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Secondary Breakup of Drops

1 Introduction
Secondary atomization is the breakup of liquid 
drops from primary atomization further into 
smaller fragments. This can occur due to high-
speed ambient flow over the drops, such as in 
gas turbine combustion engines, or due to the 
high speed of the drops in an otherwise quies-
cent ambient fluid as observed in sprays and fall-
ing raindrops. In combustion chambers, primary 
atomization often yields a fraction of the droplets 
that are susceptible to further breakup1, 2. Second-
ary breakup is observed in liquid atomization, 
sprays in cosmetic, chemical and drying indus-
tries, agricultural sprays, and gas–liquid separa-
tors. In geological flows, liquid drops formed in 
clouds attain a critical size at which they can no 
longer be levitated by the convective upward draft 
and turbulent flow in clouds, and thus, they fall. 
As they fall, they agglomerate more drops and 
become even bigger. Due to the high falling ter-
minal speeds, surface tension can no longer hold 
the drop together and it fragments by secondary 
atomization mechanisms3, 4.

In the last few decades, secondary breakup 
has received a lot of attention due to the drive 
towards more efficient atomization systems for 
gas turbine engines. Several review articles on 
secondary atomization have been written peri-
odically5–11. The latest of the review article10 
discussed in detail the different modes of drop 
breakup and the possible mechanisms proposed 
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Abstract | Secondary atomization of droplets generated from primary 
atomization is observed in high-speed flows. In natural scenarios, fall-
ing raindrops undergo aerodynamic breakup that modifies the result-
ing drop size distribution on the ground. In this article, we review some 
aspects of the drop breakup mechanisms, initial deformation, drag 
characteristics, and time scales of breakup. We also review some of the 
secondary atomization models, such as TAB and DDB, proposed in the 
literature. We discuss the role of new numerical algorithms for two-phase 
flow simulations in providing insights into the exact physical mechanisms 
involved during drop breakup.
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to explain them. The mode that a drop breaks up 
in is a function of the relative velocity between 
the drop and the ambient fluid. At low speeds, 
in a shear flow, continuous action of the shear 
forces can overcome the restoring surface ten-
sion forces and lead to its breakup. The fragments 
that the drop breaks up into are few. Breakup of 
the drop due to the shear forces is characterized 
by the capillary number Ca = µgU0/σ , where µg 
is the viscosity of the ambient fluid, U0 is veloc-
ity of the ambient flow, and σ is the surface ten-
sion coefficient. At higher speeds, inertial forces 
deform the drop and lead to its breakup and it is 
characterized by the aerodynamic Weber number 
We = ρgU

2
0D0/σ , where ρg is the density of the 

ambient fluid and D0 is the diameter of the drop. 
Shear breakups are normally observed in nar-
row channel flow, where the shear is strong at the 
length scale of the drop, whereas inertial breakup 
of the drop occurs in natural scenarios such as 
falling rain drops and in combustion chamber, 
where the flow speeds are high. At moderate We, 
bag breakup is observed, where the drop deforms 
into a bag and then fragments into very tiny 
droplets.

At higher We, shear stripping mode is 
observed, where the droplet is sheared at the 
periphery and the edge of the droplet is stretched 
into ligaments that keep yielding small droplets. 
At very high We > 200 , catastrophic breakup 
is observed and the entire droplet undergoes 
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breakup at considerably small time scales. 
Dependence on other non-dimensional param-
eters, such as liquid Ohnesorge number Ohl , is 
weak for lower values of Ohl . Liquid Ohnesorge 
number relates the viscous forces to inertial and 
surface tension forces, Ohl = µl/

√
ρσD0 , where 

µl is the viscosity of the liquid. Krzeczkowski8 
presented a phase plot to indicate the transition 
Weber and Ohnesorge numbers for different 
modes. Brodkey also proposed the correlation 
(see Fig. 1):

Figure 1 shows that at Ohnesorge numbers less 
than 0.1, the transition We is independent of 
Ohl and varies considerably beyond 0.1. Clearly, 
at high Ohl that is for very viscous fluids, the 
required Weber number increases drastically. The 
Wec,Oh→0 values used are obtained from Guilden-
becher et al.10. Table 1 shows the different transi-
tion Weber numbers. The variation between the 
different studies is considerable and has mostly 
been attributed to some variations in liquid/gas 
properties. Although experimental techniques 
have been extensively used to study secondary 
atomization, little information has been obtained 
on the flow features around the droplet during 
the breakup process. Most of the experimental 
studies have focused on the drop deformation 
and breakup characteristics. A few studies have 
also performed a detailed analysis of breakup 
times9, 12, 14. However, details of the initial defor-
mation of the drop and the associated time scales 
have been neglected in previous studies. Robust 
numerical simulations provide detailed flow fea-
tures around the droplet and thus are more reli-
able in revealing the mechanisms behind the 
different modes of breakup13, 15–17.

(1)Wec = Wec,Oh→0(1+ 1.077Oh
1.6
l
).

However, most numerical simulations of drop 
breakup physics have been performed at low-den-
sity ratios (10–100)15, 17, 19–22. Recently, Jain et al.13 
presented detailed three-dimensional simulations 
of drop breakup at a density ratio of 1000. Xiao 
et al.16 also presented three-dimensional simula-
tions using a CLSVOF algorithm in the high We 
regime. Several key features of bag formation are 
quite different between the low- and high-density 
ratio simulations. The rim of the bag is much 
thicker in the low-density ratio simulations, also 
bag-with-stamen mode is not clearly observed in 
these simulations15, 20, whereas in high-density 
ratio, simulations bag features observed in experi-
ments are quite accurately captured. In any case, 
the low-density ratio simulations are useful in 
understanding of formation of solid pellets by 
quenching. Heavy liquid metal drops falling into 
another lower density liquid (mercury/water) are 
low-density ratio systems ( ∼ 10 ) and have been 

Table 1: Breakup regimes as reported in literature.

