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Even though theories and models on free nuclei and wall-bounded nuclei are part of cavitation standard literature, the process of nucleation from wall-bounded nucleation sites has hardly been explored. In this work we present new experimental results and give new insights into the physics of nucleation. High-speed visualizations show that nucleation from wall-bounded nuclei is a self excited cyclic process, triggered by the bubble detachment. The detachment itself is a consequence of a Plateau-Rayleigh instability and thus strongly depends on the geometry of the nuclei. Measurements of the nucleation rate show that frequencies of up to 1000 Hz are easily achievable. The size of the detaching bubbles is in the order of magnitude of 0.01 to 1 mm.

INTRODUCTION

Small amounts of gas in crevices and voids on surfaces, so-called wall-bounded nuclei, play an important role for the understanding of cavitation and in particular cavitation inception. The idea goes back to Harvey [START_REF] Harvey | Bubble formation in animals. i. physical factors[END_REF] who postulated the existence of gas pockets on surfaces and particles in liquids. In a supersaturated solution wall-bounded nuclei produce free nuclei due to mass transfer of gas or themselves work as weak-spots in the liquid that are necessary for the occurrence of a phase change under technically relevant pressures. The process is referred to as nucleation and is examined in this work. Figure 1 shows the different types of nuclei that can be found in liquids. In order to serve as cavitation nuclei permanently, both free nuclei and wall-bounded nuclei must be stabilized in some way. Free nuclei are unstable since they grow or shrink due to diffusion caused by the effect of surface tension. They are supposed to be stabilized by skins that impede the diffusion of gas and therefore limit growth and shrinking. Fox and Herzfeld [START_REF] Fox | Gas bubbles with organic skin as cavitation nuclei[END_REF] developed a theory of an organic skin while Yount's theory implies the existence of a skin of surface-active substances [START_REF] Yount | A microscopic investigation of bubble formation nuclei[END_REF]. The stabilization of wall-bounded nuclei in hydrophobic surfaces (or lipophobic surfaces depending on the liquid) can be explained by the effect of surface tension as well [START_REF] Atchley | The crevice model of bubble nucleation[END_REF]. Since the surface tension is acting on the convex curved liquid-gas interface the pressure in the gas pockets is lower than the pressure in the surrounding liquid (cf. figure 1 c). Because of the lower pressure the wall-bounded nuclei do not dissolve in the surrounding liquid, unless it is strongly undersaturated. Wall-bounded nuclei in hydro-or lipophobic surfaces are also referred to as Harvey nuclei. Wall-bounded nuclei in hydrophilic (or lipophilic) surfaces are supposed to be unstable unless they are also stabilized by skins.

The theories of free nuclei and wall-bounded nuclei have been well established and can be found in the standard literature, e.g. [START_REF] Knapp | Cavitation[END_REF] and [START_REF] Franc | Fundamentals of Cavitation. Fluid mechanics and its applications[END_REF]. However, there are still unanswered questions. Mørch [START_REF] Mørch | Cavitation nuclei and bubble formation -a dynamic liquid-solid interface problem[END_REF] stated that "most solid surfaces are not observed to be hydrophobic" and also doubts the existence of a numerous amount of conical crevices on surfaces. It is surprising, how rarely the wetting mechanism is discussed in the community, although it is the key point of this theory. Mørch [START_REF] Mørch | Reflections on cavitation nuclei in water[END_REF] pointed out, that cavitation still occurs in liquids that would dissolve the organic skin of nuclei, such as alcohol. In numerous experiments, the tensile strength of liquids as a function of various pretreatments were examined. By filtering the liquids the density of small particles and free nuclei diminishes, resulting in an increase of the tensile strength. On the other hand the seeding of particles leads to a reduction of the tensile strength, as one might expect. Mørch gives an overview of experiments that were performed in this manner [START_REF] Mørch | Reflections on cavitation nuclei in water[END_REF].

