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Abstract
Cavitation is life and performance limiting phenomenon for 
hydraulic equipment. Cavitation erosion is a set of complex 
multistage event which involves formation of vapour bubbles 
due to low pressure generation, bubble travel/ growth, collapse 
and material erosion. Lot of research is in progress on cavitation 
from experimental investigation to analytical formulations with 
limited numerical studies using CFD. However, a methodology is 
not well established to accurately predict cavitation erosion. In this 
paper, authors have attempted to develop a co-simulation approach 
using detailed 3D CFD numerical work and an analytical lumped 
model. 3D CFD simulation provides the flow characterization 
such as pressure, velocity and vapour profiles of a cavitation 
bubble. Lumped model uses this information to predict the bubble 
collapse energy. In the first section of the paper, fundamentals 
of cavitation and the erosion mechanism is elaborated. Detail 
numerical modelling approach used in CFD modelling of 
cavitation is described. In the later section, proposed lumped 
model based collapse energy calculation approach is explained. 
A validation study is also elaborated in which four geometries 
are tested for cavitation erosion. Through the proposed approach, 
bubble collapse energy is calculated and correlated with the extent 
of material damage proving the validity of the approach.
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I. Introduction

A. Cavitation Phenomenon
Cavitation is life and performance limiting phenomenon for 
industrial products. Off late, cavitation is seen as boon and bean 
across the industrial applications. Therefore it is important for 
industry to understand cavitation, its potential cause and how it 
can be controlled. Cavitation is defined as a process of generation 
and vanishing of the vapor phase of the liquid when it is subjected 
to reduced and subsequently increased pressure at constant 
temperature. 

There are two types of cavitation phenomenon broadly, vaporous 
and gaseous cavitation. Vaporous cavitation occurs when the 
pressure level goes below the vapor pressure of the liquid i.e. 
liquid gets converted into vapor bubbles. Gaseous cavitation is a 
diffusion process that occurs whenever the pressure falls below 
the saturation pressure of the non-condensable gas dissolved in 
the liquid. While vaporous cavitation is extremely rapid, gaseous 
cavitation is much slower; the time it takes depends upon the 
degree of convection (fluid circulation) present. 

B. Cavitation Mechanism 
Formation of vapor bubbles in cavitation is not a major problem 
in itself but the collapse of these bubbles generates pressure 
waves which can be of very high strength, causing damage to 

the machinery. The bubbles collapsing near the machine surface 
are more damaging and cause erosion on the surfaces, called as 
cavitation erosion. When this bubble begins to collapse the pressure 
goes very high above atmosphere and the bubbles tend to collapse 
non-uniformly. This results in powerful liquid jet formation. Fig. 
1 briefly demonstrates bubble collapse phenomenon. As bubbles 
expose to a region of higher pressure, they collapse violently 
producing a jet of liquid that creates shockwave and impact on 
the nearby surface causing erosion. Here a,b and c are instances of 
bubble collapse on the surface, ‘a’ represents bubble approaching 
the collapse surface where ‘b’ and ‘c’ show the stages of collapse 
and micro jet formation which may cause surface erosion.

Cavitation initiation and subsequent bubble collapse phenomenon 
is largely governed by flow field which depends on several factors 
like geometry, fluid properties, operating conditions, etc. CFD 
simulations play a vital role in predicting interactions of these 
factors to provide necessary insights on cavitation propensity. 

Fig. 1: Stages of Bubble Collapse Mechanism

II. Literature Survey
Research in the area of cavitation has long been in existence. 
However, detailed investigation suggests most of the study has 
been focussed on water cavitation and very limited work has 
been done in the area of oil cavitation. Samuel et. al. [1] studied 
cavitation in spool valves in presence of dissolved air. Incipient 
cavitation number is correlated with the Reynolds number. It 
is observed from the results that dissolved air did not have a 
significant effect on the cavitation. This can also be attributed to 
the residence time required for air dissolution which is insufficient 
in experiments at lower pressures. Barre et. al.[2] carried out 
experiments on venturi flow with water as working media. The 
venturi throat and downstream stations are studied for generation 
of vapor. Experimental data of void fraction at various locations 
is generated and numerical correlation was attempted. Opitz  et. 
al. [3] studied cavitation in reciprocating positive displacement 
pumps. Using high speed photography, cavitation stages in pump 
are studied. Washio et. al. [4]  studied cavitation inception in a long 
two dimensional constriction. Various measurement techniques 
were used to study the cavitation phenomenon and its effect. Tsukiji 
and Nakayama [5] attempted to study cavitation using multiphase 
CFD cavitation models in a pump. The cavitation erosion was 
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correlated to the low pressure distribution region. Vacca et. al. 
[6] developed a numerical approach to study the air release and 
cavitation for axial piston pump and motor. Mathematical model 
was established to incorporate the flow rate and low pressure 
effect in the model. The cavitation effect was incorporated based 
on lumped pressure field, however, the erosion location was not 
studied.

