UNG DUNG PHUONG PHAP LATTICE BOLTZMANN VA
DYNAMIC MODE DECOMPOSITION TRONG NGHIEN CUU
HIEN TUQNG TACH DONG

NUMERICAL STUDY OF DYNAMIC STALL USING LATTICE
BOLZTMANN METHOD AND DYNAMIC MODE
DECOMPOSITION

Duong Viét Diing', Trinh Minh Hoang', Nguyén Vin Pirc' va Nguyén
Ping Thai Son'
"Vien Cong nghé Hang khong Vil tru, Dai hoc Cong nghé, Dai hoc Quéc
gia Ha Noi, Ha Noi, Viét Nam

TOM TAT: Dynamic stall 1a mot hién twong xay ra trén airfoil di chuyén
trong dong chay rdi, dan dén su thay doi liwc nang sinh ra. Trong bai bao nay,
chung to1 trinh bay phuong phap Dynamic Mode Decomposition (DMD)
trong phan tich cac dic diém co ban ctia dong chay qua airfoil d6i ximg
NACA 0012 tai cac goc that toc khac nhau, mo phong sir dung phuong phap
Lattice Boltzmann (LBM). Qua d6 dwa ra nhan xét vé tinh chinh xac cta cac
phuong phap va thao luan vé cac dic diém cua hién trong dynamic stall dua

trén két qua cia DMD.

Tw khoa: Dynamic Mode Decomposition, Phuong phéap Lattice Boltzmann,

dynamic stall, airfoil ddi xtng.

ABSTRACT: Dynamic stall is a phenomenon, happened on an airfoil
traveling in the unsteady flow, resulted in a series of change in the lift. In this
paper, we introduced the proceed of Dynamic Mode Decomposition
extracting the key structure of the complex flow around a symmetric airfoil
NACA 0012 at critical angles of attack based on Lattice Boltzmann Method.

The accuracy of the reduced order method was confirmed and clarified based



on the results listed in literature; and discussion on the features of dynamic

stall obtained via DMD was revealed.

Keywords: Dynamic Mode Decomposition, Lattice Boltzmann Method,

dynamic stall, symmetric airfoil.
1. GIOI THIEU

UNG DUNG PHUONG PHAP LATTICE BOLTZMANN VA
DYNAMIC MODE DECOMPOSITION TRONG NGHIEN CUU
HIEN TUQNG TACH DONG

Tur 1au, hién twong dynamic stall 1a mgt chu dé nhan dugc nhiéu sy quan tam
boi su anh hudng to 16n cia nd 1én cac phuong tién va két cau lién quan dén
khi dong luc hoc. Khai niém “dynamic stall” thuong dugc st dung dé mo ta
mot chudi su kién tach dong [1], xay ra trén airfoil, hodc canh may bay di
chuyén trong dong chay rdi & goc tin (AoA) 16n. Hién tuong ndy xay ra khi
gdc pitch cta canh may bay bién thién dot ngodt va vuot goc that toe, dan toi
hinh thanh mot dong xo4y trén bé mit canh. Dong xoay nay dan dén su bién
thién ciia luc nang sinh ra boi canh, ma két qua cudi cung 1a hién tuong that
tdc. V& nganh hang khong néi riéng, hién twong dynamic stall vira c6 thé 1a
tac nhan gay hai, vira c6 thé 13 yéu t co loi. Vi dy, dynamic stall xdy ra trén
canh quat 1am giam tdc d6 di chuyén ctia may bay truc thang [2]; trong khi
d6i v6i may bay chién ddu, dynamic stall lai 13 tic nhan c6 loi khi su ting
luc nang tire thi sinh ra trong qua trinh d6 c6 loi trong cac tinh hudng tac
chién dic biét [3]. Hai vi du trén duogc dua ra nham thé hién tinh cép thiét
trong viéc nghién ctru hién tugng nay, nham khai thac nhirng dac tinh co loi,

cling nhu ngan chan nhitng 4nh hudng c6 hai cua no.

