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Abstract

:

The research of cavitation in narrow gap flows, e.g., lubrication films in journal bearings or squeeze film dampers, is a challenging task due to spatial restrictions combined with a high time-resolution. Typically, the lubrication film thickness is in the range of a few microns and the characteristic time for bubble generation and collapse is less than a few milliseconds. The authors have developed a journal bearing model experiment, which is designed according to similarity laws providing fully similar flow conditions to real journal flows while offering ideal access to the flow by means of optical measurement equipment. This work presents the high-speed photography of bubble evolution and transportation in a Stokes-type flow under the influence of shear and a strong pressure gradient which are typical for lubricant films. A paramount feature of the experiment is the dynamic variation (increase/decrease) of the minimum film thickness which triggers the onset of cavitation in narrow gap flows. Results presented in the work on hand include the time-resolved data of the gas release rate and the transient expansion of gas bubbles. Both parameters are necessary to set up numerical models for the computation of two-phase flows.
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1. Introduction


A full understanding of lubricant flow in journal bearings or squeeze film dampers is necessary for a robust design that guarantees reliability under various operational conditions. However, a dynamic load is typical for these components, which was already observed by Wilson [1], particularly in the case of journal bearings inside diesel engines. Looking at the dynamics of a lubricant film, the variation of the minimal film thickness causes a pressure gradient which in turn leads to regions with low local pressure that can result in cavitation if the local pressure falls below a critical value. This critical value can be the saturation pressure for dissolved gas or the vapor pressure of the liquid itself, respectively. Yet, vapor cavitation always concerns the durability of the machine element.



A brief review summarizing the findings of numerous works that have researched cavitation can be divided in two categories.



1.1. Cavitation in General


The citations in this section deal with flow cavitation in water, which in contrast to oil contains only marginal amounts of dissolved gas, and consequently, the following citations are works pertaining to vaporous cavitation in general. In his dissertation, Borbe [2] investigated flow cavitation in wastewater and concluded that vapor cavitation is the mechanism that results in material cavitation or erosion. Mottyll [3] simulated cavitation by means of a density-based solver and assumed that the aggressive types of cavitation are related to bubbles collapsing near the surface of solid walls. Peters [4] carried out numerical modelling that included the prediction of cavitation erosion for hydrodynamic flows by means of the Euler–Euler and multi-scale Euler–Lagrange methods in his dissertation. With respect to dissolved air in water, he assumed, “in contrast to vaporization, which is a fast process, taking place directly at a bubbly interface, gas diffusion into water is a rather slow process through a comparably thick diffusion layer around the bubble surface”. Due to the fact that surface tension reduces the dissolution time of a bubble, one can deduce that the larger the bubbles are, the slower the dissolution and absorption of the gas becomes. Peters and Moctar [5] presented results of the numerical assessment of cavitation-induced erosion that show the dynamic behavior of collapsing bubbles in water on their passage through an axisymmetric nozzle. In a recent numerical work, Lyu et al. [6] tracked dispersed gas/vapor bubbles in a Lagrangian fashion and described bubble compression and expansion by a modified Rayleigh–Plesset equation. Their meshing is rigid in an isometric domain and the modeling effort focuses on a gas-liquid mixture that is treated as a continuous and compressible fluid. It is common to the works cited above that typical geometrical dimensions, such as clearances or distances to the most adjacent wall, are in the range of several millimeters and therefore far greater than bearing clearances and lubrication film thicknesses.




1.2. Cavitation Related to Lubrication Systems


In contrast to cavitation in general, which is mainly studied in water as operating fluid, the cavitation process in lubrication systems is characterized by the physical properties of oil and specifically, in the case of gaseous cavitation, the substantially higher capability of dissolving gases, i.e., air. Rosenberg [7] discussed gaseous cavitation in liquids and assumed that: “The differences and similarities of the two forms of cavitation bubbles have not always been noted in the literature. Experimental observations on bubbles assumed to be vapor-filled have been questioned by other experimenters”. Additionally and in particular, for journal bearings and squeeze film dampers, the close proximity of solid walls bordering the lubricating film is a distinctly different boundary condition for the development of cavitation.



In an extensive analysis of displacement curves of the crankshaft inside the main bearings of an eight-cylinder diesel engine, Graf and Kollmann [8] identified the sections of the load cycle and thus areas on the bearing liner which are prone to cavitation damage. They surmised that the risk of cavitation correlates with the dynamics of film thickness. In their work on lubricant films, Dowson and Taylor [9] described the process of cavitation: “If the pressure in a lubricant falls to its vapor pressure, the lubricant may boil at ambient temperature. Vapor-filled cavities will be formed and these may later collapse, causing cavitation erosion. The occurrence of vaporous cavitation in bearings is normally restricted to situations in which the loading is dynamic, for example in the main bearings of diesel engines”. Braun and Hendricks [10] carried out an experimental investigation on the vaporous/gaseous cavity characteristics of a journal bearing operating with high eccentricity and came to the following conclusion.



