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1. Introduction

Perhaps the most common occurrence of cavitation is in flowing liquid systems where hydrodynamic effects result in regions of the flow where the pressure falls below the vapor pressure XE "vapor pressure" . Reynolds (1873) was among the first to attempt to explain the unusual behavior of ship propellers at the higher rotational speeds that were being achieved during the second half of the nineteenth century. Reynolds focused on the possibility of the entrainment of air into the wakes of the propeller blades, a phenomenon we now term “ventilation”. He does not, however, seem to have envisaged the possibility of vapor-filled wakes, and it was left to Parsons (1906) to recognize the role played by vaporization. He also conducted the first experiments on “cavitation” (a word suggested by Froude), and the phenomenon has been a subject of intensive research ever since because of the adverse effects it has on performance such as the production of noise, vibrations and cavitation erosion.

2. Physical phenomena 

Let us define cavitation as the process of nucleation (rupture) in a liquid (continuum) when the pressure falls below a certain critical pressure. This critical pressure is often around the vapor pressure XE "vapor pressure" , but may incidentally be significantly lower than the vapor pressure XE "vapor pressure" . Boiling is similarly defined as the process of nucleation that occurs when the temperature is raised above the saturated vapor/liquid temperature. Of course, from a basic physical point of view, there is little difference between the two processes. The differences in the two processes occur because of the different complicating factors. The process of cavitation and a broad review of some of the complicating factors will be discussed in this chapter.

2.1 Phase diagram

We will start with a brief discussion on the phase diagrams. Phase diagrams indicate the state in which the substance occurs as a function of pressure p, temperature T and volume V (or specific mass
[image: image1.wmf]r

. Figure 1 shows typical phase diagrams. These diagrams are characterized by a few points and lines. A characteristic point is the triple point at which the solid, the liquid and the vapor state coexist as stable states. The saturated liquid/vapor line (or binodal) extends from this point to the critical point. On this line, the vapor and liquid states represent two limiting forms of a single “amorphous” state, one of which can be obtained from the other by isothermal volumetric changes, leading through intermediate but unstable states..........
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Figure 1 Typical phase diagrams

To quote Frenkel [1955]: “Owing to this instability, the actual transition from the liquid state to the gaseous one and vice versa takes place not along a theoretical isotherm (dashed line, right in Figure 1 but along a horizontal isotherm (solid line), corresponding to the splitting up of the original homogeneous substance into two different coexisting phases ...”. The critical 

point is that point at which the maxima and minima in the theoretical isotherm vanish and the discontinuity disappears.

The line joining the maxima in the theoretical isotherms is called the vapor spinodal line; the line joining the minima is called the liquid spinodal line. Clearly, both spinodals end at the critical point. The two regions between the spinodal line and the saturated  (or binodal) lines are of particular interest because the conditions represented by the theoretical isotherm within these regions can be realized in practice under certain special conditions. If, for example, a pure liquid at the state A (Figure 1) is depressurized at constant temperature, then several things may happen when the pressure is reduced below that of point B (the saturated vapor pressure). If sufficient numbers of nucleation sites of sufficient size are present (which is not arbitrary), the liquid will become vapor as the state moves horizontally from B to C, and at pressure below the vapor pressure XE "vapor pressure" , the state will come to equilibrium in the gaseous region at a point such as E. However, if no nucleation sites are present, the depressurization may lead to continuation of the state down the theoretical isotherm to a point such as D, called a “metastable state” since imperfections may lead to instability and transition to the point E. A liquid at a point such as D is said to be in tension, the pressure difference between B and D being the magnitude of the tension. Of course, one could also reach a point like D by proceeding along an isobar from a point such as D’ by increasing the temperature. Then, an equivalent description of the state at D is to call it superheated and to refer to the difference between the temperatures at D and D’ as the superheat.

In an analogous way, one can visualize cooking or pressurizing a vapor that is initially at a state such as F and proceeding to a metastable state such as F’ where the temperature difference between F and F’ is the degree of subcooling of the vapor.

2.2 Nucleation

Homogeneous nucleation

In a pure liquid, surface tension XE "surface tension"  is the macrosopic manifestation of the intermolecular forces that tend to hold molecules together and prevent the formation of large holes. The liquid pressure P, exterior to a bubble of radius R, will be related to the interior pressure pB by:
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where S = surface tension XE "surface tension" .

In the following, it is assumed that the concept of surface tension XE "surface tension"  (force exerted per unit bubble radius) can be extended down to bubbles or vacancies with the size of a few intermolecular distances. Such an approximation is surprisingly accurate (Skripov, 1974).

Heterogeneous nucleation

In the case of homogeneous nucleation, microscopic voids of radius R will grow causing rupture, then the pressure on the liquid p is reduced below the critical value 
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. Therefore, the tensile strength is 
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Let us now consider a number of analogous situations at a solid/liquid interface, as indicated in Figure 2. The contact angle at the liquid/vapor/solid intersection is denoted by 
[image: image6.wmf]q

. It follows that the tensile strength in the case of the flat hydrophobic surface is given by 
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where R is the typical maximum dimension of the void. Hence, in theory, the tensile strength could be zero in the limit as 
[image: image8.wmf]qp
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. On the other hand, the tensile strength for a hydrophilic surface is comparable with that for homogeneous nucleation since the maximum dimensions of the voids are comparable. One could therefore conclude that the presence of a hydrophobic surface would cause heterogeneous nucleation and much reduced tensile strength.
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Figure 2 Various modes of heterogeneous nucleation

Of course , at the microscopic scale with which we are concerned, surfaces are not flat, so we must consider the effects of other local surface geometries. The conical cavity of case c is usually considered in order to exemplify the effect of surface geometry. If the half angle at the vertex of this cavity is denoted by 
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, then, it is clear that zero  tensile strength occurs at the more realizable value of 
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 rather than 
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. Moreover, if 
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, it is clear that the vapor bubble would grow to fill the cavity at pressure above the vapor pressure XE "vapor pressure" .

