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This paper investigates the influence of inclination angle on flow field,
surface pressure, separation and reattachment on the surface. The
Reynolds-averaged Navier-Stokes equations (RANS) with turbulent
model k- SST was applied for simulation. The numerical results with
sloped angle of 25° were then compared with previous experimental
data for validation. The influence of inclination angle was investigated
with 10 specific cases, thereby determining aerodynamic characteristics
such as pressure distribution, surface flow, separation and reattachment
positions on the surfaces. The results indicated that the turbulent model
shows a high ability in analyzing complex flow around the sloped
surface. The numerical results showed that the separation flow occurs
for sloped angles above 15°. Then the flow is reattached again on the
horizontal surface to form a recirculation region. The length of
recirculation regions increases with sloped angles and reaches a
maximum value of around 7h for the sloped angle of 90°. The relation
between surface flow and pressure distribution on the surface was
discussed in detail.
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M6 phong sb

Bai bao khao sat anh huong cua goc nghiéng ti dong chay, ap suat bé
mat, vi tri tach, hop dong trén bé mit. Phuong phap trung binh theo
Reynolds (RANS) v6i md hinh chay réi k-o SST dugc sir dung cho md
phong. Két qua sd vai goc nghiéng 25° dugc so sanh vai két qua thuc
nghiém nhim danh gi4 mé hinh. Anh huéng cua goc nghiéng duoc
khao sat cho 10 trudng hop cu thé, tir d6 xac dinh cac dic tinh khi dong
dic trung nhu phan b &p suat, dong chay trén bé mat, vi tri tach va hop
dong. Két qua nghién ciru chi ra ring mé hinh rdi cho d6 chinh xac cao
trong mo ta dong chay trén bé mat déc. M6 phong sé cho thay hién
tuong tach dong xuit hién vai goc vat trén 15°. Sau do, dong chay hop
dong lai trén bé mat ngang va tao ra ving xoay ngugc. Chiéu dai ving
chay nguoc tang voi goc dbc va dat gia tri cuc dai khoang 7h cho
truong hop goc vat bang 90°. Mbi twong quan giita dong chay trén bé
mit va phan b &p suat dugc khao sat chi tiét.
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1. Giéi thiéu

Dong chay qua bé mat vat dang thanh vat thuong xuét hién nhiéu trong cudc séng ciing nhur
trong ky thuat, nhu dong chay qua canh ta may bay, dong chay quanh dudi than may bay, tén I,
dong chay phia sau nha cao tang. Dong chay dang nay thuong duoc dic trung bai hién tugng
tach, hop dong trén bé mit vat va céc xody tach dong lén sau dudi [1]. Thém vao do, cac dic
trung ciia dong dau vao nhu van tdc, do chay rdi, sé Reynolds ciing anh huong 16n t6i dic tinh
khi dong ctaa mo hinh [2], [3].

Viéc kiém soat sy phan tach dong chay & cac vi tri goc nghiéng co ¥ nghia quan trong trong
viéc tang d6 bén két cau, giam luc can, ting téc d6 cho méy bay, tén lia hay cac dong xe dua. Vi
du vai dong chay géc nghiéng ¢ suon ddc, ddi nui, dic trung dong chay s& anh huong dén do xoi
mon, su phéat trién cua thuc vat va cac ngbi nha ¢ vi tri quanh suon doc [4], [5]. Ngoai ra dong
chay tai vi tri goc vat trén cac toa nha cao tang ciing can dugc nghién ciru dé dat dugc do an toan
cho két ciu, cac viing xody ciia dong khi ciing gdy anh huong dén cac cong trinh xung quanh [6].
Hay trong nganh céng nghiép thiy dién, cac xody nudc ciing anh huong nhiéu dén hiéu ning,
tinh an toan cta cong trinh. Trong linh vuc xe thé thao, xe dua viéc md phong, kiém soat dong
chay ciing rat quan trong, nhiing thay d6i nho nhu vi tri, géc nghiéng ciia cac chi tiét nhu hc gio,
canh, kinh chén gié... ciing anh huong dén khi dong hoc cua xe va két qua cua cudc dua [7], [8].

