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Toém tat

Dong chay tao thanh do ndp dich chuyén trong khoang chira hinh vudng 14 dong chay ciia chit luu, chira trong mot khoang
hinh vuéng, do mét bién dich chuyén theo phuong tiép tuyén vai van tdc khong ddi. Dong chay nay xuét hién phd bién trong
tu nhién va dugc img dung trong nhiéu nganh cong nghi¢p. Trong bai bao nay, phuong phap lattice Boltzmann (LBM) duoc
sir dung dé mo phong dong chay cua chét luu khong nén duogc, gy ra do nap dich chuyén trong khoang chua hinh Vuong
v&i cac gia tri ciia sO Reynolds (Re) khac nhau, bién déi tir 100 t&i 5000. Ket qua mo phong cho thdy cac biéu d6 phan bd
van toc thay dbi tir dang phi tuyén khi sb Re nhé toi dang tuyén tinh khi s6 Re 16n. Dong thoi, duong dong va xody ciing
duoc phan tich dé danh gia anh huéng ctia s§ Re t6i cAu truc cuia dong xody tudn hoan én dinh trong khoang. M phong chi
ra rang ngoai trir trudng hop Re = 5000, két qua ciia phuong phap LBM tring khép véi cac két qua tir 101 giai théng thuong
clia phuong trinh Navier-Stokes. Do d6, phuwong phap LBM, mét phuong phap dé dang duoc trién khai biang phuong phép
s, c6 thé thay thé 101 giai cua phwong trinh Navier-Stokes trong viéc mé phong chét luu.

Tt khod: phuong phap lattice Boltzmann; mé hinh thoi gian nghi don; dong chay trong khoang chira vudng; sé Reynolds.

LATTICE BOLTZMANN SIMULATIONS OF LID-DRIVEN SQUARE CAVITY FLOW
Abstract

Lip-driven square cavity consists in a fluid flow confined in a square box, driven by a solid lid which moves tangentially
to itself with a constant velocity. This type of flow is ubiquitous in nature and extensively utilized in industrial processes.
In this paper, lattice Boltzmann method (LBM) is used to simulate incompressible lid-driven cavity flows for different
Reynolds number (Re) ranging from 100 to 5000. The results show that the velocity profiles transition from curved at low
Re values to linear at high Re values. In addition, the streamlines and vorticity are analyzed to evaluate the effect of Re
on the structure of steady recirculating eddies in the cavity. The data indicate that except at the highest Reynolds number
(Re = 5000), LBM results exhibit excellent agreement with conventional Navier-Stokes solvers. Therefore, the LBM, which
is straightforward to implement in numerical frameworks, can serve as an effective alternative to traditional Navier-Stokes
solvers for simulating the physical and mechanical behaviors of fluid flows.

Keywords: lattice Boltzmann method; single relaxation time; square cavity flow; Reynolds number.
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1. Téng quan

Dong chay tao thanh do nép dich chuyén trong khoang chira hinh vuéng 1a chuyén dong cua chat
Iru bén trong mot khoang chtra hinh vuéng, tao thanh do mét bién (nép) chuyén dong tinh tién véi van
tdc khong ddi, trong khi cac bién khac dugce giit dimg yén [1-3]. CAu tao hinh hoc ctia khoang chira va
diéu kién bién ctia dong chay dugc thé hién nhu trong Hinh 1, trong d6 nap phia trén dich chuyén tinh
tién theo phuong nim ngang tir trai qua phai voi van tbe U. Van dé dong chay tao thanh do nip dich
chuyén trong khoang chira hinh vuong duoc xem nhu mot mo hinh nén ting ciia co hoc chat luu, co
nhiéu tng dung trong cong nghiép nhu trong qua trinh trang, phi vat liéu, trao ddi nhiét trong céc thiét
bi sy, tron hdn hop cac loai chét 1ong v&i nhau [2, 3], dugce sit dung trong nhiéu nganh khoa hoc khac
nhu khi twong, hang hai, quan 1y ngudn nudc [4-6], va trong thiét bi sir dung dong “microfluidics”
trong y hoc [7-9]. Pic biét trong xdy dung dan dung, dong chay nay dugc ding dé mo phong thong
gi6 va luu thong khong khi trong cac toa nha, giip dy doan sy pha tron khong khi, ving r dong, va su

*Tac gia dai dién. Pja chi e-mail: chungvd@huce.edu.vn (Chung, V. D.)
134


https://doi.org/10.31814/stce.huce2025-19(4V)-10
mailto:chungvd@huce.edu.vn

Chung, V. D./ Tap chi Khoa hoc Céng nghé Xay dung

hinh thanh céc ving xoay, nhitng yéu t6 anh huong dén su thoai mai ctia con ngudi khi & trong phong,
cling nhu sy lan truyén chit gay 6 nhiém khong khi [10—12]. Hon nita, dong chay trong khoang chira
¢6 ndp dich chuyén c6 thé dung dé nghién ctru co ché tidu huy ning luong ctia song than khi né tran
qua mét kénh dao chira nuéc duge xay dung doc theo b bién. Nhiéu nghién ciru chi ra rang, kénh
dao nay co tac dung lam giam tac dong cua séng thin 1én cac cong trinh phia sau kénh [13-16].