It is clear that some specific sites on a solid surface will have the optimum geometry to promote the growth and macroscopic appearance of vapor bubbles. Such locations are called nucleation sites. Furthermore, it is clear that as the pressure is reduced more and more, sites will become capable of generating and releasing bubbles to the body of the liquid. This phenomenon can clearly be observed near the leading edge of a propeller blade when no roughness is applied to the Leading Edge. When roughness is applied, nucleation occurs at the roughness particles and a more uniform cavity shape occurs.
Effect of contaminant gas

Virtually, all liquids contain some dissolved gas. It is virtually impossible to eliminate this gas from any substantial liquid volume. For example, it takes weeks of deaeration to reduce the concentration of air in the water of a tunnel below 3 ppm (saturation at atmospheric pressure is about 15 ppm). If the nucleation bubble contains some gas, then the pressure in the bubble is the sum of the partial pressure of the gas pG and the vapor pressure XE "vapor pressure"  pV. Hence, the pressure in the liquid at equilibrium is:
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and the tensile strength is defined as:
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Thus, dissolved gas will decrease the potential tensile strength. Indeed, if the concentration of gas leads to sufficiently large values of pG, the tensile strength is negative and the bubble will grow at liquid pressures greater than the vapor pressure XE "vapor pressure" .

The above circumstances refer to a situation in which the liquid is not saturated with gas, at the pressure at which it has been stored. In theory, no gas bubbles can exist in equilibrium in a liquid unsaturated with gas, but otherwise pure if the pressure is maintained above 
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, where pGE is the equilibrium gas pressure.

One of the most basic issues is that all of the gas filled microbubbles that are present in a sub-saturated liquid should dissolve away if the ambient pressure is sufficiently high. Henry’s law states that the partial pressure of gas in the bubble, that is in equilibrium with a saturated concentration 
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of gas dissolved in the liquid will be given by:
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where H is Henry’s law constant for that gas and liquid combination (Note that H decreases substantially with temperature).

Consequently, if the ambient pressure 
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is greater than 
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, the bubble should dissolve away completely. This would cause a dramatic increase in the tensile strength of the liquid.

While it is true that degassing or high pressure treatment does cause some increase in tensile strength (see e.g. Keller [1974]), the effect is not as great as one would expect. This dilemma has sparked some controversy in the past and at least three plausible explanations have been advanced, all of which have some merit:

· First is the Harvey nucleus mentioned earlier, in which the bubble exists in a crevice in a particle or surface and persists because its geometry is such that the free surface has a highly convex curvature viewed from the fluid, so that surface tension XE "surface tension"  supports the high liquid pressure. 

· Second and more esoteric is the possibility of the continuous production of nuclei XE "nuclei"  by cosmic radiation.

· Third is the proposal by Fox and Herzfeld [1954] of an “organic skin” that gives the free surface of the bubble sufficient elasticity to withstand high pressure. Though originally less plausible than the first two possibilities, this explanation is now more widely accepted because of recent advances in surface rheology, which show that quite small amounts of contaminant in the liquid can generate large elastic surface effects. Such contamination of the surface has also been detected by electron microscopy.

2.3 Nucleation in flowing liquids

As discussed in the previous section, vapor voids (or cavitation) will occur when the local pressure p drops below some critical pressure pc, often not identical to the vapor pressure XE "vapor pressure"  pv.

difference in Cpmin and 
[image: image21.wmf]s
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To be extended.

3. Spherical bubble dynamics

We will consider the behavior of a single bubble in an infinite domain of fluid at rest far from the bubble and with a uniform temperature far from the bubble. This spherically symmetric situation provides a simple case that is amenable to analysis and reveals a number of important phenomena. Complications such as those introduced by the presence of a nearby solid boundary will be left out of consideration here.

3.1 Rayleigh-Plesset equation

Consider a spherical bubble of radius R(t) (where t is time) in an infinite domain of liquid whose temperature and pressure far from the bubble are 
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 and 
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. The temperature 
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 is assumed to be a simple constant. The pressure 
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 is assumed to be known. This pressure controls the growth or collapse of the bubble.

Although compressibility of the liquid can be important in the context of bubble collapse, it will for the present be assumed that the liquid density 
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 is a constant. Furthermore, the dynamic viscosity 
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 is assumed constant and uniform. It will also be assumed that the contents of the bubble are homogeneous and that the temperature 
[image: image28.wmf]()

B

Tt

 and pressure 
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 within the bubble are always uniform. These assumptions may not be justified in circumstances that will be identified as the analysis proceeds.

The bubble radius R(t) will be one of the primary results of the analysis. The bubble and its describing variables are indicated in Figure 3. We will now consider the governing relations.
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Figure 3 Schematic of a spherical bubble in an infinite liquid

Conservation of mass requires that:
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where F(t) is a constant over the computational domain, only time dependent. F(t) is related to R(t) by a kinematic boundary condition at the bubble surface. In the idealized case of zero mass transport across the bubble boundary, it follows that 
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 and hence:
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The above relation holds true when the vapor density is much smaller than the liquid density:
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. This appears to be often a good approximation, even when evaporation or condensation is occurring at the interface. 

