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ABSTRACT  

Cellulose nanofibril aerogels have been found to be a highly effective thermal insulator, where 

some reports state that they have lower thermal conductivity than air. To further enhance the 
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performance of the material, it is important to understand the contribution of the three heat 

transfer components: solid heat conduction by the fibrils, gas heat conduction by the Knudsen 

gas in pores, and thermal radiation between the fibrils. In this work, the overall effective thermal 

conductivity was measured by an in-house steady-state setup under atmospheric and vacuum 

conditions. Contributions from each heat transfer component were quantified by constructing a 

simple open-cell model and fitting it to the experimental measurements, which varied based on 

the solid volume fraction. The thermal conductivity values of a single cellulose nanofibril 

filament that constitutes the struts of the open cell structure were well within the range of 

previous studies, which confirms the validity of the analysis results. The analysis model was 

extended to reveal target dimensions when fabricating aerogels that will provide minimum 

thermal conductivity. All in all, the simple analysis method can be further applied to improve 

other porous thermal insulation materials. 

 

KEYWORDS: cellulose nanofibril aerogel, open-cell model, thermal conductivity, parameter 

optimization 
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I. INTRODUCTION  

The necessity of insulation materials is primarily to conserve energy by decreasing heat 

transfer through interfaces. The divide in temperatures provided by insulation has numerous 

industrial and environmental benefits and therefore has been studied extensively in physics, 

chemistry, and materials science1-4. Among the materials, cellulose nanofibril (CNF) aerogels 
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have gathered great interest because of their thermal and mechanical properties that originate 

from their configurational characteristics5-14. There have been many studies on using cellulose as 

a new material since it is the most plentiful biopolymer on earth, biodegradable, relatively easy 

to manipulate, hydrophilic, mechanically stable, and has a thermal conductivity lower than air15-

17. Similarly, aerogels are not only known to have good thermal insulating properties due to their 

high content of air, but also have extremely low densities, small pore sizes, and thus high surface 

areas18-20. Numerous studies have focused on combining cellulose with other species to form 

aerogel composites that have better mechanical stability while retaining optical and/or thermal 

properties favorable to be applied for insulation materials21-27.  

Bendahou et al.24 used cellulose and a varied concentration of zeolite to tune the mechanical 

and thermal properties of the aerogel depending on the application. Fan et al.25 created a CNF-

AlOOH aerogel composite that not only was an effective insulator but also exhibited significant 

flame retardant properties. Jiang and Hsieh28 modified CNF with methylene diphenyl 

diisocyanate changing the thermal and mechanical stability as well as the hydrophobicity. 

Focusing on the thermal transport aspect of CNF aerogels, various experiments have been 

conducted29-32 and analytic models have been constructed33, 34 to decompose the gas, solid, and 

radiative contributions on the thermal conductivity. Most of the experimental studies were only 

able to provide the overall effective thermal conductivity of the CNF aerogels they 

manufactured. Baillis et al.33 constructed a thorough analytical model incorporating the gas 

contribution, skeletal porous structure, and radiative thermal conductivity. The model was able to 

recreate most of the experimental results but was constrained by the sophisticated input data 

from the experiments. Coquard and Baillis34 simplified their previous model using a Kelvin cell 
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for their tetrakaidecahedron open-cell frame, but still, their results were highly dependent on 

intricate data from experiments.    

   The purpose of this study is to develop a simple and robust model that can reproduce the 

thermal conductivity of CNF aerogels obtained from experiments. Through the model, a full 

understanding of the quantitative contributions of gas, solid, and radiation component can be 

obtained. Therefore, an in-house heat flow meter was developed to measure the thermal 

conductivity of CNF aerogels having different solid volume fractions. The thermal conductivity 

measurements were conducted separately under atmospheric and vacuum conditions. Thereafter, 

an analytical model was made from basic geometry and heat transfer theories that will be 

explained in detail subsequently. Further details concerning the experimental setup and 

methodology will be described in the following section.  

