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Chuong 1
TONG QUAN

1.1. Pit vén dé

Bai toan tuong tac ran-long (fluid-structure interaction — FSI) 1a mot trong
nhirng bai toan dugc quan tdm trong linh vuc khoa hoc va ky thuat. Cac bai
toan FSI c6 thé duoc tim thiy trong cac linh vuc nhu khi dong luc hoc cau
[1, 2], dao dong cua canh turbine gio [3-5], tac dong cua gid 1én cac toa nha
cao tang [6, 7], dap tng khi dong hoc cua may bay [8], twong tac giira gi6
v6i cay xanh [9] va nhiéu bai toan vé dong chay sinh hoc nhu twong tac
gitra mau véi van tim [10, 11], c&c bai todn mé phong qua trinh bay va boi
cua sinh vat [12, 13] ...

Do céac bai toan FSI 1 céc bai toan vat ly tuong tac da truong nén viéc giai
quyét cac bai toan noi trén s& rat kho dé thuc hién bang cac phuong phap
giai tich, thay vao do6 cac bai toan FSI thuong duoc giai bang cic phuong
phép s6. Phuong phap bién nhung (Immersed boundary -1B) 1a mét cong cu
hitu hiéu cho cac bai todn c6 bién di chuyén hoic mién tinh toan phic tap.
Phuong phéap 1B giai quyét cac bai toan FSI trén co so thay thé anh huong
cua vat can trong dong luu chit bang cach dua vao mot thanh phan lyc tac
dong 1én dong chay théng qua mot ham phan bé dirac delta, khi d6 mién
tinh toan xem nhu 13 mot mién luu chit dong nhét va céc chi phi chia lai
lugi sau mdi budce thoi gian s& duoc loai bo.

Tuy nhién, céc bai toan FSI trong khdng gian hai chiéu hay ba chiéu khi
duogc giai bang IBM dya trén céac phuong phép chia ludi truyén thong (sai
phan hitu han, phan ti hitu han hay the tich hiru han ...) thi viéc chia ludi
trén toan mién tinh toan s& doi hoi s6 bién ludi rat Icm Diéu nay dan dén
c4c van dé nhu mit nhiéu thoi gian tinh toan, sy phirc tap trong cac giai
thuat chia ludi, ciing nhu ngudn tai nguyén luu trir phai 16n. Phuong phép
Proper generalized decompostion (PGD) durgc dé xuat boi bai Ammar cung
cong su [25, 26] la mot phuong phap hiéu qua va diy hta hen. Phuong
phép PGD tim kiém loi giai cua bai toan da chiéu bang cach dua bai toan da
chiéu thanh chudi cac bai toan mot chiéu dé giai quyét.

Bang céach khai thac nhing thuan lgi cua ca hai phuong phép 1B va PGD,
muc tiéu cua luan an 1a két hop phuong phap IB va phuong phap PGD dé
giai quyét cac bai toan dong chay nhot khong nén qua céc vat thé bién cing
[27] va bién dan hdi [28]. Trong su két hop ndy, cac cong thic cua phuong
phap IB dugc su dung dé xay dung su tuong tac giita luu chét va két cdu
bing cach dua mot thanh phan luc cudng birc vao hé phuong trinh Navier-
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Stokes. Sau d6, phuwong phap PGD dugc sir dung dé tim kiém loi giai cia hé
phuong trinh Navier-Stokes. Bang cach thuc hién nay, cac wu diém cua
phuong phap IB va PGD s€ dugc khai thdc mot cach hiéu qua. Céc cong
thirc bién nhing gidp xir ly bién phuc tap cua bai toan FSI trong khi phuong
phap PGD gitp ting toc do tinh toan va lam giam sy phtc tap cua cac bai
toan da chiéu.

1.2. Téng quan vé phwong phap 1B
1.2.1. Phwong phap IB cb dién

Phuong phéap IB ¢6 dién lan dau tién dwoc gigi thigu boi Peskin [29] dé mo
phong dong mau qua van tim. Tir phuong phap ban dau, cac bién thé khéc
nhau cua Iép phuong phap nay da duoc dé xuat dé giai quyét bai toan dong
chay qua vat thé bién ctng.

1.2.2. Phwong phap IB cudng birc truc tiép

Phuong phép IB cudng birc truc tiép dugc dé xuat bsi Mohd-Yosuf [55] va
Fadlun cung cong su [56] cho nhitng bai toan dong chay qua vat thé bién
cing thdng qua viéc hiéu chinh phuong trinh ddng lugng roi rac.

Phuong phép IB cudng birc truc tiép da dwoc phét trien va cai tién bang
cach ket hop voi phuong phap c6 dién, van toc va luc trén ludi nén luu chat
va bién nhuiing cé thé dugc chuyén do6i bang cach sir dung ham roi rac delta.

1.2.3. Phwrong phap IB chiéu

Dé 4p dat diéu kién bién khong truot mot cach chinh xéac, Taira & Colonius
[64] da dé xuat phuong phéap IB chiéu. Bang cach xét luc bién 1a mot nhan
tir Lagrange dé thoa méan diéu Kién bién khong truot trén bién nhing,
phuong phap IB chiéu két hop hai nhan tir Lagrange cho &p suat va luc bién
thanh mot phuong trinh Poisson higu chinh. Phwong phép nay rat chinh xéac
vi nd cudng birc didu kién phan ky tu do va diéu kién bién khong truot mot
cach dong thoi trong budc chiéu.

1.2.4. Phuwong phap IB 6 40

Tseng & Ferziger [67] va Mittal cung cong sy [68] di mé rong phuong
phap cia Mohd-Yosuf [55] va Fadlun cung céng su [56] théng qua mot
phuong phap 1B 6 0. O a0 dwoc dinh nghia ¢ bén trong cua bién nhung dé
mdi 6 40 ¢6 it nhat mot diém 1an can trong mién luu chat. Bién dong chay
cuc bo sau dé duoc biéu dlen théng qua mot da thurc (tuyen tinh hoac bac
hai) va gia tri 6 40 c6 trong sé duoc tinh boi gia tri cac diém ludi 1an can.

1.2.5. Phwong phap IB citd



Trong phuong phap 1B cit 6, cac 6 luu chat bi cat boi bién nhung duoc xac
dinh va duong cit caa bién véi nhitng 6 nay duoc tinh toan. Ké dén, cac 6
cit ¢ tam nam bén trong luu chat duoc tai tao lai hinh dang thanh nhiing 6
khac. Phuong phap nay giir lai duge do chinh xac khdng gian bac hai va dan
dén mot mat phan cach rd nét.

1.2.6. Phwong phap mit phan cach nhing

Phuong phip miat phan cach nhdng lan dau tién duoc gidi thiéu boi
LeVeque & Li [77] dé cai thién do chinh xac cua phwong phap 1B ¢6 dién ¢
gan bién nhung. Sau d6, nd dwoc mé rong cho hé phuwong trinh Stokes [78]
va hé phuong trinh Navier-Stokes [79, 80]. Phuong phap mat phan céch
nhing c6 y tuéng twong tu nhu phuong phap 1B ¢b dién, trong dé anh
hwdng caa mit phan cach nhing 1én luu chét xung quanh dwoc trinh bay boi
luc tai cac diém trén bién nhdng. Thay vi phan bé luc tai cac diém trén bién
dén cac nat lugi nén luu chit nhu trong phuong phap IB ¢6 dién, phuong
phép mit phan cach nhing dua cac diéu kién nhay vao so dd sai phan hiru
han dé tinh anh huéng caa luc tai cac diém trén bién nhing 1én luu chat.

1.2.7. Phwong phap IB trén c4c bién khong co ban

Phuong phép IB ciing da tich hop thanh cong trong cac cong thic bién
khong co ban cua dong chay. Ren cung cong su [86] da trinh bay phuong
phap IB trong cong thirc ham dong-xoay. Trong phuong phép nay, diéu kién
bién yéu cau dat dugc bang cach hiéu chinh van téc va xody.

1.3. Téng quan vé phwong phap PGD

Phuong phap PGD c6 thé xay dung dang tach bién cua loi giai ma khong
can biét truge vé dit lidu trude khi tinh toan. Vi vay chi phi tinh toan va su
phirc tap cua 1oi giai PGD cho cac bai toan da chiéu dugc giam mot cach
dang ké. Gan day, phuong phap PGD di dwoc ap dung dé giai quyét cac bai
toan k¥ thuat nhu vat ligu composite [104-108] , téi wu hoa két cau [109],
lwu chat [110, 111], hoa lugng tir [112] truyén nhiét [113, 114], phan tich d6
moi vat liéu [115], md phong robot [116], ning lugng hat nhan [117]. Tong
quan vé& phuong phap PGD co thé tim thay trong [118, 119]. Trong nhém
céc bai toan vé tuong tac rin-long, phuong phap PGD ciing di dugc &p
dung trong mot vai nghién ciiu gan day nhu trong cong bo ciia Dumon
cung cong su [120] da st dung phuong phap PGD két hop véi phuong phap
thé tich hitu han dé gidi hé phuong trinh Navier-Stokes cho ca bai toan dong
chay 4n dinh va bat én dinh véi cac hé sé Reynolds khac nhau, Dumon
Cung cong su [121] ciing da két hop phuong phap PGD v6i phuong phap
phd dé giai bai toan dong chay trén mot mién vuéng. Tuy nhién, nhung
cong trinh nghién ciru vé phuong phap PGD cho cac bai toan FSI van con

7



han ché va chu yéu cho céc bai toan c6 mién tinh toan don gian, thuong la
mién tinh toan hinh chit nhat va khong c6 vat can. Khi c6 vat can dua vao
bai toan thi sy twong tac giira luu chat va két cau s& tra nén rat phuc tap do
lwu chat khdng chi twong tac véi bién phap tuyén ma con tuong tac véi vat
can bét ky. Phuong phap PGD sé giai rét nhanh cac bai toan, nhung d¢ giai
quyet hiéu qua cac bai toan FSI véi mién tinh toan phuc tap thi viéc xu ly
c4c van dé vé mién tinh toan can dwgc thyc hién trudc khi sir dung phuong
phap PGD dé giai phuong trinh chuyén dong cua luu chit.

1.4. Muc tiéu nghién ciru cia luin an.

Nghién ctru phwong phap sé mo phong cac bai toan dong chay nheot khong
nén (trong truong hop dong chay tang ¢ hé sb Reynolds thap) qua cac vat
can bién cing va bién dan hoi duoc cu thé hda mot sé van dé nhu sau:

e Ung dung phuong phap PGD két hop véi phuong phap sai phan hiru
han trong viéc giai cac phwong trinh vi phan dao ham riéng béc cao.

e Ung dung phuong phap PGD két hop véi phuong phap sai phan hiru
han dé giai quyét cac bai toan dong chay nhot khdng nén véi cac
diéu kién bién khéc nhau.

e Phét trién phuong phép IB két hop phuong phap PGD giai quyét cac
bai todn dong chay nhot khéng nén qua vat can bién cung dung yén
va vat can bién ctng di chuyén.

e Phét trién phuong phép IB két hop phuong phap PGD giai quyét cac
bai toan dong chay nhét khong nén qua vat thé bién dan hdi.

