) 32 % 3R Acta Phys. Sin. Vol. 73, No. 7 (2024)

075101

I P 40K ) 0 1 4 A 52

X KA

TEN ZEH

(bat TR, e S AR RE A AR E A I 2, AT BERFI L B SE02, dbat 100124)

(2023 4F 12 J1 14 AYE]; 2024 4E 1 H 11 AYEESR)

FEIT XN, 56T 9 K UKL B 0 303 R iz R 1 B 9 Ay R, 8 4 SR ] — S (U ik, B e 4
T IX B LA X B T U AT B IE, LS T X, (R M PR (A R ME . A SO T 0 T3 )
ST, IPFE T 2 B I AR ORE (9 B AR, IR SO B BEAT X L. SR AR I, X100 T (R AR LA
FHOXH A K SIURE 1) B T HAT 35 R . 2 4G e R R s i, BT A R S 1 gl A A W A BT
AN G5 5t BE R N, 23123 ) 2 UL A5 R RO T RIS (R, X2 R T A 3 AR N K O 2 TR A I BA
FEC TR AR ORI B R 3R R ST ACH RUBURL AR B IR, L XA T i B TR AR

5938 1A RN R ) A B

KR HORMIRL, TIEIX, 87, 738 A

PACS: 51.10.+y, 47.11.Mn, 47.61.Jd

ail%

1 5

UL LA — 5 AR XS R AR SR g i, <
IR BHAFBURLAYIZ 31, 33X~ BHAS ORI 311 1)
SRy B B3 56T UKL B T R B B ST AR AR 22 45 5
A H BT X, IR R BRI R | A
2RI RLE BCUA B 4 A L B 3
NSRRI WURLAE In A rh 32 2 1 B 2 VE R,
M4 Stokes-Einstein i iz FRi%, Wik i 7 Bl 5L
FECSH R RBNU L. AR, TR kL
FEAAR T BT S s R AR s L Tz
A 3 (1218,

IR ORI 32 ) R s R S
Knudsen % V) A 5¢ . Knudsen & X S AK 47
TP AR X SEREE R L, Kn = M/R.
FRAE Knudsen B9/, alRRERURL A9 3 1) 5247 R
K530 H BT IX (Kn> 1) RSN TRIX (Kn< 1)

*E R ARG (S 51776007) BERIAGIR.
t BIEYE#H. E-mail: jwang@bjut.edu.cn
© 2024 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.73.20231861

ML PE X (Kn~1). 78 H B4 FIX, RS2
H R R TR A2, R AT 2 Bl 0 s S5 14
ST 5 HADAG 7 Z [ R, RN &
WL RAEAERT SRS -3 B 53 A0 pREL s ). TR
RSN PRS J7, Epstein™ #5 T H B F X N EK
TESORL () BT . AEFE LA JRIX, SRS+ Z [l A ilf
TR TSRS+ 5 WU [B] A R AT 3,
I, SRS BT R i SE AR, StokesPO # ) T EK
TERORLAE 3 2247 Tt X N By i 6380, FEad JE X,
ARGy 18] B Rl AR AN ORE 5 SR - 2 [E] )
REFE AT R AR Y, SES A R ARG, A+
XA AL By i R R AN IS PR X BT AR i
Eb 3 PRI HE . 8 5 25 R R — SE3 (0 U7 T v FRIE BE
4N 4E 5 5 A Bhatnagar-Gross-Krook J7 12 5%
(LR AR R i 2. sl 5 | ABIE R AL, PT LA
BB T IX B3 H o X e 25— e, L
it T P X, #1140 Stokes-Cunningham H, /)&
IE 22

http://wulixb.iphy.ac.cn

075101-1


http://doi.org/10.7498/aps.73.20231861
mailto:jwang@bjut.edu.cn
mailto:jwang@bjut.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 73, No. 7 (2024)

075101

- A% O
14+ Kn[A+ Bexp(—E/Kn)]’

Ao, w AR, VOO AT AR )
JE, A, B, E RAKRBE. PR KA A = 1.155,
B = 0471, E = 0.596[29.

