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- Tém edr: Mot xu hurdmg hign dai dang phét trién trong tinh rodn T h
:Hyﬂqrbd?cd:dd.ﬂﬂmﬁlnm 1€ dua trén 107 gidi riah#phm:i:&ﬁaﬁ:r‘-
Stokes. Dei vdi viéc nghién cit khi dgng hée hoe cde ding c6 vin 16 thip, gid thidi khong
nén ditge khdng chi phit hop mé con cdn thiéi do cdc phuong phip gidi hé phuong trink
Navier-Stokes nén dugc thung rdt kho hi ty ddi vii cde dong e6 s6 Mach thip, Béo cdo
trink bdy mot phuong phdp gidi hé phwang trink Navier-Stakes khdng nén duoc trong hé 1og
d9 cong theo hinh dang vdt the. Phutong phdp dicgc sit dung d€ tink todn déng bao quank
mdt hink tru trén va déng bao quanh mdt ddu hink bdn cdu cia vdt thé hinh tru va cdc kéi
qud tink todn dige so sdnk voi dit lidu thi nghiém. Cudi cing, tinh todn déng bao quanh
mpr vdt the dang thdn mdy bay ¢ cdnh dwre trinh bay cho thdy khd ndng ciia phiemg phdp
dii il dang hink hoc phie tap ba chiéu.

1. Gidi thiéu

Trong thivi gian gdn day, phuong phap gidi hé phuong trinh Navier-Stokes d€ tinh todn
dong luc dong chay di duge coi 14 mét phuong phip quan trong va cdn thiét trong nghién cifu
cée ddng k¥ thudt, bao gém ca déng luc hoc ciia vat thé bay. C6 hai 19 do quan trong din dén
suf phit trién nhanh chéng va dp dung rong riii clia phueng phép nghién citu nay: thit nhat 1a su
phit trifn nhanh chéng clia nang luc mdy tinh trong thisi gian gdn day, thit hai 13 sw phdt trién
vit canh tranh manh mé ciia thi trnimg cong nghe tao ra nhiéu dang thi#t k&€ mdi din dén viec
tinh todn dya trén cdc cong thitc thuc nghiém hay cdc phuong phép gidi s6 don gian hod khong
cbn ddp img duoc véu cdu chung.

Mae di viéc gidi s6 hé phuong trinh Navier-Stokes nén duge 13 tuong déi thudn tién do
ciéic phuong trinh trong hé déu c6 dang phuomg trinh truyén chft thong thuémg, gidi s6 hé
phuong trinh Navier-Stokes khong nén vin dugc quan tdm nghién cifu rong rii do 2 1y do sau:

- Thit nhét, gia thiét khong nén duge 13 phit hop vdi cic dong vdi van tdc twong doi thip

- Thit hai, quan trong hon, cdc phuong phdp giai s6 hé phuong trinh nén dugc thong
thudmg déu rdt kho hoi t khi 4p dung cho nhimg dong cd 56 Mach thip. Nguyén nhin din dén
hién tugng nay la dac tinh cimg hoi w yéu (ill-conditioned stiff) cia hé phuong trinh sai phén
nhin duge vi tiéu chudn s6 CFL tiém cén 1di khong khi s6 Mach giam di.

Trén thuc t& phuong phdp gidi sd hé phuong trinh Navier-Stokes khéng nén dugc phit
trién chdm hon phuong phéap giai s6 hé phuong trinh Navier-Stokes nén duge. Kho khin chi
yé&u d& thu duoc i giai cia hé phuong trinh Navier-Stokes khong nén duge 1a khong ¢6 mot
phuong trinh hién cho dp sufil. Vi vy, vin dé cdn giai quyét la lién két su thay ddi cha trutmg
vn toc véi sy thay déi cia trudmg dp sudt thong qua phuong trinh lién tuc. Cho tdi nay, da cé
mot s§ phuong phép gidi khdc nhau duge phat trién cho hé phuong trinh nady. Vi du phuong
phip sit dung ham xody va ham dong da duoc sir dung thudng xuyén cho cdc bai todn 2 chiéu,
tuy nhién khéng c6 su mé rong tryc 1iép clia phuong phip nay cho cde bai todn 3 chiéu.