The Navier-Stokes equation for fluid motion in radial direction r reads:
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Substituting the radial velocity 
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from eq. (6)

 yields:
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It is interesting to note here that the viscous terms have vanished. Indeed, the only viscous contribution to the bubble eq. of motion comes from the dynamic boundary condition at the bubble surface, as will be discussed in the following.

Eq. (8)

 can be integrated over r to give:
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where the condition is used that 
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 as 
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To find a relation for the time dependent function F(t), we will consider the dynamic boundary condition on the bubble surface. For this purpose, consider a control volume consisting of a small, infinitely thin lamina containing a segment of interface (Figure 4). 

Figure 4[image: image108.jpg]


 Forces on the spherical bubble interface

The net force on this lamina in the radially outward direction per unit area is:
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where 
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is the normal stress acting on the outside of the bubble. This stress is built up from a pressure term and a viscous stress term, which can be written as:
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Substituting eq. (11)

, the net force per unit area can be written as:
(12)

 in 
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When there is no transport of mass across the boundary (evaporation or condensation) this force must be zero according to the conservation law of momentum. Substitution of eq. 
(10)

 for the value of  GOTOBUTTON ZEqnNum497244  \* MERGEFORMAT  and 
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 yields the generalized Rayleigh-Plesset equation for bubble dynamics:
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This equation can be used to find the bubble radius R as a function of time when the pressure at infinity 
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 and the pressure in the bubble 
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 are known.

This equation was first derived and used by Rayleigh (1917), in the absence of the surface tension XE "surface tension"  and the viscous terms. Plesset (1949) first applied the equation to the problem of traveling cavitation bubbles.

3.2 Bubble stability and cavitation inception

Consider a gas/vapor bubble of radius R in a fluid with pressure p. The pressure inside the bubble is equal to the outside pressure p, plus the surface tension 
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. Here, S is the surface tension in N/m. The pressure inside the bubble is the sum of the vapor pressure pv and the partial gas pressure pG:
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In isothermal conditions, the gas pressure is inversely proportional to the volume, so the gas pressure can be written as 
[image: image51.wmf]3

K

R

, where 
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is a measure for the amount of gas in the nucleus. The relation between the bubble radius R and the pressure p is given in Figure 5 for two values of the amount of gas K.
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The curve shows a minimum, and when the radius is at that minimum, the radius increases with increasing pressure. This is an imaginary situation, which cannot be reached. When the pressure reaches the minimum value, equilibrium is no longer possible and the bubble will grow so rapidly that inertia terms have to be included in the equilibrium equation. This will be done in a separate section. The minimum radius at which a stable condition is possible is called the critical radius.

Figure 5 Bubble radius as a function of the outside pressure

The critical radius can be found from differentiation of the pressure:
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from which condition it follows that



[image: image54.wmf]3

2

crit

K

R

S

=


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (17)

The pressure at which this critical radius is taken as the inception pressure pi. This pressure can be found by substitution of the critical radius in eq. (15)

 and is:
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The difference between the vapor pressure and the inception pressure, as expressed in eq. (18)

, decreases with increasing critical radius and thus with increasing nuclei size in the undisturbed flow.

This leads to the important conclusion that the inception pressure depends on the size of the largest nuclei in the fluid.

This conclusion can be expressed in a non-dimensional way. The pressure is expressed as the cavitation index
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where 
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 is the pressure in the undisturbed flow at the same location. The surface tension 
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is expressed in the non-dimensional Weber number 
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where 
[image: image61.wmf]0
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 is the radius of the nuclei in the undisturbed flow. Eq. (15)

 is valid in the undisturbed flow, as well as in the critical inception condition, so:
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Elimination of 
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 and expressing the equations in cavitation index and Weber number, results in
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The difference between inception pressure and the vapor pressures, as expressed in the left hand of this eq., can also be written in non-dimensional terms, as:
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where
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This gives the final non-dimensional form to the inception pressure:
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Eq. 
(25)

 has severe implications for scaling of cavitation inception. It means that apart from the cavitation index  GOTOBUTTON ZEqnNum474200  \* MERGEFORMAT , also the Weber number 
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has to be the same at model and full scale. To the Weber number is an additional scaling law, introduced by the surface tension as a new parameter. The Weber number can also b e derived as a scaling law, using the 
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theorem as mentioned in the course Resistance and Propulsion 1.

Example

The actual nuclei distribution in sea water is not very important. Nuclei of 10 microns are abundant in sea water (see Fig. …). Using a representative entrance velocity of propeller blade sections of 30 m/s, and a minimum pressure coefficient of 1.0, the value of 
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 to be:
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From eq. 
(25)

, the value of  GOTOBUTTON ZEqnNum568255  \* MERGEFORMAT  can be calculated, when for 
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a representative value of 1 is used: 
[image: image76.wmf]0.031

s

D=

. This is a very small deviation of the representative cavitation index 
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. At full scale, the deviation of the inception pressure from the vapor pressure is expected to be negligible.
This leaves the problem at model scale. At a representative model scale of approx. 25 and Froude scaling, the required radius of the nuclei will be approx. 250 microns. This is not evident at all and generally requires additional measures.

