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Abstract; The Fay-Riddell correlation, direct simulation Monte Carlo method, and the Fourier heat transfer expression based on direct
simulation Monte Carlo flow field temperature were considered. Cases with different freestream Knudsen numbers (Kn) and Mach numbers ( Ma)
were studied to provide a new understanding of the classical continuum method to overestimate the stagnation point heat flux in the rarefied region
from the microscopic perspective. The related results show that the rarefied effect on the stagnation point heat flux includes three aspects. The
temperature jump upon the wall decreases the temperature gradient, reducing the stagnation point heat flux. The translational nonequilibrium was
found near the wall, which leads to the failure of the Fourier heat conduction law and overestimates the heat flux. The wall-bound effect makes the
Fourier heat conduction law overestimates the heat flux located three times the mean free path away from the wall.
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SEE 2 5183 s B R 22 S LA, BT LA
B B A

1) F-R RRXFELT LS DSMC HORSE
THAYGE R 2 18] 22 57 32 2 ol il R R BR B 22 5|
L , XS A O ) o — i AR B 5

2) JET DSMC 7 Wil B2 1) Fourier $A i Fl
DSMC oML 4t i B BE s B 22 1] 1 22 53 6 W
Fourier $Af& 5 5 AN FEAE T 0 g b P L B
AR B T 35K RN A B A A

AR PR o P S LR B3 iR
BT ORI A AT 7E— 2 A g B, T2 nl 25
A BER PR« — 2 i R B R B R ) TRIOU B A s A

27 TRM N R Fourier % 5 12 HE 142K 8K
PLR AT A7 JEZEPAS/NTPRE 73 0 B R iR P A
LA Pa] R
3.2 BFAUREBRERIL R MR IE R

WA, F-R KRA I N-S TR FEL s
TEAER MR T Al PR Y 32 2 PR R 5 i BE
T A% B ER IR G o 40 W) B3 T B kR 5 2
— A, B AT O — R IATR, 8 A B R
SIBORBEIT . RS AT E L N

_A|dO
Kngy,, = Q| dn (9)

Ko, Q iR JE HEFEIRF WA E WS
S BETRI 9] J5 18]

AN, — ey o L B TR Bk BR 30 5 R A
AJ Ll J& Smoluchowski BkER1 A 444177

2 -« 2y oT
T =T,-T = — 10
! 0 " a (y+1)Pr/\an 0 (10)

FroR RT3 Kngy, HACABRERIL A 254,
[EpECEp

Know/ (o) =P (D)

F TR T B I R AR AN SRR R, (1)
y F Pr o] EH AL B, PR AT Ok #E 2 A
JEEI, (1) FR B FUAE AR RS

F(10) sz (11) Ayl Bk R %) 2 w8 7 W8
Feka, NENIEEA BEVE, o3t TS TRDR IR Kn A1
KW Ma "R (11) 2200 iy 7R 1 oA A2 AR R, 4n
B4 iy = fF S LB EHE TR, oIV,
BT Kn Fl Ma BEAS QR TICOCNE X R IATE Y
2% & B SOV AREE T R Kng,, MR IE ST
Jfl v % AT A il R Bk BR B & R A Al Y, X
BRC10 ]t 2R WISk = (10) 7 i) Ui B Bk BR 321 5
A AT LAAE Ma =10 Kn =0.05 504 F k15 5
DSMC 22 A8 5:d 10% HY5E 5 Pk 45

TEROZ I, 25301 B2 N IMEAE R 5 K B TR
22 DDA A R B BRBR R G SR AFAE . TG SR —
JZPIREZ /N, L BT B AL 53F AN 1T fig 4 e BE T
S TFLRE, 52 A 1 P B 2 A B 22 IR
P LA A FIHZ RS 2 B R . T, B —
J2 S 7 LGk B8 A SR A B T I B 17T o ok R I
ZEWRT 53 (AR AT R I RN e 210 30 32 4
BT, 3 [ RS 38 2598/ N, T BE A1
AL o3~ R RIRE 8] S 43R Z IRl A Rl s >,
SRR TET FRF I I A G R A e R T R T IR B VL Bk
PRI G , HE T FRPRR LS it
SRR Dn R RAE Y Hh i 7 1 A7




