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MO PHONG XOAY TACH ROI TRONG NGHIEN CUU
CAC PAC TRUNG KHi PONG CUA DONG CHAY ROI
TREN VUNG TUONG TAC

Nguyén Trung Diing!”, Nguyén Anh Tuin? Tran Thé Hung?
YHé Quan Iy hoc vién sau dai hoc, Truong Dai hoc Ky thudt Lé Quy Don
2Khoa Hang khéng vii tru, Truong Pai hoc Ky thudt Lé Quy Doén

Tém tit

Dong chay rdi trén viing twong tac 1a hién tugng phd bién va xuat hién nhiéu trong linh vyc
hang khong vii tru. Viéc nghién ctru dong chay rdi trén ving tuong tac bang phuong phap
s6 phu hop trong diéu kién tai Viét Nam. Hai phuong phap mé phong sé duogc sir dung
trong phan 16n cac nghién ctru 1a phuong phap md phong truc tiép DNS va phuong phap
mo phong xoay 16n LES, trong khi ¢6 rét it nghién ctru stir dung phuong phap md phong
xody tach ro1 DES. Trong bai bao nay, nhom tac gia sit dung cac phuwong phap mo phong
sd nhu trung binh Reynolds RANS va mo phong xoay tach roi DES dé xay dung mot mo
hinh mé phéng sb cho phép nghién ciru cac dic trung khi dong cia dong rdi trén ving
tuong tic. RANS dugc sir dung dé danh gia su doc lap cua ludi. Vi phwong an ludi duge
lira chon tién hanh mé phong DES cho hai mé hinh bao gdm mé hinh DES-2D va mé hinh
DES-3D. Xt Iy dit lidu trudng vén tdc thu duoc bang mi ngudn Matlab, két qua cho thay
cac tham sd ciia dong trung binh da bam sat két qua thyc nghiém, trong khi déng nang rbi
con c6 sy sai s6 16n. Phan tich POD va Q-criterion da thé hién duoc mét sb cau tric kich
thude 16n trén ving tuong tac.

Tir khéa: Tuong tdc dong chay roi; mé phong xody tach roi; cdc tham sé khi dong; phan tich dit liéu.

1. Pit van dé

Khi ¢6 hai dong chét luu chuyén dong song song véi van tdc khac nhau thi tai khu
vuc giao nhau gitra hai dong tinh tur vi tri gap nhau theo hudng xuéi dong s€ hinh thanh
ving tuong tac chay réi hay con duoc goi 1a dong chay réi trén viing tuong tac (turbulent
mixing layer - TML). Trong nhiéu thap ky, TML lu6n la d6i twong duoc quan tam nghién
ctiu béi sy phd bién cua no trong ky thuat, dac biét 1a trong linh vyc hang khong [1-3].
Mot sé vi du vé TML nhu hién twong tron nhién lidu dbt voi dong khi oxy hoa trong
budng ddt cua dong co dong thang budng d6t siéu thanh (scramijet), hay su tuong tac gitra
ludng phut phia sau dong co tén lira va may bay phan lec véi dong khi bao quanh vo [4].
Cac hiéu biét vé dong chay rbi trén vung tuong tac dong vai trd quan trong va 1a kién thuc
I6i trong c&c nghién ciu nang cao hiéu suit dong co scramjet, nghién ctru giam tiéng 6n
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dong co tén ltra, nghién ciu 6n dinh lyc day dong co, nghién ctru twong tac ciing nhu anh
huong caa song xung kich va hién tugng tach dong bao vat. Bén canh do, nghién cau TML
con gitp giai thich cu thé cac hién twrong vat ly va lam co sé dé dé xuét cac bién phap nang
cao chat lugng khi dong cua thiét bi bay.

Cac nghién cttu ban dau vé TML chu yéu sir dung phuong phép thuc nghiém nhu
nghién ctru su anh huong caa khdi luong riéng toi cau tric dong chay dic trung trén ving
tuong tac boi Brown va Roshko [2], nghién ciu dong chay rdi trén viing twong tac chiu
nén bai Goebel va Dutton [5], va mai day la nghién ctru anh huong tinh nén téi dac tinh
ving tuong tac boi Kim va cong su [6]. Cac két qua nghién ciru di phat hién duoc sy ton
tai cta céc cau trdc lién két kich thudc 16n (lagre-scale coherent structures), ciing nhu su
t6n tai cua ving tu dong dang khi twong tac chay rdi phat trién hoan toan. Vi dong trén
am, Dupont va cong sy [7] da chi ra sy xuat hién song xung kich lam ting tinh chay réi
va sy hon loan cta dong chay trén twong tac. Tuy nhién, phuong phap thuc nghiém doi
hoi chi phi cao vé thiét bi va dung cu do. Bén canh dé, viéc chi thuc hién duoc trong diéu
kién phong thi nghiém gay kho khan khi 4p dung vao cac truong hop k§ thuat thyc té.

