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Abstract:

In this thesis work, numerical simulation model of waterjet peening processing without 
abrasive particles has been developed to predict the effect of peening process. Two kinds of 
simulation are used through: one is quasi-static model and the other is transient dynamic 
model. The results are described by the residual stress after peening. 

ABAQUS software in applied in non-linear elastic-plastic FE simulation. Both quasi-static 
model and dynamic model are used to describe the initial interfacial pressure distribution in 
different theories. The models are qualified with Mises yield condition. Residual stress is 
calculated numerically and compared, somehow the result from static model is more stable and 
more research need to do on the dynamic model in the future. 
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1. Notations

a   contact radius of waterjet [mm] 

    diameter of the nozzle [mm] 

    propagation velocity of sound in water [m/s] 

    shock velocity of water droplets [m/s] 

E     Young’s module [GPa] 

F     total force [N] 

g     acceleration of gravity [m/s2]

k     constant coefficient for shock velocity 

L     stand-off distance [mm] 

     supply pressure [MPa] 

    air pressure [MPa] 

   stagnation point pressure [MPa] 

r     variable radius of impact area [mm] 

     contact radius of water-droplet [mm] 

     radius of the nozzle [mm] 

    radius of water-droplet [mm] 

U     feed rate [m/s] 

     water velocity inside nozzle [m/s] 

    water velocity outside nozzle [m/s] 

     waterjet incident angle [°] 

    Poisson’s ratio 

    yield stress [MPa] 

     density of water [kg/m3]

    density of steel [kg/m3]

     shear stress [MPa] 
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2.  Introduction 

High pressure waterjets or abrasive waterjet is wildly used in cutting, polishing, drilling, milling, 
or shot peening processing technique nowadays. This technique has been introduced since 
1970-80s[1], and now is used in aerospace and automobile industries. It is notable that by using 
waterjet, even flexible material like sponge and asbestos or brittle material like granite and marble 
can easily be machined. 

Waterjet peening can strengthen material surface[2] and extend fatigue life of components 
through continuous process of high velocity water droplets impaction on the object. A study from 
Kunaporn[3] shows a high pressure waterjet peening on aluminium alloy can extend the fatigue 
life up to 25%. Abrasive particles also can be included in the waterjet in order to increase the 
machining efficiency. The process of waterjet peening is similar to shot peening, it uses high 
velocity water droplets shot instead of solid shot. Different from shot peening, waterjet peening is 
a technique which will not cause heat effect on the components, and it also eliminates dust, 
pollutants, and swarf[4] from cutting material such as asbestos and limestone. But one 
disadvantage is, there is evidence shows the magnitude of residual stress by using waterjet 
peening is lower than shot peening[5]. 

Many studies of parameters chosen in waterjet peening have been done according to vast times of 
experimental works. Residual stress can be influenced by parameters[6] such as stand-off 
distance, supply pressure and nozzle diameter. Based on quantity factor, numerical methods can 
be used to predict the non-linear behaviour of peening process. S. Kunaporn and M. Ramulu[7] 
made an analytical model to predict the residual stress in high speed liquid jet peening.  

In this thesis work, the waterjet is considered in both quasi-dynamic and transient dynamic 
theories, several assumptions are made to build up ideal model for the jet peening process. The 
aims of the thesis work are following: 

Read previous articles about waterjet processing, in purpose to find out different theories. 

Build up mathematical models according to theories which are chosen, make basic 
hyperthesis.

Build up numerical model through commercial FEM software ABAQUS. 

Calculate the numerical model, compare and give comments. 

Mainly work will be done through computer. 
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3.  Mathematical Model 

3.1 Material and Setups 

In order to simulate the peening process, material and waterjet peening setup should be illustrated. 
Steel is chose as a material prototype to be analysis in this work. The mechanical properties are 
showing in following table 3.1. 

Table 3.1 Material property 

Elasticity 

Material Steel 

Poisson’s Ratio 0.3

Young’s Modulus E(GPa) 206e9 

Density (Kg/m3) 7.85e3

The parameters of waterjet peening setups are very important to the response. Parametric effect 
relates to jet size, abrasive hardness, angle of incident and jet pressure[8]. Different parameters 
may cause different particle stress on the material. Figure 3.1 shows the setup for the peening 
process and parameters are involve in the following table 3.2. 

Fig3.1 Waterjet Peening Process 

Table 3.2 Main Waterjet Parameters 
Nozzle diameter       (mm) 1
Supply pressure       (MPa) 800
Nozzle feed rate       u(m/s) 0 
Water density         (kg/m3) 1e3
Angle of incident      (°) 90
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3.2 Initial Conditions 

In the waterjet peening process, the deformation of object surface is caused by each of the droplet 
in the jet impact onto the work piece. Therefore, the critical pressure could only consider the 
impactions of single droplets. That is, high pressure liquid coming out from the nozzle and impact 
of each droplets build up the pressure on the target. 

The liquid in the nozzle is considered as incompressible flow, regardless the pressure variation in 
the flow. Figure 3.2 below illustrates the process when the water passing through the nozzle. 

Fig3.2 The Process of Water Passing Through The Nozzle 

Thus the liquid performance of passing through the nozzle can be described by Bernoulli’s 
principle[9]:

 (3.1) 

Since the gravity can be ignored, Bernoulli’s equation would be rewritten as: 

 (3.2) 

Where,  is the supply pressure, which is 800MPa. 

 is the density of water, which is

 is the velocity of water inside the nozzle, which is 0m/s. 

 is the air pressure, which is assumed to be 0bar. 