RIS BT AR S 5 O 22 ] Y WA
Bl A B T AR MR T IOK S 9 R,
Hethi S B, (ER 3800 Y RO ST 328 A AT 220 S o
KIS, WAL AT GEAN gk 24261,
WM o 5 2 5% RS - 5 TR 2 () P A I A Al
RN, B ANFE AR BT A5 P20 g R R 5 A
g3 Z [ B AR WA BLAE FH 23 8 SR 5+ 1932 3
B3R e A e, DT 52 W) il 42 3 R o 1) Bl et s
B A5 M UKL Y 32 T3 R8P Li Fl WangPY 5 FX
PRBIEE AR NI RE A, 155 B i+ X I H
KIORE I 52 1 ) k2, TR AR 200 0 A #i
BTk Y DX N AR SBOR ) B Rk B

=

8 o *
Fp = =5\ ameb Tan R Q. (2)
(1+a™)
, 9v/2mp

o = (1 1)* ) (3)
882 ' VmckgInR

A, w 2 i RS B LA, BUR 1.14381,
m, AR, ky RBRE 2, TRASGM
B, n SRAMBURIE, 20 SR ICHERREERU.
R, (2) SAHERGME G ARAR 250 E.

FHF 43+ 3 J12% (molecular dynamics, MD)
WU T ¥, AF5E T Ao I DX P 0 K 0k 1) B ) AR
WG KB, XK FORN  , AL RS (2)
FEAARAF. AE L5 A X oK ks (1) B A 2%
AN EA R T I N o o R W /N S P 42
L T I RPN . it PR IE A OB AR fE 1
B (2) KBRS 55 ISR & RAT.

2 DT AFEIITE
2.1 HBFEhSFEE

AR o 80 1 S AL 7 R K R
TESTIE X T2 1 1. A T8l s psmian s 1y
TN, GURURL B TR T — i S R, gy
KIBORE - Ng N T4, SRS Tl Ny TR
IR . U RGAE 2, v, 29710 BRI 73 5]
HNL,=270A,L,=80A,L,=80A (1A=10"m),

. 3
- ems 1 o
§e
A [ o 8
. By -
s . - "‘.;-
E A ale
<
.
272 T

1 7 ai I B R G &) (206 9K Ok ;
@ TR T

Fig. 1. Configuration of MD simulation system (Red: nano-

particle; blue: gas molecules).
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Table 1.  LJ potential parameters?.
a/A e/K
Ar-Ar 3.405 114
Cu-Cu 2.338 4753
Cu-Ar 2.871 736
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Fig. 2. Drag force on nanoparticles versus elastic coefficient
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Fig. 3. Comparison of MD simulation results of the drag
force with theoretical values at various kgp: (a) kgp = 0.01;

(b) ksp = 0.1; (c) ksp = 0.5.
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Fig. 4. Snapshots of the adsorption of gas molecules (blue)

on the nanoparticle (red) surface.
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Fig. 5. Adsorption ratio v versus gas-particle coupling para-

meters kgp.
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Fig. 6. Comparison of MD simulation results of the drag
force with Eq. (2) at various kgp.
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Fig. 7. Comparison of MD simulation results of the drag

force with Eq. (2) at various kgp.

4 % b

ARIFET T3 Bk, iR T EIX
AR BORE BT 52 1 8L 7, 955 Li Ml Wang®! 21
A AIIURE B B AT L. S5 5R R, X
HPORBRLIN G, 2GR RS, T3 h
SERAUSE A AT LA BE TS A R & B
L5 G SR ERRIN, 7T B AU ST R R TR
WA, BE—2D k], s 57 2 i Uk
Or T AELNRURL R 1] AW B AT o BT S ). A SOk
TR TR A AR, 48 5 AAT AL
WA IR, Hoad X N O R BSR4 R S
Gy T BN FREAUG R AT U A . R, X T
ZRORIURLIN =, VA 17 URE R 1T 14 W BB AS
] 2.

