J ourna I (0] f t h e 2019; Special Issue; Vol.1; pp. 019-056

K N S T ISSN: 2635-4926 https://doi.org/10.31818/JKNST.2019.11.5P1.19
Check for
updates

2ES nsold V=

Numerical Analysis of Supercavitating Flow

BA S 7|AZEE, TARSH AT
Warn-Gyu Park
School of Mechanical Engineering, Pusan National University

E-mail: wgpark@pusan.ac.kr

2F3E7F E9]
2019.04.23

1/74

© 2019 Korea Society for Naval Science & Technology

19


https://crossmark.crossref.org/dialog/?doi=10.31818/JKNST.2019.11.SP.1.19&domain=http://journal.knst.kr/&uri_scheme=http:&cm_version=v1.5

KNST IRl ZZE QEM 7|2

o -
Contents —
1. Introduction
2/74 €3
2EE g £29
Cavitation 2019.0423

L | Widely observed in various propulsion systems and high-speed underwater objects,
such as marine propellers, impellers of turbomachinery, hydrofoils, nozzles, injectors

and torpedoes.
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Erosion by Cavitation Bubble 2015.00.23

Surrounding liquid
Increased static pressure

1 ' 2 3 4
Cavitation bubble imploding close

to a fixed surface generating a jet (4)
of the surrounding liquid.
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Dl‘ag Reductiﬂn 2019.04.23

1 Torpedo Speeds
= Mk-46 Torpedo : 45 knots (80km/h)
= Shkval I : > 250 knots (450km/h)
= Shkval 11 : > 350 knots ( rumored 720 knots ) &
= Brracuda : > 360 knots ( rumored 800 knots ) =¥
1,440km/h

ONR/PSU ARL

American Contyoks Conference
Barracualzl Portland, OR June 10, 2005 @
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Drag Reduction 2019.00.23
o

: o hody L _
[ c=003 st .

200 + Depth = 25ft cavitatation . & Reduces form
b i Shaping 10% and wave drag
= [ Reduces
5150 + Polymers 20% | boundary layer
§ i _ frictional drag
3 L 5:#?:_-1:!"” Ll Reduces
100 1 (ocavity) 1t & Microbubbles 12% | boundary layer
] L 4 frictional drag
] - ly-

L :::;ﬁuvlhlinw Modifies
50 If (cavity over Coatings 4% frictional drag of
[ 4 entire body) boundary layer
[ : Eliminates
04— e [ supercavitation | 65% | most frictional
f } f f drag
0 50 100 150 200
Speed (kts)
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Drag Reduction 2019.00.23

HSE) [+ HIEF/IE

pm1000kg/m*

R

P =1kg/m?
Supercavity

< Shkval-I Torpedo >
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Drag Reduction
- =

P9 Underwater Express / SST (Super-fast Submerged Transport )

Speed ~100 knots
Size : 8 ft dia., 60 tones

- Comparable in size to current special purpose
craft such as the MK V Special Operations Craft and the
Advanced SEAL Delivery Vehicle

- Mark V: 82 feet long aluminum monehull Free surface effects
surface craft, 40 knots
Demonstrate stable and controllable high-speed underwater ey

transport through supercavitation for future littoral [JEEIEEIE

= and Cavity stability Efficent
missions sustainment cavity
Period : Nov. 2007 ~ 2010 ' e
.
Monitored by DARPA / ATO Vehicle stability
Vehicle
Northrop Grumman Team selected control and

($45.8 million for 3 phases, ~4 years) maneuvering
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Drag Reduction

Journal of the KNST 2019; SP1; pp. 019-056 23



KNST Hiel, 22E Q=Y 71E

2FE7F EL

Supercavitating bullet 2019.04.23

30 mm Underwater Fiving Fixture

Typical Launch Safety Containment
MUZZLE VAPOR | S i
BRAKE cAVITY { v
Undersea
Gun

NUWC UNDERWATER SUPERCAVITATING HIGH-SPEED BODIES TEST FACILITY

VERTICAL VIEW

o=0(108), V=1220 m/s
(@ yater =1480 m/s)

2EE 7z £2

Supercavitating bullet 2019.04.23
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Supercavitating bullet

| High-Speed Underwater Bullet : U, =1,540 kin/h (M,=1.03); P, =152.0 kPa (Depth : 4m); T,=27°C
- AHSUM (Adaptable High-Speed Underwater Munitions)

oysrovery

V=1,220 m/s
(@ yater =1,480 m/s)