Tuy nhién, mot van dé gap phai trong khi nghién ciru hién twong dynamic
stall 12 ban cht phtic tap ctia dong chay. Sy phtic tap nay, ké ca ap dung cac

phuong phap s6, dugc hd tro boi cac may tinh hién dai, van 1a mot tré ngai,



khi né doi hoi tai nguyén méy tinh khong 16, dan dén thoi gian tinh toan lau,
dac biét 1a m6 phdéng hién tugng trong thoi gian thuc, hay cac mo phong can
thuc hién nhiéu 1an véi cac bo tham sé khac nhau. D3 ¢ cac phuong phap
tiép can khac nhau trong xtr Iy vin d& nay. Mot trong sd ching 1a ap dung
phuong phap Reduced Order Models (ROMs). Bay 1a phuong phap dugce st
dung rong rai khong chi trong xtr ly dir liéu dong chay, ma con trong cac ing
dung khac vi du nhu xtr 1y hinh anh, hay phan tich cic hé théng dong luc
hoc. Nguyén 1y co ban cia ROMs 14 tinh todn mot x4p xi ctia hé thong, ma
trong do cac bac tu do khong quan trong bi loai bd tdi da, ma van gilt dugc
cac tinh chat va dic diém cua hé thong hoan chinh, yéu cau tai nguyén tinh
toan tir do cling dugc gidm. Nghién clru cua Lieu va cac cong su [4] 1a mot
vi du d3 cho thay kha niang ctia ROMs, khi nhom nghién ciru di tinh toan
thanh cong xap xi cia mot md hinh may bay F-16 tir 2.1 triéu bac tu do xudng

90 bac tu do.

Trong nghién clru nay, chung t61 da sit dung phuong phap Dynamic Mode
Decomposition (DMD), 1a mot nhanh cia ROMs, dé phan tich cac dic diém
cta hién tuong dynamic stall. Pic diém ndi bat cia DMD 14 kha ning phan
tich truong dit liéu dudi dang cac modes, trong d6 mdi modes chira cac dic
diém vé tan s6 va xu hudng tang (giam) cta truong dit liéu. Qua do, cac dic
diém vé khong gian — thoi gian ctia hé thong c6 thé dugc xac dinh va phan

tich.

Cu thé, chiing t6i st dung DMD dé phan tich dit liéu khong gian theo thoi
gian ctia trudng xody xung quanh mét airfoil 2D d6i ximg NACA-0012 tai
cac goc thit tbe. Bang cac modes thu dugc tir DMD, ching t6i s& xac dinh
cac dic diém trong qua hinh hinh thanh va phan tach ctia dong xoay dau canh
— nguyén nhan gay ra hién tuong thit tbc. Cac dir liéu nay thu duoc thong
qua phuong phap Lattice Boltzmann (LBM). Chung t61 lya chon phuong

phap nay dua trén cac dac diém noi trdi ciia n6 so voi cac phuong phap CFD



truyén théng, dac biét 1a sy don gidn cua no6 trén khia canh thuat toan. Diéu
nay giup viéc xay dung framework LBM-DMD tr¢ nén thuan tién cho viéc

nghién ctru, va ddc bi¢t dam bao tinh dong nhat vé dir licu.

Trong bai bao nay, chiing toi sé trinh bay vé phuong phap Lattice Boltzmann
(LBM). Trinh bay vé thudt toan Dynamic Mode Decomposition (DMD).
Trinh bay tom tat két qua kiém dinh két qua ctia phuong phap Lattice
Boltzmann va DMD; dua ra nhan xét vé dynamic mode dya trén két qua

DMD va thao luan vé viéc xay dung lai hién tugng tach dong dya trén DMD.

2. PHUONG PHAP LATTICE BOLTZMANN

Trong sudt hai thap ky qua, phuong phap Lattice Boltzmann di chirng minh
dugc do chinh xac trong kha nang md hinh hoéa hé phuong trinh Navier-
Stokes va md phong cac hé théng dong chay phuic tap. Trong phan nay,
chung t6i s& gidi thiéu vé phuong phap Lattice Boltzmann, ciing nhu trinh

bay thuat toan cua phuong phap.
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Hinh 1. M6 hinh D2Q9.