Cung véi su phéat trién ky thuat va khoa hoc may tinh, nhiéu nghién ciu vé TML st
dung mé phong sé da duoc thuc hién. Mot s6 cong trinh dién hinh nhu: Nghién ctu cau
trdc I6n trén ving tuong tac bang phuong phap xoay 16n boi McMullan va cong su [8],
md phong xoay lon cia dong chay rdi trén ving tuong tac sir dung mé hinh xody kéo
dai boi Mattner va cong su [9], hay nghién ctru tuong tac song xung kich vai dong
chay réi trén ving twong tac [10]. Bén canh d6, Zhang va cong su [11] st dung phuong
phap md phong truc tiép da truc quan héa duoc nhiéu cau trdc dong chay réi trén ving
twong tac nhu cau tric vong chir U, ciu tric dang kep toc, cdu tric dang gan suon.
Daotong Chong va cong su [12] da tién hanh nghién citu vé co ché hinh thanh va phat
trién cac xoay trong khu vuc chuyén tiép trén TML. Tong hop két qua cho thay phuong
phap xody 16n va md phong sb truc tiép thuong duoc sir dung trong nghién cttu dong
chay cho TML.

C6 thé thay riang, xay dung mot mo hinh md phong dang tin cay ¢ vai trd quan
trong trong md phong sd. Tuy nhién, tai Viét Nam ngudn tai nguyén may tinh con tuong
d6i han ché, viéc st dung cac md hinh bac cao nhur phuong phap xoay 16n va méd phong
sb tryc tiép con gap nhiéu khé khin. Do vay, xay dung cac mé hinh tinh todn bac thap,
tiét kiém thoi gian ma van dam bao duge do chinh xé4c c6 vai trd quan trong. Muc dich
ctia bai bao 1a dua ra mé hinh tinh toan pht hop cho bai toAn TML. Cu thé, phuong phap
m6 phong xody tach roi DES véi cac tham sb tinh toan phu hop dugc xay dung va khao
sat. Két qua mod phong DES sau khi xir Iy bang mé ngudn Matlab dugc so sanh véi thuc
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nghiém va cac nghién ctru da duoc cdng bd. Tir d6, nghién ctu cho thay tinh kha thi cua
viéc sir dung DES trong nghién ctiu vé viing tuong tac chay ri.

2. M6 hinh mé6 phéng

2.1. Phwong phdap mé phong DES

Mo phong xody tach roi DES dugc dé xuat boi Spalart [13, 14]. Pay 1a mot phuong
phap mé phong sb duge xay dung cho cac dong chay co sb Reynolds cao va cin mo ta
chinh x4c dong xody gin va xa sau vat. Trong thuc t&, RANS giai quyét tot cac thong sb
dong trung binh, von 1a cac théng sé cha yéu duoc cac ki su quan tdm. Con LES giai
dugc bai toan khong ding va cho két qua tinh toan chinh xac hon, nhung lai doi hoi chi
phi tinh toan cao hon. La su két hop giita RANS va LES, phuong phap DES cho phép
can bang chi phi tinh todn va do chinh xéac cta két qua.

Trén cuing mot ludi, DES sir dung RANS giai quyét cac 10p bién sat tuong cling va
sir dung LES dé giai quyét cac 16p cach xa tuong. DES nguyén ban sir dung mét so do
chuyén dbi gitra hai phuong phap RANS va LES duya trén 2 tham s rang budc d6 1a
khoang cach 6 ludi A va khoang cach véi tuong cimg d. Cu thé, so dd ¢6 thé biéu dién

duéi dang d = min (d ,CpesA), & d6 A =max(Ax, Ay, Az), Coes 1a hang s6 thuc nghiém.

Néu d<A thi d duoc thay thé d trong sb hang chtra (¥/d)? va mo hinh chuyén thanh
RANS cho khu vyc sat tuong, khi A <<d tng véi khu vuc xa tuwong thi mo hinh SGS trong
phuong phéap LES.