- 184 - (FE TR SR S AN S

544

—&—Dn
0.04F
B S AL TJ/lO“
0.03F—A—Kn

P
& 002F .- o
0.01F &=
1 L 1 L 1 1 L 1 L L
0.00 0.10 0.15 0.20 0.25 0.30 032
Knl/Z
(a) Fiit Kn 2214k
(a) Freestream Kn changes
0.03 ,'_B_ Dn O
SRR OSEE TJ/lO“( T o-©
| —A— Kn, /507 )/100 .-+
F T+T PN T,
% 0'02. GLL@W)Q Dn=a -Ma+b
3 Fon---- &
L | I S S — 1 P 1 1
0.00 5 6 7 8 9 10

(b) R Ma 724k,
(b) Freestream Ma changes

P4 ARV I BRER 2 R v 8% AR KX
BEAR T Kn \Ma 172 LA
Fig.4 Variation of the non-equilibrium degree,
temperature jump and local Knudsen number with

respect to the freestream Kn and Ma

Dn=1 - 2im (12)
14

theo

2, 7 DSMC flf 458 3 2 552 o 4 Al 43845 52
Voo N VHS BRI R () B SF- s AR RS AT R . R
Z,Dn =0 R, Dn >0 8 Dn <0 JydEF- 4
Ao ERFEEMNZE, RHNRHREF55+, ]
Uik B Al S i 8 1Y 2 o R o A D R
Maxwell A5 534 , 0 0] R4 g P4

R BRI RIS FIT 2 1 )i 25 = P A A L
BRZ R, 4 hEIH T AN EE Dn R EE Bk
WK T, RO Kn SR Ma Z RIS FR . NERIE Dn
T, AERl— A A HoAT AT b, & i e 2y
AN BRER 09 T 43 2 — A5 (T./10°) o JAE 4
AHMERIL, Dn 1 T, 55 Kn Fl Ma 52—RZMEIEAH
KRR, WHNEH Dn 5 T, iR R 4%
IR, AT AR BEAE— B RE T LU TR
T EE BRI A/ IN, Xt 22 B T 3B Bk R 4 A O
JET_F S B i sl i 2 A A g | kS
3.3  Fourier &S ERRI R

[l sl 2 L 3 o s e A O R T, i
T DSMC i 37 i £ ) Fourier #4437 45 X 5 DSMC
BE R HRIRATY SR AEAE 25 5, X F WA AL N 1 R )
K Fourier 7 AR 7R WY 3E A4k 1 P 0t i i 2 A
BIER o W H AL M A Y e RARR R
PR R JE T 2 B A G &R R R TR )

A, BRI, 2N Wang  Singh S5 AYHIFTE TAEZR I —
B AR I A4 TR A IE P A BT BE 1 ARG
IAAFEL Fourier FAU B AL IR  (HEH S R AR
FRAH A58

AT DSMC T DSMC Jiid7ii B 11
Fourier AT IE M4 B PR AR, 234 Hh 2k
Fourier A% & HE R OWL R AL . &S IR Ky
Kn =0.01 Ma =10 {4 R AESER T s ARG
sz L Hodp “ DSMC_Fourier” i3+ DSMC i
TRy Fourier $at, i X (7) THHSR44; “ DSMC_
data” iy DSMC fSOMEET 45 R, T8I %) RS PIREALL 73
THRE ST S A R

q =;*n me'’c +ne,c (13)

K ie R B B 5 int Ny AR T
N RE , BLHE 5% S RE MRS RE. 24 TH Oy Bt
i, w255 (13) 55—,

0.25F
0.20F

0.10f

—0.20F

DSMC_Fourier

030k DSMC_data
i Dn
—035b )
—0.22 —020 —0.15 —0.10 —0.05 0
X m

KS Bk Ptz M AR R
Fig.5 Variation of the heat transfer and non-equilibrium

degree along the stagnation streamline

MR P IZ B B o M, Al 5 x T 1k A B
R R T S7 W
1

2 2
q. —n( e = STMET Uy | = Pty =Py =Pty

(14)

