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a b s t r a c t 

Determining the energy accommodation between gases and solids is essential to developing porous ther- 

mal insulation materials with ultra-low effective thermal conductivity that reduce energy use, greenhouse 

gas emissions, and fossil fuel consumption. The energy accommodation coefficients of most gases, how- 

ever, have been rarely studied, especially with respect to solids that have relatively high thermal resis- 

tivity, e.g., polymers. In this work, by using all-atom nonequilibrium molecular dynamics simulations, we 

reveal the accommodation coefficients of He, Ar, N 2 , and O 2 with polymers, mainly polystyrene. We find 

that their values are around 0.51, 0.72, 0.79, and 0.90, respectively, suggesting a critical reexamination of 

the commonly used theoretical maximum value of 1. We have also conducted experiments and validated 

the value for air, which is about 0.81. Such a change in accommodation coefficients can lead to a reduc- 

tion of about 70%, 50%, 35%, and 20% in the thermal conductivity of He, Ar, N 2 , and O 2 gases in nano pores 

(below 100 nm) or at low pressures (below 1 millibar). With these new accommodation coefficients, we 

find that in a 10 nm pore with ambient pressure at 300 K, the gas thermal conductivity of He, Ar, N 2 , and 

O 2 in porous polystyrene can be as low as 9.7 × 10 −4 , 3.4 × 10 −4 , 7.3 × 10 −4 , and 8.5 × 10 −4 W ·m 

−1 ·K 

−1 , 

respectively, which are two to three orders of magnitude lower than their bulk values, promising higher 

thermal resistivity of insulation materials. This work reveals the fundamental energy exchange between 

gases and polymers, providing important guidance for designing high-performance thermal insulation 

materials for various applications. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Developing thermal insulation materials with ultra-low effec- 

ive thermal conductivity is of significant interest in many applica- 

ions such as oil transportation, aerospace engineering, and build- 

ng envelopes, to reduce energy use, greenhouse gas emissions, 

nd fossil fuel consumption [ 1 , 2 ]. For example, as the largest en-

rgy consumption sector, buildings use about 40% of the overall 

rimary energy in the United States [3] and the European Union 

4] . Of the various factors that affect building ener gy use, heating 

nd air-conditioning are the greatest contributors [5] . Therefore, 

he development of high performing thermal insulation materials 

hat decrease heat transfer through building envelopes is essential 

o reduce heating and cooling loads. 

Significant efforts have been made to reduce the thermal con- 

uctivity of materials, which typically use micro- or nano-porous 

tructures, as well as low thermal conductivity gases and/or re- 
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uced pressure inside the pores [6–10] . In these materials, gaseous 

hermal conductivity is usually the major contributor to thermal 

ransport, while the roles of solid conduction and radiation are 

elatively small [2] . Therefore, the key to improving the thermal 

esistance of porous insulation materials is to reduce the thermal 

nergy transport through gases, which often requires the porous 

tructure to have pore sizes smaller than the mean free path of 

he gas molecules [2] . Under these circumstances, gas thermal con- 

uctivity reaches the subcontinuum regime and exhibits strong de- 

endence on the pore size, gas pressure, and the energy exchange 

fficiency between gases and solid surfaces, i.e., the energy accom- 

odation coefficient, α [11–13] . 

Determining the energy accommodation coefficients between 

ases and solids are a key part to understanding and reducing 

he effective thermal conductivity of thermal insulation materials 

 14 , 15 ]. The value of the accommodation coefficient varies from 

 to 1, with 0 representing no energy exchange and 1 represent- 

ng maximum energy exchange efficiency between the gas and the 

olid surface in their collisions. Extensive effort s have f ocused on 

olid/solid interfacial resistances [ 16 , 17 ] as well as accommoda- 
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Fig. 1. Snapshots of the surface region of (a-c) PS/He, (d-f) PS/Ar, and (g-i) PS/O 2 
interfaces during the NEMD simulations. The snapshots of each system are taken 

within 1 ns. The surface profiles are depicted using white lines. 
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ion coefficients between gases and hard (inorganic) materials sur- 

aces such as semiconductors [ 18 , 19 ], metals [20–23] , carbon nan-

tubes [24] , or graphene [ 24 , 25 ]. Due to measurement and sim-

lation difficulties, the study of the interface between gases and 

oft materials, e.g., amorphous polymers, has received minimal at- 

ention. Considering that the accommodation coefficient increases 

ith increasing surface roughness [ 26 , 27 ], for simplicity, many 

tudies assumed a perfect accommodation [28–31] , i.e., α = 1 , or 

ome other plausible values [ 32 , 33 ] when studying thermal insu- 

ation materials. The need to establish a database of the accom- 

odation coefficients of various gases has long been known to be 

ssential to developing thermal insulation materials with ultra-low 

ffective thermal conductivity [ 18 , 34 ]. To reveal the theoretical ac- 

ommodation coefficients between various gases and polymers, we 

erform nonequilibrium molecular dynamics (NEMD) simulations 

sing all-atom interatomic potentials. 