2.2. Mién tinh toan va di# liéu theec nghigm tham chiéu

Mién tinh c6 kich thugc 800 x 200 x 30 (mm) dugc st dung cho trudng hop 3D va
mién tinh c6 kich thudc 800 x 200 (mm) duoc sir dung cho truong hop 2D. Véach ngan 1a
mét vach phang hinh chir nhat coi nhu c¢6 d¢ day bang 0, c6 kich thuéc 100 x 30 (mm) cho
truong hop 3D va chi dai 100 mm cho truong hop 2D. Vach ngin chia bién 16i vao thanh
2 phan khong déu: phan tng véi dong vao van téc cao Uz ¢6 bé rong 80 mm, phan ung véi
dong vao van téc thap Uz ¢ bé rong 120 mm. Ving tuong tac tinh tir mép vach ngin toi
bién 15i ra dai 700 mm. Cac bién trén va dudi cua mién tinh véi diéu kién bién 1a tuong
khéng nhot. Vach ngin ¢ng véi diéu kién bién 1a tuong khong truot (Hinh 1).
Hé truc toa do véi gbc toa do O dit tai mép vach ngin, phuong Ox nam ngang theo chiéu
dong chay, phuong Oy theo phuong ding, phuong Oz vubng goc vai hinh vé hudng
vé phia nguoi doc. Cac diéu kién bién dugc tham khao tir md hinh cia Martha [15] va
Konark [16].
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Hinh 1. M hinh TML Véi véch ngan phang.

Nghién ctru thie nghiém vé dong chay rdi trén viing tuong tac ciia Kim va cong su [6]
duoc sir dung dé danh gia viéc xay dung mé hinh mé phong sb caa nhém nghién ctu. Kim
va cong su da sir dung camera toc do cao 1én dén 124.000 khung hinh/gidy két hop véi cac
phuong phép do van téc anh hat SPIV va thu duoc b dir liéu cho 5 trudng hop sé Mach
d6i lvu Mc = 0,185, 0,381, 0,546, 0,69 va 0,883. Nghién ciru nay tap trung vao truong hop
Mc = 0,185 nham d4nh gia tinh chinh x4c ctia md hinh tinh.

Str dung ludi kiéu cau triic cho mé hinh 2D va luéi khdng cau trdc cho mé hinh 3D.
Mat d6 ludi cao & khu vuc sat thanh vach ngin theo phuong ding (Hinh 2). Cac théng sé
dau vao bao gom U = 156 m/s, U, = 30 m/s, My = 0,463, M2 = 0,089, Mc = 0,185,
T1= 296°K, T2 = 292°K, r = Uz/Uy = 0,194, 5 = palps = 0,972 [6].

Hinh 2. Luéi cua cac mo hinh
a) Luéi cau trdc cia md hinh DES-2D;
b) Luéi khéng cau trac ciza md hinh DES-3D.

2.3. Tinh doc ap ciia luéi tinh todn va lya chen

Nhém nghién ctu thuc hién khao sat tinh doc 14p cua ludi cho mé hinh 2D bing
phuong phap trung binh thoi gian Reynolds (RANS). Cu thé, cac tac gia da sir dung md
hinh dong chay rdi k-e standard dya trén pressure-based véi mé hinh ham tuong standard,
b giai COUPLED cho luu chit 1a khi 1y twong tuan theo mé hinh nhét Sutherland. Bén
truong hop kich thude ludi duoc liét ké trong bang 1.
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Ta co ti I¢ 4o min cta ludi: ry = Ny =15; 1y = Nz =15; ryp = N3 =15
No Ny N>

Theo khuyén céo, ti 1¢ d6 min cua lugi phai I6n hon 1,3.

Bang 1. Thdng sé lui ciia mién tinh

Tén truwong hop Kich thuéc ludi S6 lwong phan tir (N;)
Ho 400 x 100 40000
H: 600 x 150 90000
H: 900 x 225 202500
Hs 1215 x 375 455625

Str dung téc do phat trién do rong ving tuong tac theo phuong Ox va phan b van
t6C tai Vi tri cach vach ngan x = 150 mm theo hudng xudi dong dé danh gia mirc do doc lap
ctia luéi cho 4 truong hop. Po rong ving tuong tac b [6] 1a tham sé thay doi theo phuong
dong chay va dugc xac dinh theo cong thic:

b=y, -, @
trong do: U(X,y;)=U; -0,1-AU; U(X,y,)=U,+0,1-AU; AU =U; -U,.
Téc do phéat trién d6 rong ving tuong tac theo phuong hudng dong chinh 1 dao ham
theo x caa b, nén ta c6 cdng thurc xac dinh:

db
- @

Két qua xu ly dit liéu tir bon truong hop duoc tong hop ¢ bang 2, & d6 ejj 1a sai s6
tdc do phat trién ving tuong tac gitra cac trudng hop.

%

Bang 2. Két qua xar 1y dir lieu md phong RANS

Thong s6 Gia tri
No; N1; N2; N3 40000; 90000; 202500; 455625

6o 0,09324

61 0,09337

) 0,09295

03 0,09195

€10 =100|9_|_—90|/00 0,14%
ey =100-|6, - 6|/6, 0,45%
€320 =100|93—92|/92 1,07%
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Phan bd truong van toc tai vi tri cach mép vach ngian mot khoang x = 150 mm cho
ca bén truong hop dugc chi ra trén hinh 3. C6 thé thiy ring, truong van tc trung binh trong
ca bbn treong hop gan nhu tring nhau hoan toan. Do vay, cac trudng hop cho két qua cua
trudng van toe doc 1ap voi ludi.

