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Outline

What is fluid/wave patierns?
W@ is it im/yorfanf?

95 all the emergence of a foatiern /areaﬁcfaé[e?

R@/@#Bénamfimfa 1’6@, T@/ar-ﬁoueffe imfaéié@, Duct modes in swirl flow

How to use the pafferm' nreal furéomacﬁinery?
Some Flp/aﬁ'mﬁom,

AR - 2
AP ; ; %
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What is fluid/wave patterns?
Why is it important?
How to explore?
How to use the patterns?


My experlence of ‘patterns”

wf'

o

- ‘L

Brmgmg,puw a\md .a.pphed analys S tl)%theli yjia thel
Wiener- Hopf‘tecl&mque, its generahsatlons and o colrenr Sheehan Olver

apphcatlons i '_ '_'_‘_. = o § an = " David Abrahams’s phd student
W, / | Anastasia Kisil & Matthew Priddin
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http://www.damtp.cam.ac.uk/user/mjc249/home.html
https://wwwf.imperial.ac.uk/%7Esolver/
https://en.wikipedia.org/wiki/David_Abrahams_(mathematician)
http://www1.maths.leeds.ac.uk/%7Ekisilv/our-kids.html
http://www2.coe.pku.edu.cn/subpaget.asp?id=199

Similarity of patterns
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SHANGHAI JIAO TONG UNIVERSITY

4 Explore fluid/wave patterns in ducts (SJTU-SVN) 2020/11/23




My experience of “flow patterns”
“Flow instability, modelling and control” T

https:/ /fluids.ac.uk/s :
_.":E-IH. N % :

T

At same time, another workshop quietly
launched in Cambridge

2020/11/23


https://en.wikipedia.org/wiki/Attractor
https://en.wikipedia.org/wiki/Vortex_street
https://en.wikipedia.org/wiki/Vortex_street
https://www.imperial.ac.uk/people/peter.schmid

s —a

S0, what is pattern?

reqularity
r "’:ﬁ eat in “,ﬁ redictable Koopman operator
d

-Inchao’s theory:  Zx(t) = f(x(t),t; 8) =) g(xXi+1) = Krg(xp).
- In fluid mechanism: FtSESEAE SRR L ER] Naiver-stoke equation

Dy .' s & X = eigenvector
- In mathematician’s eyes : AX = \X s = glasnvalie
- In engineer’s eyes : Resonance / Mode

Explore fluid/wave patterns in ducts  (SJTU-SVN) 2020/11/23 (4



System in thermodynamic equilibrium

For AT = (THCIT == COLD) > (Ancrﬂicaf
T{_'.{JLU

Convechion CurreEnis Cooler

f\ /’“\ .
] descends
Warmer

water rises||

TH’DT

T [char. temperature-difference]

E‘l 98 3 Ra=27/4n4' o

P s = T - TH -

138 Rar L LIV S H
Aspect solver fdf Earth's Convectic ’ l .

3 4
xienacengy | 1] Open source

: : N FIELA A
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https://aspect.geodynamics.org/
https://zh.wikipedia.org/zh-hans/%E7%91%9E%E5%88%A9-%E8%B4%9D%E7%BA%B3%E5%BE%B7%E5%AF%B9%E6%B5%81
https://paleodyn.uni-bremen.de/study/FortranBook.pdf

s all the emergence of a pattern predictable? . -

» Consider a fluid between two parallel plates:

~ Fluid between
— speed v Concenfrfc Cy”nders
— Q2 = rotation
- frequency

Reynolds number R

How large does V have to be for the Taylor
flow to change the pattern? e

Early 20t century:
All attempts to predict the answer failed.

Explore fluid/wave patterns in ducts  (SJTU-SVN) 2020/11/23 ({78}




Is all the emergence of a pattern predictable? .. [~
Emergence of a pattern: R >R, Emergence of Taylor vortex pattern

G. . Taylor, Proc, Roval Society (1923)

inner cylinder

 T— G. L. Taylor
| ETEEE Phil: Trans. Roy. Soc. (1923) i f;‘J
.m - — ! - — i e __f,"_ —
L a T F
o e i \p« ""nﬂ Unltr:bh ,f
~ . —donut-shaped vortices =5 cna —@5-’%—-— s B T
s ' '
-‘rﬁ\_ 2
l 100 - (J ks _—
* EXPERIMENT M.‘j
| vortex pair 'T”Ff’_“"f'_ S S -
Stable ¢
_ [ 1 >
| =2%0 - 200 -150 -i00 -% 1] 0 100 120
Qaut-r cylinder
Photo: Andereck, Liu, Swinney Attempts by Kelvin, Rayleigh, Hopf, Sommerfeld, and others
J Fluid Mech. (1985) “to calculate the speed at which any type of flow

would become unstable have failed.”
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Experiment Taylor—Couette flow system N 1N