“Hydrocarbon vapor versus liberation of dissolved gases—that is the question!”. Moreover, they “distinguish[ed] between three types of mechanisms which can create and cause a bubble to grow. …




	(a)

	
If, suddenly, the pressure is reduced to    p g    but remains larger than    p v   , the dissolved gas nuclei will merge into a separate gaseous phase and, at a critical cluster radius, rupture the homogeneity of the oil film. This is in essence gaseous cavitation. …




	(b)

	
If the pressure is lowered to   p <  p v   , volatile hydrocarbon nuclei can be engendered by nucleation sites at the surfaces (akin to nucleate boiling) or by impurities existing in the fluid. Upon nucleation, they will either form a new cavity or be released into an existing gaseous cavity forming a mixture of dissolved gases and vapors. …




	(c)

	
Finally, the so-called pseudo-cavitation can occur when the size of the bubble changes due to a variation of  p  rather than an adiabatic and isothermal mass exchange from oil to the cavity”.









Brewe [11] made a theoretical investigation of a vapor bubble in the lubricant film of a dynamically loaded journal bearing. He assumed that “cavitation can either be a result of (1) dissolved gas coming out of solution or (2) evaporation (flashing) of the fluid. Both types of cavitation are commonly observed in journal bearings, squeeze film dampers ….”. Sun and Brewe [12] carried out an experimental study by means of high-speed photography capturing the formation of gaseous cavitation in a journal bearing rig specially designed to provide optical access to the lubricating film. With due respect, this experiment can be considered a blueprint of the work presented in the paper on hand. Leonard et al. [13] designed a special fretting test rig equipped with a high-speed video camera to observe fretting phenomena. They concluded: “Cavitation occurs in grease or oil due to either gas evolution (gaseous cavitation) or vapor evolution (vaporous cavitation). … Vaporous cavitation requires a much greater pressure drop and is far more dangerous than gaseous cavitation”. Xing [14] analyzed the characteristics of a squeeze film damper by means of a numerical approach including an experimental evaluation. He found: “… the appearance and collapse of the vapor cavities was synchronous with journal whirling speed” and “the vapor cavities were unstable and disappeared as soon as the high pressure appeared but the gaseous cavities persist during the high pressure region and diminished in size”.



A review for journal bearings was presented by Braun and Hannon [15]. They recognized and reviewed three forms of cavitation in their article as follows: “Gaseous cavitation generally contains one or multiple species of gases dissolved in the fluid and occurs as the pressure falls below the saturation pressure of the particular gas component. Pseudo-cavitation is a form of gaseous cavitation during which the gas bubble expands on account of depressurization without further gas mass diffusion from the liquid to the gas phase. Vaporous cavitation is the result of a thermodynamic non-equilibrium event when the pressure falls below the vapor pressure of the liquid at the prevalent temperature”.



Osterland et al. [16] investigated the influence of air which is dissolved in hydraulic oil. They made a distinction between vapor, gas and pseudo-cavitation because mineral oils contain a high amount of air, i.e., up to 10 L of gas per 100 L of oil. The authors argued: “that most frequently cavitation erosion in hydraulic pumps and valves is caused by vapor cavitation and not by gas cavitation. In fact, concerning the most critical effect of cavitation, the erosion, [they] expect gas cavitation to reduce the cavitation erosion by damping the damage relevant vapor cavitation”. Their findings were based on copper samples which were exposed to stock oil, containing a natural amount of air, and air-free oil, respectively. The erosion damage of the samples tested with air-free oil was found to be 4.4 to 5.1 times larger than that with stock oil.



Chen and Israelachvili [17] proposed a “new mechanism of cavitation damage” for lubrication films separating two adjacent walls undergoing highly transient clearance changes, e.g., rolling contact in bearings or tooth flanks, and surmised that “the inception of cavities is intimately connected with simultaneous relaxations of high local strain energies on nearby surfaces, and in many practical situations, damage is more likely to occur during the formation, rather than the collapse, of cavities”. Zhou et al. [18] presented a novel approach to predicting air release and absorption in hydraulic oil, arguing that under dynamic conditions the equilibrium-based theory fails. Instead, the authors proposed different process paths for gas release and absorption, respectively. In a recent work, Pendowski and Pischinger [19] studied the transient oil flow inside the connecting rod of a crankshaft. The validation of their numerical model revealed that the otherwise reliable Henry’s law had to be replaced by a non-equilibrium approach suggested by [18] to predict the accumulation of released gas from load cycle to load cycle. The authors suggested that the release velocity of dissolved gas is 10,000 times faster than the velocity by which the fluid can absorb the gas. In a previous work, Reinke et al. [20] analyzed displacement curves presented by [8] and derived a cavitation factor. The cavitation factor incorporates eccentricity and the eccentricity change rate indicating the regions with a high potential of cavitation in good agreement with [8]. An obvious similarity between [17] and [20] can be observed, as the highly dynamic displacement velocity of the bordering walls in the vicinity of the minimum film thickness contributes to the magnitude of the cavitation factor.




1.3. Summary and Comparison between Cavitation in General and Cavitation in Lubricant Systems, Particularly in Lubricant Films


In summary and based on the citations above, the work on hand follows the definitions regarding the form of cavitation spelt out by [15] that are well accepted and used by numerous other authors, e.g., those of [9,10,11,12,13]:



Gaseous cavitation occurs when dissolved gas is released out of the lubricant and gas-filled bubbles are formed.



Vaporous cavitation occurs when the liquid lubricant is subject to a local pressure below its vapor pressure and spontaneous evaporation engenders vapor-filled bubbles.



Pseudo-cavitation occurs when gas-filled bubbles change their size without any mass transfer with the surrounding liquid.