Su don gian vé cu tao hinh hoc ciia khoang chira 1am cho van dé c6 vé don gian, song g xir
cua dong chay trong khoang chura 1a phtrc tap do no lién quan t6i dong luc hoc cua dong xody trong
mot hé kin, cac xody hinh thanh trong khoang chira c6 kich thudc, cuong d6 khac nhau, va sy khong
6n dinh cua dong chay trong khoang. Do nhing tmg dung phd bién cta dong chay trong khoang kin
trong cong nghiép va su xuat hién pho bién trong ty nhién, dong chiy nay khong chi quan trong trong
k¥ thuét, n6é con la mot vAn dé khoa hoc nhan duoc nhiéu su quan tdm cia cdng déng cac nha khoa
hoc trong linh vuc thuy dong luc hoc tinh toan. Nghién ctru vé dong chay nay 1a can thiét dé tim ra
nhirng phuong phap ap dung méi trong cong nghiép, trong k¥ thuat xdy dung ven bién, ciing nhu cd
hiéu biét sau sac vé thé gi6i tu nhién.

Mit khac, do cAu tao hinh hoc va diéu kién =U
bién d€ dang duoc ap dung trong cac phuong phap =0
s6, dong chay tao thanh do nip dich chuyén trong
khoang chtra thuong xuyén dugc st dung nhu mot
vi du chuén dé thir nghiém cac chuong trinh tinh
toan moi hodc cac phuong phap gidi moi trong Uz =0 Uz =0
linh vuc dong luc hoc chét long [1, 17]. Co kha =0 =0
nhiéu nhitng nghién ctru tru‘('yc day da co loi giai Y
phu hgp cho bai todn nay bang cac phuong phap
s6 khac nhau nhu 161 giai théng thuong ciia phuong €
trinh Navier-Stokes st dung xép xi Eule;, phuong I ; I
phap sai phan hitu hg}n, phuong phap thé tich hitu u, =0
han, phuong phap phan tir hiru han. Nhing phucmg Uy, = 0
phap nay mo ta céac dai lugng quen thude cua chat ) .
lwu nhu van tdc, 4p suét tai mot phan tir hay mot Hinh 1. Cau tao hinh hoc ctia khoang chira va diu
nut luéi. Mién khong gian tinh toan c6 thé dugc ki¢n bién ciia dong chdy tao thanh do nap dich
chia tuong dbi thd, véi bude thoi gian twong dbi chuyén
16n ma van cho két qua hoi tu. Tuy nhién thuat toan ciia cac phuong phap nay thudng khé phic tap,
kho khin trong viée t6i wu hod chuong trinh dé nang cao toc do tinh toan, do né phai di giai mot
phuong trinh phi tuyén nhu phuong trinh Navier-Stokes [18].

Nhu mét giai phap thay thé cho cac phuong phap di glal phuong trinh Navier- Stokes thong thudng,
phuong phap lattice Boltzmann (LBM) d dugc phat trién cach day vai thap ky v6i nén tang vat Iy dua
vao phuong trinh dong hoc vi mé (phwong trinh Boltzmann), trong d6 dong chay dwoc mo ta dua vao
X4c suét tim théy moét hat chét luu & mot trang thai xac dinh. Phuong phap LBM xir 1y thuy dong luc
hoc dong chay bang cach xem né nhu mot tip hop cac hat chuyén dong theo phwong trinh Boltzmann,
trong d6 bién s6 co ban ctia phuong trinh 1a ham phan phdi f mang thong tin vé trang thai vi md cia
cac hat chat 16ng bén trong dong chay [1, 18]. Phuong phap LBM bao gdm cac phép tinh toan tuyén
tinh dugc “dia phuong hoa” rat pht hop cho viéc t6i uu hoa tinh toan bang cac thuat toan tinh toan
song song nhu OpenMP hodc MPI, ciing nhu dé dang xir I cac diéu kién bién phirc tap nhu trong vat
lidu rdng, dong chay nhiéu pha [18]. Do nhitng wu diém nay, phuong phap LBM dugc xem la mot
phuong phap mo phong sb chat luu day hira hen, thu hat duge sy quan tim 16n trong cong ddng cac
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nha khoa hoc trén thé gidi.

Phén 16n cac méd phong chét luu bang phuong phap LBM duya trén mé hinh do Qian [19] va Chen
va cs. [20] dé xuét, trong d6 thanh phan va cham (collision) bén vé phai ciia phuong trinh Boltzmann
duogc xap xi bang phuong phép thoi gian nghi don (single relaxation time) ciia Bhatnagar-Gross-Krook
[21]. Do d6, phwong phap x4p xi nay con dugc goi 1a mo hinh BGK. Thanh phan va cham c6 thé dugc
hiéu 1a xu hudng ctia ham phan phdi f tién gan dén trang thai can bang ciia n6. Ham phan phdi f dat
duoc trang thai can bang sau khoang thoi gian 7, dugc goi la thoi gian nghi (relaxation time). Phuong
phap LBM sir dung mé hinh BGK thuong xuyén duoc dung trong viéc méd phong dong luc hoc chat
Iwu c6 sb Reynolds thip. Trong bai toan dong chay tao thanh do nip dich chuyén trong khoang chtra
hinh vuéng, sé Reynolds duoc dinh nghia 1a Re = U¢/v, trong d6 U 13 van tdc cua nap dich chuyén,
£ 12 kich thudc khoang theo mot phuong, v 1a hé s6 nhét dong hoc ciia chét luu chira trong khoang.

