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Abstract
When a container filled with granular material is subjected to vertical vibration in the presence of gravity, under certain 
conditions a non-monotonous density profile can be observed. This effect which is characteristic for dissipative granular 
gases, was termed “floating cluster regime” or “granular Leidenfrost effect”. Here, we study the behavior of vibro-agitated 
granular matter in the absence of gravity and identify a corresponding stationary state of the granulate, that is, we provide 
experimental evidence of the granular Leidenfrost effect under conditions of weightlessness.

Keywords Granular matter · Floating cluster · Leidenfrost effect · X-ray radiography · Microgravity · Weightlessness · 
Parabolic flight

1 Introduction

When sprinkling a drop of water onto a hot surface, different 
behavior can be observed, depending on temperature. For 
T ≳ 100 ◦ C, the drop will evaporate rapidly. For T ≳ 220 ◦ C, 
however, counterintuitively the drop persists much longer on 
the hot surface due to a vapor layer formed between the drop 
and the hot surface, which reduced heat transfer drastically. 
This phenomenon was first described by Leidenfrost [1–5] 
and is known as Leidenfrost effect.

Although mostly studied with water drops, the Leiden-
frost effect can also be observed with stiff sublimable solids, 
e.g., dry ice [6–9]. Recently, it was found that hydrogel balls, 
that is, vaporizable soft solids, float above a hot surface simi-
lar to a drop of water when gently deposited [10] but bounce 
persistently when dropped onto the hot surface [11].

Granular materials, can also exhibit a dynamics similar to 
the Leidenfrost effect when heated from below in the pres-
ence of gravity. Here, the term heated refers to the granular 
temperature [12], that is, the supply of energy from below 
through mechanical vibration. In a certain range of param-
eters one observes a density inversion which resembles the 
Leidenfrost effect [13–18], that is, a dilute region of fast 
particles (analogous to the vapor layer) supports a denser 

layer of particles (analogous to the water drop). Because of 
its phenomenologically similarity to the common Leiden-
frost effect, Eshuis et al. called this phenomenon granular 
Leidenfrost effect [16].

Obviously, gravity is essential to this effect, however, 
numerical simulations predict a similar effect when granular 
matter is confined in a vibrating container in the absence of 
gravity [19–21]. Given a certain filling fraction, independent 
of the frequency of excitation, for small amplitude, the gran-
ular material assumes a gaseous state filling the available 
volume nearly homogeneously. For larger amplitude, a dense 
layer forms in the center of the box and the space between 
this layer and the container walls is occupied by a granular 
gas, see Fig. 1. For yet larger amplitude, the system transits 
to the collect and collide regime [19] where the particles 
perform a collective motion in harmony with the agitation.

Both, the gaseous state and the collect and collide regime 
have been experimentally studied under microgravity con-
ditions [19, 22–27]. As described above, the transition 
between these two states corresponds to cluster regime or 
granular Leidenfrost effect, which was observed (qualita-
tively) for the first time during parabolic flights more than 
20 years ago [28]. More recently, Noirhomme et al. [29] and 
Aumaîitre et al. [30] showed qualitatively the occurrence of 
the granular Leidenfrost effect in weightlessness.

Here we present experimental evidence and a quantita-
tive characterization, via packing fraction profiles, of the 
existence of the granular Leidenfrost effect in weightless-
ness. To this end, we study granular dynamics in a cubic 
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box, subjected to sinusoidal oscillations, by means of X-ray 
radiography. Data have been recorded using the Horus X-ray 
facility [31] aboard an airplane performing parabolic flights, 
in order to achieve weightlessness.

2  Experimental setup

The experimental setup is sketched in Fig. 2. A container 
of polymethyl methacrylate (PMMA) of size 5 × 5 × 5 cm3 
is partially filled (filling fraction 0.35) with polystyrene 

(PS) beads of diameter d = 1 mm and material density, 
� = 1.06 gm/cm3 . The sample box is agitated by an elec-
tromagnetic shaker TIRAvib S 51140 [32], which provides 
a rated force of up to 400 N. The apparatus is constructed 
in form of a module for use in the high speed radiography 
and tomography facility Horus [31] which can be operated 
aboard of an airplane performing parabolic flights. Here we 
used Horus with the configuration characterized in Table 1

As shown in Fig. 2, the X-ray beam has a conical shape, 
which together with the big size of the container, result in 
geometric distorted radiographic images. This distortion 
cannot be corrected unless the exact position of the con-
tainer walls are known. Therefore, as shown in Fig. 3, it 

