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ABSTRACT 

Cavitation and silt-erosion often co-exist causing severe 
damage. This effect of cavitation is referred as cavitation 
enhancement. But the mechanism of this synergetic erosion is 
still not fully understood yet despite the effort made in past 
decades. In this article, firstly, a brief review on the nature of 
this phenomenon was made at the level of micro-scale from the 
viewpoint of the interaction between fluid-bubble-particle-
material. Then, the obstacles preventing us from a good 
understanding were explained through three examples. Finally, 
the way forward was discussed and demonstrated by two 
ongoing research projects. 

INTRODUCTION 
Cavitation erosion has been studied for over a century. 

Extensive books and articles contributing to the knowledge 
about cavitation and its damage are available. It is generally 
agreed that the damage power is generated by collapsing 
bubbles, and in most cases, the damage to commonly used 
materials is a fatigue process. However, as to the synergism of 
cavitation and silt erosion, in particular the enhancement role of 
cavitation, we have little knowledge. That is, so far for the most 
severe type of damage, the least effort has been made.  

Figure 1 Synergetic erosion in Pelton turbine. (a) Initial stage: silt erosion 
on needle tip (300 hour) (b) subsequently synergetic erosion (600 hours) 

on needle tip (c) no noticeable erosion on buckets.  Material: stainless 
steel (13Cr 4Ni) 

 
Table 1 Screen characteristics of silt 

The significance of this research is explained by the erosion 
on a Pelton turbine here [Ref 1]. The turbine, operating at a head 
of 900 metres and utilising water containing mainly fine 
particles (<0.060 mm), was suffering minor silt erosion at the 
needle tip after 300 hour operation as shown by Figure 1(a). 

This was caused by the strong turbulence in the boundary layer 
at the tip. However, owing to the initial damage to the very 
streamlined and smooth surface, subsequent cavitation set in, 
which acted in concert with the silt erosion process, significantly 
enhancing the damage rate. Only after a similar time interval of 
operation, did the resultant damage to the tip become very 
severe such that the needle had to be replaced, as shown by 
Figure 1(b). The screen characteristics of silt are shown in 

Table 
�
. This example demonstrates the significant effect of 

cavitation enhancement on erosion rate. 

CURRENT KNOWLEDGE 
The knowledge about the mechanism of this enhancement is 

vital for establishing proper strategies and criteria to guide both 
the hydrodynamic design and the resistant materials 
development/application. However, current knowledge is still 
not good enough for this purpose.  

So far, we know that, in most cases, the presence of cavitation 
accelerates the silt-erosion process remarkably, resulting in an 
erosion rate much higher than the sum of both rates if they were 
considered separately. This is often referred as synergetic 
erosion. Taking the components of turbine working in silt-laden 
water as an example, there are always stagnation points (lines) 
on a body surrounded by a flow. These stagnation points will be 
severely eroded due to the impingement of particles at a large 

angle (
090≈ ). It might be the initial cause of erosion, 

following which cavitation usually sets in owing to the 
deterioration of the streamlined profile. Then the synergistic 
erosion starts (see the example above, referring to Figure 1). The 
other type is such a case where cavitation already exists, such as 
the leading edge cavitation of blade at off-design condition and 
the travelling bubble cavitation on the suction side of blade at 
full-loading and/or low station cavitation number (i.e. 

turbinestation σσ <
) etc. The synergetic erosion starts from the 

very beginning when the machine is  commissioned. However, 
no matter whether it is a subsequent phenomenon or not, the 
synergism mechanism is virtually the same. As to the ways in 
which the enhancement takes place, the current understanding 
can be summarised as follows [Ref 2].  

• Promotion of cavitation:  

The particle entrainment will increase the concentration of 
nuclei in water and, consequently, promote the occurrence of 

Grain size (mm) % Larger than % Smaller than 
0.500 0.00 100.00 
0.250 0.07 99.93 
0.125 1.01 98.99 
0.063 23.03 76.97 
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cavitation. A 10-15% increase of the incipient cavitation 

number, inσ
, in silt-laden water compared with tap water was 

reported by Toshiba et al, [Ref 3]. 

• Strengthening of impingement 

The particles will gain much higher velocities when coupled 
with cavitation. In particular, the microjets from the collapsing 
bubbles give particles a very high velocity towards the surface. 

Therefore, particle impingement with incidence 
090≈θ and 

high velocity results in much severer damage than that in non-
cavitation conditions. 