Breakup regime Pilch and Erdman7 Krzeczkowski8 Chou et al.12 Guildenbecher et al.10 Jain et al.13

Vibrational or no 
breakup

We < 12 We < 10 We < 11 We < 12

Bag 12 < We50 10 < We < 18 13 < We < 20 11 < We < 35 12 < We < 24

Bag-stamen 50 < We < 100 18 < We < 30 (Multimode) 
35 < We < 80

24 < We < 45

Bag/plume 45 < We < 65

Multi-bag 65 < We < 85

Shear 80 < We < 350 We > 85

Catastrophic 350 < We

Oh
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Figure 1: Correlation between the critical Weber 
number and liquid Ohnesorge number based on 
the expression given by Brodkey18.
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studied both experimentally23 and theoretically24, 

25.
In the present article, we review the key 

aspects of secondary atomization. We discuss the 
different modes of breakup of drops at different 
aerodynamic Weber numbers. Experimental and 
numerical simulations for the initial deformation 
of the drop, drag coefficients, and time scales of 
deformation and breakup have been discussed. 
We also present some key issues such as incon-
sistency in the transition Weber number from 
various studies as well as effects of density ratio, 
viscosity ratio, and gas Reynolds number that can 
explain the discrepancies. This paper is organized 
as follows. The section on problem description 
describes the experimental and numerical setups 
employed in the literature to study secondary 
atomization. In the numerical modeling section, 
we discuss various models, used extensively by the 
spray modeling community, and their limitations. 
Subsequently, we discuss initial drop deforma-
tion, drag coefficient, and time scales of deforma-
tion and breakup. Different breakup modes and 
issue of transition Weber numbers is discussed 
in Sect. 5. Finally, we present summary and some 
future directions.

2  Problem Description
Droplet breakup depends on the relative strengths 
of the various forces acting on it. In low speed 
flows, the integrity of the droplet is lost when the 
shear forces are relatively stronger than the capil-
lary forces26–28. Breakup of a drop in natural set-
tings such as in falling drops from clouds depends 
on the aerodynamic Weber number based on the 
terminal velocity of the drop and the Ohnesorge 
number5, 10, 29, 30. In industrial applications, such 
as in gas turbines and other combustion engines, 
droplets emerging from the primary atomiza-
tion are subjected to high-speed crossflow and 
thus may further fragment depending upon the 
aerodynamic Weber number for the drop based 
on the crossflow velocity and the diameter of the 
droplet31–33 .

To study the sudden breakup of drops by 
aerodynamic forces, a droplet can be suspended 
in a shock tube and subjected to a shock flow 
generated by breaking a diaphragm and releas-
ing highly pressurised gas in the tube. The shock 
passes over the droplet without causing any sig-
nificant deformation and the droplet breaks up 
due to the convective flow upstream of the shock. 
The drop is essentially subjected to a sudden 
acceleration and the flow configuration is more 
amenable to theoretical analysis34, as noted in 

Guildenbecher et al.10. Thus, majority of the ear-
lier experiments were performed in shock tubes 
(see5, 9, 12, 35–42). Some of the more recent stud-
ies have been performed by allowing the drop-
lets to flow through a continuous stream of flow 
through a nozzle (see43–47). Of course, care needs 
to be taken to obtain a uniform profile with thin 
shear layers and ensure that the droplet enters the 
uniform velocity region before undergoing any 
deformation or momentum exchange with the 
crossflow in the shear layer region. Guildenbecher 
et al.10 provide a time scale analysis to determine 
the falling speeds of the droplet relative to the 
crossflow to minimize the above effects. One can 
also do experiments in drop towers, but diagnos-
tics becomes difficult and also direct applicabil-
ity of such studies is limited to natural scenarios 
such as falling rain drops.

Numerical modeling of secondary breakup 
has mostly involved Lagrangian particle track-
ing with local breakup models such as the Tay-
lor Analogy Breakup (TAB)48, Clark model49 
and the Droplet Deformation Breakup (DDB)50. 
TAB model is essentially based on the deforma-
tion of the droplet into an oblate shape. A sim-
plistic mass-spring-damper system forced by 
the dynamical forces is used to estimate the 
drop deformation in the equatorial direction (x 
denotes the displacement at the pole with respect 
to spherical drop):

Here, the forcing function is given by 
F = CFmρgU

2/ρld0 , where U is the mean veloc-
ity of the ambient fluid, d0 is diameter of the 
undeformed droplet, ρg is the density of the 
ambient gas, and ρl is the density of the drop 
liquid. The coefficient is CF = 2/3 . The spring 
force models the capillary force using a spring 
constant k = Ckmσ/ρld

3
0 with Ck = 64 . The 

damping force represents the viscous effect 
d = Cdmµl/ρld

2
0 , where Cd = 20 . The above 

equation can be further re-organized and writ-
ten in terms of the non-dimensional terms using 
x∗ = x/d0 and time t∗ = d0/U:

Here, M = µl/µg is the ratio of the viscosi-
ties, rho∗ = ρl/ρg is the ratio of densities, 
Re = ρgUd0/µg is ambient gas Reynolds number 
and We = ρgU

2d0/σ is the aerodynamic Weber 
number. The solution to the above equation 
essentially indicates the amplitude of oscillation 
of the droplet and using a criterion that the drop-
let breaks when the deformation x is one-fourth 

(2)mẍ = F − kx − dẋ.

