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TOM TAT

Bai bao nay tdap trung nghién cuu dac tinh dong luc hoc cua dan phi tiéu tir sung truong
bén dwdi nwée (APS) khi chuyén dong trong méi trieong nude véi vin toc cao bang cong cu mé
phong s6 CFD. Do tinh doi ximg truc ciia bdi todn, mé hinh 2D truc doi ximg dwoc xdy dung tir
kich thude thuc té ciia dan va roi rac bang lwdi phi cdu triic trong ICEM-CFD dé t6i wu chi phi
tinh todn. Phwong trinh Navier-Stokes dwoc gidi bang phwong phdp thé tich hitu han trong ANSYS
Fluent, két hop mé hinh dong réi k-¢ va mé hinh xam thwe Singhal nham mé td qud trinh hinh thanh
khoang hoi. Nghién ciru khdo st anh hwong cia hinh dang dau dan va van toc ban dau dén sie phét
trién cia khoang xam thuc va luc can thuy dong. Cac thong 56 thuy dong luc hoc va luc can lén
dan dwoe nghién ciru, qua dé c6 thé di dodn quy dao chuyén déng cia dan. Két qua mé phong chi
ra kha nang ciia phwong phdp dé xudt trong viéc mé td chinh xdc sw thay doi truong dong chay va
hién twong siéu xam thiee quanh dan, cung cdp co sé khoa hoc hitu ich cho céng tdc thiét ké, cdi
tién dan phi tiéu dwéi nude trong linh vuee qudn sw va cong nghé bién.

Tir khéa: Pan phi tiéu APS; Xam thuc; Vit thé chuyén dong dudi nuwde; Mé phong CFD;
Phuwong phdp thé tich hitu han; Mé hinh da pha.

ABSTRACT

This paper investigates the hydrodynamic behaviour of APS dart projectiles fired underwater
at high speed using computational fluid dynamics (CFD). Exploiting geometric axial symmetry, a two-
dimensional axisymmetric model was created from the projectile’s actual dimensions and discretized
with an unstructured mesh in ICEM-CFD to reduce computational cost. The incompressible Navier-
Stokes equations were solved using the finite volume method in ANSYS Fluent, with the standard k-¢
turbulence model and the Singhal cavitation model to capture vapor-cavity formation. We examine
the influence of nose geometry and initial velocity on cavity development and hydrodynamic drag.
Key hydrodynamic quantities and drag forces were quantified to enable trajectory prediction.
The results demonstrate that the proposed approach can accurately describe flow-field variations
and supercavitation phenomena around the projectile, providing a sound basis for the design and
optimization of underwater dart projectiles in military and marine engineering applications.

Keywords: APS dart projectile; Cavitation; Underwater moving objects; CFD simulation;
Finite volume method; Multiphase models.
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1. GIOI THIEU

Trong nhiéu tng dung quan sy va k¥
thuat bién, viéc nghién ctru dic tinh thiy dong
hoc cua vat thé chuyén dong trong nudc voi van
tdc cao dong vai tro then chdt, dac biét d6i vai
cac khi tai nhu ngu 161, dan phi tiéu, phuong
tién 1an khong nguoi lai. So voi chuyén dong
trong khong khi, méi truong nude cd mat do va
d6 nhot 16n hon nhiéu, khién lyc can thuy dong
tac dung 1én vat thé tang manh, tor d6 [am han
ché pham vi hoat dong va hiéu qua tac chién.

Mot hién tugng didc biét thuong xuét
hién khi van tdc ting cao la xdm thuc. Day
1 qua trinh hinh thanh cac bot hoi do 4p suét
cuc bd cua chét 1ong giam xudng thap hon 4p
suat hoi bao hoa. Khi xay ra trén bé mat vat
thé chuyén dong nhanh, khoang xam thyc co
thé mé rong va bao phu phan 16n hodc toan bo
chiéu dai vat thé, dan dén hién tuong siéu xam
thuc. Trong trang thai nay, luc can tic dung
giam di ddng ké nho viée vat thé di chuyén chii
yéu trong méi truong khi thay vi nuée [1-3].

Cac cong trinh 1y thuyét nén tang cia
Garabedian, Tulin va Logvinovich tir giita thé
ky 20 dd mo ta sy phat trién cia siéu khoang
trong diéu kién 1y tuong [1-3]. Tuy viy,
nhitng mo hinh nay con han ché khi ap dung
cho cac vat thé thuc té c6 bién dang phuc tap.
Gan day, ciing v6i sy phat trién manh mé ciia
tinh todn hi¢u ning cao (HPC) va cic phan
mém mo phong sd, cac phuong phap CFD
(Computational Fluid Dynamics) da tr¢ thanh
cong cu hiéu qua dé nghién ctru qua trinh xam
thuc trong diéu kién hinh hoc va bién phuc tap
[4-6]. Cac mo hinh nay cho phép khao sat chi
tiét su hinh thanh, phat trién va bién dang cua
khoang xam thyc, dong thoi xét dén cac yéu t6
quan trong nhu dong rdi, chuyén pha va hiéu
ung hinh hoc.

