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a b s t r a c t 

Woven-fiber ceramic materials have shown remarkable results in the design of insulative lay-up struc- 

tures for flexible thermal protection systems. A deeper understanding of heat transfer through the dif- 

ferent insulation layers is key for predicting the performance of heat shields. In this article, a thermo- 

mechanical multiscale model is developed to predict the out-of-plane thermal conductivity at the micro- 

and meso-levels of transversely loaded two-dimensional woven ceramic fabrics. Knudsen effects within 

the multiscale structure are studied by adjusting gas pressure conditions. Alumina-based Nextel-BF20 and 

silicon carbide Hi-Nicalon with a 5-harness satin weave pattern are modeled by finite-element analysis. 

The computational results are validated experimentally by applying the anisotropic transient plane source 

method. We find that out-of-plane thermal conductivity decreases significantly with gas pressure due to 

Knudsen effects in the confined air within the fibrous structure. The dependence of thermal conductivity 

of fabrics on fiber volume fraction is shown to decrease markedly with pressure reduction. The proposed 

multiscale modeling approach yields a notable accuracy improvement, with respect to simplified series- 

parallel models, when compared with our experimental measurements. The FEA model is applicable to 

other fabric materials and loading conditions and presents an opportunity to study how changes at the 

fiber level affect the overall thermal behavior of woven fabrics. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Current Entry, Decent and Landing (EDL) systems are expected 

o face important challenges with the increasing landed payload 

eight and size in future space missions. Deployable aeroshells 

ike the Hypersonic Inflatable Aerodynamic Decelerator (HIAD) 

ave been proposed to overcome such challenges. The larger drag 

rea attainable with this system can significantly reduce ballistic 

oefficients and afford higher Mach numbers and dynamic pres- 

ures. Despite the lower entry heating produced by a lower bal- 

istic coefficient, hypersonic atmospheric entry still produces con- 

iderable aerothermal loads for the aeroshell to require a flexible 

hermal Protection System (TPS) [1] . 

The precise modeling of the out-of-plane thermal conductivity 

f the outer woven ceramic fabric is crucial for the design and 

nalysis of the lay-up structure that integrates the HIAD’s flexi- 

le TPS [1] . Here, a fabric is viewed as a multiscale composite 

ith a porous structure consisting of a woven-fiber material and 

 gaseous matrix organized in 3 distinctive levels: Fabric, yarn and 
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ber as shown in Fig. 1 . At microscopic scale, the properties of 

he fibers and confined gas together with their arrangement in the 

arn control the thermal behavior of the yarn. Analogously, the ar- 

angement and effective thermal properties of the yarns and gas 

etermine the fabric properties at the mesoscale. In our previous 

ork [2] , a finite-element analysis (FEA) methodology to quantify 

he anisotropic thermal conductivity of two-dimensional woven ce- 

amic fiber materials was proposed and validated using hot-disk 

ransient plane experiments. The model provided useful insights 

nto heat conduction at the mesoscale in fabric materials under a 

ransversal compressive load. A parametric study showed that to 

apture the correct behavior of the fabric in the out-of-plane di- 

ection, a better description of the thermal behavior of confined 

ir was necessary [2] . 

Kaganer [3] described how the thermal conductivity of a gas 

s affected by being confined within a space with a characteristic 

ength close or smaller to that of its molecular mean free path. 

everal researchers have used this description to model gas con- 

uction in porous materials, such as spherical beds or aerogels 

4-7] . Others [ 8 , 9 ] have used one-dimensional differential equa- 

ion formulations to describe the thermal conductivity and tran- 

ient behavior of lay-ups of fibrous insulators while accounting 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121085
http://www.ScienceDirect.com
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Nomenclature 

440 Nextel fiber type 

5HS 5-harness satin weave type 

BF20 Nextel fabric type 

DEM discrete element method 

FEA finite element analysis 

HIAD hypersonic inflatable aerodynamic decelerator 

RVE representative volume element 

SEM scanning electron microscopy 

TPS transient plane source 

A cross-sectional area of the RVE 

Cond gap thermal conductance 

C p specific heat capacity at constant pressure 

C v specific heat capacity at constant volume 

D dimensionless function 

D f diameter of the fiber 

d 1 characteristic length of a pore in the vertex region 

d 2 characteristic length of a gap within fibers in the 

edge region 

d g diameter of the gas molecule 

E Young’s modulus 

K air thermal conductivity of air 

K air0 thermal conductivity of air in STP conditions 

K fiber thermal conductivity of a fiber 

k B Boltzmann’s constant 

K eff effective thermal conductivity of the model 

Kn Knudsen number 

K in effective thermal conductivity in the in-plane 

K out effective thermal conductivity in the out-of-plane 

L dimension of the microscale model 

L C characteristic length 

P gas pressure 

P 0 output power 

Pr Prandtl number 

Q Heat flow 

r radius of the sensor 

T temperature 

V f iber volume fraction of fiber 

V 0 
f iber 

initial volume fraction of fiber 

x distance travelled by the heat 

Greek letters 

α accommodation coefficient 

γ adiabatic coefficient 

� difference operator 

ε strain 

κ thermal diffusivity 

λ molecular mean free path 

ρ density 

σ stress 

τ dimensionless time 

Subscripts 

0 initial condition 

air air property 

eff effective property 

f fiber property 

g gas property 

in in-plane property 

out out-of-plane property 

p constant pressure 

v constant volume 

Superscripts 

0 initial property 
g

2 
or confined gas effects. Daryabeigi et al. [ 10 , 11 ] studied the ef-

ect of pressure and temperature on the heat transfer of non- 

oven insulators for thermal protection systems, the gas behav- 

or was modeled as a standard gas conduction model, using Ka- 

aner’s correction with an empirical fit for the characteristic length 

f the pore. Zhao et al. [12] applied the same methodology to 

reat the gas behavior in different fibrous materials. Lurie et al. 

