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' Isogeometric analysis

¥ Computer Aided Geometric Design

¥ Finite element method

¥ Lagrangian approach

® Computational Fluid Dynamics (CFD)
* Eulerian approach

¥ Irrotational flow

* Dam break
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- R. Amini, R. Maghsoodi, N. Z. Moghaddam, (2015), "Simulating free surface problem using
Isogeometric Analysis”, Journal of the Brazilian Society of Mechanical Sciences and

Engineering, (Springer).
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- R. Amini, R. Maghsoodi, N. Z. Moghaddam, S. M. Tavakkoli, (2015) "Channels Flow
Modeling by Using Isogeometric Analysis", Journal of Solid and Fluid Mechanics.
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' Computer Aided Design (CAD)
" Hughes et al
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¥ Isoparametric

® Galerkin method
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' Argyris

" Clough
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¥ Courant

® Gallagher et al

* Bilinear quadrilateral

¥ Taig

* Irons

' Zienkiewic et al

‘" Isoparametric elements
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' eight-node serendipity
" Raviart

" Thomas

¥ Brezzi et al

® Fortin

* Nedelec

¥ Demkowicz

» Lagrange polynomials
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' Linear tetrahedron



S yhogiGg ) Jedni g p9S Jad

i e ) GatLs ad 0ddh (S 5 dsiin psle (glacd i b game gl b, sl ol b o
AW 4y 4z g5 b el ool (6,100 igunals SaS 4y (2l o3lo g0 cwain gilo Jow oy
oo ooliial oo b (g 99 (nl wgaome izl (h9) 5 FeaslS S8 a4 (b la g, G Sl
b b glais, Lol Caol 63 138+ B 130 (gla Lo ) sgame slizl globs, Lizlw ET
b g anaie gile Jow cd i el a3 5 S VAAL BVAY . gla Sl sgu 50 jgualS SeS
SHI S 5 ey SLopl 4 erogil (siige 58k )3 (S5l B 2ianils 55 Lasg Jigals SoS 4,
P S g L85 Ogo ol g o g (i3l glp Tig e a5 TllulS g0 Sl 5 T,
[19] 7ales s, VAV cams slonl ;o [18] vges oolitwl (g jlus a5 Cqa dacpdlewl 511AFE Lo ;o
plnil Gey) (oo Lol g cpdlawb o )0 slacd iy 655y sboalle, 10 [20] Y L5 5
59 A oslaiwl 08 S O jse A uedadl mlis (o Ml slacd iy 51VAY . gams o assls
Yo oA Jlo )0 G fped Lansgs [21] 4 5 yme " 5e g 5 10 Lansgs Ak Yo o ¥ Lo
Sabewy & (Fb 08 iy gazb [22] 0 (nRilr Vatee lagndlel o b T onds gl gla

[1] Sl 0 00l QLM..) aM> )5.’04.3 Y-Y Jg-.\.?' o )Jg-u-nls

' Pierre Bezier

" Renault

" De Casteljau

¥ Citroen

® Schoenberg

* Reisenfeld

¥ Versprille

A T-splines

* Sederberg et. al.

" Trimmed NURBS
" Untrimmed T-splines
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' Malcolm Sabin

¥ Spline Finite Element
" Hollig

f Kagan

® Variational problems
* Isoparametric

R



S yhogiGg ) Jedni g p9S Jad

G959 Sarelbonl porde o ol Dolis sl (o dlae Julow g awsie ol sl b @l
@l m g dllas Jo 05 o8 sl Tl sgame (gl SEadlST (Bg, 50 a5 Cenl (nl S pegiSe
Mals™ gy (ol Saegiionl gy o Sl o 0sdee oolitul Al @lsi 5l g Gawais ag
&g Gleie @ s g 0ol bl e (380 (gawain Tall b milgy 5l aS Dyge s Sl WSe

[1] 05 oo Jo dllice g 5

Al Co,d = dwss SIS 3gaxe (515>

s Copl & a1y el Juled G,
03 i yglody gy (nl 5l ealitl S Zeginl el S (slacehl 4 azgi b el Jlu aiz o
a5 b g oo ool [42-33] Laojles SilSio 5 [32-26] ¥l Seooliys aiile alisee sloaiee) ,o
Lz, bl GhS o oy, K00 A Cad (g (pl ool 485 sl 5 g Sleogas