 

II. EXPERIMENTAL METHOD 

The CNF aerogels measured in this study were fabricated by the methods incorporated in 

reference29. The samples were initially prepared by acid-induced gelation of a CNF dispersion, 

followed by solvent exchange from acidic water to ethanol, and finalized with supercritical CO2 

drying. Supercritical drying can avoid the collapse of aerogel structures during liquid removal by 

eliminating the liquid/vapor surface tension and thus attain structures with nanoporosity31, 35, 36. 

Details on how the thermal conductivity was measured will be stated thoroughly in the appendix.  

 

A. Preparation of CNF aqueous dispersions 

CNF is generally prepared from a softwood bleached kraft pulp. In this case, the pulp was 

chemically modified with a carboxyl group by mixing 2,2,6,6 tetramethylpiperidine-1-oxyl 
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(TEMPO) with water, sulfur bromide and sodium hypochlorite. The modified pulp then passed 

through a high-pressure water jet system (HJP-25001, Sugino Machine) five times thus 

concluding the defibrating process. The concentrations of the resulting CNF dispersions were 

adjusted by diluting with water or condensing with an evaporator under reduced pressure.   

 

B. Supercritical CO2 drying 

Before supercritical drying is implemented, the CNF suspension is placed into a plastic mold 

and 1 mol/L of HCl is added and settled for 1h. Thereafter, a newly formed hydrogel is taken 

from the mold, shaken in a mixture of HCl and ethanol and then left to settle for 24 h. Then the 

hydrogel was cut with a sharp blade and shaken in ethanol for another 3 days, where the ethanol 

was refreshed twice a day. The resulting alcogels were placed in a chamber of a critical point 

dryer (SYSGLCP-8, Sanyu-Gijutsu) under a liquid CO2 flow at 15℃ for 8 h. The chamber 

temperature was then increased to 40℃ to obtain the supercritical phase and maintained for 30 

min after which the chamber was gradually depressurized for 1h. 

 

C. Measuring thermal conductivity  

The thermal conductivity was measured using a newly developed in-house heat flow meter by 

the guarded hot plate method37. This method applies guarded heating from the side of the test 

specimen to minimize heat loss from an electric input to measure the thermal conductivity. A 

new setup was necessary because of the small scale of the samples coupled with the demand for 

results from vacuum conditions. The schematic diagram, sensitivity results, and further details 

about the measurement method can be found in the appendix.  
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III. THEORETICAL MODEL 

There are mainly three modes of heat transfer in an aerogel that affect the effective thermal 

conductivity κeff, which when neglecting any coupling can be decomposed as  

  eff gas solid radiationκ κ κ κ= + +  38.              (1)   

The thermal conductivity from conduction through gas and solid are κsolid and κgas, 

respectively, whereas the radiation contribution is κradiation. Thermal convection can be 

disregarded for aerogels since gas flow, in general, cannot build up in such highly constricted 

confinements39. The methods of how each component was modeled will be explained in the 

following.  

 

A. Thermal conductivity through gas 

The most commonly used thermal conductivity model for gas for small pores is the Kaganer 

model, which considers the type of gas, pressure, temperature, and pore size40. The gas type can 

be combined with the pore size into the Knudsen number Kn, which gives 

0 0

1 2 1 2 /
g g

g Kn D
κ κ

κ
β β

= =
+ + Λ

,             (2) 

where  

2 2

1
2 2

B

g g g

k T
d n d pπ π

Λ = =                 (3) 

and κg0 is the thermal conductivity of the gas in free space, β is a coefficient dependent on the 

accommodation coefficient and the adiabatic gas coefficient, Λ the mean free path, D the 

characteristic length (pore size), dg the molecular diameter, ng the gas number density, kB the 

Boltzmann constant, T the temperature, and p the pressure41.  
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B. Thermal conductivity through solid 