(3)ẍ∗ + Cd
M

Reρ∗
ẋ∗ +

Ck

Weρ∗
=

CF

ρ∗
.
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of the diameter of the droplet. TAB model works 
accurately in the Weber number regime, where 
vibrational breakup is expected. The size and 
velocity of the daughter droplet are obtained 
using energy considerations48. Another variant 
of the TAB model is the Improved TAB (I-TAB) 
model51, where even the change in drag force with 
drop shape is considered. The DDB model on the 
other hand is based on energy takes into account 
the non-linear effects that become active at large 
deformations. Considering the rate of work done 
by pressure and viscous forces and balancing it 
with the kinetic energy and the surface tension 
energy, a differential equation is obtained for the 
displacement of the pole relative to the spherical 
undeformed drop. Interestingly, Lee et al.52 con-
cluded that DDB model is erroneous and shows 
no improvement over the TAB model. A non-
linear version of TAB (NL-TAB) has also been 
proposed to account for the different modes of 
breakup53. There are some other secondary drop-
let models also that have been proposed based 
on empirical correlations for breakup times and 
size distributions7, 54, 55. At higher Weber num-
bers, where several other hydrodynamic instabili-
ties become active, several breakup models have 
been proposed such as Reitz’s wave breakup56. 
Enhanced-TAB57 and Cascade Atomization 
Breakup (CAB)58 models modify the TAB model 
to account for the high Weber number effects.

Apte et al.59, 60 proposed a stochastic subgrid 
breakup models that uses a Fokker–Planck for-
mulation for the evolution of size distribution of 
the drops. Recently, a more detailed model based 
on virtual work principle for bag breakup regime 
has been proposed by Sichani and Emami61.

The applicability of the above-discussed sec-
ondary breakup models is limited to a regime 
of breakup or the other and detailed numeri-
cal simulation are required to be performed to 
understand the fragmentation process. Direct 
numerical simulations to study secondary 
breakup regime have also been actively pursued 
in the last decades. Front tracking, Level Set, VOF, 
and Coupled Level Set VOF have been employed 
by different groups with different degrees of suc-
cess for different breakup regimes. These meth-
ods are one-fluid models, where the liquid and 
gas are treated as a single inhomogeneous incom-
pressible fluid. Here, we will discuss briefly the 
Level Set and VOF methods. The governing equa-
tions for momentum and mass conservation are 
given by

(4)∇ · u = 0,

where u is the divergence free velocity field. The 
governing equations for the momentum conser-
vation are given by the Navier–Stokes equations 
(Eq. 5) modified to implicitly account for the sur-
face tension forces and the interfacial boundary 
conditions of continuity of velocity, and normal 
and tangential stress balance:

Here, C is the indicator function that takes a 
value of zero in the gas phase and one in the 
liquid phase. The density and viscosity for 
the one-fluid formulation are expressed as, 
ρ = ρlC + ρg (1− C) and µ = µlC + µg (1− C) , 
respectively. The deformation rate tensor is given 
by D = (∇u + (∇u)T)/2 . The last term in the 
equation ( σκnδs ) accounts for the surface tension 
force ( σκ , where κ is the local interface curvature) 
acting on the interface, expressed as a volumetric 
force using the surface Dirac delta function ( δs ) 
and modeled using the continuum surface force 
approach62. The direction of this force is along 
the local normal (n) at the interface.

The indicator function is represented by a 
signed distance function φ in Level set method, 
whereas in volume of fluid methods, the fraction 
of the volume of liquid in a grid cell (F) is used. 
The evolution equation for both the level set 
function as well as the void fraction is obtained 
by applying the kinematic boundary condition at 
the interface:

Although the analytical form of the above equa-
tion is similar, it is solved algebraically in Level 
set methods using higher order upwind schemes 
or ENO schemes, whereas in VOF methods, the 
fluxes are computed geometrically thus ensuring 
strict mass conservation.

Interfacial properties such as normal and cur-
vature are computed accurately in the Level set 
method as

In VOF methods, height function approach yields 
a similar second order accuracy for curvature cal-
culation except that in certain situations it fails 
and a more expensive parabolic reconstruction is 
required63, 64.

(5)
ρ(C)

(

∂u

∂t
+∇ · uu

)

= −∇p+ ∇ · (2µ(C)D)+ σκnδs.

(6)
∂C

∂t
+ u · ∇C = 0.

(7)n =
∇φ

|∇φ|

(8)κ =− ∇ ·
(

∇φ

|∇φ|

)
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Different schemes have been employed to 
numerically discretize the above equation, mostly 
in the finite volume/difference framework. We 
present below, briefly, numerically scheme used 
in Gerris63 employed by13, 65. Gerris allows use of 
an adaptive mesh refinement (AMR) to reduce 
the computational cost using a fine mesh only in 
regions, where either the flow structures are fine 
or the liquid–air interface is present.

Navier–Stokes equations are discretized and 
are solved implicitly using a projection method. 
Dropping the pressure terms from the Navier–
Stokes equations, first, an auxiliary velocity field 
is obtained66:

Then, the void fraction is obtained using the fol-
lowing equation:

The fluxes in the above equation are computed 
geometrically (see63).

A geometric multigrid method is used to solve 
the pressure Poisson equation:

Finally, the auxiliary velocity field is corrected 
to obtain the divergence free velocity field at the 
(n+ 1)th time step using the following equation:

Convergence of the direct simulations for 
the drop breakup case is slow and the required 
grid size is extremely small. Here, in Table 2, we 
compare some of the grid sizes used in different 
studies in the literature. Jalaal and Mehravan17 
employed the open-source code Gerris66 with a 
very refined grid. However, the density ratio sim-
ulated was 10. Whereas, Jain et al.13 performed 
simulations for a high-density ratio of 1000 with 
a grid refinement of D0/�x = 200 . In most two-
phase sharp interface flow simulation methods, 
density ratio poses severe numerical convergence 

(9)
ρ
n+ 1

2

(

u∗ − un

∇t
+ u

n+ 1

2

· ∇u
n+ 1

2

)

= ∇ · (µ
n+ 1

2

(Dn +D∗))+ (σκδsn)n+ 1

2

.