Fig. 1  Sketch of the granular Leidenfrost phenomenon under condi-
tions of gravity (a) and weightlessness (b). In both cases the system 
is supplied with energy by vibrating the container. Under gravity, 
the material is heated from below. In weightlessness, vibration of 
the container implies heating from both sides. We also introduce the 
coordinate system used in Sect. 3. The dashed line shows the direc-
tion of averaging to obtain the profiles of packing fraction and aver-
age difference packing fraction shown in Figs. 4 and 5

Fig. 2  Sketch of the experimental setup. A container partially filled 
with granular material was vibrated by an electromagnetic shaker. 
The behavior of the granulate was recorded by high-speed radiogra-
phy using the Horus facility [31]. The experiment was done aboard 
an airplane performing parabolic flights, in order to achieve weight-
lessness conditions

Table 1  Horus configuration

X-ray tube Voltage 110 kV
Current 0.13 mA

Detector Exposure time 40 ms
Frame rate 25 s−1

Pixels resolution 1944 × 1536 px2

Spatial resolution 75 μm/px
Sensitive area 14.54 × 11.49 cm2

Recorded frames/experiment 1000

Fig. 3  Sequence of radiographic images of the central region of the 
sample box of size 0.8 × 5 cm2 for sinusoidal vibration at f = 25 Hz 
and A = 2  mm (peak to peak). The granulate in the sample box 
consists of 1  mm diameter polystyrene beads of material density 
1.06 gm/cm3 . The semi-transparent red boxes highlight the regions 
where the upper and lower walls oscillate
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was assumed that the position of the top (bottom) wall cor-
responds to the lower (upper) end of the furthest extreme of 
the wall (closest to the detector), i.e., the lowest (uppermost) 
part of the intersection region between upper (lower) wall 
and the back wall. With this assumption, the gas-like regions 
were reduced, but it also allowed to accurately quantify the 
amount of material in such regions.

To obtain packing fraction profiles from the radiography 
images, the X-ray apparatus has to be calibrated. The cali-
bration procedure is non-standard and described in detail in 
the “Appendix”.

Performing parabolic flights, each experiment starts in 
the pull up phase where we encounter conditions of hyper-
gravity, ∼ 2 g. In this phase, the shaker starts to perform 
sinusoidal vibrations of frequency f and amplitude A. A few 
seconds before entering the microgravity phase, the X-ray 
tube is turned on, and the radiographic recording of the 
experiment starts. The driving parameters of the shaker as 
well as the X-ray parameters are controlled by an external 
computer.

3  Results

We studied the granular dynamics for sinusoidal vibra-
tion of frequency and peak-to-peak amplitude in the range 
f = (5… 35) Hz and A = (1… 19) mm, respectively. For 
A ≳ 5 mm and independent of the frequency, we found the 
system in the collect-and-collide regime, where the parti-
cles follow collectively the motion of the container due to 
the external excitation. For f ≲ 25 Hz and A ≲ 5 mm no 
systematic dynamics could be found, that is, the dynam-
ics was essentially governed by the spurious accelerations 
due to the imperfections of the microgravity in the airplane. 
Consequently, these ranges of parameters lead to dynamical 
patterns which are not subject of the current paper.

For parameters f ≳ 25 Hz and A ≲ 5 mm we found granu-
lar Leidenfrost patterns, that is, a central dense region sup-
ported by two gas regions close to the walls, as predicted by 
numerical simulations [20], provided the residual accelera-
tion was nearly zero which was not the case for all parab-
olae. Figure 3 shows a sequence of radiographic images for 
f = 25 Hz and A = 2 mm. Note that only the central region 
of the sample box of size 0.8 × 5 cm2 is shown. The semi-
transparent red boxes delimited the regions where the lower 
border of the upper wall and the upper border of the lower 
wall oscillate. We see clearly that the regions close to the 
upper and lower walls (darkest regions) appear brighter, 
which corresponds to low packing fraction.

Given the limitations of relevant vibration parameters 
discussed above, during the parabolic flight campaign, for 
only 5 sets of parameters, granular Leidenfrost patterns were 
observed. These parameters are specified in Table 2.

Figure 4 shows the profiles of average packing frac-
tion, � , for these five sets of shaking parameters. Note that 
Fig. 3 shows an intensity gradient in the central region, 
which results from the residual acceleration. The profiles 
displayed in Fig. 4 have been corrected with respect to the 
effect of spurious residual acceleration in the direction of 
the vibrations. Such small deviations from the perfectly 
weightlessness state are caused by imperfections of the 
parabolae performed by the airplane mainly due to tur-
bulences of the weather conditions, and can be directly 
observed by an intensity gradient in the central region of 
the snapshots in Fig. 3.