Hinh 4 cho thay tham s6 3 < y* < 15 va khi ting d6 phan giai caa lui thi y* giam
xudng. Theo [17, 18] khuyén nghi, vai md hinh réi k- standard can sir dung ham tuong khi
30 < y* < 200. Vay véi tham sé y* thu duoc trong nghién ctru nay thi mé hinh ham tuong
standard d duoc st dung cho ca bon trudng hop. Viéc st dung ham tudng o thé 1am giam
d6 chinh xac caa két qua md phong, tuy nhién can luu ¥ rang khu vuc quan tm nghién cau
cha yéu nam phia sau véch ngan di cho két qua phan bé van téc doc lap véi ludi (Hinh 3).
Két qua md phong véi RANS trong nghién ciu nay dwoc cho rang chap nhan duoc.
V6i phan tich nhu vay, lra chon truong hop ludi Hi 6 kich thuéc 600 x 150 véi s6 luong
90000 phan tir dugc chon cho md phong DES & phan tiép theo.

= ' ' —a-Hy —+H, = H,H,
50! H1
H2 15
H3
-~ 0 — - 10
= S
-50 5
-100 | (e :
! . -100 -50 0
0 50 100 150 x(mm)
U(m/s) at x = 150mm
Hinh 3. So sanh phan bé vdn tac Hinh 4. So sanh y* tai bé mgt trén vach.

tai x = 150 mm.

2.4. Xay deng mo hinh tinh toan cho DES

M6 phong DES cho mé hinh DES-2D duoc tién hanh trén ludi véi kich thudc
600 x 150 dd chon tir muc 2.3 véi c4c théng sé van téc Us = 156 m/s, U2 = 30 m/s.
M hinh k-e duoc st dung dé giai khu vue ludi gan tuong. St dung giai thuat PISO vai tly
chon pressure-base. Lua chon khi 1y tuong (ideal gas) tuan theo mé hinh nhét Sutherland.
Lay két qua md phong RANS (k- standard) 13 diéu kién dau vao cho mé phong DES.
Véi budc thoi gian tién hanh At = 2 x 10%s, md phong thuc hién trong 15000 budc, thu
duoc dir lidu truong van tde tai 3000 thoi diém tuong ng véi tong thoi gian md phong 1a
T=0,03s.
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M6 hinh DES-3D sir dung ludi tinh toan Ién t&i khoang 1,6 triéu phan tie. M6 hinh
tinh, bo giai, diéu kién bién gidng nhu truong hop DES-2D. Véi budc thoi gian
At = 10%s, md phong thuc hién duoc 20000 bude, thu duoc dit lidu trudng van tdc tai
2000 thoi diém, tng véi tong thoi gian md phong 14 T = 0,02 s. Cac két qua tir phan mém
Fluent va dit liéu thuc nghiém thé dwoc xir Iy bang cac thuat toan va ma ngudn Matlab
do nhom tu phat trién.

3. Két qua va thao luan
3.1. Trwrong vdn téc trung binh

Hinh 5 dwa ra cac két qua vé trudng van tdc trung binh theo phuong x dua vao thyuc
nghiém (Hinh 5a), mé phong 2D (Hinh 5b) va mé phong 3D (Hinh 5c¢). So sanh két qua
thue nghiém va mo phong cho thiy c6 su twong dong cao vé d6 16n va hinh anh truc quan
ving twong tac. Tuy nhién, ranh giéi phan chia cic mang méau & két qua mo phong DES

chua thyuce sy nhu cac dai quat tuyén tinh nhu & két qua thuc nghiém.

U(m/s)

. —————

B 100
$2
jib Iso

50 100 150 200 250 300
x(mm)

a) Dir liéu thuc nghiém ciia Kim, 2019 [6]

U (m/s)

0 50 100 150 200 250 300
x(mm)
b) Dit lieu mé phong 2D
U (mis)
0
E 100
>-20
40 Iso
0 50 100 150 200 250 300
x(mm)
¢) Dit lieu mo phong 3D

Hinh 5. So sanh vén téc trung binh trén ving twong tdc.
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Hinh 5¢ vé dit liéu md phong 3D cho thay doan 200 mm dau cua ving twong tac
kha hep, nghia 13 sy tuong tac giita hai ludng chwa phi hop véi thuc nghiém. Nguyén
nhan c6 thé do trong mo hinh 3D cac tuong tac ¢6 xu hudng 3 chiéu nén twong tic theo
phuong Ox bi han ché. bic diém cac cudn x04y 3 chiéu d3 duoc dé cap O cac nghién ctiu
trude do6 [2, 3, 6] vé dong chay rdi ving tuong tac. Ngoai ra, tic gia phat trién phuong
phép DES la Spalart [14] ciing thira nhéan ton tai vin dé tién trién theo md phong xody 1on
LES dién ra cham 1a do sy 6n dinh cia RANS & khu vuc gﬁn tuong vach ngan. Su on
dinh nay ddng nghia vi giam d6 nhay trong chuyén ddi sang mé hinh xody 16n LES.
3.2. D¢ rong vang twong tic theo phwong dong chdy