Trong bai bao nay, tng xir va ciu triic ciia dong chay tao thanh do nip dich chuyén trong khoang
chtra hinh Vuong duoc moé phong bang phuong phap LBM cho chat Ivu khong nén duge. Mot mé hinh
ludi chia mién khong gian hai chiéu thanh hé thong cac diém niit ma trong do ham phan phdi f c6 thé
lan truyén theo 9 hudng khac nhau (D2Q9) duoc thiét 1ap, cing véi ham xap xi thoi gian nghi don
BGK dugc sir dung dé giai phuong trinh Boltzmann. Anh hudng cua s Re toi dic trung ciia dong
chay s& duoc nghién ctru toan dién. Két qua thu duoc tir mé phong duoc so sanh véi két qua cua cac
nghién ctru trudc day dé danh gia tinh chinh xéac, 6n dinh ciia chuong trinh tinh toan dya vao phwong
phap LBM, ma tic gia tao ra bang ngdn ngit 1ap trinh C++.

Trong céc phan tiép theo, trong muc 2 m hinh sb ctia phuong phap LBM cho chét luu khéng nén
dugc s& duoc gidi thiéu. Trong muyc 3, trudng van tdc, dudng dong, va truong xody cua dong chay
trong khoang chira nhu mot ham ciia sé Reynolds s& dugc phén tich cu thé. Cudi cing cac két qua
quan trong ctia nghién ciru nay duoc tom tit & myc 4.

2. Phwong phap lattice Boltzmann (LBM)

Chét luu c6 thé duoc mé ta thong qua mot ham phéan phdi f(x, ¢, 7) cho biét xac sudt tim thiy mot
hat cht Iuu tai thoi diém ¢ & vi tri giita x va x + dx dang chuyén dong véi vén toc giira ¢ va ¢ + dec.
Su bién d6i theo khong-thoi gian ctia ham f dugc tinh bang vi phan toan phan ctia chinh né theo thoi
gian, day cling chinh la phuong trinh Boltzmann [18, 22, 23]:

0 0 Fo
—+ec—+——|f(x,¢,0) = 1
(22e2 e 5
trong d6 m la khéi lwong cua hat chét luu, F 13 ngoai lyc tac dung, Q la thanh phén va cham mo ta
dong Iyc hoc cua sy va cham giita cac hat chét luu. Thanh phﬁn va cham la mdt ham phirc tap ctia
ham phan phdi f va phai biét néu mudn giai duoc phuong trinh Boltzmann. Véi mét chat luu khong
¢6 ngoai lyc tac dung, phuong trinh Boltzmann c6 thé dugce don gian hoa nhu sau:

of (x,¢,1)

At eVf(xen =0 ©)

trong d6 toan tir V dugc goi la gradien ctia ham phan phéi f.
2.1. Roi rac hod phwong trinh Boltzmann

Trong phuong phap LBM, mién khong gian tinh toan duoc chia thanh mot ludi toa do, cac diém
nut cach nhau mdt khoang Ax theo cac phuong, truc thoi gian cling dugc chia thanh cac budc thoi
gian Az. Hon nita, ham phan phoi cling dugc gia thuyét rang, n6 chi lan truyén trong hé thong ludi
toa do theo mot s6 hudng nhat dinh, thay vi theo moi phwong nhu trong phwong trinh tong quat, xem
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Hinh 2(a). Do d6, phuong trinh Boltzmann (2) sau khi dugc roi rac hoa trong khong-thoi gian va ca
trong mién khong gian van toc c6 thé dugc viét cho mot hudng nhit dinh nhu sau [18, 24, 25]:

fix+cALt+ A = fi(x, 1) + Q; (X, 1) 3)

trong d6 fi(x, f) la ham phan phéi 11 rac, ¢; 1a van tde roi rac, nd 1a mot phén cua tap hop cac van tde
101 rac, nhu thé hién trong phuong trinh (4). Céac tap hop ctia van tdc rdi rac khac nhau dugc s dung
cho cac muc tiéu md phong khac nhau. Chiing thuong duge biéu thi boi ky hiéu DdQgq, trong d6 d 1a
s6 chiéu khong gian ma tap hop 4y bao phu, ¢ 1a sé lugng van tdc rdi rac. Trong nghién ctru nay, mo
hinh D2Q9 duoc st dung, n6é dugc st dung rong rai khi giai bai toan chuyén dong cua chét luu. Mo
hinh nay ¢6 9 vector van téc i =0, 1,2, ..., 8 trong mién khong gian 2 chiéu. Ham phan phdi chi lan
truyén theo 9 hudng nay véi van toc ¢;, nhu duge thé hién trong Hinh 2(b). Cac huéng vén tdc dugc
dinh nghia bdi tap hop sau:

