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Breakup of large droplets 
in sonic flows is used 
in emulsification, fuel 
jet technologies and 
the pharma industry 

 

Sonic agglomeration of 
particles is used in 
pollution control 
technologies 

 

BOTH processes may 
operate in thunder! 
 

Shockwave for 

several meters from 

the lightning channel 

 

After that, 

schockwave turns to 

sound wave 
 



A. Thunder shockwave front 

Droplet breakup in gas flow:  
Weber number We=ρgυ2r/σ (non-dimensional)  
ρg = air density (kg/m3), 1.2 at ground level, 0.6 @ 5 km ASL  
υ = air velocity (m/s), 60 km/s in the thunder shockwave front 
r = particle diameter (m)  
ς = surface tension (Ν/m) [surface energy for solids] 

 
• Wecr=~12 : critical Weber number, at which droplet 

breakup occurs 
• For a 10μm cloud droplet, We=600,000 in the 

thunder shockwave!!! 
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Drawing is a graphical representation of Fig. 12 from Jain et al. (2015), showing a 
numerical simulation for We=120. 

Drawing by K. Kourtidis. CC BY 3.0 4 



Maximum droplet/aerosol radii (μm) in the thunder 
schockwave front where the Weber number (We) 

becomes equal to the critical Weber number (Wecr = 12, 
at which droplet breakup occurs) 

 

 

Droplets, ice crystals and even sub-micron dust 

aerosols will break up in the thunder schockwave 

front 5 

Ground level 5 km ASL 

cloud droplet  
(ς = 0.072 N/m) 

0.20*10-3 0.40*10-3 

Ice crystal  
(ς = 0.035 N/m ) 

0.10*10-3 0.19*10-3 

Al2O3  
(ς = 0.169 N/m)  

0.47*10-3 0.94*10-3 

Fe2O3  
(ς = 1.357 N/m) 

3.77*10-3 7.54*10-3 



Maximum droplet/aerosol radii (μm) in the schockwave 
front where the Weber number (We) becomes equal to 

We = 120, where catastrophic breakup occurs 

 

 

Pulverisation of dust aerosols and ice crystals 

and catastrophic droplet breakup in the thunder 

schockwave front 6 

Ground level 5 km ASL 

cloud droplet  
(ς = 0.072 N/m) 

2*10-3 4*10-3 

Ice crystal  
(ς = 0.035 N/m ) 

1*10-3 1.9*10-3 

Al2O3  
(ς = 0.169 N/m)  

4.7*10-3 9.4*10-3 

Fe2O3  
(ς = 1.357 N/m) 

37.7*10-3 75.4*10-3 



B. Thunder sound wave 
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• Sound Pressure Level SPL=20 log (p/po) dB 
• Human hearing range: 2 x 10-7 – 0.2 mb (0-120 dB)  
• [1000 mb=194 dB] 
• p= RMS sound pressure 
• p0= reference sound pressure (in air 20 μPa, threshold of human 

hearing) 
Thunder SLP 
1 μb@10 km, 2.2 μb@5 km, 6 μb@2km, 13 μb@1km (Bhartendu, 
1968)  
 73dB@10 km, 81dB@5 km, 89dB@2km, 96dB@1km.  
Log fit to the data dB=-9.817 ln(km)+96   
103dB@500 m, 112 dB@200 m, 119dB@100 m, 125@50m, 
134@20m 



 
Acoustic agglomeration: increase of particle size due to the 

resonance of particles and resulting relative motion of 
particles. 

 
 

Fundamental vibration freq. of a droplet of radius r0  is 
ω0=(2ς/π2ρ’r0

3)1/2 (Rayleigh, 1879) 

Acoustic agglomeration mechanisms: 

• Orthokinetic collision (only mechanism examined here) 

• Hydrodynamic mechanisms: 
– Mutual scattering interaction 

– Mutual radiation pressure interaction 

– Acoustic wake influence 
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Orthokinetic collision 
Main mechanism of sonic agglomeration 
− for polydisperse particles. 
− low frequencies 
− medium size diameter ratios d1/d2 
− not effective for particles < 1μm 
 Based on the different resonance rates η of the particles due to 

their different sizes   
Resonance rate η : 0 no resonance      1 complete resonance 