13] studied the influence of mean distance between fibers in 

he effective gas conductivity for non-woven materials. Despite 

ll efforts, it is a general practice to treat thermal conductiv- 

ty through fibrous insulators as a mixed series-parallel model 

r to use a semi-empirical formulation or an analytical solution 

f a simplified problem. However, a thermo-mechanical physics- 

ased multiscale model that accurately captures the gas behavior 

t both micro- and meso-levels is still lacking to simulate the ef- 

ective out-of-plane behavior of heat conduction through woven 

nsulators. 

The objective of this article is to develop a new thermo- 

echanical FEA model for the out-of-plane thermal conductivity 

cross the multiscale 3D structure of woven fabrics to more accu- 

ately simulate and understand the effects of mechanical strain and 

as pressure. The FEA results are then compared to hot-disk tran- 

ient plane source experiments conducted under variable pressure. 

his article is organized as follows. Section 2 describes the exper- 

mental methodology and woven ceramic materials tested in this 

tudy. Section 3 presents the proposed model for the intra-yarn 

eat-transfer at microscale that takes air pressure into account. 

ection 4 focuses on the dynamical behavior and heat-transfer 

imulations in the woven fabrics at the meso-level, where results 

rom both FEA models and hot-disk measurements are compared. 

he effects of gas pressure and micro-spacing in woven fabric ma- 

erials, as well as, a comparison between the two studied mate- 

ials, and advantages and limitations of the proposed multiscale 

odel, are discussed in Section 5 . 

. Materials and experimental methods 

.1. Materials 

Alumina-based Nextel-BF20 (3M, St Paul, MN, USA) and silicon 

arbide Hi-Nicalon (COI ceramics Inc., San Diego, CA, USA) woven 

abrics with a 5-harness satin pattern were used for this study. The 

abrics were cut in 40 × 40 mm 

2 samples using a rotary blade and 

 self-healing mat to minimize distortion. 

The fiber of Nextel-BF20 fabrics, Nextel-440, is an alumi- 

oborosilicate material with a composition of Al 2 O 3 70 wt%, SiO 2 

8 wt%, B 2 O 3 2 wt% [14] . The fibers had a filament diameter of 10–

2 μm and the nominal filament count for a single yarn was 750 

bers. Prior to testing, the organic sizing of the Nextel fabric was 

emoved by heat cleaning following the protocol suggested by the 

anufacturer. The samples were place into a furnace at room tem- 

erature, the temperature was ramped up to 700 °C in 45 minutes 

nd then kept at the prescribed temperature for 1 hour. The sam- 

les were left to cool to room temperature inside the oven [15] . 

ue to the lack of literature data on the thermal conductivity of 

extel 440 fibers, it was approximated to that of mullite, 7 W/m/K 

16] . The density was equal to 3.05 ± 0.03 g/cm 

3 , measured with 

 pycnometer and a high-precision scale. 

Hi-Nicalon fibers consisted of a β-SiC nanocrystalline structure 

ith a composition of Si 62 wt%, C 37 wt% and O 0.5 wt% [17] . The

bers had a filament diameter of 14 μm and a nominal filament 

ount of 500 fibers per yarn. A thermal conductivity of 8 W/m/K 

18] was used for the Hi-Nicalon fibers. A density of 2.68 ± 0.03 

/cm3 was found by applying the above methodology. 
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Fig. 1. Alumina-based Nextel-BF20 and SiC Hi-Nicalon woven fabrics. Scanning electron microscopy images of (a)-(b) Meso-scale view of as-received woven fabrics, (c)-(d) 

Micro-scale yarn sections, and (e)-(f) single fibers for heat-cleaned Nextel-440 and Hi-Nicalon, respectively. 
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.2. Experimental procedure 

Thermal conductivity was measured by the hot-disk transient 

lane source method. This technique is based on the use of a plane 

lement that acts both as temperature sensor and heat source [19- 

2] ; the sensor was placed between two plies of 4 fabric samples 

s illustrated in Fig. 2 . This technique measures in-plane and out- 

f-plane thermal conductivity and diffusivity simultaneously. The 

ot-disk transient plane source method is further discussed in de- 

ail elsewhere [2] . A TPS2200 analyzer (Thermtest, Fredericton, NB, 

anada), which had an accuracy > 95% and repeatability > 99% was 

sed for data acquisition and postprocessing. 

Under the assumption of transversely isotropic infinite media, 

nd by spatially averaging the temperature over the area of the 

ensor, the solution of Fourier’s law for heat conduction applied to 

his system is [19-22] : 

T̄ ( τin ) = 

⎛ 

⎝ 

P 0 (
π

3 
2 r 

√ 

K in K out 

)
⎞ 

⎠ D ( τin ) (1) 

here τin = 

√ 

κin t /r is a dimensionless time parameter. 