• Alternation of flow pattern 

The occurrence of cavitation is a remarkable alteration to the 
original non-cavitating flow pattern, often resulting in a 
remarkable change of flow pattern in which more violent flow 
structures are involved, such as the unstable leading-edge cavity 
with strong vortices at the closure and coupled with vortex 
shedding. The particles entrained in these flow structures 
possess stronger damage potential. The study on the silt erosion 
with and without cavitation in a venturi flow device by Sato et 
al, [Ref 4] demonstrates such an effect of flow alterations 
involved in a 2D leading-edge cavity which evidently shows the 
close relation of synergistic action with the flow alterations1. 
From this experiment, we can also explain why some studies 
performed on different devices where detailed observations on 
the flow pattern alterations were ignored lead to controversial 
conclusions about the synergism. On the other hand, the 
alterations of pressure distribution caused by the presence of 
solid particles will often enlarge the extent of the cavitation, thus 
increasing the cavitation damage power. 

• Subsequent damage 

The damage on the surface caused by either silt erosion or 
cavitation erosion, or by their synergistic action, will worsen the 
profiles of machine parts, which often induce violent changes to 
the flow pattern such as cavitating vortices in the immediate 
downstream, resulting in more damage. Such subsequent 
damage is often observed in leading-edge erosion where the 
worsening of the leading-edge profile will further deteriorate the 
flow pattern and cause yet more damage, resulting in an 
accelerated erosion process. 

As to the damage prediction, it should be established based on 
the mechanism of material fracture by synergistic action, which 
varies from material to material. Despite lack of detailed 
knowledge about this synergistic damage mechanism, efforts for 
predicting erosion have been made by proposing various 
formulas. For example, Zhao et al [Ref 5] postulated a model for 
the metals often used for hydraulic machinery, namely, hard 
alloys, stainless steels and carbon steels. In their model, it is 
assumed that the process of cavitation erosion is a low-cycle 
strain fatigue whose erosion rate is inversely proportional to the 

fatigue life, i.e. 
( )2Hfε

 according to Manson-Coffin theory of 

strain fatigue. Here, fε
 is the material true fracture strain in 

                                                   
1 This will be depicted in detail in the next section. 

static test, used to indicate its fatigue-ductility coefficient 
'fε
 

since ff εε )0.1~35.0('=
, and H  is the material hardness 

(HRC). Whereas, the process of silt erosion is micro cutting 
whose rate is inversely proportional to the hardness H. The 

erosion rate (weight loss), scW + , of synergistic erosion is the 

sum of the individual rates of silt erosion, s
W

, and cavitation 

erosion, cW
, which relates to the mechanical properties as 

follows, 

( ) HH
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where  

BA, : weighting coefficients for cavitation erosion and silt 
erosion respectively; 

βα , : constants relating to weighting coefficients A  and B  
respectively. 

Despite various predicting approaches proposed based on 
experimental observations or numerical simulations, no accurate 
prediction has been achieved. The lack of detailed information 
(at micro-scale level) of the synergism action (in particular the 
driving forces) is the main obstacle to the establishment of 
accurate prediction. 

Therefore, in order to understand this synergistic erosion, the 
knowledge of cavitation enhancement is essential. This requires 
us to study this phenomenon at the micro length-scale/structure 
level by considering the fluid-cavitation(bubble)-particle-
material as an whole dynamic system. The importance of such 
study will be demonstrated by the following examples. 

OBSTACLES 
Herewith, by showing a few examples, we will see the 

obstacles that currently prevent us from an intrinsic 
understanding of  cavitation enhancement.  

Example 1 

From this example, we should be able to appreciate the strong 
correlation of material resistance with cavitation (bubble) 
characteristics at the micro-scale level, about which we do not 
have much knowledge yet.  