  The solid conduction component for aerogels is lesser compared to dense bulk materials 

because the existence of pores inhibits phonon propagation through the solid frame42. Among the 

various methods to analytically calculate the thermal conductivity of solids, an open cell model 

is most appropriate because it resembles the skeletal structure of aerogels43. An open-cell model 

as in reference 43 was used to understand the heat transfer characteristics of the aerogel network 

and air. The model based on this simple cubic lattice (jungle gym) structure has a unit cell 

illustrated in the shaded areas of Fig. 1a and 1b. Half of the strut thickness, edge length, and 

thermal conductivity of the fiber, are t, L, and κs, respectively. Based on the configuration of the 

unit cell, four classifications can be made (Fig. 1c): ○1  full length of cellulose filament, ○2  

crossbar of cellulose filament, ○3  air entrapped between struts, ○4  cuboid volume of air. The 

thermal resistance R of the four classifications can be written as  

1 2 ,
s

LR
tκ

=  2
2 ,

( 2 )s

R
L tκ

=
−

 3
2 ,
g

R
tκ

=  4 2

4 ,
( 2 )g

LR
L tκ

=
−

 (4) 

 

where the total thermal resistance of one cell is  

4
framework

framework

R
Lκ

=  

and the thermal network for the open cell can be found (Fig. 1d). Based on this network, the total 

thermal resistance becomes 

( )
( )( )
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1 4 2 3 1 4

2
2 2eff

R R R R
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R R R R R R
+

=
+ + + . 

Therefore, the structural characteristics of the thermal conductivity become 
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C. Radiative conductivity 

Assuming CNF aerogels are optically thick, the spectral absorption coefficient and emission 

coefficient become equivalent based on Kirchhoff’s law, and the Rosseland Approximation in 

the following equation can be used.  

316
3radiation

R

T
E
σκ =              (6)  

Details on the derivation of Eq. (6) from the radiative transport equation can be found in 

reference 44, where σ and ER, are the Stefan-Boltzmann constant and Rosseland mean extinction 

coefficient, respectively. ER is related to the spectral extinction coefficient Eκ and Planck’s 

Blackbody Distribution Law Iκ through  

( ) ( ) 1
1
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dI T dI T
E d d

E dT dT
κ κ

κ

κ κ
−

∞ ∞− ⎡ ⎤ ⎡ ⎤
= ⋅ ⋅⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦
∫ ∫             (7) 

for wavelength κ, where   

( )ln / sampleE tκ κτ= − .                   (8) 

In Eq. (8), tsample is the sample thickness and τκ is the transmittance, which can be obtained 

through 

( ) ( )
0

/
L

I T I Tκ κ κτ = .          (9) 

Planck’s law can be written as  

( ) ( )
1

5
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2W / m mμ ,      (10) 



 9

where 

2 8 4 2
1 02 3.742 10  W m / mC hcπ μ= = × ⋅         (11) 

and 

4
2 0 / 1.439 10  m KBC hc k μ= = × × .        (12) 

Here, h is the Planck constant and c0 is the speed of light. 

Consequently, in theory, the transmittance and thickness of the sample in Eq. (8) are the only 

experimental parameters required to obtain the Rosseland mean extinction coefficient and thus 

the radiative conductivity. Among the various models for foam materials to obtain ER 45-47, Zhao 

et al.48 and Dietrich et al.44 used the following   

( )1 n

RE C
L

− Π
= ,           (13) 

where L is the aforementioned edge length, C and n are parameters related to the material 

property. Π is the porosity, which is calculated by dividing the sum of the air volume (sections 

○3  and ○4  in Fig. 1c) by the entire unit cell volume L3 and becomes   

3 2

16 12 1t t
L L

⎛ ⎞ ⎛ ⎞Π = − +⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ .          (14) 

This is identical to the porosity model used in reference 49. The strut half-length t, which is the 

edge length of a square in Eq. (13) and Fig. 1, was converted into the diameter of a circle that 

corresponded to the same area of the whole strut length (2t) by 4 /t π  because the 

aforementioned models are for cylindrical struts.  

The following section will explain how the theories are used to further understand the 

experimental results.  
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IV. RESULTS AND DISCUSSION 

   The experimental results of the thermal conductivity dependence on the volume fraction of 

the solid phase of cellulose for vacuum and atmosphere are plotted in Fig. 2a. A summary of the 

experimental values, gas contribution based on the decoupled model in Eq. (1), and 

corresponding porosities are in Table I. The vacuum measurements show a 30% increase in 

thermal conductivity from the volume fraction ranging from 0.3% to 1.4%, whereas the 

atmospheric results present a 28% decrease for the same range of the solid phase.  