The remainder of this manuscript is organized as follows. In 

ec. 2, we describe the methodology to calculate the energy ac- 

ommodation coefficient by NEMD simulations, material struc- 

ures, and NEMD simulation setups. In Sec. 3, we briefly dis- 

uss the establishment of interatomic potentials between polymer 

toms and gas atoms since the interaction between polymers and 

ases has been minimally studied. In Sec. 4, the accommodation 

oefficients of He, Ar, N 2 , and O 2 are estimated and compared with 

he literature. In Sec. 5, the gas thermal conductivities of He, Ar, 

 2 , and O 2 as functions of pore diameter and pressure are eval- 

ated and compared with those obtained from perfect accommo- 

ation. In Sec. 6, we compare our MD simulation results with our 

xperimental data. In Sec. 7, we examined the impact of gas pres- 

ure, pore diameter, and the gas accommodation coefficient on the 

hermal conductivity of gases. In Sec. 8, conclusions are presented. 

. Materials and methods 

The energy accommodation coefficients, α, of gas molecules on 

olymer surfaces are calculated based on the relationship between 

and the polymer/gas interfacial thermal conductance G int [35] : 

 int = 4 k B N · α

2 − α
. (1) 

k B is the Boltzmann constant. N is the collision rate of gas 

olecules on polymer surfaces per unit area given by 

 = 

n 

4 

√ 

8 k B T 

πm 

(2) 

r 

 = 

P √ 

2 πm k B T 
, (3) 

here n is the number density of gas molecules, T is the tempera- 

ure, P is the pressure, and m is the molar mass of gas molecules. 

ote that although Eq. (1) is usually used with flat interfaces, it 

an also be applied to rough interfaces such as with polymers 

15] as long as we set an imaginary plane as the interface. An 

maginary plane at the position that is an interatomic potential 

utoff distance (10 Å in this work) away from the solid surface is 

et as the solid/gas interface to calculate the interfacial resistance 

 15 , 27,36 ]. The incident (or reflected) gas atoms passing through 

he imaginary plane indicate the start (or finish) of the energy ex- 

hange process. In this work, since the surface of the polymer is 

ough as shown in Fig. 1 , we find the average position of the sur-

ace and set the imaginary plane 10 Å away from this average posi- 

ion. Because the position of the imaginary plane adds uncertainty 

o the results, we move the imaginary plane by ± 10 Å to account 

or such uncertainty and represent its effects on the accommoda- 

ion factor results later on. To calculate the collision rate of the 
2 
as molecules, we tried both Eq. (2) and (3) and found that they 

ive similar results. Therefore, we average their results to calculate 

he collision rate and minimize statistical error. We calculate the 

olymer/gas interfacial thermal conductance, G int , via NEMD sim- 

lations that we perform using the Large-scale Atomic/Molecular 

assively Parallel Simulator (LAMMPS) [37] . 

The gases we study include the noble gases He and Ar, as well 

s the commonly used gases in thermal insulation materials, N 2 

nd O 2 . We also briefly consider CO 2 . We selected He and Ar be-

ause they have been extensively studied with other solid sur- 

aces [18–25] and they are monatomic gases with simple potential 

orms, which are best choices for benchmarking. We selected N 2 , 

 2 , and CO 2 because they are components of air that fill the pores

n common polymeric thermal insulation materials. Amorphous 

olystyrene (a-PS), with chemical formula (C 8 H 8 ) n , is the selected 

olymer because it is a commercial thermal insulation material 

sed in buildings. We expect the results to be roughly applicable 

o other polymers composed of C and H since theoretically the ac- 

ommodation coefficients are determined by the van der Waals in- 

eraction between the polymer’s C/H atoms and the gas molecules, 

nd this van der Waals interaction is the same for most polymers, 

.e., it does not depend on whether the C/H atoms belong to -CH 3 ,

CH 2 -, -CH = , or -C 6 H 5 [38] . To further examine this assumption,

e repeated the simulations on the He/amorphous polyethylene 

C 2 H 4 ) n system and found similar results to the He/a-PS system. 

evertheless, we do not exclude the possibility that some poly- 

ers with very different chemical components may have different 

ccommodation coefficients. 

The polymer structures and polymer consistent force field 

PCFF) are obtained via Material Studio [38] by Monte Carlo en- 

rgy minimization simulations. The cutoff radii of Lennard-Jones 

LJ) and electrostatic potential are set as 10 and 9.5 Å, respectively. 

wald summation is used to account for the electrostatic potential 

eyond the cutoff radius. The time step of MD simulations is 1 fs. 

