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Drop breakup

Håkansson, Annu. Rev. Food Sci. Technol. 2019  
Mathijssen et al., Rev. Mod. Phys. 2023
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Occurs in the production of emulsions, 
e.g., food, pharmaceuticals, paint
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Emulsification
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• Turbulent forces cause drop breakup
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The Weber number

Assumptions: 
• Deformation by ‘eddies’ of size ,  
• resistance by surface tension 

~ 𝑑
𝜎

We = kinetic energy
surface energy
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The Kolmogorov-Hinze diameter

Kolmogorov and Hinze proposed that drops will break as long as:  
Rearranging gives a critical diameter 

✅ Simple yes or no prediction of breakup 
✅ Confirmed by many studies in different flows 
Shinnar J. Fluid Mech. 1961, Vankova et a. J. Colloid Interface Sci. 2007, Perlekar et al. Phys. Fluids 2012; Cannon et al. 
J. Fluid Mech. 2023, Ni, Annu. Rev. Fluid Mech. 2024 
❌ Different values of the constant  
❌ Static: No information on the dynamics, e.g. breakup time 

We > Wec

Wec

dKH = We−3/5
c σ3/5ρ−3/5ϵ−2/5, Wec ≈ 2
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Kolmogorov, Dok. Akad. Nauk. 1949, Hinze, AIChE J. 1955
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1. What is the lifetime of a drop? 

2. Can we make a simple mechanistic model of drop breakup?

6

Our questions
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Method: direct numerical simulations

• homogeneous isotropic turbulence 

• sustained by forcing on modes k<2 

• pseudo-spectral method 

• optimised CUDA code 

•  grid fits on a single GPU 

• initial condition: spherical drop 

• 2080 breakup simulations  

• across 7 Weber numbers

2563

Vela-Martín & Avila, J. Fluid Mech. (2021)

𝑅𝑒𝜆 = 58 ,  𝑊𝑒 = 1.82

]𝑡 = 0.6 [𝑡𝑑

* Jaqmin J. Comput. Phys. (1999), Magaletti et al. J. Fluid Mech. (2013)
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We N
1.2 180
1.3 200
1.4 200
1.6 200
1.8 200
2.9 500
3.6 600
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DNS of drop breakup in HIT
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https://youtu.be/AEsZjPGtYoA?si=glVKadQlIz-KLPIn

https://youtu.be/AEsZjPGtYoA?si=glVKadQlIz-KLPIn
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Drop breakup is a stochastic process

Vela-Martín & Avila, Sci. Adv. 2022
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td = d /ud

td

tdtd

tdtdtd

td td
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Drop deformation by ‘collision’ of eddies

𝑡
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Deformation of drops by outer eddies

Stretching

Stretching

Stretching

Compression

Compression

Compression

Surface energy increases, ϑ > 0 Surface energy decreases, ϑ < 0

t1 t1

t2 t2
nn

(a) (b)

Figure 1. (a,b) Schematic representation of the mechanism that generates positive (a) and negative (b)
increments of the surface energy owing to the compression or stretching of the interface between two
immiscible liquids, where n is the orthogonal vector normal to the interface, t1 and t2 are vectors parallel
to the surface, and ϑ = −σniSijnj. Blue and green arrows indicate the compressive and stretching directions of
the rate-of-strain tensor at the surface, and dotted lines are the streamlines of the velocity field with respect to
the surface.

In the case of an incompressible flow, in which P = 0 and Sij = Sd
ij,

ϑ = σ (t1kSkjt1j + t2kSkjt2j ), (2.21)

which shows that the surface energy increases as a consequence of the stretching of
the surface area by the rate-of-strain tensor. The opposite mechanism is also possible
and the decrements of the surface energy are related to the contraction of the surface
area. In figure 1(a,b), we show a schematic representation of these mechanisms for an
incompressible flow.

3. Single-drop experiments in homogeneous isotropic turbulence
The analysis presented in the previous section is valid for any configuration of the
fluid–fluid interface or flow regime. Hereinafter, we apply our analysis to the dynamics
of a single drop embedded in a homogeneous and isotropic turbulent flow.