bac biét trong linh vuc hang khong, méy bay hoat dong bing cach diéu khién céc canh ta,
canh liéng, dudi dung dé thay d6i dong khi, ting luc nang may bay. Vi vay chi mét vai thay doi,
nhiéu loan cua dong khi xung quanh céc vi tri canh va dudi may bay ciing anh huong rat 1on dén
tinh an toan may bay. Su nhiéu loan dong khi tai mot vi tri goc nghiéng trén vo may bay ciling
gay anh hudng dén cac ang ten hay céac thiét bi do ap sudt, van toc khac trén than may bay. Vi
vay can khao sét sy thay doi vé dong chay tai cac bé mat goc nghiéng khéc nhau, tir d6 sir dung
cac goc nghiéng phu hop voi diéu kién va yéu cau cua ting nganh cong nghiép.

Trong bai bao nay, md hinh dang goc nghiéng don gian véi cac goc nghiéng thay dbi tir 0 t6i
90° dugc khao sat nham phan tich va tong hop cac dic trung khi dong cua dong chay. Phuong
phap mod phong sé dua trén roi rac hoa phuong trinh Navier-Stokes voi mé hinh rdi k-w SST
duoc tng dung. Két qua md phong s6 dugc so sanh vai thuc nghiém nham kiém chieng mé hinh.
Anh huong cua g6c nghiéng téi phan b &p suét, truong ma sét, vi tri tach, hop dong trén bé mat
duoc khao sat cu thé trong nghién ciru nay.

2. Phuong phap tinh toan va bd tri mé hinh
2.1. Phwong phdp tinh todn

Phuong trinh trung binh Navier-Stokes theo Reynolds (RANS) la phuong trinh chuyén dong
trung binh theo thoi gian ctia dong chay [9]. Cac phuong trinh RANS chu yeu dugc str dung dé mo
ta cac dong chay roi. Cac phuong trinh nay c6 thé dugc str dung vé6i cac phép tinh gin dung dya
trén cac dic tinh ciia sy hdn loan dong chay dé dua ra cac giai phap trung binh theo thoi gian gan
dung cho cac phuong trinh Navier—Stokes. Cac phuong trinh nay c6 thé dugc viét bang nhur sau:

oA _ _ ;. OUj N
puisxu;=pfi +axaj{—/05ij +ﬂ[§xu;+aXiJ]—pUiUJ (1)
Trong d6 i, j =1,2,3; uj 1a thanh phan vén tdc trung binh; p 13 4p suét; p 1a mat do khong khi.
Vé trai ciia phuong trinh nay dai dién cho sy thay d6i dong luong trung binh cuia mot phén tur
chat 16ng do sy 'khong 6n dinh trong dong chay trung binh va sy dbi luu cua dong chay trung
binh. Su thay d6i nay duoc can bang boi luc trung binh cia mé hinh, ing suit ding hudng do
truong 4p sudt trung binh, ing sudt nh6t va Gmg suét biu kién (- u;'w;") do trudong van tdc dao
dong, thuong dugc goi 1a tmg suat Reynolds .
Trong phuong phap RANS, tensor ung suét Reynolds phu thugc vao do nhét dong hoc vr.
Tham s6 nay dugc mo ta thong qua ddng nang chay roi k va do ti€u tan nang luong ¢. Cac mo
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hinh dong chay réi thudong dugc st dung dé moé ta cac tham sb nay bao gém: Spalart va
Allmaras, k—¢, va k—o. D6i v6i mdi bai toan khac nhau thi lua chon mé hinh khac nhau. Trong
nghién ctru nay sir dung mo hinh chay rdi k- SST. Pay 1a mo hinh hai phuong trinh, st dung
cho dong chay can mo ta 16p bién do chinh xac cao [10], [11].

Trong md hinh nay, biéu thirc vr va k phuong trinh twong tw nhu céc gia tri trong mé hinh k- &.
Su khac biét ndm & viéc s dung phuong trinh cho  va &, nhu dugc mo ta chi tiét bai Wilcox
[12], d6i v6i cac dong chay & 16p bién, mo hinh k—w ¢6 uu thé hon ca trong xir Iy viing gan thanh
nhdt va trong tinh toan ctia né cho cac anh huéng ciia gradient ap suat dong chay. Tuy nhién, viéc
xtt Iy cac ranh gidi dong tu do khong réi 1a mot tré ngai 16n: diéu kién bién khac khong (phi vat
Iy) trén w 13 bat budc va tinh toan dong chay nhay cam vai gia tri duoc chi dinh.