The pore or cell and gas layout that was used in the NEMD 

imulation is shown in Fig. 2 . Periodic boundary conditions are ap- 

lied along all three dimensions. Two identical 7-nm thick polymer 

locks are set as the heat source and sink, located at ¼ and ¾ of 

he overall NEMD domain, with temperatures of T and T , respec- 
1 2 
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Fig. 2. Schematic of the NEMD simulation domain and setups to calculate the poly- 

mer/gas thermal accommodation coefficient. Polymer blocks are set as heat reser- 

voirs. Periodic boundary conditions are applied along all three dimensions. Dimen- 

sions are not drawn to scale. The blue lines illustrate the temperature profile. 
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Table 1 

Parameters of the 9-6 LJ potential for the van der Waals in- 

teraction within a-PS built in the PCFF potential via Material 

Studio [38] . Other polymers composed of C and H, such as 

polyethylene and polypropylene, have the same values. The 

PCFF potential also includes bond-order and electrostatic po- 

tentials, which are not shown here. 

Polymer elements C C H 

Comments On phenyl rings Other 

ɛ 1 (meV) 2.775 2.342 0.867 

σ 1 ( ̊A) 4.01 4.01 2.995 

Table 2 

Parameters of the 12-6 LJ potential for van der 

Waals inter-molecular interactions of gases. Pa- 

rameters of He and Ar are taken from Ref. [45] . 

Parameters of N 2 and O 2 are taken from Ref. 

[46] . 

Gases He Ar N 2 O 2 

ɛ 2 (meV) 0.88 10.61 3.21 5.31 

σ 2 ( ̊A) 2.56 3.40 3.31 2.95 
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ively. The remaining space is filled by gas molecules, which forms 

wo blocks as well (note that the left and right blocks belong to 

ne single block due to the periodic boundary condition). Each a- 

S block is composed of six atactic PS chains with 70 PS monomers 

er chain and measures 72 × 36 × 36 Å 

3 in size, with the longer 

ength aligned along the heat transport direction to prevent the 

as molecules from penetrating through the polymer blocks. Each 

olymer block contains 6732 atoms, and each gas block contains 

28 molecules. We tried different number of gas molecules, pres- 

ures, and box lengths for helium in a convergence study, and the 

btained accomodation coefficient values are consistent. Therefore, 

or all the other gases, to mitigate the computational cost (simi- 

ar to Ref. [ 15 , 24 ]), we choose a high gas pressure, ~30 bar, which

eads to the length of each gas block, L , being about 1100 Å. 

Note that using a fixed boundary condition along the heat flux 

irection can reduce the domain size and computational cost. Nev- 

rtheless, we choose a periodic boundary condition because we 

ound that it must be used to avoid possible bond breaking or 

tom loss during the MD simulations due to the polymer struc- 

ures and potential format outputted from Material Studio. In the 

EMD simulations in the literature, periodic boundary conduction 

n the heat flux direction is commonly seen, in which the 1/4 L 

ocation is set as a heat source and the 3/4 L location is set as

 heat sink [39–42] . The use of periodic or fixed boundary con- 

uction are both commonly seen in the literature and this choice 

ill not affect the results, especially in cases in which we primar- 

ly care about the interfacial heat flux and interfacial temperature 

ump �T . 

Four polymer/gas interfaces, i.e., on both sides of the heat 

ource and heat sink, are formed in the simulation cells. To sim- 

late the gas accommodation coefficient at 300 K, two options for 

he temperature setup can be used. One option is to set the heat 

ource at 300 K and the heat sink at a different temperature, so 

hat the accommodation coefficient can be estimated based on the 

wo surfaces of the heat source. The other option is to set the heat 

ource and sink at T 1 = 330 K and T 2 = 270 K, respectively. The 

ccommodation coefficient is then obtained by averaging the four 

urfaces. To minimize the statistical error, we use the second op- 

ion since it has four interfaces per simulation. 

The systems are first relaxed in the NVT (constant mass, vol- 

me, and temperature) ensemble for 1 million steps and then 

witched to the NVE (constant mass, volume, and energy) ensem- 

le with fixed temperatures being applied to the polymer reser- 

oirs. The reservoirs can usually be modulated by the Langevin or 

erendsen thermostat. We choose the Berendsen thermostat since 

e find that the Langevin thermostat converges slowly in the poly- 

er/gas systems. Under the NVE ensemble, the simulations are run 

ntil the heat flux and temperature profile of the systems reach 

teady state. The surface morphology varies with time, as seen in 

ig. 1 . Due to these changes in morphology and the low thermal 

onductivity of the systems, the simulations often require a consid- 

rable amount of time, i.e., 6–31 million steps (6-31 ns), to reach 

teady state. Each system is simulated three to five times to min- 

mize the statistical error of MD. With the NEMD simulations, the 
3 
olymer/gas interfacial thermal conductance G int is calculated by 

 int = 

˙ q 

�T · A 

, (4) 

here ˙ q is the heat flux flow rate, �T is the temperature drop at 

he interface, and A is the cross-sectional area. 