(10)
Cn+ 1

2
− Cn− 1

2

�t
+ ∇ · (Cnun) = 0.

(11)∇ ·
(

∇p

ρ(C)

)

=
∇ · u∗
�t

.

(12)un+1 = u∗ −
�t

ρn+ 1
2

∇pn+ 1
2
.

restrictions. Therefore, most of the studies in the 
literature have been performed at low-density 
ratios. The convergence primarily appear due 
to the solution of pressure Poisson equation 
required in the projection schemes. We will dis-
cuss the effect of density ratio on the physics of 
drop breakup in a later section.

3  Initial Drop Deformation, Drag 
and Timescales

Lee and Reitz67 described the initial deformation 
as a result of the high stagnation pressure at the 
equator compared to the low pressure at the pole 
of the drop over which the flow occurs. Hwang 
et al.44 discussed drop deformation in a greater 
detail. They discussed drop deformation using 
the TAB model of48 and the DDB model of50. 
As discussed before in the previous section, in 
the TAB model, the drop shape is assumed to be 
ellipsoidal and a simplistic spring-mass-damper 
model is employed to obtain the evolution of 
the drop in time and predict breakup. The TAB 
model, for the inviscid liquid case shows that the 
critical Weber number for breakup is 12. Breakup 
times determined are

where D0 is the initial diameter of the spherical 
drop. Whereas, at higher We numbers, the TAB 
model can be used to show that the breakup time, 
tbu , is much smaller:

Note that in the first of the above two expressions 
for the breakup time, gas density does not appear, 
since the breakup is primarily due to liquid oscil-
lations. As indicated in previous experimental 
studies6, 9, 35, the breakup time scale is indeed pro-
portional to the characteristic time scale:

However, the actual shape evolution of the 
drops at higher Weber numbers is quite different 
from the ellipsoidal shapes assumed in the TAB 

(13)tbu =
π

2
/

√

ρlD
3
0

16σ
,

(14)tbu =
√
3
D0

2U

√

ρl

ρg
.

(15)tc =
D0

U

√

ρl

ρg
.

Table 2: Grid sizes employed in different numerical studies.

Zaleski et al.19 Han and Tryggvason20 Jalaal and Mehravan17 Jain et al.13

D0/�x 102.4 102.4 ∼ 1000 (AMR-effective) ∼ 200

ρl/ρg 10 1/15–10 10 1000
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models. Figure 2 shows the drops shapes obtained 
in the simulations presented in13 for a density 
ratio of 1000.

These shapes are similar to the ones obtained 
in experiments such as those presented in Fig-
ure 2 of Ref.35 and Figure 3 of Ref.6. The afghani-
cap like drop shape corresponding to We = 80 
is seen clearly in Figure 4 of Ref.37. The initial 
deformation of the droplets has been poorly dis-
cussed in the literature and the focus of most of 
the secondary atomization studies has been on 
the breakup modes that ensue once the droplet 
has deformed into a disk. The thickness of the 
disk decreases with increase in the We (see Fig. 2). 
In spite of these variations in the transient, the 
maximum droplet size can be predicted with 
reasonable accuracy, especially in the moderate 
Weber number regime of 20–80. In the following, 
we discuss development of a quasi-static model 
based for maximum diameter of the disk that 
forms at the end of the initial deformation phase 
of the droplet (see Jain et al.13).

Figure 3 shows the schematic of the oblate 
shaped deformed droplet. Performing a pressure 
balance at the equator (stagnation point) and the 
poles (periphery) of the droplet we can write: 
pdrop − pA = σκA and pdrop − pB = σκB which 
can be reduced to: pB − pA = σ(κB − κA) . Cur-
vatures at the points A and B are κA = 2Ds/D

2
max 

and κB = Dmax/D
2
s + 1/Dmax , respectively. 

Here, Dmax is the maximum diameter The pres-
sure difference at the points A and B would be 
proportional to the dynamic pressure ρgU2

0 /2 : 
pB − pA = CρgU

2
0 /2 . Using the volume con-

strained, D2
maxDs = D3

0 , we obtain

(16)

(

Dmax

D0

)5

+
(

D0

Dmax

)

− 2

(

D0

Dmax

)4

= C
We

2
.

The above expression for Dmax obtained above is 
different from the one proposed in Hsiang and 
Faeth68, where Dmax/D0 = 1+ 0.19We1/2 . The 
factor 0.19 in the correlation was obtained by fit-
ting the data. Interestingly, the roots of the Eq. 
(16) yield results similar to the ones obtained by 
the correlation proposed by68 (see Table 3).

As the drop deforms, the drag on the drop 
continuously varies. Measurement of the instan-
taneous drag in experiments is obtained by 
measuring the motion of the centroid of the 
drop. Pilch7 recommends the drag coefficient to 
be Cd = 1.7 in the incompressible flow regime 
and Cd = 2.5 in the compressible flow regime. 
Liu and Reitz45 proposed a drag coefficient of 
Cd = Cd,S(1+ 2.632y) , where Cd,S is the drag 
coefficient for a solid sphere and y is the dis-
tance from the deforming half droplet to its pole. 
Drag coefficient for a solid sphere for Reg > 1000 
is Cd,S = 0.424 . For low-density ratio systems 
(liquid drops in a liquid pool), Patel et al.23 and 
Baines69 reported a drag coefficient between 2.5 
and 3.0. Hsiang and Faeth68 computed the drag 

Figure 2: Drop shape evolution for Rel = 1414 and a Bag breakup at We = 20 , b Bag-with-stamen breakup 
at We = 40 and c We = 80 .  (reprinted from Jain et al.13 with permission of R Soc Proc A).

