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Introduction: The data of chondrule shapes is a

strong clue for elucidating the chondrule formation

mechanism. The three-dimensional data of chondrule

shapes has been measured by the X-ray micro-

tomography [1]. The external shapes were approxi-

mated as three-axial ellipsoids with a-, b-, and c-axes

(axial radii are A, B, and C (A ≥ B ≥ C), respectively).

The plot of C/B vs. B/A shows that two groups can be

recognized: oblate to prolate chondrules with C/B and

B/A close to unity (group-A) and prolate chondrules

with relatively small B/A of 0.74-0.78 (group-B). The

oblate chondrules might be naturally explained by the

rapid rotation of molten droplets [1]. However, the

origin of the prolate shapes is not clear.

In the shock-wave heating model, which is one of

the most plausible models for chondrule formation

[e.g., 2], it is naturally expected that the molten precur-

sor dust particle (droplet) is exposed to the high-

velocity gas flow. The strong gas ram pressure causes

hydrodynamics of the droplet (deformation, internal

flow, fragmentation, and so forth [3]). Recently, we

carried out the three-dimensional hydrodynamic simu-

lation taking into account the droplet rotation and suc-

ceeded to re-produce the external shape of prolate

chondrules [4]. However, in this previous paper, we

did not consider the high-viscosity just before solidifi-

cation.

In this study, we simulate the rotating viscous drop-

let exposed to the gas flow in the framework of the

shock-wave heating model. Here we report that the

external shape of prolate chondrules in group-B can be

re-produced with the appropriate rotation rate and the

gas ram pressure. In addition, we discuss the condition

to re-produce the prolate chondrule shape by analytic

method. Our results strongly suggest that the existence

of such prolate chondrules is a strong evidence of

shock-wave heating events in the early Solar nebula.

Model: We initially assume that the completely

molten droplet exposed to the uniform gas flow is ro-

tating with a constant angular velocity ω. The rotation

axis is perpendicular to the direction of the gas flow

[4]. The ram pressure of the gas flow is set as
pfm = 104 dyne cm−2

, which can be considered in the
shock-wave heating model. The initial droplet shape is

a perfect sphere with the radius of r0 = 1mm. The sur-

face tension is γs = 400 dyne cm−1
. The viscous coeffi-

cient is μ = 1000 g cm−1 s−1
for just before solidifica-

tion. The initial angular velocity is a free parameter (

ω = 1 − 1000 s−1) in this study. The details of our nu-

merical scheme is described in our recent paper [3]. 

Numerical Results: We show a simulation result

in a case of ω = 100 s−1. The gas flow points to the x-

direction and the rotation axis is the z-axis in this

study. Fig. 1 shows the xy-section (perpendicular to the

rotation axis, left panel) and xz-section (parallel with

the rotation axis, right panel) of the droplet about 5

seconds later since the initial state. In the left panel, we

can see that the droplet shrinks perpendicularly to the

rotation axis. In contrast, in the right panel, the droplet

elongates along the rotation axis because of the con-

servation of volume. It is a prolate shape. Fig. 2 shows

the three-dimensional view of the same result. The

shape does not change significantly even if the calcula-

tion continues farther. Therefore, we consider that the

prolate shape is a final droplet shape in this case. The

axial ratios of the final droplet shape are about C/B ~

0.94 and B/A ~ 0.76. These values are very similar to

the group-B chondrules. 

Discussions: Why does the droplet shape become

prolate shape? The reason is very simple. It is consid-

ered that the droplet just before solidification is highly

viscous. Such high-viscous droplet cannot deform rap-

idly than it rotates. In other words, the area of the drop-

let surface where the ram pressure affects on is moving

by the rotation before the droplet completely deforms

by the gas flow from fixed direction. In this case, the

time-averaged gas flow becomes the axis-symmetry

about the rotation axis. Therefore, the droplet becomes

a prolate shape with the major axis parallel with the

rotation axis. 

However, it should be noted that the droplet shape

does not become the prolate shape if the angular veloc-

ity is too large. In this case, the centrifugal force influ-

ences so that the droplet becomes an oblate shape. This

suggests that there is an upper limit of the angular ve-

locity to re-produce the group-B (prolate) chondrules.

In order to obtain the upper limit of the angular veloc-

ity, we derive the droplet deformation by an analytic

method.

We analytically derive the linear solution of the

droplet shape assuming that the gas flow is axis-

symmetry about the rotation axis. We solve the hydro-
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dynamical equations of the molten droplet assuming

that the non-linear terms of the hydrodynamical equa-

tions as well as the surface deformation are sufficiently

small so that the linearized equations are appropriate,

which is the same approach adopted by the previous

study [5]. According to our linear solution, the droplet

shape can be determined by only two non-dimensional

parameters: the Weber number We ≡ pfmr0/γs and the

normalized centrifugal force R ≡ ρω2r2
0/〈pfm〉, where ρ

is the material density of the droplet and 〈pfm〉 is the

time-averaged gas ram pressure. If R < 19/5, the drop-

let shape becomes a prolate shape. If R > 19/5, it be-

comes a oblate shape because of the strong centrifugal

force. When R = 19/5, the droplet shape is a perfect

sphere. Fig. 3 shows the conditions for re-producing

the external shapes of group-A and -B as a function of
We and R. The horizontal axis is R and the vertical one

is We. A vertical dashed line indicates the critical value

of R (Rcr = 19/5), so the left region of the dashed line

indicates the prolate shape and the right region indi-

cates the oblate shape. The solid curves in the left re-

gion are the contours of the axial ratio B/A of 0.9, 0.8,

0.7, and 0.6. In this diagram, the blue (red) region indi-

cates the condition to re-produce the external shapes of

group-A (-B) chondrules. In addition, the grayed re-

gion indicates that the droplet shape is unstable be-

cause of the rapid rotation [6]. According to Fig. 3, we

find that the largely-elongated prolate shape (like

group-B chondrules) can be explained by a relatively

small R (less than about unity) and an appropriate We

(~ 2 - 3). In contrast, the strongly-flattened oblate

shape cannot be explained because of the shape insta-

bility. These results show a good agreement with the

actual chondrule shape distribution. 

Conclusions: In this study, we reported that the

rotating viscous droplet exposed to the high-velocity

gas flow becomes the prolate shape with an appropri-

ate range of the angular velocity. The aspect ratio of

the prolate shape increases (largely-elongated) as the

Weber number increases. We found that the prolate

chondrules measured by [1] can be explained in the

framework of the shock-wave heating model. Our re-

sults strongly suggest that the existence of the prolate

chondrules might be a strong evidence of the shock-

wave heating events in the early Solar system. 
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Fig. 1: The snap shots of the hydrodynamic simulation

of rotating viscous droplet exposed to the gas flow. The

left (right) panel is the section of xy- (xz-) plane. The

gas flow comes from the left side. Color contour shows

the hydrostatic pressure inside the droplet. 

gas flow

Fig. 2: Three-dimensional view of the same result as

Fig. 1. The rotation axis is parallel with the vertical

axis in this figure.
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Fig. 3: The conditions to re-produce the group-A and

-B chondrules. The horizontal axis is the normalized

centrifugal force R and the vertical axis is the Weber

number We.
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