[ccccccccc]—010_101_1_11 4)
0,1’293’4a5’6’7’8_0010_111_1_1
(nat lurgi thude bién)
Je 2 s
A
fo
fa< > f1
nat luréi thude chat luu .
_J» i S S| foo f s
(a) Hé thong ludi toa do chia mién khong gian tinh (b) Ham phan phdi dugc roi rac
toan thanh c4c diém nut: niit mau xanh thude chit hod theo 9 hudng khéac nhau trong
luu, nut mau doé thude bién rin mo hinh D2Q9

Hinh 2. H¢ toa d6 ludi va ham phan phéi f; trong mo6 hinh D2Q9

Phuong trinh Boltzmann roi rac (3) thé hién réng ham phén phéi f; tai vi tri x va tai thoi diém ¢
s& dich chuyén vé6i van toc ¢; toi vi tri 1an can x + ¢;Af tai thoi diém 7 + Az, ddng thoi ham phan phdi
f; tir cac vi tri lan can cling lan truyén téi vi tri x, nhu duge thé hién trong Hinh 3. Trong hinh nay,
ham phén phdi mau d6 dich chuyén tir vi tri trung tim dén cac vi tri 1an can, dong thoi ham phan phéi
mau xanh tir vi tri 14n cén lan truyén vé vi tri trung tdm. Luu ¥ rang chiing ta ¢6 mot lién hé nhu sau:
¢;At = Ax. Cung véi qua trinh lan truyén, ham phan phdi f; ciing bi anh huéng boi thanh phan va
cham Q;. Thanh phﬁn va cham nay s€ dugc tinh toan dya vao mé hinh BGK, s€ dugc dé cap trong
muc 2.2.

Mit do6 p(x, t) va vector van tdc u(x, 7) cua chit luu dugce tinh toan tir ham phan phéi fi(x, 1) va cac
vector vén toc roi rac ¢; nhu sau:

P = Y fixD, px DU = Y eifi(x,1) )
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Hinh 3. Qua trinh dich chuyén cua cic ham phan phdi & niit trung tdm va cac nat 1an can

2.2. M6 hinh BGK

Thanh phan va cham c6 thé duoc tinh toan theo nhiéu mé hinh khac nhau nhung phwong phap
duoc sir dung nhiéu nhit 1a mé hinh thoi gian nghi don, hay con goi 1a mé hinh BGK. Theo mé hinh
nay, thanh phan va cham s& duoc tinh toan nhu sau [21]:

1
Q; = ;(fi(X, 1N — f71(x,1)) (6)

Trong md hinh BGK, cho mdi huéng chuyén dong i, qua trinh va cham dugc xem nhu 13 tuyén tinh
v6i ham phan phdi fi(x, £) huéng t6i mot gia tri cAn bang ffq(x, t) trong khoang thoi gian 7. Ham phan
phéi can bang thu duoc bang cach sir dung khai trién Taylor cia ham can bang Maxwell [18, 21, 24],

[ =wp (1 +3ciu+ g(ci.u)2 - %u.u (7

trong d6 w; 1a mot trong sd phu thudc vao mé hinh DdQq. Pdi v6i mé hinh D2Q9, chung ta co:

4 .
5 khi [|¢;|| = 0
1
w; = 5 khi [|¢;|| = 1 (8)
1 .
¢ Khilleil = V2

Phuong trinh Boltzmann rdi rac (3) ¢6 thé mé ta su thay doi ctia cac bién s trong phuong trinh
Navier-Stokes voi hé s06 nhat dong hoc duoc tinh toan tir thoi gian nghi 7 nhu sau [18]:

2t -1
= 9
v ©)
Dbi v6i chit luu khong nén dugc, ap sudt cua chit luu duoc cho bai [18]:
1
p(x.1) = 3p(X.1) (10)
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2.3. Thudt todan cua phwong phdap LBM

Phuong trinh Boltzmann rdi rac (3) ¢ thé duge phan tich thanh hai phan riéng biét va dugc thuc
hién 1an luot trong thudt toan cta phuong phap LBM. Phan dau tién thé hién cho qu4 trinh va cham
(collision) hodc con dugc goi 1a qua trinh nghi (relaxation), dugc tinh toan nhu sau:

ffx,0 = fix, 1) + Q (11)

trong d6 f;'(x,7) 1a ham phan phéi sau khi qué trinh va cham két thiic. Phan tht hai thé hién cho qua
trinh lan truyén (propagation) cia ham phan phdi téi cac vi tri 1an cén, dugc tinh toan nhu sau:

fix + ciAt, 1+ A1) = f7(x,1) (12)

Hinh 4 thé hién so d0 tinh toan trong mot bude thoi gian Ar ctia phuwong phap LBM. Cac diéu kién
ban dau thudng duoc ap dung dé ham phan phdi ban dau co6 thé duoc tinh toan va sau dé cac bude
duoc thuc hién lan luot nhu trong Hinh 4. Cach tiép can don gian nhét dé tinh toan gia tri ban dau
ctia ham phan phdi 1a thiét 1ap diéu kién ban dau véi gia tri cia mat do chat luu tai cac diém nut ludi
p(x,t = 0) = 1, va vector van tdc tai cac diém do u(x,t = 0) = 0. Thong qua phuong trinh (7), cac
ham phan phdi dugc tinh todn nhu sau: fi(x, 1 = 0) = f(p(x,t = 0), u(x,? = 0)) = 0.