Notice that since the PS beads are non-conducting, 
shaking the sample box provokes the appearance of elec-
trostatic charges on the grains, which implies repulsive 
long range forces and thus decreases the bulk packing frac-
tion. Nevertheless, lab tests (before the campaign) showed 
that the bulk packing fraction decreases due to electro-
static forces only by ∼ (1–2)%, and therefore this effect 
was not considered in the calculations for obtaining the 
profiles displayed in Fig. 4.

Table 2  Studied sets of vibration parameters corresponding to granu-
lar Leidenfrost patterns

Set of parameters I II III IV V
Frequency, f 25 Hz 25 Hz 25 Hz 30 Hz 35 Hz
Amplitude, A 2 mm 3 mm 4 mm 2 mm 2 mm

0.2 0.25 0.3 0.35 0.4 0.45
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Fig. 4  Profiles of packing fraction, � , for the sets of vibration param-
eters specified in Table  2. For all sets, the packing fraction in the 
center part of the container is significantly larger than next to the con-
tainer walls, signalling the presence of the granular Leidenfrost effect. 
Positions y = 0 and y = 5 cm correspond to the positions of the con-
tainer walls. The coordinate, y, is drawn on the vertical axis for com-
parison to the snapshots shown in Fig. 3
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For all sets of parameters, we find a region of higher pack-
ing fraction, � ≈ 0.45 , in the center part of the container. 
Close to the walls, the packing fraction was found signifi-
cantly smaller, the concrete value depends on the parameters 
of vibration and ranges in the interval 0.2 ≲ 𝜑 ≲ 0.33 for 
the sets of parameters studied here. The averaged profiles 
shown in Fig. 4 are in agreement with the radiographic snap-
shots shown in Fig. 3 taken for parameters from set I. The 
observed profile of packing fraction evidences the presence 
of the granular Leidenfrost effect, also in the absence of 
gravity. For details of the measurement see the “Appendix”.

For the case of the granular Leidenfrost effect, a dense 
layer of granular material floats in the center of the con-
tainer, separated from the walls by cushions of granular gas. 
Since the granular temperature in a granular solid is much 
smaller than in a granular gas, the presence of the granu-
lar Leidenfrost effect should also leave a fingerprint in the 
profile of granular temperature or, correspondingly, in the 
profile of absolute velocity of the particles.

Our X-ray experiment does not allow for tracking indi-
vidual particles from which we could subsequently deter-
mine the velocity profiles using methods like Particle Image 
Velocimetry (PIV). A non-quantitative impression of the 
velocity profile can be obtained from the difference of the 
packing fraction profile obtained at different time, t, t + T  , 
t + 2T  , t + 3T  etc., where T is the oscillation period of the 
external agitation.

A measure of the velocity is then provided by the average 
difference packing fraction in the direction of the vibration, 
as follows:

where �̂�(t, x, y) = 𝜑(t, x, y)∕
∑

x 𝜑(t, x, y) , is the packing frac-
tion measured at the position (x, y) at time t, normalized to 
the current (at time t) total packing fraction in the x-direction 
for each y-position; see Fig. 1 for the used coordinate sys-
tem. Notice that, �̂�(t, x, y) accounts for exchange of particles 
in the region of interest defined in Fig. 3, since particles 
enter and leave this region during the measurement. The 
symbol ⟨…⟩x stands for averaging along a line in x-direction, 
that is, in the direction perpendicular to the direction of the 
vibration and the X-ray beam (see dashed line in Fig. 1). 
The symbol ⟨…⟩t stands for averaging over all the data cor-
responding to the same delay time, �t.

For data set I (see Table 2), Fig. 5 shows the profile 
⟨���t(y)⟩ for �t = T  , �t = 2T ,… ,�t = 5T .

The fact that curves in Fig. 5 collapse for different �t , 
depending on the y-position, indicates the existence of dif-
ferent time scales in the system. When comparing the curves 
in the central region with the regions very close to the oscil-
lating walls, it is observed that in the former case the curves 
collapse for 𝛥t > 3T  while in the latter, curves collapse for 

𝛥𝜑𝛥t(y)≡ ⟨⟨�(�̂�(t + 𝛥t, x, y) − �̂�(t, x, y))�⟩x⟩t

all �t , indicating that particles in the proximity of the walls 
(up to 2 layers of particles) move much faster than those in 
the cluster. When approaching the cluster region, the curves 
overlap for 𝛥t > 2T  , meaning that the velocity of the parti-
cles in these regions of the gas-like regime move faster than 
those from the cluster but slower than those very close to 
the walls.