Phuong phap Lattice Boltzmann, dua trén y tudng thuyét dong lugng khi cta
Ludwig Botlzmann, coi dong chay khi, hay chat 16ng 1a tap hop vo sb cac
hat phan tir chuyén dong ngiu nhién [5]. Su trao d6i dong luong va ning
luong gitta cac dong chuyén dong cua hat phan tir va su va cham gitta ching

dugc mo hinh hoa dya trén phuong trinh dong hoc Boltzmann:



af _ (2.1)
E+u-Vf = ()

Trong d6 f(x,t) 1a ham phan bd hat, u 13 van téc hat va Q 13 toan tir va
cham. Dua trén y tuong do, phuong phap Lattice Boltzmann 1ap mé hinh
dong chay dudi dang cac hat phan tir lan truyén trén mot mang ludi ro1 rac.
Trén mo hinh 2D, cac hat phan tir nay lan truyén theo chin phwong, twong
g véi chin vector van téc vi mo (microscopic velocities) e;(j=0,..,8).
Mo hinh nay dugc goi 1a mo6 hinh D2Q9, dugc mo ta trong Hinh 1, cling la
mo hinh dugc ching t61 st dung trong nghién ctru nay.

Moi hat phan tir trén mang ludi nay duoc lién két v&i mot ham phan bd x4c
sudt rdi rac fix,t) (j=0,...,8), thé hién xac xuat ma hat phan tir dang xét
lan truyén theo mot trong chin phuong bat ky. Tong gia tri ctia cic ham nay

dugc goi la mat do chét long vi mo (macroscopic fluid density):

8 (2.2)
P =) [0
j=0

va van toc vi mo (macroscopic velocity) u(x, t) la trung binh cta cac vector
van toc vi mo e;, trong d6 cac ham phén bo f; dong vai tro la trong so:

8
" (2.3)
u(x,t) = ;Z cf; e;

j=0
Céc budc lan truyén va va cham cua hat phan tr trén mang luéi dugce tinh
nhu sau, trong do vé trai biéu dién su lan truyén va v€ phai bi€u dién sy va
cham:

o -f=wo] 4

T

fi(x + cejAt, t + At) — fi(x,t) =

Trong d6, T 13 thoi gian nghi (relaxation time) dé hat phan tir dat dén trang

thai can bang, f*(x,t) 1a ham phan bd can bang dugc tinh nhu sau:
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v6i trong s6 w; O gia tri bang 4/9 tai j = 0, bang 1/9 tai j = 1/4 va bang

.. A 1N A LA A 5 . 2
1/36taij =5/8;c = A—’; dugc goi 1a van toc am thanh cia mang tinh thé.

Tom lai, thuat toan Lattice Botlzmann duoc thuc hién theo trinh tu nhu sau
[6]:
1. Thiét 1ap gia tri dau cho cac tham sb p, u, fi fjeq.
2. Tinh f;* st dung phuong trinh (2.4), trong d6 dau * thé hién budc lan
truyén cta hat voi ham phan bd fi dén vi tri m&i theo phuong e;.
3. Tu f;* tinh dugc 6 budce 2, tinh p va u nhu trong cong thic (2.2) va
(2.3)
4. Tinh £ st dung cong thirc (2.5).
5. Cap nhat ham phén bd fj tai vi tri mo1 st dung cong thire (2.4).
6. Lap lai tir bude 2 dén bude 5.
Trong muc 4.1 cia bai bao ndy, chung toi s& trinh bay két qua cua phuong
phap Lattice Boltzmann trong qua trinh sinh dit liéu dau vao cho thuat toan

DMD, ciing nhu kiém dinh tinh chinh x4ac cua thuat toan.
3. THUAT TOAN DYNAMIC MODE DECOMPOSITION

Dynamic Mode Decomposition (DMD) duogc cong bd boi P.Schmid [7] vao
niam 2010, v6i muc dich ban ddu phan tich cac dong chay phuc tap dudi dang
cac mode mang dic diém khong - thoi gian dic trung. Két hop va bo sung
bdi cac nghién ciru vé mit toan hoc, phuong phép nay di thé hién kha nang
wru viét trong phan tich nhiéu thi nghiém phrc tap ctia co hoc chat 1ong. Trong
phan nay, ching t6i s& 1am rd dic diém ctia DMD trong kha ning xap xi dir
liéu dudi dang cac modes, dong thoi trinh bay vé thuét toan DMD duogc ap

dung trong nghién ctru nay.