il oo By ol 4 S Sblse slyls 300 o g, &S

S yogifeml Judod Ghgy bl Y-V
YVl Seolizs wojle Solsle Plawe aiile wsige JBlaw 51 solons ,0 dgamme sli>l s,
SLCd piny o yule alligo Cdypiay = 40 59, 2 g 0gd o0 ooliiul 08 5 )l Uil Sl
S regisnl Gy a5 ablige el hls o 5l Csl a8 5 O j50 i3 (nl jo a5 glala>dle LB

izl Gisy sley Syl (o) ool ol osel S5 5 calae nl (9,5 Biby ke 4,

gl go 310 g,y 93 Gl s (ewlil Slacgla 4 Cand (ol )3 0l oo S50

O Ngd ool Wil g0 (658568 sl c_'éls W a8 Sldl g o gaials dgame gl g, o

o9y 5 (V=Y USE) w68 oo dgume sliml (gaSil ailS e e 1) dwais a5 Lo ledl 5l glac geo

\Y



S yhogiGg ) Jedni g p9S Jad

G &y Lilyy gy ol po0 0sdise ool GLad Tl 5 ' (Kb Sl g0 @ lall e dgams gl
S58 058 4 Sl S jlealiiul b e g 00 gl 5l sluly 03 50 (Clpygye @y b JSS &lg)
s9e8 ol iy yai gloe S 5l 5 widlioe Dby Caols sl Al @l (Y-Y JS2) wisdise o

Grbe Jo Su5d  Logyl a5 050 oo ool S b 5l awais iy o5 sl S yegiignl b, 50
JreS bl i) 09,50, 4 (o88ly Gamwain [0S glp (A oz lezr S plgie 4 Ladd g all o
bl (abl oo dgamme Jola 5 dgame slizl slo g,y (gilwaind sloo 5 L ¢ asil bl aile
Gt Plus ;55 (2l Loz slasl ol (gamgs Blus ;0) aiS o oboml 1y (JuS (gaSet Jyus
Dl o g Wbl oo dguzme il by, 0 39290 (GaSh wile J S aSh (g oieb Ll Jols
D) () 50 45 (6,500 (5a5h 05 g0 03:ali (1S (slo it 5 09d g0y (J S BlES o (ol
Gah Al oo Cawsds pa> (2Bl (GAwAID S A5 OBb 0 (b ($ASLD D4 o ool
asler il CSasS slaglad) ® a3 lizl 5 (55,5 slagldh Taaidls 5 hls (S5
anld ;o died e hSET 1) calp mle 5 ol fate [0Sy 4 bhasels ) sgaze sli2l b,

J1] el ouls ools ioles Y=Y S j0 ouds asal Olendgd . Dgd oo poannds (2,5 sli

' Physical element
¥ Base element

¥ Patches

¥ Macro elements
® Knot elements

* Micro elements
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' Function approximation
' Discretization of the governing equations
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' Field variables
" Nodal points

¥ Support domain
¥ Interpolation

AR



Gous s Jhgy p it (559 0 pgw Juas

([46] 2> 10) sladais ans e slaledl b yg e golgs 5l ooliiwl b aiwgn ol jioled :Y-Y JSo

ki S il gausl

([46] &2 50) (S lelos gaals S o O 556 el 10 99390 sloe 5 g >0 0,5 V-V S
5l e le a5 o ls vezg S 2l adgi gl salids slo g,
b o> 50 @l 0> Sledbl lawgy S a0l b, (ol 5o :‘slbi}:.il e 8 5l eolawl b JSCo &b vl g

ol o ool oyl JI,Kl oy 4y S5 ol adgs gegeu F-Y S o

' Smoothed Particle Hydrodynamic (SPH)
Yy



Gous s Jhgy p it (559 0 pgw Juas

>

£ A
| ———
/

f@ F@=]"1®Wx-8)dg

\ 4

X4 X Xy X

HS 5 4y IS8 b s F-Y S

55 @l s g L) cnismsd 5l Gy, nl glabezain @lsi i esliswl b JSi &b wd i
ez asrins (golass 5l hgy cpl jo el A8l 5 0lS Se5 A dgae slizl g, (g0jsm 4 AT Wil o
55 gy onl Sl eslitul b IS8 ol alde (SisSar w09 o0 oalitul Jlai 5590 S5 4y a2 g b (lalezainr SO

