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Abstract  When flying in low or medium attitude at very high Mach number, the surface of new hypersonic vehicles

will encounter the interaction between turbulence and chemical non-equilibrium, which makes the flying environment

more complicated. Generation mechanism of skin friction in such high enthalpy turbulent boundary layer is the

fundamental scientific problem. The clarification of this mechanism can serve guidance for the drag reduction design,

which has a significant engineering practical value. This work chose the flow condition after the leading shock of a cone

in hypersonic flight, and performed direct numerical simulation (DNS) of turbulent boundary including chemical non-

equilibrium effect. The low enthalpy case under the same boundary condition was set as a comparison. The RD (Renard &

Deck) decomposition was utilized to analyse the dominant generation process of skin friction. The profiles of the

integrand functions of main contributors were compared in detail. The influence of chemical non-equilibrium on the
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generation mechanism of skin friction was investigated. Furtherly, quadrant analysis technique was utilized to analyse the
dominant flow events of turbulence kinetic energy production term in RD decomposition. The results show that the steaks
scales of skin friction fluctuation are reduced both in streamwise and spanwise directions due to the chemical non-
equilibrium effect. The molecular viscous dissipation term and the turbulence kinetic energy production term are the two
main contributors to the generation of skin friction. The former mainly works in the near wall region, and the influence of
high enthalpy is applied through its average portion. The profile of the integrand function of the molecular viscous
dissipation term is different between high- and low enthalpy cases. The results of quadrant analysis show that the ejection

and sweep events are the dominant processes for the latter term.

Key words

El

il

e B P AT B AR DAR v SR A R AT I, RAT
i JE L 25 77 AR B0 R IO T s i e im 2 =, AR
JEE R T . W B T i s UK AR T 2 R,
LU N 31 20 B8 0O R AR Sy 1 B i, AT R AT AR SR 1)
RAE T AR AR AT Y AT SR AR S B % K
AT I, RAT A8 3R L 8 2 R AR T BRI TV 1
AL i 2 15 R PR BH T e B, AT K
AR AP /IRTE | S o APV IVA e Ey S S T
WEL PR 000 5 oy DAY ¥, sk =~ 28 2050 A ko B 1T B L
AR )53 M A, 6 ANV 2.

H AT 7] I 2% 18 vy it A 2 A YA A8 280N R i Tt i 3))
IR WAL T2 AP B B, AH DGRBS+ AT R, B3
S K B AL /7 vk (direct numerical simula-
tion, DNS) #4773 #r#F9%. Duan #1 Martinl®-* i [ 5
Moy AN BEAT T DNS, 45 KW S ki 42
e~V 4 2F T 55T Morkovin {5 % 1A 7 A G R
J5 G FRATI IR AL, FE VRS T di T A 27 B WY 2 (1)
SR KimP! A 5 — 2050 11 O, 8RN, IF 2% &k
ARSI R, I Y- 1 kb RO W] DU e i v B AR
A28 AP 5O IR 52 . X SR G R IR T 2
(PRI H X, %0 8 Z 50 0 B AL B (R AN bR
FEFRBEARTT G bR BE . 52 1E [l 5508 (B 57 2 B
T L S V2 T B e Il AR A8 R B [P 389 s e R
B s AT 025 3 AR Renzo # Urzay P10 53¢
T A A )30 R O R, TR TR 46
FOrHT T RER R FAGLIIAL H)5 AL, Passiatore S
LT PIRRAN R SRR (R 40 s Ak 2 - i
wmEh) NI T, RIS N o A A R ik
B R P RK SR TR 45 B L, (H 4k 2 AR~ 30
X B 1) — B A B e B R D, TR R R
HJ RD (Renard & Deck) J7ykxf BEBHIEAT T 40 At 5.

high enthalpy, turbulent boundary layer, skin friction, RD decomposition, quadrant analysis

Volpiani'? I T — &0 5 68 i ik /A 24 4k
i A 0 S AR HL I B BB B R P, I
APl N AE AR T X sl e e A T 0
AL

IR FTEE R, il A RN 2% W R
e 30 32 A 07 SRR R o0 A I A o s H
SEMA R RIS, AR BE BH 23 A 7= A 5 .
s o ERAR I NN T | S o TV VAN T L= 1T T E W 5
. A R s U S S IR R R O T
T U S 2 G R PR R TR TR R Ok
AL () R BELARF M il = SR 3 AT

JEE BHL 73~ fifh 5 A K B 110 JBE BELIV 7= A 5 i sh A L ol 45
Gk, S BT BE R AE LR — M T B B
LA FIK 23 fi# 31 fl RD 43 fi#'4). Fukagata %513
TH kXS4 B i RE IR Ak = IRy, L T EERH
RECS W) Z A K 2R, K R BE 70 fif A J2 i
3 (R DT R A i UL 08 40 1R o k. s 8 1) gk AR S T
T A Ty RN Jke iz A AHET AR E R4
JEUT), Renard 1 Deck $§ HU4IFIK 23 205 B 04
PR IR T S AP EERH 43 fif 72, B RD 43
il 12 7R A AR T 2 B T B S A PR AR 1 ) %)
SRR T, T8I ) Bl R A AN AR 4
VG PEBH ) 7™ £ 43 DA 431 R PR A RO i 2)) R A ik
YEHT, BAT SO A I P B S IG5 VR A T i 45 R
Ta it RIS RORBE it Y as Bl 10 FIAR 00 o) JBE BHL 1)
SIS 2] T N AL Li SR ILHET 0] R 46
T, FERE T TR BN EE B A ) 5 .