The jet velocity coming out at the nozzle exit is:  
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                     (3.3) 

  (3.4) 

Each of the droplets in the jet has the initial velocity of m/s, this situation only maintained 
when droplets coming out from the nozzle. Along the jet passing through the stand-off distance 
(the distance between the nozzle and the work piece which is known as stand-off distance), the 
velocity is not uniform distribution anymore because of the aerodynamic drag. New velocity 
distribution could be solved by using Reichardt’s theory which will be involved in following 
work.

3.2.1 Yield Criteria 

Yield criterion is a function regarding stress and strain, it is the criterion for plastic deformation 
under complex stress situation. The material for the model is ideal elastic-plastic material. It is 
necessary to consider the elastic deformation before plastic deformation occurs but neglect the 
harden process. That is, when it comes to the stage of plastic deformation, the plastic deformation 
increases while the stress maintains the same. Two kinds of yield criterion can be used for this 
kind of material, Tresca yield criterion and Von Mises yield criterion. 

Based on Tresca yield criterion, the initial yielding occurs when the shear stress reaches a certain 
value. In another word, the maximum shear stress is a constant fixed value, this value only depends 
on the material deformation under the material property, but has nothing to do with the stress state.
. The mathematical expression is, 

 (3.5) 

Where,  is the yielding strength. 
K is the maximum shear stress when the yielding occurs. 

For Von Mises yield criterion, the initial yielding occurs when the deformation of the unit volume 
(also can be considered as energy of elastic deformation) reaches the yielding point. That is, 

 (3.6) 

Von Mises yield criterion is more commonly used for isotropic materials, it considers the 
equivalent stress for both normal stress and shear stress. The results fit the reality better. Thus, 
Von Mises yield criterion is chosen here. 
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3.2.2 Incremental Theory of Plasticity 

Increment theory describes the process of plastic loading every moment with incremental strain- 
stress components of the relationship between the weights, thus it doesn't consider the effect of 
loading path. Levy-Mises theory[10] and Prandtl-Reuss theory are both incremental theories 
depending on if elastic deformation is considered or not. 

In Prandtl-Reuss theory, material should consider the elastic deformation while the plastic 
deformation occurs. Differed from Prandtl-Reuss theory, Levy-Mises theory shows the plastic 
stress-strain relationship and is included in the plastic flow theory. Levy-Mises theory mainly 
includes the following assumptions: 

1. Material is rigid-perfectly plastic body that ignoring elastic deformation, so the plastic strain 
increment is the strain increment. 

2. Satisfied with Mises yield criterion. 

3. The volume is constant when deformation occurs. 

4. The axis for stress and the axis for strain are coincident at each loading moment.  

5. Incremental stress tends to be proportional to stress deviator. 

In the previous assumption of waterjet modeling, the work piece is ideal elastic-plastic. 
Comparing with these two incremental theories, Levy-Mises theory is more suitable while setting 
properties to material.  

3.3Static Model 

3.3.1 Static Assumptions 

In order to build up the mathematical model of watejet peening, perfect liquid conditions are 
assumed so as to simplify the analysis: 

1. The dimensions of the work piece, including height, length, and width are infinite.  

2. The material of the work piece is homogeneous and isotropic. 

3. Ignore the impact performance on boundary layer. 

4. Other effects when the jet comes onto work piece should be neglected. 

5. The jet is perpendicular to the work piece. 

3.3.2 Static Pressure Distribution 

In the static model, shear force can be neglected. The interface pressure distribution for the round 
nozzle is parabolic[7] , and the pressure on work piece can be assumed as: 
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 (3.7) 

Where, A, B, C, D are constant coefficients. 

Several constrains should be satisfied within the pressure distribution, they are: on the axis of the 
jet, the pressure should be the maximum; at the edge of the contact area, the pressure should be 
zero. The boundaries are: 

 (3.8) 

 (3.9) 

Where,  is the pressure at the stagnation point. 

Combined with equation (3.8) and equation (3.9), it is obtained that: 

    (3.10) 

Put the coefficients into equation (3.7): 

   (3.11) 

At the stagnation point, 

Since it is difficult to calculate the diameter of contact region a, by using the law of conservation 
of momentum we can find the relation between impact region radius and nozzle radius. 
Integrating the pressure over the impact region, the total force is gains: 

  (3.12) 

Calculate the total force coming from the nozzle: 

  (3.13) 

According to the momentum balance,  

  (3.14) 

It can be concluded that: 
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  (3.15) 

In this case, by using the relation above it can be rewritten the pressure distribution with respect to 
nozzle radius instead. The pressure distribution becomes: 

  (3.16) 

3.4 Dynamic Model 

Since during the waterjet peening process, the velocity of the droplets impact on the work piece 
can be extremely high, the static model can have wrong estimated of pressure from the reality. 
The article written by Brunton and Rochester[11] shows the dynamic liquid impact can cause the 
material damage linked to impact pressure. Therefore, it is worth to be mentioned that the impact 
pressure should be considered into the modeling part. 

3.4.1 Dynamic Assumptions 

For the transient dynamic modeling, several key factors are assumed to simplify the model: 

1. The work piece is considered to be a half-pace body. That means the dimensions of the work 
piece, including height, length, and width, are infinite at one side of work surface. In practice 
we set the work piece much larger than the waterjet peening area. 

