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Heat transfer performance of pre-cooler under unsteady
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Abstract; The heat transfer performance of a staggered-tube-bundle pre-cooler under
unsteady inflow pressure condition was numerically studied with large eddy simulation meth-
od, and the dominating flow structures were identified using the dynamic mode decomposi-
tion method. The influences of the inflow pressure frequency on the internal flow, heat

transfer performance and entropy generation within the pre-cooler were analyzed. Results
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suggested that the inflow pressure frequency had little impact on both the time-averaged heat

transfer performance and the transient heat transfer performance. When the inflow pressure

frequency reached the natural frequency of 950 Hz, the flow resonance occurred and the heat

transfer fluctuated dramatically. The shear layer and shedding vortexes were the dominating

flow structures, and their spatiotemporal evolution determined the transient heat transfer

performance. When flow resonance occurred, the evolvement of the shear layer was closely

related to the inflow velocity fluctuation. For the upstream cylinders, the period of the shed-

ding vortexes was the same with that of the inflow pressure and velocity, while the period of

the shear layer development was twice of the inflow pressure and velocity. Moreover, the en-

tropy generation relied on the dominating flow structures, and its spatiotemporal evolution

was in accordance with that of the dominating flow structures.
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Fig.1 Geometry of staggered-tube-bundle pre-cooler
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Table 1 Specifications of different grid densities

PR R X R XER AT AT BRIREY
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&l 3 %fXTtKTKIﬁJH%%‘WF?ﬁ%W%%
B, A B 3 Ca) T kB — HE A AR TG o 40 2 i i
75 0 AR I R 97 1S R B (So) L [ 3(b)!5)?ﬂ<j717§]ﬁ<
BUREZR CHD A [R) o7 8 Ak Bsf 357 90k B IR 2y 1)
RS /oo /U o ATRLE B Bt WA 2% 5 Y
BN 45 U 5 2 B0 00 28 A0 T5 7 28 B8 2 RRE  BEK
Grid 3 # K2 Grid 4 B, 55— HE & R TG it W&
B8 7% W A 38 St I AR K R AL T 0. 05 %0 BURE R
A5 Ao AL B IRE S8 R I 8y e N T Y
B OB 22 4 3000, 65 % 5. 2% o 1 F Grid
3 A% % B T Ui 7 Hh & S 8001 B R bk Bl (e 1Y
ALK B R B BOE AT BE L A SIS B2 A 56 K B
ABFFE A Grid 3 RIS RO,

0.6

0.5 [Fmmmsmemmm s

Grid 1 Grid2 Grid3 Grid4
Grid number

(a) HE— A ST L NG T IR L v R

300 [— 7Grld17Gr1d2 >>>>>>>>>>>>>>>>>>
= —Gr1d3 —Grid4 |
S 200
3
S 280+
g ‘ ﬂ ﬂ
£ 270t
[_4
260 | AL
0 0.4 ! 1.0
04| —Grid1 —Grid2 |
——Grid 3 — Grid 4
gos - | A
507 Wk
A LT
0 " L N

0 02 0.4 0.6 0.8 1.0
Relative position
(b) BUHELL L it 240
&3 g oo 6 ik

Fig. 3. Grid independence validation

2 DMD 77 3& B3 iE

) ) 5 WS O e 2 — R AT A R i S 5 B
AU U7 RCH v R TR B — ARURR AR T 454 1 i
OY AR L AR TTRE S F 3t 3l it Sy JUAS B
AR B AR 2SR IO B — AN [R] A4 U sl A 8 [
BLE g s MBS R EEFFEE. AT
DMD J5 ¥ AF fi A 41 ﬁmﬁﬁﬁﬁé!&{ﬁ%ﬁl
P BT 40 5 i) DMD 2 5 (1 7561
2.1 DMD FitEAFEE

T 1t 5 HH AE A T A I ) T B Sl A 1) % 22
Mm sy, Moy, 00 3R0R ¢ f e+ 1 B 20 5
A B Sl 2 B 25 0] 2 A B 5 e oo R TEZR
PEBLIT A 75