Hai phuong trinh bo sung theo mé hinh chay rdi k—w:

Phuong trinh nang luong dong hoc xoay:

a(pk) a(pujk) * d ) (
A K+—o R
ot i X prh po +8Xj ('LHGk'ut)axJ'
Phuong trinh ti 1€ phan tan:
o(p) 0(mje) , 2. @ ow P2 K dw (
=LZp- — —|+2(1- —_
ot " Xj vt fpe +6xj' (ﬂ+akﬂt)6’xj' +21-R) @  OXj OXj

Trong do hé s6 nhét vr duoce xac dinh nhu sau:
V; =1K,, (1o.SF, ) (4)

Cac tham sb ok, 0., SF 1a cac hé s cho trudc va duoc xac dinh tly thudc vao vi tri gan hosc
xa bé mit.

2.2. Bé tri mo hinh cho tinh toan

Trong bai nghién ciru ndy, tinh toan mé phong quanh bd déc véi cac goc nghiéng khac nhau
thay ddi tir 5° t6i 90° dugc thyc hién nhiam dwa ra hinh anh cy thé vé phan b ap suit, van tdc,
truong ma sat quanh bé mat md hinh. Céc két qua md phong dwoc so sanh, kiém ching voi mo
hinh thuc nghiém cua Giuseppe Ceglia va cong su [1].

Vung tinh toan c6 dang hinh hop chit nhat véi kich thudce dai x rong = 255h x 67h. Trong do,
khoang cach tir bién trén va bién dudi téi bé mat cia md hinh 1a bang nhau. Khoang cach tir dau
V&0 t6i mili mo hinh 1a 40h va khoang céch tir dudi mé hinh dén dau ra 1a 166.6h. M hinh ving
tinh toan va ludi quanh goc nghiéng dugc chi trén Hinh 1. Nghién ciu sir dung ludi ¢6 cau tric,
duoc chia trén phan mém ICEM. Kich thude ludi tai viing sat bé mat mé hinh duoc lra chon nho,
Vv6i do day nho nhit cua diém duoc chia véi nhidu mat do ludi khac nhau. Kich thudce luéi quanh
md hinh duoc chi ra trén Hinh 2.

Twang :‘: S
2 L
§ 40k Lf"‘ 166k i o] . :f & :\
’g —_— = h= Limm v o | S SIS
Q 5 3 §
=
3
Twdng
Hinh 1. Thiét lgp vang tinh toan Hinh 2. Cdu tric léi quanh v; tri géc nghiéng
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2.3. M6 hinh tinh toan va so sanh vei thuc nghiém

Trong nghién ctru nay, tinh toan mo6 phong quanh bo dbc véi cac goc nghiéng khac nhau
thay doi tir 5° t6i 90° dugc thuc hién nham dua ra hinh anh cu thé vé phan b ap sut, van toc,
trudng ma sat quanh bé mat mé hinh. Hinh 3 dua ra két qua phan bd &p suat trén bé mat mé
hinh dya trén mé phong sé va thuc nghiém bai Giuseppe Ceglia va cong su [1] tai géc nghiéng
25°. Trong d6, h la chiéu cao do doc cia mé hinh (h = 15 mm, nhu dugc chi ra trén Hinh 1),
con X 1a vi tri theo phwong x. Vi tri X/h = 0 twong Gng va&i diém bat dau goc vat. Co thé thay
rang, két qua md phong cho xu hudéng tring véi thuc nghiém vai viing &p suét thap dugc hinh
thanh tai mép trudc cua goc nghiéng. Phia sau goc nghiéng, ap suit c6 xu hudng ting dan va
dat cyc dai tai X/h = 5. Mac du c6 sai sé gitra md phong s6 so véi thuc nghiém ma nguy@n nhan
chinh 1a do anh huéng cua md hinh tinh, sai léch nam trong khoang cho phép. M6 phong sb cé
thé dung dé tinh toan cho truong hop cac goc nghiéng khac nhau, nhim dua ra xu huéng caa
dong chay trén bé mit vat.