To further examine each mode contribution to the effective thermal conductivity in Eq. (1), 

Eqs. (2), (5), and (6) were combined. For vacuum and atmospheric conditions, κg0 = 0 W·m-1K-1 

and κg0=0.026 W·m-1K-1 are inserted into Eq. (2), respectively, where β is an open parameter. 

Previous transmission electron microscopic analyses5, 29, 50 provided the strut diameter to be 

around 3.0 nm, so t was fixed to be 1.5 nm (since the open cell model uses half the strut 

thickness) and L was calculated by Eq. (14) and inserted into Eq. (5), where κs is also left as an 

open parameter. Two sets (atmospheric and vacuum) of open parameters exist for Eq. (13), 

which are labeled natm, nvac, Catm, and Cvac. After obtaining ER from the parameters, it is 

substituted into Eq. (6). In summary, β, κs, natm, nvac, Catm, and Cvac are open parameters that are 

simultaneously obtained through optimization by minimizing the difference between the 

theoretical model and the experimental results, which are also stated in Table I. The Nelder-

Mead simplex algorithm51 was used for the minimization and a wide range of initial conditions 

were tested to avoid getting trapped in a local minimum. During the optimization process, some 

parameter combinations may exhibit a good fit even though they are not the global optimum. 

Details on the sensitivity of the fitting parameters will be presented in the appendix. A summary 

of the values of the predicted parameters is in Table II. The model does not completely mimic 



 11

the declining or ascending trends for the atmospheric and vacuum data points but quantitatively 

provides an adequate fit.  

Due to time and material restraints, multiple measurements could not be conducted. 

Nevertheless, the aerogels that were measured have an isotropic skeleton and are soft in nature, 

so the possible innate uncertainty caused by imperfect contact between the hot plate and sample 

is minimal; moreover, the heat transferred through the framework is unlikely to show a 

significant variation due to its isotropic nature. Therefore, other studies show the thermal 

conductivity of cellulose aerogels to have error bars comparable with the symbol size31, 35. Based 

on a conservative sensitivity analysis explained in the appendix, the uncertainty of the theoretical 

model is expected to be within 15%.  

     A summary of the contributions of gas, solid, and radiation components of the effective 

conductivity for atmospheric and vacuum are in Table III, where the corresponding plot is Fig. 

2b. The solid contribution can be acquired from the thermal conductivity for the framework in 

vacuum since there is no gas (κg=0) in κframework. The gas contribution κgas can be obtained by 

subtracting the solid contribution κsolid from κframework for atmospheric calculations. The solid 

contribution for atmospheric and vacuum are identical by definition. The increase in the amount 

of cellulose nanofibrils will naturally increase the solid contribution, and the results show that 

thermal energy transport through gas and radiative modes will decrease, where the decrease of 

radiation for atmospheric is more pronounced. The difference in vacuum and atmospheric heat 

transfer originates from disparate controlling modes, where the former is radiative heat transfer 

and the latter thermal conductivity through air. In both cases, atmospheric and vacuum, a fraction 

of energy will start favoring to travel through solid over radiation as its transport medium at 
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certain Vs values. Furthermore, the model slightly overestimates the gas contribution ∆κeff-gas 

compared with the indirectly obtained experimental result.  

Through the parametric optimization methodology used in this study, experimentally 

unattainable parameters β and κs can be acquired as in Table II. Though the target material is 

cellulose nanofibril aerogels, the compared values in literature are the strands or some equivalent 

configuration from similar materials such as silica aerogels46, cellulose thin films34, or 

polyurethane foams43, 47. The κs values calculated through elaborate models or indirect 

estimations from the aforementioned studies are 0.25 W·m-1K-1, 0.1 W·m-1K-1, 0.5832 W·m-1K-1, 

and 0.262 W·m-1K-1, respectively. In comparison, more direct measurements on nanopaper52 

(~1.45 W·m-1K-1) thin cellulose nanosheets53 (~2.5 W·m-1K-1) or actual single fibril simulations 

by DFT or molecular dynamics54, 55 show κs to range from 0.9 to 5.7 W·m-1K-1. The κs value 

found from a parametric fit in this study was 1.47 W·m-1K-1, which is well in the range of other 

CNF studies. The parameter optimization used in this study actually provides a concrete method 

to consistently obtain the thermal conductivity of a single strand of solid in aerogels through 

experimental data, which is invaluable in analyzing and designing new materials. The model 

quantitatively exhibits how each component is affected by the Vs variation.  