Furthermore, it is common understanding that cavitation erosion is one potential cause for bearing failures, which is well documented by the comprehensive studies of Gläser [21], Garner et al. [22] and Engel [23]. The main findings by reviewing the literature are:




	(a)

	
Cavitation erosion remains a restricting factor pertaining the reliability of journal bearings;




	(b)

	
All available sources agree that erosion must be caused by vaporous cavitation;




	(c)

	
Due to the amount of dissolved gas in lubricating fluids, the effect of gas cavitation must be taken into consideration;




	(d)

	
Gaseous cavitation reduces the effect of vaporous cavitation;




	(e)

	
There exist two processes of vaporous cavitation which may result in erosion:




	
The traditional and well-documented case of the implosion of bubbles generating pressure waves and impinging jets;



	
The newly proposed case [17] that the inception of a bubble leads to the relaxation of high local strain energies on nearby surfaces.














As described above there are fundamental differences between hydraulic flows in water and lubricant film flows which are organized in Table 1 for direct comparison.



This work targets the lubricant flow in a journal bearing selecting suction cavitation as the subject of the investigation, because other bearing-related types of cavitation require the presence of a microstructure such as an oil groove or boring according to [21] that would make the experimental set-up more complex. Suction cavitation in bearings is triggered by the dynamic displacement of the shaft, resulting in a transient film thickness [8] and it is common ground among the researchers that only vaporous cavitation may result in material erosion. Moreover, it is state-of-the-art knowledge that the presence of gaseous cavitation reduces the impact of vapor cavitation [13,14,16]. Therefore, this work tackles gaseous cavitation to provide the necessary data in order to set up future experiments avoiding any interference by gaseous cavitation.





2. Experimental Apparatus and Set-Up


2.1. Experiment


The experimental set-up is a further development of the Couette flow apparatus that was presented originally by Reinke et al. [24] consisting of a cylinder 1 located inside housing with a cylindrical cavity 2. The housing is made of polymethyl methacrylate (PMMA), precision-machined and polished, providing the best optical quality. Its octagonal outer shape enables an unrestricted radial optical access into the cavity. The cylinder rotates with a given rotational speed    ω 1    and is positioned eccentrically in relation to the axis of the cavity. Due to the rotation of the cylinder, which is powered by a motor 3, a journal-bearing-type flow develops inside the fluid film. The cavity encloses the cylinder completely; thus, the clearance at top and bottom of the cylinder give space for a cross-flow, from the pressure maximum towards the pressure minimum which are caused by the circumferential flow, creating a three-dimensional flow structure. In addition to the original design [24], the cavity 2 is mounted on a linear traversing guide 4 which assures precise positioning in relation to the cylinder 1 and control of the minimum fluid film thickness between 1 and 2. The dynamic variation of the film thickness is achieved by means of an actuator 5 and a rocker mechanism 6. This mechanism displaces the cavity radially in relation to the rotating cylinder and that movement gives the specific change in minimal lubrication film thickness that is the core cause of cavitation. A variation of attachment points at the rocker provides the necessary range of displacement velocity targeted in this project. Figure 1 displays the design features of the experiment.




2.2. Camera


A high-speed camera (iX Cameras i-Speed 720, iX Cameras, Rochford, UK) is used to capture bubble formation and transport inside the liquid film. The maximum data capacity of the camera is 20 Gpx/s. Hence, resolution and frame rate have to be balanced. The experiment is recorded with a resolution of 1680 × 1242 pixels at 10,000 frames per second (fps). Based on a physical resolution of 80 px, which defines the minimum detection limit for the smallest bubble, the maximum exposure time is set at 60 μs. Additionally, major components, including a fast lens with macro capacity (Walimex T3.1 100 mm ED, Samyang Optics, Changwon, Korea) and artificial lighting (2 spotlights Hedler ProfiLux LED 1000, Hedler Systemlicht GmbH, Runkel, Germany with a combined luminous flux of 50,000 lm), are completing the set-up. Due to the experiment’s physical dimensions, the lens has to support close focus with a respective magnification ratio of 1:1. Figure 2 shows the camera’s view and the image area  A  on which the image processing is based. The image area is downstream of the absolute minimum film thickness    H  min     inside the divergent section of the fluid film. The Sommerfeld angle  φ  marks the lateral position.




2.3. Fluid and Dissolved Gas


The fluid used for the experimental tests is paraffin oil (CAS-8042-47-5). The dissolved gas is air and its content is a main variable of the investigation. Two fluids are used in the experiments:




	(a)

	
For a high level of dissolved gas: stock paraffin that is saturated with air;




	(b)

	
For a low level of dissolved gas: vacuum-treated paraffin with reduced air content.









The air content is measured by means of a fiber-optic oxygen sensor (PyroScience OXSOLV-PTS, PyroScience GmbH, Aachen, Germany) detecting the infrared absorption spectrum of oxygen. The total air content is calculated based on an oxygen-to-air ratio of 21%.




2.4. Main Parameters and Elasticity


Figure 3 illustrates the main parameters of the experiment and Couette flow.



Due to the real operating conditions of the experiment that are described in detail in [24] which include a natural eccentricity and the elasticity, the resulting minimal film thickness is corrected according to Equation (1):


   h  min   =  h  min  ′  + Δ  h   min      .  