~\
Tinh toan moment (T 2 ha A ) ( 2
Tinh todn ham phéan Qua trinh va cham

clia ham phan phéi phéi cin bing :{:>
fi — p,u :: | pu-o b \ fi f59 = 17

S

v

i \Y

\

‘ 4 ) 4 )
Budc thoi gian ti€] . s X
theg P <:| Ap dung didu kién <:I Qua trinh lan truyén
t+ At —t bién ff—=fi
/ 7 7

Hinh 4. So db tinh toan trong mot budc thoi gian cua thudt toan sir dung phuong phap LBM

Thuat toan ciia phuong phap LBM bao gdm 6 budc tinh toan tuan hoan, trong d6 mdi chu ky twong
g v6i mot budce thoi gian. Cac bude tinh toan bao gom:
- Bué6c 1: Tinh toan mét d6 va vén toc chat luu tai tat ca cac diém nat lu6i theo phuong trinh (5),
nhu sau:
p=lo+th+h+hi+latfs+fetfitf
i+ s+ ) (fs+ fo+ 1)
= 5 (13)
(ot fstfo)—(fat f1+ f3)
Jo

Uy

- Bué6c 2: Tinh toan ham phan phdi cin bang ffq(x, 1), stt dung phuong trinh (7).

- Budc 3: Trién khai qué trinh va cham (collision) nhu thé hién trong phwong trinh (11).

- Budc 4: Trién khai qué trinh lan truyén (propagation) nhu thé hién trong phuong trinh (12).

- Budc 5: Ap dung diéu kién bién ciia bai toan.

- Budc 6: Chuyén sang budc thoi gian tiép theo bang viéc thay 7 bang 7 + A, sau d6 quay lai bude
1 cho téi budc thoi gian cudi cuing hodc khi diéu kién hoi tu duoc thoa man, dong chay dat trang thai
on dinh.
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2.4. Diéu kién bién cho bai todn dong chdy tao thanh do ndp dich chuyén trong khoang chira hinh
vuong
bdi voi khoang chira hinh vudéng c6 nép dich chuyén duoc thé hién trong Hinh 1, ¢6 hai loai diéu
kién bién khéac nhau. Loai diéu kién bién dau tién 1a nép trén cung di chuyén tinh tién véi van tde
khong d6i U. Loai diéu kién bién thtr hai 1a ba bién ¢ dinh cua khoang chira. Trong nghién ctru nay,
phuong phap ngoai suy khong cin bang do Guo va cs. [25] dé xuat dugc sir dung. Gia tri cia ham
phan phéi f; tai cac bién dugc tinh todn nhu sau:

[i%p, 1) = [ (0w wp) + (fiCxp, 1) = £ (g, 1), (14)

trong do x;, X lan luot 13 vi tri cia cac diém ndm trén bién va trong chét luu, pp, p 5 lan luot 13 mat
dd cua cac diém nam trén bién va trong chét luu, u, vau f lan luot 1a vector van tdc tai cac diém nam
trén bién va trong chat lvu. Him phan phdi can bang ctia cic diém nut tai bién fl.eq(pb, uy) dugc xac
dinh tir phwong trinh (7) v6i u, = 0 cho cac bién ¢ dinh va u, = (U, 0) cho nép dich chuyén, déng
thoi mat do tai cac diém bién bé“mg v6i mat do tai cac diém ndm trong chét luu pp = py. Cac diém nut
tai bién va nam trong cht luu dugc thé hién nhu trong Hinh 2(a).
3. Dong chay tao thanh do nip dich chuyén trong khoang chira hinh vudng

