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Statistical characteristics analysis of fluctuating
pressure in airfoil boundary layer

WEI Binbin", GAO Yongwei, SUN Bo, XI Huaqian, DENG Lei
(deronautical School, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: To study the fluctuated characteristics of the boundary layer, the transition on an airfoil was
detected using the fluctuating pressure method in this paper, and the statistical characteristics of the fluctuating
pressure in different flow states, including the root mean square (RMS) value o, skewness s, kurtosis & and
information entropy I, were deeply investigated. The (s, k) phase diagrams of different flow states were
presented. The results showed that skewness of the laminar state was close to that of Gauss distribution and
kurtosis of the turbulent state was close to that of Gauss distribution, while the distribution in the (s, k) phase
diagram of the transition state was quite different from the Gauss distribution. The mathematical relationship
between [ and k, o, s was deduced in detail and an explicit expression was established, such that the one-
dimensional decision space for the transition detection was extended to a four-dimensional decision space (o, s, k,
I). This work is useful to deeply understand the internal relationship between the information entropy and the
general statistics of fluctuating pressure, and is also of help to subsequent data analysis, classification model
establishment and rule extraction.

Keywords: transition; fluctuating pressure; statistical characteristics; information entropy; decision space
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Fig. 8 Verification of the linear regression model

FH b, AR s kv B AR R A
T Gauss A7 BHEM . XTFMEN 0 1 Gauss 73 A K it:
1 2

= ~37 14
f mae (14)

FAE x = 0 LSS TR H: £0) = ———. % B FIAR
Voo

2 5 B (MRS B 59 7 15 Gauss 427 9 52, {61

SO T A TR B, DR U8 B PR R £(0) = ——ok¢

Wik £(0) 15 0 2 % F . BREREE— B 1D)

S UM, T B B 15 = A

Coy 5 DR ERIEACIZ).