In 1969 Hayward [START_REF] Hayward | The role of stabilized gas nuclei in hydrodynamic cavitation inception[END_REF] criticized that all of the experimental evidence of the theories is indirect and not conclusive. Recent studies about nuclei on hydrophobic surfaces [START_REF] Bremond | Cavitation on surfaces[END_REF][START_REF] Borkent | Nucleation threshold and deactivation mechanisms of nanoscopic cavitation nuclei[END_REF], skin-stabilized nuclei [START_REF] Andersen | Cavitation nuclei in water exposed to transient pressures[END_REF] and cavitation inception [START_REF] Washio | Recent Developments in Cavitation Mechanisms[END_REF] are very promising and improve understanding of these complex phenomena.

Nevertheless, the process of nucleation is investigated much less even if it is of great importance for the understanding of cavitation and cavitation inception. Recent investigations allow a closer and direct look at this phenomenon. Liger-Belair examines nucleation in carbonated beverages [START_REF] Liger-Belair | The physics and chemistry behind the bubbling properties of champagne and sparkling wines: A state-of-the-art review[END_REF] by means of a microscope. In a glass of champagne cellulose fibres with a diameter of 10 -20 µm and thus not visible to the naked eye work as nucleation sites. The observed nucleation rates depend on the size of the fibres so that different frequencies can be observed at the same time at fibres of different sizes. Since the nucleation rate depends on the supersaturation of the liquid, it decreases with time as the champagne becomes stale and flat.

The results of research on nucleation in carbonated beverages appear to be not suitable for technical relevant issues at first glance but even in this calm environment where no flow increases the mass transfer, nucleation rates up to 30 Hz are observable [START_REF] Liger-Belair | The physics and chemistry behind the bubbling properties of champagne and sparkling wines: A state-of-the-art review[END_REF]. A flow condition that matches the technical reality better is the flow around a hydrofoil. Guennoun et al. measured nucleation rates up to 5 kHz on a NACA0009 hydrofoil [START_REF] Guennoun | Experimental investigations of a particular travelling bubble cavitation[END_REF]. They observed that for a given fixed test condition the nucleation rates vary significantly from one test to the other. They suspected that nucleation is a local phenomenon that might be influenced by the flow around micro-roughness elements.

The study of the existing literature shows that there is a lack of experimental and theoretical investigations allowing a closer look onto the process of nucleation from wall-bounded nuclei. In order to close this gap we use generic experiments that allow the observation and analysis of the process [START_REF] Peters | A benchmark experiment on gas cavitation[END_REF][START_REF] Groß | Experimental evidence of nucleation from wall-bounded nuclei in a laminar flow[END_REF]. The experimental findings support an extended understanding of nucleation as a self excited cyclic process and help us to develop physical models. As we will see nucleation also has got a stabilizing effect.

The paper can be outlined as follows. In Section 1 we give a brief overview about the principles of nucleation. The experimental set-up and the data analysis is explained in Section 2. Section 3 contains theoretical considerations. In Section 4 we show experimental results and discuss the results. Section 5 closes the article with a conclusion.

PRINCIPLES OF NUCLEATION

We consider a wall-bounded nucleus that is filled with noncondensable gas (and vapour) as sketched in Figure 2. The nucleation process includes the recurring growth of the wall- Principle sketch of growth and detachment from wall-bounded nucleus [START_REF] Groß | Experimental evidence of nucleation from wall-bounded nuclei in a laminar flow[END_REF].

bounded nucleus and the detachment of a bubble (free nucleus) [START_REF] Groß | Experimental evidence of nucleation from wall-bounded nuclei in a laminar flow[END_REF]. When a bubble detaches there is a reduction of the gas mass in the wall-bounded nucleus. The whole process only works in a cyclic manner if this loss of mass is compensated somehow. This is done by diffusion.