ZEE & £2
2019.04.23

Contents

1. Introduction
2. Governing equations & Numerical method
3. Results and discussion

4. Conclusions
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| Phase change due topressure | cavitation

[J Continuity Equation i Phase change due to temperature |
%(YI.P,"} ;X( rpmuJ+ (Y, p,v )+—(Y puw)=fing 41, ) (it v, )] '*‘?’prvc‘““‘“[T'-l-,T‘o
S rep ) 2 pa) 2 (8 pa )i 2 (V)= i o i 41 ) i Cummn| T ,u)
2 (V,pu )+ o (¥ p,u)+ ;y(‘fgpmvﬁ 2 (¥.paw)=0

[] Momentum Equation
2 0u+ 2 )+ S o) S lpuam)=—p, P T Ty T
g(pmvn%(pmm)%(pmva){;(pmvw):fﬁ,g%%ﬁ; “out
;(n...W)Jr (Powu)+ ay (Dm )= Bpgszra;: +a(;;’ +a(;z*‘ +p,2

[] Energy Equation
(p h, - |3 P)

Z (puh)+ 2

(p...h u)+ e

-4,)

olut,, +vr, +wr,

(pmh w)=

ox

Phase change induced
. energy transfer (latent heat)

+5(utp( -i—vt},,,+wrw_—qy)+ (u'[,x +V'IJ_,+M”_—qZ) h(

ay

o7 m.. 1.
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X| 4 2+d Al (Governing Equation)
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2019.04.23

Isothermal Fully Compressible
T e TR,

0 0o 0 0 £ud, 0, fpn 0 0 :
0 p, 0 0 udp Lo, fo e 0 fwe.  H v,
T.=[0 0 p, 0 vAp . E.V:'?.p.em ;o 0 p, E W p,, | WO P
00 0 p, WA pm“: W&yp,, +P 0 Moy p, +p, 0k
ER B RS -5 NN
® o @ om o pps——y, § ;mm.:v:ﬁ:.'""""'1'-'5"3'\"'5‘}15 ...... ._
0 p. 0 0 uAp, ud p, iop, 0 OE udp, :; udypo. E
=l 0 0 p, 0 vAp _EVO,en 0F i, # voyp,
0 0 0 py W || B0, B ;
o/ 0 0 0 1 hté p, +p,8,h f
L Bsssssinsing H
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xI HH tclbi.xo-l *—! (Governing Equation) 2015.04.23

" o o At
E e n+l.k§ AN il 2 A - P n+1,k
Aén”’k _ é.m,ku énﬂ,k ﬁn%l‘k :§1—~ M+ E+E _ (’)Ev 2 (’ﬂ:v +§
' Pt & o) (& o

: “{ « Second-order accurate backward difference for the physical time
i derivative

'| « First order upwind for the convective flux terms (implicit part)

Tunsanens { « First-order backward difference for the pseudo time derivative

* Upwind Non-MUSCL Total Variation Diminishing (TVD) approach for the |
convective flux terms (Residual part)

« A second-order central for the viscous flux terms (Residual part)

16/74
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Cavitation & Boiling Models 2015.04.25

P Cavitation Models I ™ Boiling Model
o CoaP% mjn[o- P-p] i = G2 "’:”[”-P =B = pr‘_uvmax( L '1‘!0)
(pU2/2)1, (a7 2)e, .

il 2 my. = C,,‘p,‘u,‘min{'r" = ,OJ
it = C e, (1-a ) max[0, p— p ] . CproaPy & (1 —& ) g

v

(o2 /2), £
PNU boiling model(based Merkle model), 2014
R ., Ty = ]T““’“¢mm (T, ~7.0)
k drR i ({2, - i =Pt

7 dt : L, \ k.2, : C

_ k drR ((o-2,) i 1
m =c _ £p;/)szf oy En'q‘ = k‘ AL, min I.maxjf Lp—p'),ﬂ H
il s dt i L \ kp )l

