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INTRODUCTION

For over a century spherical microparticles, 
also called spherules, are the subject of scientific 
investigations. They were found in sedimentary 
geological layers [1, 2], in volcanic rocks [3], at 
the bottom of the ocean [4] or in marginal part of 
the polar ice cap [5]. Among them, spherules hav-
ing magnetic properties [1-4], which make their 
extraction easier from the surrounding material 
by applying strong magnets, have drawn special 
interest. In view of the observed physical and 
chemical properties of these magnetic particles, 
some researchers have claimed their extrater-
restrial origin [1, 2, 4-6], while others have con-
cluded that they are of volcanic origin [3, 7]. The 
situation is indeed complicated due to the fact 
that industrial activities of people in areas, such 
as welding, metallurgy or coal power plants, also 
lead to the production of similar spherical mic-
roparticles [1, 4, 8-10]. 

Magnetic spherules found in volcanic de-
posits, described by Grebennikov [3], throw 

doubt on the inequivocal interpretation of cos-
mic origin of other similar objects. Their com-
mon feature is a small amount or lack of nick-
el, the presence of which is characteristic for 
metallic meteoroids. In another paper [2], the 
lack of nickel does not prevent the authors to 
classify them as residues of cosmic particles. 
Investigation of the chemical composition of 
20 different spherules from various regions of 
the world by Grachev [1], leading to detection 
of nickel, confirms their cosmic origin. How-
ever, in the case of ambiguous results of such 
analysis, it seems to be necessary to include 
analysis of size and shape of the spherules be-
cause movement of their molten mass in the 
Earth atmosphere can have an influence on mi-
crodroplet geometry. 

The aim of the present study is to deter-
mine the maximum size of the spherule from 
simple computer simulations of a micropar-
ticle flight in the Earth atmosphere, accom-
panied with aerodynamic criterion describing 
droplet stability.
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SIMULATION

Simulation of the flight of a liquid iron mi-
croparticle in the Earth atmosphere was carried 
out to determine its final size. The final solid mic-
roparticle is attained when its velocity v, decreas-
ing due to air drag forces, is too low to keep heat-
ing up of the particle to its melting temperature 
because an aerodynamic splitting/fragmentation 
of the particle is generally possible only in case 
of its molten state. From an analysis of the plot, 
presented recently by Moilanen et al. [11] and 
showing physical phenomena related to a mete-
oroid entering the atmosphere, it can be deduced 
that the meteoroid ablation ceases just after lumi-
nous trajectory end. The authors [11] argued that 
the observed terminal velocity of a glowing me-
teoroid able to survive the flight is in the range of 
2–4 km/s, and they assume this value to be 3 km/s 
in their simulations, when the terminal velocity is 
not available from observations. Following these 
authors, in the present work we also assume the 
terminal velocity vt = 3 km/s for our iron droplet. 

The microdroplet formation is attributed here 
to one of the processes: (i) complete melting of a 
solid micrometeoroid/microparticle entering the 
atmosphere, or (ii) ablation of a liquid surface of 
a larger meteoroid. The fast moving droplets so 
formed are subjected to the combined action of 
two forces: (i) cohesion forces (related to the sur-
face tension σ) which tend to maintain a spherical 
shape, and (ii) dynamic drag forces which tend to 
deform the droplet and to tear it into smaller parts/
droplets. The possibility of a loss of the shape sta-
bility is estimated in the literature [12, 13] by us-
ing the dimensionless Weber number defined as:

 𝑊𝑊𝑊𝑊 =  𝜌𝜌𝑎𝑎𝑣𝑣2𝑟𝑟
𝜎𝜎       (1) 

𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏 =  𝑊𝑊𝑊𝑊𝑐𝑐𝜎𝜎
𝜌𝜌𝑎𝑎𝑣𝑣2       (2) 

𝑚𝑚 𝑑𝑑𝑣𝑣
𝑑𝑑𝑠𝑠 =  −𝑆𝑆𝜌𝜌𝑠𝑠𝑣𝑣2     (3) 

𝜌𝜌𝑠𝑠(ℎ) =  𝜌𝜌𝑠𝑠(0)exp (−ℎ/𝐻𝐻𝑠𝑠𝑠𝑠𝑎𝑎)     (4) 

,  (1)

where: ρa − the density of ambient medium (here 
the Earth atmosphere at a height h); 

 v − the actual value of the droplet velocity;
 r − the actual radius of a spherical droplet; 
	 σ	− the surface tension of a droplet material.