Trong s6 cac md hinh xAm thuc, mo
hinh Singhal va Zwart-Gerber-Belamri thuong
dugc 4p dung rong rai do kha nang mo ta tdt
co ché hoa hoi — ngung tu dya trén chénh ap
suét. Vé dong 161, mé hinh k-¢ va k-® dugc lya
chon nho tinh 6n dinh va kha nang cho két qua
tin cdy trong cac bai todn xam thuc quy mo 16n
[7]. Ngoai ra, mot s nghién ctru gan day ciing
da khai thac cac mé hinh dong rdi tién tién hon
nhu SST k-® hodc LES, nhdam md ta chinh xac
hon ciu triic xody trong diéu kién phi tuyén
manh [8].

Nghién ctu nay s€ tap trung vao viéc
mo phdéng qua trinh xam thuc quanh dan phi
tiéu APS chuyén dong trong nude voi van toe
cao. M hinh ddi xtmg truc dugc xay dung tir
hinh hoc thuc té cua dau dan, lugi tinh toan
duoc tao bang cong cu ICEM-CFD, va md
phong tién hanh trong ANSYS Fluent dya trén
phuong phap thé tich hiru han. Cac khao sat s&
phan tich anh hudng cua van tc va hinh dang
dau dan dén su phat trién cua khoang xam thuc
cling nhu lyc can thity dong, tir d6 gop phan
cung cap co s khoa hoc cho viée thiét ké va tdi
uu cac loai dan phi tiéu dudi nude.

2. PHUONG PHAP MO PHONG SO
2.1. M6 ta van dé

Nghién ctru tap trung vao phan tich dac
tinh thuy dong hoc ctia mot dau dan thuc té
chuyén dong trong nudc ¢ van toc cao. Do ddi
xung truc cua hinh hoc dau dan, bai toan duoc
giam thanh mo hinh 2D tryc ddi xmg nham
tiét kiém chi phi tinh toan trong khi van bao
toan cac dic trung dong chay quan trong. Mién
tinh toan dugc xac dinh du 16n dé bao phu toan
b6 ving hinh thanh va phat trién khoang xam
thuc & vung sau dau dan; kich thuéce dién hinh

sir dung trong bai 1a L x R = 425 mm x 100 &
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mm (hinh 1 md ta kich thudc dau dan va vi tri
turong di trong mién). Ludi phi cdu trac dugc
tao béng [CEM-CFD va dugc kiém soat dé dam
bdo do min tai cac vung bién ciu va quanh c6
dau dan, noi ton tai gradient van toc 16n.

Céc diéu kién bién ap dung trong mo
phong gom: inlet véi van toc dong nhat, outlet
dat ¢ 4p suat moi trudng (ambient pressure), va
bé mit vo dan duogc thiét 1ap no-slip. Poi véi
cac bién bén (far-field), khoang cach duoc chon
du xa dé giam thiéu anh huong téi truong trong
gan dau dan.

Mo phong sit dung mo hinh da pha
(hquld + vapor) dé bat dugc sy hinh thanh va
tién trién cua khoang hoi do xam thuc. Cuy thé,
bai toan gidi hé phuong trinh Navier-Stokes
cho truong pha hdn hop, két hop mo hinh mé ta
chuyén pha (cavitation source terms) dé xir 1y
qua trinh hoa hoi — ngung tu, dong thoi ap dung
mo hinh dong rdi phu hop dé mé ta twong tac
gitra xody va khoang xam thyec.

— el
——
——— e

p—1
(a) Pan phi tiéu APS

(b) M6 hinh 3D

(c) Ving mé phéng trén phan mém ANSYS
Hinh 1. M6 hinh dan va viing tinh todn mé phong sé

2.2. Cac phuong trinh mo ta
2.2.1. Phwong trinh chuyén déng ciia chét luu

Qua trinh chuyén dong cta dan co thé
duoc phan chia ra thanh ba giai doan: Giai doan
dan dugc gia tc trong nong phong, giai doan
dan chuyén dong trong tiép xic véi moi truong
bén ngoai va giai doan tiép can muc tiéu. Noi
dung nghién clru nay tap trung tinh todn giai
doan dan chuyén dong trong nudc tic 13 bai
todn thuat phong ngoai.