V., = Av,
A ARG
AR N

t=1,+,N—1 (2)
N A~ %0 849 9 S R AR 51

Vi\l - I:V17V29V3 s“'yVN:I (3)
M5 N A 2 9 Bl A 3t 3 e 410 30 ks e 2k 1
[ Y IUES]

V%V - [Vz 9V37V19"'9VN] -
[Av, , AV, , AV, s AV, | =
AVN! 4

ALLE L R A B4R AR 2 T e iR
FeB Vi i A 5 R A JE BRI VY
UL HERE A BFSAEE LS TSI VY R A
Fitk . HARTT S A MRHMEER R T 4% 80 LS
WA T FLAS A TG IO (8 R 1] AR T A5



2068 o= 9 o R

%35 %

AU 25 N FEAE A I Y RE L
DMD 75 % BYAS B K i R SRR A 115 R

— R AR ZE RO R M DA
FTER MR . A SR FHAH AR 72 46 32 1547 o 4 78 4
DR A R GERE M A 207 v B 5w 1 B F
P LA RO B0 e 7R R T X TR - 1Y
PRBRF S VY0 E R PRSI A R ALA
N RGEH A 5 AR 4E A3 AR AE 8 0 2 &R
GeaEE A (—FB5% . X A SEATHHAE 20 7] 15

A =Z7ZMZ"' (5)

Hot Z=[z .2, 10 A FRRAE ) B L 0 RS AE (D
] 5o M= diagl g s oo 1o XS5 j A FFAEAE T
B H RO S 195238 g5 = Relog g, /A0 R ER
TR AR HE T w; = Im(log g, / A0 MR A A
g =0, NI WA SRS E s 47 g5 =0 W R 7s Xf
O AR5 B ST (1) B8 5 5 5 g, <20, DU 3 7R Xof g A2 i Bt
D . DR R AR (R o 00 T 75 52 - I A B2
B b U2 oR AH R S AR R Z IR SE

WAL A X VYU 4TS (] AT R
F A POD (proper orthogonal decomposition) f&
& U ¥ H s 3 w5 2 25 18] mRE ¢ I 20 9 PR B e
v, KRH

v, X Zgoj/xflaj (6)
=1

X ¢ DMD 35 o, 2 AH RS 1 R . =X
R ¢ B %004 3 3 0] B DMD £ i 452 25 1) 25
PR Gt RIR

EAS IR B R PN g, = Uz,
BHR 1, iS¢ RN E POD B UMA
FRAE 1) 5 2, MR SU Fl 2, (95493 2 Mk
SPAYeE, S AMENN L HEIEE o 1
AW 18 6 FIE 11).

i DMD S5 d % H o). 88 | a | 547
DMD #5 45 HE 77 » 3 w5 FlE 1 7 20 e DL B R
FasE R G0 BE I M Sh AR AE A R RS . R,
AR SCR ] Kou 5 3 (10 45 245 39 B0y 32 08 A7 A
AHET » HE P A0 Al A A A58 2 X 4 3 B FERE AR BT
IR 118 K70 & 33K A T S0 3% I S e R L R Uk 6 PR Y

SRR T, R R AT
Vo = D0y (1) o (24 3) <)
=1

K oo (s ) AAFH R — LR 92
AR T by (O W FRIRBEAS j AE ¢ I 2 A9 I ) R
B0 BB j X ¢ I 20 PR B3T3 1 o ik AR
e R | b, (oo | BEAT R [R) R 43 A6 A i a5t th B3

X A SR A I [R] B P9 3 32 19 o3 K
I :J\b,,(ﬂ\dt%ﬁj\b,j e ®
T A 85 1) 3 BB DU AR 4R T, 9 R/ 4 R 4
ST P, 27
p, =