4. Nuclei and cavitation

Objective: Description of the role of nuclei XE "nuclei"  in cavitation inception XE "cavitation inception"  and of nuclei-related scale effects

Cavitation is the occurrence of vapor in the fluid. When cavitation occurs a region of vapor occurs in the fluid. The pressure inside the cavity is close to the vapor pressure XE "vapor pressure" , although some air may also be present in the cavity. Because cavities generally grow very rapidly, the time for air to diffuse into the cavity will be small and the amount of air or other gases will be small. It can therefore be assumed that the pressure in a cavity is equal to the vapor pressure XE "vapor pressure" .

However, when the pressure in a fluid is lowered, cavitation does not start when the pressure is at the vapor pressure XE "vapor pressure" . When the water is very pure, the pressure can be lowered to large negative values. An example is the experiment of Zwick who used a Z-shaped tube, rotating about its center of gravity. Due to the centrifugal force the pressure in the center of the tube could be lowered until -50 bar until cavitation occurred and the fluid was thrown out of the tube. For all practical purposes it can be stated that

pure water does not cavitate

For cavitation to occur it is necessary to break the molecular bond between the water molecules. This is nearly always done by free gas, which is present in water. When the pressure is lowered the gas expands and grows into a cavity. Vapor is formed at the wall of the gas bubbles and when the volume grows the partial gas pressure will decrease rapidly and the pressure inside the cavity will be close to the vapor pressure XE "vapor pressure" . These microscopic amounts of free gas bubbles are called nuclei XE "nuclei" . They affect the conditions at which cavitation begins. The onset of cavitation is called cavitation inception XE "cavitation inception" . Nuclei play a role at cavitation inception, not when the cavity exists or disappears. The conditions at which cavitation begins are referred to as inception conditions. When cavitation has just started, the cavitation is therefore called incipient cavitation. The disappearance of cavitation when the pressure is increasing is called desinence XE "desinence"  of cavitation. There may be a significant difference between the conditions at inception and desinence. This difference is called hysteresis, because it shows when the pressure is subsequently lowered and increased around the vapor pressure.

The role of nuclei in cavitation is most clearly demonstrated by one type of cavitation: bubble cavitation, as shown in Figure 6. Cavitation occurs in this case by expanding nuclei. These nuclei grow into isolated bubble cavities, which move with the flow. Because they move with the flow, this type of cavitation is also called transient cavitation.
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Figure 6 Bubble cavitation at low (left picture) and high (right picture) nuclei content

Inception conditions depend on the nuclei in the flow. It is therefore necessary to obtain a global understanding of the behaviour of nuclei. The dynamics of bubbles or nuclei are considered in Section 3.

4.1 Presence of nuclei in water

The question arises what the origin of the gas nuclei in the fluid is. A small gas nucleus will have a high gas pressure due to the high surface tension and consequently diffusion of the gas into the fluid will occur. For a 10 micron  (
[image: image78.wmf]m

) diameter gas nucleus, it is a matter of seconds to go into solution and disappear! Larger gas nuclei on the other hand will rise to the surface and disappear there 
. In standing water, there will be no nuclei left after a short time. In moving water, this may take more time and nuclei may be kept in the fluid. But due to the surface tension, the pressure in the gas bubble is higher than in the surrounding fluid and diffusion of gas from the bubble into the fluid will occur. So after some time, the nucleus will go into solution unless the water is supersaturated with air.

4.2 Measuring nuclei size and density

Measuring the nuclei size in a flow is not easy. The most direct measurement is through holography, where a hologram is made of a space in the fluid. By reconstructing the hologram, the bubbles can simply be counted. An advantage of this method is also that it can distinguish between solid particles and bubbles. A disadvantage is that the counting is very time consuming. The use of image analysis on computers may take over this task, but this still requires lots of computer time. Another disadvantage of holography is that it cannot be used on-line. Only an instantaneous measurement can be made. Holography is suitable and has been used to calibrate other methods.

Another method is based on the response of bubbles in an acoustic pressure field. When a sound wave with a white spectrum is send through a fluid with only one bubble size, the resonance frequency of that bubble will damp the sound wave in that particular frequency. Analysis of the spectrum of a hydrophone can therefore give the bubble size by the frequency which is damped. The amount of damping will indicate the nuclei density. This technique can measure continuously. A disadvantage is that it has no spatial resolution.

The reflection of light of a spherical bubble is also very specific and this can be used to measure the bubble size. This technique is referred to as Phase Doppler Analysis (PDA). It can also be used on-line during a measurement, but it is restricted. It has spatial resolution in that it measures in a small measuring volume.

The most simple method which has been used more frequently than all others applies a so called Cavitation Susceptibility Meter (CSM). This method uses the concept of the critical pressure to measure the size of a nucleus. It consists of a line through which fluid is removed at a specific position of a tunnel or a tank. The fluid is pumped through a venturi,  in which the fluid is accelerated and a corresponding decrease of the pressure occurs (according to Bernouilli's theorem). The pressure level in the venturi can thus be adjusted by adjusting the flow rate through the system. Because of the low pressure level, nuclei start to cavitate, that is to expand very rapidly. Upon entering the region of increased pressure, the cavity implodes. These implosions can be counted, their number being a good measure for the number of nuclei. The pressure in the venturi is equal to the critical pressure of the smallest bubbles that started to cavitate. As such, a cumulative spectrum of the bubbles can be measured, indicating the number of nuclei exceeding the threshold size over a range of threshold diameters.