(1)







Herein,     h  min  ′    includes the effect of the eccentricity


   h  min  ′  =  H  min   +  E 1  cos ϕ    



(2)




and   Δ  h  min     represents the elastic part. Moreover, the minimal film thickness undergoes a lateral displacement  β  defined by Equation (3) which stems partially from the natural eccentricity expressed by   β ′   and the elastic effect given by   Δ β  , respectively.


  β =  β ′  + Δ β  



(3)







Equation (4) defines the angular position caused by eccentricity


  tan  β ′  = λ sin ϕ  



(4)




with the eccentricity ratio  λ 


  λ =    E 1     E 0       



(5)







The elastic correction of the angular position of the minimal film thickness is related to the radial displacement   Δ  h  min     by a first-order approximation


  Δ β =   2.89  ∘    0.0961 +   Δ  h  min      H  min        



(6)







Figure 4 displays the data of the present, further developed set-up versus the data of the original set-up [24] at steady state when the cylinder 1 rotates with constant angular speed    ω 1   .



However, the investigation of cavitation requires a transient condition that is, in the work on hand, a dynamic variation of the minimum film thickness that is produced by a radial displacement of the cavity 2. The forced movement of the cavity alters the elastic response of the system, leading to a revised relation between the momentary minimum film thickness and its lateral position given by Equation (7) and illustrated by Figure 5.


  Δ β =   2.89  ∘    0.168 +   Δ  h  min      H  min          



(7)








2.5. Broader Perspective and Physical Parameters


The diagram displayed in Figure 6 puts this work into a broader perspective in relation to the previous work [24] and other studies pertaining to the Taylor–Couette flow at low clearance ratios. The diagram shows the range of Reynolds number and clearance ratio which is addressed in this work. Compared to the previous work [24], which was located at the corner of the targeted research range that extends towards the operational range of journal bearings in diesel engines, the current experimental campaign is carried out well below the limit proposed by Kahlert [25] in the domain of the Stokes flow. The limit for the Stokes flow region is defined by Equation (8):


  R e ⋅ Ψ = 1 .  



(8)







Moreover, the borders to the Taylor vortex flow according to Eagles et al. [27] and to the fully turbulent flow according to DiPrima [28] are displayed, as well. It can be surmised that turbulence is of no concern because the Reynolds number is 2 orders of magnitude below the critical value. All substantial operational parameters are listed in Table 2 for further reference.





3. Experimental Results Accrued for Numerical Simulation


In many applications, an accurate numerical simulation is founded on solid empirical parameters which are obtained from experiments. The authors have introduced their numerical model in [24], which is based on a more general formulation presented by Ferziger and Perić [29]. The numerical simulation of the lubricant flow in the Couette apparatus requires a computational domain that is enclosed by three geometrical boundaries: the cylinder as a moving solid wall, the transparent cavity as a fixed solid wall and the axial open ends of the fluid film. Individual boundary conditions for the flow variables must be specified respectively. For the solid walls, gradient conditions apply for pressure and volume fraction, as well as no-slip conditions for the velocity. At the open ends, the ambient pressure is specified and the volume fraction is set to one, which corresponds to a complete liquid filling. A flexible meshing of the fluid domain enables the displacement of the rotating cylinder including the elastic correction according to Equation (7). Typical for a volume-of-fluid formulation, all properties are discretized on the unit volume and, according to Sauer [30], the two-phase flow requires an additional transport equation for the liquid volume fraction  α , which is normalized by the total volume of liquid and gas


    ∂ α   ∂ t   +  ∇ →  ⋅   α  u →    +  ∇ →  ⋅   α   1 − α     u →  α    =     M ˙  +  +   M ˙  −   ρ  ,  



(9)




which applies the liquid volume fraction


  α =    V l     V l  +  V g    .  



(10)







The source terms on the right-hand side of Equation (9) are defined by the Schnerr–Sauer model [31] and are mass flow rates discretized on the unit volume. The experimental data used in this work are obtained in the section of the fluid film directly downstream of the minimum film thickness and are integral quantities for the entire fluid volume according to Equation (11) rather than a quantization per unit volume. The time-dependent volume    V  tot     represents the entire fluid volume between the cavity and rotating cylinder, which is integrated across the image area  A  along the Sommerfeld angle


   V  tot   = B  R 1    ∫  φ   h   φ , ϕ   d φ  



(11)




and, according to [24], with the local fluid film thickness


  h   φ , ϕ   =  H 0  +  e 1    ϕ , Δ  h  min     ⋅ cos   φ + β   .  



(12)







The fluid film thickness   h   φ , ϕ     is measured directly by means of displacement sensors, and digital image processing yields the gas volume    V g    derived from the bubble’s size, which are combined to re-write Equation (10) in the following form:


  α =    V  tot   −  V g     V  tot     .  



(13)







The Schneer–Sauer model includes two empirical parameters    C R    and    C A    quantifying the mass flow for gas release     M ˙  +    and gas absorption     M ˙  −    of the source terms. These empirical parameters must be derived from experimental data and, in order to do so, they need to be quantified for    V  tot     which, for the case of bubble growth, leads to Equation (14), which is derived from the formula given by [31]:


    m ˙  +  = sgn    p g  − p  ϕ    ⋅    ρ l     ρ g   ρ  α   1 − α    V  tot   ⋅ 3   d ˙  d  ⋅  C R  .  