Hinh 6 cho thiy theo phuong dong chay cang xa vach ngan thi ca phuwong phap
RANS, DES-2D va DES-3D déu cho két qua c6 su khac bi¢t véi dit liéu thuc nghiém.
Cu thé, DES-2D cho két qua tét nhat khi sai 1éch so véi thyc nghiém it nht, trong khi
RANS va DES-3D cho két qua chua sat véi thuc nghiém. Cac két qua ctia DES-3D ¢6
thé do do rong va bé ngang cuia viing tinh toan chua du 16n, hodc thoi gian md phong chua
du lau. Trong diéu kién han ché vé tai nguyén tinh toan, nhom tac gia can duy tri thoi gian
tinh toan lau hon trong cac nghién ctru tiép theo dé cai thién do chinh xéac cua két qua.

——Experimental (Kim,2019) ——DES3D DES2D —RANS
40

50 100 150 200 250 300
x(mm)

Hinh 6. So sanh do réng ving twong tac (Dir liéu thuc nghiém tir Kim, 2019 [6]).

3.3. Phdn bé vin toc theo phwong dong chdy trong viing dong dang

Str dung hé toa d6 voi cac truc 1a cac dai luong khong thir nguyén dé khao sat phan
b6 cua trudng van tdc phwong hudéng dong, ¢ d6 truc hoanh 13 dai lugng
(U —U2)/AU va truc tung la dai luong 1 = (y — Yo)/b véi yo la duong trung tam vung tuong
tac [6]. Khao sat tai cac khoang cach x cach mép vach ngan khac nhau theo phuong dong
chay. Khi khoang cach du xa sé& thu duoc cac dudng phan bd van tdc trung nhau, day
chinh 12 tinh chét tu dong dang ctia dong chay rdi trén ving tuong tac (Hinh 7).
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15 1.5 ?
X = 260mm x = 300mm g
1 1 x=310mm g
X = 330mm F
0.5 0.57  x=350mm
= 0 = O
-0.5 0.5
- al £
1.5 I 15 5
0 0.2 04 0.6 0.8 1 : 0 0.2 0.4 06 08 1
(U- Uz)/‘AU (U- UQ)IAU
a) Thuc nghiém Kim, 2019 [6] b) Mé phong DES-2D
1-5 %
X =300mm ;5
1 x =310mm g
X = 330mm £
05 x = 350mm :J;;“‘
= 0
05 P
§
-1 f
E
1.5 &
-0.2 0 02 04 06 08 1

(U-U, AU
¢) Mo phong DES-3D
Hinh 7. Su thay déi vin toc theo phirong dong chay.

Két qua thyc nghiém cia Kim va két qua mé phong DES déu cho thdy khoang
cach x = 300 mm cach mép vach ngin da thudc ving dong dang. Dé danh gia do chinh
x4c ctia md hinh mé phong, chung ta tién hanh so sanh truong van tdc dic trung cho
ving ty dong dang ctia thyc nghiém va mé phong tai vi tri X = 300 mm. Hinh 8 cho thay
két qua phan bd van tdc theo phuong dong chay giita thyc nghiém va mo phong DES
trung nhau. Pong thoi, phan bd cua trudng véan tde trong truong hop 3D bam st theo
két qua thuc nghiém. Do vdy, mo phong DES cho két qua co do chinh xac tuong d6i
cao vé dic tinh ciia dong trung binh theo thoi gian.

| © Experiment * DES2D © DES3D - RANS © Experiment * DES2D © DES3D - RANS|
15 0.08
1 5
So06
05 S : 5
™
s 0 x0.04
@
-0.5 ‘“3
20.02
-1
155 - : : - 0
0 02 04 06 08 1 A5 -
(U-U,)/AU at x = 300mm "
Hinh 8. So sanh phdn bé truwong vin toc Hinh 9. So sanh fruong TKE
Dir liéu thuc nghiém tir Kim, 2019 [6]. Dir liéu thyc nghiém tir Kim, 2019 [6].
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3.4. Pjng ning roi trén viing dong dang