4.3 Controlling Nuclei

There are several ways to control the size and density of nuclei.

The first and most common technique to control nuclei is to control the total air content of the tank or tunnel water. However, the inception pressure is not depending on the total air content, but only on the free air content, which is the fraction of air which is not in solution. This is generally only a small fraction of the total air content. In cavitation tunnels however, there are many locations where dissolved gas can come out of solution and form nuclei. Such locations are locations where flow separation occurs, such as in the pump, in corners at turning vanes, on honeycombs etc. As a result, the total gas content has a certain relation with the free gas content and thus with the nuclei distribution. It is important to keep in mind that this relation is facility dependent, and that in each facility the free gas content will depend on the tunnel speed and on the tunnel pressure.

Better facilities with very few separation locations have too low nuclei content. This is especially true for tunnels with an absorber, which is a leg in the tunnel with a high static pressure, which also has a large volume, so that the residence time of the tunnel water is long. As a result, the nuclei will go into solution. A way to supply nuclei is by jets of supersaturated water, which blow into the upper leg of the tunnel (ref ….). It is very difficult however, to control the maximum size and the size distribution. An additional problem is the screening of the nuclei, which takes place in the test section, where the larger nuclei tend to move to the top of the test section. 

A third way to ensure sufficient nuclei is electrolysis. A set of two wires or strips is put under tension and as a result of the conductivity of the water, the water is dissolved into oxygen and hydrogen. These gases are cut away from the electrodes and form a mist of nuclei in the fluid. There has to be sufficient mixing downstream of the electrodes to generate a uniform distribution. This technique is useful at lower velocities. At high velocities, the nuclei remain very small, and the current has to be very high. In a closed system, the gas mixture should be carefully controlled because it is highly explosive. An example of the application of electrolysis is provided by the Depressurized Towing Tank of MARIN, where the standing water contains very few nuclei and where seeding of nuclei is required (see Kuiper ….).

Methods to affect the nuclei content are scarce. Perhaps the most refined system is used by the GTH tunnel in Val de Reuil (France).

4.4 Scaling of Nuclei Size

It should be kept in mind that the inception pressure is determined by the largest nuclei in the flow. The inception pressure is equal to the critical pressure of the largest nuclei in the flow. In steady conditions (e.g. a propeller in a uniform flow), the amount of nuclei is not important, because there is no time limit for inception to occur. Effects of the encounter frequency of nuclei, and thus of the nuclei density will be discussed later. 

Assuming the same fluid density 
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 and surface tension 
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 at model and full scale, a proper scaling of cavitation inception of the Weber number means that :
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When Froude scaling is applied, this means that the largest nuclei at model scale have to be larger than the nuclei at full scale by a factor equal to the scale ratio.
Most cavitation inception tests are carried out in a cavitation tunnel without free surface, where the model velocity is often chosen to be higher than the Froude scaled velocity. When this increase is expressed by a factor k, the relation between model and full scale velocity becomes:
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The factor k typically does not exceed a value of 3. With the relation for nuclei scaling (eq.  (27)

  ), this leads to one of the important problems in cavitation testing. 

For a proper scaling of the inception index the maximum nuclei size at model scale should be larger than at full scale by a factor 
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4.5 Effects of Nuclei Density

Developed sheet and tip vortex cavitation are not affected by the amount of nuclei in the flow. However, the amount of nuclei which grow into cavities affects the appearance of bubble cavitation. When only a few small nuclei are present, only a few bubble cavities will be present at the propeller blade, as shown in Figure 7. An increase of the amount of nuclei with approximately the same critical pressure, will increase the number of bubble cavities. Figure 7 was taken in a cavitation tunnel at a low nuclei content. When the nuclei content was increased (by increasing the total air content, see  below), the appearance changed as is clearly seen in the right photo of  Figure 6.
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Figure 7 Bubble cavitation in a Cavitation Tunnel at high air content - buba
A more systematic variation of the nuclei content was carried out by using electrolysis (as discussed below) in the MARIN Depressurized Towing Tank. With increasing current through the double electrodes, an increasing amount of nuclei was generated. The effect on the appearance of bubble cavitation is shown in Figure 8 (I, II and III).
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Figure 8 Bubble cavitation with increasing Nuclei Density

When there are a limited number of nuclei available, they will grow to a large size. The growth of the cavity is arrested only when its growth has increased the pressure in the fluid around the cavity to the vapor pressure. When many bubbles expand at the same time, the maximum size of the bubble cavities will decrease and the number of bubble cavities will increase. This is illustrated in Figure 8, IV, where roughness was applied at the leading edge.

2.6.1 Application of roughness

Roughness particles at the leading edge of the propeller blade were applied initially to make the laminar boundary layer turbulent. This will be dealt with in section ….. An additional effect of roughness particles on the surface of a foil or propeller blade is that these particles generate nuclei. This process of nuclei generation is very effective, because many nuclei are generated close to the blade surface, which is in the low pressure region. Figure 8 IV is an example of that.

2.6.2 Reynolds effects on bubble cavitation

It is well known that scale effects on cavitation inception are reduced by increasing the Reynolds number of the propeller blade sections. This means for a given propeller and increase of the rotation rate. This can easily be understood when it is realised that the minimum pressure goes down at the same cavitation index with increasing rotation rate or Reynolds number. That means that at higher Reynolds number smaller nuclei reach their critical pressure and more nuclei will be available for cavitation inception.

In order to determine the correct amount of nuclei, scaling laws have to be considered.