WSS A1 A B BT T A 5 b7
B B T B A B L T R (13) B TEH
VE, LT A B G TE R R R, T R (13)
AT HE— 2 R

DR, AR SCATIAR DA Re = 1.1x10° 945 33k 47 158 B, St




% 6 3

B 55 B AL R K E) R 1 g RHE S B 135

A3 BEATIAE, W 9 Fros. Hh, Blod 2 B
ROBAT R LR, LM G L2 0D

AT RIEE R, BEMA A HNRE x/e=0.475
Hl x/c =0.65.
10
o fIHIPDFIHEMYI (x/c=0.475)
oL s A (1) HELRIT (x/e=0.475)
~~~~~~~~~~~~ A (13) TR (x/c=0.475)
8 L. o fIiHIPDFIHHYI (x/c=0.65)
BT meees fii FfiMethod 1315191 (x/c=0.65)
71 ": A—— {# FiMethod 2315 (11 (x/c=0.65)
~ OF}
5 L
s .1."‘:..».,
4
3+
2 1

9 AEAAFFHEMNEEE 1%

Fig. 9 Comparison of the information entropy I

calculated using different methods

AL, A SCHES AKX DM A RADXHE
B0 TRHT R e B BRI 45 3, HA3D
AT RS E %M 1/ (o, 5, DR K. X
W E B T AR SO NI AR B IR . 5 —
D710, A5 EIERAE T — AN FEALAR & 1A E 1, %8

3-D View

s Laminar

3
2
2
1
1
0
0
0
1
1
2
2
3
3

S
¥}

® Turbulence
e Transition

nououown Louhouwo

e K R BH B LR B E o 7 x/c = 0.475 S B Ak, 4
o= 6B 5 B K 9 BA), %M EWME a=
6°Bf e Fe i L IR B . 76 /e =0.65 P E AL, M a=
0°If {5 B e K (B 9 2L ), %A B2 o = 0°/
RAFEREIA E (B 3D 7T, Bksh R 115 5 1I1ME B
15— E T FRE BRI B RS .

K10 52 R R A& Csy ko D 5 A, AL 45 3-D .
AR BT AR PR AR, e ) g AR R 13D
Eiﬂ%—Iﬁ, E]]:

I =
3(k*—15)(k*+3k—45>—30)— s> (49k>—28 52 k— 15k +660)
1212 [(k2-15)*+3052]

(15)

AT 6Cad, B 10 39m 7 — NS 1. B, A
B R Z0, A im 2R, BEis 2.

M 10 BT CAE H, AHECT D B2 s, BERE & 0T 1) 1)
FOM T O 53, TE k= VIS BT, & 0N L
Sk L R ERA . ASCHERE R, WA IE A T
k=3 B AT B CE 4 F1 B 6Ca) ), T B R R AE A T
k<3 W80 b, HiEE k= VIS, 1, AL E
NP W] DAHER TR, i As B 1 AR T R
SHEEE,

Vertical view

—0.6 —0.4 -0.2 0 0.2

Side view

-4

10 REFREH (s, k, 1) 9
Fig. 10 Distribution of (s, k, I) parameters for different flow states



136 OIS I %406
1 B s R s 3 B AR b A 25 200, VI5) T, T [4] COSTANTINIM, FEY U, HENNE U, et al. Nonadiabatic surface effects

B R 20 A 2 R R RURHAE (BT 6Cb) ), T LK
L Z LA B I AR L

BARKE, BPREEM L E RO AL —
) & AR A B T G2 1, X FLRFAIE 70 A1 328 5 A s P
ORI . TR RAE SR kS S 5 75 iR A o 2
K, B SR AT S0 A5 2008 1 (0 D ik o 2 AR L AE
A C13) 45 34 3 = Tiilog, V2mo o« A SCHEF 19 A XA B
TATRZELRAE B I S — R G B Z RN R R

FEAE HIA% G i 5 T kB K 3 RMS 1R 45 1 41 2k
T, T REH T A5 E o B, %
IR —HEH) o A SCRZ AR Y e 2 DU 4E 22 18] Co, s,
ko 15 B ER T DY 4 25 8] e vk AT LA, DR AR SO R 2

TV Coy 50 ke DAE =SR] Cs, ks D52
sE5, RIKE 10,
3 & i

A SCAE FH ik 3h A 05 o BALA SR AT T
PRERW, WA T B REERAE OL T AL R E A )
WA KB I 1 G, B HE Y 7 RAE o W 5.

BEFE kRS B0 L B R A RS G, o AHE
I?Eﬁ’ﬁﬂﬁ, SRR ZRAE B s 5 Gauss 7317
(1) B 230 5 it Y AS 2 I BE B & 5 Gauss 40 i ¥ Bk 2
BT s M EERAE Cs, O A B 19 4 4 880 5 Gauss 43 Afi
FHZEBCR .

SN SRAR, EAHE R TEER TS o s,
kZ YRR, LT 15 ovs k2 AR EAR
ik 3, AT R A% S 1) 2 T ik 3 K 71 RMS 8 40 95 1 —
YRS R RN T 2/ Goit &4 i Y 4 e ok
8] (o, 55 ks D o

KX TAEHRT MIURZBEEEEES — R4
THEZ A E R &R, A B T0F 70N R G 2E 300
T o0 ZEABE IR e N7 DL R R ) 2 H 2

BOst: O NF-3 KU 8 & 28 5k RANZE
T S5 S0 N GO AR SCI e A ) B 55 Bl

& £ X Wk

[1] GAOYW,ZHU Q L, WANG L. Measurement of unsteady transition on
a pitching airfoil using dynamic pressure sensors[J].
Mechanical Science and Technology, 2016, 30 (10) : 4571-4578.
doi: 10.1007/s12206-016-0928-5