2. The material of the work piece is homogeneous and isotropic. 

3. Other effects on the work surface like vibration, erosion, etc are ignored. 

4. The waterjet is perpendicular to the work surface. 

5. Temperature change of work piece is ignored. 

6. Water-droplets are uniformly distributed over the striking region. The distance between each 
droplet should be equal to the contact water-drop radius. 

7. Friction between droplets and air should be ignored. 

3.4.2 Velocity Distribution 

In accordance with Reichardt’s theory[12], the velocity distribution of each droplets while the jet 
impacts on the work piece can be described as: 
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 (3.17) 

Where, r is the arbitrary distance from the axis of jet. 

a is contact radius of jet 

The equation above shows the velocity has correlation with waterjet’s contact radius which is 
tough to evaluate. By using the momentum balance of jet in different locations[13], this equation 
can be change to related to the radius of nozzle instead.  

The total force for the fluid would be: 

  (3.18) 

Under the assumption of no energy loss during the process of fluid falling until it impact on the 
surface, the total force of the fluid would be constant. Besides, the fluid coming out from the 
nozzle should meet the momentum balance, that is: 

  (3.19) 

Thus it can be concluded that: 

   (3.20) 

Here we get the value of contact radius, and combined with equation (3.17) and equation (3.20) 
we can solve the velocity distribution by nozzle radius. The velocity distribution should be like: 

  (3.21) 

Also we can write it into a form of,  

   (3.22) 

Where,  is the radius of the nozzle. 

3.4.3 Impact Pressure Distribution 

So far, the Reichardt’s theory is applied to predict the velocity distribution of the droplets. The 
droplets’ velocity is written as a function of r, r is the distance away from the jet axis. But 
pressure distribution is better to use when calculating the residual stress. Therefore, it is essential 
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to get the pressure distribution of the jet. Another theory here needed is the liquid impact theory. It 
can be used to calculate the pressure distribution during the jet impact region. 

In liquid impact theory[14], the process of liquid impact consists of two steps. In the first stage, 
the liquid goes in a compressible way and generates a high impact pressure when droplets hit a 
rigid target. This high impact pressure will perform the jet like a “hammer”. A shock envelop 
would be built up in the contact region between drop and target (the shock envelope is made up of 
many wavelets), under the envelop region, the liquid is compressed and a high pressure is built up 
in this case. This process gives the main contribution in polishing the work piece, which is 
showed in figure 3.3. 

Fig 3.3 First Stage of Droplet Impact on Object 

In the second stage, it is worth to notice that the pressure along the contact circle can be triple 
higher than the maximum pressure in the shock envelope. But since this process last just for 
several nanoseconds, usually it can be ignored. This process is presented in figure 3.4[11].  

Fig 3.4 Second Stage of Droplet Impact on Object 

Regarding to the descriptions above, the pressure under the envelope region is the real contact 
pressure when droplets hit the work piece. In liquid impact theory, the pressure at the stagnation 
point can be described by the equation: 

  (3.23) 

Where,  is the shock velocity of the liquid which is given by: 
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   (3.24) 

Where, k is a constant number close to 2 when the intermediate is water[15]. 

 is the velocity of sound wave propagating in water, equals to 1481m/s at  and 

normal pressure[16]. 

In this case, the pressure distribution should be like: 

   (3.25) 

The velocity of each droplet can be determined by the location of itself. Depending on different 
velocity, the pressure should be various according to the distance from the axis. Since the droplets 
are uniform distribute, the distance between each droplet is of water-drop. Figure 3.5 shows the 
droplets distribution depending on the location away from the axis: 

Fig 3.5 Droplet Distribution  

In Evers and Eddingfield ’ s research[17], if the diameter of the water-drop is larger than 0.5mm, 
the water-drop would cause to a secondary break up. In this case, to avoid the secondary break up 
for the water-drop, the radius of the water-drop is assumed to be 0.025mm. Thus, the contact 
water-drop radius can be calculated by[13]: 

   (3.26) 

   (3.27) 
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4  Numerical Model 

4.1 About ABAQUS/CAE 

ABAQUS FEA is a suite of software applications for finite element analysis and computer-aided 
engineering. ABAQUS /CAE, or "Complete Abaqus Environment" is one of four main products 
of ABAQUS. It is a software application used for both modeling and analyzing of mechanical 
components and assemblies (pre-processing). In this software, the finite element analysis result 
also can be visualized.  

ABAQUS was initially designed to address non-linear physical behavior; as a result, the package 
has an extensive range of material models such as elastomeric (rubberlike) material capabilities. 

Every complete finite-element analysis consists of 3 separate stages[18]: 

1. Pre-processing or modeling: This stage involves creating an input file which contains an 
engineer's design for a finite-element analyzer (also called "solver").  

2. Processing or finite element analysis: This stage produces an output visual file.  

3. Post-processing or generating report, image, animation, etc. from the output file: This stage is 
a visual rendering stage.  

In conclusion, ABAQUS /CAE is capable of doing pre-processing, post-processing, and 
monitoring the processing stage of the solver. Besides, in ABAQUS, there is not a certain unit for 
a parameter, and the user should choose a default SI system on their own. In this work the SI 
system is chosen as following: 

Table 4.1 SI system 

Name Unit 

Length m 

Force N 

Mass kg 

Density kg/m3

Time s 

Pressure/Stress Pa (N/m2)

Energy J 
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The unit of parameters be mentioned and considered to use the default SI system in following 
description.

