
Deformation

(a) initial (d) 1.0 msec

(b) 0.3 msec (e) 1.5 msec

(c) 0.6 msec (f) 2.2 msec

Figure 3: H. Miura & T. Nakamoto
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gas flow

なぜプロレートになるのか？
変形のタイムスケールより短い時間で
ガス流が当たる向きが変わる
!軸対称的なガス動圧

ー液滴とともに回転する座標系ー

液滴形状がプロレートになる！

ガス動圧が軸対称に当たるとして
液滴形状の解析解(線形解)を求めた

回転速いとオブレート？

Effect of Droplet Rotation

3D view of Droplet (sim.) mechanism to form prolate

gas flow

Droplet rotates more rapidly than its 
deformation. In this case, gas flow can 
be approximated as axis-symmetry.
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Chondrule?: Chondrules are millimeter-sized, once-molten, 

spherical-shaped grains mainly composed of silicate material. They 

are abundant in chondritic meteorites, which are the ma jority of 

meteorites falling onto the Earth. They are considered to have formed 

from chondrule precursor dust particles about 4.56 × 10^9 yr ago in 

the solar nebula (Amelin et 

al. 2002); they were heated 

and melted through flash 

heating events in the solar 

nebula and cooled again to 

solidify in a short period of 

time (e.g., Jones et al. 2000 

and references therein). 

proto-sunprotoplanetary disk

H2 gas + dust

Hayashi et al. (1985)

The Formation of Chondrules:
Petrologic Tests of the Shock Wave Model

Harold C. Connolly Jr. and Stanley G. Love

Chondrules are millimeter-sized rounded igneous rocks within chondritic meteorites.
Their textures and fractionated mineral chemistries suggest that they formed by repeat-
ed, localized, brief (minutes to hours) melting of cold aggregates of mineral dust in the
protoplanetary nebula. Astrophysical models of chondrule formation have been unable
to explain the petrologically diverse nature of chondrites. However, a nebular shock wave
model for chondrule formation agrees with many of the observed petrologic and geo-
chemical properties of chondrules and shows how particles within the nebula are sorted
by size and how rims around chondrules are formed. It also explains the volatile-rich
nature of chondrule rims and the chondrite matrix.

Meteorites are classified into many types,
of which the most common (�80%) are the
chondrites (1). Chondrites are subdivided
into three groups—ordinary, carbonaceous,
and enstatite—of which the ordinary chon-
drites are the most abundant. The distin-
guishing feature of these meteorites (com-
posing up to 85% of their mass) is the
eponymous chondrules (millimeter-sized
silicate spheroids) they contain (Fig. 1).
Many chondrites have remained unaltered
since their formation 4.6 billion years ago
(1), preserving a chemical composition
matching that of the sun, except for the
most volatile elements (1, 2). Unaltered
chondrites are one source of evidence about
the processes that operated in the proto-
planetary nebula: the thin, flat, rotating
disk of gas and dust from which the sun and
planets coalesced.

One of the most enigmatic nebular pro-
cesses is the one that produced the chon-
drules. Chondrules are igneous rocks, be-
lieved to have formed by the brief melting
of solid mineral precursors, which were af-
terward accreted into meteorite parent bod-
ies (asteroids). Many mechanisms for the
formation of chondrules have been pro-
posed, but few of them have been rigorously
tested against the petrological and geo-
chemical constraints developed from mete-
orite studies, and none is generally accepted
(3, 4). For over 100 years, identifying the
mechanism of chondrule formation has re-
mained a leading task in meteoritics and
planetary science (3, 5, 6).

Here we review and expand on the neb-
ular shock wave model of chondrule forma-
tion (3, 7). We then review the textural

and chemical characteristics of chondrules
that provide the strongest constraints on
any mechanism for their formation and try
to reconcile these observations with the
shock wave theory.