Xeét mot tap cac dit liéu theo thoi gian khong thir nguyén, goi la cac
“snapshot”, v;,V,,..V,. Mdi snapshot v; 1a mot vector cdt (mx1) chira dit
liéu twong ng voi mbc thoi diém t;, 1 < i < n. Trong d6, m 1a sb diém dir
lidu trong khong gian dugc Iuu trong mdi snapshot va n 13 tong s snapshot
dugc xét, twong tng voi n thoi diém 1ay mau, tir t; dén t,,, cach déu nhau

mot budce thoi gian At.
Biéu dién chudi snapshot nay dudi dang ma tran, dat 1a V;*, thu duoc:

Vln = {V1JV2"'VTL} (31)

Trong d6, V* (mxn) 1a ma trin ma trong d6 mdi cot cia nd la mot
snapshot v;, quy udc chi s6 dudi, & day 1a 1 va chi sé mii, ¢ ddy 1a n, thé hién
chi s ctia snapshot ddu va snapshot cudi cta chudi. Xét cac snapshot, thira
nhan t6n tai mot lién két tuyén tinh (linear mapping) A chua biét, tao ra mbi

lién hé tuyén tinh gitra snapshot v; va snapshot lién ké v, ;:

Viyr = AV (3.2)

Coi A 12 khéng ddi giira cac cap snapshot lién ké&. Nhu vdy, ap dung phuong

trinh (3.2) dudi dang ma tran, rat ra [8]:

AVl = pp (3.3)

Khi nay, nhiém vu cua DMD la tinh mot xép xi ctia A. Cu thé, output cua
thuat toan DMD chinh la céc tri riéng va cac vector riéng tuong (rng cia A,
hay con dugc goi la cac DMD eigenvalues va cac DMD modes. Co6 hai huéng
tiép can trong viéc xay dung thuat toan, tuy theo kich cd cua dit licu, do tbi
vu hay muc dich nghién ctru, bao gém: phuong phap Arnoldi va phuong
phap singular value decomposition (SVD) - based. Trong dung luong cia bai
bao, chung to1 s€ gioi thi€u va trinh bay thuat toan DMD dua trén phuong

phap SVD — mot phuong phap trong dai s6 tuyén tinh.

Y tuéng chinh cta phuong phap SVD - based trong DMD 1a tinh x4p xi mot



hinh chiéu cua A 1én Proper Orthogonal Decomposition modes, hay POD
modes. Chung t61 lya chon phuong phap SVD - based trong xay dung thuat
toan DMD duya trén kha niang xap xi thong qua rat gon chiéu cia ma tran,
qua d6 giam luong thong tin nhiéu trong tap dir liéu. Chung toi s& gidi thiéu
qua vé SVD ciing nhu POD modes trong thuat toan dudi day.

Céc budc cua thuat toAn DMD theo SVD - based dugc trinh bay nhu sau:
Trude hét, ching t6i tinh SVD cta ma tran V;*~1 [8]:

Vln_l — UZVT (34)

Trong d6, T thé hién su chuyén vi lién hop, U la ma trdn (mXxr), X1a ma
tran (rxr), va VT 1a ma tran(rxn). O day, r1a rank cta ma tran xdp xi
V1, r < min(n,m), cac cot cua U va cac hang cia VT 1an luot 13 cac
vector riéng trai va phai ctia V*~!, twong ing véi cac tri riéng 1a cac gia tri
nam trén duong chéo chinh cua ma tran duong chéo X. Cac cot cuia U la céc
vector dugce goi la POD modes. Ngoai ra, cac cdt nay con co tinh truc giao,
do d6 UTU = I, twong tu, VTV = L. [8]. Tt phuong trinh (3.3) va (3.4), V!

c6 thé duoc viét nhu sau:
V= AUZVT (3.5)

