
Three-dimensional thermo-hydrodynamics simulations: chondrule formation in the shock-wave heating 
model.  S.Yasuda1 ,T. Nakamoto2, H. Miura3 1Pure and Applied Sciences, University of Tsukuba, Tsukuba, Ibaraki 
305-8577, Japan, yasuda@geo.titech.ac.jp, 2 Department of  Earth and Planetary Sciences, Tokyo Institute of Tech-
nology, Meguro, Tokyo 152-8551, Japan, nakamoto@geo.titech.ac.jp, 3 Department of Physics, Kyoto University, 
Sakyo, Kyoto 606-8502, Japan, miurah@tap.scphys.kyoto-u.ac.jp. 
 

Introduction:  Chondrules are mm sized, spherical 
shaped, once-molten particles that are the main inclu-
sion of the chondritic meteorite. They are considered to 
have formed from dust particles in the early solar 
nebular; Dust particles were heated and melted due to 
flash heating events and cooled to re-solidify and form 
chondrules (Jones et al. 2000). Up to now, though the-
re are many studies about chondrule formation, their 
formation is still puzzled. 

Shock-wave heating model is one of the plausible 
models for chondrule formation (Boss 1996, Jones et al. 
2000). In this model, dust particles are heated by gas 
frictional heating due to the relative velocity between 
gas and dust particles generated by shock waves. One 
of the most remarkable features of shock-wave heating 
model is that dust particles are melted from the surface 
exposed to gas flow because they are heated from the 
surface and inside of them are heated by heat conduc-
tion (Yasuda and Nakamoto 2005). Then, the surface 
of the dust particle is expected to be molten first, and 
the inside to be molten later. In that case, the ram pres-
sure of the high-speed gas may split and/or strip the 
molten part; Kato et al. (2006) analytically showed the 
maximal size of chondrules may be determined by 
stripping of the molten part. Kadono and Arakawa 
(2005) experimentally showed that the size distribution 
of the chondrules might be resulted from splitting of 
the molten part. They assumed, however, that the liq-
uid part is on the solid part, that means that the tem-
perature distribution in the dust particle is not taken 
into consideration.  

It is important for chondrule formation to investi-
gate both the thermal and hydrodynamic processes of 
the molten dust particles.  We are now developing a 
three dimensional thermo-hydrodynamics simulation 
code. Here, we show the progress of our code devel-
opment and some numerical results comparing with 
droplet deformation and breakup experiment (Hsing 
and Faeth 1995, Kadono and Arakawa 2005). 

  
Numerical model: We numerically solve the 

hydrodynamics equations using the CIP method (Yabe 
et al. 2001). Except for the energy equation we use the 
hydrodynamics simulation code for molten droplets 
developed by Miura et al. (2006). Heating and cooling 
mechanisms taken into account in our code are the gas 
frictional heating, the radiative cooling of the dust par-

ticle itself, and the radiative heating of the ambient 
materials.  
     We regard the solid phase as the liquid, which has a 
high viscosity. The viscous coefficient of the solid part, 
which has the temperature less than the solidus tem-
perature, is set to be µ = 107 poise, because the times-
cale of the deformation with this viscosity is much 
larger than the timescale of the gas frictional heating. 
Above the liquidus temperature, we assume the vis-
cous coefficient µ = 1.0 poise. Between the solidus and 
liquidus temperatures, we assume that the viscosity 
increases exponentially with the temperature. 
 

Test calculations: Here, we show a result of our 
thermo-hydrodynamics simulation. Fig. 1 shows a 3-D 
plot of the color function, which represents the 
presence of the material. Fig. 2 shows x-y sectional 
views of the color function (left panel) and the tem-
perature distribution (right panel). The gas flows from 
left to right in the figure. We assume that the dust par-
ticle is initially spherical and rs = 5mm in radius, the 
ram pressure of the gas flow is Pfm=2x104 dyn/cm2, 
which is one of the appropriate values for chondrule 
formation (Iida et al. 2001), and the surface tension is 
σ = 400 dyn/cm. The temperature of the front side of 
the dust particle toward the gas flow is higher than the 
back due to the gas frictional heating, so the viscosity 
of the front side is lower than the back. Thus, only the 
higher temperature part moves due to the ram pressure 
(Fig. 2). This numerical simulation shows the stripping 
and splitting of the molten particle can occur during 
the chondrule formation in the shock-wave heating 
model.  

 
Comparison with experiment: In order to exam-

ine the accuracy of our numerical simulation, we com-
pare our results with droplet deformation and breakup 
experiment.  

To examine how the deformation and breakup of 
droplets depend on  the Weber number (We =Pfmrs/σ: 
the ratio of the ram pressure and the surface tension) 
and the Ohnesorge number (Oh =µ/(ρdrsσ)1/2: the ratio 
of the liquid viscous force to the surface tension), we 
compare our results with results by experiment (Hsing 
and Feath 1995). In Fig. 3, we show our results on a 
We-Oh plane. Symbols in this figure represent splitting 
(asterisk), oscillation (cross), and deformation (plus), 
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respectively. The number at the top of the plus shows 
the degree of the deformation (a ratio of the maximum 
dimension to the original droplet diameter). 

We can see that the results are in good agreement 
with the experiment with respect to four points. (1) 
When Oh is low (< 0.1), the degree of deformation and 
the threshold for breakup depend only on We, and (2) 
the breakup occurs at We ~ 10. (3) Oscillatory defor-
mation caused by a competition between the ram pres-
sure and the surface tension appears between the 
breakup regime and the deformation regime.  (4) When 
Oh is large, the droplet breakup does not occur. The 
difference between our results and results by experi-
ment is the degree of deformation at higher Oh. While 
the degree of deformation in Hsing and Feath (1995) 
decreases as Oh increases, our simulation shows the 
deformation degree at the steady state is independent 
of Oh. We think that this difference may be caused by 
an experimental restriction. The timescale of the de-
formation is in proportion to the viscosity at higher Oh. 
In the experiment, droplets were exposed to gas flow 
during a fixed time. Thus, we think that droplets with 
higher Oh did not achieve the steady state in the ex-
periment. 
  

Summary:  We have developed the three-
dimensional thermo-hydrodynamics simulation code 
and compared our numerical results with those of 
droplet deformation and breakup experiment. We can 
simulate the thermal evolution and hydrodynamics of 
the dust particle in the post-shock region. We found 
from the quantitative comparison with experiments 
that our numerical results are accurate enough with 
respect to the deformation and breakup. In addition, 
based on our numerical simulations, we found that the 
stripping and splitting of the dust particle can occur 
during the chondrule formation in the shock-wave 
heating model.  
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Fig. 1: A snapshot of the dust particle.  The green 

part represents the shape of the dust particle. The left 
part of the dust particle is stripped off by the gas flow, 
which flows from the left hand side in this view. 

 
Fig. 2: Sectional views of the dust particle at the 

same time with Fig. 1: the color function (left) and the 
temperature (right).  Red allows in the left panel shows 
the velocity field. 

 

 
  Fig. 3: Numerical results as a function of We and 

Oh. Symbols stand for splitting (asterisk), oscillation 
(cross), and deformation (plus), respectively.  

Lunar and Planetary Science XXXVIII (2007) 1532.pdf