J

I

Nj
>
k=1

(9

2.2 DMD EFI&IF

NAHEE A I T SR AR Lt FE R A
T B[R A SR LV W .t AR SCRE TR A
A B SR i B Ok 56 U DMD A
FP xR W E R B4 4MEN 5 mm, R
TR EE R 300 K, 4 BE 1R i (200 KD 5 Sk i # Bk 5
m/s, ST I EE G EL Re=1583, MEHIGET ., B/
LEYi i shad T2 A2 SR Be AR Y A B BT )
J2 45 B U T T8 S R 5 T Jsc 5 I 9 1) TE it

Sy YA H A AR DB A SR U v & B R A 1Y
Uit SHASHE PR B A1) 1 R R AR AR N AR 2 T A
SR FE S S BER BE 210 B SR R AR 3 3 /D Dy i DG
{18 i 3 445 K 1 [ AR 1Y 2 A5 . J3 8k Pan SR 1Y
28 A 7 20 ROBE I AL 01 0 - B R T 51 22
7 i 1) I R B B o R U sh A A — A SR Y
)R BE o A SR 20 A AE K (2.6 X107 )
LA PR ) £ 3 510 5 BIAH 20 B A~ PR T 1 1) s
][RI BE R 5. 2 X107 s, PRIR)FHI A B 51001,
SR 0.052s, B 10 ST AW 456 &
WRFESAF . B4 Frs i BE B NI 1. 54 A4b
A BT Cy 1)) 3 k3l Horp 4 Ca) fir s i
190 /> i (] 25 A 1% 2 32 Bk 3 I s 181 181 4 (b) Sy 28
P o B A e S AR S . R LA E A s A
WA S e 1) EAE 190 AN BRI 9 BT B
1) 22 A~ Wk 30 JE R S 32 R 30 6T 107 26 6 dak I 7% it L
AR L AR 201 Hez 40 35 B8 1 ik 3l 04, 3% B
WY& KL 201 Hz, BLA, 413 Hz b BLYS
— R AT AL AR N 1 TR D AR

5 B 7R 3 3 DMD 43 B 45 5%, o &
5(a) JIT 7R 25 B2 X i 7 1) o R E L 18 5 (b) iR
Ry A5 WA AR (ELE ST B A IAIELS ()
R LA L0 BB 1 i (B KL 2900 1 B S
A2 BB R 15 % . 0 AR S Tk R = A e
iE Al I A
. H Vi\H - SDjCoerf (]) ||F

IV e

K Con () R j MBS REL TR F &

o =1 (10)




% 10 k2 5 L R ) T T DMD J5 vk Y Ve 4% e HRE b 2069
1.5 10!
1.0+ o 10°F 5St=0201
3
0.5 £ . 51=0.413
= 107 =
S 0 g
-
. , £ 10}
2 ) 2
“10} 107
A H H
15 ’ ! . . 10 T (S S S S S
2.1 22 23 24 2.5 0 300 600 900 1200 1500
#1073 s Frequency/Hz
() BF Sk (b) AR
Bl 4 A RGE Y A RUE I Cy 8D 3 o kgl
Fig. 4 Velocity v fluctuation of point A of sigle cylinder velocity field
1.25
0.26
1.00.¢
024 0 0.75F
022} 2 AS0}
£ 025)
020} £ ot
T T
0.06 5 025}
0.04} E 050t
1 2 -0.75
0021 I | | I ~1.00F
0 L " £ " " 0 " " "
-600 —-400 200 0 200 400 600 -1.25-0.75 -0.25 025 0.75 1.25
Frequency/Hz Real Re(uj)
(a) BESITE (b) FHAEAE S 1R

BS HUETHUERE

Y DMD 1S5 B

Fig. 5 DMD modes of sigle cylinder velocity field

7~ Frobenius 75 %0, 17 A 0 B S8 8 I, =
79.62% X MR O B B 25 X PR HR AR ARy 51 1) o1

R R T H A B A TRk E 2 AL MR fr=
201. 5 Hz I f, =421. 8 Hz JIT 6 o (25 g5 AN G

A FEEARES AR 5 4 (b)) Fras 9 AN 16 A5 BT Xt
PRS2 B A N S byl LU E F L A
50 B 1 By Al 2 B = A4 F B CRAE NG 4R

DMD ‘:

oL R Bl T =R G T £ VA I e - 4
FARL IR B NN 3K R R GEAL Tl AR RS .