In the literature (e.g. [13]), the Weber number 
is often defined by the droplet diameter d instead 
of the radius r; this must be taken into account 
when comparing the used values of We. An ini-
tiation of the aerodynamic fragmentation of the 
moving droplet occurs when the Weber number 
exceeds its critical value reported to be: Wec = 6 
for water droplets [12] or Wec ≈ 9 for ethyl alco-
hol drops [13]. In the latter case, the diameter d, 

instead of the radius r, is used in the above defi-
nition in the form of Eq. (1). We assume in our 
simulation model that fragmentation of an ana-
lysed iron microdroplet occurs immediately just 
after the actual droplet radius r is larger than a 
maximum radius of a stable droplet 

 

𝑊𝑊𝑊𝑊 =  𝜌𝜌𝑎𝑎𝑣𝑣2𝑟𝑟
𝜎𝜎       (1) 

𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏 =  𝑊𝑊𝑊𝑊𝑐𝑐𝜎𝜎
𝜌𝜌𝑎𝑎𝑣𝑣2       (2) 

𝑚𝑚 𝑑𝑑𝑣𝑣
𝑑𝑑𝑠𝑠 =  −𝑆𝑆𝜌𝜌𝑠𝑠𝑣𝑣2     (3) 

𝜌𝜌𝑠𝑠(ℎ) =  𝜌𝜌𝑠𝑠(0)exp (−ℎ/𝐻𝐻𝑠𝑠𝑠𝑠𝑎𝑎)     (4) 

, (2)

which is calculated from Eq. (1). In the simula-
tions presented below it is assumed that, during 
the movement of a droplet of r > rstab, in each 
case the dynamical forces tear the redundant 
droplet material off and leave the maximum 
droplet of the radius rstab. 

To calculate the maximum radius rstab of a 
moving liquid droplet from Eq. (2), it is necessary 
to know the velocity v by solving numerically the 
basic dynamic equation in the form taken from the 
extended abstract presented by Bakhtin et al. [14]: 

 

𝑊𝑊𝑊𝑊 =  𝜌𝜌𝑎𝑎𝑣𝑣2𝑟𝑟
𝜎𝜎       (1) 

𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏 =  𝑊𝑊𝑊𝑊𝑐𝑐𝜎𝜎
𝜌𝜌𝑎𝑎𝑣𝑣2       (2) 

𝑚𝑚 𝑑𝑑𝑣𝑣
𝑑𝑑𝑠𝑠 =  −𝑆𝑆𝜌𝜌𝑠𝑠𝑣𝑣2     (3) 

𝜌𝜌𝑠𝑠(ℎ) =  𝜌𝜌𝑠𝑠(0)exp (−ℎ/𝐻𝐻𝑠𝑠𝑠𝑠𝑎𝑎)     (4) 

, (3)

where: m − the actual mass of the microparticle 
moving with velocity v; 

 dv/dt − the negative acceleration (i.e. de-
celeration) of the moving particle; 

	 Γ = 0.05 [14] − a parameter which cor-
responds to one half of the drag coeffi-
cient Cd when Eq. (3) is compared with 
the standard formula expressing the air 
drag force Fd = ½Cd·ρa ·S ·v2 (used e.g. by 
Moilanen [11]); 

 S = πr2 − the cross-section area of the 
particle. 