According to Fick's law [START_REF] Fick | Über Diffusion[END_REF], the mass flux of gas that diffuses into the wall-bounded nucleus is proportional to the negative concentration gradient at the liquid-gas interface. In an equilibrium the concentration of gas that is dissolved in the liquid is proportional to the pressure, as described by Henry s law [START_REF] Henry | Experiments on the quantity of gases absorbed by water at different temperatures and under different pressures[END_REF]. A wall-bounded nucleus that is surrounded by a liquid in a concentration equilibrium will not show nucleation since the concentration gradient is approximately zero. In case of a pressure decrease, e.g. due to an increase of the liquids velocity, the liquid becomes supersaturated. The supersaturation is defined as χ := (cc N )/c N where c is the measurable concentration of gas in the liquid and c N is the local saturation concentration at a nucleus which is determined by the local pressure. The concentration of gas at the liquid-gas interface directly follows the pressure so that a concentration distribution develops. This leads to a mass flux of gas out of the liquid into the wall-bounded nucleus. The wall-bounded nucleus will grow and finally a bubble detaches. From daily life we know that this process will last as long as the liquid is supersaturated. In technical flows where cavitation or degassing can be observed there is always "new" liquid that flows past the wall-bounded nucleus. This keeps the process alive over a long time since the average saturation concentration in the system is higher than the concentration in the observed area, i.e. test section, pump, impeller, nozzle, etc.

The common argument against our idea of the importance of nucleation for cavitation is, that diffusion is a relatively slow process compared to cavitation and thus cannot influence it. This argument misses the point. As we will show in the next sections the achievable nucleation rates easily extend over several orders of magnitude. Nucleation from wall-bounded nuclei might be an important element of cavitating flows, which has been largely neglected and ignored in the past.

EXPERIMENTAL SET-UP

Experiments on cavitation are often carried out in complex test facilities since the results are to be applied on likewise Experimental set-up. There are two test sections that can be connected to the closed loop; see Figures 4 and5.

complex machines such as pumps, propellers or valves. Due to the complexity and size of these test facilities (e.g. cavitation tunnels) there often is a limited accessibility to the working section resulting in extensive experimental procedures and time-consuming conversion work. Without a doubt studies of small-scale phenomena such as nucleation are difficult to study in such experimental set-ups. The experimental set-up we use for our nucleation experiments is kept simple so that a good accessibility (mechanical and optical) is ensured and we can easily control the experimental parameters.

Figure 3 shows the experimental set-up. For our nucleation experiments we use two different test-sections that can be implemented into the closed loop and will be explained below. The flow is driven by a speed-controlled gear pump that is connected to the test section. A tank with a capacity of 4 dm 3 is used as a reservoir and decelerates the flow so that bubbles can rise to the surface. We measure the volume flux with an ultrasonic flow meter that is non-sensitive to small amounts of free gas. In addition, we measure the temperature and the oxygen content of the liquid in the tank. For the high-speed visualization we use an IDT Motion Pro Y7 S3 camera with a resolution of 1920 x 1080 pixels and a maximum frame rate of 10600 frames per second and stroboscopic lighting. The frame rate can be increased by reducing the resolution.

Test section I -Laminar radial gap flow

The first test section we use is a laminar radial gap-flow that is realized inside of a cylindrical vessel, shown in Figure 4. The gap is formed by spacers which are attached at three points between a steel plate and a glass plate with radius R 1 = 50 mm. The half gap height h can be adjusted between 0.05 and 1 mm. In the experiments the Reynolds number Re = uh/ν ranges between 0.66 and 10.61. We can assume that the flow is laminar. Blind holes with a depth of less than 1 mm and different diameters D N (0.2, 0.4, 0.6, and 0.8 mm) on different radii r (10, 15, 20, 30, and 40 mm) drilled in replaceable steel plates serve as artificial nucleation sites which we observe in our experiments. In the experiment the supersaturation occurs due to a pressure decrease along the flow path in inward direction. It is necessary to use a liquid with a relatively large viscosity to achieve a relevant pressure decrease and thus supersaturation. Otherwise, the gap would have to be very small. Before starting the experiment the blind holes are filled with air by a syringe. It is ensured that the liquid is at least saturated at ambient pressure. Otherwise the gas in the crevices would dissolve in the surrounding liquid. The liquid we use is a silicone oil with a density of 960 kg/m 3 and a kinematic viscosity of 100 mm 2 /s at 25 • C. The Bunsen coefficient is 0.168 at 25 • C and 1 bar [START_REF] Peters | A benchmark experiment on gas cavitation[END_REF]. Additional information about the experimental principle and the set-up can be found in [START_REF] Groß | Experimental evidence of nucleation from wall-bounded nuclei in a laminar flow[END_REF]. The second test section we use is a laminar axial gap flow; see Figure 5. The gap has a width of 30 mm and an adjustable gap height. Different specimen can be inserted into the test section to change the gap height between 0.5 and 5 mm. The Reynolds number Re = uh/ν ranges between 6.9 and 56.9 so that we assume a laminar flow. Blind holes with diameter D N drilled in the specimen serve as nucleation sites. The oxygen content is measured in the tank which pressure can be increased to increase the supersaturation. The experimental procedure is the same as the one described above. The liquids we use is in this test section are silicone oils with kinematic viscosities of 100 mm 2 /s and 20 mm 2 /s at 25 • C.

