22-12 oo 7 0 losds 16 093 1395 e ()0 Sl (Jw iy Alxo

gy ele dolinle =
—b;
< . -Eh i
OV 0 Sl  wiigo = &
Jany
mme.modares.ac.ir u/')/;‘g;:%,

Ol 9y S (b S Slodliel b Jb (595 2 03 s Ogawli 97 (Silw St
Sy

30k Sia ljle 2 Sossuiuay u gans A jhan ol g

Ao Mo w93 ,0 olSuily (Ladlon wdige eyl owlidsyl -1

Ao Mo sy oKy (Sl L digen < luuiils =2

Soal gl olyes s sl (Sl (tign o bokiol -3
fard m@um.ac.ir «91775-1111 zuy Ggdho oo *

oS dlie Sleylb!
5790 45 ol 035 oy E50 ol gy Elosly byt Jto 51 030kl b 0358 yomilisglS sl ol cgjlodie Alia gh o P (pings,
bt e Jdo Sl ool 4y d g Ly adl oo Coll > po 40 3 g lall ja s (69 (alaBgd g daudix )b il 039 ol g8 jhealinl igg; el ig sty

e y < . C . S 23 100004
misod bl (gl aw g9y 2 SFlwlone 95 g 0nd Jlosl s daw 595 2 50 ulpd (oS (gl oS €Wl 05)5 L o)l 1395 ,523 culs s )
2o & rdnsy (gl dl o & a0l 398 sl Ao 2 53 (gl Jobo g 0392 polee (il (igmalingls dae Jue gpl 30,5 5l k5
ssbr ey ool d9iee gt S asbl g sl sy (gl ol ol a3l 4 il et ally s> e 93 53 ool ey 0358 (ypmalizgls
b5 by ol 85 13 s y90 JolS' o 4 16006 156 alaiic b b (9 2 03395 1S5 53885 shajpe SB35 Loy 90 052 Bss by
bys gylybyp can oYL by gy (8)b 5l Ll 03gy 65V Sluslxe aisja (ghyls giy50 (LS byis b duli )3 0150 )1 )ST (g,Lid e el g
Iy csad 5 )lid M) e b giyg0 (g8 S 03,58 pmmlings liyr (6l be 55 48l o ol lis 1l o bsS J

dulio Al oo 03l g5 31 GuglS b Ay Jdo 4] 4y o gi b 09 ool 05 ST gBsS by il Gl o 9 ST 1)8 5 Wle5 e
i 5 s (Flewlne 4ja & do g5 b analitgls L olyen ol 1) (ot 53 st Sl €85 (s oy cnl w3 S @l
v

Modelling of Super Cavitation on Wing using Partial nonlinear model of
Boundary Element Methods
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ARTICLE INFORMATION ABSTRACT

Original Research Paper In this paper simulation of steady super cavitation phenomenon has been considered by using partial
Received 12 March 2016 non-linear model of Boundary Element Method(BEM).The grid mesh used is fixed and the strength of
Accepted 30 May 2016 dipole and source are constant on each element. With the assumption of a partial non-linear model the

Available Online 13 July 2016 cavity condition is applied on the body with the assumption that cavity height is low. Thus there is not

any calculation on the cavity surface, but it is restricted to only the panels on the body surface.

éﬁ%‘grocrgji'ty Cavitation number is known at first and the cavity length is determined in every iteration. When the
Kutta condition lengths obtained in two successive iterations are very close to each other it is assumed to be the answer.
Boundary Element Method (BEM) Based on this method two Kutta conditions including Morino condition and Iterative Pressure Kutta
Wing Condition(IPKC) are studied to satisfy the wake surface condition. The application is a wing with