By iteration over the thermal diffusivity κin = K in / ( ρC p ) , τin was 

omputed to yield a linear relation between �T̄ ( τ ) and D ( τ ) .
in in 

3 
rom the slope of Eq. (1) , the anisotropic experiment yields the 

roduct K in K out . Finally, the volumetric heat capacity ( ρC p ) was 

sed to de-couple the conductivity values. 

The volumetric heat capacity ( ρC p ) was measured using the 

eat capacity module of the TPS2200 analyzer. However, the heat 

apacity measured using this method corresponds to that of a 

olid material without pores. Values of 2.3317 ± 0.0031 MJ/m 

3 /K 

nd 1.8126 ± 0.0028 MJ/m 

3 /K were found for Nextel-440 and Hi- 

icalon, respectively. Similar values have been reported for fibers 

ith a composition and structure close to those of Hi-Nicalon [23] . 

y describing the fabric to be a composite with a gaseous matrix, 

owever, a rule of mixtures was applied to account for the air con- 

ribution, such as 

 

ρC p ) fabric = V f iber ( ρC p ) f iber + 

(
1 − V f iber 

)
( ρC p ) air (2) 

here V f iber is the volume fraction of ceramic fibers. 

Compressive strain was incrementally applied to the fabric sam- 

les ( Fig. 2 ) to study the effect of deformation on the out-of-plane 

hermal conductivity. During compression, the fiber volume frac- 

ion increased, which induced a rise in the volumetric heat capac- 

ty of the system. Although the heat capacity per unit mass of the 

abric was approximately that of the solid, the same did not apply 

or the heat capacity per unit volume because the volume of air 
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Fig. 2. Experimental thermal conductivity characterization using the hot-disk tran- 

sient plane source method under controlled air pressure conditions. (a) Sketch of 

the set up. (b) Optical image of the vacuum cabinet and hot disk sample holder. 
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Fig. 3. Thermal conductivity of air as a function of confinement spacing for an air 

pressure of 1, 0.16 and 0.01 atm. 
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epresented 55-70% of the representative volume element (RVE), 

s will be discussed later in Section 4.1 . Subsequently, thermal 

onductivity measurements were corrected at each loading condi- 

ion. To make this correction, we used the fiber volume fraction 

omputed in compression by FEA, because direct measurement is 

ot feasible experimentally. It may be argued that the compression 

train predicted by FEA could underestimate the actual experimen- 

al value. For this reason, the bridge between experiment and FEA 

odel was done through the compression stress, calculated from 

he applied transverse load in the experiment and reaction force in 

he model. It is assumed that both experiment and model produce 

ame deformation under an identical compressive stress. Therefore, 

or each measurement, V fiber was calculated computationally from 

he percentage of compression strain that yields the same stress as 

hat in the experiment. 

To study the effect of air pressure in the thermal conduction 

f the fabric, the sample holder was mounted inside a vacuum 

abinet (F42400-4021, Bel-Art SP Scienceware, NJ, USA) ( Fig. 2 (b)), 

29inHg vacuum for 72hr capacity). Hi-Nicalon and heat-cleaned 

extel-BF20 samples were tested under the same conditions. A 

ensor of 6.4 mm radius was used to perform the measurements. 

o prevent air leaks, epoxy resin was used to seal the cable of 

he hot-disk sensor. A ply of 4 fabric samples was used at each 

ide of the sensor. The optimum recording time and output power 

ere determined through an iterative process. A transient record- 

ng time of 10s and an output power of 40 mW were used in

his study for both materials. Starting from an un-loaded state, the 

hermal conductivity was measured at 1 and 0.16 atm before an in- 

rease in compressive stress, 3 thermal conductivity measurements 

ere executed for each data point. To ensure the system returned 

o thermal equilibrium and mechanical relaxation, wait times of 
4 
0 minutes were used between measurements. Room temperature 

onditions remained constant at 23 ± 1 °C. 

. Micro-level intra-yarn heat-transfer 

.1. Proposed finite-element model 

It has been shown that to represent the thermal behavior of 

onfined air in micro spacings, as a function of pressure and tem- 

erature, the air thermal conductivity K air must be corrected such 

s [3] , 

 air = 

K air0 

1 + 2 

( 2 −α) 2 γ
α( γ +1 ) 

1 
Pr 

Kn 

(3) 

here K air0 is the thermal conductivity of free air, α is an accom- 

odation coefficient that characterizes the behavior of a gas par- 

icle in the collisions with a solid and varies between 0 and 1 [3] ,

= C p / C v is the adiabatic coefficient or heat capacity ratio, P r is 

he Prandtl number and Kn is the Knudsen number, given by the 

xpression: 

n = 

λ

L c 
= 

k B T 

π
√ 

2 d g 
2 
P L c 

(4) 