 
Resonance rate η=1/sqr(1+ω2*τp

2)  
•  Particle relaxation time τp=ρ*d2/0.00032886  
•  Sound wave angular velocity ω=2*π*f 
• Liquid droplets: diameter d = 8-36 μm, density ρ = 1000 kg/m3  
• Saharan dust: d = 0.02 – 1 μm, ρ = 2500 kg/m3 

• Thunder frequency f ∈ [10 Hz – 1.000 Hz]. Dominant peaks @ 50-100 
Hz. 
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Resonance rate η of cloud droplets 

 

Complete or almost complete (>0.8) resonance for cloud droplet 

diameters < 24 μm) for f < 50 Hz. Smallest droplets resonant up to 200 

Hz 
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Resonance rate η of Saharan dust 

 

Usual diameters of Saharan dust aerosols 0.02-1 μm: 

complete resonance for all Saharan dust particle 

diameters for f < 1000 Hz.  
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Effective agglomeration length Leff  
 the max interparticle distance that in the event of a collision leads to agglomeration 

Leff = ε∙L 
ε : collision efficiency 0<ε<1. 
L : the max interparticle distance that can cause collision  

For two particles that have diameters d1 and d2, 
 

Leff = (η12 * Ug / ω) * *St/(St+0.65)]^3.7 
 
τp1, τp2 : particle relaxation times, ω: sound wave angular velocity, St : the Stokes number 
η12 : relative resonance rate (function of ω, τp1 and τp2) 
Ug : amplitude of gas speed (function of SPL,  sound velocity and ρg) 
• Potential air viscosity (μ):  18,27 μPa s = 18,27 x 10-6 Pa s 
• Air density ρg =1.2 kg/m3 near the surface, 0.6 kg/m3 at 5 km ASL 
• Sound velocity=344 m/s @20 oC 
• Particle density: 1000 kg/m3 and 2500 kg/m3 
• Particle sizes (μm), d1 and d2 0.02, 0.05, 0.1, 0.5, 1 with ρ=2500 (kg/m3) και 8, 10, 15, 20, 

25, 30, 35 with ρ=1000 (kg/m3)  
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Effective agglomeration length (Leff) 
calculation   

• Potential air viscosity (μ):  18,27 μPa s = 18,27 x 10-6 Pa s 

• Air density 1.2 kg/m3 at ground level, 0.6 kg/m3 at 5 km ASL 

• Sound velocity c=344 m/s @20 oC 

• Particle density: 1000 kg/m3 and 2500 kg/m3 

• Particle sizes (μm), d1 and d2 0.02, 0.05, 0.1, 0.5, 1 with 
ρ=2500 (kg/m3) και 8, 10, 15, 20, 25, 30, 35 with ρ=1000 
(kg/m3)  
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Effective 
agglomeration 
length Leff near 
the surface.  

SLP=100 dB  

f= 50 (top), 100 
(middle), 200 
(bottom) Hz 
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Near the surface 
100 Hz. 90, 100, 120 dB 50 Hz. 90, 100, 120 dB 
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Effective agglomeration length @5km 
ASL, f=50 Hz, SLP=100 db 
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dust 

droplets 

mix 



50 Hz 90 dB 

(~2 km from 
lightning)  

 

 

 

 

50 Hz 120 db 

(~100 m 
from 
lightning)  
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Effective agglomeration length results 
(1) 

• Mean interparticle distance= 1/N1/3 

• For a number concentration of Saharan dust particles Naerosol ~ 1-
100 particles/cm3 the interparticle distance is ~2X103 - 1X104 

μm.  

• For a number concentration of cloud droplets Ncloud_droplets~ 200-
1000 droplets/cm3 the interparticle distance is ~1X103-1.7X103 
μm.  