Dmax
Ds

A

B

U0

Figure 3: Schematic of the drop deformation 
quasi-static model for estimating Dmax/D0.
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coefficient using the measurements of the cen-
troid and presented it as a function of the diam-
eter in the cross-streamwise direction. The drag 
coefficient varies from that for a solid sphere ( ∼ 
0.424) to that for a solid disk ( ∼ 1.2). Jain et al.13 
presented a similar calculation from the simula-
tion which agrees well with the experiments of 
Hsiang and Faeth68. Once the drag coefficient 
reaches a maximum value, the drop starts form-
ing a bag and drag coefficient decreases due to a 
decrease in the relative velocity (see Fig. 4).

The time scale for initial deformation is 
governed by the capillary velocity. In the iner-
tial regime, the capillary velocity is governed by 
Ucapillary = (σ/ρlL)

1/2 , where L is the character-
istic length scale. In the viscous regime the cap-
illary velocity is given by Ucapilary = σ/µl . Based 
on these velocities, the ratio of the capillary to 
the characteristic time scale for the deformation 
to travel across the deformed droplet can be writ-
ten as 

√

2Weaρg/ρl and Ohl
√
We , respectively. 

For Ohl = 0.1 and We = 20 , the ratio based on 
the viscous capillary time scale is ∼ 0.90 which 
is in better agreement with the observations in 
simulations of Jain et al.13 ( ∼ 1 ). Thus, we can 
conclude that although the aerodynamic Weber 
number is high ( ∼ 20–80), the capillary waves at 
these Weber numbers are governed by the slower 

viscous timescales based on liquid viscosity. Time 
scale for complete breakup has been proposed to 
be 5tc independent of We35, 68, 70, 71. Hsiang and 
Faeth68 proposed the following correlation for the 
breakup time scale:

It has a weak dependence on Ohl but for Ohl < 0.1 
it can be assumed to be a constant. In simula-
tions, however, time for breakup is < 3.0 due to 
an early numerical breakup of the bag. To cap-
ture the entire breakup accurately in simulations, 
bag growth as it thins needs to be captured using 
an extremely fine grid which makes the simula-
tion impractical. Moreover, intermolecular forces 
that become active as the bag becomes less than 
a micron thinner in certain regions should be 
modeled. For the complicated shape of the bag, 
to estimate intermolecular forces is difficult and, 
therefore, has not been incorporated in simula-
tions yet. Nevertheless, in near future multiscale 
modeling techniques are expected to resolve such 
issues.

4  Breakup Modes 
With increase in Weber number the droplet 
deformation and breakup mode undergoes con-
tinuous change. For Weber numbers We < 6 , 
surface tension can resist breakup. Vibrational 
breakup is expected for a We < 12 . The external 
flow leads to oscillations of the drop and as the 
amplitude of the oscillations grows the droplet 
may breakup into a few fragments. TAB model 
used extensively in Lagrangian Spray modeling 
essentially captures only the vibrational breakup. 
For We > 12 , bag breakup mode is expected, 
where after the initial deformation, the disk 
shaped droplet is inflated into a balloon shaped 
bag held together by a thicker rim. For higher We, 
interesting features appear on the bag such as sta-
men in the center of the bag and multiple con-
nected lobes attached to each other with thicker 
liquid threads and all these threads are attached 
to a central rim (see Jain et al.13 for detailed of the 
bag shapes). At We > 80 , a significant change in 
the breakup mode occurs, where the rim of the 
disk shaped drop, formed after the initial defor-
mation, stretches in the direction of the flow 
thus resulting in a backward facing bag. At even 
higher We, the nature of the initial deformation 
of the droplet also undergoes a change. The drop 
as it deforms is subjected to Kelvin–Helmholtz 
instability resulting in a rough windward surface 
that continuously ejects tiny droplets. The ini-
tial phase also involves stripping of drops from 

(17)tbu/tc = 5/(1− Ohl/7).

Table 3: Dmax/D0 as a function of We13.

We
Dmax/D0 
from Eq. (16)

Dmax/D0 simu-
lations in13

Dmax/D0 
from Eq. 8 in68

20 1.81 1.80 1.85

40 2.09 2.15 2.20

80 2.40 2.2 2.70

Figure 4: Drag coefficient for the deforming drop 
as a function of time for We = 20  (reprinted from 
Jain et al.13 with permission of R Soc Proc A).
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the periphery of the droplet but at later times 
the entire droplet suddenly breakups into tiny 
fragments37. Joseph et al.39 argued that the Ray-
leigh–Taylor instability leads to the sudden frag-
mentation of the droplet. The waviness of the 
windward surface observed in shadowgraphs 
(see Figure 11 in Liu and Reitz45) also indicates 
the presence of an instability. There have been 
some simulations of the catastrophic breakup 
using compressible–compressible formulations72, 
where the initial droplet deformation and the 
flow structures forming behind the droplet were 
captured. At moderate Weber numbers, most 
simulations have been performed at low-density 
ratios that result in dynamics which is quite dif-
ferent from the one observed in experiments. 
Jain et al.13 presented simulations at high-density 
ratio and captured the bag, bag and stamen, and 
shear breakup.

In what follows, we discuss the transition 
Weber numbers for different modes of breakup 
and also the effect of various parameters, such as 
liquid/gas density ratio and gas Reynolds number, 
on the transition Weber number.