Here, λ is the molecular mean free path length, k B is the Boltz- 

ann’s constant, T is the gas temperature, d g is the diameter of 

he gas molecule, P is the pressure, and L c is the characteristic 

ength. The Knudsen number is defined as the ratio between the 

olecular mean free path length of a gas to a characteristic physi- 

al length and indicates whether a continuum or kinetics theory 

f gases should be applied. When the characteristic length ap- 

roaches the molecular mean free path and Kn > 0 . 1 , continuum 

heory is no longer applicable, and the thermal conductivity should 

e corrected by using Eq. (3) [3] . The characteristic length L c for 

brous insulations is typically approximated by the characteristic 

ore length as [12] , 

 c = 

πD f iber 

4 V f iber 

(5) 

here D f iber is the fiber diameter. Here, we will use L c to model 

he micro-spacing between fibers. Fig. 3 represents the theoretical 

alue of air thermal conductivity, as a function of spacing L c , ob- 

ained for different P pressures by combining Eqs. (3) - (5) . 
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Fig. 4. Intra-yarn RVE thermal modeling. (a) Randomized periodic structure of fibers. (b) Voronoi cell structure of the RVE and (c) gap size method for local assignment of 

thermal conductivities. (d) Finite element mesh of the intra-yarn RVE. (e) Air thermal conductivity map of the periodic RVE, and (f) close view of the intra-yarn thermal 

conductivity map. 
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A 3D FEA model of the fibrous structure was created to accu- 

ately study the heat conduction at the microscale inside yarns. 

EM analysis of the yarn structure shown in Fig. 1 (c) and (d) in-

icated that the fibers were mostly parallel to each other with a 

andom cross-sectional distribution. Therefore, following this ob- 

ervation, our RVEs were constructed in 2D with periodic bound- 

ries and different V f iber = 45, 50, 55 and 60%. To this end, a Dis-

rete Element Method (DEM) solver was coded to generate a ran- 

om fiber distribution. A set of 49 fibers with a prescribed ra- 

ius were placed in the plane with a square packing structure. The 

bers were positioned at equidistance to produce the exact fiber 

olume fraction. The elements (fibers) were given random forces 

nd the simulation box had periodic boundaries. A penalty con- 

act property was established between them and the simulation 

as left to run to produce a random fiber distribution. Fig. 4 (a) 

hows the result of this simulation, where in blue are the simu- 

ated fibers, and in red the periodic counterparts inside the simula- 

ion box. The fiber distribution was imported to ABAQUS [25] after- 

ards and meshed. Diffusive tetrahedral elements were used with 

 size of 0.5 μm. The Hi-Nicalon fibers and Nextel-440 fibers were 

odeled using cylinders with D fiber = 14 μm, and 12 μm, respec- 

ively. The space occupied by air was modeled as a fluid matrix. 

To properly assign a conductivity value to air elements accord- 

ng to their L c , the air region was spatially parametrized using 

 Voronoi cell structure as shown in Fig. 4 (b). On each Voronoi 

ertex, a pore space was defined as the largest circle, centered 

t the vertex, without fiber material ( Fig. 4 (c)). A characteristic 

ength ( L c ) equal to the diameter of the circle was assigned to the 

ore. The air space was divided in 2 region types: “vertex” region 

red color in Fig. 4 (c)) was the space where the pores covered the

oronoi cell boundaries, and “edge” region (blue color in Fig. 4 (c)) 

he remaining space within fibers. If an air element centroid was 

n the “vertex” region, the thermal conductivity was calculated us- 

ng the characteristic length of the pore that contained the element 

d 1 in Fig. 4 (c)), the largest characteristic length if it lied in more 

han one pore, and the characteristic length of the closest pore if 

t was not contained by any pore. On the other hand, if an ele-

ent centroid was in the “edge” region, L c was calculated as the 

ength of the line, perpendicular to the Voronoi cell boundary, that 
5 
oes through the centroid of the element and connects both fibers 

d 2 in Fig. 4 (c)). The thermal conductivity was then computed for 

ll the air elements in the RVE, the resulting model accounted for 

icro-spacing effects in between fibers as well as any variation in 

ressure as shown in Figs. 4 (e) and (f). 

A 296 K predefined temperature field was established as ini- 

ial condition. A temperature gradient of 5 K was applied as the 

oundary condition, keeping the rest of the surfaces insulated. 

ue to the low temperatures and low gradients, radiation effects 

ere considered negligible. Air was considered stagnant within the 

orous structure, therefore only thermal transport through conduc- 

ion was contemplated. 

Material properties were modeled by heat-transfer user-defined 

aterial subroutines (UMATHT) in ABAQUS. The thermal conduc- 

ivities of the fibers were those estimated from experiments, as 

iscussed above. Air thermal conductivity properties were cal- 

ulated for pressures of 1 atm, 0.16 atm and 0.01 atm using 

qs. (3) and (5) . 

The steady-state heat conduction was calculated using Fourier’s 

aw: 

 = −K e f f A 

�T 

�x 
(6) 

here Q is the computed heat flow, K e f f is the effective thermal 

onductivity, A was the cross-sectional area of the RVE, �T was 

he temperature gradient, and �x was the dimension of the RVE. 

Two RVE structures were made for each volume fraction. Each 

tructure was run twice, with the temperature gradient placed in 

he vertical and horizontal directions. A total of 4 simulations per 

olume fraction were computed and the final K e f f value was aver- 

ged. An exponential curve was fitted to get an expression for the 

ransverse thermal conductivity as a function of volume fraction. 