DPé mé phong dong chay tao ra do nip dich chuyén trong khoang chira hinh vuéng, mot mién
khong gian 2 chiéu v6i s6 lugng nut ludi theo cac phuong 1an luot 1a N, = 256 va N, = 256 dugc thiét
1ap. S6 luong nut ludi duoe chimg minh 1 khong anh hudng t6i két qua tinh toan néu mdi phuong
déu c¢6 nhiéu hon 128 nut [26-30]. Dong chay dwoc mé phong véi sb Reynolds bién ddi tir 100 t6i
5000, twong tng v6i van toc dich chuyén ctia ndp bién d6i tir U = 0,005 t6i 0,25 trong hé théng don
vi ludi (lattice unit system). Khoang cach ctia cac ntit ludi canh nhau Ax = 1 va budc thoi gian At = 1
trong hé théng don vi ludi. Sy chuyén ddi tir hé thong don vi ludi sang hé thong don vi vat 1y thong
thuong duoc thyc hién béng cach nhan voi mot hﬁng ) phu thudc vao gia tri cia Ax va At trong hé
thong don vi vét 1y (vi du trong nghién ciru nay ching ta c6 thé xem Ax = 0,01 m, va Ar = 0,01 s, do
d6 van toc U = 0,005 trong hé don vi ludi twong Gng véi U = 0,05 m/s trong hé don vi vat Iy SI).
Luu y rang, ban chét vat 1y, co hoc ctia dong chay 1a doc lap vai hé théng don vi do luong. Vi vay,
mot dong chay cé cung ) Reynolds trong hai hé théng don vi khéc nhau s& c6 ban chét vat 1y, co hoc
nhu nhau. Hon nita, cac két qua thu dugc trong nghién clru nay dugc thé hién bé'mg cac do thi, biéu
d6 cua cac dai lugng da duoc chuan hoa. Pidu niy cho phép theo ddi sy bién di cua cac dai luong
khong c6 don vi, khong phu thude vao hé théng don vi do luong.

Hé sb nhét dong hoc cua chét long dugce x4c dinh nhu sau:

Ut

y = —
Re

15)
trong d6 £ = N,Ax = N,, vivay v = 0,0128 trong hé don vi ludi, tuong tng v = 1,28¢—4 (mz/s) trong
hé don vi vat Iy SI. Hé s6 nhét nay xap xi hé s6 nhét ciia ddu may cho dong co, hoic dau olive trong
nganh thyc pham. Luu ¥ ring, dé thay doi s Re, van toc ciia nap U bi thay ddi, trong d6 hé sb nhét v
dugc gitr 13 hang s6.

Vian téc dong chay duoc xem xét doc theo dudng thing di qua trong tim ciia khoang chira theo
phuong thang dimg va nam ngang. Hinh 5 thé hién van toc dong chay theo phuong nam ngang u, dugc
chuén hoa bang vén tdc cua nip U doc theo dudng thiang dimg di qua trong tim ctia khoang chira hinh
vuong véi cac gia tri ciia s6 Reynolds bién doi tir 100 téi 5000. Két qua thu dwoc tir md phong bang
phuong phap LBM dugc so sanh véi két qua nhan duogc tir viée giai phuong trinh Navier-Stokes ciia
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Ghia va cs. [31]. S6 liéu mo phong chi ra rang, khi s6 Reynolds nho hon 3200, két qua tir mé phong
bang phuong phap LBM tring khép véi cac két qua trong tai liéu tham khao [31]. Tuy nhién, khi sb
Re = 5000, két qua tir md phong cua tac gia khac biét kha nhiéu so v6i két qua cua Ghia va cs. [31].
Diéu nay cho thay d6 6n dinh cua phuong phap LBM st dung mé hinh BGK chi déng tin cdy khi mo

phong dong chay c¢6 s Reynolds nho [26, 29].

1.0 — =
0.8
06 r 400
~ Re = 1000
04 3200 o —
' 5000 © —
0.2 duong cong: mé phong LBM
diém: Ghia et al.
0.0 1 1 1 1

04 -02 00 02 04 06 08 1.0
uz /U
Hinh 5. Van téc dong chay theo phuong nim ngang
u, duoc chuin hoa béng van toc cua ne“ip U doc theo
phuong thing dimg di qua trong tim ciia khoang chira
hinh vudng. Cac diém thé hién cho két qua ciia Ghia
va cs. [31]. Cac duong cong thé hién cho két qua thu
dugc tir mé phong bang LBM ciia nghién ctru nay cho
chc gia tri ctia s6 Reynolds khac nhau

duong cong: mé phong LBM :
-0.4 diém: Ghia et al. 08

-0.6 L I I I
0.0 0.2 0.4

Hinh 6. Van tdc dong chay theo phuong thang dimg Uy
duoc chuin hoa boi van tée cua nép U doc theo duong
ndm ngang di qua trong tim cua khoang chtra hinh
vudng. Céac diém thé hién cho két qua ctia Ghia va cs.
[31]. Cac dudng cong thé hién cho két qua thu dugc
tir mo phong bang phuong phap LBM ciia nghién ciru
nay cho cac gia tri cia s6 Reynolds khac nhau

Hinh 6 thé hién van téc dong chay theo phuong thang ding uy, dugc chuan hoa bang van tdc cua
nap U doc theo dudng ndm ngang di qua trong tim cua khoang chira hinh vudng véi cac gia tri cua sb
Reynolds khac nhau. Twong tu nhu trong Hinh 5, chung ta cling thay duoc sai s6 ctia van tdc uy trong
truong hop Re = 5000. Vi dong chay c6 s6 Re > 4000, dong chay & trang thai chay rdi. Luc nay dong
chay co chtra cac yéu t6 khong 6n dinh, van tdc tai mot diém co thé thay ddi lién tuc ca vé& hudng va
d6 16n. Vi vay, mé hinh thoi gian nghi don (BGK), sir dung mot hé s6 thoi gian nghi, khong du dé ké
dén cac yéu t6 d6, dan dén sai s6 trong qua trinh tinh toan. Sai s6 nay c¢6 thé dugc loai b néu phuong
phap LBM duoc sir dung v6i mo hinh tinh toan thanh phan va cham cao cip hon, chang han mé hinh
thoi gian nghi doi (Two Relaxation Time, TRT) hoac da thoi gian nghi (Multiple Relaxation Time,
MRT). Tuy nhién, cdc md hinh nay thuong phtrc tap hon trong viéc mé phong va doi hoi nhiéu thoi