   Additionally, most previous studies5, 31 agree with the current results on cellulose aerogels 

showing an inverse proportionality on the effective thermal conductivity within the same range 

of solid volume fractions. Similar tendencies have also been previously reported for silica 

aerogels46, which are also known to have a lower thermal conductivity than air56-58.  

After obtaining the optimal fit parameters, an extension in the range of Vs beyond the 

experimental data (Vs =1.4%) provides a minimum thermal conductivity of 23∓4 mW·m-1K-1 

around Vs =0.9% in Fig. 3a. This is an overestimation of the actual minimum value of 20.7 
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mW·m-1K-1 and at a lower Vs than what was found from the experimental threshold of Vs =1.4%. 

Note that the difference in κ between 0.9 and 1.4 is less than 2% for the model, whereas the 

experimental data showed a difference to be approximately 15%. Based on the small variation in 

κ over a rather wide range of Vs predicted by the model, it is possible that the minimum resides 

in the region of Vs=0.9~1.4. This concave upward trend is not only qualitatively identical with 

that of Kobayashi et al.5, but the solid volume fraction of the minimum thermal conductivity 

predicted by the model is also quantitatively close to that found from separate experiments. 

Studies that show increasing thermal conductivities with solid volume fractions are considered to 

be samples beyond the minimum when they were processed29. The minimum for the atmospheric 

data occurs due to a balance between more heat transfer choosing to pass through the filaments, 

thus reducing the transport of air and radiation, which is clearly displayed in Fig. 3b. The actual 

crossover of κsolid becoming greater than κgas is at a Vs value higher than where the minimum 

occurs. The higher Vs beyond 1.4 is more difficult to manufacture aerogel configurations because 

of gelation characteristics. A gradual rise in κ is obtained for vacuum, which is purely due to the 

increase in the solid component.  

The final analysis point considers different strut thicknesses (t was fixed at 1.5 nm up till now) 

for constant solid volume fractions. Vs =0.6 and 2.8 were examined and the results are illustrated 

in Fig. 4. No minimum could be found for a wide range of t values. From Fig. 4a, one can 

observe the thermal conductivity of vacuum crossing over the atmospheric value around t =7 nm 

for Vs =0.6 and around t =10 nm for Vs =2.8. If aerogels can be manufactured at such high solid 

volume fractions with the morphology being intact, the model predicts that fibrils can become 

thick enough to have a higher κsolid than air. The gap between atmospheric and vacuum is smaller 

for the higher volume fraction overall. The decomposition plots in Fig. 4b shows the lower 
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volume fraction to have a smaller discrepancy between the components of atmospheric and 

vacuum compared to the higher situation in panel c, where the early dominance in the solid 

component for the latter is apparent. There is no variation for κsolid because the solid volume 

fractions are kept constant, so the increase in κ due to strut thickness t, purely originates from the 

increase in radiation for vacuum. There is a slight increase in the gas contribution for 

atmospheric, but it is still modest compared with that of radiation based on this model. From all 

of the gathered results, the model can prescribe future CNF aerogels be fabricated around 

Vs=0.9% with the thinnest strut diameter possible in order to obtain the best insulation 

performance. 