It is known that cavitation resistance of (fused) material is 
strongly governed by the metallographical factors at micro-scale 
levels. From Rao and Kungs’ experiment [Ref 6], three factors 
can be summarised as follows. Firstly, the stress-induced phase 
transformation from austensite to martensite is a measure of 
cavitation resistance for fully austenitic and austenitic-ferritic 
duplex stainless steels. The cavitation resistance is proportional 
to the transformation level. But, this measure is valid only for 
the duplex stainless steels containing a small amount of ferrite. 
For high-intensity cavitation ( mµ25± , vibratory test), the 
limit for the amount of ferrite is up to 5%; whereas, for low-
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intensity cavitation ( mµ12± , vibratory test), it is up to 15%. 
This indicates that the material’s cavitation resistance depends 
on the characteristics of cavitation. Secondly, the δ  ferrite 
plays a favourable role in reducing erosion rate for the duplex 
austenitic-ferritic alloys. For high-intensity cavitation, this effect 
takes place for the duplex austenitic-ferritic alloys containing 5-
80% of δ ferrite; whereas, for low-intensity cavitation, it takes 
effect for the duplex austenitic-ferritic alloys containing 10-80% 
of δ ferrite. This dependence, of the δ ferrite influence on the 
intensity of cavitation attack is shown by Figure 2 below.  

Figure 2 The erosion rate difference between duplex austenitic-ferritic 
alloys and their fully austenitic counterparts (Rao & Kung, 1987) 

This again indicates an effect of range-compatibility between 
the stress induced by cavitation impacts and the dispersed 
δ ferrite phase in the material where the δ  ferrite phase plays 
an intrinsically different role in resisting erosion from the 
austenite phase.  

These factors above give a very important clue. If there is 
superior erosion-resistance phase presented in the structure and 
dispersed in a favourite pattern at a size scale compatible with 
the stress range induced by attack (from cavitation micro-jet), an 
erosion-resistance performance may possibly be anticipated. 
This explains well why some resistant materials perform well 
under certain attack (jet-size and intensity) but fail quickly under 
other attack conditions (jet-size and intensity). At present, no 
investigations into this effect have been performed at such a 
micro-scale level yet. Surely, lack of detailed knowledge of this 
flow-material interaction is a major obstacle towards a decent 
understanding of cavitation erosion and cavitation enhancement 
in synergistic erosion. 

Example 2 

This example tells us the strong correlation of material 
resistance to silt erosion with the particle size. As far as solely 
silt erosion concerned, from the viewpoint of fluid-material 
interaction, we know that  

• for same particles the different flow conditions will 
provide them with different erosive power;  

• for same flow conditions the different particles will 
acquire different erosive power from the flow; and, 

• for same erosive particles the different type of materials 
will behave differently.  

So, current practice is that if we want to compare the 
resistances of different materials on a comparable basis we must 
carry out their tests on the same (or standard) facility or machine 
operating at same conditions and using the same particles 
because we do not have a reliable similarity law yet. However, 
this will make a decent test last weeks even a month to get a 
complete curve. So in reality, many lab tests are using 
accelerating approaches, which may not produce a true picture 
of material erosion.  

Figure 3 Schematic representation of erosion rate on impingement angle 
 

Erosion Wear gm. Per gm. Abrasive 

 × 10−2               × 10−4  

Impingement angle α                     Impingement angle α 

(a)          (b) 
(a) For large particle (127 µm), erosion has a brittle pattern 

(b) For small particle (9 µm), erosion shows a ductile pattern 
Figure 4 Erosions over different impingement angles at same impact 

velocity (150 m/sec) 
Currently, larger particles are often adopted for laboratory 

tests in order to reduce the time duration by increasing the 
erosion rate. The results obtained in such a way may not be 
suitable to extend to real machines. Sheldon and Finnie [Ref 7] 
demonstrated this by testing the same group of materials under 
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the same impact velocity but using two different particles. The 
large particle was 127 µm of diameter and the small one 9 µm. 
As we know, the impact-angle dependence of erosion for ductile 
materials (e.g. mild steel and aluminium) and for brittle 
materials (e.g. quenched steel and ceramics) is different, as 
shown schematically by Figure 3. The most severe damage for 
ductile material appears at impact angles in the range of 20°-30°, 
whereas for brittle material it appears at large impingement 
angle.  

In Sheldon and Finnie’s test as shown by Figure 4, if we 
compare the hardened steel with the plate glass, for 127 µm 
particles (Figure 4(a)), the hardened steel is more resistant 
showing a brittle pattern whereas for small particles (9 µm), it 
turns out to be less resistant showing a ductile pattern. The 
reason why the same material behaves so differently under the 
attack of different sized particles surely cannot be attributed to 
the bulk properties of material. It must lies in the microstructure, 
which interacts with particle impingement at the micro-scale 
level. However, we do not have much knowledge about this. 
Without such knowledge, gaining a good understanding of 
cavitation enhancement on this silt-erosion is indeed out of 
reach.  