F 1l 5 Ca) Jr 7R 5T R BE R /X 46 DMD 2 2 iF
A1 HETF + I 6T 41 W 58 K0 i = B A 2 AT 0 T
T = B 5L 25 S 308 T A 2% 9k 3 45 4 114 253 [ 43 A [
6 Jir 7 CHE 30 JIr A% 2 ) 9t 3l 25 44 =5 [ 43 A 5 523
FARLAAEAE — AL 22D Hoh o R W (2

modes  —0.0200 -0.016 —0.012 -0.008 —-0.004 0.004

(a) OBEAS (AL 8] 14U 1) (b) OBEZS (4 11 v)

| § 0 DC=

0.008 0.012 0.016  0.020

(d) VBEES (3 1m) R v)

(&) 2B (WL 13 L )
Bl 6 B TR R 7 T = [ DMD #3451

Fig. 6 Flow structures corresponding to the first 3 DMD modes of sigle cylinder velocity field

(F) 28BS L 1A S )




2070 o= 9 o R

%35 %

i) JE R .o RERIE I (y D L. 0 B BE 25 0
A N RNy 0, 5 AR EE P
PP Al 1 A 2 B a5 2 0 s A L
RO 201.5 Hz Ml 412. 8 Hz, 1 By 2& A
PERGE A S AR (B T 5P 1o A2 13 L AR 0
Wit s 6] A 305 2 A 285 O S i 28 LA ik
3 T - TG B (5 PN HG X 3 JRE 7 1) 5 W i )
BTN o AR 1 AR AR 3R Y R G I K
M REZR W B V)2 43 1 L 1) g o G AL O e %
SRR R R R 2 BB A5 WARER
A TDANY 35 AN D A O T 7 ) SN s 1 R 73
DMD F& J¥ B8 4 548 R S8 W 5 b 1 R T
3 fifk R L IR BETE A& $b i H BT U2 R0 VR i B
B . b, id iz DMD 8 3 i 45 2 9 i 2 &
U 2l 25 R AR 5 0 O 0 2 O A A B 2
Ul % DMD R Jy G882 73 i AR eV i 4

3 HREHMH

SRR FEAS L 3t He 7 78 A A 22 N SCHEAE SR i
7 v B e PR BB L A SCORTE R AL R Hs JR I P 2 A
B (S S HH 0,100,700 Hz F1 950 Hz il ¥4
NI B HEAT T ORI LR, o, ok g s ) AR
EAR 3 950 Hz I, SCHESS S i 3 & AR 3R R
3.1 RBEATURRIGHE R EHR
1% BE B9 %2 M
B 7 B A AS IR SE i ) A8 A i A
A HE B I 2 4 SR RE L X B DL BF SRR A Nu
e FRAE A HE 0 X e R BE L N1 7 S
Nan= P2 (1D

h= 4 (12)

5 45 BN/, -0Hz @ /=100 Hz

AN f]‘),inl:700 Hz f[;,in]=950 Hz

= 35¢

—_— = NN W
S W © W O

Time-averaged Nusselt n

S W

1 2345678 910111213
Cylinder number

&7 ) e i s g 78 A AR AT I 2 4 P g
Fig. 7 Time-averaged heat transfer performance under