. sLennard-Jones potentials between polymer and gases 

The interactions between polymer atoms, i.e., C and H, are de- 

cribed by the PCFF potential that is optimized via Material Stu- 

io [38] , which includes the combination of bond-order poten- 

ials, electrostatic interaction, and a 9-6 Lennard-Jones (LJ) poten- 

ial. These potentials are well established [38] , hence we only dis- 

uss the last term, i.e., the 9-6 LJ term, 

 9 −6 = ε1 

[
2 

(
σ1 

r 

)9 

− 3 

(
σ1 

r 

)6 
]

, (5) 

ecause it will be used to establish the interaction between the 

olymer and gases. ε1 is a parameter representing the interaction 

trength. σ 1 determines the equilibrium distance among atoms. 

 is the interatomic distance. Values for ε1 and σ 1 are listed in 

able 1 . The intermolecular interaction of gases is described by the 

2-6 LJ potential: 

 12 −6 = 4 ε2 

[(
σ2 

r 

)12 

−
(
σ2 

r 

)6 
]

, (6) 

here the values of ε2 and σ 2 for He, Ar, N 2 and O 2 are listed 

n Table 2 . An intramolecular potential is also needed for N 2 and 

 2 , which are diatomic molecules. Based on Ref. [43] , O 2 is de-

cribed by a harmonic bond V O −O = 

k b 
2 ( b − b 0 ) 

2 , with bond length 

 0 = 1 . 21 Å and bond energy k b = 40 0 0 kJ · mo l −1 ·Å 

−1 . N 2 is de-

cribed by rigid bonds with bond length of 1.09 Å [44] . 

To describe the interaction between polymers and gas 

olecules, usually the mixing rules V i j = 4 ε i j [ ( σ
i j 

r ) 
12 − ( σ

i j 

r ) 
6 
] 

ith ε i j = 

√ 

ε ii ε j j and σ i j = ( σ ii + σ j j ) / 2 ) can be used if the intra-

olid and intra-gas interactions are described by the 12-6 LJ poten- 

ials V ii = 4 ε ii [ ( σ
ii 

r ) 
12 − ( σ

ii 

r ) 
6 
] and V j j = 4 ε j j [ ( σ

j j 

r ) 
12 − ( σ

j j 

r ) 
6 
] , re- 

pectively. Here, i and j represent the atoms of the solid and gas, 

espectively, and r is the interatomic distance. This method has 

een successfully used in many systems such as noble gases and 

arbon nanotubes [24] . To apply the mixing rule to polymer/gas 

ystems, we need to approximate the 9-6 LJ parameters ε and σ
1 1 



T. Feng, A. Rai, D. Hun et al. International Journal of Heat and Mass Transfer 164 (2021) 120459 

Table 3 

Parameters of the 12-6 LJ potential for van der Waals interactions between polymer atoms and gas 

atoms. 

Polymer elements 

Gas 

elements 

ɛ 2 (meV) σ 2 ( ̊A) 

C ( phenyl rings) C (other) H C ( phenyl rings) C (other) H 

He 1.353 1.243 0.757 3.064 3.064 2.613 

Ar 4.699 4.317 2.627 3.484 3.484 3.033 

N 2.585 2.375 1.445 3.439 3.439 2.988 

O 3.324 3.054 1.858 3.259 3.259 2.808 

Fig. 3. Energy accumulations in the hot and cold reservoirs in the polystyrene/gas 

systems after the systems are turned into an NVE ensemble with thermal reservoirs 

applied. Data from the first 8 ns of the NVE simulations are not shown because the 

systems had not stabilized. 
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f the polymers to be 12-6 LJ parameters ε2 and σ 2 . The approx- 

mation needs to ensure that the equilibrium interatomic distance 

 m 

and the force at the equilibrium interatomic distance ∂ 2 V 
∂ r 2 

| r m 
re consistent. Considering r m 

= σ1 and 

∂ 2 V 
∂ r 2 

| r m = 

54 

σ 2 
1 

ε1 for 9-6 LJ 

otentials and r m 

= 2 1 / 6 σ2 and 

∂ 2 V 
∂ r 2 

| r m = 

72 

2 1 / 3 σ 2 
2 

ε2 for 12-6 LJ po- 

entials, we calculate that σ2 = 2 −1 / 6 σ1 ≈ 0 . 89 σ1 and ε2 = 

3 
4 ε1 . 

herefore, with the mixing rule, the 12-6 LJ potential parameters 

etween polymer atoms and gas atoms are calculated as shown in 

able 3 . 