NACA16006 section. IPKC condition compared to Morino one needs higher computational costs, but
on the other hand leads to more accurate results. It has been shown that simulation of the flows with
super cavitation over wing leads to a pressure difference at the trailing edge of each strip if Morino’s
Kutta condition is used. While if Iterative Pressure Kutta Condition is used the results are satisfactory.
Comparison of the results shows that this method leads to very accurate predictions for the behavior of
flows with cavitation, while significantly lower computational cost is required if the simple cavity
closure condition is used.
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(LI LG o am ol (s5lotinns sla el )y 2 JS0

15

2o 0,8 okl plgs e oind ST (55LE8 5 s e SUsS byb g
Al dislys oy plaS e aslsl
sy S5 byt o
Alss b o g o bl solad o (Bgo a8 bos ol b
Sledl Gl 5 Y o g0 @y08 B L 5 (s Jlade sl
J17] ssb oo Sy ylow 51,3 oo
Aq)j:@Nij_@lj (13)
odigd )I,S5 5)Lad GbigS byh e
ol Gilwdae aile 5jlge pan ;0 sujse U bbbl eolatdl
Oselgls Lol rod g gemsliaslS (g Gl 5 L (00 5 gelivglS
Seelad 650 by 6585 b 5 JLad DS pae (gosisS (e LLL
I obeebl Cux Sy Gres 4 Bl 8 sad 5 Alds 4l
soled b by ISy U Sew glaw ,o 5lad Mzl pae )13,
.[17] Sgib 50 solaul 0359 )l)SJ

ACH
AP =A@ — —=B
J J (%)n (]_4)
aAQ)j
ABj = Dy,j — D (15)

AAC\"  ACM —ACP?!
< p) _ 14 14 (16)

00@;) . AQT —AQTT
S et e il g jlad oo S s 5 4 AG G AC, &S
W3l Sl

b ad 53 BsS byt (5,5 b Camliiso (14) alaly J> 51 o5 2 0
$o0 SUsS Lyb siile Jo 5l Jol o850 098 (65,150 Sldl g 52 50
9 YL Hlodl Jeily, BTG ol ) dlos mhaw 1o Sl lss o Juilsy
pso o5 5l 5 (15 alal) oS o0 S o 5B 8500 g5 50 8 ad by
5 00d drlme las 5 xS (14 alal) (gedly (55 abal, S
28 oo Jlasl DY olas olliws Cowly Crons )0 polas &g

Spse 55 5o alaly (ol sl so oanlin (16) akl, 5l a5 jshiles
(14) alaly pgo 1,5 gl cplply il o oolinul LB (14) aal, J-
J17] 09 0 dmlone ;5 00 (salal, 51 AB; laie
AP = (1 - B)AG; 17
-0 S8 sae S B Error! Reference source not found. all, o a5’
e o 42,5 5 10 001 byl el ool sl ol o 5 w5L

[17]

Slwbro GBaslb » oSl ISl Yol -3

ISl 8 & Q oz amb J5Is 5 X abiipn 130 ce e Jouily
Sy Lo mily S¥oles 31 ool by 5 dolas glive yr SaudlS
L] 55 e 23