Various methods have been attempted to understand cavitation 
phenomenon ranging from noise based cavitation, lumped 
modelling or detailed numerical modelling. Still there are gaps in 
modelling cavitation. CFD and independent analytical efforts are 
cited in research publications. However, co-simulation approach is 
not found explicitly to get benefits of both domains for bridging the 
gap between cavitation and material erosion.  In this paper, authors 
leveraged CFD simulations for 3D multiphase flow modelling to 
get the flow parameters such as pressure, velocities and phase 
distributions at various locations. This information is used in an 
external lumped model to predict the cavitation bubble energy. 
This energy is correlated with the material erosion observed in 
experiments. This approach can be used to locate the possible 
cavitation erosion and quantify the extent of damage.

III. Numerical Modelling

A. Mathematical Background
A two-phase cavitation model is used to simulate the flow 

features along with a conventional turbulence model (k- model). 
In cavitation, the liquid-vapor mass transfer (evaporation and 
condensation) is governed by the vapor transport equation:  

   (1)

where, v is the vapor phase, α is the vapor volume fraction, ρv is 
vapor density, vV

→  is the vapor phase velocity and, Re and Rc are 
mass transfer source terms connected to the growth and collapse 
of the vapor bubbles respectively. 

In FLUENT® 14.0 [9], they are modelled based on the Rayleigh-
Plesset equations [8] describing the growth of a single vapor 
bubble in a liquid.

The bubble dynamics equation derived from the generalized 
Rayleigh-Plesset equations is as below:   

    (2)

where, RB is bubble radius, ρl is liquid density, PB is bubble surface 
pressure, and P is local far-field pressure.
The above Eq. (2) provides a physical approach to introduce the 
effects of bubble dynamics into the cavitation model.
In this paper, Schnerr and Sauer cavitation model implemented in 
FLUENT 14.0 was used for simulating cavitation phenomenon. 
The net phase change rate uses the following two-phase continuity 
equations:

Liquid phase

  (3)

Vapor phase:   (4)

Mixture:     (5)

where, l is liquid phase, ρ is mixture density, and R is the net mass 
source term is given as: 

Mixture density (ρ) is defined as follows:

    (6)

Combining equations (3), (4) and (5) yields a relationship between 
the mixture density and vapor volume fraction:

    (7)

The vapor volume fraction can be co-related from bubble number 
density and radius of bubble:

    (8)

From above equations, the net phase change rate or mass transfer 
rate (R) is derived which is given below:

   (9)

    (10)

The final form of above equation for modelling evaporation and 
condensation process is as follows:
When P ≤Pv, there will be an evaporation (i.e. vapor generation) 
which is modelled as:

   (11)

When P ≥Pv, there will be condensation (i.e. vapor collapse) which 
is modelled as:

   (12) 

B. Test Case: Estimation of Cavitation for a Venturi
Validation of multiphase numerical models require a test data 
comparison. In order to ascertain this, a simpler venturi test case 
is chosen which has sufficient test data available in terms of void 
fraction and velocity. Barre et.al. [2] carried out experiments with 
venturi as a test object. The venturi section had a convergence 
angle of 4.30 and a divergence angle of 40 as shown in Figure 
2.  Comparison is made for the flow point with inlet velocity of 
10.8 m/s as provided in the literature. Void fraction and velocity 
measurement data is provided at five stations as shown in fig. 2.
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Fig. 2: Schematic of Experimental Setup for Flow Through Venturi 
[2]

Numerical simulation is performed with mixture multiphase model 
and k-ɛ turbulence model. Schnerr and Sauer cavitation model is 
used to understand numerically the cavitation phenomenon and 
compare against the experimental observation. Figure 3 shows 
the comparison of numerical (CFD) and experimental results. 
Numerical results are in good agreement with the void fraction 
profile obtained from experiment for stations 1 and 2. For stations 3 
and 4, near the wall, CFD over-predicts the void fraction. This can 
be attributed to the turbulence model, not being able to capture the 
near wall recirculation zone. Figure 4. Shows a snapshot of water 
volume fraction predicted from CFD simulation.CFD prediction 
of sheet thickness is more than 85% accurate in comparison with 
experimental observations as shown in Figure 5. With confirmation 
on numerical models in CFD, implementation of the same on 
a pump is attempted to generate flow parameters to be used in  
cavitation prediction.