4.2Basic Model Parameters 

4.2.1 Modeling Part 

According to the pre-supposition the model size must be much larger than the waterjet peening 
area. Since this is an axisymmetric model, a cylinder part is created to simulate the work piece. 
The size of the cylinder was set as: 

Radius:  R=15mm 

Height:  H=15mm 

Both the 2-Dimensional Modeling and 3-Dimensional Modeling are performed in this report. A 
good comparison with these two models also showed in discussion part. 

In 2-D model, the part model is set to be deformable axisymmetric based on shell. Although mesh 
and analysis are based on 2-D shell but the original object is still solid, so that the section should 
also choose solid while doing the simulation. 

In 3-D model, the part model is set to be a deformable 3-D solid based on revolution mold. This 
would be convenience for meshing the model.  

4.2.2 Material Properties 

The material in this waterjet peering simulation is defined as metal. Steel is chosen here because it 
is the most wide spread used material in industry product, and its’ material characteristic is well 
learned. 

In the simulation part, plasticity model is defined as classical metal plasticity, because in 
ABAQUS this model is an elastic-plastic metal model within relatively low temperature.  

In plasticity (non-linear part) there are four types of default definition and one user definition for 
different materials, they are[19]:

1. Isotropic hardening is for model which the yield surface changes size uniformly in all 
directions such as the yield stress increases (or decreases) in all stress directions as plastic 
straining occurs. 

2. Kinematic hardening is for model that the cyclic loading of a material with a constant rate of 
hardening.

3. The Johnson-Cook plasticity model is particularly suited to model high-strain-rate
deformation of metals. This rule is generally used in adiabatic transient dynamic analysis. 

4. Combined is for a model that the cyclic loading of a material with nonlinear 
isotropic/kinematic hardening, which contains a nonlinear kinematic hardening component 
and an isotropic hardening component. 
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Here either the model is under a static (constant) loading or transient dynamic impact loading, the 
hardening is not in a cyclic process, and the temperature change is ignored which means there is 
no heat accumulated. Thus, isotropic hardening should be used as the hardening rule. 

Because the lack of practical detailed material parameters, the plasticity (in fact the computational 
plasticity in ABAQUS) parameters is defined according to online information for simulation 
exercise[20]. The main parameters of the defined material are: 

Material density: 
3/7800 mkg

Material elasticity: GPaE 206

Computational material plasticity (in single direction compression experiment):  

Table 4.2 material plasticity 

Yield stress(Pa) Plastic strain 

418000000 0 

500000000 0.01581 

605000000 0.02983 

695000000   0.056 

780000000   0.095 

829000000   0.15 

882000000   0.25 

908000000   0.35 

921000000   0.45 

932000000   0.55 

955000000   0.65 

988000000   0.75 

1040000000   0.85 

And the defined plasticity curve is like figure shows below: 
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Fig 4.1 plasticity of model material (compression) 

The plasticity strain-stress curve above shows: 

1. The compress yield stress of original (before hardening) work piece material is about 
418MPa.

2. When the compress stress is less than 829MPa, it can be considered as work hardening 
process, and the main part of residual stress is generated in this region. 

3. When the compress stress is larger than 829MPa, it can be considered as an ideal plastic 
deformation, generate large strain but limit incremental stress. 

4.2.3 Section 

In ABAQUS the axis-symmetric 2-D model is also considered as a solid part, the same as a 3-D 
model. In solid section, there are four types of properties[21]: 

1. Homogeneous solid sections are used to define the section properties of two-dimensional, 
three-dimensional, and axis symmetric solid regions. This type of section is most widespread 
used.

2. Generalized plane strain sections are used to define the section properties of two-dimensional 
planar regions. This type is usually for plane strain part within 2-D planar, like dam of barrel. 

3. Eulerian sections are used to specify the materials that can be present in an Eulerian domain. 
This type can be assigned only to Eulerian-type parts. 

4. Composite solid sections are used to define the section properties of three-dimensional 
regions that are composed of layers of different materials in different orientations. That is 
usually assigned by composite material or anisotropic material. 

In this work, the prototype of work space is a solid cylinder, with homogeneous metal material in 
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assumptions. Thus, in both 2-D and 3-D model, homogeneous solid is chosen as the section 
property, and default plane stress/strain definition is used. 

4.3 Mesh Rules 

4.3.1 2-D Axis-symmetric Model 

In the 2-D axis-symmetric model the mesh area is half symmetric part of the cross section of the 
work piece, which would be a rectangular area. The mesh strategy is to mesh the area into regular 
quadrangles by parallel edges in vertical and horizontal direction. 

To decrease the number of elements, the following rules should be applied and noticed: 

1. Inside the peening area the mesh point is normal distributed on R axis. The minimum mesh 
size is decided by the droplet contact area, here two times of the contact area diameter is 
chosen as this minimum mesh size, which is 0.0001576, inside the peening area. Actually, the 
peening area of quasi-static model is different from transient dynamic modeling, the peening 
diameter proportion to nozzle size is 2.583 and 2.737. 

2. Outside the peening area along the R axis, the mesh point is distributed with bias, from 
minimum mesh size to five times of minimum mesh size, which is from 0.0001576 to 
0.000788.

3. Along the H axis, the mesh point is distributed with bias, from minimum mesh size to five 
times of minimum mesh size, which is from 0.0001576 to 0.000788 on H direction. 

