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Co-Simulation 1D-3D

* |nterest:

v Hydraulic systems may experience excitation caused by complex flow patterns
within various components of the system
=» Characterization of the excitation source by 3D simulations
=» System response with 1D compressible model

v’ Co-simulation of interest if strong interaction exists between excitation source
and hydraulic system response in case of resonance or instability phenomena
=>» excitation source modified by the hydraulic system response

PhD EPFL 5117, Alligné, 2011

Unsteady cavitating swirling flow
in Francis turbine draft tube
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Numerical Tools and Setup

* SIMSEN :
v’ 1D differential equations of momentum and continuity for compressible fluid in
pipes
v" Transient scheme is Runge-Kutta 4th order e
=>» Explicit scheme

* CFX: ‘ |
v’ Reynolds Averaged Navier Stokes Equations >

v" Fluid compressibility defined by barotropic law
v' Homogeneous ZGB cavitation model with heat transfer model as isothermal
v’ SST turbulence model

3D-Master

v’ Transient scheme is second backward Euler
=» Implicit scheme with maximum of 10 internal coefficient loops crx

 ANSYS-CFX can run co-simulations (from 2021R2) using Functional Mock-up
Interface (FMI) technology
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Water Hommer Case Study

25mWC
* Pipe characteristics: [
v/ L=480m, D =0.5m, A = 0.089 50mWC L,,=0.8L L;p=0.2L We
v’ 2 parts: 1D and 3D ) g o
v" 3 wave speed combinations: =— b _{-}_ D
¢ L 010250 = 1444 s I -
. #2:a,,=a3,= 150 m/s e - 1oL — -
. #3:a,,=1'444 m/s & a5, = 150 m/s S
e Co-simulation:

v Between 1D pipe and 3D pipe & perturbation in the 3D domain

v" Time step simulation: dt,; = 0.0015s, dt,, = 0.015s and dt,; = 0.003 s

v No subcycling = exchanged data at each time step

v" 1D model ;
« L,,=0.8L=383m
* Nb=79 = dx=4.85m
« CFL,, = 0.446, CFL,, = 0.464, CFL,,= 0.969

v 3D model : a- At
* L;p=0.2L=97m CFL =
e dx=0.4m Ax

* CFL, = 5.411, CFL,, = 5.625, CFL,; = 1.125

Perturbation: static pressure elevation
at the outlet of the 3D domain
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Comparison with the reference 1D SIMSEN simulation
=>» Pressure fluctuations in the middle of the pipe, i.e. in 1D domain

Validation of co-simulation

#1:a,,=a;;,=1'444 m/s

HMid comparison

Coupling

H — SIMSEN-only |
| m
’ ! TimE; [s] ° h

#2 :a,p,=a;; =150 m/s

HMid comparison

Coupling
—— SIMSEN-only
5 10 15 20
Time [s]

#3:a,,=1444 m/s & a;p, =150 m/s

HMid comparison

Coupling

—— SIMSEN-only

Time [s]
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Vortex Shedding Resonance Case Study

Parameter Symbol  Unit Value
Pipe length L m 1.05
Pipe width W mm 40
Hydraulic diameter Dy, mm 40
J |l h Wall thickness € mm 2
™~ Flow meter :®j Position of blllﬁbﬂd}’ xbbfL - 0.75
High speed =1 \ . Di_zuncter of bluff body D mm 20
camera Vacuum pump Cavitation free natural frequency I Hz 96.5
_ Measured cavitation incipience a; - g
Resonator T Thermometer Reynolds number at pipe inlet Re - 607000
Circulating pump Wave SPEEd a m's 202.65

= /
/ﬁ\‘@ * Resonance in square pipe due to von Karman vortex
shedding

v’ Cavitating condition or not with setup of vacuum pump
v" In non-cavitating condition resonance occurs with 15t