0.3

= Fluent
02l * Thue nghiém o it
..-, . .
0.1 o
.
& 00F
T .
w .
S0 hnrrvmnaanas fane., et
‘(g ...... .' L]
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Hinh 3. Phan bé hé sé ap sudt trén bé mat bang md phong sé va thyc nghiém
3. Ung dung phuong phip trong phan tich dong chay va thao luan
3.1. Phan bé van téc

Hinh 4 chi ra phan b van téc va dong chay quanh goc nghiéng cho cac truong hop goc tir 5
t6i 90°. C6 thé thay, viing xody xuat hién quanh mép sau cua goc nghiéng véi van toc nho, trong
khi quanh mép truéc, van tde ting 1én dang ké. Hién tuong tach dong xut hién ¢ dau cua géc
nghiéng, viing xody tap trung tai chan cua doan doc va Ién dan khi goc nghiéng ting dan. Tai
truong hop 5° va 10° khong xuat hién viing xody, goc 15°cd viing xody rat nho, trong khi kich
thudc ving xody tang khi goc nghiéng 16n hon 25°. Véi goc 15°, 25°, su hop dong xay ra tai
khoang X/h=4, gbéc 35° hgp dong tai X/h=5 va truong hgp 45°, 50° vi tri hop dong tai khoang
X/h=5.5. Vi cac goc 60°, 75° va 90°, vi tri hop dong tai khoang I16n hon X/h=6. Cac truong hop
g6c nghiéng lén hon 25° ¢6 ving xody cudn tron déu, tir 6 ton tai dai van téc thip phan bé déu.
Dic biét d6i véi truong hop goc 90°, ¢d xuat hién 1 ving xody nho tai chan caa déc. Nguyén
nhan 1a vi goc 90° gay ra su thay doi dot ngot cua truong dong chay.

3.2. Phan bé ap sut

Hinh 5 dua ra phan b6 4p suat tai bé mit doc, c6 thé thay viing ap suat thap tap trung tai vi tri
dau va chan cua doc. Tai truong hop 5° hau nhur khong Xuat hién vung ap sut thap. Truong hop
goc 10°,15° ap Sut thap chi tap trung tai vi tri dau doc va tang dan ¢ cudi dbc. Cac trudng hop
25° dén 90° viing &p suét thip phan b déu tir dau dén cudi dic, cang ting goc nghiéng thi vung
ap suét thap cang giam. Sy khac biét dang ké Xxuét hién tai goc nghiéng 5°. Diéu nay cho thay
rang, phan bd &p suat anh huong déng ké bai hién twong dong chay quanh géc nghiéng.
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Hinh 4. Trirong vén téc va dong chay tai cc géc nghiéng khac nhau:
(a) 5° (b) 10° (c) 15° (d) 25° (e) 35° (f) 45° (g) 50° (h) 60° (i) 75° (j) 90°

Hinh 6 1a d6 thi thé hién hé s6 4p suat tai mat trén caa md hinh. Tai phia trén cua doan duong
ndi (-15 < X/ h < -5), &p suit trung binh theo xu hudng dién hinh ciia mot mat phing véi gradient
&p suat bang khdng. C6 thé thdy hé sb ap suét giam dot ngot tai vi tri X/h=0 13 vi tri dau cua géc
nghiéng do c6 sy tach dong. Hé s 4p suét tang lai phia sau chan géc nghiéng, tai khoang X/h=4
va dat gié tri 16n nhat tai khoang X/h=8. Cac truong hop géc nghiéng c6 chiu cao h ¢ dinh nén
d6 dai goc nghiéng s& khac nhau, nén vi tri ¢ hé sé ap suat 16n nhat trén d6 thi c¢6 sy khac nhau.
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Hinh 5. Ap suat tai cac goc nghiéng khéc nhau: (a) 10° (b)15° (c) 25° (d) 45° (e) 60° (f) 90°
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Hinh 6. Hé s6 dp sudt tai cac goc nghiéng: (a) H¢ $6 dp sudt tai cdc goc nghiéng 5-35°
(b) Hé 50 ap suat tai cdc goc nghiéng 45-90°