€ ()0(x.0) = f [ﬁ(?c, ) aGa(zl%)‘G(x"?) 0®E’(j~,t)] N

+ fs [A(Z)(ic,t) aGa(x’ %) —G(x,%)A (aQO(f' t))] ds

w Nz

X

(18)
9 2 sl 7 4Q ol asb g5l ) alai o x alal, ol o oS

% ahis o C_Ia...; 5 g0 o Cg>ng ¢S =00 @L...;Lz‘e sl

7 oleib 16 055 1395 e JASNA Adiica S did


www.sid.ir

Oble 9 G am g

6o bl Gy (3 A pag Yo jl oSl b Jb 590 2 03 imS Ogamlizals’ ilwd e

Looloa ol hlod S0 G)le 4 0nS e plail pmlusls L
3 Ogliagls 929 pae (23 L B 3 00 Gl Jo Al p Gemeliugls
Jb 3l Gremd 52 501055 (o0 ol Jb (595 2 )Lid mje gamilons 5 ol
abailb G £ -0 Koo Sle a0 b g O S jlid 5l meS jlisd a5
b e Joo jleslatnl 4 azgi b0 S slodl enlingls b > Julow
lpo g oad aubre (b o S SU lrs i Ol B, Sle)k
Lolyen 0l > 58 Gommlianls e Ol a3 00l auloe 136
U o Julos obe 5 55 5,50 ubatons Jl o055 oo ooliial oygmmsliysls
Sl 10l (gt sl ailso s Jsb sl 2 of ailes b o 16006
15 L8 ey Sl 3 S 40 0gdse oyt 45 slaiylel] aslio
oy @ =5 alax agl) 40 cilisee slagledl slaws hila JUb ailas 55 4
S slaglall b aSs jl eslil a5 spd e dlimdle ool sid

)5 YU Slesle gllas 50 x 20

25|
L
15 L
a1
Q
05
o
—-—@—-—N=40x10
— —a— — N\=40x20
05 —--—v—--— N=50x10
—--—g¢—--— N=50x20
——e——/N=280x20
4 [ IR NS TN N TR '
0.2 0.4 0.6 0.8
X/c
@) @
0.285
a ..
.
L -'~.-‘-‘
| -'-'-'n.
~-~,~‘~‘-
0.28
- =@ = \/=40x10
L - =A== =7\=40x20
| ——em i =50 10
—emgemeemm \/=50%20
| —— \/= 80% 20
0.275 = - T IR I EAERERI B L1
219,76 0.217 0.218 0.219 0.22 0.221
X/rc

) ®
Fig. 3 Pressure distribution for mid span section of 3D wing with
NACA16006 section at. « = 5’ for different number of elements a)All
over b) Optional point

slass sl5l a3 16006 U alaio b JU asles lawg jo jlid oo Ol sy 3 JSC0
Gl abi G (o cwnd JS (@l @ =5 > s dilises lagll

7 o )lois16 095 1395 e (uide Suilfo wiise

2 0 0B(E t)/0n; ¢ B(X 1) jJaie (ol loyladl 5l oolitwl 4 az g5 b
..x.ﬂ ooy (21) dalal, Lﬁll).i';.il ey Mly‘so g diwd <ol Ll
By os smgiil (22) alaly &jgar (21) abasly ol ol
€ (x)0(x,t)
N; N;

_ . G (x, %) 00(%, t) _
_ZZ{Q(x,t) M ds — on, ASiG(x,x)ds}

=1i=1

Nwj Nyi

- Z {A(Z)(J”c, £) 96Ce%) o <M> G(x,f)ds}
AS; As;

ong ong

j=1i=1

(22)

b oledl S g9y 2 OBT90 mis by 42X alai o o Wl fmily S
(23) ala, 51 ol

aG(xvf)dS - nnm .rnm dS
ang x = —fslla T3 x (23)

Dnm (X) = _J Ha
AS

9 dpesloes (24) alasl, 5l ooliiul b daia alis 4y oo Wl fmusly 5

Spm (x) = —f 05G(x,%)dS; = —J

AS A

9 X alaii b X claise b ol o galols Yo7 o X Slass b (e
S X laize b lodl gy oads Gl Juusly cailb a7 o o5l 7

1
Os—dSs (24)
s T

s SBgpre 56 calpe 4 blyy onl gy cnl 5l 9t oo anle (24)
25 Soga (22) akly (Bgo g deizr 150 olpe i 4 axg b I

D9 s sl

S 20(x, 1)

t

€ (N)B(x,t) + Z D(X, t) Dy _a—;snij]
_ =1i=1 x
+ szwi AD(Z, t) Dy — A 0p(.¢) S
a X, 6)Dnij g nij (25)
Jj=1i=1

Sl slads i 3l ookl b el polasl lasyl 51 c0olS Jobo a5 B8] 5
bl glav)l 4 axei bog oad Al g8 gl (Silow
dob b plpy i3 48 gLe a5 S(Le(x), x,0) =17(Lc(x),x)6_:€'5l5
b Uty cnl 5 oad drnle waz Job (26 alal) (gmidly (55505 Ub)