Chuyén dong cia dan trong nudc sé
chiu lyc tac dung cua nudc lén dan F. Trong
truong hop tong quat, F phu thudc vao van toc
chuyen dong cua dan, hinh dang vat thé cling
nhu tinh chat vat 1y cia khong khi. Thong
thuong, F dugc biéu dién théng qua dai lugng
khong tht nguyén 1a hé sb luc can C,:

F=C, % pVS (1)

Trong d6, p 1a khdi luong riéng cua
khong khi, S 1a dién tich tiét dién cia dan
chiéu theo phuong chuyén dong. Theo phuong
phép truyén tl?éng, hé sb luc cép C, dugc xem
la hang s6 doi véi mot vat theé co6 hinh dang
¢ dinh. Hé sé nay duoc xac dinh bang thuc
nghi¢m va duogc st dung dé tinh toan luc can
theo céac trudong hop khic nhau. Piéu nay lam
giam d¢ chinh x4c cia phuong phap tinh toan
boi vi thue té hé sd luc can nay co thé phu thudc
vao cac yéu té khac trong d6 ¢6 van téc V. Pidu
nay lam cho phuong phap truyén thdng rat kho
khan trong viéc tinh dugc luc can trong truong
hop nay.

Dé giai quyét van dé trén bang phuong
phap mé phong sd, viéc tinh toan véi do chinh
xéc cao hé sb luc can C,, hay luc can F yéu cau
st dung cong cu tinh toan CFD. Trong do, luc
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can s& tinh dén cac yéu t6 anh huong nhu ché
do chuyén dong, dac tinh hinh hoc cling nhu
moi truong lam vi¢e. Phuong phdp mod phong
s6 dé phan tich dac tinh khi dong luc hoc nay
dua trén viéc giai s6 hé phuong trinh Navier-
Stokes sau [9, 10]:

E;—p+V~(pV)=0

v o1
[a—+(v V)V} Vp iV £ V(- V)4 pg (2)

Tir phan bd van tdc va ap suét 1én bé
mat dan, lyc can va m6é men can cua khong khi
tac dung 1én dau dan trong qua trinh chuyén
dong s& duoc tinh cu thé.

2.2.2. M6 hinh dong réi k-¢

Viéc giai phuong trinh Navier-Stokes
(2) & trén nham xac dinh cac thong sb luc cua
khong khi tac dung 1én dau dan chuyén dong 1a
noi dung phirc tap va ton thoi gian nhat. Viéc
nay cang doi hoi nhiéu tai nguyén tinh toan
bang méy tinh d6i voi chuyén dong van toc
cao. Trong nghién ctru dac tinh khi dong dong
rdi, phuong phap trung binh theo Reynolds
(RANS) thuong dugc su dung. Phuong phap
nay dua trén trung binh hoéa phuong trinh
Navier-Stokes va bo qua anh hudng cua thoi
gian lén ddc tinh ctia dong chdy. Mac du RANS
c6 gioi han nhét dinh vé két qua nhung chiing
lam giam thoi gian tinh toan dang ké [11]. M6
hinh k-¢ tiéu chuin dugc s dung dé dong hé
phuong trinh RANS, véi hai phuong trinh phu:

Phuong trinh nang luong dong hoc
dong r6i k:

a(pk) i}
; +V-(pku)=V'[(,u+ ch}r@ - pe3)

Phuong trinh ti 1¢ tiéu tan nang lugng

2
0P8 . (psiy= || u+ L |ve [r, £6, -, pEe (4)
or o, k k

Trong do: G, la ty 1€ san sinh nang
luong dong rdi do gradlent van tdc; cac hang sO
mo hinh dugc dung theo gi tri tiéu chuan: C L
=1,44,C, =192;6,=1,0;0 = 1,3.

2.2.3. M6 hinh xdam thwc Singhal

Hién tuong xam thyc dugc mod phong
bang mo hinh Singhal, dva trén phuong trinh
chuyén pha giita nu6c 16ng va hoi nuée. Ty 18
hoéa hoi va ngung tu dugc mo ta nhu sau:

Téc d6 hoa hoi (néup <p

vapor)”

. | DPyop—P [2(p., - p)
mevap:Cvpl \;p p; £
vap

Téc do ngung tu (néup>p

P~ Puyp [2p-p.,)
p oA

vapor)

mcond =Ccpv

Trong do: Py P, la mat d¢ cua nudc va
h01 P, laap suit hoi bio hoa; C,C_ lacach¢
sO dleu chlnh (chon theo dé xuat cua Singhal:
C,=50,C =0.01).