» or | pressure sensor
flow direction

0.75m
: pipe’s eigenmode
—s b v' In cavitating condition, resonance occurs with 2" pipe’s
1.05m fR;fgi,:;iﬁrﬂesim e ige n m Od e

and sources analysis

e Test case setup by Ruchonnet N. at EPFL (PhD N°4778 -
2010) to validate coupled simulation without FMI
protocol .
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Domains and Exchanged Data
‘/\ Qua5| 2D _—
'§ Simsen domain __ap__ CPXdomain
g a=40mm q}o=20mm
= Lio= 7075 mm La = 3425 mm
Quasi-2D-CFD a=01p/00

2
__ Pin3p Cinap
Hyip = +

JoJe) 2g

Exchanged data
T
o
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Co-simulations Operating Conditions

6, @

e / CO-S|mU|at|OnS performEd: Variable Unit Out of resonance In resonance
. . C nm's 3 2.54
v Non-cavitating and out of resonance filfs - 1.18 0.99
condition i Stm : 038 038
v Non-cavitating and resonance condition o
v’ Cavitating and out of resonance condition @ @
v’ Cavitating and resonance condition
. imentall d fr
* Targeted resonance with : ot namerienlly as | Near resonance | | Out ofresonmmce
. . . . et Variable Unit
v’ 1st eigenmode in non-cavitating condition - — - —
v’ 2nd eigenmode in cavitating condition which il - 134 o
frequency is decreased due to cavitation wam_ i 0.84 078
f-D P~ Dy
St - — 1
¢ 5 pC? 9
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Non-cavitating and out of resonance conditions

@

Pressure coefficient fluctuations c,” at L=L;o; = 0.5
Power spectrum density (PSD), time history and waterfall diagram

3 C "PSDinL/L, =0.5306 C_" time history in L/L,__=0.5306 Waterfall Cp” PSD Diagram Coupled simulation
8 x10 p tot 1 P tot f/f
‘ ' ‘ ‘ ' ‘ =1.18
sf'n
c Higher peak /v/ Maxin L/l =03 C= 3/m/s
(o] 6 than Ruchonnet \ 05" Ocorr / 0; = 1.95
'g a H %107 /
S|, ‘l‘ = ol 1 //
. ‘a 0 — / ////
£ |.e o RNy // y W
» ° |‘ 8' /////// ;/// Z///////;;ZZ{/%Z// 0 6‘\Bluff bod
6 2 \‘ | 057 0 //////////Z/f////‘ /////////////%/ . position '
' // /// 0.4
© | e 4
0 J LA | | | | ' ’ //////// 0.2
0 0.5 1 15 9 0.2 0.4 0.6 0.8 1 0 LiL,, [
£ L] Time [s] f/f 1 0 °
c 3 (?ul of resonance
- - C=3.5mv/s
.g () ¢X 10 ] 1() £, |A52n}'n
© [cp?/ HZ6] A Out of resonance  [¢,”/Hz] {A Max locati isib|
g fo/f=1.27 ’ ax location not visible
C=3 m/s ]
— 4
°r 0T e One way &
8 2 05 — Two way o |02 ¢
(] , . t/fn . . . . Time % os . 6 Llior
i - 0 - -1 1 08 % Source position
= 0 0.5 1 s I Ll 1213 4 5115 0, g
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Non-cavitating and resonance conditions®

Pressure coefficient fluctuations ¢’ at L=L;45; = 0.5
Power spectrum density (PSD), time history and waterfall diagram