Hinh 9 dua ra két qua so sanh dong ning chay rdi (TKE) gitta mo phong va thuc
nghiém. O day truc hoanh 1 toa d6 khong thir nguyén # nhu truong hop véi van toc trén
hinh 8. Két qua mé phong DES-2D so véi thuc nghiém c6 sy sai sd 16n, trong khi
DES-3D c6 d6 chinh xac cao hon, va dang ngac nhién 1a két qua RANS lai 1a tot nhat.
Dong ning rdi 14 dai lugng lién quan ti cac thanh phan véan téc dao dong theo thoi gian.
Nhu vay, mé hinh RANS sir dung mé hinh réi k-e cho két qua vé dong ning rdi sat voi
thue nghiém hon DES. Tuy nhién, két qua cia RANS khong c6 tinh bién ddi theo thoi
gian nhu DES. Trong nhiéu trudng hop khi quan tim dén yéu té bién doi theo thoi gian
ctia cac tham sd dong chay, DES van 1a lwa chon hop 1y khi c6 bién phap ning cao do
chinh x4c vé dong nang rdi cho DES. V& mit thuat toan trong ving khong c6 tudng DES
chinh 12 m6 phong xody 16n LES. Viéc nang cao chat lwong DES c6 thé lién quan tryc
tiép t6i mat do ludi tinh toan.

3.5. Phan tich POD truc quan hoa dong chay réi

Phép phan tich tryc giao (POD) lan dau duoc Lumley [19] ding dé phan tach mot
truong vecto biéu thi dong chét luu chay rdi thanh tap hop cac ham xéac dinh; mdi ham
nay duoc goi 1a mot dang truc giao ciia trudng vecto ban dau. Trong phuong phap nay,
thanh phan dao dong cia van tc duge sip xép lai thanh mot ma tran véi mdi cot 1a gia
tri van tbc dao dong cua tat ca cac diém trong khong gian tai mot thoi diém t. Sau do,
phép phan tach don tri (SVD) dugc thyc hién (U = LY R") va thanh phan cac dang truc
giao cua truong van tdc co thé duoc xay dung lai. Cac bude tién hanh phan tich POD trén
ma ngudn Matlab dugc tham khao tir cong bd ctia Weiss Julien [20]. Pic trung cia POD
la céc dang truc giao dugc bb tri theo mirc nang lwong giam dan, do vay cic dang truc
giao dau tién thé hién dic trung chinh ctia dong chay duoc phan tich.

Trong nghién ctru nay, voi truong dir liéu van toc thu duge sau mo phong
DES-2D, ta tién hanh thiét lap ma tran van tdc dao dong U, sau do6 sir dung Matlab thuc
hién phan tich POD trén co sé phan tach don tri SVD. Hinh 10 biéu dién 5 dang truc giao
dau tién thu dugc sau xir Iy dir liéu. Quan séat hinh 10 ta c6 thé thay cac dang xoay 16n
phat trién theo phuong dong chay c6 kich thudc 16n dan & cac dang 1 va dang 3. Hién
tugng phan tach xody ciling thé hién & cac dang 4 va dang 5. Céc xody nay duoc bd tri
thanh cac cap c6 chiéu ddi 1ap nhau. Pay 1a dic trung riéng ctia xody trén ving tuong tac,
duoc chi ra cu thé trong nghién ctru nay. Két qua phan tich tryc giao POD cho thiy, cac

céu trac c6 kich thude 16n trén ving tuong tac c6 thé duoc hién thi trén ving tuong tac.
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Hinh 10. Cac dang truc giao POD dau tién cua truong hop DES-2D.

3.6. Truc quan héa dong chdy réi véi Q-criterion

Trong phan nay, nhém tac gia thuc hién truc quan héa dong chay véi mé hinh
DES-3D dé 1am ndi bét céu trac lién mach kich thudc 16n bang Q-criterion. Q-criterion
xdy dung truc tiép trén bat bién thi 2 cua ten-xo gradient van téc. V& mit dinh nghia,
Q-criterion biéu thi sy can béng cuc bo gitra tbc do bién dang cat va do 16n cua X04y.
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Q-criterion x4c dinh cac xody 1a khu vuc c6 d6 16n d6 xoay 16n hon d6 16n téc do bién dang,
tic 14 Q > 0. Cac tinh toan va biéu thic vé Q-criterion dugc md ta trong [21].
Hinh 11 thé hién cac cudn réi tng v6i mit dang vi Q-criterion Q = 0,1 va dugc t6 mau
theo gia tri trudng van tdc. Cau trac cho thay su phit hop v6i so dd chdng cudn song trén
TML do McMullan d& xuét [22]. So véi két qua mo phong bang phuwong phap truc tiép
DNS cua Zhang va cong sy nam 2019 [11] thi két qua mo phong DES-3D c6 sy tring
hop nhét dinh khi thé hién dwoc ciu tric xoay hinh chit U (U-shape vortex). Tuy nhién,
do chiéu sau theo phuong z cia trudng hop DES-3D con nhé nén chua thé hién tot nhu
mo phong DNS. Cac két qua ctia Q-criterion ciing cho thiy ciu tric xody dang chir U 1a
dic trung dién hinh trong khéng gian ctia dong chay trén ving tuong tac. Pong thoi, do
rong ctia xody chit U thu hep va chiéu dai tang 1én khi di xa gd trudc.