Cic phuong phép khéc lam viéc vdi bién nguyeén thuy (ip sudt va cic thinh phin van
16c) vi c6 thé duoc phan chia thinh 2 nhém. Nhém phuong phdp thi nhat thuimg duoc goi 14
cic phuong phdp dua trén dp sufil (pressure-based methods). Trong céc phuong pl'l‘ﬁp “.ﬁy'
trutmg dp sudt dugc gidi bing viéc t6 hop cdc phuong trinh dong lugng vé phuong trinh lién
tuc dé dinh dang phuong trinh cho dp sudt hodc cho hiéu chinh dp sudt (Partankar, 1980,
Vandoorman va cOng su, 1984).

Nhém phuong phip thit hai dua vio sit dung cong thic nén gid. Y tuéng niy dugc giéi
thiéu ldn d4u tién bdi Chorin (1967) d€ sir dung trong viéc thu nhan 1&i gidi trang théi dimg
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cho dong khong nén dugce. Mot s6 tic gia khic di sir dung thinh cong phucmg phép nay trong
viéc tinh todn cho cic bai toin khong dimg. Vi du, Mercle va Athavale (1987) di dua ra 15i
gidi khong dimg sir dung phuong phép nay cho hé toa do cong 1éng quit 2 chiéu.

Noi dung bai bdo trinh bay phuong phép tinh todn céc dong chiy bao quanh vat thé dua
trén co s& viéc gidi he phuong trinh Navier-Stokes khong nén dugc trén hé toa do cong theo
bién vat thé. Phuong phdp tinh todn c6 thé duge thue hién véi luoc d6 sai phan thdi gian hién
hoéc luoe dé sai phan théi gian dn. Co s& cia phuong phap gidi s6 véi sai phan thoi gian hién
dua theo phuong phip ciia Park v Sankar (1991). Cai tién cho truémg hop sai phan thisi gian
4n duoc thuc hién dua theo nguyén tic cita Roe (1981). Chuong trinh tinh todn véi luge d6 sai
phan thisi gian 4n 13 én dinh v&i budc thisi gian 16n va c6 thé thuc hién tinh todn cho céc dp
dung thong thuimg trén méy PC. Phuong phép duge kifm dinh trén co s& so sdnh vdi cdc s6
litu thi nghiém dong bao quanh mat hinh tru trén vi dong bao quanh mot ddu hinh bén cdu
ciia vat thé hinh tru. Cuéi ciing, dong 3 chiéu bao quanh mot vat thé dang thin mdy bay c6
cénh duoc mé phong dé kiém tra kha ning ctia phuong phép va chuong trinh tinh todn déi véi
dang hinh hoc phic tap ba chiéu.

2. Hé phuong trinh mo ta

Trong mot hé 1oa d6 cong téng quitl (£.7.¢ } hé phuong trinh Navier-Stokes trung binh
Reynolds c6 thé duge viét cho cdc bién khong thi nguyén nhu sau (Park vi Sankar, 1991):
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VA J 1 Jacobian cita phép bién i toa do: ;=5{i-’;*¢

Trong céc tinh todn thir nghiém duoc trinh biy trong béo céo ndy, mé hinh k - £ cia Chien
(1982) duge sir dung dé déng kin réi.

3. Phuomg phép gidi s&

*  Hé phuong trinh (1) duge gidi véi thudt todn nén gid md rong cho dong khéng dimg. D6i
vii dong dimg, thudt todn duge xay dymg trén co s& thém dao ham thii gian cia dp sudl vao
phuong trinh lién tuc. Khi d6, hé phuong trinh (1) cé:

£+ dﬁ-ﬁ')+dﬁ-ﬁ;]+ﬂ[ﬁ-{?,_]=u
ar o on oL

(2)

; T la bién thai gian gia.

Dudi dang cong thic cho trang théi dimg trén, hé phuong trinh duge giai timg budc theo
thii gian gid cho d&n khi dat téi trang thdi dimg, clng la lic phuong trinh lién tuc va cdc
phuong trinh déng luvong duge thoa man. Vi 1§ do nay, trong ciac phuong trinh déng lugmg ¢
dugc thay the bing r , ma nd ciing c6 thé ducc coi nhir 14 mot tham s lap.

Su mé rong thudt todn nén gid cho dong dimg dugc xay dung bing cdch thém dao ham
theo thii gian vat 1y cia cdc thinh phdn van t8c vio céc phuong trinh dong lugng trong hé
phuong trinh (2) (vi du xem Mercle vd Athavale, 1987; Roger and Kwak, 1988; Park va
Sankar, 1991). Hé phuong trinh nhén duge c6 thé duge viél lai duéi dang sau day:
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Lai gidi khong dimg nhan duge bing cich xem léi gidi tai méi budc théi gian vat 1y  cd
dinh 1a 1&i gidi dimg nhén khi thii gian gid r woi di.

