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Problem Definition

Laminar Flow Turbulent Flow Multiphase Flow Multiphase-

Turbulent Flow

𝜕𝑛(𝑣, 𝑡)

𝜕𝑡
+ 𝛻 ⋅ 𝑛 𝑣, 𝑡 ഥ𝑼 = 𝐵𝑏𝑟𝑒𝑎𝑘𝑢𝑝 + 𝐷𝑏𝑟𝑒𝑎𝑘𝑢𝑝 +

𝐵𝑐𝑜𝑎𝑙𝑒𝑠𝑐𝑒𝑛𝑐𝑒+𝐷𝑐𝑜𝑎𝑙𝑒𝑠𝑐𝑒𝑛𝑐𝑒

✓ A Numerical 

Modeling Strategy 

for This Physical 

Phenomenon.
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Turbulent Spectrum

• Different regions of the 

spectrum,

• Available models: breakup 

only occurs in the inertial 

subrange, 

• Lack of modeling strategies 

for other subranges!

M. Karimi & R. Andersson 
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Formulation of a Breakup Rate Model

M. Karimi & R. Andersson 

Ω𝑠 = 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛
ሶ𝜔 𝑑0,𝜆

× 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛
𝑃 𝑑0,𝜆

ሶ𝜔 𝑑0, 𝜆 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑒𝑑𝑑𝑖𝑒𝑠
𝑛𝜆

× 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑟𝑜𝑝𝑙𝑒𝑡
𝑉𝑏

× 𝑙𝑖𝑓𝑒 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑒𝑑𝑑𝑖𝑒𝑠
𝜏𝜆

𝑃 𝑑0, 𝜆 = −max 𝜒𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙
𝑒𝑛𝑒𝑟𝑔𝑦

, 𝜒𝑑𝑖𝑠𝑟𝑢𝑝𝑡𝑖𝑣𝑒
𝑠𝑡𝑟𝑒𝑠𝑠

𝜒𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑖𝑎𝑙
𝑒𝑛𝑒𝑟𝑔𝑦

: available energy exceeds the interfacial energy

𝜒𝑑𝑖𝑠𝑟𝑢𝑝𝑡𝑖𝑣𝑒
𝑠𝑡𝑟𝑒𝑠𝑠

: disruptive stresses exceed cohesive stresses

𝛀(𝒅𝟎) = න

𝝀𝒎𝒊𝒏

𝝀𝒎𝒂𝒙

𝝎 𝒅𝟎, 𝝀 𝑷 𝒅𝟎, 𝝀 𝒅𝝀
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Entire spectrum vs. Inertial subrange

M. Karimi & R. Andersson 

• Approximating the eddy velocity using the second-order 

structure function:

• Kolmogorov for inertial subrange: 

𝛿𝑣 2 𝜆 = 𝐶 × 𝜀𝜆 2/3

• Davidson for entire spectrum: 

𝛿𝑣 2 𝜆 =
4

3
∞−׬
∞

𝐸 𝜅 1 − 3
sin 𝜅𝜆

𝜅𝜆 3 +
cos 𝜅𝜆

𝜅𝜆 2 𝑑𝜅
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Entire spectrum vs. Inertial 
subrange (cont.)

• Practical definition of inertial 

subrange based on the overlapping 

zone,

• Improved understanding of the 

contribution of turbulent energy 

spectrum.

M. Karimi & R. Andersson 
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Upgrading the breakup model

M. Karimi & R. Andersson 

• Turbulent eddy velocity,

• Number density of eddies,

• Life time of eddies,

• Comparing interaction frequency 

using two formulations
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Upgrading the breakup model (cont.)

M. Karimi & R. Andersson 

• Updated model should work for both the inertial subrange 

and outside this region.

• Example 1. Inertial subrange (Direct measurements)

Phases

(continuous-

dispersed)

Droplet 

diameter

[ m ]

Exp. 

Breakup 

rate

[m-3 s-1 ]

Operational conditions Turbulent details

Water-Dodecane

(Andersson and 

Andersson, 2006)

𝜎 [𝑁 𝑚−1] 𝜌𝑑 [𝑘𝑔 𝑚
−3] 𝜇𝑑[𝑃𝑎 𝑠] 𝜀 [𝑚2𝑠−3] 8.5

5×10-4 0.24

0.053 750.0 0.0015

𝑘 [𝑚2𝑠2] 0.087

7×10-4 1.0 𝐿 [ 𝑚 ] 3.02×10-3

9×10-4 3.1 𝜂 [𝑚] 1.86×10-5

1×10-3 4.9 𝜆𝑇 [𝑚] 3.21×10-4

𝑅𝑒𝐿 [ − ] 889.35
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• Drop diameters within the 

inertial subrange.

• Similar predictions for both 

models (no surprise!).

• The updated model works for 

the inertial subrange.

M. Karimi & R. Andersson 

Example 1. Inertial subrange
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Example 2. Entire spectrum 

M. Karimi & R. Andersson 

• Direct measurements of breakup rates:

Phases

(continuous-

dispersed)

Droplet 

diameter

[ m ]

Exp. 

Breakup 

rate

[m-3 s-1 ]

Operational conditions Turbulent details

Water-Rapeseed 

oil

𝜎 [𝑁 𝑚−1] 𝜌𝑑 [𝑘𝑔 𝑚
−3] 𝜇𝑑[𝑃𝑎 𝑠] 𝜀 [𝑚2𝑠−3] 200.0

1×10-4 0.0

0.020 920.0 0.0699

𝑘 [𝑚2𝑠2] 0.4

2×10-4 25.47 𝐿 [ 𝑚 ] 0.0013

3×10-4 35.78 𝜂 [𝑚] 8.43×10-6

4×10-4 126.32 𝜆𝑇 [𝑚] 1.42×10-4

5×10-4 214.29 𝑅𝑒𝐿 [ − ] 796.81
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Example 2. Entire spectrum 
(cont.) 

• A unique data point outside 

the inertial subrange.

• The updated model starts to 

show improvements toward 

the dissipation subrange.

• The updated model works 

outside the inertial subrange.

M. Karimi & R. Andersson 
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Upgrading other breakup models

M. Karimi & R. Andersson 

• Commonly used models,

• Improvement for the dissipation 

subrange,

• The model structure might not 

accommodate further 

improvements.
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Upgrading other breakup models (cont.)

M. Karimi & R. Andersson 

• Model extension depending on 

model formulation,

• Higher predictive capabilities 

toward dissipation subrange,

• Extension of breakup kernels: 

when the droplet diameters are 

not limited to the inertial 

subrange.
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Concluding Remarks

M. Karimi & R. Andersson 

• Importance of entire turbulent spectrum for modeling fluid 

particles breakup.

• A more realistic representation of turbulent structures 

(numbers, velocity, and inertial subrange). 

• Validated model confirms the benefits of the entire turbulent 

spectrum for breakup formulation.