(14)







The first term in Equation (14), the pressure difference in relation to the saturation pressure    p g   , defines the direction of the mass transfer, and a positive sign results in gas release from the fluid. The second term quantifies the normalized mass fractions of liquid and gas, respectively, and is based on the densities of the species and the volume fraction from Equation (13). The third term represents the growth rate of the bubbles. The empirical parameter    C R    completes Equation (14) and this parameter has to be quantified in order to execute any numerical computation. Hence, one important result of this work is the quantification of    C R    by processing the high-speed images of the cavitation digitally. Moreover, the image processing yields the bubble size time resolved at recording speed. Thus, bubble diameter  d  and bubble expansion velocity   d ˙   become available. In general, the bubble growth rate is derived from the Rayleigh–Plesset equation, which is valid for an indefinite flow regime. Alas, liquid films do not provide an indefinite space in which bubbles can develop. In particular, the transient conditions in the vicinity of the minimum film thickness must be considered. It stands to reason that this term demands closer attention with respect to the conditions of a narrow gap flow and only during the inception phase Figure 7a, bubbles are smaller in diameter than the film thickness. The initial phase is followed by a phase Figure 7b when the bubble diameter is approximately equal to the film thickness and ultimately bubbles become disk-shaped with a visible diameter much larger than the film thickness Figure 7c. The calculation of the bubble growth rate must include this development according to the phases that are illustrated in Figure 7.



For the first phase, the inception of bubbles, we assume a spherical bubble with a diameter  d  and find the time derivative of its volume


    d  V B    d t   =  π 2   d 2   d ˙   



(15)




and that becomes, by normalizing with the bubble’s volume,


        d  V B    d t  V B       1  = 3   d ˙  d  .  



(16)







When a bubble is subject to the second phase and its diameter is of the magnitude of the local film thickness, the bubble volume becomes


   V B  =  π 4   d 2  h    φ B  , ϕ    



(17)




and the corresponding time derivative reads as follows:


    d  V B    d t   =  π 2  d  d ˙  h    φ B  , ϕ   +  π 4   d 2     h ˙     φ B  , ϕ    



(18)




and Equation (15) adjusted to phase 2 becomes, by normalizing with the bubble’s volume,


        d  V B    d t  V B       2  = 2   d ˙  d  +    h ˙     φ B  , ϕ     h    φ B  , ϕ     .  



(19)







When a bubble undergoes the third phase of the growth process, its diameter is significantly larger than the local film thickness and the bubble volume becomes


   V B  =  π 4   d 2    ∫  φ   h   φ , ϕ   d φ  



(20)




and the normalized bubble growth rate for phase 3 is


        d  V B    d t  V B       3  = 2   d ˙  d  +       h ˙  h     ¯     φ B  , ϕ   ,  



(21)




where the second addend on the right-hand side represents the normalized displacement velocity of the rotating cylinder 1 in relation to the cavity 2 that is averaged with respect to the bubble center. The final component, which must be measured in order to compute    C R   , is the mass flow rate of gas that is released from the liquid. The mass flow rate is obtained by subtracting the proportion of the bubble volume increase caused by pseudo-cavitation from the bubble volume increase recorded by high-speed photography. For the process of bubbles increasing in size, we insert Equation (13) and the bubble growth rates according to their specific phases into Equation (14), leading to Equation (22), which incorporates specific parameters reflecting the characteristic phases of cavitation in fluid films in narrow gaps


   C  R , i   =     m ˙  +     m ¯     m l     m g        d  V B    d t  V B       i     



(22)




indicated by the phase index  i  and where the density averaged fluid mass equals to


   m ¯  = ρ  V  tot   .  



(23)







In summary, this approach provides all necessary components to compute the empirical parameters for the distinct phases of bubble growth, i.e., the fluid volume    V  tot     of the fluid film downstream of the minimum film thickness    H  min     is geometrically defined, the normalized bubble growth rate as well as the mass flow rate are obtained by means of image processing and the thermodynamic properties of the gas are derived from other measured quantities such as pressure and temperature, which are ultimately available to calculate liquid and gaseous mass. Equations (11)–(23) show the deduction of    C R    step by step and the process for deducing    C A    must be executed for bubble shrinking accordingly.




4. Results


4.1. High-Speed Photography—Raw Material


The transient formation of bubbles in the lubricant film downstream of the minimal film thickness is triggered by a radial displacement of the rotating cylinder 1 inside the cavity 2. The following Figure 8, Figure 9, Figure 10 and Figure 11 show digital photography collected with a speed of 10,000 fps for the circumferential section downstream from    H  min     to a Sommerfeld angle of 193° and within ±25 mm symmetrically to the equator. The image on the left of Figure 8, Figure 9, Figure 10 and Figure 11 is color-coded, indicating the bubble diameter in relation to the transient, local film thickness. The transient development of the film thickness is displayed in the graph on the right that also indicates the momentary value of the minimum film thickness and the distribution of the thickness vs. the Sommerfeld angle downstream from the    H  min    .



The following Figure 12, Figure 13, Figure 14 and Figure 15 show digital photography collected with a speed of 10,000 fps for the circumferential section downstream from    H  min     to a Sommerfeld angle of 193° and within ±25 mm symmetrically to the equator. The image on the left of Figure 12, Figure 13, Figure 14 and Figure 15 is color-coded, indicating the proportion of gaseous cavitation in relation to the total increase in bubble volume. Herein, gaseous cavitation is the difference between the recorded bubble volume and isothermal expansion due to pseudo-cavitation. The photography on the right captures the bubble development itself at the indicated rotational angle. The current digital camera detects the bubbles of a diameter of 100 µm and larger.