1.5. Pham vi nghién ciru
e Luan &n tap trung nghién ciru giai thuat két hgp phuong phap IB va
phuong phap PGD cho céc bai toan trong khdng gian hai chiéu.
e Cac bai toan twong tac ran long dugc khao sat trong luan an Ia cac
bai toan dong chay nhét khong nén duoc voi diéu kién 1a dong chay
tang (¢ hé sd Reynolds thap).

1.6. Phwong phap nghién ciru
e Nghién ctu tai liéu, cac cong bd khoa hoc vé& phuong phap IB va
phuong phép PGD.
e M0 hinh héa cac bai toan vé twong tac ran long.
e Xa&y dung chuong trinh m6 phong st dung ngdn ngir lap trinh
Matlab dé khao sat cac bai toan.

1.7. Tinh méi caa luan an
e Phat trién phuong phap PGD véi phuong phap sai phan hitu han dé
giai quyét cac bai toan phuong trinh vi phan dao ham riéng bac cao
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(phuong trinh Biharmonic, phuong trinh Poisson) trong khong gian
hai chiéu va ba chiéu.

Ung dung phuong phap PGD két hop véi phuong phap sai phan hiru
han giai bai toan dong chay nhét khdng nén véi cac diéu kién bién
khéac nhau.

Phét trién phuong phap IB két hop véi phuong phap PGD mé phong
bai toan dong chay nhot khong nén qua vat thé bién cung dimg yén
va di chuyén.

Phét trién phuong phap IB két hop voi phuong phép tach bién PGD
mo phong bai toan dong chay nhét khong nén qua vat thé bién dan
hoi.



Chuwong 2
PHUONG PHAP PROPER GENERALIZED
DECOMPOSITION CHO BAI TOAN PHUONG TRINH
VI PHAN PAO HAM RIENG

2.1. Giéi thigu
Phuong phap PGD la phuong phap giam bac md hinh dua trén co s¢ tach
bién, 151 giai u(X;,X,,..., X, ) clia bai toan duoc tim ¢ dang sau

U0k X %) =D

i=1 k=1

n

Fk| Xk i F1| . FNi (XN ) (2-2)

& day X; co thé 1a bién v huéng hoic vector lién quan dén khéng gian,
thoi gian hoac thong sb bat ky khac cua bai toan.

2.2. Phwong phap PGD cho phwong trinh vi phan dao ham riéng

2.2.1. Co sé ly thuyét ciia phwrong phap PGD

Xét bai toan nhu sau

LU) =g trong mién Q=0Q, xQ, (2.3)

Loi giai xap xi ciia phwong trinh gia sir dugc trinh bay ¢ dang tach bién nhu
sau

U(x,y) ziF‘(x)o‘(y) (2.4)

Qua trinh giai phwong trinh (2.3) bing phuong phép PGD la mét qua trmh
lap Loi giai & bude thoi gian the n 13 tdng cac tich cua cdc ham trén mdi
bién khong gian

n-1 .
y)= D F'(x)-G'(y)+F"(x)-G"(y) (2.5)
i=1
Thay phuong trinh (2.5) vao phuong trinh (2.3) ta dugc

L(nZF‘(x)-G‘(yH F”(x)-G"(y)j:g+ren (2.6)
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& day re" la sai s6 thing du cua 1oi gidi xdp xi. Pé xac dinh F" va G",
phuong trinh (2.6) 1an luot dwoc chiéu 1én chidu cia F" va G":

<L[§Fi(x).6‘(y)+F”(x).G”(y)j,F”> =<g,F”>L2(X)+<re”,F”>L2(x)

(X)
(2.7)
va
n-1 .
<L[;F ()G (1) +F"()-G (y)j,G >L2m =(9:6") s, +(re". 6",
(2.8)
& day <"'>L2(><) va <.,.>L2(Y) ) 1a tich v6 huéng trén L2 trong chiéu truc X va
truc y twong ung. V4i phuong phap nay, sai s6 du phai truc giao voi cac
ham F" va G", vi vay
n-1 .
<L(Z F'(%)-G'(y) + F"(x)-G“(y)j, F”> =(9.F")) (29)
i=1 LZ(X)
va

(2.10)

L2(Y)

<L(§F‘(x)-e‘(y>+F"(x)~G"(y>j,G"> ~(9.6")

()

Pé dat dugc cac ham F" va G", cac phuong trinh (2.9) va (2.10) phai
duogc giai ddng thoi bang cach ap dung giai thuat 1ap luan phién cho dén khi
101 giai cta bai toan hoi tu.

2.2.2. Phuong phap PGD cho phuong trinh vi phan dao ham riéng bac
cao

2.2.2.1. Phwong trinh Poisson

Xét phuong trinh Poisson trong khong gian 3D nhu sau

o’u o’u du
—+—+—="f(xy,2 2.11
aXZ ay2 aZZ ( y ) ( )
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Giai thuat PGD dugc 4p dung dé giai phuong trinh 3D Poisson bang cach
giai ba phuong trinh vi phan 1D theo céac budc sau:

Buoéc 1: Tim ham R(x)

Gia st S(y) va T(z) da biét, khi ¢6 S"(y)=0 va T (z)=0, giai
phuong trinh sau

nd2X.
(a,8,)—— +(b,a, +ab, )R =af, _; dle (ay.az.)
. . (2.20)
PRACEIDRICTY

Buéc 2: Timham S(y)

Tirham R(x) vira tim duoc ¢ buéc 1 va gia si ham T (z) da biét, khi d6
R™(x)=0 va T"(z)=0, giai phuong trinh sau

2 n 2
(a,a, )(;Ter(bxaZ +a,b,)S =a —Zﬁ(axi a, )

2
i dy (2.23)

Buéc 3: tim ham T(z)
Tu ham R(x) va S(y) da tinh ¢ buée 1 va bude 2, khi d6 R"=0 va
S" =0, giai phuong trinh sau dé tim T(z)

(aa )ﬂ-i-(ba +ab )T:a —Zn:&(a a )
Xy dzz Xy Xy fz — dZZ X Yi (226)

_gTi (b,a, )—gTi (ab,)

Céc buéc giai & tim R(x), S(y)va T(z) dugc lap cho dén khi két qua
hoi tu.

Diéu kién dirng toan cuc cua bai toan dugc tinh nhu sau
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ou du
E= 5 + 7 + 7
ox~ oy° oz

-f(xy.z)| <e, (2.29)

2

& day &, 1a mot hang sé dugc chon da nho. Ching ta ciing c6 thé sir dung
diéu kién dirng toan cuc bang céch sir dung cong thic sau

X%
> % (0%(y)

2.2.2.2. Phwong trinh Biharmonic

<e, (2.30)

2

Xét phuong trinh Biharmonic trong khong gian ba chiéu nhu sau

o'u o'u o'u o'u o'u o'u
4 + 4 + 4 + 2 2 +2 2 2 +2 2 2

ox' oy oz ox“oy oy“oz 0z°0X

=f(xvy,2) (2.31)

Giai thuat PGD duoc &p dung dé giai phuong trinh 3D Biharmonic bing
cach giai ba phuong trinh vi phan 1D theo cac budc sau:

Buoéc 1: Tim R(x)

(ayaz)illf +(2b,a, +2a,b,) (cjjilj +(c,a, +a,c, +2bb, )R
n 44X, o d?X

=af -2 dx“l(ay'az')_zi:l —ot(b,a, +a,b, ) (2.36)

>

X
- i=1 X (Cyi a, +8,C, + 2in bZi )

Buwéc 2: timham S(x)

4 2
aa d—S+ 2b.a +2ab d_S+ ca +ac, +2bb )S
Xz 4 Xz X~z 2 Xz X~z X~z
dy dy

n g4y n g2y
= afy _ZV;(&N aZ. )_ ng(bx' azi + ax. bzi ) (237)
_iYi (Cxi ali + axi CZi + 2in bzi )

i=1

13



Buwréc 3: timham T (z)

d*T d’T
dz?
| 47T,
=af, 3 (8 ) -2 (b, +ah,) (2:38)

i=1

+(c,a, +a,c, +2bb, )T

_iTi (CX, ayi + a'Xi CYi + 2in byi )
i=1

Céc buéc giai ¢é tim R(x), S(y)va T(z) dugc lap cho dén khi két qua
hoi tu.

Diéu kién dirng toan cuc cua bai toan dugc tinh nhu sau
o'u d'u d'u o'u o'u d‘u

E=|l—F+—+—+ +2 +2
oxt oyt ot oxPoy®? oy*ort  ortoxt

-f(xy.2)

<é&,

2

(2.41)

¢ day &, la mot hang sé dugc chon du nho. Chung ta ciing ¢ thé sir dung
diéu kién dirng toan cuc bang céch sir dung cong thic sau

o),
;Xi(x)-Yi(y)

2.3.4. Vi du minh hoa

<e, (2.42)

2

Bai toan 1: Xét phuong trinh Poisson trong mién chir nhat hai chiéu nhu
sau
Fu o

PV Y = -8n’sin (2nx ) cos (2my) (2.50)
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Hinh 2.1: Loi giai PGD cta phuong trinh (2.50) ¢
bude lugi 100 trén mdi chiéu.

Bing 2.1: Sai s6 va thoi gian tinh toan cua 10i giai PGD cho
phuong trinh (2.50)

So6 diém Thoi gian max(lu_ —u 1 2
ludi trén tinh toan (s) (Juoc =) —Z((uex ). _ui,j)
mdi chiéu MMy i

n=20 0.0774 0.0011 0.0021

n=40 0.0812 1.33x10™° 2.20x10°°
n =60 0.0847 1.22x10°° 2.01x10°
n=80 0.0873 2.82x107 5.08x1077
n=100 0.0886 1.01x1077 1.91x107

Bai toan 2: Xét phuong trinh Poisson trong khong gian ba chiéu nhu sau:
o’u du du . . .
— +— +—-=sIn(zx)sin(xy)sin(rz 2.52
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-0.03
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Hinh 2.2: Loi gidi PGD cua phuong trinh (2.52) ¢
budc ludi 64 trén mai chiéu.

Bang 2.2: Thai gian tinh toan va sai s6 cua loi giai PGD
cho phuong trinh (2.52)

SO diém ludi trén  Téc gia Thoi gian — max (|u,, —ul)

mdi chiéu tinh toan (s) ”

n=16 Ghasemi [122] 8.47 2.69x10°°
Shi va cong sy [123] 0.36 1.34x10™
Luan an 0.090 3.23x10°°

n=32 Ghasemi [122] 127 6.73x10”’
Shi va cong su [123] 3.68 3.55x107°
Luan an 0.092 5.58x10°

n =64 Luan &n 0.095 2.334x10°°

Bai toan 3:

Xét tam hinh chir nhat {0 <x<1,0<y Sl} ¢6 phuong trinh vi phéan chu
dao nhu sau

16



o'u o'u  du
§+28X2—6312+W: f(X, y) (254)

V& phai dugc cho nhu sau
f(xy) :%sin(ﬂx)sin(ﬂy) . (2.55)

Trong trudng hop tim c6 diéu kién bién Ia gdi twa don & ca bbn canh.

s P
R L
A A,
AR
sy TR
Ay ot
R i
T

I
il
Sl
S,
s,
0 s tetotolegti ity i
NSttty iy
SNty
KX ll'llll//l/’l//(l’;gl/”/////wl/ W,,////{/;,/,,’;{II;,,,,;;;;},,
it

iy
il
il

iy
i
il i

i
i

ol
Ul
A

i
!

g i
0 Nty
i Nttt g i
s
R il
S ’///,ﬂp,
-001
W i
2 i

-0.02 .