Since the lid and the sidewalls are made of acrylic glass high-speed visualizations from top and side view perspective are possible. One purpose of this test section is to figure out how nucleation and in especially bubble detachment looks like from side view perspective. By using a valve which is located in front of the test section, it is possible to vary the local pressure and thus the local supersaturation at a constant volume flux (constant velocity). This is an advantage over the first test section. In test section I local pressure and volume flux are not independently adjustable for a given gap height at a specific nucleus since we are not able to use a valve to adjust the pressure.

Analysis of high-speed images

To get an extended understanding of the nucleation process we investigate the nucleation rates, the size of the detaching bubbles and the detachment process itself by means of highspeed visualization. The long term goal is to study how the flow parameters, the supersaturation and the geometrical parameters influence the nucleation process. The analysis of the highspeed images are done using self-developed MATLAB scripts. The nucleation rate is evaluated by analysing the change of the grayscale value in a selected area over time. As an example, Figure 6 shows one high-speed image of nucleation and the corresponding normalized sum of the grayscale values of the selected area (white rectangle) of the complete recording. In case of 8-bit images the normalized sum of the grayscale values g in an area with size m × n can be calculated with

G = 1 255 m n m i=1 n j=1 g i, j . (1) 
Since the bubbles appear brighter on the images G increases when a bubble enters the rectangle. We determine the arithmetic mean of the nucleation rate by evaluating the number of bubbles N in a specific time interval dt. In this example we can count 43 bubbles in an time interval of 50 ms which implies a nucleation rate of 860 Hz. For this measurement the 95% confidence interval is 33 Hz which is less than 4%.

THEORETICAL INVESTIGATIONS

An approximate calculation of the mass flux that diffuses into a wall-bounded nucleus can be obtained by formulating a plane problem. The corresponding problem to our experiments is referred to as asymmetric Graetz problem [START_REF] Edwards | The asymmetric graetz problem in channel flow[END_REF] and is sketched in Figure 7. The laminar velocity boundary layer is fully developed while the concentration boundary layer develops above the wall-bounded nucleus (0 < x < L N ). The circular wall-bounded nucleus with diameter D N is represented by a nucleus with length L N = D N √ π/2. The problem has a depth of L N so we end up with similar surface areas. The mass flux of gas that diffuses into the wall-bounded nucleus can be calculated with Fick's law [START_REF] Fick | Über Diffusion[END_REF] as

ṁ = -D M L N L N 0 ∂c ∂ y y=-h dx, (2) 
with diffusion coefficient D, molar mass M and the concentration of gas dissolved in the liquid c. The concentration field in the liquid is

∂c ∂t + u • ∇c = ∇ • (D ∇c) , (3) 
with velocity profile u. For a stationary process and assuming negligible flow in y direction, negligible diffusion in x direction and a constant diffusion coefficient (∇ D = 0) Eq.( 3) can be simplified to

3 2 u 1 - y h 2 ∂c ∂ x = D ∂ 2 c ∂ y 2 (4) 
where the parabolic velocity profile with mean velocity u has already been inserted. Using

y + = y h , x + = 2 3 Pe x h , θ = c -c ∞ c N -c ∞ ,
where Pe := u h/D is the Péclet number Eq.( 4) can be written dimensionless as