el 00 ool ul.w.f =Y s

/—\

() Fx) =ay+ a;p(x) + aypy(x) +

>
>

X X

Sldbez sz milgy lawss S Al ades :0-Y o

DR o s Sldes wz L1y Jgl (o, slaclex led Coles jo by, pl a5 ool ools Lis

' Polynomial function

Yy



Gous s Jhgy p it (559 0 pgw Juas

[P DO B FRORCH K EPRPSIRPTIWOWE & o
Gl Sl eslital b wipd po 005 sl o Slinie 5 i 955 (S8 & 6565 5l g0e slagis, 5o
oBws Sy ) S¥olas (nl Coles 55 5 sildiunnS (HTUS (Slaogeds 4 ] oS> S¥olae (g5 oo loce ;5
Ohsy »d Jle plaie 4.0,5T s | Allae DY 5ezme 1 o L g 00,5 oo Jsazme ol po b (s S¥0las
Dgs o (SNl | Dgame £33 ol 4 (55iS>6S g Hoole cwdid (gl 4 dlwg e Sgame sy
szl nl 51 S 2 sloo S oo SlopSe yuesd oz Slaiae (glo yasie IS 26 S QLU L s
2L Tl 55y o LS 50 Izl (65,18 Gogm 4 azgi b sl 51 o e SYslee 05 o gy
Cawds SV gpzme SVolro (ol o b oas T co Cawds it JS SY0las oo 57 e 10 (5500 dasl s 28,5 a3

ogdian Lol a5 ol oo Tisilme 5 bl Jeol (gl 0,08 8425 Volae (gjlwains slp ol o>
a5 Ly ol (sl 1 Vogaona sl s,y im0t 57 sy JS (53,0 i Lol 5
@l DYoo (5051 sy lp G H IS b a5 wilioe Monilendl glajds; ulaly ol regs

ook sy by ol ey Bl Glowle SVl Salips 5 Shisly Sl Jlaws 50 Sgus

' Discretization of the differential equations
¥ Finite Element

¥ Assemble

¥ Virtual work

® Hamilton

* Minimum total potential energy

¥ Finite element method

* Residual methods

* Taylor series
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' Finite difference method

¥ Conservation laws

¥ Finite volume

¥ Finite volume method

® Weak form

* Direct methods

¥ Iterative methods

* Invertible matrix

* Gauss elimination method

' Matrix decomposition method
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-0.75 0.25 -0.5 -0.27 -0.48 -0.49 -45.82 -3.48 -1.37
-0.75 0.5 -0.71 -0.31 -0.65 -0.69 -56.16 -8.08 -2.14
-0.75 0.75 -0.5 -0.21 -0.46 -0.49 -57.94 -8.00 -1.59
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0 0.25 0 0.10 0.04 -0.01 20.00 8.00 -1.80

0 0.5 0 0.16 0.03 0.01 32.00 0.03 2.00

0 0.75 0 -0.26 0.04 0.01 -52.00 7.20 2.04
Root-Mean-Square Error (RMSE)= 0.31 0.04 0.01
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0.4 0.2 0.0936 0.0939 0.0801 -0.35 14.41

0.5 0.2 0.0969 0.0971 0.0755 -0.3 22.02
0.2 0.4 0.0991 0.0992 0.0856 -0.18 13.56
0.4 0.4 0.1445 0.1445 0.1143 0.01 20.94
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0.4 1 01873 0.1873 0.1281 0.02 31.62
0.5 1 0.1950 0.1950 0.1285 -0.02 34.07

Root-Mean-Square Error (RMSE)=  0.0003 0.04
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0.2 0.4 0.0991 0.0992 0.1001 -0.18 -1.08
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0.4 0.4 0.1445 0.1445 0.1448 0.01 -0.19
0.5 0.4 0.1500 0.1502 0.1512 -0.13 -0.82
0.2 0.6 0.1157 0.1158 0.1179 -0.11 -1.96
0.4 0.6 0.1711 0.1710 0.1745 0.03 -1.99
0.5 0.6 0.1779 0.1778 0.1853 0.03 -4.19
0.2 0.8 0.1235 0.1236 0.1265 -0.1 -2.47
0.4 0.8 0.1836 0.1836 0.1877 0.02 -2.22
0.5 0.8 0.1911 0.1911 0.1909 -0.01 0.08
0.2 1 0.1258 0.1258 0.1350 -0.03 -7.31
0.4 1 0.1873 0.1873 0.1880 0.02 -0.34
0.5 1 0.1950 0.1950 0.1930 -0.02 0.99

Root-Mean-Square Error (RMSE)= 0.0003 0.004
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Iso Err. Iso %
Case 1 Case2 Case3 Case 1l Case 2 Case 3
0.2 0.2 0.0662 0.06741 0.0498 0.0684 -1.81 24.74 -3.27
0.4 0.2 0.0936 0.09391 0.0638 0.0945 -0.35 31.88 -0.98
05 0.2 0.0969 0.09714 0.0626 0.0979 -0.3 35.41 -11