Option #4 : Yuan et al. 2003

e [ p,L{4an)" (30, i i Eu if p<p,anda, <1
M7= 3 p

(4] if p>p,ora,=1

L4V V2 (30, P2 2P, — P G s
. p L4V ) (3a, ) ."3 5 L pER
0

if p<p,

Pressure(atm) —*

i I fi0e =Mmax("[‘m -7.0)
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Mixture MODEL + Multl phase Code

Adding the solution of volume fraction advection

B . B 3 equations for both vapor and gaseous mixture to
E+a(ua)+a—y(va):() the solution of HEM
+ For vapor phase
F) 1 1 e
1 a+3[,Ua NEE ST T +mj
Jar aE\J an\J 02y 0% 00 L0 A " 4
ot o0& an as A,
+ For non-condensable gaseuos mixture
Aot Bex Oox dex
)l i B B oem 8 g
o | o3| os | o og an o
0s | oo | 1 AL
1.00|
075
(a) Volume (b) True Interface (c) Piecewise Linear H 050
Fractions Approximation Novortex gég

LU‘l‘l‘é‘IHhTH'd'rHBéenenus mixture model (HEM)

AL
1.00
. =] 0.75
* AHEM : Advanced Homogeneous Mixture . 5 L 050
i Vortex is seen g = 025
i 0,00
18/ et HE«E;\dvec‘tl‘c:.n-
XFEFEL
2 2019.04.23
Numerical Methods

da @ 5}
i i pu— L} :O
o + o (ucx)+ > (\ oc)

Transformation to curvilinear coordinates

ia—a+i(l(]a]+i(lﬁ’a’)=0
J o oE\J an\.J

The contravariant velocities:

U=gutdp; V=gu iy

0 03| oS _—
AS =1
gUstisn 05 | 08 1
- —
A G & W oA (a) Volume Fractions (b) True Interface © PICCFMS? Linear
i T_> Approximation
19/74 )
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1. Introduction
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Results and Discussion
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Natural Cavitation 2019.08.23
|

FI Comparison with Ahuja’s Result r-l Comparison with Kunz’s Result{(ONR/ARL)

Ahuja et al.(2001 (a) At =0.2
[CRAFT Tech, USA | et

\ (b) At 6=0.3

\ (©) At o=0.4
\“r

22/74 ’( > )
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Natural Cavitation

™ Comparison with Experiment (ADD, Korea)

= Depth :5,10.15m " AOA:0°~ 9°

( Fixed AOA=0", V=55knot ) ( Fixed H=5m, V=55knot )
---Analysis
---Experiment
Start of L/D End of
(mean) L/D(mean) Lenaihnean)
Analysis
Experiment

23/74
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Caviatating Flows over a 0 Caliber(blunt) Cylinder

2FE7F EL
2019.04.23

PNU CFD LAB.

-

= Compressible
Incompressible L presst

t =0.082
M eressure coerncient
Fal Present resuft {Time-Averaged)
ewpenarune | S b N e it trh e
* Emperiment
|
s
. *2e ?»
] s
vapor volume fraction 0z2F A
# i | Mot9sans by
and streamlines at o =0.3 o4F
L L s s ,
F] 4 [] 8

MACH NUMBE R

U,=15.28 m/s, p,=38.5 kPa, T _=300K (5=0.3), air content ,=0.0,
preconditioning parameter =1,

entropy correction parameters 3,=0.015, 5,=0.02

Kunz’s Result §

Isothermal
Compressible

Sankaran
Venkateswaran, Jules
W. Lindau, Robert F.
Kunz, and Charles L.

Merkl: (2002)

24 /74

Buoyancy (Gravity) Effect

P Disk with Gravity Effect : Ventilated Cavitation

0=0.075 I'r=9

2EE 7z £2

2019.04.23

€
L £
a + +* s
JPPPETE ¥ R AR S
I jrors 3 n . +
+*
| Numerical results 24 1.9 0 ’$I I G
| Experimental data <Epshtein - 1970> 23 1.8 | POV A H * Experimental

+ Numerical

<Gravity effect on the shape of ventilated
supercavitation, ZHANG, 2007 >

Journal of the KNST 2019; SP1; pp. 019-056
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Nozzle Cavitation
P Cavitating Flows in a Nozzle
" Expt. (Satoshi, 2012)™ Expt. (Satoshi, 2012)
Time = 22.430 (ms Time = 7.1840 (ms)
. Vapor Volume Vapor Volume
Fraction Fraction
a ﬁ' T —— - o e
Temperature | __:‘ {' Temperature
-Mach Number Mach Number
K -\ TN
- Pressure Pressure
Flow cenditions: Flow conditions:
Uiie=3.5 m/s; Ty 27°C ; Poyne=94.5 kPa Ui o= 3:5 m/5; Typo= 27°C ; Poune=124 kPa
(Oqunet ¥14.9) (Couer=19.8)
26/74 D