1 -y +2 ∂θ ∂ x + = ∂ 2 θ ∂ y +2 (5) 
with the boundary conditions

θ = 0, for x + ≤ 0, -1 < y + < 1, θ = 1, for 0 < x + < 2 3 Pe L N h , y + = -1, ∂θ ∂ y + = 0, for 0 < x + < 2 3 Pe L N h , y + = 1.
In general Eq.( 5) has to be solved numerically [START_REF] Edwards | The asymmetric graetz problem in channel flow[END_REF]. For a thin concentration boundary layer that we can assume in our problem the Lévêque approximation

Sh = 1.357 Pe h L N 1/3 (6)
provides good results [START_REF] Edwards | The asymmetric graetz problem in channel flow[END_REF]. Equation ( 6) can be written dimensionful as

ṁ = 1.357 u 1/3 h -1/3 L 5/3 N D 2/3 M (c ∞ -c N ) (7) 
by using the definition of the Sherwood number Sh := β h/D and the definition of the mass transfer coefficient

β := ṁ/[M L 2 N (c ∞ -c N )].
The nucleation rate f indicates the number of bubbles that detach from a wall-bounded nucleus in a specific time interval and can be estimated with

f = ṁ m B , (8) 
where m B is the mass of a detaching bubble. We assume that for each operation point every detaching bubble has the same mass. The mass m B depends on the the flow parameters, the properties of the liquid and the geometry. In a first approximation the mass of the detaching bubble m B is proportional to the local pressure due to ideal gas law. As we will see later the volumes of the detaching bubbles do not depend on the local pressure. As Eq.( 7) shows the mass flux is proportional to the difference of the concentration of the liquid c ∞ and the saturation concentration c N . Using Henry's law [START_REF] Henry | Experiments on the quantity of gases absorbed by water at different temperatures and under different pressures[END_REF] c N ∝ p and Eqs.( 7) and ( 8) we get the linear dependency

f ∝ c ∞ -c N c N = χ. ( 9 
)
Since we do not know yet how the volumes of the detaching bubbles depend on the flow parameters and the geometrical parameters, i.e. flow velocity and gap height, we are not able to predict how the nucleation rate depends on them. The relationship

f χ = fn(u, h) (10) 
has to be determined with experiments.

EXPERIMENTAL INVESTIGATIONS

As already mentioned, the main goal of our research is to study how the flow parameters, the supersaturation and the geometrical parameters influence the nucleation process. In the following we will show experimental results that help us to gain new insights into the physics of nucleation.

Nucleation rate

Figure 8 shows the dependency of the nucleation rate f on flow velocity u and supersaturation χ measured in test section I.

As one might expects, the nucleation rate increases with increasing flow velocity. One can formulate the approximate power law f ∝ u 2.8 for the given gap height and the given nucleus diameter. As already mentioned, in test section I it is not possible to vary velocity and local pressure and thus supersaturation in a wide range independently. As Figure 8 illustrates a high velocity is always accompanied by a high level of supersaturation. The functional correlation of f and u is only valid for this set-up in the given test condition since the supersaturation is a function of velocity and gap height. As we will see later, cf. Figure 10, also an exponential relation of f and u is possible. The 95% confidence interval varies significantly in the measuring range. For small frequencies the confidence interval can reach up to 50% of the nucleation rate. This variance can be explained by the comparatively long measuring time. With increasing measuring time the number of perturbations, normally small bubbles or particles, increases. For high frequencies the 95% confidence interval declines to less than 10% of the nucleation rate.

To identify how supersaturation and flow velocity influence the nucleation rate, we examined experiments in test section II where we can vary both parameters independently. The disadvantages are a more time-consuming experimental procedure and larger fluctuations of the nucleation rate because of more particles and small bubbles passing by in this test section. Figure 9 shows a linear dependency of the nucleation rate on the supersaturation as predicted with Eq.( 9). The observed nucleation rates are small which is due to a comparatively large gap height. As one can see, the nucleation rates for u = 1.39 m/s and u = 1.67 m/s are close to each other. This might be due to the small difference in velocity. An increase of the velocity to u = 2.22 m/s results in higher nucleation rates. For higher velocities there is still a linear dependency but with a different gradient. Figure 9 does not show the entire data for all measured velocities to improve clarity. The linear dependency can be found for all measured velocities.