2.6.3 Scaling of nuclei density

Let us consider only the nuclei that take part in the formation of bubble cavities. For a proper representation of cavitation at model scale, the number of cavities at model scale should be equal to the number at full scale. This leads to the simple requirement that the number of nuclei at model scale should be larger than at full scale with a factor 
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This requirement, together with the fact that the size of the largest nuclei should be increased for proper scaling of cavitation inception with a factor 
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, which makes that the free as content of the water at model scale should be higher than at full scale with a factor 
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. This leads to serious problems, because such water will have the appearance of “soda pop”. Visualization will not be possible and the compressibility of the water can no longer be neglected. The latter affects not only the pressure distribution on bodies in the flow, but also the noise radiation, since the velocity of sound will be drastically lowered. This condition is impossible to obtain in practice.

The requirement of a similar number of cavities is not always necessary. In fact, it is a requirement  which stems from the scaling of noise radiated by bubble cavities. Every cavity acts as a noise source and therefore the number of nuclei should be scaled. This is of course only sensible when the noise production of a single cavity is also properly scaled and that is a problem in itself. So the requirement of scaling of the number density can in practice be relaxed considerably.

For a proper scaling of cavitation inception, it is sufficient to define a minimum encounter frequency of the largest nuclei. This means that a blade section, moving through the wake peak in behind condition, encounters at least a minimum number of nuclei during the entry of the wake peak. When the largest nuclei are large enough to cause inception close to the vapor pressure, the scale effect will be the time delay between the moment the vapor pressure is reached and the moment a large nucleus is encountered. Both conditions are required for cavitation inception.

The appearance of bubble cavitation with a low nuclei density will be different from the appearance with a high nuclei density. In Figure 9 a typical pattern of bubble cavitation at a low rotation rate (Reynolds number) is shown. At a low rotation rate, the tunnel pressure has to be very low to arrive at the required cavitation index. Although it seems that there are plenty of nuclei in the flow, only a few explode into cavities on the blade. This is because the amount of nuclei passing through the low pressure region on the blades is still very limited. A further increase of the nuclei content would lead to visibility problems.
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Figure 9 Bubble cavitation on a propeller operating at a low rotation rate
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Figure 10 Bubble cavitation at High Rotation Rate (1450 rpm) -801866


When the same propeller is run at a high rotation rate (the maximum is determined by the tunnel velocity and the power of the driving system) at the same cavitation index the pressure in the test section will be much higher. There will be fewer nuclei in the test section and their radius will be smaller. At the same time, the Weber number (eq. (27)

  will consequently be much smaller and nuclei will grow to cavitating bubbles at a lower cavitation index. These two tendencies are opposite.
(20)

 ) will be much higher. The scale effect, determined by eq. 
The result in Figure 10 shows that in this case (the large cavitation tunnel of MARIN), the decrease of the nuclei size due to the higher pressure in the test section dominates over the earlier inception due to the smaller scale effect. The bubble cavitation has decreased significantly. Except for some streaks, it has almost disappeared, although the cavitation index and the pressure coefficient in this condition are the same as in Figure 9. So the pressure on the blades is certainly below the vapor pressure. An increase in Reynolds number, which for other reasons is often assumed to reduce the scale effects, increases the scale effects in this case and increases the need of additional nuclei. The maximum size of the additional nuclei in Figure 10 can be smaller than in the condition of Figure 9.

The streaky appearance of the bubble cavitation in Figure 10 has a viscous origin. This will be discussed in a separate chapter.

When the nuclei content is systematically increased, the amount of cavitation bubbles on the blades will increase, as shown in Figure 8.

Many measurements of the nuclei content have been made in various conditions. A summary of many measurements is shown in Figure 11 from Gates[…]
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Figure 11 Nuclei density in various water conditions

These measurements have been made with various measuring techniques. These techniques are discussed in section 4.2. The nuclei density in this Figure is expressed as
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where N is the number of nuclei with a radius between R1 and R2. The unit is therefore m-4.

The slope of the distribution was found to be similar in many cases, although the log-log scale makes the curves very insensitive to variations. When this slope is assumed to be a universal property of water, it is sufficient to measure only a limited range of nuclei sizes to determine the whole spectrum.

When such a distribution at model and full scale is assumed it is possible to calculate the density of nuclei which become unstable, both at model and full scale. This can be used to calculated the encounter frequency both at model and full scale. This makes it possible to describe scale effects in terms of the probability of a cavitation event XE "cavitation event" . A cavitation event is the unstable growth of nucleus into a cavity. Since this cavity implodes when it arrives in a region of higher pressure, cavitation events ca be counted by the noise peaks of their implosion.

5. Boundary layer effects on Cavitation Inception

In the seventies, it was recognized that not only nuclei were responsible for scale effects in cavitation inception, but that the conditions of the boundary layer also played a major role in the inception behaviour. We will review the different boundary layer conditions and illustrate the effect on cavitation inception.

5.1 Laminar flow

Consider the boundary layer on a foil section, as shown in Figure 12. The boundary layer is laminar in the minimum pressure region and transition to a turbulent boundary layer occurs downstream. The cavitation index at inception in this conditions was found to be the pressure coefficient at transition 
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instead of the minimum pressure coefficient (as will be shown later in this section, it is not so easy to establish such a condition experimentally, since disturbances can blur the situation very easily). What happens in this situation?
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Figure 12 Boundary layer at the suction side of a profile

The first thing that was observed is that no cavitation occurs in the laminar boundary layer. The only explanation available is that there are no nuclei in that region to break the bond of the water, so there exists a pressure far below the vapor pressure, or even a tension in the water at the location of minimum pressure. This has been measured experimentally by Parkin […] on a headform. When additional nuclei were supplied to the flow, this had no effect.