The Shock Wave Model

A shock wave is a sharp discontinuity be-
tween hot, compressed, high-speed gas
(moving faster than the local speed of
sound) and cooler, less dense, slower mov-
ing gas. Gas overrun by a shock wave is
abruptly heated, compressed, and accelerat-
ed. We envision the shock as a thin flat
surface (a plane) moving through an initial-
ly cool, quiet [turbulent velocities of �50 m
s–1 (8)] nebula of gas and dust. For simplic-
ity, we consider a normal shock traveling in
a direction perpendicular to its front sur-
face. We assume a cold background nebula
temperature T0 of 300 K. The ambient pres-
sure of the nebula p0 is 1.00 � 10–5 bars. We
assume that the gas is ideal, diatomic mo-

lecular hydrogen [molecular mass m �
3.34 � 10–27 kg per molecule; ratio of spe-
cific heats � � 1.4 (9)], so the gas molecule
number density (n0) is 3.7 � 1020 m–3 and
the gas mass density (�0) is 1.23 � 10–6 kg
m–3. The speed of sound (a) in the gas
before the shock is given by (�kT0/m)0.5,
where k is the Boltzmann constant (1.38 �
10–23 J/K) and m is the mass of one mole-
cule. It is convenient to express the shock
velocity (vs) in terms of its Mach number
(M), the ratio vs/a. Given T0, a � 1300 m
s–1.

Given M and the ideal gas equation of
state, analytical relations (10) govern the
post-shock density, pressure, velocity, and
temperature (�1, p1, v1, and T1) in the gas
(Fig. 2). Temperature and density increase
moderately behind the shock wave, whereas
pressure increases significantly. For exam-
ple, in an M 5 shock, pressure increases by
a factor of 29, density by a factor of 5, and
temperature by a factor of 5.8.

Solid particles are also affected by the
shock wave. When a shock wave overruns
them, particles suddenly find themselves in
a blast of wind moving at several kilometers
per second. Friction or drag from collisions
of gas molecules heats the particles, as does
thermal radiation from hot neighboring
particles. Particles lose heat by radiation
and evaporation (7, 11). In addition to gas
drag heating, particles can be heated radia-
tively and conductively by the hot post-
shock gas [at 1740 K in the M � 5 example]
until cooling begins (7) or a post-shock

H. C. Connolly Jr. is in the Division of Geological and
Planetary Sciences, California Institute of Technology,
Mail Code 100–23, Pasadena, CA 91125, USA. S. G.
Love is at the Jet Propulsion Laboratory, Mail Code
306–438, 4800 Oak Grove Drive, Pasadena, CA 91109–
8099, USA.

Fig. 1. A transmitted
light image of a thin
section of Semarkona
(LL3.0; USNM 1805–4),
an unequilibrated ordi-
nary chondrite. This me-
teorite has experienced
virtually no thermal meta-
morphism and thus con-
tains chondrules that
probably preserve a
record of the preaccre-
tional environment within
the protoplanetary nebu-
la. Note the diversity
of the chondrules (the
round objects) and their
various sizes, shapes,
and textures. The arrow
marks a chondrule with
an igneous rim.
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Thin Section of chondritic meteorite

Chondrule?

mm-sized
silicate dust

Some mechanism heats
the dust. Dust melts 
and becomes spherical 
by surface tension.

Shock-Wave Heating Model: Let us suppose there is a gas medium 

containing dust particles with a dynamical equilibrium, i.e. they do not have a 

relative velocity initially. And let us suppose a shock wave passes the medium. 

Then, the gas is accelerated by the gas pressure and obtains some amount of 

velocity, while dust particles tend to remain the initial position. This causes the 

relative velocity between the 

dust particles and the gas. 

When the relative velocity is 

present, the frictional heating 

works on and melts the dust 

particles (e.g., Hood & Horanyi 

1991, Iida et al. 2001, Desch & 

Connolly 2002, Ciesla & Hood 

2002, Miura & Nakamoto 2006).  

nebula gas

unmelted dust
gas drag heating

shock wave
in Solar nebula

gas flow

Shock-Wave Heating Model

Hydrodynamics of mm-sized Droplet: In the shock-wave heating 

model, the molten droplet is exposed to the high-velocity rarefied gas 

flow. The ram pressure of the gas flow causes some hydrodynamical 

phenomena on a mm-sized incompressible droplet; deformation, internal 

flow, fragmentation, and so forth. These hydrodynamical behaviors 

should affect the physical properties of final products (chondrules). We 

developed the three-dimensional hydrodynamic code to simulate the 

hydrodynamics of a 

molten droplet 

exposed to a 

high-velocity 

rarefied gas flow. 

