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Cavitation in Enlarged Nozzle & Atomization (Hiroyasu, Tamaki)

D=2mm « Jiquid jet & spray

high flow rate

V,=13.5,AP=0.14
m/s MPa

Cavitation

Vv, =12.6, AP=0.12 {}
m/s MPa

V=114, AP=0.104
m/s MPa

—8 1, AP=0.05 -
s MPa TR
A 1o break-up
low flow rate 8 -

Background (Observatnon of Cavitation in Diesel Injectors)

Ligeaid Yat

Black
in nozzle
' = Caviation

1.30 126 L0 240

pressure difference | Pz Round nozzle, D=0.20mm Lance, et al. (EJTPFGM 2003)
H. Chaves, et al.,, (SAE 1995)

Py;=2.65 MPa, Ca=17.35

VCO nozzle, D=0.30 mm
R. Miranda, et al., (ICLASS 2003)

C. Badock, et al. (IFHFF, 1999)
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Observations of Cavitation in an Enlarged Nozzle

nc;p:cnt cavitation Supercavitation  Hydraulic flip

Y. Laoonual, et al.
(ILASS-Europe 2001)

L. C. Ganippa, et al. (CAV2001)

Observations of Cavitation in 2D Nozzle

2D nozzle, D=1.4mm

M. E. Henry & S. H. Collicot,
(Atom. & Sprays, 2000)

D=0.40mm, t.,=33ms
H. lida, et al,, (ICLASS 2000)

Daikoku, et al. (ICLASS, 2003)

1-3




[

BER, Re=21600 Re=25600 Re=27200

=T 0=1.09 0=0.77 6=0.69
5. Wavy Jet Regime  Spray Regime

Enlarged Images of Liquid Jet Interface (2.5um/pixel)

Re=—
Z > v
Re=24000, 6=0.88 Re=27200, 6=0.69 ey
o ===t
Wavy Jet Regime Spray Regime % pv2
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Enlarged Image of Undteady Cavitation (2.5um/pixel)

mm Re=25600, 6=0.77, t;,=5nsec

Collapse of Cavitation above the Nozzle Exit

Re=27200, 6=0.69, tz,="5nsec

=0, 10, 20, ... 150 ps,
tex=5 nsec, 2.5pum/pixel

=130ps

1=30ps =50ps
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1. Observation of Cavitation in a Nozzle

2. Hybrid Cavitating Liquid Jet Model

3. An Interface Tracking Model (I-SCA Model)

4. Conclusions

Cavitation Model : HM Model

..... cmpeem ./:_j_-;\ ._._.Q
Flow L [dG@EEB)))) -Gas-liquid two-phase
p =N = Homogeneous Medium
Sheet™\T\ Bubble tloud model
/ L //////////////
e e st

Homogeneous Media Model

Effects of cavitation is averaged.

Effects of cavitation is not easy to be correctly considered.
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Cavitation Model : DNS

= *Direct Numerical Simulation
Shest taking into account the

) i D) o st e e
Z ///%és liquid interf

*BEM, VOF, ...

//

Direct Numerical Simulation

Fine grid have to be assigned.

Simulation including mny tiny cavitation bubbles
requires huge amount of computer memory & CPU time.

Cavitation Model : Bubbly Flow Model

I 3
O |0 o [e}
o -Bubble Tracking Simulation
xereas *Has a potential to predict
Nozzle wall / cavitation induced turbulence

Prediction of bubble
Bubbly Flow Model cavitation, cloud cavitation.

The applicability of Bubbly Flow Model
to cavitating flow in nozzle has not been examined.

2-way coupled bubble tracking model
(Eulerian-Lagrangian model}
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Numerical Simulations of Cavitation in a Nozzle

N. Dumont, et al. (CAV2001)

W. Yuan & G.H. Schnerr (FEDSM2002)

A. Alajbegovic, et al. (EITPFGM, 2003)

Numerical Simulation of Internal Flow & External Liquid Jet

The effects of {  recirculation zone ligament )

turbulence
and cavitation §
generated inflo
in nozzle

on liquid jet
atomization?

