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MOTIVATION

@ Atomization - Converting bulk fluid into a multitude of smaller
fragments!

@ Conventional atomization relies heavily on velocity shear induced K-H
mechanism based destabilization

@ What is the role of normal acceleration?

@ Breakup of a cylindrical liquid sheet into asymmetric ligaments3

’ These structures are inherently three—dimensional.

1Lefebvre,l989,2 Villermaux and co-wokers.> Santangelo and Sojka,1995.
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PRIMARY ATOMIZATION

@ Acceleration at a two fluid interface

Accelerating inwards Accelerating outwards
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K-H mechanism

Single interface Annular interface

Yang, 1992 Panchagnula et.al, 1996
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DESTABILIZATION

K-H mechanism R-T mechanism R-T-K-H mechanisms

Single interface Annular interface Single interface Single interface Annular interface

Yang, 1992 Panchagnula et.al, 1996 Chen et al, 1997 Present study Present study
)2 B R2
We = £LUAW)R Bo = £eltRED Bo+ We??
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. . . . o ASSUMPTIONS
dimensional (helical) instability

modes? o Inviscid

© Is it possible to identify the © Incompressible
optimum conditions in the @ Immisicible
Bo — We space to yield lowest @ Non-evaporating

length scale from a given energy?
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MEAN FLOW DESCRIPTION
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MEAN FLOW DESCRIPTION

@;(r, 2) =sz+RoRoln (RL) : j=1,2

@ Cross sectional area of each fluid is constant in time

RoRy = R1 Ry (©6)

R(Q) + R()Ro = R12 + R1R1 @)

EMIL HOPFINGER COLLOQUIUM 2016



INTRODUCTION MODELLING RESULTS A/C ANALYSIS SUMMARY
0000 00®0000 0000000000 000

LINEAR ILITY A Y SIS

Tsj (07 Z, t) = RJ‘ (t) + a; e(Wt+ikZ+im9) (8)

FROZEN FLOW APPROXIMATION

a;(t) << R;(t)
a;(t) >> R;(t)
a;(t) >> R;(t)

B = ;(r.2) + (el RO (o)

Movement of the interface VZ ¢] =0 (10) Growth of the disturbance
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DISPERSION RELATION - SINGLE INTERFACE
1A =0
A1 0 w + ikWq + %
A=| 0 kK, (kR) w+ikWa+ L&
p1As1  —p2As2 Assz

Any = I, (kR) K, (kRo) — K 1 (KR) I, (ko)
Az = 7((4} =+ ile)Bl — RAH
Aso = (w + ikWa)Km (kR) — RkK., (kR)
.. o
Aszz = (p1 — p2)R — ﬁ(l —m? — k’R?)

Bi = (Im(kR)K,, (kRo) + Km(kR)I,, (kRo))

I;n(a:) and K;n(a:) are the first derivatives of I,,, () and K, (x) with respect to its argument.
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DISPERSION RELATION - ANNULAR INTERFACE
|[Al =0
—kI (kR;) kK. (kR;) 0 0 0 A 0
!’ 4
kI, (kRo) —kK,, (kRo) 0 0 0 0 0
7
0 0 kK, (kRo) 0 0 0 Asy
p— ! !
A= 0 0 0 —kI,, (kR;) kK, (kR;) Ause 0
’ 7
0 0 0 —kI,,(kRo) kK,,(kRo) 0 Asy
Ag1 0 0 Aga Ags Age 0
0 0 Arg A7y A7s 0 A7y

R; R, R;
Ajg = w + ikW; + R—;A37 = w+ kW, + R—;A% = w+ kW, + —
; ;

o i

R, .
Asy = w + ikW; + R—O;Am = —p; ((w + ikW1) I (KR;) — RiAu)
o

i 2 2 52 _ . X -
S(1—m® — k*R}); Az = po ((u + ikWo)Km (kRo) — RoAss

i

Aga = —py ((w + kW) Im (kR;) — R'iAll) 3 Aes = —py ((w + kW) Im (kR;) + RiA12)
Age = (pi — p1) R — )

R
A74 = —py ((w + kW) I (kRo) — R0A44) 3 A7s = —pi ((w + kW) Km (kRo) — R{,A33)

5 g 2 2 52
A77:(P0791>R0+R7;(17m — k*Ry)
o
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DISPERSION RELATION

NON-DIMENSIONAL DISPERSION RELATION

D(w, k,m) = %w? + % w+ % = 0 (Single interface)
D(w, k,m) := Faw* + F3w® + Fow? + F1w + Fo = 0 (Annular interface)

RO -2 g
R, = Ry; a:R—m:m ; w:wﬂ—pr)n; k=kRn;

p=max(p1, p2)and p1 > po for single interface,

Bo— (p2 — p1) HH,,-)” We — p1 (W1 — Wa)* Ry, Q= P2 _ 10-3
o o P1
P1(i) < P2(1) > P3(o) for an annular interface, j = 4, o(1,3),2 =1
i — p1) RiR2 W; —W)*R ; R;
Bo — (P: ﬂl) i1lm VV(?,‘ _ l)l( J Z) m Q7 — & — 1073 A= —t _ 0.98
o ' o Toom Ro
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LIMITING CASES

Rayleigh instability* 2D R-T instability?