Sau d6 thyc hién tinh mot hinh chiéu (rxr) cua A trén POD modes:

A =UTAU = UTyve? (3.6)
Thuc hién phan 1 tri riéng, hay eigendecomposition ma tran A thu dugc:

AW = WA (3.7)

Trong d6 cac cdt clia ma tran W va cac gia tri nam trén duong chéo chinh
ctia ma trdn A chinh 1a céc vector riéng va céc tri riéng tuong ung A, (1 <

k < 1) cta A, Theo Schmid (2010) [7], mot phan céc tri riéng dau ctia A can

tim (DMD eigenvalues) chinh 13 tri riéng caa hinh chiéu cta né 1a A, trong



khi céac vector riéng tuong ting cua A (DMD modes) 1a cac c0t cia ma tran

ob:
® = yrveTiw (3.7)

V&i cac DMD modes va cac DMD eigenvalues nay, cac dic diém khong gian
— thoi gian ctia hé thdng dang xét co thé dugc xac dinh. Xét phd €, dai dién
cho do tang theo thoi gian cua gia tri cho DMD mode ¢, dugc tinh theo
cong thic €, = log(A,) /At. Theo d6, tan s6 cua mdi mode duoc dai dién
bang phan 4o cia € twong ng; do ting/giam ciia mdi mode (dai dién cho

phé nang luong cua truong dong) dugce dai dién béi phﬁn thuc cua .
4. KET QUA VA THAO LUAN
4.1. Kiém tra d6 chinh xac ciia phwong phap Lattice Boltzmann

Trong muc nay, chiing toi s& tom tat qua trinh xac minh két qua cua phuong
phap Lattice Boltzmann trong tinh toan dit liéu dau vao cua DMD, tir d6 rut
ra nhan xét vé do chinh xac va tin cay cia phuong phép trong vai tro 1a cong
cu sinh dir li¢u cho DMD ciing nhu h¢ quy chiéu. Cu thé, ching t61 s€ trinh
bay su so sanh giira két qua tinh toan st dung phwong phap Lattice
Boltzmann cho dong chay qua airfoil NACA 0012 tai cac goc tan 5 va 10 d9,
v6i s6 Re = 1000, véi két qua thuc nghiém duoc trinh bay trong Kurtulus
(2015) [9] va Liu (2012) [10]. Két qua danh gia duoc dwa trén hai yéu té: sy
trong dong vé trudong dong va su twong dong véi hé sd Iyc nang trung binh

C,.
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Hinh 2. Domain khao sat.

Vé tinh toan, ching t6i khao sat trén mot domain ludi déu gdbm 2 tridu diém
luéi, trong d6 N, = 2000, N,, = 1000 duoc chia theo chiu dai va chiéu
rong (L, = 8¢, L,, = 4c) cua khong gian tinh toan. Diéu kién bién symmetry
dugc sir dung truong hai dudng bién trén vao bién dudi ctia mién tinh toan.
Pau vao Inlet cia mé hinh duge xir 1y dua trén sy bao toan van tdc va mat
d6 khdi lugng cho trude cta ddu vao mé hinh, da duoc 1am rd trong nghién
ctru ctia Zou (1997) [11]. Tai dau ra Outlet ctia md hinh, mot budc tinh ngoai
suy don gian dugc st dung. Phuong phap Interpolated bounce-back [12]
duogc sir dung dé giai quyét van dé diéu kién bién trén bé mit cong, phuong
phap lam giam sai s6 dang ké so v&i phuong phap tién nhiém 1a Simple

bounce-back [13]. Thuat toan dugc cai dat dé tinh toan 120 bude thoi gian

TUo

khong thir nguyén, bat dau tir £;=0 v&i mdi budc thoi gian At* = —= = 0.5.