¥,
foéx drd I\et J
(1) Bubble Tracking Method (2) Interface Trackmgl Method (VOF) h

(1)*(2) Hybrid Method = Interface & Bubble Tracking




Hybnd Numerical Model

Hybrid Model = Bubble Tracking Model + Interface Tracking Model

Cavitation bubbles
Uy
interface Tracking Method
(One-Field Formulation)

o = Two-way
KT G O Bubble Tracking #ethod

Continuous gas o,

By using the hybrid basic equation:

if ag=0 in a cell: Hybrid model — Subble Tracking dodel
if acay=0 in a cell: Hybrid model — interface Tracking #odel
if ag=0cay=0 in a cell: Hybrid model — Liquid Flow

if oy =0,c,y=0 in a cell:  Hybrid model — Air Flow

Basic Equations

Mass CONSETV. (s, incompressible Covitation
oo bubbles
L—=t+V.a,V, =- Pes (Yeew —Ycor) Interface Ocay
ot P Tracking Bubbi
3 rethod T:‘ack; .
a (One-field :
G —=%+V.a V., =0 ‘ Atethod
’ ot ve formulation) 1 continuous gasag e
o+ 0= O
g, — o oy +org o, =1
AV AV AV LV . (o = _ G AV
A ©@crVear) = Yoen —Yeo o +0lG= O
MAssiconserv. &g, ITM (one-field form.)
n+l
Ay — Olgay 4+ Paw =y, =
VooV, =—< 4 = (Yoev = Yeor) Vo= V=V
S \ AP +O
€q. of motion of bubble (BTM) Pe = XePg ¥ %Py
duc,, U +0,
(pCAV +CVMPL) dr = VP+CVMPL' _fo Sir
momentum eq. of continuous phases (one- held form.) car imn = 7Z §,Ym”
Ve
o —=+V:-VY, N o
C"C( a L cte =2Vl S

Imn




Solution Procedure of the Hybrid Method

; (1) Bubble Tracking Step i
(1-1) Calculate all terms at each bubble position for solving equation of bubble motion.
(1-2) Calculate all forces acting on bubble.

(1-3) Calculate time advanced ¢,y and xc,y Of each cavitation cubble. (BTM)

§ i

1 (2) Cavitation Step i
(2-1) Calculate the genaration and the oollagse of cavitation bubble. ygey & Yeou
(2-2) Calculate collapse-induced effect Feq, .

(2-3) Calculate time advanced ¢4, and og.

| (3) Fluid Step |-
(3-1) Calculate all the phasic inieractions. (2-way coupling)
(3-2) Calculate advanced ¥ & 7 of continuous gas and liquid phases.

$

il (4) Interface Tracking Step }
(4-1) Calculate time advanced ¢ and o.
(4-2) Calculate density of continuous phases. (one-field form.)
(4-3) Calculate surface tension force Fg acting on an interface. (CSF)

Constitutive Models (Cavitation Model, LES, etc.)

Turbulent diffusion model
(standard LES = Smagorinsky model, Van Driest’s wall function)

Cavitation model
(spherical bubbles model)
(constant nuclei concentration)
(cavitation collapse pressure)

Forces acting on a bubble
(a drag model for a single bubble in stagnant liquid)
(a lift force model for a single bubble in linear shear flow)
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(1) Cavitating flow in a nozzle

computational domain

D/2 !

by Bubble Tracking function
r

2D (r,z)/ infow
irl:>

/ 4

L2

Case \"/

- Re o

1 8.1m/s 16200 1.94

2 12.6 m/s | 25200 0.84

’ L=4D L

Reynolds number
Re=P/nD
Ky

Cavitation number
G PP

AP,

Calculated vs. Measured Pressure

Injection pressure

AP (MP Measured Predicted

{MFa) by Tamaki by BTM
Case 1 0.05 0.051
Case 2 0.12 0.118

Case 1 Case2
Pressure distribution & injection pressure

are well predicted.