A possible explanation is referred to as bubble screening. Consider a nucleus approaching the foil at a streamline close to the streamline attached to the stagnation point (Figure 13).
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Figure 13 Bubble screening

Near the stagnation point S, the local pressure at the foil is higher than the undisturbed pressure p0 in the fluid. The pressure will become lower than p0 at some distance from the stagnation point. The over and underpressure relative to p0 is indicated in Figure 13 by a plus and a minus respectively. The maximum over and underpressure will occur on the foil surface. Outside in the flow, the pressure difference with the undisturbed pressure will decrease. This means that a bubble approaching the foil will experience a pressure gradient away from the foil surface close to the overpressure region. The gas bubble will experience a force in the direction of the pressure gradient and will therefore move away from the foil surface. Inversely, it will move towards the foil surface in the low pressure region. As a result, the bubble will follow the indicated path.

When the minimum pressure location is close to the leading edge, as is the case on thin blade sections (location of minimum pressure may be at 0.1% of the chord), the bubble path will avoid the location of minimum pressure and will experience a much higher minimum pressure along its path. As a result, it will not cavitate. Such calculations were first carried out by Hsieh in 1965.

Another factor playing a role in sharp minimum pressure peaks is the time delay factor. It takes time for a nucleus to grow to a visible size. This is treated in the chapter on bubble dynamics. 

Similar phenomena were observed on model propeller blades. In a condition with a low pressure peak at the leading edge and a low cavitation index, no cavitation was present, except for a few extensive streaks, as shown in Figure 14. The fact that the pressure is very low at the leading edge is illustrated by the large spot. At the midchord, the pressure is still lower than the vapor pressure, as is illustrated by the large bubble cavity.
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Figure 14 Absence of cavitation in low pressure regions (801895)
The standard solution for these types of problems was an increase of the Reynolds number of the blade sections. The propeller was therefore tested at maximum rpm. The result of such an rpm increase can be seen in Figure 15.
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Figure 15 Effect of increased propeller rotation rate on cavitation appearance  (801892)
This observation is made at the same advance ratio as in Figure 14, so the non-dimensional pressure distribution should be the same. The number of spots increased and the bubble cavity is replaced by a spot, but significant regions of the leading edge remain without cavitation. As will be shown below, this is due to the presence of laminar boundary layer at the leading edge. The absence of cavitation when the local pressure is below the vapor pressure does not occur at full scale, and this effect is therefore called a scale effect. Why it is not present a full scale will be discussed later.

To eliminate the laminar boundary layer, artificial roughness was applied over a small distance at the leading edge. Carborundum particles with an average size of 60 microns were glued to the propeller leading edge over a distance of 1 to 2 percent of the chord length. This makes the boundary layer turbulent and makes cavitation possible. The result of a roughened leading edge in the same conditions as in Figure 14 is shown in Figure 16. A full sheet cavity is formed. Note that the length of the spots on the smooth blades are approximately of the same length as the full sheet in Figure 16.
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Figure 16 Effect of Leading Edge Roughness - 801893

The application of leading edge roughness, which acts as a turbulence stimulator, is not universally accepted, because of the risk of changing the leading edge geometry when the roughness is not very carefully applied.

5.2 Boundary layer on a model propeller

The condition of the boundary layer on a model propeller in uniform flow can be made visible using a paint test. An amount of special paint is applied at the leading edge of the propeller and the propeller is tested at a certain advance ratio in the towing tank. The paint streaks reveal the condition of the boundary layer, as illustrated in Figure 17. The paint streaks move slowly over the blade surface and the boundary layer exists on top of the paint layer. Below a laminar boundary layer, the friction force on the paint particles will be lower than below a turbulent boundary layer. At a certain radius, the centrifugal forces (the paint particles move virtually with the blades) will be the same below a laminar and a turbulent boundary layer. As a result, the paint streaks below a laminar boundary layer will be directed outward, while the streaks below a turbulent boundary layer will be more in tangential direction. Transition of the boundary layer from laminar to turbulent can thus be detected at midchord in Figure 17.
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Figure 17 Paint test revealing laminar and turbulent flow regions (860481)
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Figure 18 Paint test revealing earlier transition due to a higher Reynolds number (paintb)


The higher velocities at the leading edge make the paint streaks very thin. The lower velocities in the transition region make the paint streaks thicker. In this conditions, nearly the whole leading edge of the blade is laminar, transition occurs only far downstream, where the pressure is much higher. In this condition, no sheet cavitation will occur, even when there is a sharp low pressure peak at the leading edge.

The regular way to remove these effects is an increase in Reynolds number. This should move the transition region towards the leading edge. The effect of an increase of the Reynolds number is illustrated in Figure 18. The transition region has moved towards the leading edge, but it has not reached the leading edge. Instead, some turbulent spots can be seen at the leading edge, where the boundary layer has been tripped, probably by surface irregularities. These irregularities become more pronounced at higher Reynolds numbers because the boundary layer becomes thinner. These turbulent spots correspond with the cavitating spots in Figure 15. It illustrates that an increase in Reynolds number is the equivalent of involuntary roughening of the leading edge. Too smooth a propeller will therefore exhibit large scale effects.

