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Summary  

The time-resolved measurement of surface structures and waves, which are formed by the 
impact of a gas jet, is of high relevance from a technical as well as from a flow-physical point 
of view. In this paper, a novel experimental setup is presented, which allows to investigate 
and characterize such structures experimentally by optical and non-invasive measurement 
methods (see Figure 1). The results allow first conclusions on the correlation between nozzle 
height, surface patterns and wave propagation frequency. With increasing nozzle height, the 
formation of ripple waves increases, as the frequency spectrum between suggests. 

Figure 1:Graphical summary of the experimental setup and the measurement principle for the investi-
gation of the surface structures. 
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Introduction 
 
The interaction of supersonic gas jets and a free liquid or solid surface is of technical as well 
as fluid-physical importance. For example, this process is used in the Blast Oxygen Furnace, 
BOF for short, for steel production (Peaslee and Robertson, 1994) in surface finishing with 
paints (Muñoz-Esparza et al., 2012) or in vertically taking off jet aircraft, so-called VTOL, 
(Kumar et al., 2013). The underlying fluid mechanics is therefore of high importance in order 
to optimize these processes. For the BOF process, a large number of experimental studies 
have investigated the formation of a so-called cavity in the impact region of the gas jet. It was 
shown that, depending on the nozzle height and gas jet impulse, the formation of the cavity 
can be divided into three regimes: Wave formation, spattering and penetration. 
 
In this context, extensive measurements have been made in Banks and Chandrasekhara, 
1963, Cheslak et al., 1969, Molloy, 1970, Evestedt and Medvedev, 2005 and He and Bel-
monte, 2010 to name a few parameters such as nozzle height above the surface, supplied 
volumetric flow rate and incident angle of the gas jet. Experiments were performed in a wa-
ter-oil emulsion or with flash concrete. Ek and Du Sichen, 2012 also investigated cavity be-
havior, but used the liquid metal alloy Gallinstan (Ga-In-Sn) as the experimental fluid for the 
first time. Further, an oscillation of the cavity is observed, which was mentioned by Molloy, 
1970 but not described further. Further, Evestedt and Medvedev, 2005 and He and Belmon-
te, 2010 give a frequency range between 2 and 20 Hz, but in both papers the cause of the 
oscillation is not discussed further. Gelderloos, Juni/2010 described in a similar model exper-
iment a frequency spectrum in the range 0 to 50 Hz and pointed out that structures in the gas 
jet significantly influence the cavity oscillation. 
 
In addition to the above-mentioned experimental work, the problem has recently been inves-
tigated by numerical studies. Works by Asahara et al., 2011 and Kalifa et al., 2020 showed 
that the gas jet is reflected back in the cavity and emerges at the cavity walls. Depending on 
the magnitude of the gas jet momentum, flow separation and breakaway of individual drop-
lets occurs. If the gas jet impulse is low, the gas jet runs parallel to the surface and generates 
ripple-like surface waves. 
 
The short overview of the literature shows that the behaviour of the cavity and the liquid sur-
face has been extensively studied, but without including the gas jet itself. However, the works 
of  Mendez et al., 2018 and Mendez et al., 2019 suggest that the understanding of the gas jet 
dynamics is of great importance for the behaviour of the surface waves as well as the cavity 
is essential. In addition, most of the aforementioned work was performed in 2D experiments, 
which neglects the three-dimensional behaviour of the surface. To fill this gap, a novel model 
experiment is presented in the present work, which investigates the surface waves in a three-
dimensional container using optical non-invasive methods. In addition, the gas jet can also 
be studied optically to obtain a more detailed understanding of the interaction between the 
gas jet and the surface. 
 
Experimental Setup 
 
In the following section, the basic setup of the test rig is described, and the optical measure-
ment method is presented. The core of the test rig is the measuring chamber (Figure 2 a)), 
which provides optical access from four sides. The chamber mainly consists of the com-
pressed air supply, the nozzle lifting unit, the mirror system, the nozzle and the cylindrical 
liquid reservoir (𝑑! = 200	𝑚𝑚). The nozzle height can be varied with the lifting unit between 
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ℎ"#$$%& = 100	𝑚𝑚	 and ℎ"#$$%& = 200	above the liquid surface. The maximum possible filling 
level of the reservoir is ℎ'%()* = 100	𝑚𝑚.	The compressed air is provided by the laboratory′s 
own compressed air supply and has a maximum pressure difference of	8	𝑏𝑎𝑟 against atmos-
phere. The nozzle has a critical diameter of 𝑑+,)- = 3	𝑚𝑚 which theoretically allows a maxi-
mum Mach number of 3. All components are made of stainless steel or powder coated to 
avoid a reaction with the liquid model melt Galinstan® used later.  
 