The density ρa of the Earth atmosphere de-
creases with an increase of the distance from 
sea level and is calculated here from the simple 
equation 
     

𝑊𝑊𝑊𝑊 =  𝜌𝜌𝑎𝑎𝑣𝑣2𝑟𝑟
𝜎𝜎       (1) 

𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑏𝑏 =  𝑊𝑊𝑊𝑊𝑐𝑐𝜎𝜎
𝜌𝜌𝑎𝑎𝑣𝑣2       (2) 

𝑚𝑚 𝑑𝑑𝑣𝑣
𝑑𝑑𝑠𝑠 =  −𝑆𝑆𝜌𝜌𝑠𝑠𝑣𝑣2     (3) 

𝜌𝜌𝑠𝑠(ℎ) =  𝜌𝜌𝑠𝑠(0)exp (−ℎ/𝐻𝐻𝑠𝑠𝑠𝑠𝑎𝑎)     (4) , (4)
where: h − the height over the sea level; 
 ρa(0) − the atmosphere density on the sea 

level taken here to be 1.225 kg/m3;
 Hatm = 7400 m [15] − a parameter calculat-

ed from the basic thermodynamics know-
ing that the atmosphere temperature is 
well approximated by the value of 250 K 
along the entire height of the atmospheric 
air column up to 80 km.

Eq. (4) was deduced from a formula express-
ing the atmospheric pressure, used in the book of 
Popkiewicz et al. [15], which is valid up to h = 80 
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km. To complete the calculation from Eq. (3), it 
is necessary to use the obvious dependence m = 
4πr3ρ/3, where ρ = 7874 kg/m3 is the density of 
the iron particle. 

The time-dependence of the droplet veloc-
ity v(t) as well as its coordinates x(t) and y(t) are 
the result of a numerical solution of Eq. (3) using 
simple Euler method with three initial meteoroid 
parameters: initial height h0 and initial velocity 
v0 inclined at an angle α to the vertical direction. 
Therefore, horizontal and vertical components of 
the initial velocity are: v0x = v0sinα and v0y = –
v0cosα, respectively, where, following Ref. [14], 
it is assumed that α = 48.2o. The Euler method is 
able to predict the values of vx(t) and vy(t) as well 
as x(t) and y(t) at time t = i∆t where i is an integer 
and ∆t = 0.02 s is the time step used in the sim-
ulations. When the maximum radius rstab(t) of a 
stable droplet, calculated using the actual velocity 
v(t) of the droplet, the actual atmosphere density 
ρa(h) and the constant value of surface tension for 
iron σ = 1 J/m2 [12], is lower than the current ra-
dius of the droplet r(t), it is always assumed that 
r(t + ∆t) = rstab(t). 

RESULTS AND DISCUSSION

The simulated flight of a liquid iron micropar-
ticle of the initial radius 250 μm, corresponding 
to maximum diameter 500 μm of iron droplet as 
obtained by Čapek et al. [16] in their analysis of 
observation data, is initiated at two analysed al-
titudes: 80 km and 50 km. The first one is more 
realistic when we analyse the microparticles en-
tering the atmosphere from the outer space, be-
cause the meteors so formed are observed to be 
initiated at an altitude of 80–90 km [11] or 78–90 
km [16]. Moreover, Bakhtin et al. [14] calculated 
that meteoric iron particle of radius 250 μm melts 
at the altitude 80 km. The altitude 50 km is ap-
plicable to droplets torn off a larger meteoroid 
whose surface is melted, due to a high velocity 
exceeding 3 km/s, and is losing its material by 
the ablation mainly in the form of a liquid iron re-
moval [16]. The analysed initial velocity v0 of the 
particle is extended from a reasonable value in the 
range from the Earth escape velocity 11.2 km/s 
up to 20 km/s (well correlating with values given 
by Čapek et al. [16] and Moilanen [11]) down to 
a rather theoretical value of 6 km/s, applicable 
to ablated droplets at the altitude 50 km or any 
man-made artificial small objects. Since the drag 