2EE 7z £2

2019.04.23

Compressible Effects

P17 Ventilated Cavitation with Temperarure Difference

< (B) —T».
- Free stream conditions: U,=112 m/s —%
p.=101.325,Pa; T =25°C (298.15K) (M .=0.075) .
- Conditions at the blowhole: U, =392 m/s , :’,"
Pren=1.2x10¢ Pa; T, =750°C (1023.15K) S

ITN=1 /300,000 = : Injecting Gas

TEMPERATURE
I

AIR VOLUME FRACTION

0nO02030507 08 10

Steady equations were solved

27 /74
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Supercavitating Torpedo 2015.00.23

Barracuda Without ventilated Cavitation

2005 American Controls Conference
Portland, OR June 18, 2005

With ventilated Cavitation

28/74 C -
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Ventilated Cavitation 2019.04.23

™1 Cavity Instability

< ONR /ARL >

AL: 002 01 0.180.26 0.34 042 0.5 0.58 0.66 0.74 0.82 0.9 0.8

h%:ZxU

o0

AL: 002 01 0.18 0.26 0.34 042 0.5 0.58 066 0.74 0.82 09 0.88

29/74
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Ventilated Cavitation - continuous & intermittent ventilation
- Drag historv f;’ continuous ventilation
— — — — Continuous Injection
o 06 j Intermitten injection
g
§102: 3
i e t*=0.003
I:‘:Iortdimensio:al time . s
= intermittent ventilation|
o Mass loss .
@ w0
: “:‘.;Imluxlx.u.;::f":" . t*=0.001
v NON-DIMENSIONAL TiRE. < Surface pressure and gas contour >
30/74 B KD
2FE 75 £9]
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Cavitation over Hydrofoil

P Cavitating Flows over Hydrofoil

Plunging Motion Oscillating Motion

-

Wang et al. UVRC
2001 S

§ EE y
L
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Results and Discussion

32/74
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Dam-break problem with an object 20190425

)

(O]
Water level at four positions

P1 ' P3

Time = 0.000000(s)

33/74
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Dam-break problem with an object

0.12 square
column

0.3

0.01 (wet bed|

S0 Prosent result {grid)
Present fesult (grid 1) |
. ® | Experimentaldata

15
Time (s)

Net Force on the structure

\

First wave arrival

2FE7F EL
2019.04.23

Time = 0.000000 (s)

Reflected wave arrival

Dam-break problem

Time = 0.000000 (s)

34/74
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bia =
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Simulation of a sphere entering into water using Chimera techniqere*2

59 ms 129 19.9 26.9 339 40.9 479 54.9 619
i e M i ) W [y "Ny T e

1V. Steel: p,/p=7.86
V=2.17m/s

Comparison of present results and experimental images
Pinch off

AL 1

36/74 (Y
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Steady Free Surface Flows about hydrofoil NACA0012 antonze

p—. H&ﬁ_‘ﬁq\?

= —_—
U=0.8 m/s

0.4
O SN T O S
i a9 o Q |/ /
036Po o Q Qb
EFS & T T
O LN
0.34
~—i——— | Present result
O Experimental data
032 i ] ’ "Duntan1983
03k |
=02 0 0z 04 06 08 ; 12 14 16 18 2
m;

Comparison of wave profile between numerical and experimental results

37/74
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Free-surface Wave

04r 3 !
— Present result, Fr=0.37, Re=1.52¢6.
Wave profile o Exp, Fr=D 37, Re=152e6 (wave min)
o2k Q. Fi 5206 (wave max)
o oy 206 (mean)
o i i
>
A
@
g
=2
NACA 0024 foil
04 H i H i ,
(4] 0.2 04 %D 08 0.8 1
Fr=0.37
M refld Wave profile
04r

Present result, Fr=0.55, Re=2.36¢08
n Exp, Fr=0.55, Re=2.26006 (wave min)
o2l 1> .. Exp,Fr=0,55,Re=2.83¢05 |