3.3. Pdc trung vé hé sé ma sat va vj tri hep dong, tach dong

Dé hiéu rd hon vé hién tugng téch, hgp dong trén bé mat mo hinh, trudong ma st theo phuwong
X trén b& mat mé hinh dugc phén tich. Piém tach dong duogc xac dinh 1a vi tri khi duong ma sat
cit truc hoanh va thay doi tir duong sang am, trong khi diém hop dong duoc xac dinh 1a vi tri
dudng ma sat cét tryc hoanh va thay di tir am sang duong. Cac két qua vé dudong ma sat duoc
hién thi trén hinh 7. C6 thé thiy ring, tai goc vat 5 va 10 thi ko c6 tach dong trén bé mat véi dic
trung duong ctia hé s6 ma sét. Tai vi tri goc nghiéng, gia tri hé sé ma sat bé mit thay doi vai bién
d6 16n do anh huéng caa ving xody. Tuy nhién hién tuong tach va hop dong xuét hién véi cac
g6c nghiéng 1on hon 10°, hinh thanh viing xoay va chay nguoc trén bé mat mé hinh. Tai cac goc
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nghiéng tur 5°- 35°, d6 thi ¢ nhiéu su khac biét vé két qua. Con cac truong hop tir 45°-90°, xu
hudng két qua khong cé nhiéu sai léch.

- 45
8 50
+ 60
v 75
6 90
5 :
2 ha - ) &
o 1 1 L5 1 1 s 1 )(/h
20 10 1 10 20 30
) 4
o
2L
(b)

(a)
Hinh 7. Hé s6 ma sdt bé mdt tai cdc géc nghiéng: (a) Hé s6 ma sdt tai cdc goc nghiéng 5-35°
(b) Hé 56 ma sat tai cic géc nghiéng 45-90°

Hinh 8 tong hop vi tri tach hop dong trén bé mat goc nghiéng. C6 thé thay rang, hién tuong
tach dong xay ra sat mep truéc cua goc nghiéng va co sy thay doi gitra cac goc nghiéng khéc
nhau. Chiéu dai viing xoay co xu hudng tang khi goc nghiéng tang. Vi cac goc nghiéng dugc
khao sét, chiéu dai ving xoay nam trong khoang tir 4.5h téi 7.5h. Can cha y rang S0 véi mo hinh
dang ddi xtng c6 vat thay doi trong cac nghién ctru trude day [13] — [16], chiéu dai vung tach
hop dong trén md hinh 2D thuong 16n hon rat nhiéu. Diéu nay xuat hién do su khac biét dang ké
vé cAu triic dong chay trén cac md hinh trén.

7 +=— Hop doéng
—+— Tach dong

10 20 30 40 50 60 70 80 90 100
Géc nghiéng

Hinh 8. Vi tri hop dong va tach dong véi tirmg trueong hop gdc nghiéng
4. Két luan

Nghién ctru da khao sat duoc sy anh huong ciia dong chay téi vi tri géc nghiéng bang viéc md
phong luc khi dong trén phan mém thuong mai dién tar Ansys Fluent. M6 hinh rdi dwoc chon dé
giai quyét bai toan d6 1a RANS k-  SST véi md hinh dya theo thuc nghiém ciia Giuseppe Ceglia
va cong su [1] véi cac goc gid nghiéng dugc xét tir 5° dén 90°. Cac két qua dat dugc cia bai
nghién ctru nhu sau:

Két qua md phong gan vai thuc nghiém. Su khéc biét dang ké vé phan b van tdc, ap suat xay
ra véi goc nghiéng bang 5°, 10° va 15°. Véi goc nghiéng Ién hon 25°, hién twong vé dong chay
va phan bé van téc, ap suat twong dong.

Cac trueong hop goc nghiéng 5° va 10° khéng xay ra hién tugng tdch dong. Hién tuong tach
dong xay ra tai mép trudc cua goc nghiéng va diém hop dong nam trong khoang tir 4.5h téi 7.5h
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V6i cac goc nghiéng 16n hon 15°. Van téc trén bé mat mép trudc ciia goc nghiéng tang 1én déng
ké. Ving xoay nguoc trén bé mit goc nghiéng c6 xu hudng mo rong khi goc nghiéng tang.

Ap suit, hé s6 ap suat trén bé mat goc nghiéng tang dan va it sy chénh léch trén bé mat déi véi
cac trrong hop goc nghiéng 1én hon.

Dé cung cap két qua chinh xac hon, cac phuong phéap tinh toan khac nhu sir dung phuong
phap xoay I6n, phuong phap mé phong truc tiép cho bai toan ba chiéu can duoc thuc hién.
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