U (m/s)
i .
0 17 34 51 68 85 102 119 136 153 170
O
z
y
O
z

b) Hinh anh nhin tir phia truée
Hinh 11. Mt dang vi ciia Q-criterion tiéu chudan hoa tai Q = 0,1.

4. Két luan

Bai bao da trinh bay viéc nghién ctru xdy dyng mé hinh mé phong s sir dung DES
cho dong chay trén ving tuong tac. Vi lwa chon ludi va cac tham sé tinh toan phu hop
dugc chi ra trong bai, phuong phap DES cho phép giam déng ké thoi gian tinh toan ma
van dam bao d¢ chinh xac phu hop ciia két qua. Chuong trinh xir 1y dir liéu két hop gitta
Fluent va Matlab dugc xay dung trong danh gia cac dac tinh khong dirng cua dong chay.
Mot s6 dong gop cu thé ctia nghién ctru nay nhu sau:

- M6 hinh 3D cho céc két qua du doan vé van tc va dong ning chay rdi sat so véi
thyc nghiém. Phuong phap RANS cho két qua tdt trong mot sé truong hop nhét dinh. Tuy

nhién, chi c6 cac tham sé trung binh cta dong chay thu duoc tir phuwong phap nay.
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- Khi tham s6 duoc lya chon phu hop, phuong phap mé phong DES trong khong
gian ba chiéu c6 sy phu hop nhét dinh va trién vong 1a phuong phap chinh trong khi
nghién ciru vé dong chay rdi trén ving tuong tac.

- Phan tich tryc giao POD cho thdy cip xody nguoc nhau chiém wu thé véi muc
ning luong 16n trong mat phang cta dong chay trén ving tuong tac. Cac két qua cua
Q-criterion chi ra rang ciu trac xody dang chit U 1a dic trung dién hinh trong khong gian
ctia dong chay trén ving twong tac. Két qua cling chi ra rang d6 rong cua xoay chir U thu
hep va chiéu dai ting 1én khi di xa go trudc.

- Két qua nghién ciru lam co s¢ dé tmg dung DES trong nghién ctru dong chdy trén
ving tuong tac tai cac s6 Mach ddi luu khac nhau. Pong thoi, mé hinh cu thé nhu dong
co tén ltra s€ dugc khao sat trong cac nghién ctru sau nay.

Tai liéu tham khao
[1] H. W. Liepmann and J. Laufer, “Investigation of Free Turbulent Mixing”, NACA
No. 1257, 1947.

[2] G. L. Brown and A. Roshko, “On density effects and large structure in turbulent mixing
layers”, J Fluid Mech, Vol. 64, No. 4, pp. 775-816, 1974. DOI:
10.1017/S002211207400190X

[3] M. M. Rogers and R. D. Moser, “The three-dimensional evolution of a plane mixing layer:
the Kelvin-Helmholtz rollup”, J Fluid Mech, Vol. 243, pp. 183-226, 1992. DOI:
10.1017/S0022112092002696

[4] D.Caoetal., “LES study on flow features of the supersonic mixing layer affected by shock
waves,”  International Communications in Heat and Mass Transfer,
Vol. 85, pp. 114-123, Jul. 2017. DOI: 10.1016/j.icheatmasstransfer.2017.04.019

[5] S. G. Goebel and J. C. Dutton, “Experimental study of compressible turbulent mixing
layers”, AIAA Journal, VVol. 29, No. 4, pp. 538-546, Apr. 1991. DOI: 10.2514/3.10617

[6] K. U. Kim, G. S. Elliott, and J. C. Dutton, “Three-dimensional experimental study of
compressibility effects on turbulent free shear layers”, AIAA Journal, Vol. 58, No. 1,
pp. 133-147, 2019. DOI: 10.2514/1.J058556

[71  P.Dupont, S. Piponniau, and J. P. Dussauge, “Compressible mixing layer in shock-induced
separation”, J Fluid Mech, Vol. 863, pp. 620-643, 2019. DOI: 10.1017/jfm.2018.987

[8] W. A. Mcmullan, S. Gao, and C. M. Coats, “Investigation of Coherent Structures in
Turbulent Mixing Layers using Large Eddy Simulation”, 48™ AIAA Aerospace Sciences
Meeting Including the New Horizons Forum and Aerospace Exposition 4 - 7 January 2010,
Orlando, Florida. DOI: 10.2514/6.2010-1291

