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Abstract 

 

A Study on the Interactions between Water Droplets and Solid Targets to Understand Water 

Droplet Erosion 

 

Ming Jing 

 

Water droplet erosion (WDE) has always been a serious issue in the power generation 

industry. WDE is the continuous loss of material from a solid surface due to the accumulated 

impacts by water droplets. In gas turbines, ultra-fine droplets are purposely sprayed into the 

incoming air of the compressor in order to decrease the ambient temperature and increase the 

efficiency of the turbine. Unfortunately, this process involving water droplets, severely damages 

the leading edge of the compressor blades. Erosion, such as WDE, is not constant with time. It 

has been classified into early stages and advanced stages. Most studies on erosion have primarily 

focused on the early stages of erosion. Very few researchers focused on water droplets and solid 

interactions at the early stages of erosion, which is important in understanding WDE damage. 

Knowing where and how the droplets impact the target can contribute to understanding the WDE 

phenomenon further and propose a way to reduce WDE or even find a potential solution for 

WDE altogether. The purpose of our work is to explore several approaches in understanding this 

interaction. 

 One part of this work will study the effects of airflow on the trajectories of water 

droplets with the use of ink coated samples and computational fluid dynamics (CFD) simulation. 
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A secondary part will investigate and compare how different solid target samples react to the 

impact of water droplets. The selection of samples is as follows: flat (as-received unaltered 

material), grooved, and metallic foam. The grooved and metallic foam samples are employed in 

this work in order to stabilize a water film and dissipate the energy caused by multiple droplets 

impacts. The erosion tests were conducted in a rotating disc rig in accordance to the ASTM-G73 

standard. The size of the droplets was 460 µm and the impact speeds were set to 150 m/s, 200 

m/s, and 250 m/s. Ti-6Al-4V alloy was chosen as a sample material because it is typically used 

in turbine compressor blades. 

During the WDE tests, it was observed that the airflow had a significant influence to drift 

the water streak away from the rotation center. Moreover, it can affect the trajectories and the 

impact position of the droplets. The airflow causes the upper half of the sample to erode faster 

than the bottom half. This was obvious upon observing the eroded samples after WDE tests. 

Furthermore, the formation and distribution of secondary droplets after the initial impact could 

also be influenced by the airflow within the rig. This is attributable to the lower mass of the 

secondary smaller droplets that are easily affected by the airflow.  

Metal samples having grooves of either 0.5 mm or 1 mm depth were employed in this 

work along with other samples having blocked grooves to prevent water flowing downward. 

Incubation period and maximum erosion rate are the two main erosion resistance parameters of 

interest in this research. The results showed that the 0.5 mm groove had a longer incubation 

period than the reference sample. It also fared better than the 1 mm and bottom blocked grooved 

samples. This was studied by CFD simulation and is concluded as the influence of water film 

formation in the groove by dampening the impacts of subsequent water droplets. The 0.5 mm 

groove had a more suitable airflow environment to stabilize the water film in the groove than the 
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1 mm groove. However, at the maximum erosion rate stage, the reference sample and both sizes 

of grooves showed similar erosion behavior. This indicates that the maximum erosion rate stage 

is not affected significantly by introducing grooves and the formation of water films in them.  

Porous and polyurethane-blocked samples were used as both test and reference samples 

respectively in the current work. Their purpose is to stabilize the water film, dissipate the impact 

energy, and study the interactions between water droplets and porous structure further. The 

results show that the porous structure can dissipate more impact energy than the solid substrate 

and mitigate the WDE damage to some extent. 
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Chapter 1: Introduction  

Water droplet erosion (WDE) of gas and steam turbine blades has always been a serious 

problem in the power generation industry. WDE results in severe damage on the leading edge of 

compressor blades due to the interactions between the rotating blade and water droplets, thereby 

shortening the service life of the blade. This chapter states the WDE problem. The thesis layout 

is presented in this chapter as well. 

1.1. Problem statement 

In the power generation industry, gas turbines suffer from the effect of high ambient 

temperatures which results in the output power efficiency dropping significantly; this issue is 

worse in the summertime. For every 1°C ambient temperature increase, there is a 0.54-0.90% 

decrease in output power efficiency [1–3]. In order to increase turbine efficiency, the ambient 

temperature must be kept as low as possible. Different cooling methods such as fog cooling [3] 

or evaporative cooling [2] have been explored by industries for decades. Due to the high cooling 

efficiency and low cost requirements, fog cooling (where ultrafine liquid droplets are employed 

to cool the incoming air) has been identified as the ideal technique for mitigating this problem 

[4]. The ultrafine water droplets are introduced to the gas turbine at a specific pressure with an 

atomizing nozzle. Fogging droplets reduce the temperature of the blades directly; this makes 

fogging one of the most efficient and preferred ways for turbine cooling.  