5  Transition Weber Numbers
The previous sections discussed the various 
breakup regimes of the spherical liquid droplet 
when it interacts with different magnitudes of air 
stream velocities. In this section we shall focus 
more on the Weber numbers associated with 
these regimes and the transition regions.

Weber number is one of the most important 
parameters associated with secondary breakup. It 
captures the interplay of inertial and surface ten-
sion forces. The drop being initially stationary 
and the exchange of the moment at the outer sur-
face of the liquid occurs through viscous forces; 
therefore, liquid Ohnesorge number is required 
to estimate the importance of viscous forces. One 
of the first attempts to capture the viscous forces 
in this context was made by Hinze5. Experimen-
tal observations of breakup of a single drop show 
that the spherical droplet undergoes deformation 
into various interesting shapes (as discussed in 
the previous sections). While the physics of these 
processes have not been entirely understood yet, 
the initial deformation of the drop is also equally 
interesting and has not been looked into in detail 
in the literature. One may easily notice that for a 
given experimental setup (including liquid and 
its drop size) aerodynamic Weber number, We, 
acts as a direct function of the relative velocity 
between the droplet and the freestream air. When 
this relative velocity is not present ( We = 0 ), 

the liquid droplet is stable in its spherical shape. 
When a relative velocity is established between the 
droplet and the ambient gas medium, the inertial 
forces may cause deformation and instabilities 
on the droplet surface and may eventually lead to 
breakup of the drop. However, at low speeds, the 
droplet only vibrates and does not disintegrate till 
the relative velocity and effectively the We crosses 
a certain threshold. This first barrier is termed as 
the critical Weber number and may be defined 
as the minimum Weber number required for the 
liquid droplet to undergo breakup. The critical 
Weber number is generally agreed upon in the lit-
erature to lie between 10 and 12 for Ohl ≪ 1 . We 
would like to note here that the condition posed 
for the Ohnesorge number limits the critical 
Weber number to low viscosity fluids. However, 
there have been attempts earlier to relate the criti-
cal Weber number and liquid Ohnesorge number, 
for instance, Brodkey18 proposed a correlation 
(see Eq. 1) which was subsequently verified by 
Pilch and Erdman7 (see Fig. 1).

Recently, Theofanous et al.11, 72, 73 have studied 
the breakup of viscous liquids in greater detail. 
Theofanous et al. debunk the claim made in the 
literature that the droplet does not at all undergo 
breakup with increasing magnitudes of Ohl . It is 
rather argued that the deformation time scales 
increase and during the initial deformation phase 
itself the droplet accelerates to higher veloci-
ties. With the reduction in the relative velocity, 
the high-viscosity droplet ‘misses the window of 
opportunity’ to disintegrate further. However, it is 
also mentioned that as the droplet accelerates it 
experiences the effects of RT instability, but just 
not for long enough to cause disintegration. It has 
been established that for liquids with Ohl < 0.1 , 
i.e., low enough viscous forces when compared 
to inertial and surface tension forces, the regimes 
of secondary breakup solely depend on We. To 
put things within a broader perspective, while it 
is known that the drop breakup regimes follow 
established rules of transition with Weber num-
bers for low viscosities ( Ohl ≪ 1 ), the viscous 
drop breakup is yet to be understood.

The important aspect to note here is the con-
sideration of the dominant instability mecha-
nisms that dictate these modes of breakup. 
Rayleigh–Taylor instability is said to dominate 
the immediate regimes at Weber number greater 
than the critical Weber number. With increasing 
magnitudes of We, the Kelvin–Helmholtz mode 
of instability begin to dominate the deforma-
tion of the droplet. While RT instability is char-
acterized by the formation of bags, KH instability 
manifests itself during the initial phase of the 
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catastrophic breakup. Nevertheless, the final 
deformation is subjected to RT instability in the 
catastrophic breakup (see Joseph et al.39). Shear 
stripping mode can be seen as a transition from 
RT instability to shear forces becoming dominant 
and stretching the edge of the droplet towards 
the direction of flow thus hindering the forma-
tion of the bag13. The common occurrence across 
all the regimes is the initial deformation, where a 
spherical drop undergoes flattening and becomes 
a flat disk-like structure before going through 
any mode of breakup. Though there have been 
attempts to capture the physics of breakup struc-
tures viz. bag breakup and bag-stamen breakup, 
there is still scope to analyse further the initial 
deformation (sphere to flat-disk) dynamics to 
possibly reveal more details on the exact nature 
and cause of the different regimes. Due to the 
limitations of experiments, numerical efforts 
are crucial in understanding this very aspect of 
the secondary breakup process. Computational 
methods have evolved significantly over the last 
decade to now enable the simulation of the entire 
drop breakup process at realistic density ratios 
(1000 : 1 for water–air systems). These may be 
termed as numerical experiments in the sense 
of being quite close to the actual experiments in 
setup. The recent works13, 16 have been able to 
capture the complex modes involving bag, bag-
stamen, multi-bag and also the shear stripping 
breakup regimes. Such data obtained from simu-
lations aids us by providing much more informa-
tion than one could obtain through experiments.