different frequencies of inflow pressure fluctuation

b D g B S s O BEIR T I A9 25T R
Bt G HEAE A2 SR BB 0 g T4
BETIRE g it .l DIE 31, 50 — R
B85 N fiz/Is 0 I AR i JE fie 55 o DL IR AE 54
—HEAE A L 3 R A R 32 I8 Bl R AL 3 R A i L
FIXTRLAR . AR S o — HEAS A0 o o —HE
SRR s —J7 1T R T 0 8 MO TS 55 — 7 T S
R AR I i MR 2 B Bl 5 TR v R i U
JIE R A TS 0 R O b R RS AR N 3K %
DA AR R T SR TE DR AR Ak SR I A5 HE AR SR A
U Sl 0 AR R A% ORI 2 R T AR A
2l CE HEXS R B9V AR 5 T Jit A% 1) SCHEAE
WA 15 S8 e s 45 7 A I i AL A A5 E L A
Zedgsk . MWALE S L RS e T
O3 RS T RAE R R 9 90 B OF OR 3 BUE HERY
N 384 0T U7 A8 R A X I 40 34 o 3 B A £ 15 AN
AR o READ RS HEAS [ oA 3L TR A2 A A3 R 454
(9 Nl DL A6 U T 7728 A B0 3 3o 45 A8 SR HE
R 250 0T A A 5 B2 52 I AN . 2RIV A R 7 A
Az LRI (950 Hz 00 o & 48 A HE B4 - 1 % it 45
AR 2 A 5 A T B R R AR W R R A
3.2 SRmENTHIEIT XHEE REEHH M0
Pl 8 BT 7 g AN [ SR 3t 1 0 A8 A9 5T T 5 sk
HE PR RSl . AR SR AR T 2 1 AT
TE B — IR 4 2R 950 Hz. 3% M0 R () Ry LHEE R
TR TR W EC R 2600 1 A 4R . 2k
s J7 e Az TR P A Al st A s g ) S S8 44 ok 2l
(oA S 10 3 B2 A A ) S0 90 Bl T R O 8 AR

8 .
6 —_— fp‘mro Hz
4
2
O 1 1 1
6 — /=100 Hz
z 4 K i N N N N T W
£
E’ 2
§ 0 1 1 L L L
2 6l — fw=700 Hz
B
= 4
2
0 — 53017
6 '
4
2
O 1 1 1 I I 1 1
0.18 0.19 020 0.21 0.22 0.23 024 025 0.26

Time/s

(a) FRF(H]



5 10 34

kR A R E R R U1 T 2k T DMD J7 ik fY Tve i 4 BR R 2071

10°

f— /w0 Hz £=950 Hz

1072

104§

10

Inlet velocity/(m/s)

mﬁ‘—“wwMNwMMWNWWM
r—]:)_im:950 Hz /=950 Hz

10 |
I\/WW\/WV\AM

107§
r

10% ' '
10! 102 103 104
Frequency/Hz
(b)
P8 IR ke It He o 8 A A3 R T 3 11 B ik gl
Fig. 8 Inlet velocity fluctuations under different

frequencies of inflow pressure {luctuation

)5 4 i s 0 Wk sl R — 2. X oA [ A i s )
AR AR AR 11 B % W] DL & B R Ui ) AR
PRAT 36 3 T B I8 S I (R MR O YR TR
JIAEARAT Sy 100 Hz B, 3F 1132 (19 41 5 95 K
W S A 5 7 2 EE 2 He ok 8. 83 %65 1 24 ok ¥t b
F1 A AR SRR B K F 700 Hz W], 3 158 3 (4R 0
N A N = R R (R I R IR bl A o o )
2.60% . XS H T 7E BOAR A R R J) AR b AR
T iF R Sy ARG I A JR TR A A K OR T
T RE A S B D 0 1T 22 7R ki /e
SV B SN IR S NE W = R
A A 950 Hz I, i 3 & A2 L4 L 0 100 3 B 33 8
1L B L 8 B ) P (24928 003 ) PR s 498 K 31 o
KAE , Z 5 B BRI e . 4 i O 3 B 0 sl i
RS . 5P 2 ok 60. 75% 3% = T
o3t HE 1 AR AR AR 100 Hz 1 700 Hz T8 .
3.3 KRREATUTIXHERAGEZ RS
P9 JIr 7 SRy AS TR oF 3 R ) 28 A3 T 55 — HE
BT BB AR A L R e T HEAS S
T JBE T A% . ok It R T AR AR AR % kg 700 Hz i)
A ] T A B — W A% Oy 683 Hz, A 5
TCH L 1 78 A (B Ry 0 He) B 45 = HEE d Tt
J1 R BRI — B0, BT ek ok i AR
R A S 700 Hz B, > it 2 BE % 3l e 2 IR
(2.60%0) W ok 3E 75 1 H00HIR 397 W 3 451, HL X i