u/U u/U
00 01 02 03 04 05 06 07 08 1.0 00 01 02 03 04 05 06 07 08 09 1.0
I | . | ! " ! I t

u/u
00 01 02 03 04 05 06 07 08 09 10
. I I

(a) Re =100 (b) Re =400 (c) Re = 1000
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(d) Re =3200 (e) Re = 5000

Hinh 7. Truong van toc ctia dong chay bén trong khoang chira dwoc chuan ho béi van tdc dich chuyén
cua nap U cho cac gia tri cia sO Re khac nhau

gian tinh toan hon so véi mé hinh BGK. Du vy, v6i dong chay c6 sé Reynolds cao hon 5000, viée
sir dung cic md hinh cao cép nay 1a can thiét dé dam bao tinh chinh xac va 6n dinh cua cac két qua
thu dugc tir md phong [27, 32, 33]. Ngoai ra, Hinh 5 va 6 chi ra ring biéu db vén toc u, va uy thay dbi
tir dang cong véi sd Re thap (Re = 100; 400) sang dang bién d6i tuyén tinh vi nhiing s6 Re cao hon
(Re = 1000; 3200). Dang bién d6i tuyén tinh cuia biéu do van tdc doc theo dudng thing di qua trong
tam cua khoang chtra, cho thay sy hinh thanh ctia mot viing xody dong nhat tai trong tim ciia khoang
chira khi s6 Re cao. Pidu nay s& duoc quan sat rd rang hon trong Hinh 8, khi cac duong dong duoc
thé hién.

Hinh 7 thé hién truong van téc ctia dong chay duge chuin hod boi véan tdc clia nap U cho cac gia
trj ciia s6 Reynolds khac nhau khi dong chay dat trang thai 6n dinh. Chung ta thiy rd sy hinh thanh cua
mdt vung xody ¢ trung tdm cua khoang chira. Vung xody nay dugc goi 1a xody chinh. Vi tri va kich
thudc cta xody chinh phu thudc vao gia tri ciia s Reynolds. Vi sb Re ting din, dién tich cua ving
xody chinh 16n hon, ¢6 c4u tric tron hon, va vi tri tim xody ngdy cang gan vdi trong tim ciia khoang
chira. Véi nhitng dong chay c6 sé Re 16, chung ta cling quan sat thiy rd su hinh thanh cua cac xody
thir cdp tai cac goc bén phia dudi va bén trai phia trén ciia khoang chitra. Dién tich cia cac xody thi
cAp tang dan theo gia tri ciia s6 Re. Hon nita, van toc ciia dong chay ngay canh nip dich chuyén c6 do
16n bang van tdc cua ndp dich chuyén, bai vi, diéu kién bién khong truot cho ca nip dich chuyén va
bién ¢ dinh dugc 4p dung trong nghién ciru nay.

(a) Re =100 (b) Re =400 (¢) Re = 1000
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(d) Re = 3200 (e) Re = 5000

Hinh 8. Puong dong cua dong chay bén trong khoang chira véi cac gia tri cua sd Re khac nhau

Puong dong ctia dong chay trong khoang chira vi cac s6 Re khac nhau dwoc thé hién trong Hinh 8.
Chung ta c6 thé quan sat thay rd anh hudng ctia sé Re tdi ciu tric clia xody chinh, sé lugng va sy hinh
thanh cua cac xody thir cip. Ngoai xody chinh hinh thanh & gin trung tim khoang chira, mot cip xoay
thi cap dugc hinh thanh & goc bén dudi cua khoang chira. Tuy nhién, véi s6 Re nho, cip xody thir cap
nay ciing c6 cudng do nho. Cudng do cua cip xody thir cip nay ting dan theo sb Re. Khi sb Re ting
dén 3200, mot xody thtr cip khac dwoc hinh thanh & goc bén trai phia trén ciia khoang chira. Cudng
dd ctia xody nay ciing tang dan theo sd Re. Céc xody thir cap nay co tén goi khac 1a xody Moffatt [34].
Ngoai ra, Hinh 8 chi ra rang tdm clia xo4y chinh ndm tai chinh giita theo phuong ngang va mot phan
ba d6 sau cuia khoang theo phuong thang dimg khi dong chay c6 s6 Re = 100. Khi sb Re ting dan, tim
ctia xo4y chinh dich chuyén dan xudng bén dudi va tring véi trong tim ctia khoang chira khi s6 Re
> 1000. Hon nita, khi s6 Re 16n, xody chinh ndy c6 cdu trac tron hon, din dén biéu d6 van tdc theo
phuong ngang va thing dimg di qua trong tdm ctia khoang chira tré' nén tuyén tinh, nhu dugc thé hién
trong Hinh 5 va Hinh 6.