.2. Model sensitivity to fiber volume fraction 

Microscopic level yarn models were generated for various vol- 

me fractions of fiber and their effective thermal conductivity was 

imulated by steady-state heat-transfer FEA in both Hi-Nicalon and 

extel-440 yarns at different gas pressures. Fig. 5 (a) and (b) show 
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Fig. 5. Intra-yarn steady-state heat transfer finite element analysis. (a)-(b) RVE models of a Hi-Nicalon yarn with 45 and 60% volume of fiber, respectively. (c) FEA series 

model. (d) Simulated transverse thermal conductivity of a Hi-Nicalon yarn as a function of fiber volume fraction. (e) Simulated transverse thermal conductivity of a Nextel- 

440 yarn as a function of fiber volume fraction. The dashed black lines represent the solution of the analytical series equation for confined air at 1 atm, which matches with 

the results of the FEA series model. 
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he thermal conductivity map for a Hi-Nicalon yarn at 1 atm with 

 fiber volume fraction of 45 and 60% respectively. For comparison, 

ig. 5 (c) shows a FEA series model for Hi-Nicalon at 1 atm and a

ber volume fraction of 60%. In the series model, air thermal con- 

uctivity was given by the combined Eqs. (3) - (5) . Boundary condi- 

ions, element type, step and property extraction remained unal- 

ered. 

The FEA simulation results for the transverse thermal conduc- 

ivity in Hi-Nicalon and Nextel-440 models are represented in 

igs. 5 (d) and (e), respectively. In addition to the micro-scale intra- 

arn simulations, these figures show the solution of a standard 

eat-conduction series model for both materials at 1 atm predicted 

y FEA (cross symbols) and analytically (dashed line) with K air ob- 

ained from Eqs. (3) - (5) . Both FEA and analytical solutions for the

eries model are in excellent agreement. Interestingly, however, the 

ew transverse thermal conductivity predicted by the proposed 

EA model at 1 atm is higher than the series solution at all V fiber 

tudied, and its dependence on V fiber is more pronounced. With 

n increase in V fiber from 45% to 60%, the conductivity rises by 

5% with the series model, while the proposed model reaches a 

5% increase in conductivity for Hi-Nicalon and a 60% increase for 

he Nextel-440 model. Apparently, the volume fraction dependence 

lso exhibits a more linear trend for the Nextel model than the Hi- 

icalon one. 

Furthermore, the difference in the response of the FEA model 

o variations in fiber thermal conductivity was found to be negli- 

ible. The computed standard deviation was found to be less than 

.003 W/m/K. The model results, however, reveal a higher sensi- 

ivity to slight changes in fiber diameter (14μm in Hi-Nicalon to 

2μm in Nextel-440). For the range of thermal conductivities and 

ength scales that are presented in this study, the model response 

s primarily controlled by the geometry and air thermal properties. 
6 
.3. Model sensitivity to air pressure 

We find that the increase in thermal conductivity with increas- 

ng V fiber becomes less significant as air pressure is decreased. For 

nstance, a conductivity reduction of 15% to 20% is observed for 

 f iber = 45% when pressure drops from 1 atm to 0.16 atm, whereas 

 larger reduction of 25% to 30% is observed for V f iber = 60%. This 

henomenon can be attributed to the result in Fig. 3 showing that 

he sensitivity of air thermal conductivity to micro-scale spacing 

ncreases significantly when pressure is reduced from 1 atm to 0.16 

tm. In fact, for an air pressure of 0.01 atm, we find in Fig. 5 (d)

nd (e) that the microscale FEA predictions yield a constant trans- 

erse thermal conductivity of only 0.017 W/m/K, a reduction by 

lmost one order of magnitude with respect to the predictions at 

 atm. 

Fig. 6 shows the effect of air pressure on the local air thermal 

onductivity for a Nextel-440 yarn with a fiber volume fraction of 

5% and 60%, respectively. At 1 atm, most of the pore structure 

vertex regions) conserves a thermal conductivity close to that of 

ree air (0.026 W/m/K), the effect of air confinement is only rel- 

vant for narrow edge regions were fibers are nearly in contact. 

t 0.16 atm, all edge regions display a significant drop in thermal 

onductivity, while thermal conductivity in vertex regions are still 

elatively high, especially in those with a high characteristic length. 

t 0.01 atm, we can observe that the computed thermal conductiv- 

ty in the edge regions is an order of magnitude lower compared to 

hat of free air. The vertex regions suffer now a general significant 

ecrease in thermal conductivity. A comparison of Figs. 6 (a) and 

b) suggests that an increase in V fiber tends to increase the amount 

f edge regions at the expense of the amount and size of vertex 

egions, where Knudsen effects are less pronounced. Therefore, the 

ncrease in V fiber has a smaller influence on the overall thermal 
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Fig. 6. Nextel-440 intra-yarn model air thermal conductivity maps for an air pressure of 1, 0.16 and 0.01 atm for: (a) yarn with 45% fiber volume fraction, and (b) yarn with 

60% fiber volume fraction. 

Fig. 7. Nextel-440 intra-yarn model heat flux maps for a volume fraction of 45, 55 and 60% at different air pressure: (a) 1 atm, and (b) 0.01 atm. 
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onductivity when pressure decreases, as predicted in Fig. 6 (d) and 

e). 