[11]
Ln+1 =" — " 26
as\™
) 0

98 b 9 Vbl b (2508 00 08 (g8 4 (i (soglS ST
Cuales ST 0 Ol a4 vaiw p ,S00SG 4 Wb alos 4l o 0o mus
095 dolas jloslarul b 2oglS Job ails jow o0l Sugls 1,8 o
Al 0 Solow § Sl b s b asS s HosT el o gl

D5 58 Sagls

@ (g g4
O 3955 50 bl Jb (595 p 5235 9979 pas (2,8 L il (g5l Jae
oot (b2 oy eJb gl 595 2 00 e (L8 @5 4 4z b

16


www.sid.ir

Oble 9 G am g

6o po bl Gy (3 A pat Yo jl o3l b Jb 590 2 03 imS Ogamlizals’ ilwd e

chio b Jb @5y » )i copd @mig om dw peal a3
el oaoals HLai 7 IS 0 @ =5 ales aygl; o NACAL6006

——a—— Current Study
(e} Experimental [18]
A Fluent Software

0 0.5 1
Xc

Fig. 5 Pressure distribution for mid span section compared with
experimental data [18]. 3D wing with NACA16006 section at a = 5’
bl L 16006 5L gaw aw hisds,ane alas lawg o jlid (5 5 JSb

a=5 al> agl; 5o [18] LalKisles]

Current Study E

O Experimental [18] 1
A Fluent software =

Fig. 6 Pressure distribution for tip. span. section, compared with
experimental data [18]. 3D wing with NACA16006 section at a = 5’

22l 116006 5L (gawy dushsds ane Sgiyo Jlid s oo liel 6 JSCb
a= SDlej 5 [18] alfisle;l

-Cp
26
24
22
2
1 1.8
{ 16
14
12

Fig. 7 Pressure distribution. 3D NACA16006 hydrofoil a = 5’
@ =5 al5 ;916006 U ahaio b Jb (59, p ,Lid cu o 7 S

17

3 S5 @b N =50x20 g N =50 x 10 aSo gl a5l 4 axg5 L
sliwly o ol Jiulidl a5 c8)5 amt o oo ciload Gulain ooy
Gilede ol )0 95 ol 510,108 s oles S Sl 56 L ailes
o3 dlis Jsb iogh u;‘ 30wl 00l oolaiwl N =50 % 20 aSlois 5
A4S 3 s (ol s S ol 00 4,5 LS 45 g
B sor s Jb Sle whaiie 3 L35 oy w2 Job (nl et
35 31 5y plp 10 Job b allss 5l eolatul a8 098 so alam>Me ol 423 )5
2l @l Sz 50 526 58U Job cal Gl g 0090 o930 S
2 53 Jsb e 10 5,5 ol sloislogon s dlis Job ol ol
ol 00 4..3)5 )Ja.t
@ b alie 10 sel Cavss @l i JLiel 6 95 slaJSs jo
5 caigls Jli8la s 5l solinwl b oads plowl sose @l 4 [18] $SU6 om0
645 IS 3l as jghilan .l oud plowl Jb ailas 3l Galises (galads go
eebie C8s il suolS ews Al 8 (gile Jde gl 89l oo cdaliv
2 b Sg ahie o Sl OB 5 aibis 028 @ L awlic o
50 45 05l e odalin g s balie jo 8 ad Shop cwend

& lals 5 galinglsh oo cnl 53 (gl 589 Lulyd )0 028 il

i — — = — - Wake Length=2C(m)
2.5F —-—-+-—-- Wake Length=4C(m)
i ——=——- Wake Length=6C(m)
Sk —-—-e—-= \Wake Length=8C(m)
Wake Length=10C(m)
15F
S
! I
[
0.5 o
I
ofF
0.5
') S NI NI I R
0.2 0.4 0.6 0.8
X/C
@) @
+ - = ® = = Wake Length=2C(m)
s =+=car.=e= Wake Length=4C(m)
0.38f —=—y-=- Wake Length=6C(m)
[ =meSemne Wake Length=8C(m)