, wauyr vortices
i INCREASE
- REYNOLDS
B NUMBER

modulated

-  wawvy vortices -y -
! chaotic flow
i n W

0 1

Explore fluid/wave patterns in ducts (SJTU-SVN)



https://www.researchgate.net/publication/225451342_Qualitative_relation_between_reflected_light_intensity_by_Kalliroscope_flakes_and_velocity_field_in_the_Couette-Taylor_flow_system/figures?lo=1

- Explored Taylor—Couette flow system

Q?Ri(Ry — Ry)?

3]

M. A. Fardin-2014

SO

Ta = a=0
I \ V L l |
\ I Corkscrew
2000 - \\ Ungxplored | T A Wavelets =
Simulation '\.\ Ripple ' Wavy vortices
by
Feat | |
FEATool eatureless turbulence \’ Turbulentj \ Wavy inflow
Multiphysics 2 \ Taylor | } Wavy %
\ vortices ], inflow
\ I + twists
\ ! \s
Spiral turbulence Y Modulated_L Wayy TWist
- '\_E_ _ _wa_vei_,/ outflow -
.‘\
Wavy
\ vortex
H flow,
8 Interpenetrating spirals \ v -
s‘fa\
pirals \
Wa _ Couette
Couette flow spir?;s ‘ flow
Tavylor vortices  wavv vortices chaotic flow 0 L ' | !
y y — 4000 -3000 - 2000 - 1000 0 1000

[2]:Ruy Ibanez, Phys. Rev. Fluids,2016
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https://pubs.rsc.org/en/content/articlelanding/2014/sm/c3sm52828f#!divAbstract




Combustion instability in ducts P e T

CFM 56 urbotan Harmonic modes are governed by a ‘ ‘
HETTT - Helmholtz equation

18( Gpj_l_ 1 52p+82p

Radial order

> Azimuthal
order

ror\ or r’ 00° 0z°

Assuming that the wall is rigid,
the normal velocity of the pipe Him
wallis 0

» pressure mode superposition .

—
=4 dk 1)

Annular combustor MICCA-Spray

16 swirled mjectors e

l’ p = Z Z Aanm (kmnr) COS(m 9 o (Dm )ej(a)t_kZZ)

m=0 n=0
2

AR, = k2 k2, k=2

Axial wave number C




&
‘\.-
-
-

3
R ‘ 4
» - "
-
" g &
< -
L _ e
2 artla ame plow O A Dra 2 DIrese 2 O an 8 s
andina mode o agh amp de (4000 Pa pes : Ande cta
ane 2019
S > A
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Compressor rotating stall A=z

SJTU-Transonic Compressor VSN
Rofating Stall Evolution{fFor one period)

11000 _Main valve opening26%
Rofating direction:-Y _axis
Rofating Speed.4695rprr

chord measurement layout
of rotor

4
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Pattern of rotating stall A==

--------

0° 20° 40" 60° 80° 100° 120° 140" 160° 180° Time

16 Explore fluid/wave patterns in ducts (SJTU-SVN) 2020/11/23 ({7




Wave pattern in swirling flow

€ Should be considered both for combustion and aeroacoustics

®Factor 1:
®Factor 2:
@Factor 3:
®Factor 4:
@Factor 5:
@Factor 6:
®@Factor 7:
@Factor 8:

R1I<r<R2

u,(r)

u, (r) _ Realistic
flow

L2,

S, (7) _

V(%) <r(x) < p,(x)

Conical Duct

viscosity. turbulence




T |
Realistic flow: Eigenvalue e

{u, v, w, p, S}(r‘, x, O, t) :jZH:J.{U(V'),V(r),W(r),P(r),S(r)}ei’ocdkeinee_iwtda)

Linear Euler equations : Wave domain equation
— 1 Dyp pU,
+ vt p,(Vou) = 0 U
c,. Dt re,’ ,00( ) v
. ) - 4
U dux 1 U*| 1d m o)
S d—+—+ ) —_— —1 =1 > 0 X=\W
G drrg grety | gdr ré YN p
y 0 20, 1 d U} U, g
U, rU., pU. dr ,oonrcz0 rchx -
Ulr dr U, rpU. 1 =—ki
a|dU, (U Ve pU.d  _maU, U 0
¢ | dr ¢’ r ¢ dr ré N
1 ds, 0 0 ~i)
U, dr |

2020/11/23
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Numerical method A=

Chebyshev Point

. df (r) & .