Mohit et al.13 conducted volume-of-fluid-
based three-dimensional simulations to capture 
secondary breakup at high-density ratios. The 
Weber numbers ranged from 20 to 120 covering 
all the breakup regimes (except for catastrophic 
breakup), namely, bag breakup, bag and stamen 
breakup, multi-bag breakup and shear strip-
ping breakup. These simulations were carried 
out to mimic the experiments, where droplets 
are introduced into a continuous air stream. The 
breakup structures, the deformation time scale 
and the breakup times matched favourably with 
the experimental data. The multi-bag breakup 
regime which is not often reported even in the 
experimental literature ( 55 < We < 75 ; see Cao 
et al.74) is captured with all the physical structures 
involved in the formation of multiple bags instead 
of a single bag interconnected by thicker rim-like 
strips of liquid and the outer thicker rim holding 
everything in place till further disintegration. The 
transition of regimes from bag breakup, where 
the RT instability dominates, till the changeover 
to shear breakup is primarily attributed to rim 

dynamics. Figure 5 shows the snapshots of multi-
bag breakup at various time instances in terms of 
the characteristic time. The experiments shown 
here are reported in75.

It is being increasingly agreed upon that the 
deformation dynamics of the spherical droplet 
before the beginning of the process of breaking 
up affects the final distribution of fine droplets 
and their velocities. Therefore, it is imperative 
for the numerical simulations also to capture this 
aspect as accurately as possible. One of the vital 
parameters that is an indicator of this phenom-
ena is the ratio D/D0 of the deforming drop-
let. The simulations by Jain et al.13 reportedly 
captured this behaviour matching well with the 
experimental results already available in the pre-
vious literature14, 74, 76.

The transition of bag breakup regimes to 
shear breakup regimes happens due to the nature 
of rim dynamics. This transition manifests itself 
around We ∼ 100 and all the preceding regimes 
involving bag structures are known to be influ-
enced by the RT instability, where the bulk of the 
liquid is also pierced through by the air stream. 
The shear breakup on the other hand, while 
being dominated by KH instabilities, involves 
the air stream flowing around the droplet caus-
ing rapid disintegration of the bulk of the drop-
let. The transition itself is reported to happen 
due to the surface tension effects and the associ-
ated rim dynamics. The rim may be identified as 
the prominent structure that is absolutely essen-
tial to not just hold the bag but also to allow the 
formation of all the bag structures for We < 80 . 
The velocity of the rim retraction in the simula-
tions agree well with the theoretical values of the 
Culick velocity obtained for an average film thick-
ness of the bag. At high Weber numbers the shear 
forces drag along the rim and lead to stretching 
of the periphery of the drop in the streamwise 
direction thus resulting in a backward facing 
bag with streaming of drop from the periphery. 
Whereas, for lower Weber numbers rim shows a 
tendency of getting sheared by the flow but upon 
subsequent deformation retracts back leading to 
the formation of a more circular and stable rim. 
This behaviour is well reflected in the Figure 14 
of Ref.13, showing the central plane cut section of 
the deforming droplet at We = 80.

Effect of density ratio on the breakup modes 
has not been studied well. There have been a few 
studies, where the effect of density ratio has been 
discussed to a certain extent. However, in experi-
mental studies, only either low-density ratios 
1–10 or higher density ratio > 800 systems have 
been studied. Most numerical studies have been 



86

R. Suryaprakash, G. Tomar

1 3 J. Indian Inst. Sci. | VOL 99:1 | 77–91 March 2019 | journal.iisc.ernet.in

performed at lower density ratio < 10015, 17, 19, 

20, 22, 77, 78. Only recently, a few studies have been 
performed for the higher density ratio ∼ 100013, 

16, 72, 79. In a recent study, Suhas et al.79 carried out 
a parametric study with a focus on density ratio 
to bridge this gap in understanding by conduct-
ing 2-D axisymmetric numerical simulations 
and supplementing them with three-dimensional 
simulations. The focus of this work was to study 
the deformation dynamics of the drop only up to 
the onset of breakup, and thus only to identify the 
mode of breakup and not the complete breakup, 
and therefore, 2-D axisymmetric treatment was 
sufficient. The study spanned the density ratios 
starting from as low as 10 all the way up to 1000 
and Weber numbers ranging from 20 to 120. We 
would like emphasize here that the Ohnesorge 
number was still low ( Ohl ∼ 0.1 ; Ohl ≪ 1 ). The 

time taken by the droplets to evolve in shape was 
closely investigated at different density ratios, 
DR. The time is non-dimensionalized with the 
characteristic time scale, t∗ = t/tc . Figure 6 
shows the time evolution of the drop shape and 
the displacement for DR = 10 and DR = 1000 
at We = 20 . The flow of the gas is from left to 

Figure 5: Snapshots from numerical simulations showing the structure of the disintegrating droplet for 
We = 80 at different times: t/tc a 0, b 0.54, c 0.71, d 0.89, e 1.20, f 1.38, g 1.65, h 1.74, i 1.96, j 2.77.

DR = 10 DR = 1000

Figure 6: Comparison of the deformation shapes 
of the drop evolving in time for DR = 10 and 
DR = 1000 at We = 20.
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right. Centroid of the drop for DR = 10 moves 
a distance of 0.79d0, for DR = 200 drop moves 
a distance of 0.48D0 (not shown in the figure) 
and for DR = 1000 the drop moves a distance 
of 0.34D0 in a timespan of t∗ = 1 . The leeward 
side of the drop for DR = 10 also moves down-
stream with time, whereas the leeward side of the 

drop for DR = 1000 remains virtually stationary 
until t∗ = 1 , though the centroid is moving in the 
streamwise direction in both the cases. The signif-
icant difference in the motion of the centroid is 
primarily due to the differences in the velocity of 
the drop and the rate of momentum transmitted 
to the leeward side of the drop, which depends on 

DR = 10,We = 40

DR = 50,We = 20

Figure 7: Deforming drops evolving in time (space in between does not show the actual movement) for 
DR = 10 at We = 20, 40 and DR = 50 at We = 20 . Dotted lines mark the axis of symmetry. These conditions 
do not exhibit any breakup of the droplets.