[2] KNAPP C F, ROACHE P J. A combined visual and hot-wire

ATAA

Journal of

anemometer investigation of boundary-layer transition[J].
Journal, 1968, 6 (1) : 29-36.
doi: 10.2514/3.4437

[3] LAGRAFF J E. Observations of hypersonic boundary-layer transition
using hot wire anemometry[J]. AIAA Journal, 1972, 10 (6) : 762-769.
doi: 10.2514/3.50208

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

on transition measurements using temperature-sensitive paints[J]. AIAA
Journal, 2015, 53 (5): 1172-1187.

doi: 10.2514/1.J053155

FEY U, EGAMI Y, KLEIN C. Temperature-sensitive paint application in
cryogenic wind tunnels: transition detection at high Reynolds numbers
and influence of the technique on measured aerodynamic
coefficients[C]//Proc of the 2007 22nd International Congress on
Instrumentation in Aerospace Simulation Facilities, Pacific Grove, CA,
USA. IEEE, 2007: 1-17.

doi: 10.1109/ICIASF.2007.4380904

HODSON H, HOWELL R. Unsteady flow: Its role in the low pressure
turbine[C]// 9th International Symposium Unsteady Aerodynamics,
Aeroacoustics and Aeroelasticity of Turbomachine. Lyon, France, 2000.
ZHANG X F, MAHALLATI A, SJOLANDER S. Hot-film
measurements of boundary layer transition, separartion and reattachment
on a low-pressure turbine airfoil at low Reynolds numbers[C]/ 38th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit,
Indianapolis, Indiana. Reston, Virginia: AIAA, 2002

doi: 10.2514/6.2002-3643

BURGMANN S, DANNEMANN J, SCHRODER W. Time-resolved and
volumetric PIV measurements of a transitional separation bubble on an
SD7003 airfoil [J]. Experiments in Fluids, 2008, 44 (4) : 609—622.

doi: 10.1007/s00348-007-0421-0

LEE T, GERONTAKOS P. Investigation of flow over an oscillating
airfoil [J]. Journal of Fluid Mechanics, 2004: 512.

doi: 10.1017/50022112004009851

LEE T, BASU S. Measurement of unsteady boundary layer developed on
an oscillating airfoil using multiple hot-film sensors[J]. Experiments in
Fluids, 1998, 25(2): 108-117.

doi: 10.1007/s003480050214

RICHTER K, KOCH S, GARDNER A D, et al
investigation of unsteady transition on a pitching rotor blade airfoil [J].
Journal of the American Helicopter Society, 2014, 59 (1) : 1-12.

doi: 10.4050/jahs.59.012001

KIM D H, CHANG J W. Reynolds number effects on unsteady boundary
layer of an oscillating airfoil[C]// 27th AIAA Applied Aerodynamics
Conference, San Antonio, Texas. Reston, Virginia: AIAA, 2009

doi: 10.2514/6.2009-3501

HAGHIRI A A, MANI M, FALLAHPOUR N. Unsteady boundary layer

measurement on an oscillating (pitching) supercritical airfoil in

Experimental

compressible flow using multiple hot-film sensors [J]. Proceedings of the
Institution of Mechanical Engineers,
Engineering, 2015, 229 (10): 1771-1784.
doi: 10.1177/0954410014560380
IKAMI T, FUJITA K, NAGAI H, et al. Measurement of boundary layer
transition on oscillating airfoil using cntTSP in low-speed wind
tunnel[C]// AIAA Scitech 2020 Forum, Orlando, FL. Reston, Virginia:
ATAA, 2020

doi: 10.2514/6.2020-0294

HELLER H H. Acoustic technique for detection of flow transition on
AIAA Journal, 1969, 7(12):

Part G:Journal of Aerospace

hypersonic re-entry  vehicles[J].
2227-2232.

doi: 10.2514/3.5520

LEWIS T L, BANNER R D. Boundary layer transition detection on the