S 30k

[1] LiZ G 2009 Phys. Rev. E 80 061204
[2] Wong R Y M, Liu C R, Wang J, Chao C Y H, Li Z G 2012
J. Nanosci. Nanotechnol. 12 2311
| Livi C, Staso G D, Clercx H J H, Toschi F 2022 Phys. Rev. E
105 015306
[4] QiuJ, Qiu T T 2015 Carbon 81 20
Zhang Y Y, Li S Q, Yan W, Yao Q 2012 Powder Technol.
227 24
Breddan M J D, Wirz R E 2023 J. Aerosol Sci. 167 106079
[7] Westmeiera D, Solouk-Saranb D, Vallet C 2018 Proc. Natl.
Acad. Sci. 115 7087
[8] Pankhurst Q, Jones S, Dobson J 2016 J. Phys. D: Appl. Phys.
49 501002
9] Mackus A J M, Weber M J, Thissen N F W, Garcia-Alonso
D, Vervuurt R H J, Assali S, Bol A A, Verheijen M A,
Kessels W M M 2015 Nanotechnology 27 034001
[10] Linic S, Aslam U, Boerigter C, Morabito M 2015 Nat. Mater.
14 567
[11] Givehchi R, Tan Z 2015 J. Aerosol Sci. 83 12
[12] Liu CR, Li Z G, Wang H 2016 Phys. Rev. E 94 023102
[13] Liu D J, Zhou F, Chen S Y, Hu Z L 2023 Acta Phys. Sin. 72
157901 (in Chinese) [XUZ<H:, A4, BRIMBH, B35 2023 420
24 72 157901)
[14] Wang J, Su J J, Xia G D 2020 Phys. Rev. E 101 013103
[15] Gutiérrez-Varela O, Santamaria R 2021 J. Mol. Lig. 338
116466
[16] Guo R X, Ai B Q 2023 Acta Phys. Sin. 72 200501 (in
Chinese) [ZFFi5, 30 A4 2023 YRR 72 200501
[17) Liao M J, Wei M T, Xu S X, Ouyang D H, Sheng P 2019
Chin. Phys. B 28 084701
[18] Liu C H, Liu T Y, Huang R Z, Gao T F, Shu Y G 2019 Acta
Phys. Sin. 68 240501 (in Chinese) [R5, XIKT, #{ L, &
KU, BFICAR 2019 PFAEIR 68 240501]
[19] Epstein P S 1924 Phys. Rev. 23 710
[20] Stokes G G 1851 Proc. Cambridge Philos. Soc. 9 8
[21] Bird G A 1994 Molecular Gas Dynamics and the Direct