0.5
0.5

y 0 0 X
Hinh 2.4: Loi giai PGD cho tim mong voi diéu kién bién géi twa don ¢ bon
canh cua tam trén ludi 100 cho mdi chiéu.
Bang 2.3: Thai gian tinh toan va sai sb cua i gidi PGD cho bai toan bai
toan tam mong chiu uon vai dieu kién bién goi twa don ¢ bén canh cia tam

S diem  Thoi gian 1 2 max(lu. —u
lugitrén  tinh toan —Z((Uex)i,j —Ui,,-) (e —41)
mdi chidu ) ey i

n=20 0.379 1.22x10°°
n=40 0.412 1.39x10”
n =60 0.416 2.76x10°°
n=80 0.483 4.43%x10°°
n=100 0.545 3.25x107°

2.18x10°°
2.51x10”
5.31x10°®
1.02x10°°
6.47x10°°
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Bai toan 4:

Xét tim hinh chir nhat {0 <x<1,0<y Sl} ¢6 phuong trinh vi phan chu

dao nhu sau

o'u a“u

Trong trudng hop tim bi ngam & ca bon canh va ham f (x,y) duoc cho nhu
sau

f(xy)= %56400(a2 ~10ax+15x° ) (b-y)" y*
+ %18800x2 (6a” —20ax+15x" ) y* (6b” — 20by +15y°) (2.62)

+%56400(a— x)° x* (b? ~10by +15y? )

\\\\\ uulll/
\\\\\\‘\\‘:‘{“ \ “:"“:"'N';II ll/'" Uil

\\\\ i I i
R \\\ \ NIII// Uiy

\\‘4“\‘;\?\‘\“\\\\\\\\\\\\\\\\\\ \\\‘\:‘ “w. ,:4,":,/ Ui "/////%,/’/I I

\\\ \\\\

I

‘m il

\ \\\\\\ \ ‘\\ I I,/,////,/
R ‘\:‘\\“\\“

Il'l’c/ll//

"’; il

i
‘\‘,\ Uil
e
)
f”!/

“Q“\\\\\\\m\\‘\\»\‘ “"'u,

y 0 o X
Hinh 2.5: Loi giai PGD cho tim mong vai diéu kién bién ngam & bon canh
cua tam trén lugi 100 cho moi chiéu.
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Béng 2.4: Thoi gian tinh toan va sai s6 cua 16i giai PGD cho bai todn tam
mong véi dieu kién bién ngam & bon canh cua tam.

S6 diém Thoi gian _
i e tinh todn J > ((Uec)y, —u )2 max U~
mdi chidu () My 55
n=20 0.184 0.01683 0.03434
n =40 0.216 0.00114 0.00232
n=:60 0.220 2.32x10™* 4.69%x10™*
n=80 0.304 7.48x10°° 1.50x107*
n=100 0.404 3.15x10°° 6.25x10°°

Bai toan 5:

Xét bai toan 3D Biharmonic nhu sau

j =sin(zx)sin(zy)sin(zz)

a“_u+a“_u+ﬂ+ o'u . d'u . o'u
ox* oyt ozt ox’oy?  oy’or®  or’ox’

(2.64)
vé6i diéu kién bién duoc chon nhu sau
2 2 2
u=o, LU_CU_CU_g (2.65)
ox* oy- oz

104

Hinh 2.6: Loi giai PGD cho phuong trinh (2.64) véi ludi 64 cho mdi chiéu.
19



Bang 2.5: Thai gian tinh toan va sai s6 cua loi giai PGD cho

phuong trinh (2.64)
SO diém luoi trén  T4c gia Thoigian  Sai s6 cuc dai
moi chiéu tinh toan (s)
n=16 Ghasemi [122] 94.1 1.30x10°°
Shi va cong su 2.625 1.62x10°°
[123]
Luan an 0.143 2.38x10°°
n=32 Ghasemi [122] - 6.37x107°°
Shi va cong su 39.262 4.07x107
Luan an 0.147 2.81x10°®
n=64 Luan an 0.156 1.44x107°

20



Chuong 3
PHUONG PHAP PROPER GENERALIZED
DECOMPOSTION CHO BAI TOAN DONG CHAY
NHOT KHONG NEN

3.1. Gigi thiéu

Trong chuwong nay, ching ta s& 4p dung phuong phap PGD dé giai phuong
trinh Navier — Stokes cho bai toan dong chay nhot khong nén trong khong
gian hai chiéu. Trong phuong trinh chuyen dong cua dong chay nhat khong
nén, su két hop gitra van toc va &p suat duoc trinh bay bang phuong phap
chiéu. Sau do, phuong phap PGD két hop vé6i phuong phap sai phan hiru

han dugc ap dung dé giai cac phuong trinh vi phan dao ham riéng dé tim
van toc va ap suét cua dong chay.

3.2. Hé phuwong trinh Navier — Stokes cho bai toan dong chay nhét
khdng nén

p%+Vp=—p(u-V)u+yAu (3.1)

V-u=0 (3.2)

& day u(x,t)=(u(xt),v(xt)) 1a van toc cua luu chit va p(x,t) 1a 4p suét
lwu chat. Cac hé sb p va u lan luot 1a khdi lwong riéng va do nhét ctia luu
chat.

3.3. Roi rac khong gian

Khi gidi hé phuong trinh Navier — Stokes, 101 rac khong gian dugc thuc
hién trén luéi so le nhu hinh 3.1. Vi ludi so le, 4p suat p nam chinh gitra
clia 0 ludi, con van toc u duogt dit ¢ vi tri trung diém duong phan cach 6
theo phuong thing dimg, va van téc v duoc dat ¢ vi tri trung diém dudng
phéan cach 6 theo phuong ngang.

21



n, +1

Hinh 3.1: Ludi so le.
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3.4. Giai thuit téng quat

Khai tao & budc
thot gian ¢

Tinh van téc trung gian

~ = —(u” -V)u” +%Au”

#* "
u —-u

N

Giai phuong trinh Poisson ap
suat bang PGD

wd _ P *
/ =L V.u
& At

Buéc thoi gian tiép theo n=n+1

A - 7y
Cép nhét vén toc &
bude thoi gian ¢

: - AT
w =ut - vy

2

Két thic thoi
gian mo6 phong?

Sai

Hinh 3.3: So db giai thuat phuong phap PGD cho bai toan
dong chay nhat khdng nén.
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3.6. Két qua mo phéng sé
3.6.1. Bai toan Lid-driven cavity flow

u=uy,v=0,dp/dv=0
- 3> > > > —> —>

u=0 u=0
v=0 v=0
op/éx=0 dpfex=0

u=0,v=0, dp/cy=0
Hinh 3.4: Mién tinh toan va diéu kién bién cua bai toan
Lid-driven cavity flow.

Hinh 3.9: Két qua dwong dong cua bai toan Lid-driven cavity flow & hé s6
Re =100 va Re =5000.

24



Béng 3.1: Toa do tam xody trung tam cua bai toan Lid-driven cavity flow &
cac hé s6 Reynolds khac nhau.

Re=100 Re=400 Re=1000 Re=3200 Re=5000

X, Ghia at.al 0.617 0.555 0.531 0.517 0.512
[125]
Bruneau - - 0.469 - 0.484
at.al [126]
Luén &n 0.616 0.5558 0.532 0.518 0.514
Y. Ghia at.al 0.734 0.606 0.563 0.547 0.535
[125]
Bruneau - - 0.563 - 0.539
at.al [126]
Luén an 0.738 0.605 0.566 0.540 0.534
35
——Ludn an
3 © Ghia cing cong sy P

Re = 1000

0 01 02 03 04 05 06 07 08 09 1
.«1.
Hinh 3.10: So sanh van téc theo chiéu truc X tai vi tri x=0.5 v&i két qua
cua Ghia [125] & cac hé s6 Re =100, Re =400, Re =1000,
Re =3200 va Re =5000.
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25

Re=5000 —Ludn dn
© Ghia cung cdng sy
20

1.5¢
Re=1000

Re=400

0.5
Re=100

A
0 0.1 02 03 04 05 06 07 08 09 1
X
Hinh 3.11: So sanh van téc theo chiéu truc y tai vi tri y=0.5 véi két qua
cua Ghia [125] & céc hé s6 Re =100, Re = 400, Re =1000,
Re =3200 va Re =5000.

lle I,

- - Bic nhit

0 0.005 0.01 0.015 0.02 0.025
h

Hinh 3.12: Sai s6 cua thanh phan van téc theo phuong ngang

& cac budc ludi khac nhau cho bai toan Lid-driven cavity.
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Hinh 3.13: Thoi gian tinh todn cia bai toan Lid-driven cavity

700

o hé sb Re=100.
3.2.2. Bai toan Backward-facing step flow

Truong van toc vao dugc mo ta la mot dong chay song song véi thanh phan
van toc theo phuong ngang duoc dinh nghia nhuu sau

u(y)=24y(0.5-y) véi 0<y<05

u=v=_0
=
}u:m
7 v=0
:::v// duféx=0
hg—=~__
- ~<. y=0
<
Il PR RS
- 4 AY ~ ~
Il ! A
= N N
\
\\\\\\\\\\\\\\\\\\\\\\\\\\\}\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

0 L oou=v=0 300
Hinh 3.14: Mién tinh toan va diéu kién bién cua bai toan
Backward-facing step flow.
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: Dudng dong cua bai toan Backward-facing step flow
6 hé so Re=100.

S ——————

Hinh 3.18: buong dong cua bai toan Backward-facing step flow
& hé s6 Re=400.

& hé sb Re=800.
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2 F © Armaly (thyc nghi¢m) [128] g
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Hinh 3.23: So sanh chidu dai viing xo4y ctia bai toan
Backward-facing step flow.
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Chuong 4 )
PHUONG PHAP BIEN NHUNG KET HQP PHUONG
PHAP PGD CHO BAI TOAN DONG CHAY NHOT
KHONG NEN QUA VAT THE BIEN CUNG

4.1. Gigi thiéu

Trong chuong nay, dé xuat viéc két hop 1BM véi phuong phap PGD trong
viéc giai quyet cac bai todn tuong tac gilta dong chay nhot khong nén qua
cac vat thé bién cang.

4.2. Hé Phuong trinh chuyén déng

p%+p(u~V)u+Vp:;Au+f 4.2)

V-u=0 (42)

Thanh phan Iyc khéi tac dung 1én luu chat 1a

f(xt)=[F(s,t)8(x=X(s,t))ds (4.3)
T

Luec khéi tai cac diém bién

F(S,t)=K(Xe(S)—X(S,t)) (4.4)

Vi tri cac diém trén bién nhing

oX(s,t)

—=U(s)= u(X(st),t) = [u(xt)s(x—X(s,t))dx (4.5)

Q

30



4.3. Giai thuat téng quat

Khéi tao gid trj u”, p”
& bude thai gian

Tinh lye cudng buc trén bién nhing
E; - k(X0 -X1) <

!

Phan bé e dén cac diém ludi trén mién lwu chét

y

Tinh van téc trung gian
u-u :—(u"-V)u”+£Au"+l1‘"
Ar P P

v

Giai phwrong trinh 4p suét bang PGD

A"t = Ly <
Ar Buéc thai gian tiép theo n=n+1

v

Cép nhét van te

ol =u A V!