2.3. Lwoi tinh toan

Hinh 2 mo ta ludi tinh toan cia dan
chuyén dong trong méi trudng nudc. Ludi
dugc chia theo phi ciu tric voi mé hinh luéi
chir nhat l1a chu dao, véi do min tai viung dan va
thwa dan vé phia xa. Qua trinh kiém tra doc lap
luéi da duoc thuc hién dam bao két qua dat do
chinh x4c can thiét.

Hinh 2. Luoi tinh toan voi 80,236 nut va 79,362
phan tir
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3. KET QUA VA THAO LUAN

3.1. Pic tinh ddng lwe hoc va hé s6 lwe can C

d

Hinh 3. Truong van téc tai truong hop van téc dan
50 m/s

Hinh 4. Truong dp sudt tai truong hop vin toc dan
50 m/s

Sau khi dat trang thai on dinh, truong
van téc va ap suit xung quanh dan duoc tinh
toan. Hinh 3 thé hién trudng van tbc chat long
xung quanh dan véi truong hop dan c6 v =50
m/s va ap sudt trong g voi van toc nay thé
hién trén hinh 4. Tai miii dan, van toc thdp nhat
khi 4p dung diéu kién khong truot, dong thoi
ap suit dat gia tri cyc dai. Pay cling la nguyén
nhan chinh cua luc can 1én dan. Hé sb luc can
C, dugc xéc dinh tir két qua mo phong véi cac
van toc kl}éc nhau. B’étng‘ 1 trinh ’be‘ly gia tri C,
theo van toc. Nhan thay rang h¢ so lyc can giam
khi van téc dan ting 1én va dat gia tri gin nhu
khong dbi khi véan toc dat trén 100 m/s. Diéu
nay co thé giai thich bang su xuét hién hién
tugng xam thuc (khoang rdng) duoc dé cap &
phan sau.

Bdng 1. H¢ 56 luc can phu thudc vao vdn toc

Vin toc (m/s) 1 5

10 20 40

C 1.545 0.945

d

0.805 0.67 0.481

Vin toc (m/s) 60 80

100 200 300

C 0.353 0.247

d

0.1289 0.1254 0.1251

Tur ddc tinh C, phu thude vio van toc
O trén, st dung phuong phap binh phuong t6i
thiéu dé duara rpéi lién h¢ cua C, theo van térqc.
Tur d6, ta co6 thé giai hé phuong trinh chuyén
dong dé tim ra quy dao cua dan. Véi diéu kién
bap dau V, =245 m/s thi kéi[ qua quy dag duoc
thé hién trén hinh 5. Tu két qua c6 thé nhan
thdy dan chuyén dong khoang 0.25s dau ¢ van
toc 16n, sau do giam nhanh va gan nhu ding
lai sau 0.4s tuong Uung vdoi quang duong theo
phuong ngang khoang 25m va phuong thang
khoang 0.35m.

1=}

i)
T

Eof
E-n.
E{-'ll-
i

Eon.

]
T

32
T

Chsy dao theo phuromg ngang m|
T

i L L L L L L L
YTBE 0T o 07 o8 3 0B
Thibi gian fs]

45 i i L i L i L
LI T T F - T
Thii gia [5]

Hinh 5. Quy dao ciia dan chuyén dong theo thoi
gian voi V, = 245 m/s
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3.2. Hién tuwgng xam thue

Khi chuyén dong voi toc do cao dudi
nuée, do ap suat giam dudi ngudng bio hoa
nén hién tuong xam thuc xay ra. Dé nghién ctu
trang thai khong 6n dinh cta siéu khoang xam
thuc, nghién ctru tién hanh khao sat sy chuyén
dong cua nude voi van tde tir 20m/s dén 90m/s
quan sat thay bot khi bat dau xuat hién & mii
dan. Khi ting van téc nuéc, khoang khi bién
dang va di chuyén doc dudng bién dan. Qua mé
phong, ta két luan khoang khi bat dau xuat hién
khi dan chuyén dong van toc 20m/s va tré thanh
siéu khoang khi bao quanh than dan & van toc ~
95m/s. Két qua mo phong cho thay khi van tdc
tang, khoang xam thyc mo rong va hinh thanh
r& rét hon. O van tdc 50 m/s, khoang hep va
chua 6n dinh. Khi van tdc dat trén 95 m/s, siéu
khoang bat dau hinh thanh, gitip giam luc can
0 rét. Bang 2 thé hién kich thuéc khoang xam
thure theo cac dai van tée khac nhau. Hinh 5 thé
hién bot khi xut hién tai mot s truong hop
vén toc nhit dinh.