Although the sprayed droplets reduce the temperature and increase power output [4], the 

impacting water droplets cause severe erosion damage to the leading edge of the rotating 

compressor blades, especially at high speed [5]. This damage is termed “water droplet erosion 

(WDE)” or “liquid impingement erosion (LIE)”. WDE is defined as the continuous loss of 

material from a solid surface due to accumulated impacts by water droplets. WDE or LIE can 
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degrade the performance of a turbine and shorten the service life of the blades. Fig. 1-1 shows a 

typical gas turbine compressor blade before and after WDE damage.  

 

Figure 1-1 Gas turbine engine showing compressor blades before and after erosion damage. 
Courtesy of MSD Coatings Technologies Co. [6]. 

 Fig. 1-2 shows a real-life eroded compressor blade caused by WDE. WDE seriously 

shortens the service life of the turbine. This issue needs to be addressed to ensure the turbine 

keeps working at peak efficiency. Not only do damaged blades cause the turbine to run at a 

reduced efficiency, if the erosion continues unchecked, it can lead to catastrophic failure. To 

address this issue, many researchers have attempted some form of surface treatments [7, 8]; 

however, the enhancements were not very significant. The purpose of this work is to 

experimentally recreate the water droplet interactions with the impacting samples and the effects 

of airflow in order to understand the WDE issue further and propose a way to reduce it or even 

find a potential solution altogether. 
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Figure 1-2 Eroded ex-service turbine blade [9]. 

1.2.  Thesis layout  

This thesis is composed of five chapters. Chapter 1 states the current research problem. 

Chapter 2 reviews the WDE phenomenon and the causes of different erosion features are 

summarized at different erosion stages. The effect of some parameters such as impact speed, 

droplet size, etc. are introduced in this chapter. Water film and the effects of airflow on the 

trajectories of the water droplets are also highlighted in chapter 2. The research motivations and 

objectives that relate to the literature findings are also mentioned in this chapter. Chapter 3 

introduces the experimental methods and set up. The parameter selections are also introduced in 

this chapter. Chapter 4 presents the experimental results of water droplet interactions with 

different solid impacting samples explained by simulation. The effects of the airflow on the 

droplets in the WDE test are also presented and discussed in this chapter. Lastly, Chapter 5 

summarizes the conclusions and contributions of the current work. Recommendations for future 

research are highlighted at the end of this chapter.   
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Chapter 2: Literature review 

The WDE behavior of Ti-6Al-4V, a common alloy used in compressor blades, will be 

reviewed in this chapter. Also, the causes of WDE, the parameters that influence the WDE 

behavior of materials, the effects of airflow on the trajectories of droplets and the influence of 

water film formation will be introduced in this chapter.  

2.1.  WDE  

2.1.1.  Causes of erosion 

 WDE is a time-dependent progressive damage [10]. WDE damage has been studied for 

decades. There are two main causes of WDE damage: (1) Impact pressure induced at the 

impacted area (water hammer pressure) [11] and (2) The radial liquid flow (lateral jetting) along 

the surface at high speed, which occurs after the initial droplet pressure release [12]. The two 

main causes are explained in the following sub-sections. 

2.1.1.1.  Water hammer pressure (impact pressure) 

When a liquid droplet impacts a solid surface, impact pressure is generated and a shock 

wave is propagated simultaneously. This is the initial stage and is important in understanding 

WDE. In 1928, Cook [13] attempted to explain this impact pressure produced by the liquid 

droplets on metallic surfaces with the water hammer phenomenon and emphasized the dramatic 

influence of the water hammer pressure on WDE. Based on this one-dimension water hammer 

theory, the impact pressure can be represented in equation (1) [13]: 

                                                  𝑃 = 𝜌0𝐶0𝑉0 ,                                                                   (1) 

Where 𝜌0 and 𝐶0 are the density and the acoustic velocity of the undisturbed liquid droplets, 

respectively. 𝑉0 is the impact speed. However, the velocity of the shock wave is not always equal 
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to the acoustic speed. In this case, when the droplet impacts at a high speed, the shock wave 

speed has to be treated as a function of the water hammer pressure itself.  