Basic Equations: Advection phase of Eq. of motion is solved by using 

the CIP scheme, which is one of the high-accurate advection solver (e.g., 

Yabe et al. 2001). It is difficult to solve the non-advection phase because the 

pressure p is a strong function of the density ρ because of large sound 

speed. The C-CUP scheme is one of the useful schemes to overcome this 

problem (Yabe & Wang 1991, see right side of this poster). Eq. of continuity 

is solved by the CIP-CSL2 scheme, which is the recent version of the CIP 

scheme and guarantees a mass conservation (e.g., Nakamura et al. 2001). 

Incompressibility: In the incompressible fluid with large sound speed, a negative value of velocity divergence (compression) results into the 

extremely large increase of pressure. It makes the numerical solver unstable. To avoid this problem, we obtain a poisson equation for p(n+1) by 

combining eq. of motion and eq. of 

state (Yabe & Wang 1991). First, 

we solve the combined equation 

by appropriate method to obtain 

pressure p(n+1), and then, 

substituting p(n+1) to eq. of 

motion to obtain u(n+1). 

Anti-diffusion: Discontinuity of the density profile at the interface between droplet and ambient region should be kept sharply (a). However, in 

general, the numerical advection on fixed Eulerian 

grids results into the numerical diffusion (b). To 

recover sharp discontinuity, we re-distribute the 

mass inside the cell from fewer one to more one (c). 

This anti-diffusion technique can prevent the 

numerical diffusion as the time step proceeds (d).

Deformation: When the gas flow meets the molten droplet, the gas pressure deforms the external shape of 

droplet. We approximate the droplet shape as three-axial ellipsoid with radii of A, B, and C (                       ). 

In this case, it is found that A = B from symmetry. To confirm the accuracy of our results, we compare the 

axial ratio C/B with the analytic solution (Sekiya et al. 2003). They analytically derived the deformation 

and the internal flow of the droplet assuming that the non-linear terms of the hydrodynamical equations 

as well as the surface deformation are sufficiently small so that linearized equations are appropriate. We 

found that our simulation results match well with the analytic solution when the deformation is not so 

large. 

Effect of Droplet Rotation: We consider that the droplet rotates around the z-axis, which is perpendicular to the 

direction of the gas flow. We found that the droplet shape becomes prolate when the rotation speed is much larger 

than the droplet deformation (high-viscosity) and is not large as the centrifugas force does not dominate. Actually, 

such prolate chondrules were observed (Tsuchiyama et al. 2003). 

Negative Pressure: The hydrostatic pressure 

is high at the part which is directly facing the 

gas flow (pointed by A) and extremely low 

around the center of eddies of the circulating 

internal fluid motion (pointed by B). Generally, 

it is considered that the boiling (or vaporization) 

would take place in any liquids where the vapor 

pressure of the liquid exceeds its hydrostatic 

pressure. Since the hydrostatic pressure at the 

center of eddies is almost zero, the boiling might 

occur at the center of eddies. It is well known as 

the cavitation. 

Fragmentation: For the droplet with larger size in which the surface tension cannot keep the droplet shape against 

the gas ram pressure, the fragmentation will occur.　The panel (a) shows the droplet shape just before the 

fragmentation. It is found that the droplet surface which is directly facing to the gas flow is stripped off backward. The 

panel (b) is just after the fragmentation. We found that the parent droplet breaks up to many smaller pieces. An upper 

limit of chondrule sizes might be determined by the fragmentation (Susa & Nakamoto 2002). 

Summary: We developed three-dimensional hydrodynamic code for multi-phase analysis (incompressible and 

compressible). We applied this code to the shock-wave heating model for chondrule formation and showed the 

importance of mm-sized hydrodynamics in the planetary formation scenario. In the future, we are planing to reveal the 

chondrule formation histories and physical properties by using the hydrodynamic simulation. 