7, =cos%,j:(),..-,N dr :]Z_(;Dijf(rj)’l =0, N

N
f(l’) = Zf(rj)gj (I’) (D" i%j3i=0,N/2; j=0,--,N

j=0 2¢,sin i+ )sin (i)

—eosty) i . i=1...
Ingard—Myers boundary condition: o= mm%%) R e
~ V(h) Q(k)P(h 2L i=j=0
Zhw ( )+ ( ) ( )—kP(h) =0 —DN_6,.,N_1. izjV/2+1,---N;j=O,---,N
U.(h)  U,(h)
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Explore the pattern from eigenvalue e A

. @ The eigenvalue is the axial
1DD T T T il | I T T I T I .
:: wave number, which tpy(r, % 0, 1)
80 - P 0 Upga™0 | reflects the acoustic _ j 3 J’ { p(r)}eibcdkeinee—iwtdw
o * * downstream cut-off # Uppgg=0- 1400 propagation _ "
60 | o * * acoustic mode .U, 020402 ] characteristics of the pipe.
o”, » no swirl cut—offline
40 * 11 . :
0 %% @ (near/pure) acoustic mode real(k) - /(1 U 2)
20 upstreamcuton . " downstream cut-on X: 50 ] x x
= acoustic mode ® 4+« acoustic mode Y: 0.06156 :
= 0OF o o+ o = ® cot 0 — 0 11® Vortex-dominant . > convected mOde
g (near/pure) convective
= o+ convected mode mode -w+kU_+mU, /7
=& +* ] .
*.* no swirl
40T :+ . 1 | ® Swirling changes the inf <k <sup
o + » upstream cut-off cutoff and propagation h<r<l Ux (r) h<r<1 Ux (1)
o0 o 1 + acoustic mode l characteristics of pipe swirl
80k o4 | acoustic propagation ownUy @) wenUy (1)
LE I wer<st U (r) e U, (r)
M w0 a0 zlu‘ H0 0 10 2 wm 40 s e ¥ Swirlis one of the acoustic
) e resonance factors in the
Real(k) area of the inlet chute
h=0. 6, w=25, =15, Ux=0. 5 solid wal | (Copper&Peake 2010 JFM)

Explore fluid/wave patterns in ducts (SJTU-SVN) 2020/11/23
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图中三种轴向速度参数下，其cut-on声模态个数依次递减；同时，cut-off所在的直线也逐渐右移。



Application: Acoustic Analogy A==

m.-.i.i( |

. WE VA 30 AL
Sound 4 _ ' o
Radiation E Duct Acoustic (_ CFD |
Constructive interference: Bessel function: modulation of
sound of the total fan = the Doppler frequency shift
B x (sound of a single blade) during blade revolution
Tonal iBk, 5 % nB—p
) ' mnm i(nB—p)(p—7/2) i | E R 9 J H — 1 F
~ I ; sin , COS D
Blade PnB y— Z nB—j ( nB 1Y) T.1 k D.g

p=—0C
Noise I\/ : (S Radius where j ﬁ

. Sound emitted um over : . Thrust Dra
Modelin g at BPFHs BLHs force is applied harmonic ha rmognic
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Acoustic Analogy: realistic flow

m H H .
., nghthlll eq.. Qua drupole Dipole Monopole
o 1§ D,G
p'(%, 1) = l.jdydr+—2 | j —de(y)dT+— j [ oy AS(y)dr
o °r v(T) j Co rsin y, C0 T S(z) 07

Through the eigenfunction method, the Green's formula for satisfying the boundary conditions of the pipe wall for
an infinitely long pipe can be derived.

r r ] s N T*mn X, ., X
G(y,z‘|X,t):4l Z ) (Y2 Y?,l—? ) ( 2 3)X

m.,n m.,n

ol

+ ,32
! x
iPosson&Peake eq.: (JFM 2012)

Considering the influence of the axial shear and the rotating base flow in the pipeline, the equation is the form
of the pressure disturbance under the action of the sixth-order linear operator.

_x1)+

knm
/éz |y1 _x1|

dw

1 D> o

A2 5 A A 2
1 a SRZ‘I'I 0 (]!a Y 6 U@ pO) 0)

p0° Dt

0 D
Ox Dt

M ( % _ ogM | e 62_7602) Yo a0 e
s D, 0

—T-— [2U
Dt or Dt

9 c~IT
+2(— )80Dt 3ol

Explore fluid/wave patterns in ducts (SJTU-SVN)

B Condition:

* medium (static, uniform);

* Not observed points located
in the potential flow field;

« M<0.3,

B Condtion:

« considering the effects of
swirl, non-uniform entropy,
shear flow, soft wall

boundary conditions, etc.;

g)\rﬂ}(?