Nbi suy van téc trén bién nhing
U (X)) =T (5, )8, (x X

!

Cap nhat vi tri cua bién nhing
X7 =X+ AU (X,)

Sai

Két thic thoi gian mé phong?

Hinh 4.4: So db giai that két hop phuong phéap IB véi phuong phap PGD
cho bai toan dong chay nhét khéng nén qua vat can bién cang.
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4.4, Két qua md phéng sé

4.4.1. Bai toan dong chay qua mdt mién vudng cé vat can la mét tru
tron

u=0 u=0
v=0 v=0
op/ox=0 ép/ox=0

u=0,v=0, ép/dy=0
Hinh 4.5: Mién tinh toan va diéu kién bién cua bai toan dong chay qua mot
mién vudng c6 vat can la mot try tron.

0.6

Hinh 4.6: Buong dong ciia bai toan dong chay qua mot mién vuéng c6 vat
can la mot try tron.
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0.6

04
& 9= Luan dn
=—Cai (Ludi déu) [131]
= = Cai (Ludi twong thich) [131]
0
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Hinh 4.7: Thanh phan van téc theo phuong ngang u ¢ vitri x=0.5 cua
bai toan dong chay qua mot mién vudng cd vat can [a mot tru tron.

R,

04

N\ ~&~Luindn
——Cai (Ludi deu) [131]

02 / = = Cai (Ludi twong thich) [131] 4

' : \
-02 \\ 4
-04 4

\/

0 02 04 0.6 08 1

Hinh 4.8: Thanh phan van tdc theo phuong dting v ¢ vi tri y=0.5 cua bai
toan dong chay qua mot mién vudng ¢ vat can 1a mot try tron.

4.4.2. Bai toan dong chay qua mét tru tron ¢é dinh

duféy=0,v=0, gp/dv=0

—

u=u, T Oufdx =0
—

v=10 - O ovjox=0

dpfox=0 cp/ox =0

P/ > dp/ox
—

cufdy=0,v=0, dp/dy=0
Hinh 4.10: Mién tinh toan va diéu kién bién cta bai toan dong chay
gua mét tru tron cé dinh.
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(a) Re=20

7 7(1.:/; 0.6 0.7
(a) Re=40

0.9

0.9

Hinh 4.11: Puong dong cua bai todn dong chay qua mét tru tron ¢ dinh

o hésé Re=20 va Re=40

Bang 4.1: Chiéu dai viing xody va hé sé can cua bai toan dong chay qua
mot tru tron ¢6 dinh 6 hé s6 Re=20 va Re=40.

Re =20 Re =40

L/D G, L/D G,
Tritton [132] - 2.22 - 1.48
Coutanceau va cong su [133] 0.73 - 1.89 -
Calhoun va cong su [134] 0.91 2.19 2.18 1.62
Lima va cong su [135] 1.04 2.04 2.55 1.54
Rusell va cong su [136] 0.94 2.13 2.29 1.60
Le va cong su [84] 0.93 2.05 2.22 1.56
Le va cong su [137] 1.05 2.07 2.59 1.58
Kang va cong su [138] 0.91 2.09 2.25 1.57
Luan an 1.05 2.27 2.42 1.69
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0.4 0.8 1.2 1.6 2

Figure 4.14: budng bao xoéy cho bai toan dong chay qua mot tru tron
¢o dinh 6 hé s6 Re =100 va Re =200.

2
Cd
_CI
15
1
o
O
05
0 UUVUUUUUUUUUU
05

2‘0 4‘0 6‘0 86 1(;0 1;0 14‘10 1t;0 180
tux/D
Hinh 4.16: Hé s6 nang C, va hé sb can C, theo thoi gian cua bai toan dong
chay qua mét tru tron ¢b dinh ¢ hé s6 Re =100.
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Hinh 4.17: Hé sé nang C, va h¢ s6 can C, theo thoi gian cua bai toan dong
chay qua mét try tron ¢b dinh ¢ hé s Re =200.

Bang 4.2: H¢ s6 can C,, hé¢ sd nang C,_ vasd St cua bai toan dong chay

qua mét try tron ¢é dinh ¢ hé s6 Re =100 va Re =200.

Téc gia C, o} St
Re =100 Lai va cong su [45] 1.447 +0.330 -
Calhoun va cong su [134] 1.33+0.014  +0.298 0.175
Rusell va cong su [136] 1.38+0.007  +0.300 0.169
Le va cong su [84] 1.37+0.009 +0.323 0.160
Le va cong su [137] 1.39+0.009 +0.346 0.160
Kang va cong su [138] 1.399 +0.343 0.162
Luéan an 1.43+0.007  +0.294 0.161
Re=200 Calhoun va céng su [134] 1.17+0.058 +0.67 0.202
Rusell va cong su [136] 1.29+0.022 +0.50 0.195
Le va cong su [84] 1.34+£0.030 +0.43 0.187
Le va cong su [137] 1.38+0.040 +0.67 0.192
Luén &n 1.32+0.025 +0.491 0.189
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Hinh 4.18: Sai s6 cua thanh phan van toc theo phuong ngang
& cac budc ludi khac nhau cho bai toan bai todn dong chay
qua mot tru tron ¢ hé s6 Re=100.
6= 10* ; . . ; .
. e
,__5 R “* ooy |
S4ar 1
=W
U
g3r . ]
=4 -
B2r .
=
H o S e
e
. . ‘ . . ‘ i -3
1.5 2 2.5 3 3.3 4 4.5 5 5.5 6 6.5
h %107

Hinh 4.19: So sénh thoi gian tinh todn caa phwong phap PGD
V6i phuong phap sai phan hiru han cho bai toan dong chay

qua tru tron ¢ dinh ¢ hé s6 Re =100.
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4.4.3. Bai toan tru tron dao dong truc tuyén trong mgt mién heu chit
tinh
oufdy =0, évfev=0, dp/dy =0
x(1)=x,— Asin(27 ft)
Qufox =0 «— cujéx=0

v/ox=0 O ovjox =0
dpféx=0 dp/ix=0

oufdy =0, év/év=0, dp/dy =0
Hinh 4.20: Biéu ki¢n bién va mién tinh toan cua bai toan tru tron dao dong
truc tuyén trong mét mién luu chat tinh.

16 18

(c) p=192° (d) ¢=288°
Hinh 4.21: Ap suét xung guanh tru’tr()n cho bai toan tru tron dao dong truc
tuyén trong mot mién luu chat tinh & cac thoi diém khac nhau:
¢=2xft=0°,96°,192°,288°.

38



6 6
14 16 18 14 16 18
(a) g=0° (b) ¢=96°
10 1 10
D 0
6 6
14 16 18 14 16 18
(c) ¢=192° (d) ¢ =288°

Hinh 4.22: Xoéy cho bai toan try tron dao dong truc tuyén trong mot mién
lru chét tinh ¢ cac thoi diém khéc nhau: ¢ =27t =0°,96° ,192° , 288°.

2 I I I I
0 0.2 0.4 0.6 0.8 1

/T
Hinh 4.23: Bb thi lyc can trong mét chu ky dao dong cho bai toan tru tron
dao ddng truc tuyen trong mdt minh luu chat tinh.
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4.4.4. Bai toan tru tron dao ddng cit ngang trong mét dong chay tw do
cufdy=0,v=0, dp/dy=0

 —

u=u, T > Suféx=0
—_—

v="0 - OIV(?) =y, +Acos(2x [ 1) dvféx=0

Oplox=0"> op/ox =0

op [ Op/Ox
—

Suféy=0,v=0, gp/dv=0
Hinh 4.24: Biéu kién bién cho bai toan try tron dao dong cit ngang
trong mét dong chay tu do.

6!

10 15 20 25

(a) f,=0.8f,
10!
6.
10 15 20 25
(b) £ =1.0f

Hinh 4.25: Trudng xo4y tic thoi cua bai toan tru tron dao dong cit ngang
trong mot dong chay ty do & cac tansé f, =0.8f, va f, =1.1f,.
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(b) £, =107,
Hinh 4.26: Do thi lyc nang va luc can cua bai toan try tron dao dong cit
ngang trong mot dong chay tw do & cac tansé f, =0.8f, va f, =1.1f_.

Bang 4.3: Luc can trung binh va bién do dao d6ng cua luc nang va luc can
cua bai toan tru tron dao dong cat ngang mot dong chay tu do .

Téc gié C_d ((:['i )rms (Clv )rms
f,/f,=0.8 Guilmineau & Queutey [140]  1.194 0.038 0.074
Kim & Choi [30] 1.235 0.037 0.068
Uhlmann [57] 1.380 - 0.176
Yang va cong su [63] 1.290 0.043 0.070
Cai [127] 1.229 0.036 0.235
Luén an 1.217 0.035 0.239

f,/f,=1.0 Guilmineau & Queutey [140]  1.506 0.134 0.420

Kim & Choi [30] 1.537 0.140 0.376
Cai [127] 1511 0.117 0.442
Luén &n 1.477 0.102 0.436
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Chuong 5 )

PHUONG PHAP BIEN NHUNG KET HQP VOI
PHUONG PHAP PGD CHO BAI TOAN DONG CHAY
NHOT KHONG NEN QUA VAT THE BIEN PAN HOI

5.1. Giéi thigu

Trong chuong nay s& dé xuat IBM két hop vai phuong phép PGD‘dé giai
cac bai toan dong chay nhot khong nén qua vat can bién dan hoi. Anh
huong cua bién dan hoi 1én luu chat duoc thay the bang cach dwa thanh
phan luc cudng bire vao phuong trinh chuyén dong cua Iuu chat théng qua
IBM. Sy phan ly giira ap suat va van toc dugc thuc hién bang phuong phéap

chieu, sau d6 phuong phap PGD dugc ap dung dé giai cac phuong trinh vi
phan dao ham riéng dé tim cac bién cua dong chay.

5.2. Hé phwong trinh chuyén déng

p(x,t)(%u+(u V)u j:—Vp+,uAu+f(x,t)—p(x,t)g (5.1)
V-u=0 (5.2)

j (s.t)5(x—X(s,t))ds (5.3)
p(xt)=p, +Jps(s)5(x—x(s,t))ds (5.4)
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5.3. Giai thuit tong quat

Khoi tao giatri u”. p*
J budc thoi gian ¢

v

Tinh lgc cudng bikc trén bién nhing
(T<—1/: Terifp T\-—l/‘:t\-—l/:)
(E, )q = A
C«-l - an + C:—l
(As)
F, :K(X:mu —X’:)
v

Phan b lywe dén cac diém lwdi trén mién heu chét
N,

I = 26, (], —X;)As

]
Tinh vén tdc trung gian

Y =—(u"-V)u" ALy
P P

u —u
At

v
Giai phrong trinh 4p sudt bang PGD

wrl _ P .
2 =V-.u
& Ar
v

Cap nhat van toc

Bude thdi gian tiép theo n=n+1

uvr—l :ur 7gval
v
Néi suy van tde trén bién nhing
U (X=X ()8, (x7 - X
¥
Cap nhat vi tri cia bién nhing
X[ =X +AUT (X))

Sai

Két thiae thoi gian mé phong?