Fig. 3. Comparison of Void Fraction Distribution at Stations 1 
and 2

Fig. 4: Water Volume Fraction CFD Contours for Venturi

Fig. 5: Comparison of Cavitation Sheet Thickness at Various 
Stations (CFD Vs Experiments)

IV. Energy Based Approach for Prediction of 
Cavitation
In the previous section of venturi test case, mathematical modelling 
of multiphase and cavitation is elaborated. In the current section, 
the same models are leveraged for piston pump simulation. The 
modelling details are explained in following sections.

A. CFD Model and Mesh
The typical computation domain for a pump is shown in Figure 
6. It consists of inlet and outlet kidney ports, valve plate and all 
pumping piston chambers. The flow passage is selected to capture 
the appropriate physics which consists of sudden changes in the 
geometry, kidney port shapes and timing notches. 

Fig. 6: Typical CFD Model
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Fig. 7: Hexahedral Grid in the Computational Domain

The fluid domain is divided into various parts for ease of grid 
generation and interface technique is used to merge all the parts. 
Hexahedral mesh is created using ICEM CFD® 14.0 using 
appropriate blocking strategy to capture the important geometry 
parts. Mesh details are shown in fig. 7. 
As a part of author’s previous work Shivayogi et. al. [11] of 
methodology development of piston pump, mesh sensitivity 
was carried out and the guidelines were proposed. This study 
is continuation of the previous efforts leveraging those best 
practices.

B. CFD Modelling Approach 
The numerical simulation is performed using standard 3D Navier-
Stokes equations with two-phase flow. FLUENT 14.0, a commercial 
CFD package, is used for simulating the flow field. SIMPLE P-V 
coupling technique is used with 2nd order discretization scheme 
for the variables. Using deforming zone technique and pump 
dynamic equation, pump motion is modelled. Appropriate fluid 
properties such as density, viscosity and evaporation pressure are 
selected. Inlet pressure and pump outlet pressures are used as the 
boundary conditions on the two sections. Flow separation not 
being significant and the focus is on modelling the cavitational 
phase change, it is decided to use an industry proven numerically 
stable k-ε turbulence model. And to capture the boundary effects,  
enhanced wall treatment is leveraged. However, it might be of 
interest to study sensitivity of the turbulence models in this 
scenario. Schnerr-Sauer cavitation model is used to simulate 
cavitation bubble dynamics. 

Cavitation prediction using CFD is used to estimate vapour bubble 
volume, location and its travel and cannot explicitly predict the 
material erosion. Authors in this paper propose to bridge the gap 
by providing an approach to leverage the CFD results and use in 
analytical expression for prediction of bubble collapse, energy 
release and material damage.

C. Energy Release Calculations
Cavitation bubble dynamics has analytical equations based on 
the bubble dynamics which are used to estimate bubble energy. 
However, in complex domains, use of analytical equations is 
not possible to capture the geometry effects and flow dynamics. 
Understanding these challenges, authors have proposed a novel 
way of cavitation prediction based on the bubble collapse energy. 
In this approach, combination of earlier discussed 3D CFD method 
and the base of analytical equation are merged to estimate cavitation 
energy release. This method not only gives the quantification of 
energy release but also gives the probable erosion location based 
on bubble collapse. 

CFD results of piston pump are used to generate transient flow 
parameters such as pressure and vapour volume fraction. Three 
possible approaches are studied for correlating the bubble physics 
with erosion. In the first approach, it is assumed that cavitation 
erosion takes place due to a shock wave creation during the bubble 
collapse. This theory can be used to approximate the peak pressure 
generation during bubble collapse which will cause erosion. The 
analytical expression derived based on the shock wave theory 
to calculate the peak pressure is provided by Brennen [10] as 
shown in Eq. (13).

R
RPP m

localp ×= 100     (13)

where, Pp is the peak pressure during collapse, Plocal is the local 
pressure and Rm is the collapse distance and R is the radius of 
bubble. 

The challenge using this equation from the CFD results is that it is 
not easy to calculate the bubble radius due to numerical dispersion, 
mesh dependence and local pressure changing continuously 
during bubble travel. These limitations did not allow the use of 
analytical expression in conjunction with CFD results for erosion 
estimation. 

The second approach is to assume that the bubble collapse takes 
place isentropically. In this approach, isentropic relations can be 
used to calculate the bubble initial volume and final volume with 
initial pressure and final collapse pressure. 

   (14)

where, Vcollapse is bubble collapse volume, Vcfd is bubble volume 
in CFD, P is bubble pressure in CFD,  Psat is saturation pressure 
at the given temperature and γ is specific heat ratio.