NGHAI JIAO TONG UNIVERSIT
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Posson&Peake’s Green function

ANFnd ]

FY (G(x,t] Xy, 1)) = O(xx,)S(t4,)

I I I I
P& 0 = [(G(x, t] X, 1)) S (%o, D)) dx, dt,
FFT, expand into cylinder coordination,
M r.r —iwt rr —iwt 5( - 0) —iwt r —iw
FY (GG I%)e ™) = 8k )e™ = 8cox) =2 5(0-0,) P&V = [ (G, (r.x.017,.%,.6,) Sy 3y, 6,)) dxye™
Gw FFT to Wavenumber domain:

r.r = .
G, (x[xy)= 4;2 D e j G, (r|ry; w, k)e™ ™ dk

=—00

o0
" in(6-6,) m
G, ~ E e’ E G (X,T]|X,,T,)
n=-—0 Kn®

Derivation
wavenumber

: eigenvalue solution A_C cumul _at e

' . L. & into time
domain Green o
function Gn

Explore fluid/wave patterns in ducts (SJTU-SVN)
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Monopole P A=

Monopole Noise Simuiation w=25; Tr=0,0mag=0;Mx=0.5-by wjg-sjtu Hard Wl Tt Omag=0 Hard Wal Tt Omag=0 .
: 2 : 1 Sound lining
£ o ' . regular mode and
0 0 . 0 . reduce noise
] _ 0.5 N -0.5 NO .
s | : 2 @ The swirl changes
iggg oo I%I?)t ofwmaxé\]u??or each azimuthéol'%um[l))er r?s ! o Ser] the number Of
=6  HadWalT=0Omag=0 convection waves
to enhance a
certain order of
modes
AE-06
4E-06 H
SEZBE -80 -60 -40 -20 0 20 40 60 80 @ S.ym.metrlcal .
Vode Humber: dlsjtrl_butlon without
Eggzgg Plot of Real(Gw) ) Plot of Imag(Gw) B SerIIng mOde;
e . | I Tl rapid attenuation
. : after the absolute
0 : o . v_alue of the .
. * Swrirlcircu mferential
gg:gg -0.5 0 0.5 1 ::045 -0.5 0 0.5 1 =10 mOde exceeds 25
4E-06 Plot of maxGw for each azimuthal number n .
] gggg - | | Hard‘WaII-Tr=‘0.1-Omagl;=0.1 . | The SW|r| energy
| 1E-06 . . .
L {ﬁtlo is shllfted to
xx 3 e negative
-3E-06 g . .
E® £ direction
.05

Mode Number: n
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Dipole

Dipole Noise Simulation w=25;Tr=0,0mag=0, Mx=0.5-by wjg-sjtu

p(za,r,0,t) = f f f P(%do0s o) To(G(Xa, t|xa0. to))dEo(to)dfo

EE‘ :{tﬂ

oG Di 4G U
To(G) = [nz,jﬂﬁm + ng,; (_n_ ER“ 1(‘3'])]

Explore fluid/wave patterns in ducts (SJTU-SVN) 2020/11/23



Rotating S B
g A"}’L d ;OO L plxg,r.0,t) = _]/ujiﬂ [ﬁpj(xdn_mfn}

> Kﬂ} {/ z /ﬁm (TI k,l'..l..-‘._ TT.I] ei.i.:{Id—IJn,'I+'Lm.{ﬂ—ﬂnﬂlj}—iut+i{-...-'—mﬂnjtndkdw}dt“dﬁ-ﬂ_j _
- k

0o = Oor+ 2R to

p(xg,r 0,t) = 27i f /f/ AP (Xdo.R1Wm ) T k.ro (ém (r| k,w, T'g))

plk (za—za0)+im (0—0Ogr,;)—iw tdsorjdk‘dw .