X Y Exact

0.2 0.4 0.0991 0.09924 0.0643 0.1 -0.18 35.07 -0.91
0.4 0.4 0.1445 0.1445 0.0847 0.1443 0.01 41.4 0.15
0.5 0.4 0.15 0.1502 0.0832 0.1504 -0.13 44.54 -0.27
0.2 0.6 0.1157 0.1158 0.1027 0.1168 -0.11 11.21 -0.93
0.4 0.6 0.1711 0.171 0.139 0.1708 0.03 18.72 0.12
0.5 06 0.1779 0.1778 0.1368 0.1784 0.03 23.08 -0.33
0.2 0.8 0.1235 0.1236 0.1027 0.1245 -0.1 16.83 -0.81
0.4 0.8 0.1836 0.1836 0.1391 0.1834 0.02 24.26 0.15
0.5 0.8 0.1911 0.1911 0.1368 0.1918 -0.01 28.4 -0.39
0.2 1 0.1258 0.1258 0.1027 0.1269 -0.03 18.34 -0.88
0.4 1 0.1873 0.1873 0.1391 0.1872 0.02 25.75 0.05
0.5 1 0.195 0.195 0.2736 0.1959 -0.02 -40.34  -0.48

Root-Mean-Square Error (RMSE)=  0.0003 0.042  0.0009
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Iso Err. Iso %
X Y Exact

CP=9 CP=16 CP=36 CP=9 CP=16 CP=36
0.2 0.2 0.0662 0.05479 0.06231  0.06741 17.25 5.89 -1.81
0.4 0.2 0.0936 0.08218 0.09346  0.09391 12.19 0.14 -0.35
0.5 0.2 0.0969 0.08539 0.09375 0.09714 11.83 3.2 -0.3
0.2 0.4 0.0991 0.09432 0.09973  0.09924 4.78 -0.68 -0.18
0.4 0.4 0.1445 0.1415 0.1496 0.1445 2.08 -3.52 0.01
05 04 0.15 0.1474 0.1558 0.1502 1.74 -3.86 -0.13
0.2 0.6 0.1157 0.1186 0.1148 0.1158 -2.53 0.75 -0.11
04 0.6 0.1711 0.1779 0.1721 0.171 -4 -0.61 0.03
05 0.6 0.1779 0.1853 0.1793 0.1778 -4.19 -0.81 0.03
0.2 0.8 0.1235 0.1276 0.1225 0.1236 -3.34 0.79 -0.1
0.4 0.8 0.1836 0.1914 0.1837 0.1836 -4.23 -0.04 0.02
0.5 0.8 0.1911 0.1994 0.1914 0.1911 -4.36 -0.17 -0.01
0.2 1 0.1258 0.1214 0.1253 0.1258 3.47 0.37 -0.03
04 1 0.1873 0.182 0.188 0.1873 2.84 -0.36 0.02
05 1 0.19 0.1896 0.1958 0.195 2.75 -0.43  -0.02

Root-Mean-Square Error (RMSE) 0.007 0.002 0.0003
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Abstract

The Isogeometric analysis (I1A) method is based on Computer Aided Design (CAD). The
main advantages of the isogeometric analysis are: a considerable reduction in the size of system
of equations, accuracy in the definition of the geometry and its boundaries, using of common
methods in finite element (FE) method, having more advantages over FE method, the possibility
of solution of problems with moving meshes such as Lagrangian problems, etc.

In this thesis, it is tried to use this method for solution of Eulerian and Lagrangian problems
in computational fluid dynamics due to its novelty. For this purpose, two types of Eulerian
problems are modeled by IA method. The first problem is to find the velocity distribution of
uniform flow in a sloped channel and the second is irrotational flow around circular and rectangular
obstacles. Also in Lagrangian approach two problems of incompressible free surface flows and
dam break are simulated.

The purpose of modeling velocity distribution of uniform flow in a sloped channel is to
compare 1A and FE method by size of system of equations. The purpose of modeling irrotational
flow around circular obstacle is to investigate the ability of the 1A method in constructing curves
and surfaces with high precision. The purpose of modeling dam break is to investigate the ability
of the A method in some problems with large deformations which usually happens in Lagrangian
approach.

Keywords: Isogeometric Analysis (IA) method, Computational Fluid Dynamics (CFD), Eulerian
approach, Lagrangian approach, velocity distribution in a sloped channel, irrotational flow, dam
break.
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