Fig. 7 represents the effect of air pressure over the local heat 

ux for a Nextel-440 yarn as a function of fiber volume fraction. 

his figure shows that, at 1 atm, the heat flux finds preferential 

aths through the fibers and edge regions in the direction of the 

emperature gradient (vertical) as the volume fraction is increased, 

romoting the increase in effective thermal conductivity shown in 

ig. 5 (e). A preferential path forms, despite the conductivity reduc- 

ion in the narrow edge regions, because this reduction is not large 

nough to counter the effect of fibers getting closer (the thermal 

onductivity of the fibers is 2 orders of magnitude higher). By con- 

rast, at 0.01 atm, we observe that the heat flux remains uniform 

ith increasing fiber volume fraction. The reduction from 1 atm to 

.01 atm greatly increases the effect of micro-spacing confinement 

 Fig. 3 ). As a result, all edge regions have now a small thermal con-
7 
uctivity value at 0.01 atm in Fig. 6 . Consequently, there is a larger

esistance for the heat flux to form a preferential path at 0.01 atm 

han at 1 atm. Therefore, this result allows us to conclude that air 

hermal conductivity for a pressure of 0.01 atm strongly controls 

he behavior of the model. Hi-Nicalon was found to exhibit the ex- 

ct same behavior. 

. Mesoscale woven fabric model 

.1. Woven fabric modeling and mechanical behavior 

Due to their periodic structure, Nextel-BF20 and Hi-Nicalon fab- 

ics were modeled with a minimum representative volume ele- 

ent (RVE) as shown in Figs. 8 (a) and (b), respectively. Their ge- 

metry was determined by scanning electron microscopy (SEM). 

he geometry of the RVE was generated using the software TEX- 
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Fig. 8. Representative volume element (RVE) mechanical model. (a) Hi-Nicalon 5HS woven fabric RVE. (b) Nextel-BF20 woven fabric RVE. (c) Transverse Young’s modulus map 

of Hi-Nicalon at 30% compression strain. (d) Transverse Young’s modulus map of Nextel-BF20 at 30% compression strain. (e) Mechanical compression pressure as function of 

compression strain for Hi-Nicalon and Nextel-BF20. (f) Fiber volume fraction of the RVE as a function of compression strain for Hi-Nicalon and Nextel-BF20. 
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EN [24] and exported to the FEA software ABAQUS [25] . A lo- 

al coordinate system was created in every element to represent 

he longitudinal and transversal directions of the fibers within the 

arns. The production of the finite element models is further dis- 

ussed in our previous work [2] . 

Hi-Nicalon 5HS was found to be a well-balanced fabric, with 

he same amount of fiber count per unit length in the warp and 

eft directions. The dimensions of the RVE before compression 

ere 5 × 5 × 0.5 mm 

3 . By contrast, Nextel-BF20 was found to be a

on-balanced fabric. Although the nominal count of fibers per yarn 

as the same for the warp and weft directions, the count per unit 

ength was different, because of the yarns compressed in the warp 

irection as shown in Fig. 8 (b). The dimensions of the RVE before 

ompression were 4.15 × 5 × 0.55 mm 

3 . 

A mechanical constitutive law developed by Lin et al. [26] was 

mplemented through a user material subroutine to model the me- 

hanical behavior under transverse loading. The yarn was treated 

s a transversely isotropic material with a longitudinal Young’s 

odulus given by E 11 = E f iber V f iber and a transverse modulus ob- 

ained by [ 2 , 26 ]: 

 22 ( ε22 ) = 

σ22 

ε22 

= 

−a 

(
V 0 

f iber 

exp ( ε22 ) 

)b 

+ a 
(
V 

0 
f iber 

)b 

ε22 

(7) 

Here, a and b are experimental parameters that depend on the 

nitial configuration and arrangement of fibers prior to compres- 

ion. For simplicity, a and b are taken as constant with values of 

151 and 12.24, respectively, as suggested in Ref. [26] . σ22 = σ33 is 

he stress in the transverse direction and ε22 = ε33 the correspond- 

ng strain. V 0 
f iber 

represents the initial fiber volume fraction of the 

lement. The mechanical compression modeling is further devel- 

ped in Ref. [2] . 

A 30% compression strain simulation was performed for both 

odels. Fig. 8 (e) shows the evolution of compressive stress as a 

unction of applied compressive strain. The Hi-Nicalon model ex- 

ibited a higher increase in compressive stress after an 8% strain 

han Nextel, reaching a pressure of 563.5 KPa at the end of the 

imulation. The pressure in the Nextel model evolved at a slower 

ace to reach 229.7 KPa. Figs. 8 (c) and (d) show the local trans-

erse Young’s modulus through the geometry of the RVEs at 30% 

ompression. Both models exhibited stiffening on the spots where 

he yarns are woven. The Nextel RVE produced a larger overall 

oung’s modulus through the warp yarns when compared to the 
8 
eft yarns. No major difference in modulus was found between 

eft and warp yarns for the Hi-Nicalon RVE. 

The variation of volume fraction in the RVE with compression 

as determined under the assumption that the total volume of 

bers remained constant through the compression. As discussed 

n Section 2 , only the compression stress was measured during 

he hot-disk experiment. The volume fractions used to revise the 

olumetric heat capacity were obtained by mapping the reaction 

oads in the simulation and experiment. Each experimental mea- 

urement was performed at a specific compression stress, which 

as mapped to the computational compression strain in Fig. 8 (e). 

hen, the volume fraction was extracted from the strain using the 

elation shown in Fig. 8 (f). 

From the mechanical compression simulation, the mean yarn 

olume fraction was found to vary between 0.4748 and 0.5327 

or the Hi-Nicalon model, and between 0.4933 and 0.5183 for the 

extel-BF20 model. 