4. Because the model is not twisted during a perpendicular waterjet peening, the element which 
is used in ABAQUS background analysis is a mix of CAX6 (6-nodes quadratic) and CAX8 
(8-nodes biquadratic), due to the axis symmetric element type[22].

The meshed 2-D axis-symmetric part is showing below, the total number of mesh nodes is 
67*53=3551 for quasi-static model and for transient dynamic model: 

Fig 4.2 Mesh of 2-D Axisymmetric Model 
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4.3.3 3-D Solid Model 

The 3-D model meshing is more strategic than the 2-D model. The part is better to be divided 
with axis-symmetric mesh due to the work piece and loading properties, the method to generate 
an axis-symmetric mesh is to use the sweep mesh along the circumference direction of the 
cylinder work piece. The coordinates used in 3-D modeling is polar coordinates, that is: 

. For ABAQUS, it is not allowed to mesh a region with hexahedral or wedge elements 
if one or more edges lies along the axis of revolution[23], rules following should be applied: 

1 The sweeping way is different depend on if it is inside of the peening area. Inside of the peening 
area, the sweeping way should be from up to down along the H axis. As for the outer area, the 
sweep path is along the circumference. 

2 The mesh size of inside and outside of the peening area are different along R-axis. The mesh 
point on inner circumference edge is uniformly distributed with the minimum mesh size. The 
minimum mesh size is decided by the droplet contact area, here we choose two times of the 
contact area diameter as this minimum mesh size 0.0001576m. For the outer part, the mesh size 
should be various from 0.0001576m to 0.000788m linearly according to r. And the larger mesh 
size is decided by the radius of outer edge, to make sure the outside part is divided evenly into 
wedge shape blocks. 

3 The way of how to get the mesh size along the H axis should be the same, no matter it is inside 
of the peening area or not. The mesh point is distributed with bias, from minimum mesh size 
0.0001576m to 0.000788m linearly on H direction. 

4 The sweep meshed element shapes are all set to be hex, so the element which is used in 
ABAQUS background analysis is C3D8 when the element is linear or C3D20 when the 
element is quadratic non-linear[21]. The meshed 3-D part is showing below: 

Fig 4.3 Mesh of 3-D Solid Model 
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4.4 Boundary Conditions 

In this numerical model the loading pressure is parallel to the center axial direction of the cylinder 
part, and the equivalent resultant force effects on the center point. 

In 2-D axisymmetric model, the work piece is only fixed in the central point at the bottom but 
hinged joint for other place. This will make the model still deformable along the radius direction 
while force added on the top surface. The boundary conditions can be shown in below: 

Fig 4.4 Boundary Condition of 2-D Model 

The same boundary conditions work out in 3-D model. In 3-D model the work piece is only fixed 
the movement for the central point at the bottom, but other places should be hinged joint. Because 
the center part of the cylinder is meshed arbitrarily, hence there is no center node, so the bottom of 
center area (the same radius as the peening area) of cylinder is fixed to avoid the affection of 
disturbance.

4.5 Loading 

4.5.1 Quasi-static Model 

In quasi-static model, waterjet is been considered as quasi-static “water column” which transmits 
hydraulic pressure from nozzle to the work surface and generate the residual stress, the pressure 
distribution gained in chapter 3 is: 

  (4.1) 

This parabolic pressure distribution can be generated by load “analytical field” in ABAQUS. 
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Here  is chosen as 800MPa, because the value is during the area of ideal plastic deformation 
region of the material due to 3.2.2, and can generate a clear plastic deformation and hence 
residual stress. 

To get the residual stress generated by the pressure a loading and unloading process is required in 
ABAQUS to simulate the loading and unloading of waterjet. This can be realized by ABAQUS 
analysis steps. In each load step the procedure type is set to ‘Static, General’ according to the 
static model analyzing. Several intermediate steps are added during the loading process and 
unloading process to make a stress-strain curve in different curves. 

Fig 4.5 Loading Steps

Actually, the intermediate process of loading and loading time doesn’t affect the final residual 
stress because the analysis is based on static analysis in each step, therefore the curve can show 
the stress variation of the material during practical loading and unloading.  

4.5.2 Transient Dynamic Model 

In transient dynamic model, waterjet is considered to be a series of droplets, which provide a 
uniform distributed transient impact on the work surface of material and generate the residual 
stress. As been discussed in chapter 3, the assumed contact radius of each droplet is: 

   (4.2) 

The velocity distribution of droplets when reach the work surface is: 

  (4.3) 

The transient pressure produced by each droplet depends on the velocity is: 
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  (4.4) 

In this transient dynamic model, loading and unloading process are also needed in ABAQUS to 
simulate the impact process of water droplets. This can be made in the way of build up ABAQUS 
analysis steps.  

In ABAQUS, dynamic analysis includes two kinds of methods: modal superposition procedure 
and direct-solution dynamic analysis procedure. Usually, modal superposition procedure is used 
to solve linear dynamic problem, but direct-solution dynamic analysis procedure is used to solve 
non-linear dynamic problem. So ‘dynamic, explicit’ should be chosen while loading. 

The jet moving towards the work surface is defined to be the loading process. The droplets impact 
on each position in each step to build up the pressure. The step time length for each impact during 
loading and unloading been calculated based on J.E Field’s research as following [11]:  

  (4.5) 

  (4.6) 

Nine loads are set in this process due to the size of droplets; one load is applied on its position in 
each step. The loading time and unloading time are calculated according to velocity. Since the 
loading process will have the strain variation caused by vibration within the model, there should 
be a short “ageing treatment” time after the final unloading without any load added. Here 1e^(-6)s 
is set to be the lasting time of this step, which is about 100 times of the shock time..  