. Energy accommodation coefficients of gases 

To estimate the gas energy accommodation coefficients, α, 

hrough Eq. (1) , we calculate the interfacial thermal conductance 

 int using Eq. (4) and NEMD simulations. The heat flow rates ˙ q 

hrough the systems are obtained by the time derivatives of the 

nergy accumulation in the thermal reservoirs (polymer blocks 

hown in Fig. 2 ). The energy accumulations as a function of time 

or the various systems are shown in Fig. 3 . A challenge is that

he systems usually require long simulations to reach steady state 

ue to their low thermal conductivity. Consequently, in Fig. 3 we 

mit data from 0 to 8 ns after the two heat reservoirs are applied

o the systems because the heat flows are unsteady. After 8 ns, 

he systems reach steady state at different times depending on the 

as. When the studied gases are exposed to the same conditions, 

e has the highest thermal conductivity and we use 16 ns to es- 

imate the heat flow rate through the polymer/He system. For the 

ther gases, 24–31 ns is used to get reliable heat flow rate data. 
4 
n example temperature profile is given in Fig. 4 , showing a clear 

emperature jumps at the polymer/gas interfaces. The value of �T 

s taken as an average among the four interfaces of three indepen- 

ent simulations. With ˙ q and �T , the interfacial resistance G int is 

alculated using Eq. (4) , and the accommodation coefficient α is 

btained using Eq. (1) . 

The accommodation coefficients α of He, Ar, N 2 , and O 2 are 

ound to be 0.51, 0.66, 0.79, and 0.90, respectively, as shown in 

able 4 . The α value for air can be approximated as 0.81, consider- 

ng 79% N 2 , 21% O 2 , and 1% Ar. The α values of various gases are

enerally positively correlated with the bonding strengths, ε2 in 

able 3 , between gas and polymer atoms, which is understandable 

s α is a measurement of the energy exchange efficiency between 

he gas and the solid surface. Note that although the ε2 values of 

 2 and O 2 atoms are smaller than that of Ar according to Table 3 ,

he diatomic nature of N 2 and O 2 can roughly double the interac- 

ion strength, making the accommodation coefficient of N 2 and O 2 

arger. Our results provide a critical reexamination of the typical 

ssumption that the gas accommodation coefficient with polymers 

s the theoretically maximum value of 1 due to rough surfaces [28–

1] . Actually, it has been found that the interaction time between 

as and polymeric surfaces does not increase by increasing the sur- 

ace roughness as long as ε is smaller than 10 meV [15] . 
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Table 4 

Energy accommodation coefficients α of He, Ar, N 2 , and O 2 on a-PS at 300 K calculated in this work, as well as measured and simulated α values 

from the literature for other solid surfaces. 

Solid surface Ref. He Ar N 2 O 2 

MD (This work) a-PS 0.51 ± 0.04 0.72 ± 0.05 0.79 ± 0.06 0.90 ± 0.1 

Metals 

(Exp. 

Lit.) 

Stainless steel, Au, Al, Pt, Si, Si 3 N 4 [26] 0.35-0.45 0.87–0.95 0.8–0.85 - 

Au, Pt [50] - 0.71, 0.78 - - 

W, Pt, Al, Be, K, Na [ 21 , 47 ] Review 0.017–0.145 0.3 - - 

Rough 

(Exp. 

Lit.) 

Fused silica [48] - - 0.84 (air) 

poly(dimethyl-diallyl-ammonium) chloride [48] - - 0.92 (air) 

MD 

(Lit.) 

Pt, Au [ 15 , 20 ] - 0.44, 0.58 - - 

Graphene [24] 0.2 0.9 - - 

Self-assembled monolayers [15] - 0.97 - - 
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Because no experimental data on the α between gases and 

olystyrene, polyethylene or other C-H-polymers, are available in 

he literature, we conducted experiments to validate our predic- 

ions as explained in a following section. Before that, we compare 

ur results with the available experimental α for available mate- 

ials, as shown in Table 4 , for possible insights. There are large 

iscrepancies in the α values from experimental work described 

n the literature. For example, based on a review by Wachman 

47] , the most reliable α values of He on many metals, including 

ungsten (W), platinum (Pt), aluminum (Al), beryllium (Be), Potas- 

ium (K), and sodium (Na), are as low as 0.017–0.145, while a re- 

ent measurement study [26] produced an α value of about 0.35–

.45 for many metals and semiconductors. It is thought that α val- 

es are sensitive to the measurement methods and surface condi- 

ions of solids [ 20 , 26 , 47 ]. Clean surfaces or higher temperatures

sually give lower α values due to the reduced adsorption of gas 

olecules on surfaces. In our work on polymers, we observed very 

ittle gas molecule adsorption as shown in Fig. 1 . Nevertheless, for 

oth organic solids from our simulations and inorganic solids from 

xperiments in the literature , α (Ar) is similar to α (N 2 ) and is 

uch larger than α (He). And, our results on C-H-polymers are 

imilar to those measured from fused silica and poly (dimethyl- 

iallyl-ammonium) chloride, which also have rough surfaces [48] . 

n this regard, our simulation results are reasonable. 