 

V. CONCLUSIONS 

To understand how much heat is actually transferred through the air and solid within cellulose 

nanofibril aerogels, the thermal conductivity was measured by an in-house heat flow meter under 

atmospheric and vacuum conditions. The effective thermal conductivity in vacuum increased 

with the solid volume fraction because heat transport through nanofibers was the primary mode 

of energy transfer. In atmospheric conditions, a lower porosity was found to decrease the overall 

thermal conductivity since the amount of air within the aerogel decreased. For further insight 

into each heat transfer component, an open-cell model was constructed, and parameter 

optimization was performed. Through the model, the effective thermal conductivity was 

decomposed into the gas, solid, and radiative components. For both atmospheric and vacuum 

conditions, the radiative component clearly showed a higher contribution than heat transfer 

through the cellulose fibers, and transport through air exhibited the largest proportion for all 

modes and porosities. Furthermore, the thermal conductivity of a single cellulose nanofibril 

filament that constitutes the struts of the open cell structure, which is immeasurable, could be 
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obtained. The simple model and parameter optimization method applied to analyze CNF aerogels 

is promising for obtaining actual solid thermal conductivity of other cellulose composites and 

beyond.  
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APPENDIX  

1. DETAILS OF THERMAL CONDUCTIVITY MEASUREMENTS 

The thermal conductivity κ was obtained from the heat flux Q measured by the sensor, where 

the thickness of the sample Δx and the temperature difference between the ends of the sample ΔT 

constitute  

Q x
T

κ Δ=
Δ

. 

Therefore, the amount of heat loss from a test specimen directly correlates with the error in the 

conductivity measurements. To measure properties of insulation materials, the Japanese 

Industrial Standard requires a 300 mm×300 mm test section, but aerogels are difficult to 

manufacture in such large scales, so a 10 mm×10 mm test section was made and a micrometer 
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was attached to measure the thickness. The temperatures are measured by thermocouples. The 

newly developed device was inserted into a vacuum chamber, which was regulated at 0.40~0.63 

Pa through a turbomolecular pump. This pressure has been reported to be sufficiently low 

enough to disregard any thermal conductivity from air59. A detailed schematic of the setup is in 

Fig. 5.  

The thermal conductivity measurements were conducted after the heat flux stabilized. The 

setup was preprogrammed to recognize the stabilization, which provided convenience and 

consistency in making the measurements under steady-state conditions. Due to the minute scale 

of the samples and corresponding scale of the test section of this newly developed setup, the 

innate thermal resistance was large and heat loss into the atmosphere from wiring also became 

critical. This issue was circumvented by calibrating the output current of the sensor to stay in line 

with the ambient temperature. 

Tables IV and V are benchmarks taken from standard materials showing little difference 

from nominal values or measurements from other established groups. The heat flux sensor used 

in our setup was from Captec, which is known to have an uncertainty of ∓3%. The comparison 

of thermal conductivity measurements in the benchmark for different materials is in Tables IV 

and V, where the difference is less than 2 mW·m-1K-1 or 5%. 

 

2. SENSITIVITY ANALYSIS OF PARAMETERS 

The error bars in Fig. 3a represent 30% error bars that were used to conduct a sensitivity 

analysis of parameters. A normal distribution of 10,000 data points was randomly generated for 

each Vs value, where the range was within the error bars. Thermal conductivities corresponding 

to each Vs value for both atmospheric and vacuum (5 each) were randomly selected, and a 
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parametric fit was conducted for these sample data points. Figure 6 presents a histogram of the 

fitted parameters. Based on the results, one can see that κs is clearly the most sensitive parameter. 

      The resultant thermal conductivities from the parameters are plotted in Fig. 7. Most of the 

histograms fit well on a normal distribution as expected since the random sample originated from 

a normal distribution. The dashed region in Fig. 3a illustrates the error region (one standard 

deviation being around 15%) extrapolated to the higher Vs values. The dashed region falls well 

inside the 30% error bars, which means the sensitivity of this model is tolerable. Considering that 

the starting point of 30% error bars is conservative, one can reasonably conclude that the overall 

uncertainty of this method is well within the standard deviation values from Fig. 7 of 

approximately 15%.  
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FIG 1. Viewpoints of a unit cell from the (a) top and (b) side. (c) Four classifications of volumes within 

the unit cell, where heat transfer will occur. (d) Thermal network scheme. 
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FIG 2.  (a) Thermal conductivity for different solid volume fractions from experiments and the 

theoretical model. The symbols are for the former, whereas the lines are the latter. (b) Thermal 

conductivity proportions for gas, solid, and radiation components for atmospheric and vacuum 

conditions and ∆κeff-gas in Table I. 
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FIG. 3.  Expanded plots of Fig. 2 over the values of Vs. (a) Thermal conductivity for different 

solid volume fractions from experiments and the theoretical model. The symbols are for the 

former, whereas the lines are the latter. The dashed region is the uncertainty from the model. (b) 