We =0,Bo=0

Bo =0
R — oco,m=20

2D R-T + K-H instability 4

Validation of present study with previous researchers

LRayleigh, 1878, 2Chen et al,1997, 3 Yang, 1992, * Chandrasekhar ,1961
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INFLUENCE OF 'INNER’ WALL

10 ‘ : :
Bo=10°
10° 1
Bo=10?
w10* 1
Bo=10"
, Bo=10"
10°F
2
10 ‘ ‘ ‘
10" 10° 107 10" 10°
(o3

@ Inner wall does not affect the stability characteristics
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RESULTS - DISPERSION DIAGRAMS (SINGLE INTERFACE)

Taylor mode Helical mode Flute mode
(k* >0, m* =0) (k* >0, m* >0) (k* =0, m* > 0)
Bo =0,We = 1200 Bo = 1000, We = 1000 Bo =1000,We =0
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R-T-K-H SINGLE INTERFACE

Neutral stability curves

Growth rate

B0o=1000

Bo=850
Bo=750

30

Bo=500

10

@ Neutral stability and growth rate are influenced by Bond number
@ Deformation mode is influenced mostly by Weber number

HAGNULA (IIT MADR. EMIL HOPFINGER COLLOQ 15/ 26



INTRODUCTION MODELLING RESULTS A/C ANALYSIS SUMMARY
0000 0000000 00@0000000 000

R-T-K-H SINGLE INTERFACE

Neutral stability curves
Growth rate Y

Bo=1000
Bo=850
Bo=T50
1 05 Bo=500
10°
10

We = 1200

@ Neutral stability and growth rate are influenced by Bond number
@ Deformation mode is influenced mostly by Weber number

HAGNULA (IIT MADR. EMIL HOPFINGER COLLOQ 15/ 26



INTRODUCTION MODELLING RESULTS

0000 0000000 00@0000000

A/C ANALYSIS SUMMARY
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R-T-K-H SINGLE INTERFACE

Neutral stability curves

Growth rate

Bo=1000
30/20=850
Bo=T750
105 Bo=500
20
v m [ M We=0950
- B
<><> We = 1000
10f
We = 100
10
We = 1200
0 L @l‘h
0 10 =20 30
k

@ Neutral stability and growth rate are influenced by Bond number

@ Deformation mode is influenced mostly by Weber number
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Flute mode and Helical mode
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Bo
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R-T-K-H SINGLE INTERFACE-REGIME CHA

10° 200

Flute mode (m=8)

Flute mode and Helical mode

Helical mode
10" J 160 Taylor

mode

Bo Bo

Flute mode (m=7)
10° ] 140 ]
Sinuous mode

Helical mode

107" Taylor mode q 120 1
Flute mode (m=6)
-2 ‘ ‘ ‘ ‘ ‘ 100 : : : :
10 . =
07 10t 10° 100 12 16° 10" 10° 10" 10° 100 10° 10° 10
We We

@ Shortwave helical wavelength (800 < We < 1200)
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R-T-K-H SINGLE INTERFACE-ENERGY BUDGET (Bo + We = 1200)

Taylor mode Helical mode Flute mode

ENERGY BUDGET

& = (p1 — p2)RR+
p1(W1 — Wa)?

R& /o = Bo+ We

Bo =0,We = 1200 Bo = 200, We = 1000 Bo =1200, We =0
(k* = 1.105, m* = 0) (E* =4.51,m* =7) (k* =0, m* = 20)
L* =156 L*=0.19 L*=0.31
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K-H SINGLE INTERFACE-LENGTH SCALES (B

200
Flute mode (m=8)
180
------------ Helical mode- - -----------@-----
160 Taylor
B mode
o
Flute mode (m=7)
140
120 Helical mode
Flute mode (m=6)
100 -2 -1 0 1 2 3 4 a3 = J
10 10 10 10 10 10 10 Bo = 165, Bo = 165, Bo = 165,
We We = 950 We = 1050 We = 1250
(k* =27, (k* =5.8, (k* =177,
m* =T7) m* =5) m* = 2)

" =0.33 L* =0.21 L* =0.40
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-K-H SINGLE INTERFACE-LENGTH SCALES (Bo = 165

2 - - - 8.2
800 900 1000 1100 1200 1300
I

We Bo = 165, Bo = 165, Bo = 165,

We = 950 We = 1050 We = 1250

@ Optimum We occurs when k* ~ m* (k* =27, (k* =538, (k* =171,
m* =7) m* =5) m* = 2)