We also compare our simulation results on polymers with MD 

imulation results for other materials described in the literature. 

enerally, the trend that we observed in which α increases with 

ncreasing ε values for polymers is consistent with that found in 

as/metal and gas/carbon nanotube systems [ 20 , 24 ]. Liang et al. 

15] found that Ar has an accommodation coefficient of about 1 

n self-assembled monolayers, which is quite different from our 

esults on polymers. We attribute this difference to the different 

imulation methods and potentials we used. Specifically, Liang et 

l. [15] use a coarse-grained potential to simulate a polymer in 

hich the hydrocarbon groups (e.g., -CH 3 ) are treated as single in- 

eraction sites, whereas we use all-atom simulations that explicitly 

onsider the C-gas and H-gas interactions, which should give more 

eliable results. Nevertheless, we acknowledge that the accuracy of 

ll simulations needs to be validated by future experimental ef- 

orts. 

We also compare our results with the hard-sphere model 

49] , α = 2 . 4 μ/ ( 1 + μ) 2 , where μ is the mass ratio between gas

olecules and solid atoms. However, a difficulty is to approximate 

he mass of a “polystyrene atom”. If we take the average atomic 

ass (m C + m H )/2 = 6.5 g/mol as the mass of a “polystyrene atom”,

he accommodation coefficient of He, Ar, N 2 , and O 2 are 0.57, 0.29, 

.52, and 0.49, respectively. Clearly, this estimation does not agree 

ith our NEMD simulation results due to the following reasons: 1) 

he hard-sphere model only takes into account mass impact while 

gnoring the important impact of interatomic interaction strength, 

.e., various gases have various interaction strengths with poly- 

ers; 2) the estimation of the mass of a “polystyrene atom” is not 
o

5 
easonable since polystyrene is composed of -C 6 H 5 groups and - 

 2 H 2 - units with covalent bonds and van der Waals interactions, 

ather than single atoms like in inorganic materials; 3) the hard- 

phere model assumes the coarse-grain model for gas molecules, 

hich can give a large error. For instance, we find that when the 

iatomic gas (O 2 ) is treated as a single ball in the NEMD simu- 

ations, the calculated accommodation coefficient is much smaller 

han that given by all-atom simulations. Thus, we show the im- 

ortance of conducting all-atom simulations for polymer/gas inter- 

aces compared to a rough model that was developed for inorganic 

aterials. 

. Subcontinuum thermal conductivity of gases 

With the gas accommodation coefficient, we are able to evalu- 

te the subcontinuum thermal conductivity of gases, κgas , under 

arious conditions to guide the design of porous materials with 

ifferent pore diameters ( D ), porosities, and pressures. The widely 

sed formula for κgas from Kaganer [51] is a function of the gas 

ulk thermal conductivity κ0 
gas at a given temperature, the gas 

olecules kinetic mean free path 	, and a coefficient β , 

gas = κ0 
gas 

1 

1 + 2 β 	
D 

, (7) 

here β is a property of the gas that is determined by the gas 

ccommodation coefficient α, Prandtl number Pr , and the ratio of 

he specific heats γ = C P / C V , 

= 

2 γ

γ + 1 

1 

P r 

2 − α

α
, (8) 

nd 	 is a function of temperature T , gas kinetic diameter d , and 

as pressure P , 

= 

k B T √ 

2 πd 2 P 
. (9) 

Eq. (7) describes the change in thermal conductivity due to 

he change in the ratio of the mean free path to pore size ( 	/ D )

ogether with the gas/solid interfacial resistance. In the diffusive 

egime, i.e., when the system size is much larger than the parti- 

le’s mean free path, a change in pressure (particle density) does 

ot affect the gas thermal conductivity. This is because an increase 

n particle density decreases the mean free path of particles, which 

ffsets the increase in heat capacity (particle density) for thermal 

ransport; therefore, thermal conductivity is independent of pres- 

ure. However, in the ballistic regime, i.e., when the particle mean 

ree path is much larger than D , gas thermal conductivity decreases 

ignificantly with lower pressure because the heat capacity (parti- 

le density) also decreases with pressure, while the particle mean 

ree path does not increase at the same rate due to the finite 

oundary ( D ) confinement. Therefore, the gas thermal conductiv- 

ty decreases with decreasing D or pressure, known as size effect, 

r subcontinuum thermal transport effect. 
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Fig. 5. Left: Thermal conductivity measurements from EPS and its fitting using Eq. (10) . Right: SEM image of EPS sample. 

Table 5 

Gas parameters of He, Ar, N 2 , and O 2 at 300 K, including the factor β in Eq. (8) , 

Prandtl number Pr , ratio of the specific heats γ = C P / C V , kinetic diameter d , and 

bulk thermal conductivity of gases k 0 gas taken from the literature [52–55] . The β

value of air can be approximated as β(air) = 2.44, considering 78% N 2 , 21% O 2 and 

1% Ar. 

