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Abstract

The analytical model is offered, that describes the formation of metal oxide nanoparticles generated by the burning Ti droplets moving in the air at the velocity up to 3 m/s. This report is the continuation of our experimental work [1]. Within the limits of the given modeling consideration following experimental data well mutually correspond: size of the burning titanium particle; its burning time, temperature and velocity of movement; diameter of the zone of titania nano-aerosol formation (smoke halo), size of primary oxide nanoparticles. Analytical expressions for approximate calculation of the parameters of the oxide particles and zones of their formation are proposed.

Formation of very long chain-like aggregates of primary nanoparticles in the smoke tail of burning Ti droplet (so called aerogelation [2]) is explained basing on coagulation estimation.
Introduction

Following experimental results have been obtained in our previous work [1]:

Burning and falling in the air titanium particle have the zone of titania nanoparticle formation which is located in immediate proximity to the droplet surface; there was no dependency between the primary nanoparticle size and radius of the burning maternal Ti droplet (in a range of the sizes of 10-550 (m). Mean mass radius of primary titania particles is rprim = 14 nm (which is equal to the average radius of particles in the “smoke halo” zone). Burning time of 300 (m Ti droplet (up to the droplet explosion) is equal tburn = 0.2 s. 300 (m Ti droplet have 500 (m “smoke halo”, in other words the thickness of the nanoparticle zone around droplet is about 100 (m. 
Very long chain like TiO2 – aggregates of length up to a few hundreds microns were observed in the smoke tail of burning Ti – droplet which were attributed to the gelation process [1, 2].

Modeling of titania nanoparticles formation during combustion of titanium droplets
After the ignition the temperature of burning and falling Ti droplet is rapidly increase due to the oxygen diffusion from the ambient atmosphere to the surface followed by the energy release [3]. The temperature of the burning droplet is increasing during the first 150 ms up to about 2700 K, then it falls down to about 2200 K and the process terminates by the explosion [3]. The temperature decrease at the time > 150 ms is probably related to the decrease of the rate of heat release because of the oxygen radial profile in the droplet becoming less steep (i.e. oxygen diffusion becoming slower). 
The titania nanoparticle formation is governed by the titania evaporation from the surface of burning droplet. Both vapor pressure P and temperature decrease with the distance from the surface increasing, but the saturated vapor pressure PSat is a strong function of temperature. Thus, the supersaturation ratio 
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 increases with the distance from the surface and, at some critical supersaturation nucleation occurs. Due to the temperature gradient nanoparticles are moving outwards being driven by thermophoresis. Meanwhile, they are dragged by the counter flow, and a smoke tail is formed (Fig. 10, [1]). It was found, that burning 300 (m Ti droplet have 500 (m smoke halo in other words the thickness of the nanoparticle zone around droplet is about 100 (m. The gas residence time in the nanoparticle zone is governed by the counter flow velocity. On the other hand, the residence time for nanoparticles is governed by the thermophoretic velocity. From the balance between these two times one can evaluate the thickness of the nanoparticle zone. The gas residence time can be evaluated similarly to Eq. 23 [4] which gives ( ( 2( 10-4 s for ( = 0.5. The thermophoretic velocity for particles is governed by the expression [5]:
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where ( is kinematic viscosity for the ambient gas (( 3 dyne(cm for air at T ( 2000 K). To determine 
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 in Eq.(1) one may evaluate the temperature profile from the heat conductivity equation (Eq. 10, [4]). The boundary conditions for this equation are T = TS ( temperature of droplet surface) at ( = r (radius of burning droplet) and T = T0 at 
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, where a is thermal diffusivity for air (2.2 cm2/s) at intermediate temperature (1200 K) between TS and T0. The solution of Eq. (10) [4] is:
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(2)

r ≤ ρ ≤ 6r
Then, the temperature gradient in the Eq. (1) for thermophoretic velocity can be estimated as 
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 cm-1 in the nanoparticle zone and the thermophoretic velocity is uT ( 50 cm/s. Finally, the thermophoretic length is equal to uT(( ( 100 (m which is in a good agreement with the experimental thickness of the nanoparticle zone. 