Ping

Hinh 5.3: So d6 giai thuat két hop phuong phap IB voi phuong phip PGD
cho bai todn dong chay nhat khdng nén qua vat can bién dan hoi.
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5.4. Két qua md phéng sb

5.4.1. Bai toan twong tac giita dong chay nhét khdng nén véi mot sei

dan hoi

Vi tri déu ty do (em)

HIHWL

g

Hinh 5.4: Dong chay nhét khdng nén qua mot soi dan hoi.

5.5

4.5

3.51

30 0165 0.1 0.15 sz u.is 0?3 0.35 04 0.45 0.5
t(s)
Hinh 5.8: Toa d¢ dau tu do theo phuong X cua soi dan hoi
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Hinh 5.6: Puong bao xody quanh mot soi dan hoi ¢6 khéi lugng trong dong
chay nhét khong nén ¢ cac thoi diém khac nhau.
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eIl
01 -~ Biic nhét
. 0.08- 1
i:
0061 1
0.04 1

0.02 ' '
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

h
Hinh 5.9: Sai s6 cua thanh phan van téc theo phwong ngang & cac
budc lusi khac nhau cho bai toan tuong tc gira dong chay
nhat khdng nén vai mét soi dan hoi.

12

0 Y “+lep
[ ]
. * leau

Théi gian CPU (s)
N

-+

0 L 1 1 1 1 L L Il
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
h
Hinh 5.10: So sé&nh thai gian tinh toan cua phuong phap PGD voi
phuong phap sai phan hitu han cho bai toan twong tac gitra dong chay
nhat khéng nén véi mot soi dan hoi.
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5.4.2. Bai toan twong tac giira dong chay nhét khdng nén véi hai sgi dan

héi
WHIILH

B

Hinh 5.11: Dong chay nhaét khong nén qua hai soi dan hoi.

t=0.12(s) t=0.15(s)

0‘.46\\\80124§ .
Hinh 5.12: Buong bao xody quanh hai sgi dan hoi ¢ khoi lwong trong
dong chay nhét khdng nén ¢ véi d =0.1L .
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——Sgi dan hoi bén phai
8 —Sgi dan hoi bén tréi

Vi tri déu ty do (em)

'] 0 65 Dj1 0 :|5 0:2 __D I25 . D‘.3 0.55 Did 0.115 05
1(s)
Hinh 5.14: Toa d6 theo phwong x cua hai dau ty do soi dan hdi

nhu mot ham theo thai gian véi d =0.1L .
t=0.12(s) t=0.28(s)

6 8
Hinh 5.15: buong bao xody quanh hai soi dan hoi c6 khoi lugng trong

dong chay nhét khdng nén véi d =0.3L .
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Vitri dau tu do (em)

2k

——Sgi dan hoi bén phai
—Sqi dan hbi bén trai

PV

L
0 0.05

1 L
01 0.18

L
02

L L L
025 03 035

i(s)

i
04

L
045 05

Hinh 5.17: Toa d6 dau ty do theo phwong x cua hai soi dan hoi

nhu mdt ham theo thoi gian.

5.6.3. Bai toan sei dan hdi khép kin trong mién lru chét tinh

1

ban dau

can bang

0

1

Hinh 5.18: Céu tric ban dau va trang thai can bang
cua soi dan hoi khép kin.

Bang 5.3: So sanh su mat mat dién tinh tinh ton ¢ thoi diém t =0.020 s.

S6 diém S6 diém roi Dién o
o loilou  rgemang  tichtinh  Dign teh
Tac gia chat dan hoi toan ma}] mat
n, x ny n, A )
Stockie va cong su 64 x 64 192 - 4.4
[144]
Stockie [145] 64x 64 192 - 7.6
Luan an 64 x 64 192 0.2401 4.7
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t=0.0010

0.00005

t

4 06 08 1

02 0

=0.0020

t

0

4 06 08 1

02 0

=0.0015

t

0

1

4 06 08 1 0 02 04 06 08

02 0

0

=0.0040

t

=0.0035

t

1

4 06 08
cac

02 0

4 06 08 1 0

02 0
h5

0

hoi ¢

5 ién dang cua soi dan
o1 diém khac nhau.

ntocvab

Hinh 5.19: Truong va
th
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) Chuong 6
KET LUAN VA KIEN NGHI

6.1. Két luan

Thdng qua cac két qua dat dugc trong sudt qua trinh nghién ctu, luan &n rat
ra mot so6 két luan nhu sau:

Luan 4n da ap dung phuong phap PGD két hop vé6i phuong phép sai
phan hiru han dé giai cac phuong trinh vi phan dao ham riéng bac
cao trong khdng gian hai chiéu va khong gian ba chiéu, dac biét véi
phuong trinh Biharmonic trong khéng gian ba chiéu da duoc giai
bang phuong phap PGD két hop véi phuong phép sai phan hitu han
voi sai s6 dat dugc 12 1.44x10° véi s6 diém ludi trén méi chiéu
n=64 nhung chi voi thoi gian giai t=0.156 s. Cac két qua tinh
toan cho thay su vuot troi vé tde do tinh toan ctia phuong phap PGD
véi cac két qua tham khao.

Ludn an da dé xuat giai thuat va giai cac bai todn vé dong chay nhét
khéng nén & cac diéu kién bién va mién vat ly khac nhau bing
phuong phap PGD két hop véi phuong phap sai phan hitu han. Véi
bai toan Lid-driven cavity, cac két qua vé hinh dang cua dwong
dong, xody va toa d6 cua tm xody trung tm & cac hé sé Reynolds
khéc nhau cho thay su ddng thuan kha tét vai cac két qua tham khao.
O bai toan Backward-facing step, cac két qua vé duong dong va
chiéu dai ving xody ciing cho thiy su twong dong vai cac két qua
khao da cong bd. Cac két qua khao sat vé sai s6 cho thay bac hoi tu
ciia phuong phap dé xuit c6 bac cao hon bac nhat. Thoi gian tinh
toan cia phuong phap PGD so vé&i phuong phap sai phan hitu han
ciing dugc khao sat voi bai toan Lid-driven cavity, két qua cho thay
161 giai PGD c6 thoi gian vugt troi hon so voi phuong phap sai phan
hiru han (tegy /teep =3-1 Vi 640x640 diém ludi).

Luan an da dé& xuat két hop phuong phép IB két hop véi phuong
phap PGD dé giai quyét cac bai toan tuong tic giita luu chét véi vat
can bién cung ding yén va di chuyén. Cac bai toan minh hoa vé
dong chay nhot khdng nén qua tru tron ding yén va tru tron di
chuyén ¢ cac diéu kién bién va hé sb Reynolds khac nhau da duoc
mo phong. Céc két qua md phong cho thy sy dong thuan kha tét cua
phuong phap d& xuat vai cac két qua tham khao. Panh gia sai s6 cua
phuong phap d& xuit ciing dugc thyc hién ¢ bai toan Backward-
facing step flow véi tru tron ¢ tam cua mién tinh toan va bai toan
dong chay qua mot tru tron ¢ dinh. Sai s6 cua bai toan Backward-
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facing step flow véi tru tron & tm cua mién tinh toan c6 bac hoi tu la
1.32, trong khi d6 sai s cua bai toan dong chay qua mét tru tron ¢
dinh ¢6 bac hoi tu la 1.36.

Luan an da dé xuat két hop phuong phap IB va phuong phap PGD dé
giai quyét cac bai toan dong chay nhét khéng nén qua vat can bién
dan hdi. Cac két qua khao séat vé dong chay va soi dan hdi duoc trinh
bay va so sanh véi céc két qua nghién ciru cho thdy sy ddng thuan rat
t6t ciia phuong phap ma luén an da dé xuat. Sai s6 ciia phwong phép
dé xuat duoc khao sat voi bai toan dong chay nhot khdng nén qua
mot soi dan hoi, két qua cho thay sai s6 c6 bac hoi tu 1a 1.15. Thoi
gian tinh todn ctia phuong phap PGD va phuong phap sai phan hitu
han ciling dugc khao sat trong treong hop bai todn dong chay nhot
khong nén qua maot soi dan hoi, két qua cho thay wu diém vé thoi
gian tinh toan cua phuong phap PGD so véi phuong phap sai phan
hitu han, ti 168 toy/teeo =25 & 340x680 diém Ilusi va
teow /toep =36 & 680x1360 diém lusi.

Tir cac két qua da phan tich, ludn an cho thay tinh kha thi va hi¢u
qua khi ap dung phuong phép bién nhing két hop vé6i phuong phap
PGD dé giai quyét nhiéu dang bai toan FSI khac nhau trong ca
trueong hop dong chay nhét khéng nén qua vat can ¢ bién dung yén
va bién di chuyén.

6.2. Kién nghi

Trong sudt qua trinh nghién ctu, luan 4n da gap phai mot s6 kho khan va
con ton tai nhitng han ché nhat dinh. Sau day 1a mot s6 huéng nghién ctru
m¢ rong cua luan &n trong thoi gian sap toi:

Nghién ctru phét trién phuong phap PGD dé xtr ly cAc bai toan voi
diéu kién bién phc tap hon.

Mé rong phuong phap dé xuit cho céc bai todn tuong tac rin-long
phtrc tap hon nhu: két hop qué trinh truyén nhiét, cac bai toan truong
tu trong truong hgp dong chay nhét nén dugc, hodc cac bai toan
tuong tu v4i dong chay roi.

Mo rong &p dung phuong phap dé xuat cho cic bai toang tuong tac
ran-long trong khong gian ba chiéu.

Mo rong viéc két hop phuong phap PGD véi cac phuong phap so
khac nhu: ddng hinh hoc, phan tir hitu han, radial basis function, ...
dé tim kiém 1o giai hiéu qua.
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Chapter 1
OVERVIEW

1.1. Introduction

The fluid-structure interaction (FSI) problem is one of the problems that are
of interest in science and engineering. FSI problems can be found in areas
such as bridge aerodynamics [1, 2], oscillation of wind turbine blades [3-5],
the impact of wind on high-rise buildings [6, 7], aerodynamic response of
aircraft [8], interaction between wind and trees [9] and many biological
flow problems such as interaction between blood and heart valves [10, 11],
simulating flight and swimming process of creatures [12, 13] ...

Because FSI problems are multi-field interactive physical problems, solving
the above problems will be difficult to perform by analytic methods, instead
of FSI problems are often solved by numerical methods. The Immersed
boundary method (IBM) is an effective tool for problems with moving
boundaries or complex computational domains. IBM solves FSI problems
by replacing the effect of objects in the fluid flow by introducing a force
component on the flow through a dirac delta distribution function, when the
calculated domain is considered is a homogeneous fluid domain and the
remesh costs after each time step are eliminated.

However, FSI problems in two-dimensional or three-dimensional space
when solved by IBM based on traditional meshing methods (finite
difference, finite element or finite volume ...), the meshing will require a
very large number of grid variables. This leads to problems such as time-
consuming computation, complexity in meshing algorithms, as well as large
storage resources. The Proper generalized decompostion (PGD) method
proposed by Ammar et al. [25, 26] is an effective and promising method.
PGD method finds solutions of multi-dimensional problems by turning
multi-dimensional problems into a series of one-dimensional problems to
solve.

