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1 Introduction
This supplementary material serves as an essential companion to the research article title "The dynamics of champagne
cork popping revisited through high-speed schlieren imaging and computional fluid dynamics simulations". The sup-
plementary material offers a deeper exploration of the details providing the opportunity to replicate our experiments.
Indeed, Section 2 presents a figure illustrating the turbulent nature of the flow. Section 3 describes the evolution of the
cork’s shape over the years. Section 4 provides an overview of how the calibration process was employed and estab-
lished for the analysis of cork-popping images. Section 5 delves into a more detailed explanation of the ray dynamics,
specifically within our scenario, where we observe a high-density bubble using the schlieren imaging setup. Section 6
shows a reproduction of figure 3 of the manuscript, but with a fixed density scale. Then, Section 7 aims to describe the
experiments performed on a reference CO2 expansion for which a cork launcher was built. Section 8 is a qualitative
description of ripples observed under the cork.

2 Estimation of the turbulence in the flow.

Figure S1 :The turbulent intensity (a dimensionless parameter equal to the ratio of the standard deviation of the velocity to the
mean velocity) at 450 µs and 900 µs is plotted. The turbulent nature of the peripheral parts of the flow is clearly visible, as evidenced
by the turbulent eddies visible in the 900 µs simulation.

3 Ageing of champagne corks.

Figure S2 :Time series showing a photographic selection of the natural cork stoppers used to seal seven various champagne vintages
[1]. The corresponding maturation on lees, expressed in years, is displayed above each cork stopper.

Figure S2 presented in the form of a time series, shows a photographic selection of the various cork stoppers used
to seal seven various champagne vintages. It is evident that the global aspect of cork stoppers progressively changes
with time. The cork stoppers used to seal the youngest vintages show a characteristic mushroom shape, with the lower
part of corks that has more or less recovered the initial diameter they had before being forced in the bottlenecks (thus
evidencing a still good resiliency of cork cells after uncorking). Very clearly, it appears that the cork stoppers used to
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seal the vintages aged 12 years and beyond could not recover their initial shape. They completely lost their natural
elasticity, with the lower part of the corks showing a nearly perfect cylindrical aspect with a diameter identical to that
of the bottleneck. The oldest one used to seal the vintage with 35 years of age seems to have even shrunk in the
bottleneck.

[1] : Liger-Belair, G., Carvajal-Perez, D., Cilindre, C., Facque, J., Brevot, M., Litoux-Desrues, F., ... & Geoffroy,
R. (2018). Evidence for moderate losses of dissolved CO2 during aging on lees of a champagne prestige cuvee. Journal
of food engineering, 233, 40-48.

4 Calibration of the deviation angles in schlieren imaging
As detailed in the main manuscript, the deviation angle caused by the change of medium can be evaluated through the
use of a calibration device. This is performed here using a lens of known focus. A lens (L2 in Figure 1 of the main
manuscript, EKSMA optic part number: 110-0565E) with a long focal length of f = +10 m is placed a few centimeters
from the study area. Figure S3A shows the schlieren image of this lens. Deviation angle ε of the collimated light
passing through this lens can be quantified using geometrical optics properties :

tan ε =
r
f

(1)

where r is the vertical distance from the center of the lens (see Figure S3). By using this relative position r, gray scale
of the pixels lens can be associated to corresponding deviations angle ε . Before recording each video, a 768x512 pixel
image of the entire lens is acquired as illustrated in Figure S3. In Figure S3A, a neutral density (ND) filter (Thorlabs,
NDL-10C-4) is used for spatial filtering and in Figure S3B, a razor blade (RB) is used. With a 2.54 cm radius lens,
the quantification can reach angles up to 524 arcseconds (perpendicularity between the lens and the collimated light is
ensured by setting the back reflection from the lens surface on the source diaphragm). Figure S3C shows the deviation
angle in function of the gray-scale intensity profile through the lens center (red line) when the ND filter and the RB
are used. It nicely illustrates the advantages of the two filtering devices: one with optimized sensitivity but a limited
dynamical range (RB), and the other with less sensitivity but a broader dynamical range (ND filter).

Figure S3 : schlieren image of the calibration lens recorded with the ND filter (A) and the RB (B). (C) Plot of the measured pixel
intensity across the image at the vertical red line when the ND filter is used (blue) and the RB is used (green). The gray-scale
intensity can be linked to the distance r and the deviation angle ε .

5 Illustration of the ray dynamics in the case of a high density bubble
In Figures 5 and 6 of the main manuscript a well delimited dark region is observed, i.e. the area 1. Following the
CFD simulations this can be assigned to a high density region. A simplified scheme of the experimental configuration,
illustrated in the Figure S4B, explains why this is consistent with the visualized schlieren image in terms of ray tracing
and the change of refractive index. If this zone, of refractive index n3 has a higher density than the surrounding medium
of refractive index n2, the light will be deviated downwards onto the razor blade. This zone will appear darker than the
background in the schlieren image (Figure S4A).
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Figure S4 : Light propagation throw a champagne gas expansion at 750 µs. (A) schlieren image with the different refraction indices.
n1 is the refractive index of the ambient air, n2 the index of the region between the air and the black bubble and n3 the index of
refraction of the bubble of higher density. (b) Schematic representation of the path of light through different media in the case of
undisturbed light, n3 > n2 and n3 < n2.

