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Hydrofoil craft could be an alternative green way of transportation

® Comfortable ® Requires little infrastructure
® Low resistance ® Speeds up to 70 km/h (44 m/h)
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Need for improved lift control system
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We need fast computation of lift

® Actuator design ® System control
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Introduction to projection-based Reduced Order Models

Full order system of equations

Ap—b=0
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Introduction to projection-based Reduced Order Models

Full order system of equations

Ap—b=0

We can approximate the solution

¢~V
V is a solution basis (POD, Greedy)
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Introduction to projection-based Reduced Order Models

Full order system of equations Reduced system of equations
Ap—b=0 Approximate ¢
We can approximate the solution SR
b~ V¢3 Galerkin projection
V is a solution basis (POD, Greedy) VIAVp — Vb =V0

Reduced system of equations depending on qS size

Ap—-b=0
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We want to avoid integrating over a large time domain

® To reduced computational requirements

® To avoid an unwanted phase shift in time, see for example !

velocity 1

coocooorbp R

Time

1R Reyes and R. Codina (May 2020). “Projection-based reduced order models for flow problems: A variational multiscale approach”. In: Computer
Methods in Applied Mechanics and Engineering 363
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The remainder of the presentation

Our approach
® |In the full order model, we assume the flow to
be periodic
® We only simulate one period
® The system becomes a boundary value problem

® We create a time periodic reduced order model
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The remainder of the presentation

delFI - Delft Finite-element and Isogeometric-analysis

Our approach
® In the full order model, we assume the flow to
be periodic
® We only simulate one period
® The system becomes a boundary value problem

® We create a time periodic reduced order model
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Periodic flows are omnipresent in our world

Al generated
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The model problem of periodic flows
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Periodic motion
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The model problem of periodic flows

T
L |
I 1
dtu+u-Vu+Vp—V . (2vVu)=f in Q,
N V-u=0 in Q,
0 T n-T u= gint(t) in Tin,
U = Zext, in rertf
Periodic motion —pn+vVu-n+u;u=0 in r(’e\lx‘m
u(+,0) =up in Q.
_—
—
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Periodic time domain

0\ T 2.7 (h—1)-T nT

Intial condition
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Periodic time domain

o\ T 2T (n—1)-T/ neT

Intial condition

Flow periodicity criterion
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Periodic time domain

o\ T 2T (n—1)-T/ neT

Intial condition

Flow periodicity criterion
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The space-time domain

T
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Periodic motion

Discretize with: Semi-discretisation

i1 )
TUDelft 10 / 22




The space-time domain

T

Periodic motion

ﬂl
i
Iq

Periodic motion 1] "

IIO

Discretize with: Semi-discretisation Space-time discretisation
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The space-time domain with enforced temporal periodicity

Initial value problem becomes a
boundary value problem

u(-,0) =ug in Q
I
u(-,0)=u(, T) in Q
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Two features of the weak model problem

BaaL (Uh, Wh) + Bpr (Uh, Wh)

+ Byuis (U, W") + Bwsc (U" w") = L(w"),
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Two features of the weak model problem

BgaL (Uh, Wh) + Bpr (Uh, Wh)

+ Byuis (U, W") + Bwsc (U" w") = L(w"),

where
BaaL (U, W) = (w,&-Vzu)g +(V-w,p)g
+(Tw, v Vu)g + (0, V - w)g — (W, 0 w) pn
Bpr (Uh7 Wh) _ wh780uh)0 " ; (qhﬁeph)oy
Byws (UMW) = — (Ve @) | — (V" o)

_ (th,u' ®u/)C~> _ (th,u’)é o (V-Wh,p/)é,

Bwgc (Uh, Wh) = (wh,phn— vV n) + (Vth ‘n— qhn, u' — g)
t

Pin Pint
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Two features of the weak model problem

Space-time velocity
g=[x"t]7
ia=[u" 17

Sl

BeaL (U, W) (w,ﬁ~V,;u)Q
Oru+u-Vu=1u- Viu,

Byais (uh, wh) - (vﬁwh, v ﬁ”) 5
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Two features of the weak model problem

Bpr (U", W") - (w”,aguh)Q + % (qh,agph)o,

Pseudo compressibility

Artificial speed of sound: a
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Numerical experiment: pitching hydrofoil