HEAE B2 103 00 7 A0 3 52 W AR /N o PR G 5 = HEAE R
BT+ 1 R B S ATR A L AN AE . 2k R A8
B3 100 Hz B o > 3 3 B 10 3l et i R X 88 K
Can &l 8 Ca) T 7R ) » SR Yk . 3 728 AR W1 32 A1 4 1y b >
TR AL E K . T G HES 90 I 75 00 R
i SF A5 JE BT 1 i A Ak, AR AR R £ 5Ok A
(100 Ho) —3, fERiHEE R /EH T . 28 = HF
BT 1 ZR Bk sh 1 B = A B A W (R R B
e W X O F 34 59 R Ui A% 14 T 1 ik 3 45 6 (683
Hz) A BN WA T X6 o 40 40 23R 0] 5 g iy 0 {1 35
2 100 Hz, 23 1) 9583 Hz Fil 783 Hz, 4K IE
AR R A 950 Hz W)L 9t 3 & A 3R« o it 38
U BTy R A A A o7 Ml R D R AT BN D B R A
Ko BT SCHERE PN e 0 Be 7 R AE 55 oAt T 450
ZETN K s T (7 W (BB R 473 Hz=~< 0.5 X 950
Hzy HC At e (AT 238 X6 0, T 43 U 0%

10!
1027 /=583 Hz
1073 f
10
107
10
107
102
1073
10
10-3
10
L =473z

102 f v f=1246 Hz

10° | ¥ /<2379 Hz

72683 Hz
v /T8 e

Lift coefficient amplitude

107
107
10 f—— f,,,=950 Hz
107 ‘ ‘
10! 102 10° 10°

Frequency/Hz

B9 IR R J1 A8 A AR 5 = HEE R T ) R E
Fig. 9 Lift coefficient of the 3rd tube under different

frequencies of inflow pressure fluctuation

N PE— 2 BRI I 5 SR 2 4 U Bl A5 Al L A
SCR AL I 1 22 A B3 O 950 Hz I 3 477 i 18 399
AT S T A O i . DMD A B A 35
AR T JE A I A 3 DR R B RO 1414 A4
BEWAS PR IE T B B IS LRI R 2. 6 X107 s il A2
HAEWFE R, B 10 TR R & B 10 4%
P AT UA 2 1 RS A 2 B A2 o s i 0
FEOT MR AR T FE B 0L B 53R g3 3l Ol 747 Hz F
950 Hz, [& 11 25 My 1 Hi = B 45 25 %0 B A 7 3l 245
¥ .0 B2 (f =0 Ha) B P2k & 351 Bt



2072 it = &

%35 &

AN 2 [ 58 25 T 7 I Sl 2 ) 3 A T T HE A R
G 1~5) 37 O] JZ AR 28 DX, b 1 B 2 v
AL Sl A5 R g v e R RS A BE BT D)2 A
iz gl H AN 474 Hzs 2 i b E 10 sl 4514
O A AR I s LSRR O 950 Hz. BEAh, 2
JEHEE T S BTHEE R G AR 1~ 5) B BT ) )2 iz 2
IR I L 7 8 25 A TE 1 RS AN 2 B s v e ol
W A 3 TR A I 0 A I T HE AR T R S A 9L 1) Y
Bl P 45 0 A S » 00 I 25 A 1 A 8 O e R P B 2 2
PR B 4G FA ) 2 W R WA 5 T R O TR S i
BV 16 7 90 » b 30 A SRR A R 9 36 T U A
SRR A R A WO S . 20 U A S 5 AR AR AR R
J » WG B EEAR BN L0 KR T i AR DY 1)
JZ 12 ) 1R 308 L v T 45 F AN A S 4 RO G 3
ZER S R S I 7 B 1 458 R HE S JE IR
AL LA AT