The vapor generation rate F can be evaluated from the droplet burning time before explosion tburn = 0.2 s (for r = 150 (m). We suppose that during this time about one halve of the original Ti atoms have evaporated as titania vapor, i.e. Ti evaporation degree ( = 0.5. Then we get the particle number concentration:

 F = 
[image: image7.wmf]burn

A

Ti

Ti

t

N

M

r

1

3

4

3

r

p

a

(1.8(1018 с-1



(3)

where (Ti=4.1 g/cm3 and MTi =47.9 g are titanium density and molar mass, NA is Avogadro number. Taking into account the mean mass radius of primary particles in aggregates rprim = 14 nm (which is equal to the average radius of particles in the nanoparticle zone) we get 
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where (TiO2=3.8 g/cm3 and MTiO2 =79.9 g are titania density and molar mass, Vn is volume of the nanoparticle zone. Then the critical nucleation rate Icrit ( npart/( ( 1017 cm-3·s -1. To estimate roughly the coordinate where the nucleation starts we use the classical nucleation theory using the Reiss correction free energy factor [6, 7]:
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Where 
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=5.9(10-12 Pa -1 is isothermal compressibility of the titania, ( is critical radius surface tension, rcrit is radius of critical nucleus (i.e. the nucleus being in unstable equilibrium with vapor), m is mass of TiO2 molecule. The supersaturation ratio S is linked with the critical nucleus radius via the Kelvin equation [6]:


[image: image11.wmf]crit

TiO

r

kT

m

S

ln

2

2

r

g

=






(6)

The saturated titanium oxide vapor pressure can be evaluated as [8]:
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The titanium oxide vapor pressure can be evaluated in assumption that it is governed by the stationary diffusion equation: 
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where CTiO2 is titania vapor concentration, DTiO2 is diffusion coefficient for the titanium oxide vapor which is a function of temperature: DTiO2 ( 8.2(10-6T1.7 cm2/s. Taking into account Eq. (2) one can present this diffusion coefficient as a function of (: 
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 cm2/s. Then, integrating Eq. (8) and using the boundary conditions: 
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 (where DTiO2 ( 1.4 cm2/s for T = 1200 K was used) we get:
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or
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Then the supersaturation ratio can be obtained from Eqs. (7, 10) by approximating it by a linear function:
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It is easy to calculate the radial coordinate where the nucleation reaches the value Icrit = 1017 cm-3s-1 solving together Eqs. (5, 6, 11) This coordinate is equal to ( ( 165 (m; the critical supersaturation ratio is Scrit ( 5. Thus, neglecting the dependence of the surface tension on the radius of critical nucleus we can conclude that the nucleation process starts at about 15 (m from the droplet surface. 
As it was revealed [1, 4] during burning of Ti droplet in air the aerogelation occurs in a smoke tail of the particle. It is results in the formation of very long chain-like nanoparticle aggregates which have size comparable with the tail diameter. The reason for gelation is the high nanoparticle concentration around the burning Ti droplet (see also [2]). The video microscopy images show that the smoke tail does not mix with the ambient air during at least for ttail = 0.01 s. Taking into account that particle concentration in the nanoparticle zone is equal to 1013 cm-3 (see Eq. (4)) one can estimate that after being taken by the counter flow to the tail the particle concentration increases to about 1014 cm-3 due to cooling of combustion products to room temperature. Using the value K ( 2(10-9 cm3s-1 [5] as a lowest bound of the coagulation rate constant we estimate the particle concentration in the tail after the coagulation time of 0.01 s to be:
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As seen from Fig. 14b [4] nanoparticles form long chain branching aggregates with the cross-section of about 10 primary nanoparticles in average. Thus, the typical length laggr of these chains will be in the coagulation time ttail:
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On the other hand, the average distance l between the aggregates at this moment of time is: 

l = 
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Taking into account that the aggregates are charged [4] the attraction distance is about the same as the aggregate length [9] and the fact that the coagulation constant at high aerosol concentration is essentially higher that the Smolukhowsky rate constant [2] it is evident, that gelation starts at much shorter times than 0.01 s. The tail diameter is about 100 (m. Thus, the effective aerosol volume is Vcoag ( 10-6 cm3. The limit length of chains in this volume after time 10-2 s is 
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 (m which is consistent with the length of aggregates shown in Fig. 14b [4].
Conclusions
During titanium combustion in air, the metal reacts in heterogeneous regime and oxide nanoparticles are formed by nucleation of oxide vapor at about 15 µm from the surface of a burning Ti droplet of diameter 300 µm. Corresponding critical supersaturation of titanium oxide vapor is Scrit ( 5. Then the nanoparticles are driven outwards by the thermophoresis.

In the smoke tail of burning titanium particles TiO2 aggregates of length from several tens to several hundreds of micrometers were found. The formation of such aggregates is attributed to aerogelation at high concentration of the primary spherules.
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