pa.

The average diameter of FPM is a controllable parameter in simulation. It is necessary
to understand the effects of this parameter on ETC.Here, themean diameter of FPMvaried
from 1 µm to 8 µm to disclose the mean diameter impacting the ETC. The results shown
in Figure 11 indicated that the ETC of the small mean diameter was much lower than that
of the larger mean diameter, especially when the gas pressure exceeded 10 Pa. The reason
for this behavior is that the suppression of gaseous ETC is due to the reduced smaller pore
size. It is visible in the shape of the fitting data, where the second inflection point in the
“S‑shape” curve presents at gas pressures above 100 Pa. In addition, with the decrease in
the mean diameter of glass fiber, the porosity became lower and lower, and the lower criti‑
cal pressure decreased. From the results shown in Figure 10, it is suggested that the mean
diameter of ultrafine glass fibers should be preferred at 1 µm to obtain the lower thermal
conductivity; however, the cost would increase significantly from the perspective of pro‑
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ducers. Hence, the mean diameter of ultrafine glass fibers would be a flexible option, and
a reasonable mean diameter and economy should be considered for various applications.
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Five specimens of VIPs were fabricated under the same conditions, but at different
pressures varying from 0.1 Pa to 100 Pa. The comparison between experimental and pre‑
dictive ETC is shown in Table 2. λe curves varying with vacuum are shown in Figure 11.

Table 2. The comparison of experimental and predictive ETCs.

Items

Specimen
1 2 3 4 5

Initial air pressure/Pa 0.1 1 10 100 1000

Measured ETC/W·m−1·K−1 2.68 2.96 3.19 5.84 14.63

Predictive ETC/W·m−1·K−1 2.61 2.83 2.94 4.86 10.44

error 0.03 0.04 0.08 0.17 0.29

The ETC of VIPswasmeasured by the formerlymentioned apparatus. Each specimen
was measured five times to reduce the error. Additionally, the average value was adopted
as the final experimental value. The predictive values can be calculated by the developed
model, and the error between experimental and theoretical values can be obtained.

The deviation between experimental and predictive ETC was due to the gases out‑
gassing from the FPM and permeating into the panel through the barrier. It indicated that
when the pressure was less than 10 Pa, the ETCs of both values were close, and both of
themwere no more than 4.0 m·W·m−1·K−1. While the inside pressure exceeded 10 Pa, the
measured ETC increased sharply. With the pressure increasing, the deviation increased be‑
tween measured and calculated values. The reason for this is that high pressure resulted
in thermal convection, and the coupling thermal conductivity was ignored in the predic‑
tive model. Once the free path of the air molecules in the pores is smaller than that of
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the pore size, the convective heat transfer will be notable, and the ETC of the VIPs will
increase sharply.

3.2. The Effect of Orientation Angle on ETC
Two growth directions of fiber were involved in this work: perpendicular or/and par‑

allel to the heat transfer direction. λe curves varying with the angle in vacuum 10 Pa are
shown in Figure 12. An increase in orientation angle resulted in a subsequent λe, which
dropped until the angle was at 90◦; meanwhile, λe reached the minimum value. Fur‑
ther conclusions can be gained in Figure 13: that the heat transfer of fiber directionally
increased, and the heat transfer was biased toward the fiber length direction. When the ori‑
entation angle was 90◦, the heat path mainly went along with the interface perpendicular
to the direction (in Figure 13a). When the orientation angle decreased, the heat path short‑
ened, and the temperature field could be noticeably degraded (shown in Figure 13b–d).
In addition, the λe variation range expanded under low pressure. The reason was that
gas heat conduction was greatly suppressed in a vacuum, and the proportion of fiber heat
conduction in ETC increased.
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Figure 13. Temperature distributions in Simulation (ε = 0.9, cd = 0.001, l f = de f ault, d f = 4 µm,
and Pg = 10 Pa) with different orientation angles at the steady state: (a) θa = 0◦; (b) θa = 30◦;
(c) θa = 60◦; and (d) θa = 90◦.

4. Conclusions
A modified D3Q15‑LBM was proposed in this work to investigate the dependencies

of ETC on FPM microstructure in a vacuum. The model is theoretically and experimen‑
tally validated. The parameters involved were concentrated to illuminate the significant
impacts on FPM. Conclusions can be made into the following points:
(1) The influences of five microstructure parameters, that is, the generation probability

of nucleus growth, fiber length, diameter, coincidence rate, and orientation angle on
ETC, are highlighted;

(2) Based on five structural parameters, an improved generation approach, D3Q15‑
LBM, was deduced. The model is validated with influences of different
microstructure parameters;

(3) The effects of microstructure parameters were numerically analyzed, and the model
was validated. It indicated that an FPM structure with a finer diameter and smaller
pore size had a more excellent ability to maintain a lower ETC in a higher vacuum.
The ETC was also affected by the orientation angles of fibers. The more the heat
transfer direction is inconsistent with the length direction of the fiber, the better the
adiabatic performance is;

(4) The reliability of the model is verified by comparison with the experimental values.
Additionally, a suggestion was made that low ETC of VIPs by optimizing the mi‑
crostructure of FPM and increasing the vacuum can be obtained. The work is a refer‑
ence to optimize the FPM core of VIPs.
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Nomenclature

ETC/λe effective thermal conductivity, W·m−1·K−1

FPM fibrous porous medium
λ thermal conductivity, W·m−1·K−1

Nx lattice number of corresponding dimension
x0 core growth coordinate
cd core distribution probability
α angle between z‑axis and fiber, ◦
β angle of fiber with y‑axis in Z plane, ◦
l f fiber length, µm
lcs characteristic size of cells, m
d(x,y,z) normal distance, µm
l(x,y,z) axial distance, µm
θa orientation angle, ◦

λs solid thermal conductivity, W·m−1·K−1

λg gas thermal conductivity, W·m−1·K−1

λc convection thermal conductivity, W·m−1·K−1

λr radiation thermal conductivity, W·m−1·K−1

λcoup coupling thermal conductivity, W·m−1·K−1

λleak leakage thermal conductivity, W·m−1·K−1

λg0 free space gas thermal conductivity, W·m−1·K−1

ρ density, kg·m−3

dg diameter of the air molecules, 3.72 × 10−10m
ε porosity
d f fiber diameter, µm
T temperature, K
Pg gas pressure, Pa
i discrete direction
x location vector
ei discrete velocity
t discrete time
f eq
i local equilibrium function

wi weight coefficient
T(x, t) local temperature, K
τ dimensional relaxation time
c lattice sound speed
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βe energy transfer efficiency
Kn Knudsen number
KB Boltzmann constant, 1.38 × 10−23 J·K
fi temperature evolution function
L plate distance, m
∆T temperature difference, K
q heat flux, W·m−2

cp specific heat capacity, J·kg−1·K−1

Pext external pressure, Pa
δt time step, usually given as 1
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