Both the theoretical considerations (cf. Eq.( 9)) and the experiments (Figure 9) indicate that there is linear dependency of the nucleation rate on the supersaturation in a first approximation. By plotting the quotient of the nucleation rate and the supersaturation against the flow velocity one can determine the influence of the velocity. For most of the measured velocities the supersaturation has been varied. The experiments lead to the conclusion that the dependency of the nucleation rate on the velocity can be described as an exponential function.

At first glance this is contradictory to Eq.( 7) where we found a power law. Since the nucleation rate is the quotient of diffusion mass flux and mass of the detaching bubbles, the exponential relation must be hidden in the latter which has to be investigated. By now we have not yet succeeded in measuring the bubble sizes and determining the masses of the detaching bubbles with sufficient precision. The comparison of the experimental results with the calculated mass fluxes, Eq. ( 7), is still pending.

First approximate calculations show that the mass flux in the experiments is at least one or two orders of magnitude larger than the theoretical values. It must be examined whether the model assumptions and simplifications are valid. For example, we assume that the velocity profile remains parabolic over the nucleus even though the no-slip condition does not hold on the surface of the nucleus. A second important issue is the question whether our experimental findings can be scaled down to smaller nucleation sites that can be found in real cavitating flows. An investigation of nucleation from rough surfaces is in preparation. Figure 11 shows six high-speed images of the detachment of a bubble from a wall-bounded nucleus in side view perspective. The images illustrate that the detachment process is a consequence of a Plateau-Rayleigh instability [START_REF] Rayleigh | On the capillary phenomena of jets[END_REF]. The detachment works as follows. The initial situation is a wall-bounded nucleus that expands over the edge of the bore and forms a cylindrical body (Fig. 11 a). Small perturbations with different wavelengths that occur due to the fluid flow deform the cylindrical part of the nucleus. Deformations with wavelengths smaller than a critical wavelength increase the surface of the nucleus. Wavelengths larger than the critical wavelength lead to a reduction of the surface. Regarding to Rayleigh's work principle, the nucleus is stable to deformations that increase the surface since work would have to be done. Deformations that decrease the surface will not be damped, but increased because the system reaches for an energetically favorable state. For a cylindrical body with an infinite length the critical wavelength is its circumference [START_REF] Rayleigh | On the capillary phenomena of jets[END_REF]. It seems that in our case the critical wavelength is larger than the circumference of the body.

Bubble detachment

The largest wavelength that occurs is equal to the length of the cylindrical part of the nucleus. The length of the nucleus and thus the largest wavelength increases due to mass transfer. The nucleus starts to oscillate up and down as soon as the critical length is reached (Figs. 11 b, c andd). Since the perturbations are not attenuated the cylindrical part of the nucleus deforms so strong that it constricts (Fig. 11 d) and a free nucleus detaches (Figs. 11 e andf). In our experiments we observed that in case of high nucleation rates the frequencies are remarkably constant over time and show only small fluctuations. Since we expect the mass flow to be relatively constant for each operation point, the detaching bubbles in one operation point must be of the same size. Since the Plateau-Rayleigh instability is an effect that depends on the size and the shape of the nucleus but not on its mass the volume of a detaching bubble should not depend on the local pressure. Figure 12 shows the detachment of bubbles for different flow velocities and pressures. One can see that the volumes of the detaching bubbles respond much more to a change of the velocity than to a change of the local pressure. Of course, the nucleation rates are not equal since the diffusion mass flow rates and the masses of the bubbles are not equal.