This example also clearly shows the reason why some 
accelerating lab-results obtained by using large particles failed 
to simulate erosions caused by small particles. 

Example 3 

This example shows the influence of cavitation characteristics 
on the erosive power that the particle gained from cavitation 
source.  

The variation of flow structure surely changes the erosive 
power of particles entrained in the flow. From this viewpoint, 
the occurrence of cavitation is a remarkable variation of flow 
structure, which definitely changes the erosive power of 
particles. In general, owing to the violent nature of cavitation, 
this change usually increases the erosive power. This effect is 
referred as cavitation enhancement. But this is not always the 
case. Sato et al studied the silt erosion with and without 
cavitation in a venturi flow device as mentioned before [Ref 8], 
which demonstrates this effect well. In their study, the flow 
alterations involved is a 2D leading-edge cavity as shown in 
Figure 5. 

Without cavitation, the portion A of the bottom specimen is 
severely eroded, owing to the high flow velocity and the strong 
shear vortices there, whereas the portion C is less eroded. When 
cavitation occurs, which is an unstable leading-edge cavity with 
strong vortices at the closure and coupled with vortex shedding, 
the violent closure of the cavity and the collapse of the shed 
vortices accelerates both the silt- and cavitation erosions on 
portion C, whereas erosion on portion A is reduced since it is 
covered by the relatively less violent cavity sheet which retards 
the silt impinging, referring to Figure 5(a). This clearly 
demonstrates that cavitation may have dramatically different 
influences in synergistic erosion, as on portion A and portion C 
here, subject to the flow pattern change. The erosion on the 
bottom specimen, if evaluated as a whole, seems not to be 
affected by the synergism. However, the overall erosion on the 
side specimen is accentuated by synergistic action. This study 

evidently shows the close relation of synergistic action with the 
flow alterations and cavitation characteristics. It also explains 
why some studies performed on different devices where detailed 
observations on the cavitation caused flow pattern alterations are 
ignored lead to controversal conclusions about the synergism. 

Figure 5 Influence of flow structure/cavitation pattern variations on 
synergistic erosion rate. Test material: aluminium; Velocity: 40 m/s; Silt 
concentration: 30 g/l.  (a) Depth of erosion on the bottom-specimen (b) 
Erosion rates on the bottom-specimen (c) Erosion rates on the side-
specimen 

On the other hand, the alterations of pressure distribution 
caused by the presence of solid particles will enlarge the extent 
of the cavitation as we discussed before, thus increasing the 
cavitation damage power too. 

Through this example, we can see that the occurrence of 
cavitation does not always guarantee an enhancement effect. 
Whether or not the cavitation enhance the silt erosion process is 
solely determined by the interaction between the entrained 
particles and the cavitation events. Currently we don’t have 
enough knowledge to model this enhancement phenomenon.  

WAY FORWARD 
In order to advance, we must overcome these obstacles by 

making breakthrough in following directions. 

• The driving force that particles gained from fluid 
(including bubbles); and 

• The particle interaction with materials at the micro-
scale level. 

Only based on above information, we will be able to answer 
essential questions, e.g. raised from above three examples, such 
as 
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• Why the change of particle size will change the 
erosion behaviour dramatically; and why cavitation 
enhancement will vary with particle size; 

• Why some types of cavitation or some part of a 
cavitation do not enhance the silt-erosion, and even 
retard the erosion process as for the part A of the 
bottom specimen in example 3; 

• Why and how the variation of microstructure changes 
the resistance of the same material. 

By answering these questions,  

• Material scientists will have guidelines for 
developing/improving materials against various 
erosion situations; 

• Hydraulic designers will be able to optimise their 
designs to create a flow environment that minimises 
the erosive power of particles against the material 
involved. 

This task described above, by nature, is a multidisciplinary 
research programme that involves fluid science and materials 
science. 

Some efforts concerning the driving force have already been 
made as part of a proposed international research programme on 
anti-erosion turbine technology [Ref 9]. Two ongoing attempts 
are briefly depicted here. 

Postulated micro-model (Li & Carpenter) 
The lack of detailed information (at micro-scale level) of the 

synergism action (in particular the driving forces) is the main 
obstacle to progress in accurate prediction, hydraulic design and 
material development for machines working under silt-cavitation 
attack.  