4.2. High-Speed Photography—Evaluation by Digital Imaging


Figure 16 summarizes the results of image processing. The left y-axis shows the mass flow rate of released gas from the fluid which is displayed by the yellow curve (1). It stands to reason that initially there needs to be a higher release rate to engender bubbles that can spherically increase in size according to Equation (16) while the bubble diameter is smaller than the film thickness. When a bubble touches the walls its active surface is reduced to its circumferential surface and that is restricting the gas transfer. At a rotational angle of approx. 186°, the radial displacement of the inner cylinder reverses and consequently the fluid pressure increases and gaseous cavitation ceases altogether. However, bubbles may still increase in size due to pseudo-cavitation. This is in agreement with [19], who found that gas absorption demands a much longer time and released gas accumulates from cycle to cycle. In relation to the right y-axis, the red curve 2 represents the gaseous volume normalized according to Equation (24). After the inception of bubbles, pseudo-cavitation sets in and the green curve 3 captures the isothermal expansion of the gas, which is purely pseudo-cavitation. In summary, the major fraction of the increase in the gaseous volume is indeed caused by pseudo-cavitation. For the normalized gaseous volume, we write


  γ =    V g     V  tot     .  



(24)







The fact that released gas is accumulated becomes clearly visible by displaying the gas mass rather than the volume of the gas because the volume strongly depends on pseudo-cavitation, whereas the mass remains constant if there is no mass flow rate between liquid and bubble. Figure 17 evolves directly from Figure 16 with the gas mass on the right y-axis. Moreover, the experimental data show that the gas mass remains also constant while the bubbles decrease in size. This result confirms the observations of [18], who found that gas release is a fast process, but absorption evolves 10,000 times slower. We note that the cycle time of the present experiment is 0.5 s and the process time for bubble development is just a fraction of the cycle time, which is indicated by the graph of the normalized gaseous volume in Figure 16. Bubble development is forced by transient radial displacement and has a duration of 6° in rotational angle, resulting in a total process time of 8.3 ms, and merely a half of the process time remains for the gas to re-dissolve into the liquid. In other words, the mass flow rate     M ˙  −    must be zero.




4.3. Empirical Parameters of the Schneer-Sauer Model


With the measured properties of the mass flow rate, the bubble growth rate and the transient fluid volume, the empirical parameters for increasing bubbles    C R    when gas is released from the liquid and for decreasing bubbles    C A    when gas dissolves into the liquid can be computed by means of Equation (22). The result is displayed in Figure 18. The initial part of phase 1 is not yet fully determined due to an insufficient resolution of the camera and must be subject to further research. However, phase 1 of the bubble growth when bubbles have a diameter that is less than the film thickness is reliably detected. Data reveal that    C R    has a value of 1 and it stands to reason that initially gaseous cavitation must be dominant, because at first a bubble has to be engendered before it can expand by pseudo-cavitation. The second phase of bubble growth is characterized by a declining value of    C R   . It can be surmised that during the expansion of the bubble, the mass flow rate must decrease due to a simultaneously shrinking active surface because only the circumferential area is a liquid–gas interface, while the head sides of the bubble are facing the solid walls of inner cylinder and cavity, respectively. The third phase of bubble growth shows a strong decline of    C R    and pseudo-cavitation becoming the dominant process. After a rotational angle of 186.5°, the bubbles begin to shrink, and during the whole remaining duration of bubble development no mass flow was detected, and thus, the empirical constant for absorption    C A    must be zero. All experiments that provided data for Figure 18 were carried out with a fluid consisting of paraffin which contained 100% of dissolved air in relation to its saturation level.



Additionally, experiments were carried out using a cured fluid consisting of paraffin containing a reduced amount of air at 25% in relation to the saturaion level. The goal of these experiments was emulating a fluid free of gaseous cavitation and was designed to prepare for future research targeting vaporous cavitation that is negatively affected by gaseous cavitation. Available photography shows clearly no sign of bubble inception at all. Consequently, all empirical parameters must vanish, which is displayed by Figure 19 summarizing the results of both fluids. The values for    C R    are averaged per phase, respectively.





5. Discussion


This work presents the experimental results of cavitation based on the high-speed photography of a lubricant-type flow in the eccentric gap between a rotating cylinder and a cylindrical cavity. The eccentricity and thus the film thickness was dynamically varied by means of a newly developed mechanism causing gaseous cavitation and pseudo-cavitation downstream of the minimum film thickness. The observed type of cavitation was similar to the process of suction cavitation typical for journal bearings. Particularly, the inception of bubbles was captured, confirming the assumption that in the early phase of bubble development gaseous cavitation is dominant. Moreover, the unprecedented time resolution of the high-speed imaging system provided the digital photography of the entire bubble development, from inception to the end of the shrinking process in detail. Based on these data, the authors established the existence of three phases that divide the process of bubble growth which are sequentially showing firstly gaseous cavitation, followed secondly by gaseous and pseudo-cavitation that are co-existing and ending thirdly with pure pseudo-cavitation. Additionally, the data confirm other sources that the shrinking process of bubbles is entirely pseudo-cavitation and due to the shortness of the process time no mass flow rate appears, which is related to a dissolving of gas by the bubble carrying liquid. In other words, gas that is once released accumulates from cycle to cycle.