forces acting on the droplet are much higher than 
the gravity force (compare the values of accelera-
tion from Figure 1a with the acceleration due to 
gravity g = 9.81 m/s2) the role of gravity force 
is neglected in the simulations. The extreme and 
non-monotonic change in the acceleration is ex-
plained by three important factors: (i) increasing 
density of the atmosphere during the flight, (ii) 
decreasing value of the droplet velocity (Fig. 1b), 
and (iii) a decrease in the droplet radius (inset in 
Fig. 1b) limited from above by the maximum ra-
dius rstab calculated from Eq. (2). Relatively high 
values of negative acceleration (deceleration), 
visible even at the end of plotted curves when the 
droplet solidifies, denotes the presence of large in-
ertia forces acting on liquid material, which might 
result in a displacement of materials/admixtures 
of different densities, if they exist. As is visible 
from the inset, the loosing of droplet material to 
reduce its radius is initiated at a certain moment 
of the droplet flight when its velocity is too high 
at the actual atmosphere density and the droplet is 
aerodynamically unstable. 

As seen from Figure 2a, the trajectory (which 
is linear due to omission of the gravity accelera-
tion g) is much longer when the microdroplet is 
simulated to start in a higher altitude than it is in 
the case of h = 50 km. The time of flight tf of the 
melted particle, measured up to attaining v = 3 
km/s, is very different for h = 50 km and 80 km, 
and is: 1.88 s for v0 = 6 km/s and 0.36 s for v0 = 20 
km/s at the lower altitude, compared with 10.24 s 
for v0 = 6 km/s and 4.04 s for v0 = 20 km/s at the 
higher one (the latter two values can be read off 
from Fig. 1b). From Figure 2a it is interesting to 
note that the length of the flight trajectory is very 
different only in the case of the lower altitude. 
The prolonged trajectory marked by dashed line 
corresponds to the flight of a solidified and stable 
in size meteoroid until attaining the velocity close 
to that of sound in the air (i.e. 400 m/s). 

The maximum droplet sizes, shown using the 
same scale in Figure 2a, decreases with an in-
crease in the initial particle velocity. The precise 
results of the radii of the final droplets, collected 
in Figure 2b, show that the final radius is highly 
dependent on the initial velocity of a droplet and 
its initial altitude. Though one can see several fi-
nal radii exceeding 100 μm for the lowest anal-
ysed velocities, the more realistic meteoroid ve-
locities (i.e. higher than the escape velocity 11.2 
km/s) are significantly lower; they lie between 55 
and 100 μm for h = 80 km, and between 10 and 
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30 μm for h = 50 km. It should be mentioned that, 
at a given initial velocity, formation of a particle 
with a radius smaller than that mentioned above 
or shown in Figure 2b is acceptable because they 
may be formed from the material tear off the un-
stable droplet. 

CONCLUSIONS

The simulation model, with the used param-
eters, excludes the formation of iron particles of 
diameter larger than 200 μm what is caused by 
an aerodynamic instability of fast moving liquid 
micrometeoroid. This conclusion is applicable 
for droplets formed in the Earth atmosphere at 
altitudes between 50 and 80 km and moving 
with initial velocity exceeding the Earth escape 
velocity. Apart from the elemental composition 

analysis, comparison of the measured radii of 
iron or magnetite particles/spherules with these 
results can be an additional criterion to classi-
fy their origin into cosmic or terrestrial. Since 
the values of an acceptable maximum radius of 
spherule depends on the Weber number and the 
drag coefficient, determination of their values 
for iron droplets moving in the air with a high 
velocity would be very useful. 
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Fig. 1. (a) Time-dependence of acceleration of the simulated iron droplet, initiating its motion in the 
Earth atmosphere at the height 80 km, until it attains the limiting velocity of 3 km/s. (b) Dependence 

of the droplet velocity on time during its simulated flight. The dashed line shows the value of 
3 km/s which is taken as the lower limit of the velocities sufficient to heat the micrometeorite 
to the liquid state. In inset plots of the stable droplet radius against their flight time are shown
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