Figure 2 b) shows the measurement principle used to detect the surface waves. The mirrors 
are used to observe the surface waves without optical distortion through the viewing win-
dows. The light loss due to the mirrors is compensated by using high power LEDs. The cam-
era LED and camera are placed side by side so that the LED is oriented at a small angle to 
the camera. 
 
In the preliminary tests with water as model liquid, the upstream pressure difference was 
initially limited to a maximum of ∆𝑝)" = 0.4	𝑏𝑎𝑟, 0.6	𝑏𝑎𝑟	𝑎𝑛𝑑	0.8	𝑏𝑎𝑟, since a clear droplet and 
spray formation was already evident here. The tests only serve to check the measuring prin-
ciple for the later tests with Galinstan®. The nozzle height was varied out between ℎ"#$$%& =
40	𝑚𝑚 und ℎ"#$$%& = 200	𝑚𝑚 in intervals of ∆ℎ"#$$%& = 20	𝑚𝑚. The acquisition frequency of 
the camera was set to 𝑓. = 42	𝐻𝑧 with each measurement series consisting of 1000 individu-
al images. The images are recorded with a colour depth of 16	𝑏𝑖𝑡 to obtain the highest possi-
ble information content. For the measurements a Pointgrey Grashopper 3 with a maximum 
resolution of 2048	𝑥	2048	𝑝𝑖𝑥𝑒𝑙 was used. In combination with a field of view width of 100 mm 
this leads to a pixel scale of 20.48	𝑝𝑖𝑥𝑒𝑙/𝑚𝑚.  
 

 
Figure 2: a) CAD model of the measuring chamber. b) Representation of the measuring principle with 
the relevant geometric quantities 

In addition, the test rig is equipped with a Schlieren imaging setup to optically detect the gas 
jet structures above the liquid surface. For this approach two achromatic lenses with a focal 
length 𝑓/#01%	 = 	1000	𝑚𝑚 and 𝑑%&"3	 = 	100	𝑚𝑚 are used to provide a high sensitivity of the 
system. Since the gas jet has highly transient structures a pulsed LED is in use for illumina-
tion. So, this setup in combination with a Phantom V12 (1280	𝑥	800	𝑝𝑖𝑥𝑒𝑙) high speed camera 
enables time resolved measurements of the gas jet itself. This allows us to observe and de-
scribe the relationship between the gas jet and the surface waves in more detail. The optical 
setup is displayed in Figure 3. Since, the initial measurements are performed at subcritical 
pressures the Schlieren imaging is not used here so far. However, the gas jet structures are 
the scope of the future measurements. 
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Figure 3: Schlieren imaging setup to characterize the gas jet structures.  
 
Data Processing 
 
The evaluation is done in several steps with the freely available image processing library 
OpenCV in combination with Python 3.8. The general procedure is shown in the following 
Figure 4. The raw images are first histogram adjusted to normalize the gray values. Then an 
image crop is performed followed by the determination of the impact point of the gas jet. In 
the next step, the image is polar transformed around this point. This results in a transformed 
image with only one direction of propagation, in this case from left to right. The radial propa-
gation of the waves is thus transformed into a linear motion, which simplifies the subsequent 
evaluation.  
 
The transformed images are now used to characterize the frequency spectra of the wave 
propagation. For this purpose, the pixel intensities at five different radial positions are ex-
tracted. For each line and time step the average value is calculated to avoid a position de-
pendence of the measured data. For a Fast Fourier Transformation (FFT) it is generally rec-
ommended to use integral quantities. However, since these are not available, the mean val-
ues of the pixel intensities per time step are used. The FFT is performed with the function 
scipy.signalwelch() in Python. For a better evaluation of the signal a Blackman windowing 
and a signal segmentation into 512 segments is given.  
 

Figure 4: Preparation and processing of the measurement data 
The data processing of the Schlieren imaging is done the same way but without the polar 
transformation.  
 