H¢ phuong trinh (3) duge tuy€n tinh hod (xem Barth, 1987) va sai phén 4n bac mdt cho
cdc bién thii gian. Céc sd hang nhét duoc x4p xi bng cdc biéu thifc sai phan trung tam. Trong
khi d6, dé loi gidi s0 dn dinh va dat do chinh xdc cao, ki thuat sai phan nguge dong dua trén
phuong phép ctia Roe (1981) dugc dp dung cho cdc s6 hang déi luu. F'hucmg phéip II.-E.}' sif dung
k¥ thuat phan chia dong (flux splntmg procedure) dua trén déu cic gid tri riéng cla cdc ma
trén Jacobian A, B, C cho dhng déi luu (Kwak et al, 1995). Phuong trinh sai phan duoc gm
bing k§ thult thita s6 hod xdp xi (approximate factorization technique). Mo ta chi tiét cia
phuong phép dugc trinh bay bdi Pandya va cong sy (2003).

4. Két qua tinh todn thi nghiém

Trong céc tinh todn trinh bay o da}r vat thé ducc gia sir ‘nhing’ tic thi vao dong chay.
Vi vy, céc diéu kien dong tr do duge sir dung nhut diéu kién ban déu:

P=p. U=l V=V, WSW, k=K g=¢ (4)
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Bienmjénm:mmmm::uwmmwmﬂq,mwmm
do (4) ciing dugc dp dung cho céc bién, ngoai trir tai bién ra sit dung diéu kién p= p. két hop
véi dao ham theo hudng tryc giao ciia cac bién khic bing khéng. Diéu kién nay dugc sit dung
dé tinh dén su chuyén cic xody ra ngoai mién dong mo phong do céc qud trinh déi lvu (W,
1988). Tai thanh cimg, diéu kién bién sau day duoc dp dung,

dp de
— =0 :u=0;v=0;w=0: :k=0: —=0 (5)
&n én

trong d6 n chi hudmg tnge giao véi bién.
4.1. Déng bao quanh vat cdn hinh tru tron

Thi nghiém vdi vat can hinh tru dugc thuc hién bai Ong va Wallace (1996) vdi s6
Reynolds Re =U D/v =3900. Trong d6 U/, la vin 16c dong vio va D la duémg kinh hinh tru.
Mb phong s6 hai chigu duge thuc hién vai hé luéi cong dang O vdi cic duimg toa dd & theo
huéng chu vi vi cic dutmg toa dd 7 theo hudng bén kinh. Mién tinh todn c6 bin kinh bing
30D bao quanh vat thé. Chi tiét cia phin ludi tinh gén véi hinh tru duge vé trén Hinh 1. Theo
chifu bdn kinh 7, s6 diém ludi 13 132. Ludi duoc phin bd min hom gén hinh tru. Chidu cao
ciia & lui gdn bé mat hinh try nhat bing 4.52x 107 D. Hé ludi dugc gidn theo chiéu bén kinh
truc giao vai b& mat hinh tru véi hé s6 gidn bing 1.0848. S6 difm luéi theo chiéu chu vi & 13

163. Nhu duoce thdy trong Hinh 1, lwdi duge thiét ké min hon tai viing sau hinh tru do cic dai
lugmg dong duge mong doi la bién d6i tai viing nay phiic tap hon so vai tai viing trudc vt can.

Tinh todn duge thuc hién vdi budc théi gian khong thi nguyén Ar=1.5x10"7". Lii gidi
én dinh nhin dugc sau khoang 2000 budc théi gian. Trong Hinh 2 1a cic duimg ddng miic
phin bé dp sudt khong thit nguyén quy chiéu (P =2C, +1). Ving dp suit thip dugc hinh
thinh phia sau vt cin. Phia trudc vit can, dp sudit bi€n déi nhanh véi mdt vilng dp sudl cao lan
c4n diém phan chia dong vi hai viing dp sudt d6i xing rdl thap ngay sau dé,

.-_.-__.-:_:.,.-. __.1- "--'E:'u-.fi_.-_ﬂf-:-_i_l ?:—.___:Fr-._ e ..... ol -u..-'

=
v

Hinh 1. Chi tiét hé ludi tinh ving gén hinh try  Hinh 2. Cic dudng déng mdc phin bd &p sudt