By exploiting the advantages of both 1B and PGD methods, the objective of
the thesis is to combine IB and PGD methods to solve the problem of
uncompressed viscous flow through rigid boundary objects [27]. ] and
elastic boundary [28]. In this combination, the formulas of the IB method
are used to build the interaction between the fluid and the structure by
introducing a forced force component into the Navier-Stokes equations.
Later, the PGD method was used to find the solution of the Navier-Stokes
system. By doing this, the advantages of IB and PGD methods will be
effectively exploited. Embedded boundary formulas handle complex
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margins of the FSI problem while PGD method increases the computational
speed and reduces the complexity of multidimensional problems.

1.2. Overview on 1B method
1.2.1. Classical 1B method

The classic IB method was first introduced by Peskin [29] to simulate blood
flow through the heart valve. From the original method, variations of this
method class have been proposed to solve the problems of flow through
rigid boundary object. For example, in the announcement of Angot et al.
[48] and Khadra et al. [49] simulated the assumed flow in an empty
environment. In contrast, Glowinski et al. [50] developed a virtual domain
or Lagrange factor distribution method, which considers solid objects as
fluids subjected to a rigid constraint.

1.2.2. Direct forcing 1B method

Direct forcing IBM was proposed by Mohd-Yosuf [55] and Fadlun et al.
[56] for problems of flow through rigid boundary objects through the
modification of discrete momentum equations.

Direct forcing IBM has been developed and improved by combining with
the classical method, velocity and force on fluid grids and embedded
boundary can be transformed using discrete delta functions.

1.2.3. Projection 1B method

To enforce non-slip boundary conditions correctly, Taira & Colonius [64]
proposed projection 1B method. By considering the boundary force as a
Lagrange factor to satisfy the non-slip boundary condition on the embedded
boundary, the projection IB method combines the two Lagrange factors for
pressure and boundary force into a corrected Poisson equation. This method
is very accurate because it enforces the free divergence condition and the
no-slip boundary condition simultaneously in the projection step.

1.2.4. Ghost-cell IB method

Tseng & Ferziger [67] and Mittal et al. [68] extended the method of Mohd-
Yosuf [55] and Fadlun et al. [56] through a ghost cell method. The ghost
cell is defined inside of the embedded boundary so that each ghost cell has
at least one adjacent point in the fluid domain. The local flow variable is
then expressed through a polynomial (linear or quadratic) and the value of
the weighted ghost cell is calculated by the value of the adjacent grid points.
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1.2.5. Cut-cell IB method

In the cut-cell IBM, the fluid cells cut by the embedded boundary are
determined, and the cut lines of the boundaries with these cells are
calculated. Next, the cut cells whose centers are within the fluid are
reconstructed into other cells. This method retains quadratic spatial
accuracy and leads to a sharp interface.

1.2.6. Immersed interface method

The immersed interface method was first introduced by LeVeque & Li [77]
to improve the accuracy of the classical IB method. It was extended to the
Stokes equations [78] and the Navier-Stokes equations[79, 80]. The
immersed interface method has the same idea as the classical 1B method, in
that the effect of the immersed interface on the surrounding fluid is
represented by the force at the points on the immersed boundary. Instead of
distributing the force at the points on the boundary to the fluid as in the
classical IB method, the immersed interface method introduces the jumping
conditions into finite difference scheme to calculate the influence of force
on fluid.

1.2.7. Non-primitive variable IB method

The IB method has also successfully integrated in the non-basic variable
formulas of fluid flow. Ren et al. [86] presented the IB method in
streamfunction — vorticity. In this method, the required boundary conditions
are achieved by correcting the velocity and vorticity.

1.3. Overview on PGD method

The PGD can build low-dimensional separated representations of the
solutions without the knowledge of pre-computed data. Therefore, the
computational costs and complexity of the PGD solution for multi-
dimensional problems are significantly reduced. Recently, PGD method has
been applied to solve technical problems such as composite materials [104-
108], structure optimization [109], fluid flows [110, 111], quantum
chemistry [112 ] heat transfer [113, 114], material fatigue analysis [115],
robot simulations [116], nuclear power [117]. An overview of the PGD
method can be found in [118, 119]. In the group of problems of fluid-
structure interaction, the PGD method has also been applied in some recent
studies such as published by Dumon et al. [120] used PGD method in
combination with finite volume method to solve the Navier-Stokes
equations for both steady and unsteady lid-driven cavity problems with
different Reynolds numbers, and Dumon et al. [121] also combined PGD
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with spectral methods to solve the flow problem over a square domain.
However, studies conducted on the PGD for FSI problems are somewhat
still limited and mainly focus on simple computational domain, usually
rectangular area without obstacles. When there are obstacles, the interaction
between the fluid and the structure will become very complicated because
the fluid will not only interact with the normal boundary but also with any
obstacle. The PGD method will solve problems very quickly, but in order to
effectively solve FSI problems with complex computational domain, the
solving of domain problems should be done before using PGD method to
solve the equation of fluid flow.

1.4. Objective of this thesis

Researching numerical method to simulate the problem of incompressible
viscous flow (in the case of flow at low Reynolds coefficients) past rigid
boundary and elastic boundary is specified as follows:

e Application of PGD method in combination with finite difference
method to solve high order partial differential equations.

o Application of PGD method in combination with finite difference
method to solve incompressible viscous flow problems with different
boundary conditions.

o Development of IB method combined with PGD method to solve
problems of incompressible viscous flow past stationary and moving
rigid boundary obtacles.

o Development of IB method combined with PGD method to solve
problems of incompressible viscous flow past elastic boundary
objects.

1.5. Scope of the study

e The thesis focuses on studying algorithm in combining 1B method
and PGD method for problems in two-dimensional space.

e The problem of fluid-structure interaction investigated in the thesis is
the problem of incompressible viscous flow with the condition of
laminar flow (at low Reynolds coefficient).

1.6. Research methods

e Studying documents, scientific publications about IB method and
PGD method

e Modeling problems on fluid-structure interactions.

e Developing simulation programs using Matlab programming
language to survey problems.
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1.7. Theoretical and academic contribution of the dissertation

Developing PGD method coupled with finite difference method to
solve higher order partial differential equations (Biharmonic
equation, Poisson equation) in two-dimensional and three-
dimensional space.

Appling PGD method combined with projection method to solve
incompressible viscous fluid flow problems with different boundary
conditions.

Developing classic IBM solve the problems of incompressible
viscous fluid flow past moving rigid bodies.

Developing IBM in conjunction with the PGD variable separation
method simulates the problem of incompressible viscous flow past
moving rigid bodies.

Developing IBM combined with the PGD variable separation
method to simulate the problem of incompressible viscous flow past
elastic boundary objects.
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Chapter 2
PROPER GENERALIZED DECOMPOSITION FOR
PARTIAL DIFFERENTIAL EQUATION

2.1. Introduction

The PGD method is a model order reduction method based on the
separation of variables, the solution u(X,,X,,...,X, ) of the problem is found
in the following form

U( i Fku Xk iFll o FNi (XN) (2-2)

i=1 k=1 i=

n

Where X; can be a scalar or vector variable involing space, time or any
orther parameter of the problem.

2.2. PGD approach for partial differential equation
2.2.1. Theoretical basis of PGD method

Consider the problem as follow:
LU)=g in Q=Q, xQ

PGD method finds the approximate solution of the problem
UX,y)eQ=XxYcR with xeXcR and yeY <R as:

U(xy)= Y F (0-G'(Y) (2.4)

The process of solving for Eq. 7 by the PGD is also an iterative procedure.
The solutions at step m+1 is a product sum of functions of each space
variable as

(x¥)* (-6 () + F'(0-6"() 5
Introducing equation (2.5) into eqution (2.3), one obtains
L(_nZFi(X)'Gi(Y)JrF"(X)-G"(y)Jzg+re” 26)
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n

where re" is a residual. To determind F" and G", equation (2.6) is
projected onto each of the unknows F" and G"

<L[§Fi(x).6‘(y)+F”(x).G”(y)j,F”> =<g,F”>L2(X)+<re”,F”>L2(x)

L2(X)
2.7)
and
<L(iFi(x)~G‘<y)+F"<x>.G"<y)j,G“> =(0:6"), +{16".C"),
=1 L(v)
(2.8)

2 -
Where <"'>L2(x> and <.,.>L2(Y) are the scalar product on L*, in the x
direction and y direction, respectively. In this approach, the residual must
be orthogonal to the F" and G" functions, thus

<|—(_HZFi(X)'Gi(Y)+ F”(x)~G”(y)j,F”> =<9,F">L2(X) (2.9)
= (x)

and

<L(§,F‘(X)-G‘(y)+F”(X)'G”(y)j,G”> =(9.G") (2.10)

L2(Y)
()

In order to obtain the new function F" and G", equations (2.9) and (2.10)
must be solved simultaneously by applying a iteration algorithm until the
solution of the problem converges.

2.2.2. The PGD approach for high order differential equation
2.2.2.1. Poisson equation
Xét phuong trinh Poisson trong khong gian 3D nhu sau

Consider 3D Poisson equation as follows
d’u d'u  du

eré’yz 7= f(xy,2) (2.11)
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The PGD algorithm is applied to solve 3D Poisson equation by solving
three 1D differential equations as follows:

Step 1: Find function R(x)

Supposing S(y) and T(z) are known, then S"(y)=0 and T (z)=0.

Solving following equation to find R(x)
d’R nd2X.
(ayaz)WJr(byaZ +ayb, )R =af, - > dle (a,a,)
n n (2.20)
2 X; (b, 3, )- > Xi(a,b,)

Step 2: Find function S(y)

From function R(x) just found in step 1, and assume function T(z) is
known, then R"(x)=0 and T (z)=0. Solving following equation to
search function S(y)

d’s g2y,
(a8, )d—szr(bxaZ +ab,)S=a, _;V(aXi a, )

2% (0,2,)- 3 (ab,)

i=1

(2.23)

Step 3: Find function T (z)

From function R(x) and function S(y) just computed in step 1 and step 2,

then R"=0 and S” =0. Solving following equation to find function T (2)
d*T 0, d°T,

(aa) = +(ba, +ahb )T =a, _Z_dzz (a,a,)

i=1

(2.26)

>

n

_ZT‘ (bxi a, )_zTi (axi b, )

=1 i=1

These three steps must be repeated until convergence. The global stopping
condition of the problem is calculated as follows
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6%u +62u o°u

E=
PPV

-f(xy2)| < (2.29)

2

where ¢, is a small enough constant. We can also calculate the global
stopping condition by using the following formula

(2.30)
Zx
2
2.2.2.2. Biharmonic equation
Consider 3D Biharmonic as following
4 4 4 4 4 4
6_1:+8_T+6_l:+ 62u2+2 62u2+2 azu2=f(X,y,Z) (2.31)
ox" oy oz ox oy oy“oz 070X

The PGD algorithm is applied to solve 3D Poisson equation by solving
three 1D differential equations as follows:

Step 1: Find R(X)

+(c,a, +a,c, +2b,b, )R

=+ (b,a, +a,b,) (2.36)

X2
—Zn:X (c,a, +a,c, +2bb, )

i=1

Step 2: Find S(y)

4 2
(aa,) (cjiy§ +(2ba, +2¢31sz)?ij+(chZ +a,c,+2bb,)S

n d4Y n dZY
:afy—gdy (a a, ) 2; . (b a, +ab, ) 2.37)

- iYi (Cxi azi + axi Cza + 2b><i bZi )

i=1
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Step 3: Find T(z)

d*T d’T
dz?
| 47T,
=af, 3 (8 ) -2 (b, +ah,) (238)

i=1

+(c,a, +a,c, +2bb, )T

_iTi (CX, ayi + a'Xi CYi + 2in byi )
i=1

These three steps must be repeated until convergence. The global stopping
condition of the problem is calculated as follows

o'u d'u du o'u o'u o'u B

E=|l—F+—F+—+ +2 +2
8)(4 ayél 824 ax28y2 ayZaZZ aZZaXZ

f(xyz2) <&,

2

(2.41)

We can also calculate the global stopping condition by using the following
formula

X (0 (),
;Xi(x)'Yi(y)

2.3.4. Examples

E

<&, (2.42)

2

Problem 1: Consider 2D Poisson equation in a rectangular domain as
follows

ou A

P +W = -8m’sin (2nx ) cos (2my) (2.50)
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Figure 2.1: PGD solution of equation (2.50) .