26 Explore fluid/wave patterns in ducts  (SJTU-SVN) 2020/11/23
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Fan noise

/Y\mmﬁ

APj (xdo,r,t0) = AP (xao,70,00r.j,t0) = AP (a‘fdo r0,bor.0 — —J to) AP (£d0 ro,Bor,0,to — '

B BQR
= AP, (de,R-.tO- BQ;ITRj) .
~ . 2w oa - .
APj(xdor:to) = ) APyo(xaor) € 77 et 110
qEL
p(g,r,0,t) = Z psp(zq,7,0) e~ 1sBUrt (44a)

S€Z

with

psB Xd QIWBZ// q,0 deR /kaTn m T‘k SBQR»""D)) ik(zg- .’Bdn)dk e—lmBaR UdS 6’
g€l
(4b)
and

m=sB-q. (44c)

R /(W/&%\

"0’((1

Pressure Field, m = 16

;itacf'r

| Iee e
. ' 20

~ ‘.
L W Tl S
| Pressure Field, m =
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Acoustic Analogy: Tonal Noise

B Extract unsteady CFD data on the surface
of the blade;

B Calculate unsteady aerodynamic forces

]

“

o

=]

ul

b

W

'

L4

L

|

-
|.
B
i%
x

)

on the surface of the blade;

T

i s M BN AR BNNE RS A S AN B

B Calculate the sound source item

(determine the rotating coordinate

system, position, etc.);

BF AT FFIT T Py

B Solve the acoustic response equations at

the BPF and at each Harmonic position;

B Calculate inlet sound field and post

processing

13

¥
[= LT VR T Y T T

' - 2020/11/23 P ENL
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Application: stall warning

Model training

_\
‘ Data j—_[ Training H
acquisition features Training database

Wavelet
r» -
Perform ance Analysis
eva_l@fﬁm__________ ________ o
Y Y —:
Data Test (P(O| A )} Stall
acquisition features | Warnin
N b i G e St e B TS e (i e S M S e Py i)
g o
= 1 T T T T LY
g Increased Instabilit e
2 0.5 L1 -2 135 I
% T o ) . ' = w A A !
.. . , , . = 3 3
& o 5 10 15 20 25 =3 !
A 05 vl
b) Wavelet Power Spectrum/ig2{Power) c) Average Wavelet 3P9€tl’ul’l‘l1 L
— e — —— 5 A !
0.25 > 0.8 'E RS 1
~_ 05 0.8 § 15 : i
s a3 g . !
= 08 _‘5 ) === Stall Area :
§ 05 B ool : 14
g ! i A 2 / : wmmmmm | Jarm Line :
e 8 [ -3 4 -
g 16 “ —81 =Rl == R2 -4 R3 s R4 :
=z 02 [
32 . 35| —+—R5 -+—R6 —+R7 R8 ==C1 Level 33 !
B4 L 1 | | 0 -4 = | 1 L L i 1 1 =g
5 5 7 W5 = sl E 4 100% 90% 80% 70% 60% 50% 40% 30% 20%
Rotor revolutions (round) Norm. Realtive Power (—) —— Flow rate is gradually reduced

N FASTAAE
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Application: Dynamic mode decomposition e

Data Dynamics
- Nonlinear Koopman Model
& Observables :
& , : g(xk+1) ~ Kg(xy)
S g(X),gX') =Y. Y K=Ay
Time-shifted
Snapshots | | |
X'=|x2 x3 -+ Xp
] || | ] - Complex System i
Data Matrices Measurements xg.'. Xm
X._ XJ’ ‘
modes  amplitudes dynamics
| ] Qe 0 L A e R
¢ ¢ ] 0 by --[1 Ay He AS"“} Observables DMD Model
b sl 3 oeals g oa. % s kafo,\.
A= Ax

S e e
2020/11/23 ({8 Y/EXE L%

NGHAI JIAO TONG UNIVERSITY



Application: Dynamic mode decomposition A= N

i -
+ i ™K
//{ e
\I 08 -
k 77| 5-m16 ™+
s * 5
/, S 4em1in
{-[E ” 4 6m3  ® O
] P . \
/ A
04r ! \ -
; \
o2 = v
L ]
o b 1*
L]
" L]

Tecplot-(-15-12-)17000rpm-204800

120000
115000
110000
105000
100000
95000

90000

1 -0 8 -o‘s -0 4 ‘0' 2 D olz Dla DIG 0.‘5
85000
80000
75000
70000
65000
60000
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Application: Dynamic mode decomposition

i
1t —————— e
J” ‘\\
osf
7 5m16 ~+
rd . 5
// 4-miin
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/! e A\
o4t 7 \
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- 08 08 04 0.2 1] o2 04 (13 o8 1

Wi = lTl(Ak )/T

Coordinate system conversion

w=w, tm*SSF

(Positive and negative
corresponding modal rotation
Positive and negative directions))

Power Spectrum (dB)
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Application: Dynamic mode decomposition A= N
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Application: Mode detection
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Application: Mode detection P
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