In order to understand this phenomenon, it is a key issue to 
establish a physical model at the micro-scale level that explains 
how the driving forces are affected by cavitation. For the first 
time, such a micro model has been postulated recently by Li & 
Carpenter [Ref 9 and Ref 12].  

As shown by Figure 6, assuming a parallel flow field with a 
rigid wall nearby and an irregular-shaped particle entrained in a 
micro-jet formed by a bubble collapse, if no cavitation involved, 

the particle would only acquire a velocity, particleV , 

approximately equal to V and travel more or less parallel to the 
wall (especially for particles in the main flow). This would have 
caused only a fairly modest scour over the solid surface as 

compared with the case when particleV  is perpendicular to the 

wall. The micro-jet is a highly accelerating flow towards the 
wall (at a slightly inclined angle subject to the velocity V ). The 
acceleration rate is so high that the particle can acquire a 
velocity up to several hundred metres per second within 
microseconds (of course, subject to bubble size, pressure 
gradient, particle size and slip velocity etc). That is, 

0>>
dt

dVliquid
 and 0>>

dt

dVparticle
. 

 

 

Figure 6 Postulated micro model for cavitation enhanced silt erosion 
based on microjet-particle interaction 

[Li & Carpenter] 

The high accelerating flow applies a strong drag force, dragF , 

and torque, dragM , upon the particle. Particularly, the 

torque, dragM , is always in such a direction that it tends to 

rotate the particle's sharpest edge forwards. Therefore, under 
such a dynamic system, the particle gains not only an enormous 

cutting power from dragF , but also a rotating torque, dragM , to 

turn its cutting edge towards the wall. This leads to the most 
effective cutting. Furthermore, the n-direction component of 
inertia force shifts the particle to the centre line and holds it 
there until it hits the centre of the targeted area.  So, this model 
suggests the cavitation enhancement being achieved by 

• Capturing particles and holding them in the jet centre; 
• Accelerating them to an extremely high velocity; and, 
• Turning their sharpest (i.e. the cutting) edge towards 

the material. 

Figure 7 Experimental evidence (synergetic damage to 18Cr8Ni on a 
hydrofoil). Left: embedded particles in the centre of pit bottom, Middle: 

scouring on the centre area of bottom, Right: showing the wedged 
particle in the pit bottom 

So, while the jet hits the material causing a pit, particles 
further cut into (or scour, subject to the impingement angle) the 
centre of the already damaged area (i.e. the pit) causing 
synergetic damage. This proposed damage pattern is well 
supported by experimental evidence [Ref 13] as shown in Figure 
7. Here, scours and wedged particles in the centre of pit bottom 
are clearly shown. By using this proposed micro model, 
analytical & numerical analysis will be performed to investigate 
the influence of the following parameters on synergistic 
enhancement quantitatively. 

Cavitation/Bubble parameters: it is known that the formation 
and strength of the micro-jet near a solid boundary can be 
categorised as three basic cases according to the interaction 
between bubble and boundary [Ref 14].  

S2 

S3

(b) Slip velocity

Centre line of micro-jet
S1

Vslip,s

Vparticle

Vliquid

(a) Boundary wall (c) Drag force and torque

Flow
V

Micro jet
Bubble migration

S2

Fdrag

Vslip,n

Mdarg
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(1) For rigid boundary ( ∞→*m and ∞→*k ) 2 , the 
interaction increases bubble life-time. The resultant jet velocity, 
impact pressure on the boundary, and the damage potential are 
generally enhanced with the reduction of relative distanceγ  

( max/ RS=γ );  

(2) For a free surface (which is an opposite extreme to the rigid 
boundary that 0* →m and 0* →k , producing a constant-
pressure boundary functioning as a complete compliance), if 
buoyancy is not considered, the bubble at a large value of γ  
will move away from the surface during the collapse phase 
forming a jet in the same direction as bubble migration; whereas 
the surface will develop a spike moving away from the bubble. 
If buoyancy is not negligible, it will reduce the spike strength 
and give the bubble a component of movement rising towards 
the free surface during the collapse phase, particularly for the 
case of larger values of γ  which might lead to a rising 

movement of the bubble.  