C, PSDinL/L, =0.5138 C_’'time history in L/L, =0.5138 Waterfall Cp” PSD Diagram Coupled simulation
T 2 T —
) Max in L/L,, = 0.6 f/fh =099
il ‘ T C=2.5368 m/s
| |
1 ‘ ‘ ‘ o-corr/o-i =1.95
W 2
o o i |‘|\|\||||||||m ighern|C . ,
ommm Iy ul i (] i
e %) o 1 an % '/// A
5 2 ol I i IH (i
E o> 0.2 , A0 L s O = 0.2 ;;/,Z,; ”’;/5//,,/’/////;5’//4 b égﬁ%zggzggy
Qv i Ui Bluff bod
S g\ 06 v
E i v AW iti
i i e BN g A position
= -1 N Ny
n 01 \ } ‘ [ s
1 U
i s i v
S o L o2
o 0 ) | | , | 1 g
- 0.5 L/L
0 0.2 04 08 0.8 1 1 0 0 ot [
Time [s] sn
c e At resonance
(a) -3 . C=2.5m/s H /Lt ~
) 3
© [cp?/ Hz]| A At resonance . |lh
— o 2/Hz |
5 of fs/fn=0.96 Cli, )
& C=2.25m/s % \
= 3 | s AR O -/ ittt el s R R GH Tedsaishteoh I— One way \ \
1 I :
1 51 — Twoway 7 [l W I
O W ‘ I 0
© i / ‘ s
. ; 0 48 s ,
) 0 B . : ]n -1 ) . ) . Time 0 “‘\ gl 0 0.4 Lo
r= 0 0.5 1 15 1.1 1.2 1.3 1.4 [s] 15 o Source position
Q. f, ) 1 11
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Non-cavitating and resonance conditions®

&t hitor i L =0 Co-simulation“ _ . ) - | )
iy |
| HH H l“. [ H‘] ‘ / j'” |"H' 'l ”‘H‘ " ” ”‘”‘ ' d T A I
J{ | ‘ ‘ ‘ ‘ l.ﬂul\m‘lr.\lml\ml#nlhrll\r.nlrrnl\rrlt
A 10 LAY - '
““““““ Pressure volume rendering

Absol
Pressure Volume Rendering
ls.oaaeﬂu . I
3373e+04 g ! .
(%]
6 "
1697ev04 O A
216er02 £
P
16550404 O .
Pel = .
@] .
=2

 Comparison between co-simulation and CFD simulation without coupling :
v No difference in velocity profile
v’ Pressure pulsation due to resonance with 1D system with the co-simulation
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Pressure coefficient fluctuations c,’ at L=L5; = 0.5
Power spectrum density (PSD), time history and waterfall diagram

@..E g CP' PSD in ITILtot=0'53°|6 . cp" time hisltory in L{Ltot=0.5:3|06 Waterfall Cp’ PSD Diagram ??;Jrileld;lmmation
® ' Found as resonant ! v'»=*
c Found as resonant ! C=3m/s
O| oo0s} T P o../0=0.8
: g “ corr I
o < 0.5 | ////"
o = I b /
- 0 0.06F | 1 | ////‘ '
® g 2 ’H - 0 0.1 ////;Z% ‘ /!////;//////
‘ 2 = 2N\
2 S o004t | © ' 0.05 ///Z/’//// //////f// ™
€E wn i y by 0.6 Bluff body
‘G © i 0.5 .. 35 ;
o i 0 W%ﬂéﬁ%@%ﬁ g position
©% |‘ ' 1 . &
(V] 0 * 2 : 0.5
1.5 ‘ : ‘ : : LIL
< 0 0.5 ! 15 2 0 0.2 0.4 0.6 0.8 1 f I ] o 0 ot 1
O fsffn [-1 Time [s]
o Cp- PSDinL/L =0.5138 s Cpl' time hisfory in L{Ltot=0'51|38 Waterfall Cp PSD Diagram S/J:p_leldss;mulatlon
Found as non-resonant! ...
cC C=3.2678 m/s
= | oos 1 0e/0, = 0.65
c 05‘ } ] y
oo ° /,///////,//I////
& S[g o = LA
R I h | N W '1l W ‘\wwlﬂMN"WI U)"Ml‘w\WW‘“I W( W‘&\\WN M‘M = 7z I
2 © o004 © | i'ﬁw ml) W' WAPHPHPTRREATTIRARIR, == ) o V. ’
£ 5[°° found I . ‘hﬁ 5 y = o Bluffbody
o = - - . a ///, //,,/// oy .
v _8 .| ound as non-resonant ! | 0 %%%%%%W'% 9 position
15 U
% 0 ! : : 1 %I;Z’,',;;:Z’/ 0.2
1.5 : ‘ ‘ : 0.5 - LL, -
@ 0 0-5 ! 15 2 0 0.2 0.4 0.6 0.8 1 fif [ o O tot 11 13
f /[ . s'n
§'n Time [s]
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Cavitating condition®®