WA R T E S A i 25 - A 2 3 A e 2

A SRR B NTE SR B, I EL S s 45

BT AR AR EE D AR AL A I
Hh 2 TR

&5, (0 s 2k iR 14 < DSMC_Fourier” 2%

PRI i 32 7 P PN A BE TRT B 3 5 DSMC fOU S

TEERAATE B 255, 7oh, &R rdE

S5 R A Y IB RT B TR B0 A0 X DR T (0 B 4y

A B A 25 ) L AT R B AR 5 S 1 A -



%5 4

ZETETT, A ¢ P I AL S PP s AR A TR - 185 -

RV Fourier $A4% S HAN 38 I A AR BT A
RN A, 26 M Fourier 38 3K T8 I Ik YA 14 34,
TR TR R 30 v i A R o BB PR RO B 5 A ) e 25
YA A AT FRE T S 3 KA B2 5 | B 1 g 25 -1 2
I AE AL A E AN R, A P 5 34 5 |
REC UL FREAFT 3 (R /0N , (HL B 285 | ke R 4R 1k A S 2
ROEARFR . 5340, 38 0] DL SR 31— A4 8 1) B
G ARV B 1) W A V8 X g 2 AL e R R Ao
B BRSO R S, W R 2
AR AR Bl B2 T I A SO T 4 v B 5 DSMC
SRV E A KIF I

B 5 A7 B AL sc.0 3 55 DSMC B A5,
PR ZE R, a5 Rm TR — 2 Mg
DSMC fGe T #4f . X Eb T i A 380 481 /) 55 —
J2 AR SRR NI B, A SR g AR A —
JZ AS G /N TR S, JF H, %2 b
Kn Fl Ma F38 KM HE K, 7EA SCHH R B /)y Kn
s/ Ma 6455, —F & T AEEN., F—)2
PR A% A IAE TR [T AL 22 8] ) 25 55 1 2 e 1 Bk R
FELER) —FIER

BEAb, 2 i 42977 1) DSMC_Fourier” #ii 4
B FESETRE T L2 MRS Y H BT S8 B4, AR S
Pt BB BT AR FEEE R Fourier i 58
WG, It HIXFh I NG 34 K A AETE B RE T 2 3
£ 24 15y FF 2 B AR A S RN IE 45, AR P
Maxwell 3 FE 43 7 0] A1, 76— A~ F- 259 filf 5 :f [] P9
95% LA F- 1% 4371 B HH 8 3 1 IR B 3 %540+
ERA AR R, DARE S o3 A TGO
[ R R 25 R W] 1 B B8 Bl R BE B A E BN T
3 f5 TV At R, ROBEH 90 F BRI
GERREE 2R 3 50 F ¥ A R Bt 6
WA E (1) Fourier FAJT IEHY BN G i B by BE 1HT 29 AL
N, BXFISCRR 24 T RSB 3 BE T 43T F-35 H
FEARA R A E DB SR 1 o

R AL TR BE 1 LSRN, % 2 A T AR
BIZE T 1 Fourier $AJT 51 (138 5, 26 b 8
I RET 3 A5 4 1134 B A FE N Y Fourier
PR R/ MEZ e K2 hal B2, &
& Fourier FAIRE [ 2 ARV 1) ELAEBE Kn (35K
TN, kil Ma (38R, BRI, 2R3 Kn Al
Ma WG RIS Fourier #AIRISHERSS . [HIEE] 5
H1“ DSMC_Fourier” {12 , BE it i/ - gl -y &40
fdf Fourier 3% K /&5 il $R UL, BE TAT 24 52500 [] #F i
Fourier F&ik Sl Bl 4 A1 2 FBH, BERIFT T
SEBfAET- BE BE Kn  Ma 38T 3E 0, BE T8 24 BRAL
N Kn Ma 3% 070 0% 55, — F L REAEAF,

Fourier 235 N AYSE A = T° DSMC 4525, HAHXT
i ZERE Kn Ma S8 TT980/0 , BT AT DAk BE 1T 24 3R
ROV Fourier $AL GBI TTRR K .