• For pyroclouds, Nsoot ~200-100,000 particles/cm3, the 
interparticle distance is ~2.15 μm-1.7X103 μm 

 

The effective agglomeration length can be between 10-5 and 10-35 
m (i.e. up to 10 μm) 
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Effective agglomeration length 
results (2) 

• 10-50 times longer agglomeration length @5 
km ASL than near the surface 

• 6-7 orders of magnitude longer agglomeration 
length ~100 m from lightning than ~2 km 
thereof, 4 orders of magnitude longer 
agglomeration length ~100 m from lightning 
than ~800 m thereof 

• Cloud droplets agglomerate more readily than 
dust particles 

 

 

 

19 



Effective agglomeration length 
results (3) 

• Interparticle distances appear much larger than Leff for 
agglomeration to occur for SLP up to 120 db, except for 
pyroclouds 

BUT:  
• a) The calculation of mean interparticle distance as 1/N1/3 

ignores the fact that interparticle distances will folow a 
probability density function P(r)=(3/a)*(r/a)2*e^[-(r/a)3] 
from which it follows that a substantial number of droplets 
will be at interparticle distances <<< 1/N1/3  

• b) In-cloud turbulence will have further enhanced the 
spread of P(r) above 

• So that, even for SLP up to 120 dB some agglomeration will 
occur also in normal clouds 
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f=50 Hz – SLP=135 dB: 
mean interparticle distances gets smaller than Leff, so 

agglomeration can readily occur 

interparticle distance of cloud droplets: 1-1.7 X10-3 m 

interparticle distance of soot particles in pyroclouds: 2.15X10-6 m-1.7 X10-3 m  



Comparison with recent results 

• Qiu et al., Interaction between strong sound waves and 
cloud droplets: Cloud chamber experiment, Applied 
Acoustics 176 (2021) 107891: in cloud chamber experiment 
with droplets of d=10 μm observed effective agglomeration 
for SLP 114-121 dB in the 50-65 Hz range; however, they do 
not report the number concentrations of droplets used in 
the experiment.  

• Temkin, Rapid Droplet Coalescence Produced by Thunder, J. 
of Atm. Sci., https://doi.org/10.1175/JAS-D-20-0040.1: 
calculated that droplet agglomeration occurs, but used 8 Hz 
dominant thunder clap frequency. 

• No definite results can be obtained until we obtain more 
reliable thunder frequency spectra measurements at 
distances 10 m – 1 km from thunder. 
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C. Acoustic charge redistribution in thunder  

23 

During aerodynamic breakup in the thunder shockwave, large droplets will carry 

the [+] charges and small ones the [–] charges (Drawing is a modification of Fig. 13 of 

Zilch et al. by K. Kourtidis CC BY 3.0)   



• Electrical double layer at the water/air interface 

• 70-80% of interfacial water dipoles with + ends 
directed towards the interior of the droplet. OH- 
drown to the interfacial region to the + ends of 
the dipoles, charge balancing H3O+ ions repelled 
from the interface (Miranda et al., 1999) 

 

Droplet breakup in the shockwave can produce 
separated charges even from charge balanced 
droplets  
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Conclusions 
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• Near the lightning channel, pulverisation of dust aerosols 
and ice crystals and catastrophic droplet breakup readily 
occurs in the thunder shockwave front 

• Droplet breakup in the shockwave will produce separated 
charges even from charge balanced droplets  

• At the distance where the shockwave front decays to audio 
wave, the cloud droplet characteristics (size distribution, 
number density) appear not very suitable for acoustic 
agglomeration if SPL<130 dB, except perhaps for pyroclouds, 
for frequencies 50-200 Hz. Nevertheless, even for SPL<130 
dB, some agglomeration will occur. Agglomeration will occur 
readily if SLP>135 dB.  

• No definite results can be obtained regarding acoustic 
agglomeration until we obtain more reliable thunder audio 
frequency spectra at distances 10 m – 1 km from thunder, 
especially below 50 Hz. 

 

 

 

 

 

 

 



Outlook 

Orthokinetic mechanism to be studied for f<50 Hz 

Orthokinetic mechanism to be studied for altitudes 
higher than 5 km ASL 

Hydrodynamic mechanisms of acoustic agglomeration, 
such as 

 Mutual scattering interaction 

 Mutual radiation pressure interaction 

 Acoustic wake influence 

might become important in the perturbed thunder/cloud 
environment and need to be examined     
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Excuse me for the noise 
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