K&t qua tinh todn duge so sinh véi 56 lidu do dac caa Ong va Wallace (1996). Hinh 3(a)
1 d6 thi so sinh hé s& dp sudl tai bé mat hinh tru, Truc hoanh cia dé thi nay biéu thi vi i
diém trén bé mat thong qua géc giita ban kinh hinh tru di qua diém nay vai bin kinh hinh tru
di qua diém phan ri dong. K&t qua so sénh la khé 161, dic biét tai viing phia trudc hinh tru, Su
sai khic lom nhat gilta tinh todn va do dac xudt hién & viing sau vt can vai sai khéc hé 6 dp
sudt giita tinh todn va do dac lén nhat bing 6%. So sidnh ciing dugce thuc hién cho thinh phén
vin tic theo hudng dong nhur duac chi ra trén Hinh 3(b). Tir hinh vé niy, c6 thé thdy duoc ké
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qué tinh todn vin toc triing hop kha t6t véi két qua thi nghiém véi sai i i :
ot ch che i qulép qua thi nghiém vdi sai khéc giita hai két qua tai

gt ="
B “‘I—-‘]7
Il'
1 i i i L i 1 kL
[ 0.5 1
umnoe
(m )

Hinh 3. 8o sanh két qud tinh toan véi s5 ligu do dac: (a) Ha s& 4p sut trén bé mit hinh try;
(b) Phin bé thanh phdn vin téc theo hudng déng tal vi tri x =1.54D

4.2. Dong bao quanh ddu hinh bdn cdu cia mot vét thé hinh tru

Mot tinh todn kiém dinh khéc cia chuong trinh duge thuc hién cho dong bao quanh mot
viit thé hinh try ¢6 ddu hinh bédn céu. Dong 16i song song véi truc ciia vat thé nhu mo 1 trén
Hinh 4. Thi nghiém dé so sinh duge thuc hién bdi Rouse and McNown (1946) véi s6
Reynolds (tinh theo van t6c dong 16i va dutng kinh hinh bdn ciu) cé gid trj bing 1.36 x 10",
Mo phong 3 chifu duoc thuc hién trén hé ludi cong véi 82 niit theo chiéu dong chay &, 132 niit
theo chiéu bdn kinh i va 37 niit theo chiéu chu vi C. Mat do ludi day duge sir dung & lan cin
vt cin va gén vi tri phdn bdn cdu gidp v&i phdn try. Hinh dnh cdc dutmg luéi tai mot s6 ma
phing dugc vE trén Hinh 4

Hinh 4. Hinh &nh Iu6i tinh tai cdc m&t £=40, 7 =1 (b8 mit vit thé) va £ =18

Tinh todn duoc thuc hién véi budc thini gian khong thit nguyén Ar=5x107". Lai giai én
dinh nhian duoc sau khodng 5000 budc thii gian. Phan tich k&t qua tinh todn cho thdy dong
tinh duoce 14 dimg va d6i xdng truc ma difu nay la phi hop véi két qua thi nghiém. Trong Hinh
5(a) 12 céc dutmg déng mitc phin b6 dp sudt tinh todn dugc tai lan cin vt thé. Cic gid tri trén
hinh v& duge ghi véi dp sudt khong thit nguyén quy chiéu (P = 2C  +1). Tu hinh vé nay cd
thé they dugc mot viing &p sudt thip duge hinh thanh tai gdn viing duimg giao nhau gita mat
cua phén bén cdu va mat cua phdn tru. Ving dp sudl cao cling duge hinh thanh & phia trude vt
cén, 1&n can diém phén chia ddng. So sinh hé s6 dp sull tinh todn trén bé mat var thé véi dir
liéu thi nghiém dugc trinh bay trén Hinh S(b). Tir hinh vé nay c6 thé thay dugc, tuong ty nhu
vi du kiém dinh cho dong bao quanh hinh tru, két qua tinh todn & khd pha hop vai dif liéu do
dac.
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Hinh 5. K&t qua tinh todn trudng &p sufit: (a) Céc dudng déng mirc bidu thi phéin bé ép sufit 1an
ﬂnv!lth‘nhlnﬂ'lnmﬁlmltphlnn & =const ; (b) So sénh véi thi nghiém.