5.3 The laminar separation bubble

There is another effect on the boundary layer: laminar separation. This effect is already visible at the tip of Figure 17, but is much more pronounced in Figure 19. The laminar region is cut off at the tip. The condition of Figure 19 is the same as Figure 17, but at a heavier propeller loading (lower advance ratio). The heavier loading increases the low pressure peak at the leading edge and when this peak becomes too sharp (the pressure recovery behind the peak is too strong), the flow will separate. This separated region can be very small, because the separated laminar flow is unstable and will become turbulent. The turbulent flow will reattach again, which means that behind the separated region, an attached turbulent boundary layer exists. Because the separated region is so short, this region is also called a separation bubble. Such a separation bubble occurs at the outer radii of Figure 19. When the loading is increased, the radial extent of the separation bubble at the leading edge increases, as shown in Figure 19. In the region with a laminar separation bubble, a smooth sheet cavity occurs when the pressure is below the vapor pressure.
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Figure 19 Paint test revealing laminar separation at outer radii (860496)
The presence of a laminar separation bubble has prevented cavitation scale effects on many model propellers. The loading on commercial propellers is such that leading edge separation occurs frequently. However, when cavitation is explicitly suppressed, the blade sections will operate more at a shockfree angle of attack, and the leading edge pressure peak will be absent. The pressure gradient near the leading edge remains favorable in that case (the minimum pressure occurs away from the leading edge) and the boundary layer will remain laminar. This leads to severe scale effects, which can only be eliminated by tripping the boundary layer. This can be done with artificial roughness or by increasing the Reynolds number. In the latter case, the surface irregularities of the propeller are used as roughness elements.

5.4 Leading edge roughness

Leading edge roughness is applied over a few percent of the cord at the leading edge. The best distribution of the particles is a coverage of about 50%, evenly distributed, as shown in Figure 20. An example of extensive cavitation on a roughened blade is given in Fig. 801838.
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Figure 20 Distribution of roughness with an average grain size of 60 microns
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Figure 21 Cavitation on a roughened blade - 801838
At inner radii, the roughness generates a sheet cavity. At radius 0.7 to 0.9, the leading edge roughness was insufficient. Isolated streaks occur on incidental roughness elements. At 0.95R, a smooth sheet occurs, which is caused by a laminar separation bubble.

Interpretation of these cavity pictures is required to predict full scale behaviour. In this case, a full sheet cavity will occur at full scale in similar conditions (The test in Figure 21 was an open water test). The spots will disappear and be replaced by a sheet with about the same chordwise extent.

A frequently observed scale effect is absence of sheet cavitation at inner radii, since for reasons of efficiency, commercial propellers have the highest loading at 0.7R or more to the tip. An example is shown in Figure 22. This propeller is a propeller in a duct and observations at full scale showed a much larger radial extent than at model scale. This may have its effects on e.g. hull pressures. The reason was laminar flow at the inner radii of the model propeller. Application of leading edge roughness restored a proper correlation with full scale observations, as shown in Figure 23.
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Figure 22 Lack of cavitation at inner radii due to laminar boundary layer flow (sheetf)
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Figure 23 Increase of cavitation extent due to leading edge roughness (sheetg)


5.5 Effects of Leading Edge Roughness on Bubble Cavitation

The application of leading edge roughness has an effect on bubble cavitation too. The effect is indirect, since bubble cavitation is not sensitive to the state of the boundary layer. However, the leading edge roughness particles not only trip the boundary layer to turbulence, but they also generate nuclei. This can be seen in Fig. 801925, where a propeller with the minimum pressure away from the leading edge is shown in cavitating conditions. The bubble density is very high, indicating that ample nuclei are present in the incoming flow. These nuclei are not present in the undisturbed flow, as is illustrated by the same propeller without roughness in Fig. 801866. In that case, large bubble cavities occur, corresponding with less nuclei in the incoming flow. The roughness elements at the leading edge generate the additional nuclei.
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Figure 24Bubble cavitation with leading edge roughness - 801925
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Figure 25 Bubble cavitation without leading edge roughness - 801866


The effect of an increase in Reynolds number on bubble cavitation can now also be explained. In Figure 26, the same propeller as in Figure 7and Figure 8 is shown at a higher Reynolds number. The tunnel pressure is increased, so the number of nuclei in the flow has decreased, leading to less bubble cavitation. However, due to the higher Reynolds number, some surface irregularities generate additional nuclei, leading to the streaks of cavitation. At full scale, the cavitation would be a fine mist of cavitation with an extent as in Figure 24.
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Figure 26 Bubble cavitation at higher Reynolds numbers - 801869
5.6 Full Scale Extrapolations

At full scale, the size of the nuclei required to avoid severe water quality effects is much smaller than at model scale. The small nuclei are abundant in sea water. So, at full scale, the situation is such that cavitation inception will occur as soon as the minimum pressure becomes lower than the vapor pressure. Also, the surface roughness of a full scale propeller is large relative to the boundary layer thickness, because of the high Reynolds number. The full scale propeller can therefore be considered as roughened.

Special attention still has to be given to the effects of leading edge roughness on the propeller performance and on extrapolating the model test performance. This topic is still under investigation.

6. Numerical modelling of cavitation

To be written
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� For the rise velocity of small nuclei, the Stokes law can be used. This law yields � EMBED Equation.DSMT4  ���, where Vr is the rise velocity and r0 the bubble radius
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