Inflow Photo

Bubble
Distribution
- 150 Tamaki
a —
= 100 Predicted
S %
2 P,=23kPa
2 o
o 0 4 8
Distance from Inlet of
Nozzle Hole L (mm)

Case 2: V,=12.6 m/s
with Cavitation

1-11




Velocity field & Cavitation

T=12.000 ms

T=12.068 ms

T=12.136 ms

T=12.204 ms

T=12.272ms

T=12.340ms

T=12.408 ms

T=12.476 ms

T=12.544 ms

T=12612ms

T=12.680 ms

Time=12.680 msec

Time=12.000 msec

. . . Ganippaet al.
- The formation of recirculation zone at vena contracta

s i g ¥ 5 " sato ef al.
- Yortex cavitation (periodic vortex shedding + bubble ciou )
. Sato et al. ; . T
- CoalesCehté & collapse or flowing out of vortex cavitations

- Break-off & Re-entrant flow & Collapse of bubbles

Sato et al.
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Time=12.000 msec

""""""""""""""""""""" I3
collapss

PN

3
Flow .'-:a-entras*.t$ ‘&
L —

flow

Time=12.136 msec

SRS 142 -
Flow coalescence

Time=12.272 msec

Flow . . T e cavitabion =g
w' racirculation zone voriex cavitation

Time=12.408 msec

Hybrid Simulation of Liquid Jet Deformation

(1)+(2) Hybrid Simulation Case | Flow in a Nozzle Cavitation
= Internal & external flows

3 Calculated Calculated

Case2:V,=12.6 m/s 4 Not Calculated Not used
with cavitation
JID/2=1mm .
yorex Liquidjet G
290
s
4D

4\ P
Internal region external region

water jet deformation injected into initially stagnant air through a round nozzle
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Collapse of Bubble Clouds in a Liquid Jet (Case 3)

|Vl [m/s]
2! 25

Effects of Vortex & Cavitation Generated in Nozzle

Predicted by ITM (Case 4) nc internal fiow calculated

(b)t=1imsec

(e) t=4.0 msec
B s |Vl [m/s]
0 15
Vertices and cavitation generated ina nozzle

play important role in liquid jet deformation.
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1. Observation of Cavitation in a Nozzle

2. Hybrid Cavitating Liquid Jet Model

3. An Interface Tracking Model (I-SCA Model)

4. Conclusions

Interface Tracking Simulation by SURFER Code (Zaleski, S., et al., ESTPFGM 2003)

2D Simulation (1024x4096, 2x8 mm) 3D Simulation (256x128x128, 2x1x1 mm)

It is likely that the 3D problem
? ? § will be sufficiently resolved
circa 20{}. (Zaleski, S.)
Diesel engine liquid jet injection (with vortices in nozzle)
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Problems on Interface Tracking Method

(1) Numerical diffusion of gas-liquid interface
(2) Mass (volume) conservation
(3) Accurate shape prediction of interface after the advection

Interface Tracking Method

k=0 Liquid advection eq.

volume fraction
F(t.x)

Volume Tracking Algorithms (interface reconstruction) i

Piecewise Linear

Piecewise Constan

:
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Evaluation of Volume Tracking Algorithms
A': Non-Straining Flow (x-y) "B: Zigzag Motion of Bubble (x-y)
() 18 | s
ED e Iitial Shape = = =
> b =
5 e 54
o s | 9§ | B

DA FLAIR{ PLIC

D : Air Bubble in Stagnant Water (r-z)

260 cell

i
Numonical Bittosing

— DA FLAIR { PLIC }

SCA : Simple Counting Algorithm
PLIC

: Piecewise Linear Interface Calculation
MARS

: Multi-interfaces Advection and Reconstruction Solver
FLAIR : Flux Line-segment Advection and Interface Reconstruction
DA : Donor-Acceptor
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Improved-Simple Counting Algorithm
» —

.............. EE09000n0nTERRRRRRN 2R

T ORBESCEILO<F<)ERETS

F=0.7

I
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Improved-Simple Cou

| QHELIANICEIILEERET S

Bl ZEE

uAt
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Improved-Simple Counting Algorithm

T T ——

P Bl ZERE
u
UAt
Improved-Simple Counting Algorithm < P ;,

QHELIARIZEIILEZRET S

R \q
<+ B I
(4p] R .
~O{R b
H 3 3 ~
o L ) :
. H—SUBMINSIHNIE
L 1L BETHLELY

1=1,2,34 =123 «/
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Improved-Simple Counting Algorithm