He Ar N 2 O 2 

β 5.61 ± 0.55 3.41 ± 0.41 2.55 ± 0.30 2.00 ± 0.36 

Pr 0.65 0.65 0.70 0.71 

γ 1.66 1.66 1.40 1.40 

d (nm) 0.260 0.340 0.364 0.346 

k 0 gas (W 

•m 

−1 K −1 ) 0.151 0.018 0.026 0.027 
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Fig. 6. Kinetic mean free paths (MFP) of He, Ar, N 2 , O 2 , and CO 2 gas molecules as 

a function of pressure at 300 K. 
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At the maximum accommodation of α = 1 , the value of β is 

sually assumed to be around 1.5 to 2 in the literature, which is 

ommonly used when the accommodation coefficient is unknown 

28–31] . In the diffusive regime, i.e., the pore diameter D is much 

arger than 	, κgas is pressure independent, which results in the 

bulk’ thermal conductivity κ0 
gas . The values of the previously men- 

ioned parameters are listed in Table 5 . 

. Validation against experiment 

With Eq. (7) , we can validate our MD simulation results with 

xperimental data. The thermal conductivity of porous materials is 

omposed of gas conductivity κgas , solid conductivity κsoild , and ra- 

iative conductivity κ rad . Solid and radiative thermal conductivities 

re independent of gas pressure and can be written as a constant. 

herefore, the thermal conductivity of a porous material as a func- 

ion of pressure can be written as 

( P ) = κgas + κsolid + κrad = κ0 
gas 

φ2 / 3 

1 + 2 β
k B T √ 

2 πd 2 P 

D 

+ Const (10) 

here φ is the porosity. φ2/3 orginates from the Russell model 

 59 ]. We measured the pressure-dependent thermal conductivity 

( P ) of expanded polystyrene (EPS) with density of 0.0138 g/cm 

3 

nd pores that were filled with air, while maintaining the temper- 

ture at 297 K. The measurements shown in Fig. 5 were used with 

q (10) to fit β/ D and Const, giving β
D = 0 . 0489 μm 

−1 . To get the

alue of β , we determined the pore diameter D to be 50 ± 5 μm 

hrough an SEM image of the sample shown in Fig. 5 . Afterwards, 

was estimated as 2.45 ± 0.25, which matches well with our MD 

esults shown in Table 5 . 

. Ultra-low thermal conductivity insulation 

In this work we mainly examine the impact of gas pressure, 

ore diameter, and the gas accommodation coefficient on the ther- 
6 
al conductivity of gases. To have a general sense of the subcon- 

inuum heat transfer regime, we first plot 	 as a function of pres- 

ure in Fig. 6 for He, Ar, N 2 , O 2 , and CO 2 at room temperature (300

). At atmospheric pressure (1 atm), 	 of these gases ranges from 

9 to 136 nm, indicating that κgas can experience a size effect (or 

ubcontinuum heat transfer effect) at atmospheric pressure when 

he pore size is below a few hundred nanometers. At 0.001 atm, 

increases to 69–136 μm, and the size effect starts at a few hun- 

red micrometers, which makes manufacturing of porous insula- 

ion materials more feasible since the pore sizes do not have to be 

s small. 

The gas thermal conductivities as a function of pore size at P = 1, 

0 −1 , 10 −2 , 10 −3 , 10 −4 , and 10 −5 atm are shown in Fig. 7 . Simi-

arly, the gas thermal conductivities as a function of pressure at 

 = 100, 10, 1, 0.3, 0.1, and 0.01 μm are shown in Fig. 8 . Either re-

ucing the pore size or pressure is an efficient way to reduce the 

hermal conductivity. For example, at a pore diameter of 10 nm, 

hich has been constructed experimentally [56] that is at ambi- 

nt pressure, the gas thermal conductivities of He, Ar, N 2 , and O 2 

re as low as 9.7 × 10 −4 , 3.4 × 10 −4 , 7.3 × 10 −4 , and 8.5 × 10 −4 

 ·m 

−1 ·K 

−1 , respectively, which are two to three orders of magni- 

ude lower than their bulk values. Even for a larger pore size (e.g., 

00 nm) at ambient pressure, the thermal conductivity of He, Ar, 

 , and O are 9.0 × 10 −3 , 2.8 × 10 −3 , 5.7 × 10 −3 , and 6.5 × 10 −3 

2 2 
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Fig. 7. Gas thermal conductivities of He, Ar, N 2 , and O 2 as a function of pore diameter ( D ) at various pressures at 300 K. 