3.1. Numerical method
We consider two fluids with equal density and kinematic viscosity, and integrate (2.1)
in a triply periodic cubic domain of volume L3 = (2π)3 by projecting the equations on
a basis of N/2 Fourier modes in each direction, where N = 256. Nonlinear terms are
computed through a dealiased pseudo-spectral procedure and a third-order semi-implicit
Runge–Kutta scheme is used for the time integration, with a decomposition of the linear
terms proposed by Badalassi, Ceniceros & Banerjee (2003). To sustain turbulence in
a statistically steady state, we implement a linear body force, f̂i = Cf ûi, which is only
applied to wavenumbers k < 2, where ·̂ denotes the Fourier transform and k is the
wavenumber magnitude. The forcing coefficient, Cf , is set so that, at each time, the total
kinetic energy per unit time injected in the system is equal to a constant, which is chosen
so as to fix the numerical resolution, kmaxη = 4, where η = (ν/ε1/3)3/4 is the Kolmogorov
length scale and kmax = N/3 is the maximum wavenumber magnitude after dealiasing.

The Reynolds number of the flow is Reλ = λu′/ν = 58, where λ =
√

15(ν/ε)u′ is the
Taylor microscale, u′ =

√
2E/3 is the root-mean-square of the velocity fluctuations and

E = 1/2〈uiui〉 is the ensemble-averaged kinetic energy. The thickness of the fluid–fluid

929 A38-7
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Drop deformation by straining motions

Vela-Martín & Avila, J. Fluid Mech. 2021

Exact equations:

11
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Vela-Martín & Avila, J. Fluid Mech. 2021; borrowed from Ohkitani & Kishiba 1995 + Hamlington, Schumacher & Dahm 2008

Stretching by outer/inner eddies
Decomposition of the rate-of-strain tensor (Biot-Savart law): 

Modeling approach: 

12
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Outer eddies drive deformation
𝑊𝑒 = 1.8

inner

Time delay

13
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• varies with 0.1 eddy turnover times  

• value is positive and exponentially distributed.                                      

td = d /ud

, γ = 2.6

Model of outer stretching
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⟨(νO(t0 + t) − ⟨νO⟩)(νO(t0) − ⟨νO⟩)⟩t0 /σ2
νO
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• varies with 1/3.5 capillary times 

• value is negative and depends on the drop area                              , cd = 3.5

Model of inner stretching
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⟨(νI(t0 + t) − ⟨νI⟩)(νI(t0) − ⟨νI⟩)⟩t0 /σ2
νI
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Area at breakup

Area increase at breakup is constant  
Ab − ⟨A⟩

πd2 = 0.27

16

0.0 0.5 1.0 1.5 2.0
t/td

1.0

1.2

1.4

1.6

1.8

2.0

A
ºd2 0 1 2 3 4

We

1.0

1.5

2.0

hAi
ºd2

°3.0 °2.5 °2.0 °1.5 °1.0 °0.5 0.0
(t ° tb)/td

0 1 2 3 4
We

1.0

1.5

2.0

Ab
ºd2

0.0 0.5 1.0 1.5 2.0
t/td

1.0

1.2

1.4

1.6

1.8

2.0

A
ºd2 0 1 2 3 4

We

1.0

1.5

2.0

hAi
ºd2

°3.0 °2.5 °2.0 °1.5 °1.0 °0.5 0.0
(t ° tb)/td

0 1 2 3 4
We

1.0

1.5

2.0

Ab
ºd2



I. Cannon - Discerning causality of drop breakup using massive ensembles of simulations        / 19

Breakup rate

17

• drop energy is a competition  

• probability of exceeding the breakup energy 

• outer stretching events occur ~10 times per eddy turnover  

̂κ∞ = 10/td
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Breakup rate 
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S. Perrard, A. Rivière, W. Mostert, and L. Deike, Bubble deformation by a turbulent flow, J. Fluid Mech. 2021 
A. Vela-Martín and M. Avila, Memoryless drop breakup in turbulence, Sci. Adv. 8, 2022
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Conclusions
• The drop is stretched by outer eddies and relaxes via inner eddies 

• Outer stretching events occur every  

• Outer stretching intensity is exponentially distributed with  

• Inner stretching has a rate of  

• The area increase at breakup is   

• The breakup rate is  

• Scaling constants can be determined a priori from measurements of the flow 

• Model is generalisable to other flows; e.g., non-Newtonian  

• Morón, Cannon, Vela-Martín, & Avila, “Causal mechanisms of drop breakup in turbulent flows,” 

https://arxiv.org/abs/2605.07504 

• Thank you!

0.1td
γ = 2.6

3.5tσ
0.27πd2

κ∞t−1
d exp (−χWe−3/2)
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https://arxiv.org/abs/2605.07504