© 0<F <1 DIFA

uAt

Improved-Simple Counting Algorithm
e TSRS R

© 0<F <1 DIFE
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Improved-Simple Counting Algorithm

© 0<F <1 DBE

1 P<P,
Ew = ;’34 —Il: ;P <P <Py
34— I
0 P,, <P
P, +P P,+P
P, =~ 2 P., = 3 4
12 > 34 2

Improved-Simple Counting Algorithm

© O<F <1 DHE
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i=1,j=1 I=1,J=1

Improved- Slmple Countmg Algonthm

DRIELHE sy, SURMTELE SEE
Y Fl+ D F5 =F=07

i=1,j=1 1=1,J=1

\

/"“"%q\ n N

uAt

L EVOGREEFIT-BIHEISEBE
énf—s(kﬁﬁ$ﬁu§)
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/

BEiEwIL~EEEIND
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\

=

L ELOEREEFII-BTHESBIE
v SIS (AR ERE)

lmproved-SCA (I-SCA) (R 5, H850,2004, 18 8RE)

( sub-cell at Step2 w

Volume error take place
between Stepl and Step2
in the original SCA.

k subcell at Step1

ﬂ:ombine Step 1 & 2. Calculate advect F in single step. Variable sub-cells. \

uAt

1.0

Modifies F (353

nJ

T~ =/
AR N

#
g

y.sub

0.0
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Test of Improved-SCA

uniform inflow V,,

XY -

23mm
Volume Emor (%)

3

o

9mm

-50.0

-100.0
P
X 200.0
Boundary Conditions
top : uniform inflow V,, 150.0
sides : moving wall V,|
bottom : continuous

Air-Water system

Domain

(18 x 18 x 46) cells
Grid : Ax=Ay=Az=0.5mm -500 -
Bubble Diameter \
D, = {6 catis) -10005 2 r 8 70
Number of Subgrid Time (s)

NgpXNg XN, =5x5x5
NoupXN, o XN, =(65+1)x5x5

Volume Error (%)
o 8 8
o o o

o

Droplet Shape Predicted by I-SCA

Ex. a)d=2.0 [mm)] Ex. b) d = 4.0 [mm]

simulation photo simulation Photo
2.00mm 2. 08mm 4 10mm 4.03mm__»_ ‘

simulation
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Terminal Velocity : V; [m/s]

0.16 C T T T T | T T T T T . S—

i Calculation ]
0.10 :. O Experiment —_
0.05 :- MO @ ]
000 B 1 @@t e l I ) | ] l 1 ) | ]

5 10
Drop Diamter : d [mm]

Air Bubble in Water by 3D-SCA

uniform inflow Vi

Boundary Conditions
top : uniform inflow V,|
sides : moving wall V,,
bottom : continuous

Air-Water system

Domain

(48 x 48 x 80) cells
Grid : Ax=Ay=Az
SBubble Diameter

0, =8mm (16 celis}
Number of Subgrid
Ng o XN XN, =5x5x5

sub

1.0(s)

Yolume Ereomm. 73%

=15

value of F

[ No numerical diffusion of Interface (F)
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1. Observation of Cavitation in a Nozzle

2. Hybrid Cavitating Liquid Jet Model

3. An Interface Tracking Model (I-SCA Model)

4. Conclusions

Conclusions

(1) Unsteady behavior of cavitation clouds consisting of many tiny bubtles was
clearly observed.

(2) A bybrid modei (= Interface Tracking Model & Bubble Tracking Model ) to
predict cavitating flow in a nozzle and liquid jet deformation was proposed.

(3) The hybrid cavitation flow model gives good prediction for pressure and
bubble distributions, injection pressure.

(4) Transient cavitation behavior, i.e. shedding and collapse of cavitation clouds,
and liquid jet deformation were simulated by the hybrid cavitation model.

(5) For future 3D simulations, an interface reconstruction & advection scheme
(= improved-Simple Counting Algorithm) was proposed and its validity
was confirmed.
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