% & Exp.Fr=0.55, Ro=2.26006 (wave max)

Wave level
o

GOpEED
Experiment Simulation %ﬁﬁfr%?;
Metcalf et al. 2006 02t
Visual comparison of wave profiles between B 02 04 gp 05 08 i
CFD and experimental images Fr=0.55
Wave profiles and near-field elevations close
to the foil surface
38/74 (d >}
e
2019.04.23
* L
Results and Discussion
39/74 {d >
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Water Impact Force Analysis

Time = 0.0045 (3) Time= -0.000750(s)

N

Tinse = 0.0090 (3)

Time = 0.0011 (z)

- Sxbainagt *  Empeinet
—— [, P,
Insccu (Pl Tnaorsucal (Pl)
- d
£ S o
-k T
£ Sy (sensors)
2 X
"
asf s =
. ®,
a 0002 0004 0006 OOO8 L) o2 T ao02 0004 Tirr'n“l“?sl o008 oo 0012 50
Vertical Acceleration Vertical Velocity
40/ 74

Water Impact Force Analysm

0=20°

v

Exp (Yettoustal.)
1 5 Ven Kaman's model
Wagner's model
o Zhao's del
I Brosntrask
.
5 T 4f
= £
%35 -
A
o I
k=
4 ; 25
5 :F
é 15
B - o o ! (S S U A TR IR A0 W S N NS U (NN SO O LA |
Six Pressure Transducers Time (ms) § 10 0 30 ]
Time (ms)
E M. Yettou et al. 2006 z y )
Pressures at the six points Velacity
41 /74
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6 DOF Motion Analysis and Chimera Grid 20120823

P Multi-body entering to the water with multiple Chimera grid

Time = 0.000000(s)
Viody1 =3m/s me

Z
Viodyz =5m/s E .
o, =0°
a,=10° ' bodyl

‘—’ body2

Time=0.000000 (s} Time = 0.000000 (s)

v

42 /74
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Simulation of a water entry cylinder with inclined angle 2050828

/ i / ~ / Time = 0.000000 (seconds)

t=0ms t=6ms
x ’ / \-i‘ap 5
t=73ms t=93ms * Uy, =6.1m/s
**‘Evolution of three-dimensional cavitation following water entry of an * Inclined angle=60°

inclined cylinder’, Zhaoyu Wei,et.al(2012)

43 /74
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Simulation of a water entry cylinder with inclined angle

2019.04.23

Vertical velocity vs time

| O : 4 ST
g
E
t=13ms 3
B
3
-TF
: a7 Tt Tt Tt 5T T2
Time (s)
. Angular velocity vs time
“F am W ER
2
g
E
t=51ms t=51ms t=51ms z?
g bt s ——i=— Present, uml(l.:-?&ldlq)
3 °F % A”ff
A g of .“‘;A‘A“‘AM‘{M’
Snapshots of water entry cylinder at . W e
inclined angle of 78.4 degrees s h
o (3 Tt 7t i 5 12
Time (s)
‘),.w"‘ A
44 /74 )
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Simulation of a water entry cylinder with inclined angle B
Thin water film ‘Thin water film -
e Euler angle vs time
100 |-
p——rr—
SO Lt S
E Uaang
’é 40 |- Iéﬁqiﬂ&-A
H %& A4
5w 2:3,*2_} 71
of —BC 5:.'.‘.’.'."..‘.5’.?..';“27.;”.,, . SRAA
A Explesta=
xnk s Pmﬂnldl(hm-llbdaﬂ
i T T AT ] Th
Time (s)
Center of mass vs time
g W Exp(teta=78.4 deg)
o Fmimr!wlm T84 deg)
A Exp(teta=6686 deg)
ok = Present resukt (teta = 55.6 deg)
-
—mf .
E ]
N []
07k L] i
02 -. A’h:'ﬁ
H a
03 n A 7y
t=53 ms t=53 ms _=
5 04, L '0 L J
Snapshots of water entry cylinder at ; 4 Xm & e

inclined angle of 53 degrees
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6DOF water entry behavior of hollow cylinder A