.2. Meso-level woven fabric out-of-plane thermal conductivity 

A steady-state heat transfer simulation on the out-of-plane di- 

ection was performed at every 1.5% compression over the fab- 

ic RVE following the methodology described in Ref [2] . Two heat 

ransfer constitutive models were used to describe the thermal be- 

avior of the yarn. First, the standard series model was used to- 

ether with combined Eqs. (3) - (5) , i.e. the black dashed lines in

igs. 5 (d) and (e). Second, we used the proposed multiscale ap- 

roach, where the transverse effective thermal conductivity of the 

arn was given by the micro-scale yarn simulation results in Fig. 6 . 

he longitudinal thermal conductivity of the yarn was approxi- 

ated by combining a parallel model and Eqs. (3) - (5) . The mate-

ial behavior was implemented using a user material subroutine 

MATHT. 

The air within the yarn structure was modeled with a gap ther- 

al conductance. This surface-to-surface element interaction was 

efined as: 

ond = 

K air 

L c 
(8) 

here K air is given by Eq. (3) , and the characteristic length L c rep- 

esents the spacing between two yarns. The evolution of the gap 

hermal conductance as a function of L c is represented in Fig. 9 . 
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Fig. 9. Thermal conductance of air between the yarns as a function of yarn spacing 

for an air pressure of 1, 0.16 and 0.01 atm. 
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Fig. 10. Simulated out-of-plane thermal conductivity compared to the hot-disk 

transient plane source measurements under compressive strain, for (a) Hi-Nicalon 

5HS fabric and (b) Nextel-BF20 fabric. The dashed lines represent the simulation 

results using the series model for the transverse thermal conductivity of the yarn. 
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.3. Experimental validation on Nextel-BF20 and Hi-Nicalon woven 

abrics 

Figs. 10 (a) and (b) show a comparison between the transient 

lane source measurements and the out-of-plane FEA results. It 

an be observed that the proposed multiscale computational ap- 

roach successfully captures the effect of compressive stress and 

tmospheric pressure over the fabric out-of-plane thermal conduc- 

ivity, for both types of fabrics. Furthermore, Fig. 10 indicates that 

he series model (dashed lines) does not produce accurate results. 

 series model underestimates the effective thermal conductivity 

t 1 atm and 0.16 atm, compared to the multiscale approach, and 

verestimates it at 0.01 atm. This finding reveals that modelling 

he yarn as resistances placed in series and averaging the pore size, 

s shown in Eq. (5) , is not an effective solution to capture the ther-

al behavior of woven fabrics under variable air pressures. 

Figs. 10 (a) and (b) show that the overall out-of-plane behav- 

or of Hi-Nicalon and Nextel-BF20 at room temperature are sim- 

lar. The thermal conductivity of the fibers is close, 8 W/m/K for 

i-Nicalon and an approximate range of 5 to 7 W/m/K for Nextel- 

40 fibers. Although both bulk silicon carbide and alumina have 

uch higher conductivity [ 23 , 28 ], the nanocrystalline structure of 

i-Nicalon [23] and the silicon oxide and glassy phases present 

n Nextel fibers [14] reduce the fiber conductivity by one order of 

agnitude. Furthermore, from our FEA simulations, the Nextel-440 

arn model did not exhibit any significant change when the con- 

uctivity of the fiber was set from 7 to 5 W/m/K, which suggests 

hat the few differences in magnitude between the Hi-Nicalon yarn 

nd the Nextel yarn are driven by the geometry only. 

Qualitatively, from the shape and evolution of the measure- 

ents with compressive stress, we find that the Hi-Nicalon fabric 

iffers noticeably from the Nextel-BF20 one. In Fig. 10 , the Nextel 

abric shows 3 distinguishable regimes: A sudden jump in conduc- 

ivity in the beginning of the curve that was associated to a jump- 

o-contact in the yarns during compression, a second regime were 

onductivity increases due to gaps closing and yarn densification, 

nd a third region after 30KPa with a softer increase in conductiv- 

ty where all that is observed is densification of the yarns. These 3 

egimes are present for all studied vacuum levels and are the same 

s those identified in our previous study [2] . Hi-Nicalon, however, 

oes not show a second transition. After the gap overclosure at 

he beginning, the conductivity increases with no sudden change 
9 
n slope. We attribute this behavior to the more regular and bal- 

nced structure of the Hi-Nicalon 5HS fabric. 

. Discussion 

.1. Effect of gas pressure in the out-of-plane thermal conductivity of 

oven fabrics 

Out-of-plane thermal conductivity in woven fabrics is clearly 

nfluenced by gas pressure as evidenced in Fig. 10 , both compu- 

ationally and experimentally. The Knudsen correction to the gas 

onductivity described by Eq. (3) is demonstrated to be essential 

o understand this behavior. Figs. 3 and 9 reveal the gas pressure 

ependence of thermal conductivity and thermal conductance, re- 

pectively, for stagnant air in micro-spacing. A direct response for 

his behavior is manifested in Fig. 6 where it is found that a de- 

rease in pressure dramatically reduces air thermal conductivity, 

specially in the edge regions where the characteristic length is 

maller. Results in Figs. 6 and 7 point to the conclusion that the 

nudsen effect controls the heat transfer through conduction in- 

ide the yarns. By lowering the gas pressure, the mean free path 
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f the air molecules increases while the characteristic length of the 

onfinement remains the same or even is reduced with compres- 

ive strain. Consequently, the gas not only reduces its conductivity 

hrough the entire porous structure, but also large resistances are 

reated in the edge regions, preventing heat flux to have a prefer- 

ntial path. A similar effect is most likely possible in yarn-to-yarn 

ontacts as well. 