0.365

NTRN ENENEN ANRNATE SRR AR SRR
0.1245 0.125 0.12X5/5 0.126 0.1265 0.127
(o]

< O
Fig. 4 Pressure distribution for mid span section. 3D NACA16006
hydrofoil. @ = 5 for different number of elements a)All over b)
Optional point
416006 5L (gums dus Jogdg,000 ailas lawg jo [lid g Ol 4 SO

bl abis S (o ceend IS (Gl @ =5 cll>

7 oleib 16 055 1395 e JASNA Adiica S did


www.sid.ir

Oble 9 G am g

6o po bl Gy (3 A pat Yo jl o3l b Jb 590 2 03 imS Ogamlizals’ ilwd e

O olyz siledae 5o ol Syse GUsS byd g anylie 1 Jgue
A =5 Luls s emlyls

Table 1 Comparison of two Kutta conditions for @ = 5" without
cavitation

NS5 g )lad gbsS by

5590 SUsS by w90 Syl

0dgud
68 25 (A ol Ken Hloj
s e s
0.005 0.017 ad o Jbales 5.

alos>

3 &3 w54 Ol boes 0l 4 bge il aa Al e s
w230 8 oy 050 | 00 S

L Jb b 9, 2 dlis s 55 busl) 5o plall slasd (g Tl o
odlitul gdi oo 0aalive O K& 5l &5 jslailon .ol s 3 (ouyn 359
Loolon by lodas oz Fy gliwl, o Gledl 100 slass
2 et By ol o Gl slass B L 5 039 ceslie (ygmlinslS

liwly 5o lall slaws Liol3l 45 59 e oaalive 10 S 0 a>g5 b
53 8los s ool annlxe (0ol Jsb 59, 2 szt S L ales
Syge S )0 &5 (oyp 4 4255 b (gealiglS (e S aiiles 4
S e Jb wles sbialy jo oLl 20 slass sy opl jo b plol L
ol 00 ai8 §

NACAL6006  shais b Jb (55, 2 (cglS (S0ynS (son dus pygas
sl 0 03ls las 11 JSs 00 =06 s = 41 1o

Saie) ,o 485 el ladse @l 5l Gleebl Cqa waslsl
4 ghge @l allalejl b b awlie (yealngls L oles by
[16] 55T bawgs 43,8 plmil iolejl mbs 5 ooliiwl b jolate cpon
o> saly b ol Jelod gdioe osalinel2 JS3T50 &7 jshiles
ol 413 5 plonil 0 = 0.628 Gl slS s0c g = 6

LI L L LN LA N B RN BN B B
0.35 E-L--,L - == N=75x20 -:
. Al —=—— N=100x20
03 ’ A, --0-- N=175x20 .
0.25F .
L\'Lo 2F -
~ N ]
0.15F 4
0.1F 3
0.05F 4
0 - TN NN TR NN NN TN SN NN TN TN TN [N N SO N [ T
0.2 0.4 0.6 0.8
Y/.c

Fig. 9 Cavity lengths along the span for 3D wing with NACA16006
sectionat a =4, ¢ = 0.6 for different chord-wise elements
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Fig. 13 Pressure distribution over the 3D wing with NACA16206
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Fig. 10 Cavity length along the span on 3D wing with NACA16006
sectionat a =4, ¢ = 0.6 for different spanwise elements
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Fig. 15 Cavity length (L) on half of the rectangular wing at @ = 4° and
o = 0.6 for with and without IPKC.
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Fig. 17 Super cavity length (L) on the rectangular wing at « = 8" and
o = 0.5 for with and without IPKC.
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