Bién dang cua airfoil NACA 0012 tai cac goc pitch 5 va 10 do dugc tinh toan
dudi dang cac diém toa do phu hop, sau d6 dugc dua vao domain. Vi tri cua
airfoil duoc dit dé khao sat nhu Hinh 2. Két qua thu dugc théng qua phuong
phap Lattice Boltzmann duoc ddi chiéu véi két qua thuc nghiém trong céac
bai bao dd duogc cong b trude d6 cua Kurtulus [9] ciing nhu cac két qua cta
Liu [10]. Két qua so sanh vé truong dong va hé sb luc nang trung binh C,
dugc trinh bay trong Hinh 3 va Hinh 4. So sanh chi ra rang, truong dong thu
dugc thong qua phuong phéap Lattice Boltzmann c¢6 sy twong dong vai két
qua nghiém thu ctia Kurtulus [9]. Pong thoi, hé s6 lyc nang trung binh C; tir
phuong phap Lattice Boltzmann ciing xap xi so voi két qua tham chiéu. Cu
thé, hé sd luc nang trung binh C; ctia LBM tai cac goc tan 5 va 10 d6 1an luot
120.25 va 0.45, so v&i két qua tham chiéu twong tng voi két qua cua Kurtulus

[9] va Liu [10] 1an luot 13 0.24 va 0.42; 0.25 va 0.44.
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a) AoA=5° b) AoA=10°

Hinh 3. Truong dong di qua airfoil doi xitng NACA - 0012 ¢ géc tin a) 5
do va b) 10 do tai Re =1000, Kurtulus (2015) [9] (anh phia trén), phuong
phap Lattice Boltzmann (anh phia dwoi).
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Hinh 4. Poi chiéu hé sé lirc ndng trung binh C, thu dwoc tir phirong phdp
Lattice Boltzmann tai cdac goc tan 5 va 10 as véi két qua thuc nghiém cua

Kurtulus [9] va Liu [10].

Cung véi d6 chung t6i danh gid do hoi tu ludi cho phuong phap s6 LBM
dugc ap dung tai nghién ctru nay véi cac b ludi cd do phan giai khac nhau
tir thap dén cao cho airfoil NACA 0012 tai goc tAn 5 va 10 d6. Két qua duoc
thé hién trong Bang 1. Cac két qua duoc so sanh véi do phan giai ludi cao
nhat va cho thdy rang do hoi tu ludi da dugc dam bao. Qua d6 giai thich ly

do tai sao bd lu¢1 2000x1000 duge st dung trong bai nghién ctru nay.

Bang 1. Sy hoi tu cua luoi.

AOA =5° AOA = 10°
Do phan
giai ludi c Error c Error c Error c Error
P (%) g (%) P (%) t (%0)

1.62x10° | 0.1363 5.57 0.2551 1.43 0.1825 3.87 | 0.4594 | 1.59




2.00x10° | 0.1318 2.09 0.2534 0.75 0.1786 1.65 | 0.4557 | 0.77

2.42x10° | 0.1296 0.38 0.2521 0.24 0.1762 0.28 | 0.4534 | 0.26

2.88x10° | 0.1291 - 0.2515 - 0.1757 - 0.4522 -

Nhu vay, tr két qua kiém dinh, co thé rat ra két luan vé do chinh xac va tin
cay cling nhu do hoi tu cua ludi cho cua phuong phap Lattice Boltzmann

trong viéc mo phong dir liéu dau vao cho thuat toan DMD.

4.2. Poi chiéu két qua caa DMD véi két qué cua phwong phap Lattice

Boltzmann

Trong myc nay, chung t61 s€ trinh bay qua trinh nghiém thu va xac minh tinh
chinh xac ctia phuong phap DMD trong tinh toan x4p xi dit liéu dong chay
dudi dang cac modes thong qua ddi chiéu véi két qua thu duoc tir phuong
phap Lattice Boltzmann. Tiéu chi danh gia dua trén sy twong dong cia
truong dong trong hai truong hop khédo sat: truong dong di qua tru tron tai
Re=100 va truong dong di qua airfoil ddi xtmg NACA 0012 tai goc tan 10
d6, Re=1000, ciing 14 két qua dé khao sat hién tugng dynamic stall.

-~
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a) DMD b) LBM ¢) ANSYS

Hinh 5. So sanh truong dong qua tru tron tai Re=100 gitta cdc phuong
phdp a) DMD, b) LBM va ¢) Phdan mém ANSYS [14].