The chart below shows the information of each shock according to the position: 

Table 4.3 Properties for Droplets Impact 

No. Distance 
from 

axis(mm) 

Velocity 

(m/s) 

Shock
velocity 

(m/s) 

Pressure

(GPa)

Impact 
duration

(s)

1 0 1265 4011 5.0739 5.8972e-8

2 0.1577 1168.3 3817.7 4.4603 6.0122e-8

3 0.3154 1001.5 3484 3.4893 6.1881e-8

4 0.4731 804.57 3090.1 2.4863 6.3193e-8

5 0.6308 599.22 2679.4 1.6056 6.2598e-8

6 0.7885 402.84 2286.7 0.9212 5.7781e-8
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7 0.9462 230.95 1942.9 0.4487 4.5886e-8

8 1.1 97.97 1676.9 0.1643 2.6129e-8

9 1.3 17.69 1516.4 0.0268 5.7686e-9

Fig 4.6 Pressure Distribution for Dynamic Model 

In shot peening, elastic pre-stress should be added to the components in order to get higher 
residual stress[24]. A study[25] worked by B. Sadasivam and D. Arola shows that, the elastic 
prestress can increase the magnitude of residual stress also in WJP. 
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5.  ABAQUS Analysis Results 

5.1 2-D Quasi-static Model 

Here the Von Mises yield criterion is used due to chapter 3, so the result focus on the Mises stress 
which represents the specific deformation energy of the material in this research work, and has no 
negative value. 

The contours of Mises stress are shown below: 

Fig 5.1 Mises Stress under Maximum Load 

The figure above shows the Mises stress under maximum load. The largest stress doesn’t occur on 
the surface but about 0.4mm beneath. The value is about 420.1MPa, which is larger than the yield 
stress of material. Plastic deformation and residual stress generates in this case. 

a. in 2nd step                b. in 6th step 
Fig 5.2 30% Load during Loading and Unloading 
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The figure above shows the difference of Mises stress distribution before and after the maximum 
loading. In which the difference is caused by plastic deformation. 

Fig 5.3. Mises Residual Stress  

Figure 5.3 shows residual stress distribution after unloading process, in which the maximum 
residual stress occurs in the depth of about between 0.3mm and 0.4mm and the value is about 
38.29MPa.

The curve for Mises stress on the center axis of the work piece in shown below, the axis range 
only covers the important part which the residual stress mainly occurs: 

Fig 5.4 Mises Stress on Central Axis along Depth 

Due to the curve, the maximum residual stress appears not on the surface of the work piece but in 
the depth of about 0.317mm, on which the Mises stress along radius is shown below: 
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Fig 5.5 Mises Stress on Depth 0.317mm along Radius 

Here also shows the result of normal stress along height and radius below: 

Fig 5.6 H-Direction Normal Stress  
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Fig 5.7 R-Direction Normal Stress 

And the curves of normal stress on H direction and R direction are shown below: 

Fig 5.8 Normal Stress  
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Fig 5.9 Normal Stress on Depth 0.317mm  

5.2 3-D Quasi-static Model 

In 3-D quasi-static model the cross section which is passed through the diameter of the cylinder is 
used to show the inner residual stress variation during loading and unloading process. 

The contours of Mises stress in 3-D model are shown below: 

Fig 5.10 Mises Stress under Maximum Load
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a. in 2nd step                         b. in 6th step  

Fig 5.11 30% Load during Loading and Unloading 

Fig 5.12 Residual Stress 

Figure 5.10 shows the Mises stress under maximum load. The largest stress value is about 
419.9MPa, which is larger than the yield stress of material, generate plastic deformation and 
residual stress. 

Figure 5.11 shows the difference of Mises stress distribution before and after the maximum 
loading. In which the difference is caused by plastic deformation. 

Figure 5.12 shows residual stress distribution after unloading process, in which the maximum 
residual stress also occurs in the depth of about between 0.3mm and 0.4mm and the maximum 
value is about 39.21MPa. 

The curve of Mises residual stress on the center axis of the work piece is shown below: 
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Fig 5.13 Mises Stress on Central Axis  

Fig 5.14 Mises Stress on Depth 0.317mm  

The normal stress on H and R direction are shown below: 
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Fig 5.15 H-Direction Normal Stress 

Fig 5.16 R-Direction Normal Stress 

In the figures above, the positive value represents the pressure stress and negative value 
represents the tension stress. 

And the curve of the normal residual stress on H and R direction are shown in below. Due to the 
mesh in the peening region is not regular but arbitrary, the nodes in required coordinate may not 
exist, so only a few available nodes values are used. 
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Fig 5.17 Normal Stress on Central Axis along Depth 

Fig 5.18 Normal Stress on Depth 0.317mm along Radius 

5.3 Comparison: 2-D and 3-D model 

Both 3-dimensional and corresponding 2-dimensional axisymmetric are applied in the static 
model, now the results are compared in purpose to check if a 2-dimensional model here in the 
numerical simulation can be used to simplify the calculation: 

1. The Mises Stress Distribution 
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The Mises residual stress distribution contours of 2-D and 3-D model are shown below: 

a. 2-Dimensional Model               b. 3-Dimensional Model
Fig 5.19 Two Models’ Comparison

The figure 5.20 shows that Mises residual stress in generally similar to each other, especially on 
the distribution area and the maximum value of residual stress. Detailed comparison on the curves 
is showing below: 

Fig 5.20 Comparison along the Central Axis 
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Fig 5.21 Comparison of Residual Stress on Depth 0.317mm  

The curve shows that the Mises residual stress on 2-dimensional and 3-dimensional models are 
quite similar in most position of the work piece. 