Fig. 8. Gas thermal conductivities of He, Ar, N 2 , and O 2 as a function of pressure for different pore diameters ( D ) at 300 K. 
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−1 ·K 

−1 , respectively, which are still several times lower than 

heir bulk values. These extremely low thermal conductivity values 

re nearly negligible when compared to other heat transfer com- 

onents, such as solid conduction and radiation, in typical ther- 

al insulation materials. Because gas conduction often makes the 

reatest contribution to the thermal conductivity of porous ther- 

al insulation materials, reducing it will improve thermal perfor- 

ance. Figs. 7 and 8 provide a general guideline for the design of 

orous materials with low thermal conductivities. 

To examine the effect of the accommodation coefficient on gas 

hermal conductivity at various pore sizes and pressures, in Fig. 9 

e compare the thermal conductivities of the studied gases using 

heir α (or β) values obtained in this work with those typically 
7 
sed in the literature (i.e., α = 1 , β = 1 . 5 ). The effect of the ac-

ommodation coefficient increases considerably as the pore size or 

ressure is reduced. For example, when the pore size is 10 nm and 

t atmospheric pressure, the accommodation coefficients obtained 

n this work can reduce the thermal conductivity values by 72%, 

5%, 40%, and 25% for He, Ar, N 2 , and O 2 , respectively. Even if the

ore size is 100 nm, a more practical value for manufacturing, such 

eductions can be as large as 68%, 47%, 33%, and 20%, respectively. 

herefore, the correct accommodation coefficient could be key in 

esigning ultra-low thermal conductivity insulation materials. 

To estimate the influence of accommodation coefficients on the 

ffective thermal conductivity of thermal insulation materials, we 

ssume a thermal insulation material made of porous polystyrene 
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Fig. 9. Ratio of gas thermal conductivities that are calculated using the β values obtained in this work (red values in the graphs) and those typically used in the literature 

(i.e., α = 1 , or β = 1 . 5 ). (a) He, (b) Ar, (c) N 2 , and (d) O 2 . For each gas, several pore sizes are shown. (For interpretation of the colors in this figure legend, the reader is 

referred to the web version of this article.) 
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ith a porosity of φ = 95% and 100 nm pores that are filled with

ir at 1 atm. The solid thermal conductivity estimated by the ef- 

ective medium approximation [ 57 , 58 ] is about κsolid = 

1 −φ
1+ φ/ 2 

κ0 = 

.1 × 10 −3 W ·m 

−1 ·K 

−1 , where κ0 = 0 . 15 W ·m 

−1 ·K 

−1 is the ther-

al conductivity of bulk polystyrene. The gas thermal conductivity 

gas based on Eq. (7) using the commonly accepted β value of 1.5 

s. the one obtained in this work are 8.3 × 10 −3 and 5.8 × 10 −3 

 ·m 

−1 ·K 

−1 , respectively. Ignoring the radiation contribution, the 

ccommodation coefficient obtained in this work reduces the ef- 

ective thermal conductivity κsolid + κgas from 13.4 × 10 −3 to 10.9 

10 −3 W ·m 

−1 ·K 

−1 or by 19%. These results may serve as an in-

entive to manufactures of extruded polystyrene foams to attempt 

o decrease their pore sizes. Next steps for this research include 

alidating the simulation results through experimentation. 

Aside from the gases discussed above, we also considered CO 2 . 

lthough we do not have a conclusive result for CO 2 due to the 

arge fluctuation in the MD simulations, it is plausible that its ac- 

ommodation coefficient is close to 1 due to its heavy mass and 

trong interaction with polymers. 

. Conclusions 

In conclusion, by using NEMD simulations, we reveal the en- 

rgy accommodation coefficients for He, Ar, N 2 , and O 2 on poly- 

er surfaces. We find that their values range from 0.5 to 0.9, 

epending on the interaction strength between the gas and the 

olymer. The accommodation coefficient for air with polystyrene 

s about 0.81, which is validated by our experimentally measured 

ressure-dependent thermal conductivity of expanded polystyrene 

lled with air. Compared with the commonly assumed value of 1, 

he energy accommodation coefficients revealed in this work can 

ignificantly reduce gas thermal conductivity when the pore size is 

mall ( < μm) or the pressure is low ( < 0.1 atm). Such reduction

an be up to 72%, 55%, 40%, and 25% for He, Ar, N 2 , and O 2 , re-

pectively. These findings are critical to developing ultra-low ther- 

al conductivity-insulation materials. With the revised accommo- 

ation coefficients, one can precisely design the pore size of foams 

nd the pressure used in the foams to reach a specific thermal con- 

uctivity target. The low accommodation coefficient of He suggests 

hat it has the potential to be a promising choice for thermal in- 

ulation at low pressure despite its high bulk thermal conductivity. 

n the future, we expect to conduct more simulations and exper- 

ments to reveal the energy accommodation coefficients between 

ore complex gases, e.g., pentane, and polymers. These studies 
8 
ill benefit the development of thermal insulation materials for 

road applications such as oil transportation, aerospace engineer- 

ng, and building envelopes. 
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