= 0.40
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COMBINED R-T-K-H INSTABILITIES OF A CYLINDRICAL INTERFACE -

SUMMARY
@ Neutral stability and growth rate are influenced by Bond number
@ Deformation mode is influenced mostly by Weber number
@ Optimum Weber number exists for a given Bond number

@ Radial acceleration (Bo) based destabilization is significantly more
efficient than shear induced (W e) destabilization.
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NNULAR INTERFACE

ANNULAR INTERFACE

Accelerating inwards Accelerating outwards
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0000 0000000 0000000800 000
ANNULAR INTERFACE
Growth rate Bo+ We; + We, =&
4
15310 : : : ‘ . :
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—(Wegi, We,) = (0,1500) / i i
‘o E
10 7 : :
H] H
o o, : °
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5 g ! ° o 98,
' ' (V&)
: : R
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-1000 -500 0 500 1000 10° 10" 10° 10°




RODUCTION MODELLING RESULTS A/C ANALYSIS SUMMARY

ANNULAR INTERFACE, Bo + We; + We, = £ = 1000

e = (pi — p) Rm Ri + pt(Wi — W) + p1(W — Wo)? ; Rme/o = Bo+ We; + Weo = ¢
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ANNULAR INTERFACE, Bo + We; + We, = £ = 1000

e = (pi — p) Rm Ri + pt(Wi — W) + p1(Wi — Wo)? ; Rme/o = Bo+ We; + Weo = ¢
0
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COMBINED R-T-K-H INSTABILITIES OF AN ANNULAR INTERFACE -

SUMMARY
@ Neutral stability and growth rate are influenced by Bond number

@ Deformation mode is influenced mostly by Weber number

@ Radial acceleration (Bo) based destabilization is significantly more
efficient than shear induced (We;) destabilization.

@ A novel principle of primary atomization is proposed
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ABSOLUTE AND CONVECTIVE INSTABILITY
o If the disturbances spread both upstream and downstream

o If the disturbances are swept downstream or upstream

X o ’ A )
[ ///\ ﬁ/\\\;
/ / /:

Stable Convectively unstable Absolutely unstable ™

* Huerre et al, 1990.

BRIGGS—-BERS CRITERIA

2
D (ko,wo) =0 8Dm (ko,wo) = 0 & D (ko,wo) # 0

Briggs (1964) Bers (1975)
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SOLUTE/CONVECTIVE IN BILITY

Absolutely unstable (We = 1, Bo = 0, Q = 10~ 3)

m =0
10 T

;
Absolute " ¢

10 Convective 1

02 04 06 08 1 12 14
ki

) Bag
Convectively unstable (We = 4, Bo = 0,Q = 107‘5)

0.25; 10

ST
---AILBo>0
---AI,Bo< 0

0.1} 1071
008 10° 10" 10° 10°

We
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Single interface
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Bo | Absolute I/l i Convective
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INTRODUCTION MODELLING
0000 0000000 0000000000 [ele] ]
OLUTE/CONVECTIVE INSTABILITY

Single interface

Single interface

50
1000 R
40 A ] R
g 800 S
30 ]
S 600 K /,"
Bo ," )/ ’,','
J Bo | absolute /. Convective
20
10
0% .
0 4 6
We )
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MODELLING RESULTS
ooe

INTRODUCTION
OC!)OI e 0000000 0000000000
OLUTE/CONVECTIVE INSTABILITY

Single interface Single interface

50 . 1000 —
40 1 800 1
30 1 600 P ]
Bo K Bo | pbsolute ./ Convective
20 1 400 ]
Ill I/II,',II m — 1
10 ¢ 2000 m =2
~-m =0 i m=3
2 m = ]. 0gl::::::::;::::::::::::::::: m = 4
8 10 0 50 100 150 20C
We
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0000 0000000 0000000000 [ele] ]
OLUTE/CONVECTIVE INSTABILITY

Single interface

Single interface
50 - , 1000
40 A c 1 800 1
30 | 600 ]
Bo ,’l /s Bo | Absolute A Convective
0 L7 1 00 ]
-m =20
m =1
10f === mmmm oo —m = 0f 2o -m = 2
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0000 0000000 0000000000 ooce
OLUTE/CONVECTIVE INSTABILITY
Single interface Single interface
1000
800 1
600 1
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400 ]
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2000 Y e = 2
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SUMMARY
COMBINED R-T-K-H INSTABILITIES

@ Helical modes (Ligaments) are observed

@ Radial acceleration based destabilization is significantly more efficient
than shear induced destabilization.

@ A novel principle of primary atomization is proposed.

@ Nature of absolute convective transition is identified.

© o o oogmg : Absolute
X ° i LI ;

Flute mode and Helical mode ! : > S
' ' 10 /' Convective

.
5 o © Bqg’
10 °
Sinuous mode
. 10°
10 Taylor mode
°©Bo>0 SI
Bo <0 ---AILBo>0
4|89 Bo=0 ~ ---AILBo<0
> . 10
10t 10 100 107 10 10° 10° 10 10" 10° 10°
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