Time = 0.000f (seconds)
Time = 0,000000 seconds

Water entry angle =60° I 2

V,.=5m/s

bottom

¥y

Air 4—— Water Air 4——— Water
[ | [ ]
surface volume fraction Volume fraction
3D flow of hollow cylinder entry Internal flow of cylinder
46 /74 <o
XFEFEL
6DOF water entry behavior of solid/hollow cylinder A

*Inclined angles: 60°
sinitial entry velocities: 10 m/s

Time =0.000000 (s} 4

Tim e = 0.000000 (s}
l:l— ¥ /

Solid cylinder Hollow cylinder

47 /74
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Ricochet problem 2019.04.23
Casel: 10m/s Case2: 5m/s
Time = 0.000000 L_v Time = 0.000000 L_v

] o

Diameter of sphere = 0.025 m
Density of sphere = water density

]

48 /74 (d ™)

7
,

P

P

XZE g £9
Results and Discussion
w B <o
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Full Fluids Equatiﬂns 2019.04.23

™1 2D Shock Bubble Interaction p. =10p, p ~ same

AIR-HELIUM SYSTEM AIR-NITROGEN SYSTEM

e e ]
4

Air/Heliumbubble system
Air [p =1.29kg/m’ u, =0m/s, p, =10°Pa
T.=14, n,=0Pa

Helium
pu=0.167, u,=0. p, =10"Pa
Yu=167, =m,;=0Pa

Air/Nitrogenbubble system

Ai et

Al p. =129 kgf’mj,u‘ =0m/s,p, = 10°Pa e Numenca resulls
v, =14, n,=0Pa I"

Nitrogen

FETERRBIAWE T

Yu=14, mn,=0Pa

{puzl,ZSkg/nl3, U, =0, py =10°Pa

Shock Wave
Propagation

Second order HLL scheme with MUSCL interpolation (p=1)

50/74 ()
SHOCK BUBBLE INTERACTIONS AN
AIR-HELIUM SYSTEM AIR-NITROGEN SYSTEM AIR- KRYPTON SYSTEM
{pahr/ pHeIium=7 7. 2) {par'r/ pM't.rogenzl'o‘g) (p ar’r/ pKrypton=o'3 7, )
MIXTURE DENSITY MIXTURE DENSITY MIXTURE DENSITY

t=0 t=0 (1s) t=0 B

PRESURE (Pa PRESURE (Fa)

VECTOR FIELD & BUBBLE SHAPE VECTOR FIELD & BUBBLE SHAPE VECTOR FIELD & BUBBLE SHAPE

O O
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THREE-DIMENSIONAL SHOCK BUBBLE INTERACTION
EV\ AIR-HELIUM SYSTEM

t=200.7(us)

*

t=0 (Ls) z

L=271.8 (us) 2

t=401.5(us)

_;’""',-‘ “

2EE 7z £2

Full Fluids Equations 2019.0023

P Richtmeyer-Meshkov Instability N Hadier e
U=200m/s R=0.6m im
Initial conditions : >
P =lkg/m’, Py =10°,
Ugins =0 m/s, Vg =0 m/s
Saurel et. al (2009) Saurel et. al (1999)
phng&g = SO kgms’ Phtavygus = ]05 Pa: e e e e ™ /
Uy =0 TS, Vi =0 mfs, 2
7
Y tighigas =14, T sehigas, =0(Pa), <\,\
Y heageas = 10> Figagens o = 0 (P) , ng
Time = 0.0000000000 E+000 (ms) (C\L
Vol 7
0=y
| T - THl
Rkt 1000 1300 1533 4000 7000 10000 130000 16000 19000 220,00 250.00
Second order HLL scheme with MUSCL interpolation (B=1)
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Full Fluids Equations

| Rayleigh-Taylor Instability

Kelvin-Helmholtz instability may occur :
- If a fluid of high density resting on top of a low-density fluid
-And if a small disturbance, such as a wave, is introduced at the interface

[l Higher density Initial conditions :
{pl =2kg/m®, u, =0 m/s,
Gravity (V=0 m's

T {pj =lkg/m®, u,=0 ms,
Preodic Preodic Yy =8 s

Lower density SG -EOS
=14, p,=0(Pa),
v, =14, p,.=0(Pa)

0L 4F0 1E0 810 070 JOA

Solidwall

The interface is initially perturbed with

vo =00t ron{ 221+ on{22]]