4.3. Dong bao quanh mét thdn mdy bay cd cdnh

Tinh todn dugc thuc hién cho dong bao quanh mot vat tlléd'.mgﬂlanmiy bay cb cénh
ARA-MI100 dugc ding trong mét s6 thi nghiém cia NASA. Dong dugc gia thiét o6 gée 16
bing 14 do vA s8 Reynolds bing 1.3x10°. Vat thé va he ludi tinh cé thé hinh dung duge tir
Hinh 6 vi 7. Do dong 1 d6i ximg nén chi mot nira vt thé duge mo phong. He ludi cong cé
160x37x49 nit £, n, £ weong ing. Mat 40 ludi day duge sir dung & 14n cdn vat cin. Diéu kién
bign d6i xing dugc &p dat tai mét phdng d&i ximg £ =1.
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Hinh 6. Hinh &nh ludi tinh tal cdc mt £=32, £=129, 17 =1 (bé mat vit thé)
va { =1 (mat phdng d&i ximg)

Tinh todn dugc thue hién véi budc thii gian khong thit nguyén At = Sx 107, Lis gidi dn
dinh nhin dugc sau khodng 3000 budc thén gian. So sdnh dinh lugng chua duge thuc hién cho
tinh todn nay do cic tdc gia chua tim duge di liéu thi nghiém véi s6 Mach thap. Tuy nhién,
khio sdt trutmg dong va phin bd dp sufit cho thdy kéi qua tinh todn phil hop vé mit dinh tinh.
Trén Hinh 7 1 mot s6 hinh dnh phin bé dp suft tai bé mat vt thé. Thir nghiém tinh 1odn niy
cling cho thdy chuomg trinh cé thé duge dp dung d6i véi dong chiy bao quanh vat thé dang
khi phiic tap.
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Hinh 7. M&t 58 hinh anh phin bd ap sult: P tai b& mat vat the nhin chéo tir trén xudng (trai),
C, tal b& m3t cénh trén (a) va cénh dudi (b)

Két ludn

Bic cdo trinh by mot phuong phép tinh todn dong 3 chiéu bao quanh vat thé dua trén
1&4 gidi ciia hé phuong trinh Navier-Stokes khong nén dugc. Hé toa do cong téng qudt dugc sir
dung v&i muc dich lam linsnﬂﬁ chinh xdc cla viéc sir 1§ diéu kién bién trong mién dia hinh
phiic tap. Lugc d6 sai phin an theo thivi gian duoc lya chon giiip cho chuong trinh tinh 10én c6
kha ning thuc hién duge nhimg mo phong 3 chiéu véi thisi gian tinh todn kha thi trén méy PC.
Dé lam téng tinh én dinh cila chuong trinh tinh todn va tinh chinh xdc cia 141 gidi nhan duoc,
cdc phuong trinh bio todn duge sai phan bing k¥ thuéit phan chia dong dua trén diu céc gid
riéng clia ma trdn Jacobian dodng d6i luu.

DE minh hoa phuong phép, béo cdo trinh bay céc tinh todn dong bao quanh 3 dang vt
thé khédc nhau bao gém ddng 2 chiéu bao quanh vAt can hinh tru, ddng 3 chiéu bao quanh vat
thé hinh try véi ddu hinh bdn cdu vd dong 3 chifu bao quanh mot vat thé dang thin mdy bay
o6 canh. Két qua kiém dinh cho thdy kha niang cila phuong phép trong viéc mo phong toan bo
dong chay chung quanh cdc vat thé 3 chiéu c6 hinh dang phiic tap. Tuy nhién cin nhdn manh
ring gid thi€t dong khong nén duge chi phi hop vdi dong cb vin t6c thdp so vai van tc am.
Viéc phét trién cong cu mo phong dong chiy bao véi s6 Mach cao dua trén loi gidi hé phuong
trinh Navier-Stokes nén dugc 1a cong viée dang dugce ching toi tién hanh.

L&i cam on

Nghién ctu niy duge thuc hign vai su tai trg mot phin tir chuong trinh Nghién ciu Co
bén, Hoi déng Khoa hoc Tu nhién Viét nam.
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COMPUTATION OF FLOW AROUND MOVING OBJECTS BASED ON SOLUTION

OF INCOMPRESSIBLE NAVIER-STOKES EQUATIONS

Nguyen The Due, Duong Ngoc Hai

Absiract: A developing modern trend in compurational fluid dynmamics (CFD) iz 1o
predict realistic engineering flows by solving Navier-Stokes equations, For low speed
aerpdynamics, incompressible assumption is not only switable bul also necessary because
solution methods of compressible Navier-Stokes equations are usually very difficult 1o be
convergent for low-Mach number flows. In this paper, a method for solution of
incompressible Navier-Stokes equations in’ three-dimensional body-fitted, carvilinear
coordinales 15 presented. The method 15 employed 1o compute the flow around a circular
cylinder and the flow around a hemispherical forehead of a cylinder and the resulis are
compared with experimental data. Finally, computation of the flow around a wing/body
object 15 also presented to show efficiency of the method for three-dimensional complex
peomelry.