In addition to the results obtained by image processing and by applying quantitative data such as displacement, pressure and temperature measurement, the authors accrued data for the application in numerical simulations. The computation of two-phase flows based on the volume-of-fluid model utilizes the Schneer–Sauer model, which in turn includes empirical factors for bubble increase and decrease. The current results show that during the increase in bubbles, the value of the empirical factor varies according to the phase of the process and the form of cavitation dominating the particular phase. Moreover, it was found that the saturation level of the gas in the fluid has a strong effect on the result. Other parameters, such as the bubble diameter in relation to the film thickness, need further investigation to deepen the understanding of their effects. However, a set of experiments confirms that at very low air content gaseous cavitation ceases altogether.



Future studies will aim at the investigation of vaporous cavitation and thus it is an important result to provide conditions that are free of gaseous cavitation because sources state unanimously that gaseous cavitation weakens vaporous cavitation. Moreover, the new mechanism will enable the research of vaporous cavitation in particular during the inception of bubbles, which is yet not fully understood but could be critical with respect to material erosion.
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Nomenclature




	
  A  

	
image area




	
  B  

	
cylinder height, fluid film width




	
    C A    

	
coefficient for gas absorption




	
    C R    

	
coefficient for gas release




	
  d  

	
diameter of bubble




	
   d ˙   

	
bubble expansion velocity




	
    E 0    

	
static eccentricity




	
    E 1    

	
dynamic eccentricity




	
    e 1    

	
resulting eccentricity




	
    e 1 ′    

	
rigid eccentricity




	
    e  el     

	
elastic displacement




	
    H 0    

	
clearance between cylinder 1 and cavity 2




	
    H  min     

	
absolute minimal fluid film thickness




	
  h  

	
local, transient film thickness




	
   h ˙   

	
displacement velocity




	
    h  min     

	
momentary minimal fluid film thickness




	
     h ′   min     

	
rigid minimal fluid film thickness




	
   Δ  h  min     

	
elastic change of fluid film thickness




	
   m ¯   

	
density averaged fluid mass




	
     M ˙  +    

	
mass flow per unit volume during expansion




	
     m ˙  +    

	
mass flow during expansion




	
     M ˙  −    

	
mass flow per unit volume during shrinking




	
    m g    

	
mass of released gas




	
    m l    

	
liquid mass




	
  p  

	
local pressure




	
    p g    

	
equilibrium pressure of a gas dissolved in the liquid




	
    p v    

	
vapor pressure




	
   Δ p   

	
pressure difference




	
    R 1    

	
radius of inner cylinder




	
    R 2    

	
radius of cavity




	
   R e   

	
Reynolds number




	
  t  

	
time




	
  u  

	
fluid velocity




	
    V B    

	
bubble volume




	
    V g    

	
gaseous volume




	
    V  tot     

	
time-dependent volume




	
   x , y , z   

	
coordinates




	
Greek Symbols




	
  α  

	
volume fraction




	
  β  

	
lateral displacement of minimum film thickness




	
   β ′   

	
resulting lateral displacement of minimum film thickness




	
   Δ β   

	
elastic lateral displacement of minimum film thickness




	
  γ  

	
normalized gaseous volume




	
    ε 0    

	
relative static eccentricity




	
    ε 1    

	
relative dynamic eccentricity




	
  λ  

	
eccentricity ratio




	
  ν  

	
kinematc viscosity




	
    μ 0    

	
dynamic viscosity




	
  ρ  

	
local density




	
    ρ 0    

	
reference density




	
    ρ g    

	
gas density




	
    ρ l    

	
liquid density




	
  φ  

	
Sommerfeld angle




	
  ϕ  

	
rotational angle




	
  Ψ  

	
normalized clearance




	
    ω 1    

	
rotational speed of inner cylinder




	
Mathematical Operators




	
   ∇ →   

	
nabla operator




	
   sgn   

	
signum function




	
  Δ  

	
difference
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Figure 1. Experiment: Couette apparatus consisting of cylinder 1 rotating inside the transparent cavity 2, motor 3, linear traversing guide 4, rocker mechanism 5 and actuator 6 for radial displacement. 
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Figure 2. Optical access into the fluid film; viewing area located downstream of minimum film thickness. 
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Figure 3. Main parameters of experiment and Couette flow. 
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Figure 4. Elastic behavior of the Couette apparatus: rigid system vs. elastic system [24] with increased film thickness   Δ  h  min     and elastic lateral displacement of minimum film thickness   Δ β   at steady state with constant rotating speed    ω 1   . 
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Figure 5. Elastic behavior of the Couette apparatus: rigid system vs. elastic system with increased film thickness   Δ  h  min     and elastic lateral displacement of minimum film thickness   Δ β   during the introduction of a radial displacement of the cavity 2 while the cylinder 1 rotates with constant rotating speed    ω 1   . 
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Figure 6. Stability diagram of the Taylor–Couette flow developed from Reinke et al. [26]. 
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Figure 7. Phases of bubble growth in a narrow gap flow: (a) inception phase with gaseous cavitation, (b) interim phase with a combination of gaseous and pseudo-cavitation, (c) final phase of bubble growth with solely pseudo-cavitation. 






Figure 7. Phases of bubble growth in a narrow gap flow: (a) inception phase with gaseous cavitation, (b) interim phase with a combination of gaseous and pseudo-cavitation, (c) final phase of bubble growth with solely pseudo-cavitation.