x-15 vertical fin using surface-pressure-fluctuation measurements: NASA
TM X-2466[R]. 1971.

WEI B B, GAO Y W, WANG L, et al. Analysis of flow transition and
separation on oscillating airfoil by pressure signature[J]. Journal of
Mechanical Science and Technology, 2019, 33 (1) : 279-288.

doi: 10.1007/s12206-018-1227-0

WEI B B, GAO Y W, LI D, et al. Variable slip window technology in

transition detection on pitching airfoil[J]. Chinese Journal of


http://dx.doi.org/10.1007/s12206-016-0928-5
http://dx.doi.org/10.1007/s12206-016-0928-5
https://doi.org/10.1007/s12206-016-0928-5
http://dx.doi.org/10.2514/3.4437
http://dx.doi.org/10.2514/3.4437
https://doi.org/10.2514/3.4437
http://dx.doi.org/10.2514/3.50208
https://doi.org/10.2514/3.50208
http://dx.doi.org/10.2514/1.J053155
http://dx.doi.org/10.2514/1.J053155
https://doi.org/10.2514/1.J053155
http://dx.doi.org/10.1007/s00348-007-0421-0
https://doi.org/10.1007/s00348-007-0421-0
http://dx.doi.org/10.1017/s0022112004009851
https://doi.org/10.1017/s0022112004009851
http://dx.doi.org/10.1007/s003480050214
http://dx.doi.org/10.1007/s003480050214
https://doi.org/10.1007/s003480050214
http://dx.doi.org/10.4050/jahs.59.012001
https://doi.org/10.4050/jahs.59.012001
http://dx.doi.org/10.1177/0954410014560380
http://dx.doi.org/10.1177/0954410014560380
http://dx.doi.org/10.1177/0954410014560380
https://doi.org/10.1177/0954410014560380
http://dx.doi.org/10.2514/3.5520
https://doi.org/10.2514/3.5520
http://dx.doi.org/10.1007/s12206-018-1227-0
http://dx.doi.org/10.1007/s12206-018-1227-0
https://doi.org/10.1007/s12206-018-1227-0
http://dx.doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.1007/s12206-016-0928-5
http://dx.doi.org/10.1007/s12206-016-0928-5
https://doi.org/10.1007/s12206-016-0928-5
http://dx.doi.org/10.2514/3.4437
http://dx.doi.org/10.2514/3.4437
https://doi.org/10.2514/3.4437
http://dx.doi.org/10.2514/3.50208
https://doi.org/10.2514/3.50208
http://dx.doi.org/10.2514/1.J053155
http://dx.doi.org/10.2514/1.J053155
https://doi.org/10.2514/1.J053155
http://dx.doi.org/10.1007/s00348-007-0421-0
https://doi.org/10.1007/s00348-007-0421-0
http://dx.doi.org/10.1017/s0022112004009851
https://doi.org/10.1017/s0022112004009851
http://dx.doi.org/10.1007/s003480050214
http://dx.doi.org/10.1007/s003480050214
https://doi.org/10.1007/s003480050214
http://dx.doi.org/10.4050/jahs.59.012001
https://doi.org/10.4050/jahs.59.012001
http://dx.doi.org/10.1177/0954410014560380
http://dx.doi.org/10.1177/0954410014560380
http://dx.doi.org/10.1177/0954410014560380
https://doi.org/10.1177/0954410014560380
http://dx.doi.org/10.2514/3.5520
https://doi.org/10.2514/3.5520
http://dx.doi.org/10.1007/s12206-018-1227-0
http://dx.doi.org/10.1007/s12206-018-1227-0
https://doi.org/10.1007/s12206-018-1227-0
http://dx.doi.org/10.1016/j.cja.2019.12.028

%6 3 B 55 B AL R K E) R 1 g RHE S B 137

Aeronautics, 2020, 33 (4) : 1166—1180.
doi: 10.1016/j.cja.2019.12.028

(191 A, misk I, K775, R A2 T K 0 00 4 B0 b B8 5 v 9t
FE 1. 556 /1%, 2012, 27(6) : 764-770.
WANG M, GAO Y W, ZHU Q L. An investigation on data processing in
transition detection using surface pressure fluctuation[J]. Journal of
Experimental Mechanics, 2012, 27 (6) : 764—770 (in Chinese) .

[20] w7k I, BEMS, KA 52, 4. R KANE 24T Ik 0 SRl i 5