Table 2.1: Error and computational time of PGD
solution for equation (2.50)

Computational % U, —U 1 2
time (s) ( ) sz:((uex)i,,- _ui,j)
X y L

n=20
n=40
n =60
n=80
n=100

0.0774
0.0812

0.0847
0.0873
0.0886

0.0011
1.33x10°°
1.22x10°®
2.82x1077
1.01x1077

0.0021
2.20x107°
2.01x10°°
5.08x10”’
1.91x107"

Problem 2: Consider Poisson equation in three-dimentional space as
follows

2 2 2

ou + ou +a_u =sin(zx)sin(zy)sin(zz)

Z 47 2.52
ox* oy* or? (252
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Figure 2.2: PGD solution of equation (2.52)

Table 2.2: Computational time and error of PGD
solution for equation (2.52)

Author Computational max(|u _ u|)
time (s) B
n=16 Ghasemi [122] 8.47 2.69x10°°
Shi et al. [123] 0.36 1.34x10™
Thesis 0.090 3.23x10°°
n=32 Ghasemi [122] 127 6.73x107"
Shi et al. [123] 3.68 3.55x10°
Thesis 0.092 5.58x107°
n=64 Thesis 0.095 2.334x10°°

Problem 3:

Consider rectangular plate {Os x<1,0<y sl} with governing differential
equation as follows

o'u o'y ol
At mt
' T axtey? oy

=f (x, y) (2.54)
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Right side of the equation is given as follows
f(xy) :%sin(ﬂx)sin(ﬂy) . (2.55)

Boundary conditions are simple support on all four sides of plate.

m\ ”'ll:,
\\\\\\‘}‘n S "’”’",/m,,
\Q\\ “\\\\“\\\‘ n\‘\“‘§ "‘m"l',':"" 7 /;/"”///
\\\\\\ \\\‘\\\\\\ e ':,,':,l:,,¢, /”’”’/////
Ul

| \\\\\\ ot O :,m ool
» \\\\\““\\\\\\ \\\\\\ \\\\ \\\\ R 'w el )
0 \\“‘:\\‘\“\‘“\\“\\\\\\\\‘\\“\\“\\ “\“\\‘\“\\ i .',, ',,,,':, il /, il / If/%’”ln
\I\\“ e il ”"////’”/”fl'f’;"n,,
e // //, i
l (i / //”r/
N .
\‘\' “\"»‘Ja‘:’n,
\ \\\\ ‘\\“\‘,ﬂ iy ',h,
-0.01
-0.02

0.5

0.5
y 0 ‘0 X
Figure 2.4: PGD solution with simple support boundary condition
on all four sides of plate.

Table 2.3: Computational time and error of the bending thin plate problem
with simple support boundary condition on all four sides of plate.

Computational 2 max(|u, —u
time (s) m;((uex )i,j _ui,i) (l l)
X y b

n=20
n=40
n =60
n =280
n =100

0.379
0.412
0.416
0.483
0.545

1.22x10°°
1.39x1077
2.76x10°°
4.43%x107°
3.25x10°°

2.18x10°
2.51x1077
5.31x10°°
1.02x107®
6.47x10°°
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Problem 4:

Consider rectangular plate {O <x<1,0<y sl} with governing differential
equation as follows

o'u o'u ol
— 42— +—=1f(x, 2.59
6X4 @[Za"z aj, ( y) ( )

Boundary conditions are clameped on all four sides of plate, and function
f(x,y) is given as follows

f(xy)= %56400(a2 ~10ax+15x*)(b—y)” y*
+ %18800x2 (6a2 —20ax +15x* ) y? (6% ~ 20by +15y%),  (2.62)

+%56400(a— x)° x* (b? ~10by +15y? )

i """:,;
\\\\ \‘\\\\\ ‘\\\ ‘\|‘;‘ »‘M,',:. o /,,/I',
\\\\\\\\\\\\\“\\\\\ ) I,/ ///,,7//11,,/”
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Figure 2.5: PGD solution with clamped boundary condition
on all four sides of plate.
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Table 2.4: Computational time and error of PGD solution of
the bending thin plate problem with clamped boundary
condition on all four sides of plate

Com_putational 1 2 maX(|Uex _ u|)
time (s) \/nxxny ;((uex )i,j _Ui.i)
n=20 0.184 0.01683 0.03434
n=40 0.216 0.00114 0.00232
n =60 0.220 2.32x10™* 4.69x10™*
n=280 0.304 7.48x10™ 1.50x10™
n =100 0.404 3.15x10° 6.25x10°°

Problem 5:

Consider 3D Biharmonic equation as follows

o'u d'u ol (64u o'u o'u

yerﬁtﬁ7+ oy + Y + Py j =sin(zx)sin(zy)sin(zz)

(2.64)
with boundary conditions
2 2 2
ox* oy- oz
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Hinh 2.6: PGD solution of equation (2.64)

Bang 2.5: Computational time and error of PGD solution of equation (2.64)

Author Computational max(|u — u|)
time (s) ”
n=16 Ghasemi [122] 94.1 1.30x10°°
Shi et al. [123] 2.625 1.62x107°
Thesis 0.143 2.38x10°
n=32 Ghasemi [122] - 6.37x107°
Shi et al. [123] 39.262 4.07 %107
Thesis 0.147 2.81x10°®
n=64 Thesis 0.156 1.44x107°
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Chapter 3
PROPER GENERALIZED DECOMPOSTION
APPROACH FOR INCOMPRESSIBLE VISCOUS FLOW

3.1. Introduction

In this chapter, we will apply the PGD method to solve the Navier - Stokes
equations for the problem of incompressible viscous flow in two-
dimensional space. In the equation of the motion of the incompressible
viscous flow, the separation between velocity and pressure is shown by the
projection method. Later, the PGD method combined with the finite
difference method was applied to solve the partial differential equations to
find the velocity and pressure of the flow.

3.2. Navier — Stokes equations for the problem of incompressible
viscous flow.

p%quVp:—p(u-V)UJr,uAu (3.1)
V-u=0 (3.2)

where u(x,t)=(u(x,t),v(x,t)) is velocity of fluid flow and p(x.t) is
pressure of fluid flow. p and u are density and viscoscity of fluid flow.

3.3. Space discretization

When solving Navier - Stokes equations, the special discretization is
performed on a staggered grid as shown in Figure 3.1. With the staggered
grid, the pressure p is in the cell of midpoint, while the velocities u

placed on the vertical cell interface, and the velocity v placed on the
horizontal cell interface..
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Figure 3.1: Staggered grid.
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3.4. General algorithm

Khoi tao ¢ budc
thoi gian ¢”

Tinh van tde trung gian

* n
u —u

N = 7(u” -V)u” +%Au”

N

Giai phuong trinh Poisson ap

sut bang PGD
n+l P *
Y v
a4 At
Budc thoi gian tiép theo n=rn+1
\
M

Céap nhat van toc &
budc thai gian 7

. A
e fpr‘“

Két thic thoi
gian mé phong?

Sai

Figure 3.3: Flowchart of PGD method for the problem
of incompressible viscous flow.
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3.6. Numerical results

3.6.1. The problem of lid-driven cavity flow

u=0 u=0
v=0 v=0
op/éx=0 opfox=0

u=0,v=0, dp/dy=0
Figure 3.4: The computational domain and boundary conditions for the
problem of Lid-driven cavity flow.

L

Hinh 3.9: Streamlines of the problem of Lid-driven cavity flow at
Re =100 and Re =5000.
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Tabe 3.1: Coordinates of primary vortex Reynolds numbers .

Re=100 Re=400 Re=1000 Re=3200 Re=5000

X, Ghiaetal. 0.617 0.555 0.531 0.517 0.512
[125]
Bruneau et - - 0.469 - 0.484
al. [126]
Thesis 0.616 0.5558 0.532 0.518 0.514
Y. Ghia et al. 0.734 0.606 0.563 0.547 0.535
[125]
Bruneau et - - 0.563 - 0.539
al. [126]
Thesis 0.738 0.605 0.566 0.540 0.534
35
——Ludn an
3 O Ghiacung cong sy P

Re = 1000

0 0.1 02 03 04 05 06 0.7 08 09 1
}.
Figure 3.10: Comparison of velocity u along the line x=0.5 with the
results of Ghia [125] at Re =100, Re =400, Re =1000,
Re =3200 and Re =5000.
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Figure 3.11: Comparision of velocity v along the line y =0.5 with results
of Ghia [125] at Re =100, Re =400, Re =1000,
Re =3200 and Re =5000.
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h

Figure 3.12: Error of the horizontal velocity component as a function of

grid spacing for the problem of lid-driven cavity flow.

78



8000

~*lpap

-t
6000 oM

4000

Thoi gian CPU (s)

(§e]

000

0 e il i L 1 1
0 100 200 300 400 500 600 700
n

Figure 3.13: CPU time for the PGD and finite difference method solvers
for the problem of lid-driven cavity flow at Re =100.

3.2.2. The problem of Backward-facing step flow

The input velocity field is described as a flow parallel wich the lateral
velocity component defined as follows

u(y)=24y(0.5-y) véi 0<y<05

u=v=_0
=
\1 u=u,
7 v=0
:k/ duféx=0
hg—=~__
- ~~. V=
<
Il PN RS
VB 4 \ ~ ~
Il ! A
=2 ~=-7 N
\
\\\\\\\\\\\\\\\\\\\\\\\\\\\}\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

0 L |oou=v=0 308

Figure 3.14: The computational domain and boundary conditions for the
problem of backward-facing step flow.
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Figure 3.15: Streamlines of the problem of Backward-facing step flow
at Re=100.

at Re=400.

at Re=2800.
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Figure 3.23: Comparision of reattachment length of the problem of
Backward-facing step flow.
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Chapter 4
COMBINE IMMERSED BOUNDARY METHOD WITH PGD
METHOD FOR INCOMPRESSIBLE VISCOUS FLOW PAST
RIGID BOUNDARY OBJECTS

4.1. Introduction

In this chapter, it is proposed to combine IBM with PGD method in solving
the interaction problem between incompressible viscous flow past rigid
boundary objects.