CONCLUSION

Free nuclei and wall-bounded nuclei are important elements of cavitating flows since they serve as weak-spots in the liquid and in this way allow its rupture. The theories and models of nuclei are well established and recognized in cavitation research. Nucleation, the link between wall-bounded nuclei and free nuclei, has been investigated much less. In this work we present new theoretical and experimental results that allow a closer look on the process of nucleation. The following list summarizes the most important findings:

• Nucleation from wall-bounded nucleation sites is a selfexcited cyclic process triggered by the detachment of bubbles (free nuclei). • The detachment occurs as a consequence of a Plateau-Rayleigh instability. Our experiments show that the sizes of the detaching bubbles do not depend on the local pressure. This is an indication that a critical volume has to be reached to cause a detachment. The critical volume depends on the flow parameters and decreases with increasing flow velocity. • The mass flux of gas that diffuses into a wall-bounded nucleus depends on the supersaturation of the liquid, the local flow parameters, the properties of the gas and the liquid and geometrical parameters. The mass flux can be modelled as an asymmetric Graetz problem. In a first approximation we found that the nucleation rate is a linear function of the supersaturation. The functional relation of the nucleation rate and the flow velocity as well as the geometrical parameters are not completely clarified. There is evidence to suggest that there is an exponential relation of the nucleation rate and the velocity. • In our experiments we observed nucleation rates in the order of magnitude of 0.1 to 1000 Hz. The size of the detaching nuclei is in the order of magnitude of 0.01 to 1 mm. For cavitating flows we assume nucleation rates of up to 10 kHz or more. The detaching bubbles could have a size of 1 µm or even smaller. The mass fluxes needed to reach these values are achievable. • The stabilization of free nuclei and wall-bounded nuclei is an important part of the common theories. Our experiments show that this stabilization could also be achieved by diffusion and nucleation. A nucleation site that is surrounded by a supersaturated liquid will not dissolute in the liquid and will permanently produce free bubbles.
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 1 Figure 1. Nuclei in liquids: a) free nucleus, b) wall-bounded nucleus on a particle, c) wall-bounded nucleus on hydro-or lipophobic surface, d) wall-bounded nucleus on hydro-or lipophilic surface e) nucleation (flow is from left to right)

Figure 3 .

 3 Figure 3. Experimental set-up. There are two test sections that can be connected to the closed loop; see Figures 4 and 5.
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 4 Figure 4. Test section I -Laminar radial flow between two closely spaced parallel plates with a sink at the centre. We consider the inflow case. Blind holes in the steel plate work as wall-bounded nuclei.

2. 2 Figure 5 .

 25 Figure 5. Test section II -Laminar axial gap flow. Blind holes in the specimen work as wall-bounded nuclei. The high-speed camera can be mounted in top (x-z-plane) and side view (x-y-plane) perspective. The flow is in x direction.

Figure 6 .

 6 Figure 6. Evaluation of nucleation rate. High-speed image of nucleation and normalized sum of grayscale values of a selected area over time. Each peak marks a single bubble streaming past.

Figure 7 .

 7 Figure 7. Modelling of mass transfer as asymmetric Graetz problem.
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 8 Figure 8. Nucleation rate vs. velocity. Diameter of wall-bounded nucleus D N = 0.4 mm, gap height h = 0.4 mm, ν = 100 mm 2 /s. (test section I)

Figure 9 .

 9 Figure 9. Nucleation rate vs. supersaturation. Diameter of wall-bounded nucleus D N = 0.8 mm, gap height h = 0.5 mm, ν = 20 mm 2 /s. Error bars indicate confidence interval of 95%. (test section II)

Figure 10 .

 10 Figure 10. Quotient of nucleation rate and supersaturation vs. flow velocity. Diameter of wall-bounded nucleus D N = 0.8 mm, gap height h = 0.5 mm, ν = 20 mm 2 /s. (test section II)

Figure 11 .

 11 Figure 11. Detachment of a bubble from a wall-bounded nucleus as a consequence of a Plateau-Rayleigh instability from side view perspective. The time interval between the images is 2 ms. The flow is from left to right. (test section II)
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 12 Figure 12. Detachment of bubbles from wall-bounded nucleus in top view perspective. Velocity u and gap height h are kept constant while the pressure is varied. (test section II)