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Appendix 6 

The particle removal occurs when external pull-off forces overcome the adhesive forces binding the 7 

contaminant particulates to the surface. In the aerodynamic particle removal there are three main forces: 8 

the van der Waals adhesion force and two removal forces the drag force caused by the gas flow and 9 

the impact force caused by the airborne particles. The van der Waals force depends mainly on material 10 

properties of surface and contaminants while the drag and impact forces are mostly influenced by 11 

operating conditions. Hence to identify the effect of individual parameters the experimental observations 12 

were compared with the estimated contributions of forces calculated using theoretical models of 13 

aerodynamic drag  separation [e.g. 1-4] and kinetic separation by the impact of dry ice particles [2,5].  14 

 15 

Adhesion Force 16 

The van der Waals force exerted on the contaminant particle attached to surface is given as 17 

 18 

𝐹𝑎𝑑 =
𝐴23𝑑2

12 𝑧𝑜
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𝐴23 = √𝐴22 𝐴33
  ,       (2) 21 

 22 

Where A23 is the Hamaker constant of composite system of particle and surface, subscripts 2 and 3, 23 

respectively, d2 is the contaminant particle diameter, and z0 is the minimum separation distance. 24 

 25 

Drag force 26 

The Stoke´s drag force caused by gas flow is given as  27 

 28 

𝐹𝑑  =
3𝜋𝑓𝜇𝑑2𝑢

𝐶𝑐
  (1 + 0.15𝑅𝑒0.685

 
)     (3) 29 

 30 



where f = 1.7009 is the dimensionless coefficient for the wall effect, µ is the dynamic viscosity, Cc is the 31 

Cunningham correction factor that extends the range of application of Stoke´s to particles of 0.1 µm in 32 

diameter 33 

 34 

𝐶𝑐  = 1 + 2.52𝜆/𝑑2  ,     (4) 35 

 36 

where λ is the mean free path, Re is the particle Reynolds number and u is the effective velocity at the 37 

center of the particle attached to the surface given by 38 

 39 

𝑢 =   
𝑑2 𝜌 𝑢∗2

2𝜇
       (5) 40 

 41 

Where ρ is the fluid density and u* is the friction velocity of the impinging jet flow approximated by 42 

 43 

𝑢∗ =  
𝑉

20
        (6) 44 

 45 

Here it is assumed that the free stream velocity V is about the same as a nozzle velocity  46 

 47 
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 49 

where c is the speed of sound, γ is the ratio of the specific heat of air at constant pressure to the 50 

specific heat at constant volume (γ = 1.4), Pjet is the pressure of the gas leaving the jet and Patm is the 51 

lab barometric pressure. 52 

 53 

Impact force 54 

The impact force is given as 55 

 56 

𝐹𝑐  = 1.12𝑘12
−2/5

𝑚3/5𝐷1/5𝑣6/5,      (8) 57 

 58 



Where k12 is the parameter characterising the elastic properties of the dry ice particles and the 59 

contaminant particles defined as 60 

 61 

𝑘23  =
1− 𝛾2

2

𝐸2
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1− 𝛾3
2

𝐸3
 ,        (9) 62 

 63 

where γ is the Poisson´s ratio and E is the Young´s modulus, m is the reduced mass 𝑚 =64 

 𝑚1𝑚2/(𝑚1 + 𝑚2), D is the reduced particle diameter 𝐷 =  𝑑1𝑑2/(𝑑1 + 𝑑2) .  and v is the impact velocity. 65 

 66 

CO2 snow jet 67 

Assuming the contaminant particles are mostly irregular we consider impact sliding mechanism for 68 

particle removal which occurs when the ratio r* is higher than 1 69 

 70 

𝑟∗ =
𝐹𝑐 𝑐𝑜𝑠𝜃 + 𝐹𝑑

𝑘(𝐹𝑐 𝑠𝑖𝑛𝜃 + 𝐹𝑎𝑑)
  ,       (10) 71 

 72 

where k is the coefficient of static friction and 𝜃 is the impaction angle between the nozzle centerline 73 

and the surface. 74 

 75 
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