Péi voi truong dong di qua try tron tai Re=100, dau vao cta thuat toan DMD
la gia tri van téc truong dong, dugc tinh bang phwong phap Lattice
Boltzmann. Dir liéu nay duoc xu 1y duéi dang ma tran c6 chiéu la
(500000x120), twong mg 1an luot voi sé diém ludi trong domain khao sat
bang phwong phap Lattice Boltzmann (N, = 1000, N, = 500) va sO budc

thoi gian 14y miu 14 120 bude. Budc tinh SVD trén ma tran dir liéu nay tinh



mot ma tran rut gon c6 rank r = 8, tuong duong voi s6 DMD modes thu
dugc. Cac DMD modes nay dugc st dung dé tai tao lai truong dong. Két qua
nay sau do dugc ddi chiéu véi dit liéu duoc thé hién trong ma tran dir li€u
day du, hay két qua thu duoc tir phuong phap Lattice Boltzmann ciing nhu
két qua str dung phan mém ANSY'S [14], thé hién trong Hinh 5. Két qua cho
thdy su twong dong dang ké giita cic phuong phap, thé hién tinh chinh xac
cua thudt toan DMD, cling nhu chirng minh kha nang cua thuat toan trong

phat hién va chiét xuat cadc dac di€ém chinh cua dir liéu.

Tuong tu, d6i voi truong dong di qua airfoil ddi xtmg NACA 0012 tai goc
tan 10 do tai Re=1000, tinh bang phuong phap Lattice Boltzmann, da duogc
trinh bay va kiém dinh trong muyc 4.1, ma tran dir li¢u dau vao cua DMD c6
chiéu 1a (2000000%120). Budc tinh SVD trén ma tran dit li€u tinh dugc
mot xap xi v6i rank r = 50, twong tng v4i 50 DMD modes. Trudng dong
duoc tai tao thong qua cac DMD modes nay sau d6 dugc so sanh voi két qua

day da nhu trong Hinh 6.
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Hinh 6. Biéu do lwc ndng theo thoi gian va cdc so sanh gitta DMD va

phirong phdp Lattice Boltzmann tai cdc thoi diém.

O day, dua trén biéu do bién thién hé s6 lyc nang tinh toan thong qua phuong
phap Lattice Boltzmann, chiing toi khao sat va so sanh két qua trudng dong
tai 4 thoi diém trong ciing mot chu ky bién thién cua hé s6 luyc nang. Két qua
van cho thy su xap xi gitra hai phuong phap, tuy nhién thi nghiém nay chung
minh réng d6 chinh x4c cua thuat toan DMD van bj anh huéng nhiéu vao
tinh chu ky ctua dit 1iéu, phan anh mdi lién hé chit chd gitta DMD modes va

chu ky riéng da dugc gioi thi€u trong muc 1.
5. KET LUAN

Trong bai bao nay, chung toi da phat trién hai phwong phap s cho viéc khao

sat hién tuong tach dong ¢ airfoil déi ximg NACA 0012. Phuong phéap sb



thir nhat 13 phuong phap Lattice Boltzman dua vao viéc giai hai tién trinh
collision va streaming giira cac Lattice dat trong khong gian tinh toan. Tién
trinh giai nay 1a hoan toan doc lap va khong phai giai phuong trinh Poisson
cho bién van tdc cta truong dong cho nén rat tiét kiém thoi gian tinh toan.
Tiép theo tir cac dir liéu theo khong gian va thoi gian ctia phuong phap
Lattice Boltzman, thuat toan DMD duoc phat trién dé tai tao lai trrong tach
dong qua airfoil & mot goc tan nhat dinh theo thoi gian thyc ma khong can
dén bat ky mot md phong nao, qua do tiét kiém thoi gian tinh toan va co tiém
ning dé ap dung tai cac trudng hop co goc tin thay doi tirc thoi trong cac bai

toan dong chay trong thuc té.
6. LOI CAM ON

Nghién ctru nay dugc tai tro bdi Truong Pai hoc Cong nghé, Dai hoc Quéc
gia Ha noi theo dé tai ma s CN20.45.
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