2. The Normal Stress Distribution 

The comparison of normal residual stress distribution contours of 2-D and 3-D model are shown 
below:

a. 2-Dimensional model               b. 3-Dimensional model 
Fig 5.22 H-Direction Normal Stress Comparison 
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a. 2-dimensional model               b. 3-dimensional model
Fig 5.23 R-Direction Normal Stress Comparison 

The H direction normal stress from 2-D model and 3-D model are much similar. But for the R 
direction normal stress is quite different, which may caused by the difference of boundary 
conditions. The curves are shown in fig 5.24 and fig 5.25. 

Fig 5.24 Comparison along Central Axis 
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Fig 5.25 Comparison of Normal Residual Stress on Depth 0.317mm  

The result also shows singular value of solution in 3-D model. 

3. Others

Actually, the 2-D axis symmetric model in ABAQUS has more practical utility than the 3-D 
model.

First, in terms of the calculation time: even the same element size are used for two models, it 
takes almost 90 minutes to calculate the 3-D model. Comparatively the 2-D axisymmetric model 
takes only 30 seconds to do the calculation, which is 1/180 of the previous one. 

Second, consider from result monitoring: because the 3-D model mesh strategy require to be 
separated into two parts, and the center part mesh is not regular, due to 4.3.3, so usually it is hard 
to gain the calculated value in a given position which may be interested, and also hard to draw the 
stress curve alongside the radius. 

Generally, the 2-D axisymmetric model and the 3-D model are mostly similar to do the numerical 
simulation of waterjet peening and can be alternative in the calculation. But there are a few 
differences in the comparison, which may cause by the reasons below: 

1. The Boundary Condition: In 2-D model the center point of the bottom is fixed to avoid 
disturbance. In 3-D model, the mesh of the part in peening area is arbitrary, and there is not a 
“center point” on the bottom, so instead the whole part of bottom inside the peening area is 
fixed.

2. Solution: There is singular solution occurs in 3-D model calculation. And also a complicate 
calculation with high order matrix formula may cause accumulation of errors. 

3. The Solution Value on Nodes: In 3-D model, the mesh of the part in peening area is arbitrary. 
When extracting solution value from the nodes solution, the nodes used in 3-D model may not 
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in the same position as in the 2-D model. Hence the values from compared node will be 
different even when the solution is similar. 

In conclusion, the 2-D axisymmetric model can replace the 3-D model to simplify this problem. It 
is highly recommended to use the 2-D axisymmetric model in purpose to save the calculation time 
and simplify the solution value in given position because of simplicity and regularity. 

5.4 Transient Dynamic Model 

The contours of Mises stress in Transient dynamic model are shown below in Fig 5.26: 

Fig 5.26 Mises Residual Stress 

Figure 5.26 shows residual stress distribution after 9 transient loading processes and the short age 
process, in which the maximum residual stress occurs on the surface of work piece, and the 
maximum value is about 191.4MPa. The curve of Mises residual stress on the center axis and on 
the surface of the work piece is shown below: 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

x 10
-3

0

2

4

6

8

10

12
x 10

7 Mises stress on the central axis vs depth

depth(m)

M
is

es
 s

tre
ss

(P
a)



39

Figure 5.27 Mises Stress on Central Axis 

Figure 5.28Mises Stress on Surface  

Figures below showed residual stress for stress components, the normal stress on H and R 
direction are shown below in which the positive value represents the pressure stress and negative 
value represents the tension stress: 

Figure 5.29 H-Direction Normal Stress 
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Figure 5.30 R-Direction Normal Stress 

The curve for the normal residual stress on H and R direction are shown below: 

Figure 5.31 Normal Stress on Central Axis  
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Fig 5.32 Normal Stress on Surface  

5.5 Comparison: Static and Dynamic Model 

In this work quasi-static model and transient dynamic model from different hypothesis are both 
applied in the simulation. Comparison for the two models is shown from following aspects. 

1. The Mises stress distribution 

a. Quasi-Static Model            b. Transient Dynamic Model 
Fig 5.33 Residual Stress Comparison  

A detailed comparison from central axis and surface can be seen from fig 5.34 and 5.35. 
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Fig 5.34 Comparison of Residual Stress on Central  

Fig 5.35 Comparison of Residual Stress on Surface  

The normal stress distribution is different for two models as well, see fig 5.36 and fig 5.37: 
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Fig 5.36 Comparison of Normal Residual Stress on Central Axis 

Fig 5.37 Comparison of Normal Residual Stress on Surface 

It is easy to figure out that the residual stress calculated by dynamic model is much larger than 
static model. Also the residual stress from the dynamic model spans a larger area than the static 
model.