w

[

=

=

075101-6


https://doi.org/10.1103/PhysRevE.80.061204
https://doi.org/10.1103/PhysRevE.80.061204
https://doi.org/10.1103/PhysRevE.80.061204
https://doi.org/10.1103/PhysRevE.80.061204
https://doi.org/10.1103/PhysRevE.80.061204
https://doi.org/10.1103/PhysRevE.80.061204
https://doi.org/10.1103/PhysRevE.80.061204
https://doi.org/10.1166/jnn.2012.5680
https://doi.org/10.1166/jnn.2012.5680
https://doi.org/10.1166/jnn.2012.5680
https://doi.org/10.1166/jnn.2012.5680
https://doi.org/10.1166/jnn.2012.5680
https://doi.org/10.1166/jnn.2012.5680
https://doi.org/10.1103/PhysRevE.105.015306
https://doi.org/10.1103/PhysRevE.105.015306
https://doi.org/10.1103/PhysRevE.105.015306
https://doi.org/10.1103/PhysRevE.105.015306
https://doi.org/10.1103/PhysRevE.105.015306
https://doi.org/10.1103/PhysRevE.105.015306
https://doi.org/10.1016/j.carbon.2014.09.011
https://doi.org/10.1016/j.carbon.2014.09.011
https://doi.org/10.1016/j.carbon.2014.09.011
https://doi.org/10.1016/j.carbon.2014.09.011
https://doi.org/10.1016/j.carbon.2014.09.011
https://doi.org/10.1016/j.carbon.2014.09.011
https://doi.org/10.1016/j.carbon.2014.09.011
https://doi.org/10.1016/j.powtec.2011.12.035
https://doi.org/10.1016/j.powtec.2011.12.035
https://doi.org/10.1016/j.powtec.2011.12.035
https://doi.org/10.1016/j.powtec.2011.12.035
https://doi.org/10.1016/j.powtec.2011.12.035
https://doi.org/10.1016/j.powtec.2011.12.035
https://doi.org/10.1016/j.jaerosci.2022.106079
https://doi.org/10.1016/j.jaerosci.2022.106079
https://doi.org/10.1016/j.jaerosci.2022.106079
https://doi.org/10.1016/j.jaerosci.2022.106079
https://doi.org/10.1016/j.jaerosci.2022.106079
https://doi.org/10.1016/j.jaerosci.2022.106079
https://doi.org/10.1016/j.jaerosci.2022.106079
https://doi.org/10.1073/pnas.1804542115
https://doi.org/10.1073/pnas.1804542115
https://doi.org/10.1073/pnas.1804542115
https://doi.org/10.1073/pnas.1804542115
https://doi.org/10.1073/pnas.1804542115
https://doi.org/10.1073/pnas.1804542115
https://doi.org/10.1073/pnas.1804542115
https://doi.org/10.1073/pnas.1804542115
https://doi.org/10.1088/0022-3727/49/50/501002
https://doi.org/10.1088/0022-3727/49/50/501002
https://doi.org/10.1088/0022-3727/49/50/501002
https://doi.org/10.1088/0022-3727/49/50/501002
https://doi.org/10.1088/0022-3727/49/50/501002
https://doi.org/10.1088/0022-3727/49/50/501002
https://doi.org/10.1088/0957-4484/27/3/034001
https://doi.org/10.1088/0957-4484/27/3/034001
https://doi.org/10.1088/0957-4484/27/3/034001
https://doi.org/10.1088/0957-4484/27/3/034001
https://doi.org/10.1088/0957-4484/27/3/034001
https://doi.org/10.1088/0957-4484/27/3/034001
https://doi.org/10.1088/0957-4484/27/3/034001
https://doi.org/10.1038/nmat4281
https://doi.org/10.1038/nmat4281
https://doi.org/10.1038/nmat4281
https://doi.org/10.1038/nmat4281
https://doi.org/10.1038/nmat4281
https://doi.org/10.1038/nmat4281
https://doi.org/10.1016/j.jaerosci.2015.02.001
https://doi.org/10.1016/j.jaerosci.2015.02.001
https://doi.org/10.1016/j.jaerosci.2015.02.001
https://doi.org/10.1016/j.jaerosci.2015.02.001
https://doi.org/10.1016/j.jaerosci.2015.02.001
https://doi.org/10.1016/j.jaerosci.2015.02.001
https://doi.org/10.1016/j.jaerosci.2015.02.001
https://doi.org/10.1103/PhysRevE.94.023102
https://doi.org/10.1103/PhysRevE.94.023102
https://doi.org/10.1103/PhysRevE.94.023102
https://doi.org/10.1103/PhysRevE.94.023102
https://doi.org/10.1103/PhysRevE.94.023102
https://doi.org/10.1103/PhysRevE.94.023102
https://doi.org/10.1103/PhysRevE.94.023102
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.1103/PhysRevE.101.013103
https://doi.org/10.1103/PhysRevE.101.013103
https://doi.org/10.1103/PhysRevE.101.013103
https://doi.org/10.1103/PhysRevE.101.013103
https://doi.org/10.1103/PhysRevE.101.013103
https://doi.org/10.1103/PhysRevE.101.013103
https://doi.org/10.1103/PhysRevE.101.013103
https://doi.org/10.1016/j.molliq.2021.116466
https://doi.org/10.1016/j.molliq.2021.116466
https://doi.org/10.1016/j.molliq.2021.116466
https://doi.org/10.1016/j.molliq.2021.116466
https://doi.org/10.1016/j.molliq.2021.116466
https://doi.org/10.1016/j.molliq.2021.116466
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.7498/aps.72.20230825
https://doi.org/10.1088/1674-1056/28/8/084701
https://doi.org/10.1088/1674-1056/28/8/084701
https://doi.org/10.1088/1674-1056/28/8/084701
https://doi.org/10.1088/1674-1056/28/8/084701
https://doi.org/10.1088/1674-1056/28/8/084701
https://doi.org/10.1088/1674-1056/28/8/084701
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.7498/aps.68.20191203
https://doi.org/10.1103/PhysRev.23.710
https://doi.org/10.1103/PhysRev.23.710
https://doi.org/10.1103/PhysRev.23.710
https://doi.org/10.1103/PhysRev.23.710
https://doi.org/10.1103/PhysRev.23.710
https://doi.org/10.1103/PhysRev.23.710
https://doi.org/10.1103/PhysRev.23.710
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 7 (2024) 075101

Simulation of Gas Flows (Oxford: Clarendon Press) p55 [35] Galliero G, Volz S 2008 .J. Chem. Phys. 128 064505
[22] Cunningham E 1910 Proc. R. Soc. London, Ser. A 83 357 [36] Liu W, Cui J, Wang J, Xia G D, Li Z G 2023 Phys. Fluids 35
(23] Allen M D, Raabe O G 1982 J. Aerosol Sci. 13 537 032004
(24] Liu C R, Wang H 2019 Phys. Rev. E 99 042127 [37] CuiJ, SuJJ, Wang J, Xia G D, Li Z G 2021 Acta Phys. Sin.
[25] Su J J, Wang J, Xia G D 2021 Chin. Phys. B 30 075101 70 055101 (in Chinese) A, A, T4, HEK, 2R
[26] Liu W, Wang J, Xia G D, Li Z G 2023 Phys. Fluids 35 2021 YJEE4R 70 055101]