54/74
2XFE 5 £9
. . 2019.04.23
Full Fluids Equations
™1 Kelvin-Helmholtz Instability bk
lower density
Initial conditions : Preodich i i
SG-EOS 2
boundary, o =05 s — undary
p, =2kg/m®, u, =0 m/s, 1, =14, p_, =0(Pa), :E':’;;,..,s’" Ur R
v, =0 mfs v, =14 p,, =0(Pa) e

(10w
vaa = 000sin{ == |
v sin] 7

{pzzlkg/mj, u,=0 mss,

v, =0 m/fs,
=i - 1oy 831 e
15 WTe MY (-0 s
IIPIPIPR T e

- A '
= — — = % Ve
t=0 {ms)
VOF
1.00
VoID 075
050
FRACTION priped
000
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ES =
. . Initial conditions :
Expansion of Spherical Shock e 2019.00.23
p=1.0kg/m”, p, =1Pa, u; =0 m/s
V=0 ms
p,=10kg/m’, p, =10Pa, u,=0 nvs
v, =0 m/s,
8G-EOS
v, =167. p,, =0(Pa),
1.=167, p,,=0(Pa) Solid wall
7

Time = 0.0000 (ms)

[ N e e e e e B
WwweDooDooD =
R E=E==RE ]

Density contours

56 /74 &= 5
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Underwater Explosion 2019.00.23

To examine the capability for capturing
the interface with large jump in
pressure, temperature, and density.

1-0000 (o) 18110 ()

—— Nonslip wall

0.2
Ambien air: p = 105Pa, u=v=0m/s, T=300 K

Free Surface

Boap / Compressed air \
(i =10%Pa ]
u=v=0ns
\ = 1,500 3
\ T=1500K /’

L //

= -
= 2 e

F| Water: p=10%Pa, u=v=0m/s, T =300 K

| MO TR T N T TR S O A [

et 30E+03 AG
0.1 -0.05 o 0.08 0.1 26E+03 100
X (m) ? ggﬁ 0.75
Ax/D = Ay/D = 1/180 Temperature [ &2 Air void fraction | o3

(300300 cells) 5 000

30E+02
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Underwater Explosion 2019.00.23

The evolution of bubble shape for case 55g; from the left to right the
bubble shape at time, t= 1, 7, 50, 85, 93, 94, 95, and 96 ms.

58/74
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Underwater Explosion 2015.04.23
g=35 (@
N L] Experiment 1 | 1 1 ! L Expeniment
] - i T | A Numerical result I [ Numerical rﬁsull

! ! i 1 i . s | 3 " " Second|collapse .
06 f— . - —_— 3 f i
r“l"":‘#-‘ o oo H
e P“.ﬁ.\ o s - i First collapse
SESTE= \ . ' |

o
B

Bubbie radius, R (m)
=
e
T

Bubble position, (m}
o
F =

By e ...m ki o L e s ot £ i L P d 027 -+ s -L 4
! Time, 1 ms) Time, ifms)
The comparison of bubble radius with The position of the center mass of bubble

experiment result for the 55 g case. as function of time
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Results and Discussion

60/74
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Su per Cavitation 2019.04.23

005 02 035 05 0B5 08 085

Fr=10.8
Ly swrso — Dy pwy o 9 49 (a) Cq= 0.06 Simulation :Fr=10.8, Cg= 0,06
de xriso de pyy ’

=

(b) Cq= 0.10 Simulation :Fr=10.8, Cq=0.1

(c) Cq=0.15 Simulation :Fr=10.8, €q=0.15

(d) Cq=0.2
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Su per Cavitation 2019.04.23
|

005 02 035 05 085 08 095

Fr=14.4
Dy sso — Pueww — 9 49 (b) Cq = 0.10 Simulation: Ca = 0.10
dU‘KRJSG dCJ‘NU
Simulation: Cq = 0.15
(d) Cq=10.2 Simulation: Cq = 0.2
62/74 c » )
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Su per Cavitation 2019.04.23

#A} 74 D}

* Flow conditions:
U,=50 m/s, p,=1.5x10% kPa, T,=15"C intermittent ventilation
(interval At*=0.25)

* Ventilation conditions
Tg=115"C ; Q=36 kgls ; p;=4.0 %108 Pa

@

intermittent ventilation
(interval At*=0.5)