Cuong d¢ xoay 1a mot dai luong vector biéu dién chuyén dong quay cuc bo cua cac hat chét luu.
V& mit toan hoc, né duge dinh nghia 1a cudng do xody cua trudng van tdc, va duoc xéac dinh nhu sau:
w = V X u, trong d6 w 13 vector cudng do xody, u 1 vector van toc dong chay, va V 1a toan tir xody.
Trong mién khong gian hai chiéu, vector cuong do xody dugc xac dinh nhu sau:

_ 8uy ou,

-2 _T= 1

Céac duong chu tuyén ndi cac diém c6 cing cudng dd xody véi nhau duoc thé hién nhu trong
Hinh 9. Céc vi tri c6 sy tap trung cua cac dudng chu tuyén 14 nhitng vi tri c6 cudng do xody cao. Cac
vi tri ndy tap trung tai goc phia trén ciia khoang chira, tai d6 dong chay c6 su bién d6i manh mé vé
hudng. Khi s6 Re ting dan, xudt hién cic vi tri c6 cudng do xody cao xung quanh vién bién ngoai
cung cua xody chinh.

V6i nhiitng két qua di duoc trinh bay, nghién ctru nay cho thdy phwong trinh Boltzmann rdi rac,
mot phuong trinh tuyén tinh, c¢6 thé mé phong cac hanh vi phirc tap cta chit luu. Viée ap dung phuong
phap s dé giai phuong trinh Boltzmann 1 d& dang hon rit nhiéu so v&i mot phuong trinh phi tuyén,
nhu phuong trinh Navier-Stokes. Diéu nay ddc biét co ¥ nghia dbi v6i nhing bai toan ¢ diéu kién
bién phirc tap nhu trong dong chay nhiéu pha, dong chay trong vit liéu réng. Hon nita, su tuyén tinh
cua phuong trinh Boltzmann roi rac cho phép st dung cac thuét toan tinh toan song song nhu OpenMP
hozc MPI nhdm ning cao tdc d6 tinh toan bang phuong phap sé [17-20]. Péc tinh tuyén tinh ciing cho
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Hinh 9. Pudng chu tuyén thé hién gia tri ctia cuong do xody ctia dong chay trong khoang chira
véi cac gia tri cua so Re khac nhau

phép phuong phap LBM d& dang duoc két hop véi cac phuong phap sb khac nhu phwong phap phan
ttr roi rac (DEM) dé mé phong tuong tac gitra chat long va vat ran. Sy két hop cua hai phuong phap
nay c6 thé dugc sir dung dé mo phong cac bai toan phirc tap nhu x6i mon, lang dong [35], chuyén
dong cua dong bun cat [36], cling nhu sat 16 dat, da tai thém luc dia, bd bién [37]. Ngoai ra, phuong
phap LBM con duoc sir dung dé giai quyét cc bai toan k§ thuat ¢ nhiéu linh vuc khac nhau nhu dong
chay ctia mau [38], dong chay trong cac thiét bi y té sir dung dong microfluidics [39], hién tuong xam
thuc [40], dong tham trong vét liéu rdng [41], dong chay trong méi trudng khong bio hoa [42].

4. Két luin

Trong nghién ctru nay, dong chay cua chat luu khong nén duoc tao thanh do nip dich chuyén
trong khoang chtra hinh vuéng duge mé phong bang phuong phap lattice Boltzmann (LBM). Phuong
phap nay dua trén co sé roi rac hod phuong trinh Boltzmann trong khong-thoi gian vét 1y va ca trong
mién khong gian vén tdc. M6 hinh D2Q9 duoc sir dung, dé gia sir rang ham phan phdi cua phuong
trinh Boltzmann chi lan truyén theo 9 hudng khac nhau trong mién khong gian 2 chiéu. Dong thoi,
nghién ctru nay sir dung mé hinh BGK dé tinh toan thanh phan va cham trong phuong trinh Boltzmann.
Phwong phap lattice Boltzmann cting véi 2 mé hinh trén d¢i mé phong chinh xéac truong van tdc, ciu
tric xody va cuong do xody cua dong chay trong khoang chira hinh vudng khi sé Reynolds nho hon
5000. Cu thé, véan tdc doc theo phuong thang dimg va nam ngang di qua trong tdm ctia khoang chira
trang khop véi két qua ciia cac nghién ciru trude day thu duoc nho vao viée giai truc tiép phuong trinh
Navier-Stokes. TAm ciia xody chinh dich chuyén dan vé trong tim ctia khoang chira khi s6 Reynolds
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tang dan. Do d0, nghién ctru nay ciing chi rd sy phu thudc cia cu tric dong chay trong khoang chia
vao s6 Reynolds. Vi dong chay c6 s Reynolds 16n hon 5000, cic md hinh tinh toan thanh phan va
cham cao cép hon céan thiét dugc sir dung dé tranh sai s6 va sw mat 6n dinh cua 1oi giai phuong trinh
Boltzmann.
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