083316

[38] Tsuji T, Iseki H, Hanasaki I, Kawano S 2016 S30th
International Symposium on Rarefied Gas Dynamics 1786
110003

[27] Luo S, Wang J, Xia G D, Li Z G 2016 J. Fluid Mech. 795 443
(28] Wang J, Yu S, Luo S, Xia G D, Zong L 2018 Phys. Fluids 30

063302
29] Luo S, Wang J, Yu S, Xia G D, Li Z G 2018 J. Fluid Mech. ) Hess B 2002/ Chem. Phys. 116 209

846 392 [40] Gomez A, Rosner D E 1993 Combust. Sci. Technol. 89 335
[30] LiZ G, Wang H 2003 Phys. Rev. E 68 061206 [41] Ma A J, Chen S J, Li Y X, Chen Y 2021 Acta Phys. Sin. 70
[31] LiZ G, Wang H 2003 Phys. Rev. E 68 061207 148201 (in Chinese) [LhHL7S, BRAUE, 2 £75, Bl 2021 P Hl
[32] Zhou X W, Johnson R A, Wadley H N G 2004 Phys. Rev. B St 70 148201]

69 144113 [42] LiZ G, Wang H 2005 Phys. Rev. Lett. 95 014502
[33] Kroger M 2004 Phys. Rep. 390 453 [43] Liu C R, Li Z G 2010 Phys. Rev. Lett. 105 174501
[34] Plimpton S 1995 J. Comput. Phys. 117 1 [44] LiZ G 2009 Phys. Rev. E79 026312

Simulation study of drag force characteristics of
nanoparticles in transition regime”
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Abstract

Transport properties of nanoparticles in gases have many practical applications, such as aerosol science,
combustion, and micro- and nano-scale fabrication. A nanoparticle moving in a fluid is expected to experience a
drag force, which determines the transport property of the particle. According to the Einstein relationship, the
diffusion coefficient of a particle is inversely proportional to the drag force coefficient. However, in the transition
regime, it is usually difficult to evaluate the drag force of suspended particles. A typical method is to extend the
asymptotic solution of the free molecular or continuum limit to the transition regime. According to the gas
kinetic theory, Li and Wang proposed a theoretical expression for drag force on nanoparticles in the free
molecular regime, which is then extended to the entire range of Knudsen number following a semi-empirical
approach [Li Z G, Wang H 2003 Phys. Rev. E 68 061207]. For nanoparticles, it is necessary to verify the
theoretical predictions since the gas-particle non-rigid-body interactions must be taken into account. In this
work, the drag force on nanoparticle in the transition regime is investigated by using molecular dynamics (MD)
simulation. To evaluate the drag force, a harmonic potential is used to the nanoparticle to constrain its
Brownian motion in our MD simulation. In the steady state, the drag force can be obtained by the balance
between the drag force and harmonic force. It is found that the gas-particle non-rigid-body interaction has a
significant influence on the drag force of nanoparticle. For weak gas-solid coupling, the MD simulation results
can be in good agreement with the prediction of Li-Wang theory. However, for strong coupling, there exists

significant discrepancy between the MD simulation results and the theoretical results. Due to the gas-solid
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intermolecular interactions, gas molecules can be adsorbed on the nanoparticle surface, and after a time period,

they may be re-emitted from the surface when they gain sufficient kinetic energy. Therefore, an adsorption-

desorption equilibrium and an adsorption layer can be established on the particle surface. The adsorption layer

enlarges the collision cross-sectional area and enhances the momentum transfer between gas molecules and the

particle, and thus the drag force increases. This can explain the inconsistencies between the theoretical results

and MD simulations. In this work, we introduce an adsorption ratio to evaluate the thickness of the adsorption

layer. Then, the effective particle radius can be defined by the sum of particle radius and the thickness of the

adsorption layer. By using the effective particle radius, the simulation values are in very good agreement with

the theoretical predictions. The results of this work provide insights into the applications of nanoparticles in

aerosol science.
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