R2 EBEARMET Fourier Hift STIL3E B M
Tab.2 Intensity of the sudden increase in the

Fourier heat flux with the confined wall

Al b Kn 224k b Ma 221k
Case — 1 1.173 1.236
Case -2 1.121 1.200
Case -3 1.097 1. 190
Case —4 1.072 1.173
Case -5 1.062 1.144
Case —6 1.049 1.128
Case -7 1.035 1.108
Case —8 1.036 1.096
Case -9 1.031 1.086
Case — 10 1.028 1.071
Case — 11 1.062

1T DSMC J5 3k B 45 R REHL, ARG T
AR B A , (5L JIG 1k A AR e A 4017314
FARPFAAS, PS> UK P S . ik
TEAYU T B REALAE A A B B2 3l , W 7RG BE
TR RTINT LA SF-087 E 1 R /MR G- 25 4K
A . A BT 0.1, 84
BE T A A Rl 3 A AU 0 A 10% 1 BE B 5S4t
AR SR, R AR 90% WY RE RS HLSE T N

5
0.015 T
0.010

0.005

0.000

L
0 0.02

)
0.04 0.06 0.08 0.10

Kn

K6 AR SRR Kn Ma B)SACHLHE
Fig.6 Variation of the nonequilibrium heat flux with

respect to the freestream Kn and Ma

BT BN, AT AR AN 6 Fr s B AR - iy



- 186 -

(FE TR SR S AN S

544

SGEE Kn F1 Ma 720G, A S E S AR
PSR S Kn Fl Ma 35230 H ZR PR IEAH 626
Fo [N, BT Kn S, WA TP, 1
B AP A A B A N 2 B I T LA R R ST A
AP E Kn BUE L,

4 #Hig
BT AR L S5 RO T v P B A AR T

DN H A7 AE 1 3 A M Tm) A, SR de -Riddell
% . DSMC ﬁ?ﬁ*ﬂﬁ? DSMC it 7 it B 19
Fourier & # = B #4234 77 X, XA R IR Kn
1 Ma (1% e 8 P 3 B A S8 U B s PO I A % 22 5
TEIE TG, %) 28 B 3% 2 7 105 6 7 e IX e Ak
SR IR AA H TAF LS PR

1) FEFRHORGET AR B 240 Dn FIRE
JEBKER T, 95 Kn Ma 2R EARSCE R HANRE
I, Dn AR T-hAE - 1E B BRI S AE L
SRJZ T FAE R R 2 5L A B S A
TR, NG B 12 2 g s P

2) Vi Je R T AL (i AR T B 3 4y R

JE 53 A1 s 25 1 5 A, AR A O RS B,

Fourier #f% S 5 4 J¢ &4 H. = Al #4000, M7 5 F
DSMC Ji i FE 1) Fourier $A B Al 31 s #A0

3) S FNREM SR F 50, T DSMC i
Y BE 1) Fourier $AJRE7ERE I 2 3 %50 1
I AR N A AT, BRI R BE T2 RN, X A
J& Fourier $ & S 5 20 20 H. &1 Al B 55 I 19 26
AR

2 % 3wk ( References)

[1] WANG Z H, BAO L, TONG B G. Rarefaction criterion and
non-Fourier heat transfer in hypersonic rarefied flows [ J].
Physics of Fluids, 2010, 22(12) ; 126103.

[2] SINGH N, SCHWARTZENTRUBER T. Heat flux correlation
for high-speed flow in the transitional regime[ J].
Fluid Mechanics, 2016, 792 981 —996.

[3] LOFTHOUSE A J, BOYD I D, WRIGHT M J. Effects of
continuum breakdown on hypersonic aerothermodynamics[ J].
Physics of Fluids, 2007, 19(2) . 027105.

(4] JME, skikf5. = EmRmEl]. pERY. B
2 Jyak R0, 2015, 45(10) ¢ 109 - 113,

ZHOU H, ZHANG H X. New problems of aerodynamics[]].
SCIENTIA SINICA Physica, Mechanica & Astronomy, 2015,
45(10) ; 109 —113. (in Chinese)

[5] GIMELSHEIN S F, WYSONG 1 J.
energy model; 4 decades and going strong[ J ].
Fluids, 2019, 31(7) : 076101.