Results and Discussion 
 
The results of the preliminary tests are shown in the following figures Figure 5 and Figure 6.  
Figure 5 shows instantaneous snapshots of the measurements. The cavity is marked with a 
dotted circle. The penetrating, splashing and dimple mode can be clearly seen for the differ-
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ent parameters and are marked with solid lined circles. Droplet separation for the penetrating 
and splashing mode are also visible. Interestingly, the droplets also generate surface waves 
when they fall back into the liquid bath (marked as secondary waves in Figure 5 b)). These 
the interact with the surface waves created by the gas jet. However, we were not able to get 
clear images for ℎ"#$$%& = 40 − 120	𝑚𝑚 for ∆𝑝)" = 0.6𝑏𝑎𝑟 respectively ∆𝑝)" = 0.8𝑏𝑎𝑟 due to 
the high droplet generation and splashing. Both lead to a blocked view on the mirror. The 
further away the nozzle is from the surface, the lower the impulse input because the gas jet 
becomes continuously wider.  
 
As a result, the impact region is flatter but also wider, which means that the gas jet tends to 
sweep over the surface, leading to the formation of ripple waves on the surface. The ripple 
waves are represented by a broad background noise in the frequency spectrum, which oc-
curs from a nozzle height of 120	𝑚𝑚 to 180	𝑚𝑚, depending on the upstream pressure. Pre-
vious work from the study of wind induced waves confirms this assumption Mitsuyasu and 
Honda, 1974;and 1974, Mataoui et al., 2003. Ripple waves appear here in the form of broad-
ly distributed frequencies with low energy content. These waves occur primarily when wind 
passes over the water surface and energy exchange occurs between the air and the water 
surface. 
 
The further away the nozzle is from the surface, the lower the impulse input because the gas 
jet becomes continuously wider. As a result, the impact region is flatter but also wider, which 
means that the gas jet tends to sweep over the surface, leading to the formation of ripple 
waves on the surface. The ripple waves are represented by a broad background noise in the 
frequency spectrum, which occurs from a nozzle height of 120	𝑚𝑚 to 180	𝑚𝑚, depending on 
the upstream pressure. Previous work from the study of wind induced waves confirms this 
assumption Mitsuyasu and Honda, 1974; 1974, Mataoui et al., 2003. Ripple waves appear 
here in the form of broadly distributed frequencies with low energy content. These waves 
occur primarily when wind passes over the water surface and energy exchange occurs be-
tween the air and the water surface. 
 
Samples of the frequency analysis are shown in Figure 6. Each spectrum shows a dominant 
frequency at 8	𝐻𝑧 and 16	𝐻𝑧, which is largely consistent with the works of Evestedt and 
Medvedev, 2005 and Li et al., 2019. Both give a frequency spectrum for the cavity between 0 
and 20	𝐻𝑧. These frequencies are more dominant the closer the nozzle and thus the higher 
the momentum transmitted by the gas jet. As a result, the cavity becomes deeper and has a 
smaller diameter (see Figure 5 a) and b)). It is known from the literature that the gas flows out 
of the cavity along the walls over the edges and that individual droplets break off as Figure 5 
confirms for 𝑝)" = 0.4	𝑏𝑎𝑟 and 40 − 120	𝑚𝑚 and 𝑝)" = 0.6	𝑏𝑎𝑟 and 80 − 160	𝑚𝑚 and 𝑝)" =
0.8	𝑏𝑎𝑟 and 160	𝑚𝑚.This behaviour is visible by the smaller frequency peaks around the two 
dominant frequencies 
 
Conclusion 
 
Our results show that we are able to detect the time resolved surface wave propagations in 
dependency of the nozzle height and the pressure difference in a three-dimensional meas-
urement approach which is a clear advantage over previous works. The scope of upcoming 
measurements will be the use of Galinstan® as a liquid model melt to achieve a closer un-
derstanding of the surface wave propagation of molten steel.  
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Figure 5: Instantaneous snapshots and phenotypical results of the initial measurements 

 

 
Figure 6: Sample of the frequency analysis of the surface wave propagation for a) 40	𝑚𝑚 and b) 
200	𝑚𝑚 both at ∆𝑝)" = 0.4	𝑏𝑎𝑟. 
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