The challenge using this approach is understanding the instance 
of collapse and bubble volume. Further, the bubble before 
collapsing can split in multiple smaller bubbles which need to 
be studied differently and cannot be handled using the isentropic 
hypothesis.
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The third method proposed is to use the transient information of 
both pressure and bubble volume from CFD and export it for an 
analytical calculation of PV work at each time step. The bubble 
collapse energy is then correlated to PV work of the bubble. As 
the PV work starts decreasing, the energy consumed towards 
collapse increases. Integration of this energy over time gives the 
overall bubble collapse energy. The advantage of this method is 
that it can handle the instantaneous bubble size change, bubble 
splits, impingement as they will become a part of instantaneous 
pressure and volume. The details of this method are elaborated 
as follows
As discussed earlier in transient CFD simulation, the instance 
when the pressure reaches the vapour 
pressure, vapour bubble starts generating in the CFD simulation. 
This bubble is then tracked for its volume till it reaches to complete 
collapse. At each time step, the vapour volume fraction, cell 
volume and the volume average of the cells captured by vapour 
are exported in a data file. Outside the CFD solver, a function is 
written which will calculate the bubble volume and corresponding 
pressure. Summation of this PV work at each time step is calculated 
till bubble collapse take place completely. This sum of PV work is 
the bubble collapse energy which can cause the material damage 
and erosion. The location of bubble collapse is identified based 
on the bubble path travel in CFD domain. 

   (15)

For validating the approach, cavitation experiments are done on 
four designs of the pump. Geometric configurations are maintained 
such that various extents of cavitation are observed. The metal 
erosion generated in these designs are recorded which are nothing 
but the extent of cavitation. CFD simulations are carried out for 
these four designs. CFD image shows two picture, left being the 
2D impingement location of vapour bubble and right side is the 
3D bubble shape and size. The colours in the plot show the vapour 
volume fraction of the bubble. Red color shows higher vapour 
content and the blue region being the liquid vapour interface. 
Above explained approach is used to estimate the sum of transient 
PV energy.
It is observed that bubble collapse location in the CFD model shows 
qualitative agreement with the erosion location in the experiments. 
Figure8 shows one such comparison of CFD bubble collapse and 
material damage in experiments. The same is observed for all the 
four cases. This confirms the success of CFD model in capturing 
the bubble generation, travel and collapse. Bubble collapse energy 
for these four designs is compared from the CFD model as shown 
in Table 1. It is also observed that the energy released during the 
collapse is in the same order as that of the erosion observed in 
experiments. 

Table 1: Energy Values for Compared Designs

Fig. 8: Bubble Collapse Location in CFD and Test

Fig. 9: Comparison of Bubble Energy Release and Cavitation 
Erosion

The same can be seen in fig. 9. This confirms the validity of 
the approach in ranking the designs in the order of their erosion 
propensity. For prediction of material erosion, detailed material 
characterization is needed where one can estimate the susceptibility 
of material erosion. Authors propose to take this work as a future 
scope in completing the overall cavitation based material erosion 
prediction.

V. Conclusion and Future Scope
Cavitation is one of the major failure modes for hydraulic pumps 
that affect performance, life and operability of the system. In 
this paper, an attempt is made to combine the CFD technique 
and an analytical lumped model to predict the cavitation bubble 
generation, travel and collapse location. Also a method has been 
proposed to estimate the bubble collapse energy. Proposed method 
has been verified with four different geometries to understand the 
experimental material damage. It is observed that the location 
of bubble collapse matches well with the experimental damage 
location. Further the order of damage observed in the four 
geometries correlates with the order of bubble collapse energy 
obtained from the proposed method.

In future, material characterization needs to be carried out in 
a controlled cavitation experiments to understand the material 
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susceptibility to the erosion based on cavitation bubble collapse. It 
will give the cavitation erosion threshold for a material. This will 
also ensure that the method can be predictively used to estimate 
the cavitation.

Nomenclature:
α – Vapor volume fraction
ρl– Density of liquid
ρv – Density of vapour
γ – Specific heat ratio
n – Number of bubbles
nb – Bubble number density
P – Local far field Pressure
PP – Rate of evaporation
Psat – Saturation pressure
R  - Phase change rate
Re – Rate of evaporation
Rc – Rate of condensation
RB – Bubble radius
PB – Bubble surface pressure
Rm – Collapse distance
RP – Bubble surface pressure
Vv – Velocity of vapour
Vl – Velocity of liquid
Vcfd – Vapor volume from CFD
Vcollapse – Vapor bubble collapse volume
Ecollapse – Vapor bubble collapse energy
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