[image: Fluids 07 00159 g007]







[image: Fluids 07 00159 g008 550] 





Figure 8. Bubble size in relation to local film thickness during phase 1, rotational angle   ϕ = 183.5 °   after initiation of transient radial displacement, inception of bubbles by solely gas cavitation, fluid: paraffin containing 100% dissolved air. 
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Figure 9. Bubble size in relation to local film thickness during phase 2, rotational angle   ϕ = 185.0 °   after initiation of transient radial displacement, simultaneous gas and pseudo-cavitation, fluid: paraffin containing 100% dissolved air. 
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Figure 10. Bubble size in relation to local film thickness during phase 3—final stage of bubble increase, rotational angle   ϕ = 186.3 °   after initiation of transient radial displacement, solely pseudo-cavitation, fluid: paraffin containing 100% dissolved air. 
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Figure 11. Bubble size in relation to local film thickness with decreasing bubble volume, rotational angle   ϕ = 188.5 °   after initiation of transient radial displacement, solely pseudo-cavitation, fluid: paraffin containing 100% dissolved air. 
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Figure 12. Phase 1: inception of bubbles by solely gas cavitation, rotational angle   ϕ = 183.5 °   after initiation of transient radial displacement, fluid: paraffin containing 100% dissolved air. 
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Figure 13. Phase 2: bubble growth due to simultaneous gas and pseudo-cavitation, rotational angle   ϕ = 185.0 °   after initiation of transient radial displacement, fluid: paraffin containing 100% dissolved air. 
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Figure 14. Phase 3: bubble growth by solely pseudo-cavitation, rotational angle   ϕ = 186.3 °   after initiation of transient radial displacement, fluid: paraffin containing 100% dissolved air. 
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Figure 15. Bubbles decreasing in size by solely pseudo-cavitation, rotational angle   ϕ = 188.5 °   after initiation of transient radial displacement, fluid: paraffin containing 100% dissolved air. 
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Figure 16. Description of the process of deducing the mass flow rate for bubble growth after initiation of transient radial displacement, fluid: paraffin containing 100% dissolved air. 
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Figure 17. Mass flow rate for bubble growth and total mass of released gas after initiation of transient radial displacement, fluid: paraffin containing 100% dissolved air. 
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Figure 18. Empirical parameters according to Schneer–Sauer model for bubble growth (gas release) and bubble decrease (absorption) after initiation of transient radial displacement, fluid: paraffin containing 100% dissolved air. 
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Figure 19. Empirical parameters according to Schneer–Sauer model for bubble growth after initiation of transient radial displacement in relation to volume of dissolved air, fluid: paraffin. 
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Table 1. Cavitation overview.
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	Issue
	Hydraulic Systems
	Lubricant Films





	fluid
	water
	oil



	viscosity
	low
	high



	compressibility
	yes, mixture of water and gas bubbles [6]
	no



	type of flow
	turbulent (Re > 2000)
	Stokes flow (Re · Ψ < 1)



	dissolved gas
	negligible [4]
	relevant [10,16,18,19]



	dimensions
	3D isometric domain

characteristic length >> bubble diameter
	2D domain

film thickness ≈ bubble diameter



	variability of fluid domain
	no
	yes, dynamic displacement of adjacent walls



	type of cavitation
	type is defined by the bubble formation in the fluid: cloud, sheet, line, according to [4,6]
	type is related to bearing failure assessment [21,22,23]:

suction cavitation

exit cavitation

impact cavitation

flow cavitation



	indicator for material erosion
	pressure fluctuations, unsteady condition of bubble distribution [4,5,6]
	dynamic increase in fluid film thickness caused by the displacement of adjacent walls [8]



	form of cavitation
	full cavitation

partial cavitation

inertia cavitation
	gaseous cavitation

vaporous cavitation

pseudo-cavitation [14]
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Table 2. Physical parameters of the experiment.
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Symbol

	
Value

	
Definition

	
Description






	
  B  

	
111.0 mm

	

	
cylinder height




	
    E 0    

	
3.417 mm

	

	
static eccentricity




	
    E 1    

	
0.030 mm

	

	
dynamic eccentricity




	
    H 0    

	
3.62 mm

	
    R 2  −  R 1    

	
clearance between cylinder and cavity




	
    H  min     

	
0.173 mm

	
    R 2  −  R 1  −  E 0  −  E 1    

	
absolute minimal fluid film thickness




	
    R 1    

	
146.44 mm

	

	
radius of inner cylinder




	
    R 2    

	
150.06 mm

	

	
radius of cavity




	
    ε 0    

	
94.40%

	
      E 0     H 0      

	
relative static eccentricity




	
    ε 1    

	
0.83%

	
      E 1     H 0      

	
relative dynamic eccentricity




	
  λ  

	
0.88%

	
      E 1     E 0      

	
eccentricity ratio




	
  Ψ  

	
2.47%

	
      H 0     R 1      

	
normalized clearance




	
    ω 1    

	
12.6 1/s

	

	
rotational speed of inner cylinder




	
Re

	
30.7

	
      ω 1   R 1 2  Ψ  ρ 0     μ 0      

	
Reynolds number




	
Properties of Paraffin at 20 °C




	
    ρ 0    

	
874 kg/m3

	

	
density




	
    μ 0    

	
190 mPa s

	

	
dynamic viscosity




	
  ν  

	
217 mm2/s

	

	
kinematic viscosity
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