ASCAIH] RD PERH 73 i 4R, 404 T i A 2
AP fi i A2 S 2 R BE AR LA, 25 H T O0) EE B AR
D S R (RN M TN R G DU i W | o Te R R I N
EARF LU ARG, M BH = (8] o3 AR iy #A)) 2 R B))
REPE TR 0BT T 1 250 %of =3 PR L A T 5



w1 KU

fr KA i L2 2 B T JEE B A LR 0 M 41

| WEHESHORE
1.1 $EHATE

RIS S Tk 3/, SR 58 SR, #2361
J5 R A3 AT 546 Naiver-Stokes (N-S); w=ida 549 T 75

B AR A 2 AR AT 0N, SR & A 25 N T
N-S HRAE G RE. EaE e

% 2 (ow)
ot 8)6]'
6(pu,) _ 0 aTij
o ——a—(pu M]+p611)+8—xj
OE aT
E_ j[(E+p)u]]+ (M]TU+K6 x 0
Zpthk )
k=
3 (pfi) a Ofi
=—— i D
£ o (o fij) + P (,0 Kax; +S

k=1,2,---,ns-1

oo Fip B EFNE 75 u; 0TS fi S22k Bl
éﬁ"ﬁ’]bﬁiﬁj\i&, E N B ARBR G N B g A2 EE
TR FE Y 2 AL A 13 3 S 25 & B2 4 1
iﬁkﬁi«i i NEGPEN J)5 K FDy 73 50 o #ut 5: &
BORZH 73 B4 B R A A ek S, a0 H I
Pr=0.72, Lt # iy =1.4, i VE R ECR M Sutherland 2
ATHS WA T 2 4l Sk, W el it Lennard-
PR RBOFE A XSRS S A 0 M EHE R
B, it Wilke A 0HREWERE R LG v BA
PN H G B pr BRS¢ B B TE R B R UK
WS K NDy. Z 450 is /8 (RiERE. kT
REMNA YR L) BT 2 X0 226 30K [23].
1.2 HERE
TR B R 1Y) Inhouse F2 7. 1% 5 RE
¥ CE NI R 5 IR n] Fs 4o P25, B A ot
JE TR, iR R M S5 R R8RS
fri o F 21T ST A Al (P A B AL, TF SRS
AR 2] T 280 B0E. AEAR SR, LRl
HRMT 7 WA B2 5 4% 20 WENO-ZP, M1 R
4 By 22 5048 5K, i Tl R FH 2 A TVD 1R
(] 3 By Runge-Kutta J5¥Z%:. @k 551 7F AN FE L
PR, H I I8 S o M B R, 12 )k
VIR A# K ] Gupta Z6B 2 HE 5 4143 (N, Oy,
N, O, NO) 6 %I Jx W A5

Jones 43

1.3 BEHhgE

S EA T RS R R E LB 1. T O
A ZE AR T AT A, R 30 km 55245 LI A% 20 K
AT IIBRIEAR, TSk A — R . BRI S5 (i
FER m H O R BOR v ORGSRV, R )t
ARG T L R RSN GRS 4 55 K i
0y R B E N 0,)=0.2675, AAN,)=0.7325, f
A I 23 S 22 O AR RO 2 AR P AT I R, il ok
TH 541 AF A %f b, B8 RS TR S 50N RS
B, DAV o T A E T 8 2508 6] i ot 3 A 2 R
PRI EEBEL (A 5200, 30 A TL 50450 795 430450 1) S eIk
AR W E L 1

THE IR AR R R AR A T RANSBY (1545
SR T A B, N 1R Pk 20 28 ek 5 R A it
JIEBA A W HR R AE L A A, Bl S e
ﬂy%ﬂﬁ“ﬁ- B TR FH R0 1 S5 45 1 R 1) SR P R S

AT

THRIRBEE N 206 x 46 x 26 (LI x k) x J&
], & K1 FE 4 SUREE), AR RS 4 901 % 161 x
301, Yt ) 0 i) R4 229 57, 9% ) 0 Ak 0 B [T PRS2
SR [6] BEAT T RIS T H0 T (1 A% TG SRR AIF,
AL TSR FH T D T LA A2 B B A 1y 3K
it 8 78 53 R FE B IR S 53 1% 2 B 31 9 J 2 J B R s
B 2. BN I SRR 6 290 5 mm. LREFHIAS
B F) Regy — 20, H AT LUK I Reg Al Re, RAH ZEANK.
3BT BT SR FH I 1 467 B 40 1) 2(b) AR R sE R . HL

inflow

K1 R R R

Fig. 1 Schematic of computational model

7=LE 1 */}lLﬁx&iumlﬁﬁ

Table 1 Inflow condition and wall temperature

Case M, pkg'm™) TJK T,/K T/ Ty

TH 4.5 0.1025 3400 3400 0.206

TL 4.5 0.1025 300 300 0.215
Note: the recovery temperature T, =T, |1+0.9x ~—— o= 2 )
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Table 2 Thickness, Reynold number and grid resolution

Case  Rey Re, Res,  O/mm o/mm Ax* Ayt Az*

TH 2451.1 8025 2396.8 0452 4793 18.6 034 5.6

TL 24837 8683 24837 0458 4975 193 035 58

Note: 6 is momentum thickness, the different types of Reynolds number are
defined as Rey = psust/ ps , Rex = pyu8/ pty, Resa = psust)
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