.2. Multiscale approach versus series formulation 

Fig. 10 provides clear evidence that the multiscale approach 

roposed in this study quantitatively captures the behavior and 

agnitude of the experimental measurements, as opposed to the 

ommonly used series model. Although the latter qualitatively fits 

he trend and shape of the curve, it fails to predict the magnitude 

or all vacuum levels tested. This result is important in different 

spects. First, the series arrangement of a group of resistances or 

onductances represent the lower bound of effective overall con- 

uctivity for the system, while the parallel arrangement is the 

pper bound. Therefore, in the series model ( Fig. 5 (c)), it is as-

umed that the heat flux through the system is homogeneous with 

o preferential path and must go through the air. A concrete ex- 

mple to understand the importance of the preferential path is 

ound in Fig. 7 . As explained in the previous section, the heat 

ux increases with volume fraction at 1 atm because preferential 

aths are found. On the contrary, at 0.01 atm, the same increase 

n volume fraction does not produce an increase in heat flux. As 

ore realistic yarn structures contain networks of preferential heat 

aths, the series formulation will always underestimate the effec- 

ive conductivity value. 

Second, the geometry of the system is not correctly taken into 

ccount by the series formulation. To implement the Knudsen ef- 

ect into the series model, a value of the characteristic length as a 

unction of fiber volume fraction is used as given by Eq. (5) . Con-

equently, a constant pore size is being used, which neglects the 

ffects of high thermal resistances that appear on the edge regions. 

Finally, the multiscale formulation allows for further implemen- 

ation of physical phenomena such as oxidation or phase changes 

n the fiber material or the study of thermal contact resistances. 

he effect of thermal contact resistances should increase for high 

olume fractions near ideal close-packed fiber arrangements, due 

o the increase in fiber-to-fiber contacts, and play a critical role 

t ultra-high vacuum levels where conduction through the fibrous 

etwork and thermal radiation are the main heat carriers. Here, 

eat constriction resistances could possibly limit the heat flow 

hrough the network [27] . 

.3. Model limitations 

To be able to perform the mechanical compression step, the 

ir matrix around the yarn was removed and substituted by a 

ap thermal conductance property ( Fig. 9 ) [2] . This property is 

 surface-to-surface contact interaction that works well between 

lose-to-parallel surface meshes, but also is not guaranteed to be 

eliable otherwise. This, together with the suppression of air el- 

ments in the in-plane boundaries of the RVE, prevented us to 

orrectly apply the necessary boundary conditions and output re- 

uests to compute the effective in-plane thermal conductivity by 

EA. The use of conjugate heat-transfer methods [29-31] may be 

ble to solve this problem. 

Furthermore, at the yarn level, assuming a perfectly parallel ar- 

angement of fibers may be overestimating the longitudinal value 

n the same fashion that the series model underestimates the 

ransverse value. 
10 
. Conclusions 

A multiscale thermo-mechanical FEA model was created to sim- 

late and study the evolution of the out-of-plane thermal conduc- 

ivity with different strain and gas pressures in 2D woven ceramic 

abric materials. Nextel-BF20 and Hi-Nicalon 5HS fabric materials 

ere modeled and their thermal conductivity was computed, as a 

unction of compressive stress, for air pressures between 1 atm, 

.16 atm and 0.01 atm. The results were validated through exper- 

mental measurements at 1 atm and 0.16 atm using the hot-disk 

ransient plane source technique. The following major conclusions 

an be drawn from the present study: 

• The out-of-plane thermal conductivity in 2D woven fabric ma- 

terials decreases with the decrease of pressure due to Knudsen 

effects in micro-spacings. We observe that not only the magni- 

tude is reduced, but also the dependence on compression stress 

falls as pressure decreases. This is attributed to a pronounced 

decrease in air conductivity in the spacing between fibers that 

prevents the formation of preferential heat flow paths as the 

fiber volume fraction increases. 

• The FEA multiscale approach proposed and the transient plane 

source measurements showed excellent agreement for both 

Nextel-BF20 and Hi-Nicalon fabrics. The series formulation for 

transverse yarn thermal conductivity, however, produced inac- 

curate results. This finding suggests that a proper geometry at 

the micro-level, inside the yarn, is essential to accurately cap- 

ture the thermal behavior of the material in the meso-level. 

This study shows that the proposed methodology is applica- 

le to the out-of-plane thermal conductivity of woven fabrics un- 

er compressive stress and variable atmospheric gas pressure. This 

ew microscopic model could be used to improve the computa- 

ional analysis of anisotropic effective conductivity in fibrous and 

oven materials [ 32 , 33 ] or help study other complex temperature- 

ependent phenomena such as the oxidation of Hi-Nicalon fabrics 

nder mechanical stress [34] . This multiscale approach could also 

e adapted for modeling complex dynamical loads [35] and differ- 

nt woven materials relevant for the development of future flexible 

PS. 
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