1678

3 holes ; A,.,=0.01648 m? >

t*=0.003
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Inlet velocity = 5Sm/s; Inlet P=1.00506kPa; Injection velocity = 2m/s;
Injection P = 4.0kPa; Re = 408,482 89; Fr=17.06;

t=0.01

10m below the free surface

20m below the free surface

64/74
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Velocity: U=19.1 m/s
Diameter: D=37mm
Cav number: 0.54
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sawitation Flow In DIsk Cavitator with AoA

Caltech. Semi-exp. Formula
Caltech. Exp. Data
PNU CFD Results

T T T T
e
s

il T VI U I EAE T R W
-02 0 02 04 086 0.8 1 1.2
Cavitation Number

2EE 7z £2

Su per Cavitation 2019.04.23

jeavitation Flow In Torpedo with AcA

Flow conditions U,=50 m/s , p,, = 101,325 Pa, T, = 288.15 K

Ventilation conditions P, = 2.5 MPa, T, = 375 K, U,,,=390 m/s

t*=0.006
v

.

Angle of attack a=0°

Ventilated bubble (mixture density) and

surface temperature Four holes

T 26615 304.35 32052 33670 35289 36007 33526 401 44 11765 43662 43000

t*=0.004
¥

L,

Angle of attack o.=6°

Ventilated bubble (mixture density) and
surface temperature|

T 28815 30433 3052 33670 35280 36007 33526 401 44 41763 43382 45000
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Su per Cavitation 2019.04.23

javitation Flow In Cavitator with AoA .
‘"“-"—— e

Wetted
Cavitator Cavity shape Point of .
foh {voluma fraction) collapse | Surface Drag (cavitator only)
o -
q 14d,, 48d, & 54
710 [Um‘]te’:rswde): 5% 9.2
9
sosmess 1 -
i - ——1I . 00 | wse
O g4
82
ASHL_ J 14d,, 52d
+10° o 52d, ~59 §
(Upperside)
78
7.6
s ‘ k: 11d 0 0 10 20
o _: (Uppem::de) ~20% Cavitator AoA
(el o o 2
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Hydrofoil (KH002, KRISO) Freguencyi it

Horizontal velocity

V-2 45 4 05 0 05 1 15 2

Vertical velocity

Computation domain 6.
- v

oo
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1 H' } ) E = :
r Ef 4 4 ,k hoa ol ERNARARARARD
[ | —— tum.2e ) § ’H\{H{ﬁ\ ['af“f!\{ \ 51\]\?\{ ’”lr i
il ===t 23UV VYV VYV Y STV u‘ ‘h
e I Num. 8¢ 3o YV VY VY g”‘ ¥ 1‘|f 'L/ I u \ / '
w L . Exp. 2° = &
E 3 . Exp. 4° yd ™ ik L
206 = Exmg P L
E i Exp. 8 4 // ' [ 0711mc{=|05 2% %5 [0 ”‘nme[:]” [
- Amplitude 6, Frequency 15Hz Amplitude 6% Frequency 20Hz
§04-—
Al = g I b T | | | ‘& Bhh
o = TEN N LA k&R . AN r | ﬁ\ i | |
- & MM
0 5 5 ] | Wl = Ty
=l ALt B
The maximum velocity in vertical direction s TN SRR RS
according to amplitude and frequency

03 1
Time [s]

Amplitude & Frequency 13Hz
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Amplitude : 8° / Frequency :20 Hz

- : " Horizontal velocity
Computation domain
i [ [ [ [
2DD_U-10123||EETEBID
e M
= LJd
> ol

“I'  Gas volume fraction

L [ =N | DN
200 AG: 0.150.25 035 0.45 055 0,65 0.75 0.85 095

00

U e |

Cavitator with ventilated hole

-200

AW ¢ I 1 !
0 200 400 600
X
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Conclusions

* N-S equations based on homogeneous mixture model could be effective method to

analyze cavitation
* The in-house code has been successfully developed to capture cavitation
phenomena including full compressible effects, non-condensable gas,
buoyancy force, temperature difference effects, and ventilated cavitation.
* Free surface was effectively handled by VOF method

* The 6 DOF motion analysis has been done by using chimera grid.

+ Also, the in-house code using full fluid equations, not using homogeneous

mixture model, has been also successfully developed.
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Thank you so much!
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