Thermal conductivity proportions of the gas, solid, and radiation components for atmospheric 

and vacuum conditions. 
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FIG. 4.  (a) Thermal conductivity for constant solid volume fractions from the theoretical model. 

(b) Thermal conductivity proportions of the gas, solid, and radiation components for atmospheric 

and vacuum conditions for Vs=0.6 and (c) Vs=2.8. 

 

 

 

 

 

 

FIG. 5. Schematic of experimental setup. 
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FIG. 6 Histogram of fitting parameters evaluated for sensitivity analysis 
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FIG. 7. Histogram and normal distribution curves (SD: standard deviation) of resultant thermal 
conductivity values from random parameter assignment. 
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Table I. A summary of the experimental results, model fit, gas conductivity from experiments, 
and porosity Π. 

Vs  
(%) 

Atmospheric 

κeff-atm(W·m-1K-1) 

Vacuum 

κeff-vac(W·m-1K-1) 

∆κeff-gas (W·m-1K-1) = 

∆κeff-atm - ∆κeff-vac 

Π 

Experiment Model Experiment Model 

0.3 0.0266 0.0271 0.011 0.0128 0.016 0.997 

0.6 0.0258 0.0242 0.012 0.0109 0.014 0.994 

0.9 0.0244 0.0236 0.012 0.0110 0.012 0.991 

1.2 0.0240 0.0236 0.012 0.0117 0.012 0.988 

1.4 0.0207 0.0239 0.013 0.0123 0.007 0.986 

 

 

Table II. Parameter values from the optimal fit.  

κs [W m-1 K-1] 1.47 

β [-] 0.108 

nvac  [-] 7.36x10-3 

Cvac  [-] 1.81x10-4 

natm  [-] 2.86x10-1 

Catm  [-] 1.59x10-3 

 

 

 

Table III. A summary of the proportions of thermal conductivities calculated from the 

aforementioned theories in section III. Unless mentioned, all units are (W·m-1K-1). 
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 Atmospheric Vacuum 

Vs (%) κgas κsolid κradiation κsolid κradiation 

0.3 1.97x10-2 1.50x10-3 5.90x10-2 1.50x10-3 1.13x10-2 

0.6 1.78x10-2 3.02x10-3 3.41x10-3 3.02x10-3 7.91x10-2 

0.9 1.65x10-2 4.57x10-3 2.47x10-3 4.57x10-3 6.42x10-2 

1.2 1.55x10-2 6.13x10-3 1.96x10-3 6.13x10-3 5.53x10-2 

1.4 1.50x10-2 7.18x10-3 1.74x10-3 7.18x10-3 5.11x10-2 

 

Table IV. Commercial rock wool (Nichias) thermal conductivity measurements for atmospheric 

and vacuum (0.63 Pa) conditions.  

 Measured Nominal 
Atmospheric (W·m-1K-1) 0.044 (80 g/cm3) 0.042 (86 g/cm3) 
Vacuum (W·m-1K-1) 0.011 (80 g/cm3) 0.013 (166 g/cm3) 
 
Table V. Thermal conductivity measurements in atmosphere for expanded polystyrene (EPS) and 

melamine sponge. The benchmark values are measurements taken from Junko Morikawa’s group 

at the Tokyo Institute of Technology. All units are (mW·m-1K-1) unless otherwise stated.  

 
 Measured  Benchmark 
EPS (60 kg/m3) 42.0 40.0 
EPS (46 kg/m3) NIST 38.0 38.0 
EPS (20 kg/m3) 34.0 33.5 
Melamine sponge 32.0 31.5 
 

 