Figure 8 The effect of boundary properties on the single-static bubble 
collapse  

Filled symbols: Experimental results [Ref 16]; Open symbols: Numerical 
results [Ref 17] 

(3) For boundaries between the above two extreme cases (i.e. the 
case of compliant boundaries which are made of 
composite/flexible materials with non-zero finite values of 
surface parameters *m  and *k ), there is an energy exchange 
process involved between the fluid motions and the boundary. 
The boundary might extract energy from the liquid motion, 
which could partially dissipate in the boundary and return the 
remainder back to the fluid motion. Through such an energy 
exchange process, the performance of bubble growth and 
collapse is altered. The manner of this energy exchange is 
mainly subject to the relative location γ  and boundary 

parameters *m  and *k . The favourable effect of such a 

                                                   

2 Here, 
3
max

*
R

m
m

ρ
=  and 

max)(
*

Rpp

k
k

c−
=

∞

 are the 

relative inertia and stiffness respectively of the boundary coating 
material. 

compliant boundary is to retard the bubble migration and its jet. 
For certain combinations of γ , *m  and *k  values, the bubble 
might be repelled away and the jet might disappear or even be 
redirected away from the boundary, resulting in little damage 
potential to the boundary. These novel concepts are proposed as 
guidelines for alleviating particle damage potential gained from 
cavitation synergism action. As pointed out in Ref 14 (referring 
to 
), the bubble collapses occur in either a repelling zone (RZ) or 
an attracting zone (AZ), separated by a neutral  collapsing line 
(dotted line) on which no bubble-migration takes place during 
collapse process. This neutral collapsing line passes through the 

points where γ=max/ RSc , here cS  is the bubble distance to 

the boundary at the final stage of collapse. 
From the above it is evident that these parameters, **, km  

and γ , will strongly affect the jet formation, direction and 
strength, which in turn determine the enhancement of silt 
particle damaging power as described by the Li-Carpenter 
model. This knowledge will give clear guidelines for flow 
analysis and erosion prediction during hydraulic design as well 
as to the developments of anti-erosion materials and coating 
technology. 

Silt characteristics: As described before, the solid particles 
present in the water have different sizes and properties. They are 
not uniformly suspended in the flow passage of machines owing 
to different slip velocity caused by various flow structures in the 
machine. The quantitative study on the influence of relative 
particle size (compared with the characteristic size of micro-jet) 
and relative density (compared with the suspending liquid, i.e. 
water) on the enhancement of particle cutting power can be 
conducted by using this model too. This may give us some 
important information about the enhancement thresholds of 
particle size against different flow structures (including 
cavitation types). Using this knowledge will create a sound 
foundation for erosion prediction and control. 

Markov model for the stochastic behaviour of bubbles 

Another attempt is to investigate cavitation bubble behaviour 
near compliant walls [Ref 11].  As described above, the reason 
why tough and elastic materials offer better resistance in 
synergistic attack probably lies in their compliance. As proposed 
by the Li-Carpenter model, the bubble micro-jet plays a 
significant role in providing particles with damaging power. 
Thus, if the collapsing bubbles can be turned away from the 
boundary in particular its micro-jet, the erosive power of 
particles are expected to be reduced or even eliminated. As 
described above, this is possible if the boundary wall has the 
right compliance that makes the combination of γ , *m  and 

*k  values in favour of repelling bubbles, i.e. collapses occur in 
the repelling zone.  This will result in the bubbles being repelled 
away from the boundary surface and the jet disappearing or even 
being redirected away from it, which makes the synergistic 
action have much less damage potential to the boundary. 

However, owing to variour random factors either coming 
from the flow structure or originating from cavitation nuclei and 
their cavitating mechanism [Ref 15], cavitation bubbles behave 
stochastically near the boundary. To quantitatively understand 
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their behaviour variations under such environment, a Markov 
model has been proposed for the first time. For details see Ref 
11. A newly and purposely designed cavitation tunnel funded by 
EPSRC3 has been recently built in the Fluid Dynamics Research 
Centre at Warwick University for this reseach [Ref 10]. We 
expect the outcome of this research will help us to optimise 
compliant materials used for anti-synergistic erosion.  

CONCLUSIONS 
From above review and discussion, following remarks can be 

drawn. 

1. Our current knowledge is not good enough to establish 
a decent model for the simulation of this synergistic 
erosion behaviour, and there is no similarity law yet for 
guiding designs and experiments; 

2. To understand cavitation enhancement in silt erosion, 
studies must be performed at the micro-scale level, 
based on the knowledge about the interactions that take 
place in the dynamic system of flow (bubble)-particle-
materials; 

3. It is possible to gain intrinsic understandings through 
investigations as suggested.  
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