0.10
0.08 /=0 Hz
0.06
=
0.04
F=474 Hz
0.02 } /=950 Hz
F=1425 Hz

0
-2000 —1200  —400 400 1200 2000
Frequency/Hz
B10 SR He s AR A A% Ry 950 Ha il 5 3% DMD
A I
Fig. 10  DMD modes of vorticity filed under 950 Hz

inflow pressure fluctuation

B 12 BE— gy i T i kA SRR 2 Aok
UL bk Sl A C2 TN i HE AR R ) K R
FEIEE B Be 0T ~ (1/2)°T , i DU HEF #4989 V12 2

omo I

modes  —0.020 —-0.012

Mode 0

Mode 1

Mode 2

BT EERE =R ER T AE R 2
149 T 0[] A T e I . 3K R R T A R i
W B Ui sl i T RN R R 1 RS R 2 R A
TR AR GAURE b BE T A ) 3 S R R R i R
JETEAS Sy INBETH 43 5 . SR 5280 1 23l Ji 9% 16
ISR 2 T BB B2 AR K AR X R M A
S B ST0F BE E  RUSE A B R, R 3
B A B2 A K AR O B L KB )2
TE I B0 0038 B B AE — 0 R A T T IV . VA R
51 &, H By VIZ 78 T W35 4 W (R 7% I
B RUEE ARG, B 18 v, X FR ] 12 () FEL 12 Ce)
A LAR B e ad— AR i T T ) i D HE A SR Y
Wk B it 1 ) S B AT PR g i N 55 0T Bsf 220 X6 R 11
L8 CE LT — 0D Wi V& 3 5 S 1 HE S TR i S8 3L
IS8 % itk i) T of Yt R A A R I — S0 i % L
12¢a) Fr P, 12 GO AT DL A B0, 28 3 R A4 oF 3 JR 3
27T Jia s vy VUHEAS A M B B 9 S RS 5 0T i) 21
AR . B OR B U] 52 1) R R 28 I — A TR 3 R
G ETHEE AR B T B D) )2 32 2 FE B ok U R AR
Ak AR .y B S Ch) AT, i 3 MR L SR U
SREE Jik 2l JE 1 5 ok i He g 728 Ak SR I A A B e 1
950 Hz, BETRIA /387, it T 00T A 1o HF 48 R
{14 THE T8 JB 7% 45 5% S 950 Hz, 1 89 4] J2 38 3h 4 %y
475 Hz, 3% 5 §iy i i 12 32 958 9 3h &5 44 20 A e 15 21
45 R —3, 8 BT R 76k i s g A8 Ak i %2 45
T SCHEE O [ A AR 3R 950 Haz I Ui 37 1 S R
o 45 K I 380 132 U8 B R R A oA T R R 1 R 0 as
BT B ARORE 1 5 D)2 0 A K 5 ok R I AR 4
B UIAH 5 5 i HIE A O 0 68 s JId v o) 40 5 R it s
37k JE DR — 3, Al T A N 5 D) )2 A=
F AN X B i HE A ORORE T 5 D) )2 0 A K R
WA S Sk i He 013 28 Ak ) 39 1 TR A
3.4 SRRENTUT XHEE R BRI D
B 13 25 T AT ok 3t ey A8 AR A % T 4 R

-0.004 0.004 0.012 0.020

B 11 SRy R A2 A3y 950 Hz i iy it 3% DMD #5835 J: 4% 0 s 45 14

Fig. 11 Dominating flow structures of DMD modes for vorticity field under 950 Hz inflow pressure fluctuation
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