Profiles similar to Fig. 5 were obtained also for the other 
sets of parameters listed in Table 2. Notice that, for all the 
curve in the Fig. 5 there is an asymmetry, i.e., the bottom of 
the container (wall at y → 5 cm) is hotter than the top. This 
asymmetry arises from the fluctuations of the gravity, which 
during this measurement tend to slightly collect the particles 
in the upper wall.

While the data shown in Fig. 5 do not allow for a quan-
titative measurement of the granular temperature or the 
absolute particle velocities, the profiles agree qualitatively 
with the profile of packing fraction shown in Fig. 4, thus, 
providing further support of the observation of the granular 
Leidenfrost effect in weightlessness.

4  Conclusions

We provide experimental evidence for the occurrence of the 
granular Leidenfrost effect under weightlessness conditions. 
To this end, we recorded X-ray radiograms of a container 
partially filled with polystyrene beads and agitated through 
sinusoidal oscillations during parabolic flights. For the X-ray 
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Fig. 5  Profile of the averaged difference packing fraction, ⟨���t(y)⟩ 
for different delay time, �t , obtained from processing the X-ray 
images due to parameter set I, see Table 2. The positions y = 0 and 
y = 5 cm correspond to the positions of the container walls. The coor-
dinate, y, is drawn on the vertical axis for comparison to the snap-
shots shown in Fig. 3
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recording we used the high speed radiography and tomogra-
phy facility Horus [31].

For amplitude A ≲ 5 mm peak-to-peak and frequency 
f ≳ 25 Hz, a layer of particles of packing fraction � ≈ 0.45 
was formed in the center of the box, while the regions closer 
to the walls (with respect to the direction of the vibrations) 
are populated by a granular gas of much lower packing frac-
tion. At the same time we notice that the average absolute 
particle velocity is larger next to the walls as compared to 
the values at the center of the box.

The phenomenon was found to be extremely sensitive to 
spurious residual accelerations of the plane, nevertheless, 
both profiles, packing fraction and average difference pack-
ing fraction, as well as the sequence of X-ray images, shown 
in Figs. 3, 4, 5 support each other and provide evidence 
for the occurrence of the granular Leidenfrost phenomenon 
under microgravity conditions.
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Appendix: Calibration of X‑ray radiography

On their way from the source to the detector, X-rays are 
attenuated due to the presence of matter, that is, the particles 
and the container material. For monochromatic X-rays, the 
intensity I(�) after passing through a homogeneous mate-
rial layer of thickness � obeys the Lambert–Beer equation 
[33–37]

(1)I(�) = I0e
−�(E,Z)�

where I0 is the intensity of the incident beam and � is the 
attenuation coefficient which depends on the frequency 
(energy), E, of the beam and on the radiographed material, 
in particular characterised by the atomic number, Z. Know-
ing the parameter � for the particle material and the con-
tainer walls, Eq. (1) can be used to determine for each pixel 
on the detector the total amount of material, � , the beam 
penetrates. For the case of a solid material, such as the con-
tainer walls, � would be simply the actual thickness of the 
radiographed object. In case of a granular material, however, 
� is the total length of particle material the beam penetrates, 
that is, the length of the path through the granular material 
reduced by the voids, provided we can neglect the attenua-
tion of the X-rays by the material filling the voids which is 
typically air. Thus, for a granular material or other porous 
objects, from � we can determine the average volume frac-
tion via � = �∕L where L is the total length passed by the 
beam, e.g. the space between the side walls of the container, 
accommodating the granulate.

On the way from the source to the detector, the X-rays 
cross two times the container wall of width d and the par-
ticles of the granulate, summing up to the total width � . 
Thus

where �PMMA and �PS are the attenuation coefficients of 
the container and particle materials and the constant Î0 is 
defined by Eq. (2). Physically, the material of the object 
determines the value of � via the character of the scattering 
atoms, described by their atomic number, Z, and the den-
sity of atoms met per unit distance travelled by the beam. 
The latter quantity is determined by the material density. 
While for standard conditions (temperature, pressure, etc.) 
the density is a constant material property, in some cases it is 
necessary to take the concrete value of density into account, 
for instance when thermal expansion due to changing tem-
perature is considered. Obviously, the number of scatterers 
per unit length is proportional to density, therefore, we bet-
ter write �(E, Z, �) highlighting the dependence on density. 
Introducing the mass attenuation coefficient, �,

Eq. (2) reads

Equation (4) can be used for situations where � is not con-
stant, but also in a different way which we will exploit below. 
Assume two materials A and B are similar enough with 
respect to their Z but different in density, thus,