Bdng 2. Tong hop ti 1é kich thuréc khoang theo

van téc.
Vin 1]31?11111 Chidu dai
toc khoang Ghi chu
(mis) khoang (mm)
(mm)
Khoang nho,
>0 8 100 chua 6n dinh
Khoang 19, si€u
100 15 300 khoang bit dau
Khoang 16n, 6n
150 20 500 dinh

Hinh 6. Su hinh thanh bot khi xam thuc tai mot s6
van t6c ciia dan

3.3. Pac tinh dong lwc hoc cia cac loai miii
dau dan

Hién tuong xuat hién siéu khoang (bong
xam thuc) xut phat tir sy giam ap sudt tai do.
Dé khao sat chi tiét hién tugng sé rat phirc tap
vi n6 phu thudc rat nhiéu yéu t6. Anh hudng
ctia van téc dan da duoc trinh bay ¢ muc trudc
3.2. O muc nay s& khao sat tai xam thuc theo
cac hinh dang dan khéc nhau.

Ba loai hinh dang dau dan duoc khao
sat: dau dia phang (nhu két qua cac muc trudce),
dau vat tru va dau cau. Két qua cho thay dau
dia phang dé& hinh thanh siéu khoang nhat, luc
can thép nhét & van tdc cao. Pau cau co luc can
16n nhat. Hinh 7 biéu dién khoang xam thuc
theo timg loai dau dan véi van toc dau dan Ia
20 m/s va 100 m/s. Tir diac diém khoang rong,
hé sb luc can cung s& khac nhau nhu thé hién
trong bang 3. Két qua cho thay véi van toc nho
va trung binh, miii vat tru c6 hé s6 luc can nho
nhét, sau d6 véi van toc cao thi miii cau s& co
hé s6 C ,nho nhat do d6 1am giam luc can nhat.

-

Hinh 7. Ap sudt tai miii dan (bén trdi méi hinh) va
khoang xam thuc (bén phai moi hinh) tai van toc cua
dan bang 20 m/s (bén trdi) va 100 m/s (bén phdi).
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Bdng 3. H¢ $6 lie can ddi véi cac mé hinh
khdc nhau
Van toc | Miiidan | Mii vat Miii cAu
(m/s) dia phang tru
20 0.668427 | 0.583515 | 0.621686
100 0.127596 | 0.092472 | 0.170725
170 0.125581 | 0.085196 | 0.069348

3.4. Anh hwéng ciia d9 siu phat bin

Ngoai anh hudng cia van téc hay hinh
dang dau dan. D6 sdu phat ban co anh huong
dang ké dén chuyén dong ciia dan dudi nude.
Viéc hiéu rd nhitng anh huong nay 1a rat quan
trong dé dam bao an toan va hiéu qua khi ban
sting dudi nude. PO sdu phat bin anh hudng
dén chuyén dong cua dan dudi nude theo nhidu
cach. Qua db thi trén co thé théy 0 do sau cang
16n cang gay anh hu:orng xau d6i v6i nhitng vat
thé chuyén dong vai toc d6 cao do kho co thé
hinh thanh khoang rong de giam luc céan tac
dung. Hinh 8 thé hién hé s6 hIC can C, theo cac
d6 sau phat ban. Nhan thdy rang su xuat hién
siéu khoang ciing anh hudng 16n dén lyc can do
khi xuét hién bot khi thi cac luc nhét va luc ap
suat s& thay doi. Két qua hinh 8 cho thay rang
khi van tdc dan chua da 16n thi anh huéng dén
d6 sau phat bin kha 16n. Nguoc lai, voi van toe
16n thi anh huong ctia d6 sdu ban khong nhiéu.

i s wat L L ] aa s ] B o

Hinh 8. Do thi thay doi luc can theo dé séu ban

4. KET LUAN

Nghién ciou da xdy dung thanh cong
mo hinh mé phong s qué trinh chuyén dong
cua dan phi tiéu APS trong moi truong nudc.
Nghién ctru dic tinh dong luc cua dan phi
tiéu str dung phan mém mé phong ANSYS
FLUENT. Két qua cho théy vén tdc, hinh dang
dau dan sé& c6 anh huodng 16n dén luc can va su
hinh thanh khoang xam thuc. Ngoai ra, dJ sau
phat bin cting ¢ anh hudng dén siéu khoang
va do do6 hé s lyc can C,. Vigc hinh thanh si€u
khoang gitip giam luc can dang ké do nhdt, kéo
dai quang duong di chuyén cua dan. Cac két
qua nay cung cap co s& khoa hoc quan trong
cho viéc thiét ké va toi wu héa dan ban dudi
nudc trong twong lai. <
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