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Application of information-theoretic analysis to shock wave/boundary layer interactions
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Abstract
We confirmed the causality from separation to reflected shock wave based on information theory which can deal with
nonlinear systems. Direct numerical simulation of shock wave/turbulent boundary layer interaction whose Mach number
M = 1.9, momentum thickness Reynolds number Reg = 1327 and shock angle g = 39.27° was performed. To deal
with three-dimensional structures, a computational domain that is long enough in spanwise direction was used. Proper
orthogonal decomposition was performed to extract three-dimensional structures of separation bubbles and compression
waves, and we found that the three-dimensional structures come from separation bubbles. Transfer entropy was used to
estimate causality between time-series data. Information-theoretic causal inference showed that feedback of information
from the upstream boundary layer to the separation bubble, from the separation bubble to the pressure field, and from the

pressure field to the upstream boundary layer.
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Fig. 1 Schematic of numerical simulation.
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Fig. 3 Instantaneous streamwise velocity field at 0.35 ms () y = 0.28,, (b) y = 0.056,.
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Fig. 4 Schematic of domain decomposition for POD.
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Fig. 5 POD modes of pressure field (a) Mode 1, (b) Mode 2, (c) Mode 5, and (d) Mode 6.
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Fig. 7 POD modes of separation bubbles (a) Mode 1, and (b) Mode 100.

L2/ VA THIAL L2 b O % LIEOfEIT THW S

@, = Dy, (8)

a,=D"d, 9)
Fig. 41277 K O IZLs & LIk OB 5 o kG i
fE@, Ny 7 r—fE, xHEEEE, X<ER, EASIC
SEILZENENOEBICPODZ T 5. 268, <
x <288 DEKIZIHE W Tyt <5&MMEIKE, 5<
y*<30% v 7 7 —JE, 30<y*EREmEEE LT
LU EE = L X —|ZPODA M A 5. 1% < BEIX
268, < x < 368, D FEIZ 35\ TH A ST [ 3 2N A
L biEEkEER L. BRAEANTIIRP L TES
PRTT 20, ORI & B, WiRKEO 2%
B FN7=20 DT, {(x,y)]288, < x < 358y, > 8o}
Dk A 155 & MFOPOD % i 3% .

Fig. 5ICE NG OEAE— RE R, [EAE— RH
0.0005 & 72 % [ & AR L D FEfE H, FAE— F2
—0.0005 & 72 5 i & H A OEEE TrY. ok, EA
E— ROFFIIREET A XD DD WEM
JENEBHDOIEA L ITHLTLH—E LRV, Fig.61C/E
T OREUERAE A 9. BT ET B & MR I o A
I RAZ HE(R 22 23400000 OB WMEE & - TR Y A
MRENEWZ D, Fig.5@DELT — NI GHE
B & EMEI O K D A A BN K& WEEIR O RIS R
GEND. LBEOEAT— FITIZEEH /N S iE
OB LEEND L OICRD. RICHFHROREWE
2% — NIZIZ AR H AN 258, ED A 7 — L& 4
DJEREE D Z R TR REIE N2 OMERR I D . 5T

©copyright 2025 by the author(s). Published by JSASS with

permission

— FEE6E— NITIE<BEa» b 72k o =
R ITHY 7 18 18 S e 728 éﬂé

Fig. 7iCiZ< @ oEHFE— FE2=~7. AHE— K
230.0004 & 72 5 1 & RGOS EE, A E— KA
—0.0004 & 72 5 1 & F O FH I Crd. HLIE— R
WZAX AN F NS FREE D A — L & b O E D e
ABIND., B— FEZHRE L RDITONMMVE
ERAH SN A L HITR Y, HF100E — NIZTIFIER
WS REREEND Z DB bND

Fig. 8{CPODE— ROKFERE D /XTI — A7 K
VBB 2T . BRI A e — BT, St=
f80/Us &9 5. Fig. 8(a)iFJE 135 DPODE — K DHF
FRBICET 20D THL. E—FOFEEFNBREL
RDIITONTEJEEBI DKy DT =@ < 72
HTENRDNL. TNEEFEFNRKREVPODE— RIC
aifiﬂFaEfof—zmi/J\éf;’f%i@yﬁi‘é.‘iﬂéﬁx%fik
EZ b, Fig 8(b)ZiXix < BV OPODE— K DR
MfRE DT — XAy N IV BE 5y zfﬁznréznfu\
5. FEBORENE— FIZBWT01<5t<0.2|CE
— 7 DR IND D, FHD/NIVWPODE— FIZIE
V-7 BNFER IRV, 2B, 01<St<0.21
50680 Hz < f < 101360 Hz(ZAH %4 5.

5. Transfer Entropy % i\ 7= K FHfE
BHMEIIU TO L ) ICERIND M. HoHrHER

AN DMEREp()ETDE, TOFLHOLOMHE

WMEIC)ITXI0D L H IZEHRTEB.



BT FR AR FAEH  /

WASEMZEFFEHBEY I a L —Y a VEATY VRV D L
2025%E7H2H~4H

K27 — ik —)ViE (A0

JSASS-2025-2095

POD mode

PSD

(@p

50

PSD

75 100

(b) u_

Fig. 8 Power spectral density of time coefficients of POD modes (a) pressure field, and (b) separation bubbles.
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Fig. 9 Causal relationship of pressure field, separation bubbles, viscous sublayer of upstream boundary layer, buffer layer
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