Waterfall diagram of Power spectrum density (PSD)

Waterfall Cp” PSD Diagram Coupled simulation Waterfall Cp” PSD Diagram ch;TLCJpIeiI séi;nulation
Max in L = 0.4 fs/fn=1.34 _ s/ ="
/ot ~_, C=3m/s Max in L/L,, = 0.3 C=3.2678 m/s
c b= Ocorr / 0;=0.38 = Ocorr /0,=0.65
o) S 2 c
= S ¢ J £ 5
© O © 0.1 y '//// 2 P
— v : ///// [ s
3 ¥ o Y o /////// /////// o 5
c 8 L Z Y, //// w £ /
= =z 87 //;5%/////5/’ %%ZZZZ%% 0 GV\BIUﬁ body 3 : v\Bluff body
o1 80 B e . g8 .
] © 5 //////// _ //////// //////// ///'///// 4 position 5 position
g = 15 A, w2
5 1 2y o2
0.5
fIf [ 0o 0 Voo
S n
c
o (a) At resonance (®)  Out of resonance (¢) Out of resonance, incipient cavitation
c .'.('_E 6/6i=0.57, C=3.5 mv/s, fs/fn=1.5 o/6i=0.75, C=3.5 m/s, fs/fn=1.5 6/6i=0.86, C=3.5 m/s, fs/fn=l:5
@) E Max |n L/Ltot = 04 fsource fsource f1st cigen fsource
- e [cp2/Hz] A [cp2/Hz] A / [ecp2/Hz] A / /
= = 0.05 0.05 0.05
e ST i .
€T 0 0
‘w2 0 .
(] g' 0 & 0.5 0 05 e 05
i - o €«—BIuff body position /’1 ' 22 €4—BIuff body position 1 54— B|uff body position
(a ? f1st eigen ‘ / ' 1 L/Ltot 1t cigen / 2 | L/L o 2 : L/Liot
2 t/fn fond eigen t/tn fond eigen t/th
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Cavitating condition

Pressure coefficient fluctuations c,’ at L=L5; = 0.5

Power spectrum density (PSD), time history and waterfall diagram

C time his try L/L, ,=0.5306

Co-simulation

Cp'tm e his try LIL 075

Velocity volume rendering

re
ssssssssssssss

Cp’ time history in LILt°t=0.75

No co-simulation

Pressure volume rendering

1] \ H’HH!HH HHHH g U Uf “( {“ || U' “
M ’WWWWWWMMMW WWMMW G R

a
No co-sim  Co-sim 3
[ & e
L v N
g 3 = g
g ¢ 8§ 9
& 2 <
No co-sim Co-sim

* Comparison between co-simulation and CFD simulation without coupling :
v" No difference in velocity profile

v" Pressure pulsation due to resonance with 1D system with the co-simulation is not visible like in non-cavitating condition
since maximum amplitude of the eigenmode is located in the 1D domain (L/Ltot = 0.4)
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Conclusions

* FMI co-simulation between SIMSEN and CFX is now
operational. Two case studies have been investigated
to validate robustness of the FMI protocol :

v’ Pressure wave propagation through the numerical
domains

v Resonance in cavitating condition with strong interaction
between 1D model and 3D model including the excitation
source

e Co-simulation could be of interest for any CFD
simulations having unsteady and realistic boundary
conditions driven by the 1D hydraulic system like surge
tank device

e Co-simulation with SIMSEN could be extended to
other physics like electromagnetics with Finite
Element Analysis in electrical machines
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Thank you for your attention!
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