R ge (7], BRIk )12, 2014, 28 (6) : 98-103.
GAO Y W, HUANG P, ZHU Q L, et al. Experimental study on pressure
fluctuation sensor-based diagnostic for boundary layer transition with
long-fine tubing system[J]. Journal of Experiments in Fluid Mechanics,
2014, 28 (6) : 98—103 (in Chinese) .

[21] FEYURI, KEEHE, JH B4, X KlebanoffB 54 R 5 S2 56 I 5 77 12 19125
WEFLLIT. fi7S 4%, 1987, 8 (3): 184-188.
WANG K L, FENG G W, ZHOU M D. A preliminary study on a new
technique to determine Klebannoff transition[J]. Acta Aeronautica et
Astronautica Sinica, 1987, 8 (3): 184—188 (in Chinese) .
doi: 10.3321/j.issn:1000-6893.1987.03.009

(221 B, it 00 E T 100 S 2 A I e f B i (D). 23 2441, 1992, 13 (2):
53-56.
ZHENG G F. Effect of the turbulence on boundary layer transition
measurement [J]. Acta Aeronautica et Astronautica Sinica, 1992, 13 (2):
53-56 (in Chinese) .
doi: 10.3321/j.issn:1000-6893.1992.02.009

[23] STOCK H W, HAASE W. Feasibility study of ¢" transition prediction in
Navier-Stokes methods for airfoils[J]. AIAA Journal, 1999, 37:
1187-1196.
doi: 10.2514/3.14308

[24] KOTSONIS M, VAN INGEN J. A two-parameter method for eN
transition prediction[C]// 6th AIAA Theoretical Fluid Mechanics
Conference, Honolulu, Hawaii. Reston, Virigina: ATAA, 2011.
doi: 10.2514/6.2011-3928

Mt A
EXR ORI CAD ) & — AN 7 FR 4L, AS
FABIECH RO BN C10) FI R L FE .

—2In2-0%-¢;—-3In2-5-0°>-c3—4In2-k-o*-ca=1

1 3
—§C1—S'U"C2—§k'0'2'c'3 =0

—In2-s-0-c;=2In2-k-0?-c;—60In2-0*-c4 =3
—In2-k-o-c;—45In2-0>-c3 = 4s

(A1)
R ADPE AR TF 715
4552 4s

“a=- k C3_1n2‘k-0' (A2)

B A ANRADBIRT =25, 145
—2In2-02-¢;=3In2-5-02-c3-4In2-k-c*-ca =1
4502 3 2s
ko= ——
% 2 ”) ST T2 ko

45In2-s-07
—21n2-k-a2~cz+%-q—éomz-a“-

42

—s~0'~c2+(

(A3)

XA, AT Hlh 15, =41
[/j\ k, Ej‘ff%‘:

—30In2-02-¢;—45In2-5-0°-¢c3—60In2-k-0*-ca=15

.\ 4502 3 2 2s

so-c Sy A ) D Al

2\ 2 T T2 ko

—2In2-k*-0%-cr+45In2-5-02 -3 -60In2-k-o*-
C4=3k—4s2

(A4)

RAbHH, DX T 55 =T 5=
AT LL-2k T 15

45
s ko 3k2. 02 —4502) - ¢4 =

s a'cz+( o 0')03 2o
(30—2k2)1n2~0'2-02+901n2-s-0'3-C3=3k—432—15
(AS)

BT A5 A 15

(k2 - 15)(31{—452 - 15) — 12052

2002 [k~ 15)° +30s2 k] - 02
(A6)

) 5 (7K2 - 452k - 15k - 60)
32 [(@-15) +3052-k] -0

XA AN (A3 R EE — AT, AR
Hj Cyt
(k2 - 15)(—k2 + 3k—4s2) — 52 (7k2 — 452k + 15k + 60)
4In2-k-[(k2 - 15)° +3052 k|- o4

c4=—
(A7)

FERFEXKROTFERESH ¢, Bk, KA
Xﬂ‘ Cy j&’?f‘*ﬁﬁo @,[an Co~ C3 ﬂ] Cy é%ﬁ%tﬂ:

(k2 = 15)(3k - 452~ 15) - 1205
212 [(K2 - 15)° +30s2 k|- o2
s(7K% - 4%k - 15k - 60)
T 32 (@15 43052k -0
(k2=15)(~k?+3k—452)—s? (7k* ~457k+15k+60)
4In2-k-[(k2-15)*+30s2 k|- o*

c=-

cq=—

(A8)

Hiikth, ST Gauss 2046, B s=0, k=3, X, 4

1
Cp=——
2In2- 02
o (A9)
c4=0

(AL T4 15 % EL G F %)


http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308
http://dx.doi.org/10.1016/j.cja.2019.12.028
https://doi.org/10.1016/j.cja.2019.12.028
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1987.03.009
https://doi.org/10.3321/j.issn:1000-6893.1987.03.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.3321/j.issn:1000-6893.1992.02.009
https://doi.org/10.3321/j.issn:1000-6893.1992.02.009
http://dx.doi.org/10.2514/3.14308
https://doi.org/10.2514/3.14308

	0 引　言
	1 方　法
	1.1 实验设置
	1.2 计算方法

	2 结果与讨论
	2.1 转捩的RMS判据
	2.2 不同流态的（s，k）分布
	2.3 不同流态的信息熵

	3 结　论
	参考文献