0(t)

0 (t) = 0asin (271'%)
Re = 1000
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The domain is discretized using isogeometric analysis

Fint(t) rert

rN

ext

X2 t

X1

7 )
TUDelft 14 / 22



Slices in space-time domain, Re = 1000, 6, = 23°, T = 8.33s



var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton0'){ocgs[i].state=false;}}




Conservative traction evaluation

current

from 2

¢ -1

t/T [-]

2T Kinsey and G. Dumas (2008). “Parametric study of an oscillating airfoil in a power-extraction regime”. In: AIAA Journal 46.6, pp. 1318-1330
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https://doi.org/10.2514/1.26253

POD-Galerkin Reduced Order Model

System of equations of full order model

A, +H;W(uh> B, + f:vp(uh] m _ [bﬂ (6)
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POD-Galerkin Reduced Order Model

System of equations of full order model

A, + ku(uh) B, + pr(uh):| [¢] _ |: w:| (6)
q Ap P by
Reduced system of equations Components
Combined velocity and pressure basis:
. A _vT
w=V.d (7a) A, =V, AV, (9a)
R A, =VIA,V 9b
p=Vod (7b) Ao =V AuVo (%)
B, =V!B,V, (9¢)
After Galerkin projection: B. —=VIB.V (9d)
qg= VpDBqgVu
Au 2F I:Iwu(u) ﬁw aF I:pr(u):| |:(£7:| |:Bw:| = o o
Iy by = 1|=x 8 _vT T
[ B, A, el o (0) = VI BV 9) (9€)
Hyp(u) = VZ-HWP(VICb) (9f)
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First test case

Vary Strouhall number (speed-up ~ 40)
® Vary temporal period between 7.5 s and 9.4 s (Sta: 0.011 : 0.013)

f ha

o]

Stp =

(10)

® Number of samples: 25

® Fast decay of singular values of POD

Velocity: EFg.g9099 : 22/25 Pressure: EFg.gg999 : 22/25

800 T T T T T T

600 |- - 40 |-

400 |-

g
g

i 2 |-
200 |-
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First three modes of wuj-basis, first part of V,



var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton1'){ocgs[i].state=false;}}



ROM solution. Relative errors: e, = 0.8%, e, =0.7%, e, = 1.4%
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Comparing forces

FOM Cy4
—— FOM ¢,
“|--~- ROM ¢4
- - - ROM ¢

Cx [_]

R

0.6 0.8 1

t/T[-]




Wrap-up

We have seen: Future work:
Full order model: ® More challenging test cases
® Time-periodic space-time method 3 ® Improve quality of forces
® One period as time domain ® Finish implementation of hyper-reduction

® Matching results with literature

Reduced order model, first test case shows:
® Small error for flow fields

® Large error for forces

Github: @Jacoblotz
E-mail: j.e.lotz@tudelft.nl

3J. E. Lotz, M. F. P. ten Eikelder, and | Akkerman (2023). “Space-time computations of exact time-periodic flows past hydrofoils”. [n: Under review at
Computers & Fluids, arXiv:2211.10964, pp. 1-19
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Two features of the weak model problem

BaaL (Uh, Wh) + Bpr (Uh, Wh)

+ Byuis (U, W") + Bwsc (U" w") = L(w"),
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Two features of the weak model problem

BgaL (Uh, Wh) + Bpr (Uh, Wh)

+ Byuis (U, W") + Bwsc (U" w") = L(w"),

where
BaaL (U, W) = (w,&-Vzu)g +(V-w,p)g
+(Tw, v Vu)g + (0, V - w)g — (W, 0 w) pn
Bpr (Uh7 Wh) _ wh780uh)0 " ; (qhﬁeph)oy
Byws (UMW) = — (Ve @) | — (V" o)
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Two features of the weak model problem

Space-time velocity
g=[x"t]7
ia=[u" 17

Sl

BeaL (U, W) (w,ﬁ~V,;u)Q
Oru+u-Vu=1u- Viu,

Byais (uh, wh) - (vﬁwh, v ﬁ”) 5
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Two features of the weak model problem

Bpr (U", W") - (w”,aguh)Q + % (qh,agph)o,

Pseudo compressibility

Artificial speed of sound: a
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