6 CFD simulation results: fixed density scale

Figure S5 :Reproduction of figure 3 of the manuscript with a fixed density scale for all the panels.

7 Study of the cork popping from a reference CO2 expansion
We also performed a series of measurements using conventional KF vacuum connectors and a champagne cork. These
were carried out in order to determine the main parameters for reproducing the characteristic features observed with an
ordinary bottle as shown in the manuscript. CO2 was expanded from a stainless steel tube where a cork was inserted.
Two KF straight connectors with 22 mm internal diameter for connector n°1 (see Fig. S6) and 25 mm internal diameter
for connector n°2 were placed in series. In Figure S6, the cork launcher setup is presented. In the left panel, the
arrangement of the KF connectors is shown with the pressure gauge to monitor the backing pressure. The right panel
of this figure illustrates the use of plastic clamp to maintain the cork still while increasing the CO2 pressure. These
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tubes were not placed under vacuum after insertion of the cork, so there was 1 bar of air before injection of CO2.
Considering the pressures and volumes involved, 6 to 10 bars of CO2 and the 1 bar of air, the H2O and CO2 molar
fractions were comparable as the one of an actual champagne bottle.

Figure S6 : (A) Picture of the CO2 expansion system with (1) The 22 mm diameter KF connector (2) the 25 mm diameter KF
connector (3) the calibration lens (4) the opening valve (5) the manometer. (B) Picture of a cork inserted into the KF connector and
held in place with a plastic clamp.

Two methods were used to increase the total backup pressure of CO2. The first consisted in holding the cork in place
with a plastic clamp, thus obtaining a finite volume for which the pressure was measured by a manometer. In doing
so, a pressure of 8 bar (7 bar of CO2 and 1 bar of air) was reached for a volume of 33.7 cm3. Due to the moving cork,
the final volume of gas increased to 42 cm3 just before the gas started to escape, slightly decreasing the initial pressure
before expansion. This method allows us to know the conditions before the expansion and to have a finite volume.
Nonetheless, replicating and successfully executing the experiment proved challenging due to difficulties encountered
when inserting already deformed corks, resulting in leaks before reaching the desired pressure. In the second method,
there is no plastic clamp, and the cork pops directly when the gas valve, upstream of the KF connectors, is opened. In
contrast to the first method, the final pressure during the expansion is not accurately known. The pressure is set using
the gas regulator of the CO2 bottle. Consequently, only the pressure in the plastic tube is known before we open the
valve.

The outcomes were consistent using both techniques; nevertheless, the second approach was favored due to its
simplicity of implementation. Figure S7 shows two frames of the reference CO2 expansion. All the areas discussed in
the manuscript can be observed and are highlighted in Figure S7. It also presents a similar kinetics as the considered
patterns are observed during hundreds of microseconds and vanish in one or two frames. However, when the two
connectors are inverted the supersonic flow pattern is no more observed. This result was expected as the gas has to go
through a convergent-divergent nozzle for accelerating the flow from a subsonic regime to a supersonic regime.

These additional experiments could be of some importance by any future numerical simulations since they show
that (i) the geometry of the bottle neck is not of fundamental importance to reproduce at least qualitatively the flow
structure following the cork popping of a sparkling wine and (ii) the liquid phase does not need to be taken into account
to reproduce the features outlined.

The upper part of a champagne bottle has also been 3D-printed. This was made KF compatible to be able to use it
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Figure S7 : Expansion following a continuous 10 bar flow injection of CO2 after 450 and 650 µs. This pressure read at the bottle
gas regulator before opening the valve. Flow areas discussed in the text are highlighted and labeled in red.

in our reference cork launcher. A challenge was to insert a cork. We finally succeeded by cutting in two the cork and
placing one part from the bottom of the 3D-printed part and pasting the other part of the cork in a second step. The two
pieces were then glued. The 3D printed KF adapted piece happens to be not sufficiently solid to adapt to a pressure of
several bars (6 bars in this case).
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8 Qualitative comparison between experiment and simulations of the ripples
visibles under the cork

Figure S8.A-C shows a zoom in on results of the experiment conducted at UCLouvain, on the simulation of the current
paper and on the simulation in [2] respectively. The frames are corresponding to a time for which the cork is at 9.7,
12.4, 12.17 mm from the bottleneck. These frames are the ones presenting the largest contrast. The Figure S8.D shows
a line cut/profile of the pixel intensity through the ripple area from point a to b. It must be noted that pixel density is
about 2.5 times higher in simulations than in experimental image. For Figure S8.C, a RGB decomposition was per-
formed to ensure the relevancy of the grey scale. The profile line was performed using the red channel. In Figure S8,
horizontal ripples are clearly observed experimentally (image A), density variations are observed in our CFD (image
B) and no clear periodic variation is observed in previous work [2] (image C).

The reader must keep in mind that the plotted lines cannot be directly compared because they do not correspond
to the same quantities. Indeed, the experiment (Figure S8.A) is showing the density gradient along the y axis whereas
both simulations (Figure S8.B-C) illustrate the Mach number.

Figure S8 : Zoom in on the area where ripples are observed experimentally (A) at UClouvain, and compared with the CFD
simulations (B) from this work and (C) from Ref.[2]. Panel (D) shows the variation in pixel intensity along the path a to b.

[2] L. Wagner, S. Braun, and B. Scheichl, “Simulating the opening of a champagne bottle,” Flow 3,E40 (2023).
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