4.2. The equations of motion

p%+p(u-V)u+Vp:yAu+f 4.2)
V-u=0 (42)
The force component acting on the fluid
f(x,t)=jF(s,t)5(x—X(s,t))ds (4.3)
r

Force at boundary points
F(s,t)=x(X*(s)-X(s,1)) (4.4)
The position of points on immersed boundary
oX(s,t

(s:1) =U(s,t)=u(X(s.t),t)= ju(x,t)&(x—x(s,t))dx (4.5)

Q
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4.3. General algorithm

Khoi tao gia tri u”, p”
o budc thoi gian ¢

Tinh lyrc cudng birc trén bién nhung
F = x(X[™ -X7) -
Phan bé Iyc dén cac diém ludi trén mién hru chat

Np
7= LR, (x, X7 as
=t

4

Tinh van téc trung gian
-
At

o (v V) A Le
(w-v)
P P

y

Giai phwong trinh 4p suat bang PGD

Ap;H :ﬂv-u‘ -
Ar Budc thdi gian tiép theo n=n+1

v R

Cép nhat van toc

uv.hl :u" 7% Vpl?—l

v

N1 suy van toc trén bién nhing
U (X,) =T (x, )8, (x5 X

v

Cap nhat vi tri cia bién nhung
X =XI+AUTH(X,)

Sai

Két thiic thoi gian mo phong?

Figure 4.4: Flowchart of combining IB method with PGD method for the
problem of incompressible viscous flow past rigid boundary objects.
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4.4. Numerical results
4.4.1. The problem of Lid-driven cavity with an embedded cylinder

u=uy,,v=0, ép/dv=0
- > =5 = > =5 =

u=0 u=0
=0 =0
61)/6}\':0 Ep/c’:\:O

u=0,v=0, ép/dy=0
Figure 4.5: The computational domain and boundary conditions of the
problem lid-driven cavity with an embedded cylinder.

0.2 0.4 0.6 0.8 1
Figure 4.6: Streamlines of the lid-driven cavity flow with a cylinder.
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Figure 4.7: The velocity component u along x=0.5
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Figure 4.8: The velocity v along y=0.5.

4.4.2. The problem of flow over a stationary circular cylinder

cuféy=0,v=0, dp/dv =

—
u=u, T Oufdx =0
_ ALl A
v=0 - 0v/cx=0
dp/ox=0 > Op/ox=
—
—

cufdy=0,v=0, dp/dy=0
Figure 4.10: The computational domain and boundary conditions of the
problem of flow over a stationary cylinder.
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Figure 4.11: Streamlines for the problem flow over a circular cylinder at

Table 4.1: Length of recirculation zone and drag coefficient at

Re=20 and Re=40

Re =20 and Re=40.

Tritton [132]
Coutanceau et al. [133]
Calhoun et al. [134]
Lima et al. [135]
Rusell et al. [136]

Le et al. [84]

Le etal. [137]

Kang et al. [138]
Thesis

Re=20 Re=40

L/> ¢ L/ C

- 2.22 - 1.48
0.73 - 1.89 -
0.91 2.19 2.18 1.62
1.04 2.04 2.55 1.54
0.94 2.13 2.29 1.60
0.93 2.05 2.22 1.56
1.05 2.07 2.59 1.58
0.91 2.09 2.25 1.57
1.05 2.27 2.42 1.69
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Figure 4.14: Vorticity contours for Re =100 and Re =200.
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Figure 4.16: Drag coefficient C, end lift coefficient C, evolution with

respect to the time at Re =100.
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Figure 4.17: Drag coefficient C, end lift coefficient C, evolution with
respect to the time at Re =200.

Table 4.2: Drag coefficient C , lift coefficient C,_, and Strouhal number
for Re =100 and Re=200.

Author C, C, St
Re =100 Lai at. al [45] 1.447 +0.330 -
Calhoun et al. [134] 1.33+£0.014  +0.298 0.175
Rusell et al. [136] 1.38+0.007  40.300 0.169
Le etal. [84] 1.37+£0.009 +0.323 0.160
Le etal. [137] 1.39+0.009 40.346 0.160
Kang et al. [138] 1.399 +0.343  0.162
Thesis 1.43+0.007 +0.294 0.161
Re=200 Calhoun etal. [134] 1.17+£0.058 +0.67 0.202
Rusell et al. [136] 1.29+0.022 +0.50 0.195
Le et al. [84] 1.34+0.030 +0.43 0.187
Leetal. [137] 1.38+0.040 +0.67 0.192
Thesis 1.32+0.025 +0.491 0.189
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Figure 4.18: Error of the horizontal velocity component as a function of
grid spacing for the problem of flow over a circular cylinder at Re =100,
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Figure 4.19: CPU time for the PGD and finite difference method solvers
for the problem of flow over a circular cylinder at Re =100.
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4.4.3. In-line oscillationg circular cylinder in a fluid at rest
611/63):0, aV/ayzo, 8p/6y=0

x(1)=x,— Asin(27 ft)
Qufox =0 «— cujéx=0

v/ox=0 O ovjox =0
dpféx=0 dp/ix=0

Ay =0, dv/oy =0, dp/dy =0
Figure 4.20: The computational domain and boundary conditions of the
problem of In-line oscillationg circular cylinder in a fluid at rest.

14 16 18 14 16 18
(c) p=192° (d) =288

Figure 4.21: Pressure contours at four different phases:
¢=2xft=0°,96°,192°,288°.

90



6

Figure 4.23: The in-line force in a period for In-line oscillationg
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Figure 4.22: Vorticity contours at four different phases:
¢=2xft=0°,96°,192° ,288°.
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circular cylinder in a fluid at rest.
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4.4.4. The problem of transverse oscillation of a circular cylinder in a
free-stream

 —
u=u, T > Suféx=0
—_—
v="0 - OIV(?) =y, +Acos(2x [ 1) dvféx=0
opjox=0—> op o =
op [ op/ox=0

cufdy=0,v=0, dp/dy=0
Figure 4.24: The computational domain and boundary conditions of the
problem of transverse oscillation of a circular cylinder in a free-stream.
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(b) £, =1.0f.
Figure 4.25: Instaneous vorticity fields for the transversely oscillation
circular cylinder problem for f, =0.8f, and f, =1.1f,.
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Figure 4.26: Lift coefficient and drag coefficient for the problem of
transverse oscillation of a circular cylinder in a free-stream
for f,=0.8f, and f, =1.1f,.

Table 4.3: The mean, rms drag and lift coeficients for the problem of
transverse oscillation of a circular cylinder in a free-stream.

AUthor C_d (C[l’ )rms (C:lI )rms
f,/f,=0.8 Guilmineau & Queutey [140]  1.194 0.038 0.074
Kim & Choi [30] 1.235 0.037 0.068
Uhlmann [57] 1.380 - 0.176
Yang et al. [63] 1.290 0.043 0.070
Cai [127] 1.229 0.036 0.235
Thesis 1.217 0.035 0.239

f,/f,=1.0 Guilmineau & Queutey [140]  1.506 0.134 0.420

Kim & Choi [30] 1.537 0.140 0.376
Cai [127] 1511 0.117 0.442
Thesis 1.477 0.102 0.436
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Chapter 5
COMBINE IMMERSED BOUNDARY METHOD WITH PGD
METHOD FOR INCOMPRESSIBLE VISCOUS FLOW PAST
ELASTIC BOUNDARY OBJECTS

5.1. Introduction

In this chapter, it is proposed to combine IB method with PGD method to
solve problems of incompressible viscous flow through elastic boundary.
The effect of the elastic boundary on fluid is replaced by introducing the
forced force component into the fluid motion equation through IB method.
The decomposition between pressure and velocity is presented by projection
method, after which the PGD method is applied to solve partial differential
differential equations to find flow variables.

5.2. The equations of motion

p(x,t)(%u+(U -V)uj =-Vp+pAu+f(x,t)-p(xt)g (5.1)
V.u=0 (5.2)
f(x,t):.[F(s,t)5(x—x(s,t))ds (5.3)
,o(x,t):pf +Jps(s)5(X—X(S,t))ds (5.4)
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5.3. General algorithm
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Figure 5.3: Flowchart combining IB method with PGD method for the
problem of incompressible viscous flow past elastic boundary objects.
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5.4. Numerical results

5.4.1. The problem of a filament in a incompressible viscous flow

HIHWL

g

Figure 5.4: Schematic diagram of the computational configuration:
a filament in incompressible viscous flow
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Vi tri dau tu do (em)
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Figure 5.8: The x-coordinate of the filament free end
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Figure 5.6: The filament with mass in an incompressible viscous flow.
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Figure 5.9: Error of the horizontal velocity component as a function of grid
spacing for the problem of a filament in incompressible viscous flow.

97



4
12><10 . ) ) ‘

10+ *\‘ 4

Thoi gian CPU (s)

-+

0 L 1 T T I T T
0.01 002 003 004 005 006 007 008 009 0.1
h
Figure 5.10: CPU time for the PGD and finite difference method solvers.

5.4.2. The problem of two filaments in a incompressible viscous flow.

HIHHWL

g

Figure 5.11: Schematic diagram of the computational configuration:
two filaments in a incompressible viscous flow

98



2 4 6 8 R
Figure 5.12: Two filaments in an incompressible viscous flow with
d=0.1L
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Figure 5.14: The x-coordinate of two filament free ends as functions of
time with d =0.1L.
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t=0.12(s) t=0.28 (s)

Figure 5.15: Two filaments in an incompressible viscous flow with
d=03L.
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Figure 5.17: The x-coordinate of two filament free ends as functions of
time with d =0.3L.
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5.6.3. The problem of a closed elastic fiber in a rest fluid.

1
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ban dau
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Figure 5.18: The initial configurations and the equilibrium state
of closed elastic fiber.

Table 5.3: Compare “area loss” at t =0.020 s

S6 diém S6 diém roi Diéen o

. ludi luu rac mang tich tinh D'?n t",;h

Tac gia chit dan hdi togn ~ matmat
n xn, n, A %
Stockie va cong su 64 %64 192 - 4.4

[144]

Stockie [145] 64x64 192 - 7.6
Luan an 64 x 64 192 0.2401 4.7
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Chapter 6
CONLUSIONS AND FUTURE WORK

6.1. Conlusions
Through the results obtained, the thesis draws some conclusions as follows:

The thesis has applied PGD method in combination with finite
difference method to solve high-order partial differential equations in
two-dimensional and three-dimensional space. The calculation
results show the remarkable speed of calculation of the PGD method
with reference results..

The thesis has solved the problems of incompressible viscous flow at
many boundary conditions and different physical domains by PGD
method combined with finite difference method.

The thesis has proposed combining the immersed boundary method
in combination with PGD method to exploit the advantages of each
method to solve the interaction problems between the fluid and rigid
objects.

Applying embedded boundary method and PGD method to solve
problems of uncompressed viscous flow through elastic boundary
obstacles. The survey results presented and compared with the
research results show very good consensus of the method that the
thesis has proposed.

6.2. Future work

Throughout the research process, the thesis has encountered some
difficulties and certain limitations exist. Here are some extended research
directions of the thesis in the near future:

Research and develop PGD method to handle problems with more
complex boundary conditions.

Extend the proposed method for more complex solid-liquid
interaction problems such as: combining heat transfer, problems in
the case of compressible viscous flow, or similar problems with
turbulent flow.

Extend the application of the proposed method to fluid-structure
interaction problems in three dimensions.

Extending the combination of PGD with other numerical methods
such as isogeometric analysis, finite elements, radial basis function,
... to find effective solutions.
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