[9] T. W. Mattner, “Large-eddy simulations of turbulent mixing layers using the stretched-
vortex model”, J Fluid Mech, Vol. 671, pp. 507-534, Mar. 2011. DOI:
10.1017/S002211201000580X

40


https://doi.org/10.2514/6.2010-1291

Tap chi Khoa hoc va Ky thudt - ISSN 1859-0209

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

F. Shi, Z. Gao, C. Jiang, and C. H. Lee, “Numerical investigation of shock-turbulent mixing
layer interaction and shock-associated noise”, Physics of Fluids, Vol. 33, No. 2, Feb. 2021.
DOI: 10.1063/5.0034346

D. Zhang, J. Tan, and X. Yao, “Direct numerical simulation of spatially developing highly
compressible mixing layer: Structural evolution and turbulent statistics™, Physics of Fluids,
Vol. 31, No. 3, Mar. 2019. DOI: 10.1063/1.5087540

D. Chong, Y. Bai, Q. Zhao, W. Chen, J. Yan, and Y. Hong, “Direct numerical simulation
of vortex structures during the late stage of the transition process in a compressible mixing
layer”, Physics of Fluids, Vol. 33, No. 5, May 2021, 054108. DOI: 10.1063/5.0048584

P. Spalart, W. H. Jou, M. Strelets, and S. Allmaras, Comments on the Feasibility of LES for
Wings, and on a Hybrid RANS/LES Approach, Jan. 1997.

P. Spalart, ‘“Detached-Eddy Simulation”, Annu Rev Fluid Mech, Vol. 41,
pp. 181-202, Jan. 2009. DOI: 10.1146/annurev.fluid.010908.165130

C. S. Martha, G. A. Blaisdell, and A. S. Lyrintzis, “Large eddy simulations of 2-D and
3-D spatially developing mixing layers”, Aerosp Sci Technol, Vol. 31, No. 1, pp. 59-72,
2013. DOI: 10.1016/j.ast.2013.09.007

K. Arora, K. Chakravarthy, and D. Chakraborty, “Large eddy simulation of supersonic,
compressible, turbulent mixing layers”, Aerosp Sci Technol, Vol. 86, pp. 592-598, Mar.
2019. DOI: 10.1016/j.ast.2019.01.034

Ansys Fluent, “ANSYS Fluent Theory Guide,” ANSYS Inc., Vol. R2, 2021.

F. R. Menter and R. Sechner, “Best Practice: RANS Turbulence Modeling in Ansys CFD”,
ANSYS Inc., 2021.

G. Berkooz, P. J. Holmes, and J. Lumley, “The Proper Orthogonal Decomposition in the
Analysis of Turbulent Flows”, Annu Rev Fluid Mech, Vol. 25, pp. 539-575, Nov. 2003.
DOI: 10.1146/annurev.fl.25.010193.002543

J. Weiss, “A Tutorial on the Proper Orthogonal Decomposition”, in AIAA Aviation 2019
Forum, 2019. DOI: 10.2514/6.2019-3333

J. Zhan, Y. Li, W. O. Wai, and W. Hu, “Comparison between the Q criterion and Rortex in
the application of an in-stream structure”, Physics of Fluids, Vol. 31, No. 12, Dec. 2019,
121701. DOI: 10.1063/1.5124245

W. A. McMullan, S. Gao, and C. M. Coats, “Organised large structure in the post-transition
mixing layer. Part 2. Large-eddy simulation”, J Fluid Mech, Vol. 762, pp. 302-343, 2015.
DOI: 10.1017/jfm.2014.660

41



Journal of Science and Technique - Vol. 19, No. 01 (Mar. 2024)

DETACHED EDDY SIMULATIONS IN THE STUDY
OF AERODYNAMIC CHARACTERISTICS OF THE TURBULENT
MIXING LAYER

Abstract: The turbulent mixing layer is a phenomenon that occurs and has many
applications in aeronautical engineering. The study of mixing layer turbulence by the numerical
method is suitable under domestic conditions. Two numerical simulation methods are used in
most studies including, direct numerical simulation DNS and large eddy simulation LES, while
there are very few studies using detached eddy simulation DES. In this article, the authors use
numerical simulation methods evolving Reynolds average Navier-Stokes simulation RANS and
detached eddy simulation DES to propose a numerical simulation model that allows to study of
the aerodynamic characteristics of the turbulent flow interaction. RANS is used to evaluate grid
independence. With the selected mesh, two models counting the DES-2D model and the DES-3D
model are conducted. Processing velocity field data with Matlab code, the results show that the
average flow behavior has closely followed the experimental results, while the turbulent kinetic
energy still has a large error. POD and Q-criterion analysis has shown some large coherent
structures in the interaction region.

Keywords: Mixing layer; detached eddy simulation; aerodynamic characteristics;
data analysis.
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