Table 4: Typical shapes of the drop at the onset of breakup for DR = 50, 150 and 1000 at We = 20 60 
and 120, Reg = 4000 , M = 100 and Oh = 0.003–0.9.

We

20 60 100

50

DR 150

1000

Forward-bag no breakup
(DR = 10 We = 20)

Transient no breakup
(DR = 50 We = 20)

Transient 
(DR = 100 We = 20)

Backward-bag 
(DR = 10 We > 40)

Backward-bag 
(DR = 10 We > 40)

Backward-bag with sheet
thinning (DR > 50 We = 40-60)

Whiplash with sheet-thinning
(DR = 50 We > 60)

Sheet-thinning 
(DR > 100 We > 60)

Figure 8: Phase plot DR–We along with the typical drop shapes for breakup modes shown on the right. 
Hatched region shows the transition regime. The DR axis is scaled to the logarithm base of 2.
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the kinematic viscosity. Combined effects of cap-
illary (Rayleigh) time scales and the rim-stretch-
ing time scales results in the formation of ‘reverse 
bag-like’ structure, that does not disintegrate 
further. Figure 7 shows the conditions, where the 
droplet do not undergo any breakup which are 
also in agreement with the low-density simula-
tions of Han and Tryggvason20, 78. This is attrib-
uted to the instantaneous Weber numbers, which 
falls below the Wec , since the drops at low DR 
accelerate faster due to higher values of kinematic 
viscosity, an argument similar to the one used for 
very viscous droplets.

To study the morphology of the drops during 
breakup, typical shapes of the drops at the onset 
of the breakup have been tabulated in Table 4 
for all the conditions. To summarize the breakup 
modes presented in this table, typical characteris-
tic shapes are drawn, as shown in Fig. 8.

In addition to these differences in the defor-
mation, breakup morphologies and breakup 
modes, the breakup mechanism is also differ-
ent for higher and lower DR values. Breakup 
is due to the RT instability at higher DR values 
( DR > 150 )13, 41, 79, whereas breakup is due to 
the dynamics of the rim at lower DR values and 
is significantly influenced by the surrounding 
gas flow79. Hence, drops for roughly DR > 150 
behave similarly at similar values of We. This 
difference in breakup for different DR values 
(other non-dimensional parameters being con-
stant Ohl < 0.1 ) makes ”Density Ratio” a cru-
cial parameter in characterizing the secondary 
breakup of drops.

Figure 9 shows the drop breakup time 
and the relative velocity of the centroid of the 
drop, respectively, at the onset of breakup. The 

drop breakup time are quite different for the 
drops with DR = 10 and for the drops with 
DR = 50− 1000 . With an increase in We, 
breakup time decrease following the power law 
given by tb = 9.5We−0.5 . Relative velocity on 
the other hand has a continuous variation from 
DR = 50 to DR = 1000 following a general power 
law given by 4(10−4ρl + 0.1)We(0.13−10−4ρl) 
with average values increasing from 0.76 to 0.95, 
though it is significantly different for DR = 10 
with an average value of 0.36. Zhao et al.76 
reported an average value of 0.9 for ethanol and 
water drops combined which is in good agree-
ment with simulations in79 and experimental 
value of 0.87 for water drops in Dai and Faeth41. 
Relative velocity increases with an increase in 
DR value indicating that the drops for lower 
DR would attain higher velocity at the onset of 
breakup. Jain et al.79 report that the drops for 
DR = 10 at We = 20 and 40 and for DR = 50 at 
We = 20 , do not breakup at all. This is in good 
agreement with the observations of Han and 
Tryggvason20.

6  Summary
We presented a brief review of the experimen-
tal and numerical investigations of second-
ary breakup of liquid drops. Although several 
experimental studies have been carried out in the 
last few decades, a comprehensive understand-
ing of the mechanisms involved in the breakup 
process still alludes us. Secondary breakup of 
a drop is short time phenomenon lasting a few 
micro seconds and the flow structures around 
the drop during breakup are difficult to capture 
in experiments. The recent developments in the 
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Figure 9: For DR = 1000 : a time at the onset of breakup. Solid line represents the power law fit. b Rela-
tive velocity at the onset of breakup. Solid line represents the results by80. Dotted line shows the general 
power law fit79.
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algorithms of two-phase flow simulations has 
made the simulations of drop breakup possible. 
However, to capture the complete breakup the 
bag needs to be resolved up to sub-micron level 
which requires extremely refined grids. Therefore, 
accurate robust simulations up to the breakup of 
the bag become impractical and in the literature 
an early breakup is reported. It is expected that 
multiscale schemes would resolve such issues.

In the secondary atomization literature, sig-
nificant attention has been paid to the breakup 
modes but the initial deformation of the drop 
have been not so well studied. Although, there 
have been some studies on the time scales of initial 
deformation and also displacement of the droplet 
in the initial phase of deformation, lack of infor-
mation on flow structures behind the deforming 
drops from experiments limits the physical under-
standing of exact mechanisms. Robust accurate 
numerical simulations can fill this gap and thereby 
assist in gaining insight into the exact physical 
mechanisms involved in the secondary atomiza-
tion at different Weber numbers.

It has been believed that at low liquid Ohne-
sorge numbers (less that 0.1), the aerodynamic 
Weber number alone determines the breakup 
mode. However, recent simulations indicate that 
density ratio as well as the gas Reynolds number 
play a significant role in breakup mode selection. 
Similarly, it has been observed that non-New-
tonian and viscoelastic fluids affect the critical 
Weber numbers required for transition from one 
breakup regime to another81. Similarly, breakup 
of drops of nano-particle colloidal solutions and 
other suspensions can be expected to be substan-
tially different from that of the pure fluids82.
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