[6] BIRD G A. Molecular gas dynamics and direct simulation of
gas flows [M]. 2nd ed. [S.1. ]: Clarendon Press, 1994.

[7]  MACCORMACK R, CHAPMAN D. Computational fluid

dynamics near the continuum limit[ C]//Proceedings of the

Journal of

Bird’" s total collision
Physics of

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

8th Computational Fluid Dynamics Conference, 1987.

BOYD I D, CHEN G, CANDLER G V. Predicting failure of
the continuum fluid equations in transitional hypersonic
flows[ J]. Physics of Fluids, 1995, 7(1); 210 -219.
MACCORMACK R. Nonequilibrium effects for hypersonic
transitional flows using continuum approach[ C]//Proceedings
of the 27th Aerospace Sciences Meeting, 1989.

LOFTHOUSE A J, SCALABRIN L C, BOYD I D. Velocity slip
and temperature jump in hypersonic aerothermodynamics [ J ].
Journal of Thermophysics and Heat Transfer, 2008, 22 (1) .
38 -49.

BHIDE P M, SINGH N, NOMPELIS I, et al. Slip effects in
near continuum hypersonic flow over canonical geometries[ C]//
Proceedings of ATAA Aerospace Sciences Meeting, 2018.

LE N T P, ROOHI E, TRAN T N. Comprehensive
assessment of newly-developed slip-jump boundary conditions
in high-speed rarefied gas flow simulations [ J].
Science and Technology, 2019, 91 656 —668.
HATTORI M, KOSUGE S, AOKI K.
conditions for the compressible Navier-Stokes equations for a

2018, 3(6):

Aerospace
Slip  boundary
polyatomic gas[ J]. Physical Review Fluids,
063401.

PRZAS, TR, BRE M. AR T8N, X B T3 5
m[J]. 233 iz, 2019, 37(5) : 691 - 697.

CHEN J, ZHANG J Q, OU J H.
effect on the computation of heat flux[ J].
Sinica, 2019, 37(5) : 691 —697. (in Chinese)

XIAO H, HE Q J. Aero-heating in hypersonic continuum and

Influence of rarefied gas

Acta Aerodynamica

rarefied gas flows [ J].
2018, 82/83: 566 —574.
RANA A, RAVICHANDRAN R, PARK J H,

Microscopic molecular dynamics

Aerospace Science and Technology

et al.
characterization of the
second-order non-Navier-Fourier constitutive laws in the
Poiseuille gas flow [ J]. Physics of Fluids, 2016, 28 (8) .
082003.

ZHAO W W, CHEN W F, AGARWAL R K. Formulation of
a new set of simplified conventional burnett equations for
computation of rarefied hypersonic flows [ J ].
Science and Technology, 2014, 38 64 -75.

LI Z H, PENG A P, ZHANG H X, et al. Rarefied gas flow

simulations using high-order gas-kinetic unified algorithms for

Aerospace

Boltzmann model equations [ J ].
Sciences, 2015, 74. 81 - 113.
XIAO T B, XU K, CAI Q D. A unified gas-kinetic scheme
for multiscale and multicomponent flow transport[ J]. Applied
Mathematics and Mechanics, 2019, 40(3) : 355 —372.
JIANG Y Z, GAO Z X, LEE C H. Particle simulation of
nonequilibrium gas flows based on ellipsoidal statistical
Fokker-Planck model[ J]. Computers & Fluids, 2018, 170
106 - 120.
WAGNER W. A convergence proof for Bird' s
Monte Carlo method for the
Journal of Statistical Physics, 1992, 66(3/4) .

Progress in Aerospace

direct
simulation Boltzmann
equation[ J .
1011 - 1044.
FAY J A, RIDDELL F R.
transfer in dissociated air [ J ]. Journal of the Aerospace
Sciences, 1958, 25(2): 73 -85, 121.

BIRD G A. The DSMC method [M]. [S. L ]
Independent Publishing Platform, 2013.

XIE J F, BORG M K, GIBELLI L, et al. Effective mean free
Physics of Fluids,

Theory of stagnation point heat

CreateSpace

path and viscosity of confined gases[J].

2019, 31(7) : 072002.