The result for dynamic model could be inconstant due to the shock in the model after unloading. 
According to varies relax time, residual stress can change continually. The vibration is from the 
shock of loading, which can cause inner stress variation within a time period. Fig 5.83 shows a 
stress distribution 3e-7s after unloading.
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Fig 5.38 Stress Distribution(3e-7s after unloading) 

5.6 Inquiry: Supply Pressure 

Due to previous comparison and discussion, the 2-dimensional quasi-static model is more 
preferred to be used in following inquiry of the affection of waterjet parameters. 

To find the influence from supply pressure, additional supply pressures are used in the same 
model to do the numerical simulation, they are: 600MPa, 1000MPa, and 2000MPa. 

1. The results for 600MPa 

The contour of Mises stress under the supply pressure of 600MPa is shown below: 

 a. in 2nd step               b. in 6th step  
Figure 5.39 30% Max- Load during Loading and Unloading (600Mpa) 
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Fig 5.40 Residual Stress (600Mpa) 

Here the Mises residual stress is almost 0, which means there is no plastic deformation during 
the loading and unloading process. In fig 5.39 it is also shows that the stress doesn’t change 
after the maximum load. 

2. The results under 1000MPa 
The contour of Mises stress under supply pressure 1000MPa is shown below:

a. in 2nd step                         b. in 6th step  
Fig 5.41 30% Max-load during Loading and Unloading (1000Mpa) 
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Fig 5.42 Residual Stress (1000Mpa) 

Here in figure 5.42 the Mises residual stress is larger than which under the supply pressure of 
800Mpa, and also expand the area of plastic deformation area. In figure 5.41 it is showed after the 
maximum load, and the center part of the work tend to yield, hence the stress transfer to 
surrounding area. 
3. The results under 2000MPa 

a. in 2nd step                         b. in 6th step  
Fig 5.43 30% load during Loading and Unloading (2000Mpa) 
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Fig 5.44 Residual Stress (2000Mpa) 

If the supply pressure is much higher than yield stress of material, water-peening may cause 
material cut. In figure 5.44, the residual stress for some area is larger than the yield stress, which 
means a continuous deformation of the workpiece will appear after unloading until material break 
down.

4. Comparison in residual stress curves 

The comparison of Mises and normal residual stress from different supply pressures are shown 
below, which give a detailed comparison of value: 

Fig 5.45 Comparison of Residual Stress under Different Supply Pressure 
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Fig 5.46 Comparison of H Normal Residual Stress under Different Supply Pressure 

Fig 5.47 Comparison of R Normal Residual Stress under Different Supply Pressure 
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5.7 Result Comments 

The results for static model showed a good match between 2-dimensional and 3-dimensional 
models. Considering the calculation amount and calculation time, the 2-dimensional model is 
much more efficient and simplified. Since the model is totally axisymmetric, then residual stress 
analysis can be changed into the analysis of the cross section from the cylinder work piece. 
Furthermore, the effect of the supply pressure is discussed in this section. The higher the supply 
pressure, the more residual stress will be gained. Until it reaches the rupture stress, that can make 
the material breakdown. 

For the transient dynamic model, compared the result in this report to N. Rajesh and 
S.Veeraghavan’s[13] work. In their work, the impact pressure is almost 10 times larger than the 
static pressure. It is basically as the same in the mathematical calculations. But the residual stress 
they got for the dynamic model is almost the same as the static model. The only difference is the 
largest value of residual stress happened in different positions along the radius. However, the 
residual stress got in this work is totally far away from the static model. This result can be caused 
by inner stress variation during a time period after unloading. Since in dynamic modeling, the 
system is vibrating, the relax time after loading can have an enormous effect on the result. Thus, 
the dynamic model is not stable as the static one when parameters float in a small region. 
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6.  Conclusion 

6.1 Conclusion

To get the residual stress of the peening process, two kinds of models are built to be discussed: 
one is static model, and the other is transient dynamic model.  

In static model, pressure distribution is calculated under boundary conditions in a mathematical 
way. In the FEM analysis part, both 2-D and 3-D have been built up to predict the residual stress. 
The results from these two methods are almost the same. Since the work piece is axis symmetry, 
and 2-D cost much less time than the other. It can be concluded that 2-D is more efficient to do 
the residual stress calculation. In this model, different supply pressure is added to the modeling 
process to discuss the affection on residual stress. Higher supply pressure will give higher 
pressure add to the work piece that will expand the area of plastic deformation area, and cause 
more residual stress left during the process. Until the pressure reaches the yield stress, the 
material will break down in that case. 

In the transient dynamic model, Reichardt’s theory is used to predict the velocity distribution. 
Combined with liquid impact theory, the impact pressure of the water droplets can be calculated. 
For the FEM analysis part, since the dynamic model is not stable, the system is vibrating and can 
be easily effect by inner stress variations and relax time after unloading process. The result of 
dynamic model is quite different from the static model. 

In this work, the residual stress calculated by the static model is more credible, somehow more 
research need to do on the dynamic model in the future work. 

6.2 Future work

This thesis work covers only one section of the research work, and more work need to be done in 
the future research work of waterjet peening: 

1. The dynamic model applied in this thesis work is not stable. The future research can 
manage to find out if the stable and reliable dynamic model can be applied. 

2. In this thesis work, only the affection of supply pressure to the residual stress is inquired. 
The future research can try to find the affection of other processing parameters like nozzle 
size, feed rate, attack angle, etc. 

3. There is no practical experiment work done in this thesis work. In the future research, 
several waterjet peening experiments are highly required, and it is necessary to compare 
the simulation result with the experiment result to adjust the model setting, also adjust the 
coefficient of empirical equation. 
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