Hydrodynamics of molten droplet in millimeter scale
Hitoshi Miura [1,2], Taishi Nakamoto [3], Masao Doi [4]
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Abstract: Millimeter-sized, spherical silicate grains abundant in chondritic meteorites, which are called as chondrules, are considered to be a strong evidence of the melting event of silicate dust particles in the proto-planetary disk. One of the 

most plausible scenarios is that the chondrule precursor dust particles are heated and melt in the high-velocity rarefied gas flow (shock-wave heating model). The hydrodynamics of the molten silicate dust particles in the gas flow are very 

attractive issues: the internal flow tends to homogenize the chemical/isotopic abundances in the droplet, the surface deformation would relate to the external shapes of chondrules, the fragmentation by the gas drag force might determine the 

maximum sizes of chondrules, and so forth. The notable feature that is not seen in general astrophysical hydrodynamics is the incompressibility of the molten droplet. Therefore, we have to consider the multi-phase fluids (incompressible 

droplet and compressible ambient region). We developed the three-dimensional hydrodynamic code and simulated the hydrodynamics of millimeter-sized and incompressible molten silicate dust particles in the rarefied nebula gas flow. In the 

meeting, we plan to introduce the shock-wave heating scenario for chondrule formation and how interest the molten droplet hydrodynamics are.

Hydrodynamics of mm-sized Droplet

Gas Flow
- free molecular flow
- super-sonic

Silicate Melt
- incompressibility
- comp. melt
- solid rot. (initial)
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Figure 3: Sketch of the coordinate system we adopted in this study. The
coordinate rotating with the angular velocity Ω is (x, y, z) and the inertial
coordinate is (x�, y�, z�). The z-axis corresponds to the z�-axis and directs
perpendicularly to this figure.

derive the gas ram pressure acting on the dust surface in the inertial
coordinate (x�, y�, z�) at first, and then interpolate it into the rotating
coordinate (x, y, z).

3.2 Equation of Continuity

The equation of continuity is written as (Miura & Nakamoto 2006)

∂φ

∂t
+ ∇ · (φu) = 0, (5)

where u = (u, v, w) is the velocity vector and φ is the color function
which takes a value of unity in the droplet and 0 for outside. Using
the color function, the density of the fluid element ρ is given by

ρ = ρdφ+ ρa(1− φ), (6)

where ρd and ρa are the densities of the molten silicate dust parti-
cle (droplet) and the ambient region, respectively. The equation of

9

stream line of gas flow

Ambient Region
- compressibility
- low density

Basic Equations

∂u

∂t
+ (u · ∇)u =

−∇p + µ∇2u + Fs + Fg

ρ

+g +
1
2
∇|Ω × r|2 + 2u × Ω

Eq. of continuity

Eq. of motion

Eq. of state

∂ρ

∂t
+ ∇ · (ρu) = 0

∂p

∂ρ
= c2

s

very large inside a droplet
(incompressibility)

surface tension

gas ram pressure

apparent gravity

centrifugal force

Coriolis force

Incompressibility

pn+1 − pn

∆t
= −ρnc2

s∇ · un+1

un+1 − un

∆t
= − 1

ρn
∇pn+1

∂u

∂t
= −1

ρ
∇p

∂p

∂t
= −ρc2

s∇ · u

∇ ·
(

∇pn+1

ρn

)
=

pn+1 − pn

ρnc2
s∆t2

+
∇ · un

∆t

(1) Non-advection phase (2) after finite difference method (3) combine two eqs.

Solving above poisson equation for pn+1,

we obtain pressure for incompressible fluid.

Anti-Diffusion

(a) initial profile (b) numerical diffusion (c) re-distribution (d) recover sharpness

ρd

ρa
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ρ

droplet density

ambient (gas) density

mass flux

Negative Pressure
(a) 11 msec (d) 71 msec

(b) 28 msec (e) 79 msec

(c) 62 msec (f) 107 msec

Figure 6: H. Miura & T. Nakamoto
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