(2)I(𝜉) = I0e
−𝜇PMMA(E,ZPMMA)2de−𝜇PS(E,ZPS)𝜉 = Î0e

−𝜇PS(E,ZPS)𝜉 ,

(3)�(E, Z, �) = �(E, Z)�,

(4)I(𝜉) = Î0e
−𝜇PS(E,ZPS)𝜌PS𝜉 .

http://creativecommons.org/licenses/by/4.0/
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For most materials, except pure and mono-isotopic elements, 
there is no unique atomic number Z but the material is a well 
defined stoichiometric mixture of atoms. Therefore, instead 
of Z one should consider an effective number ⟨Z∕A⟩ where 
A takes the composition of the material into account. For the 
case of poly-isotopic elements, the averaging, ⟨…⟩ , extends 
over all isotopes weighted by their respective abundance on 
Earth. For other materials also the chemical composition has 
to be taken into account for averaging. For details see [38].

Consider now the two materials of interest for the cur-
rent experiment, the wall material, PMMA, and the parti-
cle material, PS. We find [38]

that is, the values agree up to the thousandths digit. There-
fore, the approximation

with �PS ≈ 1.19 g/cm3 and �PMMA ≈ 1.06 g/cm3 is well justi-
fied and Eq. (4) can be written as

We will use this relation below.
Equation (1) and consequently also Eq.  (8) hold true 

for the case of monochromatic light, however, commercial 
X-ray tubes emit a polychromatic Bremsstrahlung-spectrum. 
Therefore, Eq. (8) cannot be directly applied. Instead, the 
frequencies of the X-ray are attenuated differently, such that, 
the spectral composition changes when polychromatic light 
penetrates matter. In fact, low frequencies are attenuated 
more than high frequencies such that the spectrum is shifted 
towards high frequencies. This phenomenon is referred to as 
beam hardening, and the measured thickness, � , and, thus, 
the measured packing fraction in granular matter must be 
corrected for this effect [39, 40].

To this end, �(E, Z) in Eq. (1) is replaced by an effec-
tive attenuation coefficient, �eff , which depends not only on 
the parameters of the radiographed material, but also on its 
thickness in the direction of the X-rays beam, � , and on the 
specific properties of the X-rays and the detector used, for 
details see [39, 40]. Again, � stands for the extension of the 
granulate reduced by the voids between the grains. Therefore

(5)�A ≈ �B, that is �B = �A

�B

�A
.

(6)
⟨Z∕A⟩PMMA ≈ 0.539

⟨Z∕A⟩PS ≈ 0.537,

(7)�PS ≈ �PMMA

�PS

�PMMA

(8)− log

(
I(𝜉)

Î0

)
= 𝜇PMMA

𝜌PS

𝜌PMMA

𝜉.

(9)− log

(
I(𝜉)

Î0

)
= 𝜇eff

PMMA
(𝜉)

𝜌PS

𝜌PMMA

𝜉,

where again � is the extension of the granular material (con-
tainer clearance) reduced by voids between the particles. 
For the effective attenuation coefficient, Baur et al. [39, 40] 
proposed the heuristic formula

whose parameters a, b, and � have to be calibrated, in order 
to use Eq. (9) for measuring � via I(�).

Given that the relevant material properties of the particles 
material, PS, and the wall material, PMMA, are very similar, 
we use the arguments above and calibrate the parameters of 
�eff
PMMA

 by means of test measurements of the intensity of 
the X-rays after travelling through PMMA plates of known 
thickness � , using the X-ray settings specified in Table 1. 
Figure 6 shows the calibration measurements together with 
a fit to Eq. (10). The best fit is obtained for the parameters 
a = 0.0 , b = 0.378 , and � = 0.180.

Once the function �eff
PMMA

 is known, Eq. (9) can be solved 
numerically for the material thickness, � . The profile of the 
packing fraction, �(y) is then obtained via �(y) = ⟨�∕L⟩x , 
where L is the inner length of the container in the direction 
of the X-ray beam (5 cm in our case), and the symbol ⟨…⟩x 
stands for averaging along a line perpendicular to both the 
direction of the vibration and the of X-ray beam, see dashed 
line in Fig. 1.

(10)�eff(�) = a +
b

��
,

Fig. 6  Effective attenuation coefficient, �eff
PMMA

 as a function of the 
material thickness, � , obtained from calibration measurements for 
material of known thickness. Since PMMA and PS have very similar 
material properties relevant for X-ray attenuation, the calibration was 
made with PMMA plates of known width. The best fit of Eq.  (10) 
was obtained for a = 0.0 , b = 0.378 , and � = 0.180 (dashed line)
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