Moreover, Heymann [14] pointed out that the one-dimension model of the water hammer 

did not correspond to the real condition where the shock wave pressure propagates as a dome 

shape in the droplets, not a plane shape, shown as Fig. 2-1. The pressure at the edge of the 

compressed impacted droplets can attain levels up to three times higher than the impact pressure 

calculated by the water hammer pressure equation (1). However, the pressure at the edge of the 

contact points lasts for a very short time duration and is usually negligible and ignored [15]. In 

1969, a two dimension pressure equation (2) was presented by Heymann [16] to explain the case 

which is more representative:  

                                             𝑃 = 𝜌0𝐶0𝑉0[1 + 𝑘 (
𝑉0

𝐶0
)] .                                                     (2) 

Here, k is a constant for a specific liquid, and k = 2 is for water. The schematic of an 

impact droplet on a rigid solid surface can be seen in Fig. 2-1. The liquid behind the shock wave 

envelope line is compressed and the rigid surface underneath this area has a high pressure which 

is responsible for the initial cracks on the solid after repetitive impacts. In 1981, Lesser [17] 

discussed Heymann’s work [16] and expanded it significantly. He calculated the detailed edge 

pressure for both two-dimensional and three-dimensional spherical droplets and found that in 

these two cases, the edge pressure only depends on the impact speed and the instantaneous angle 

between the liquid and the solid at the moment when the droplet impacts the surface. Hence, he 

suggested that the two-dimensional droplet impact model can be applied to study the early stage 

of the droplet impact instead of three-dimensional droplet impact model. Furthermore, he also 

proposed that the pressure of cylindrical droplets is higher than spherical droplets, but the edge 

pressure is identical for both cases. In general, there is consistency between Heyman’s work [16] 
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and other researchers such as Lesser [17]; however, this was in disagreement with other 

researchers such as [18, 19]. For instance, in 1955, Engel [19] proposed another two-dimensional 

pressure equation: 

                                                    𝑃 =
1

2
𝛼𝜌𝑙𝐶𝑙𝑉𝑖 ,                                                              (3) 

where α approaches unity for the high-speed impact and 
1

2
 is the consequence of a spherical 

liquid droplet, 𝜌𝑙 is the density of the liquid, 𝐶𝑙 is the speed of sound in the liquid, and 𝑉𝑖 is the 

impact speed of the liquid droplet.  

 

Figure 2-1 Initial stage of an impact droplet, according to Heymann [16]. 

Accordingly, Sanada et al. [20] applied Heymann’s pressure equation and numerically 

studied the shock wave pressure propagation in two dimensions. Fig. 2-2 presents the shock 

wave propagation in a compressed water droplet. The liquid droplet impacts a ductile target with 

an impact speed of Mach 0.2. A shock wave (S) is generated after the droplet impacts the solid 
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surface. The shock wave proceeds to expand along the shock wave envelope line in the 

compressed liquid droplet. A low pressure is generated after the reflection (R) of the shock wave 

envelope on the top of the droplet. Finally, the shock wave focuses on one point (F) shown in Fig. 

2-2 (e), and at the bottom edge of the compressed droplet, lateral jetting (J) commences, as 

shown in Fig. 2-2 (f). After the repetitive impacts of the droplets, the rigid surface sample begins 

to initiate damage from the high pressure.    

 

Figure 2-2 The density contours for droplet impact with a solid wall. The impact Mach number is 

0.2, the target compliance is 0.04. The labels indicate S: Shock Wave, R: Reflected, F: Focus and 

J: Jetting [20]. 

Since the high impact pressure of the water droplets is one of the main causes of the 

initial damage, the contact pressure between the droplets and the solid surface at impact is 

paramount in order to predict the WDE damage. The higher the contact pressure, the faster the 

erosion damage. In this work, the value of contact surface pressure is used to estimate the length 
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of the incubation period of the porous metallic foam and polyurethane-blocked metallic foam in 

the CFD simulation.   

2.1.1.2.  Lateral jetting  

Since there is no free surface between the liquid droplet and the surface at impact, the 

high pressure inside the compressed liquid needs to be released. When the shockwave overtakes 

the contact edge, a free surface is generated and releases the pressure within the high pressure 

region of the compressed droplet [21]. Hence, the lateral jetting (radial outflow) occurs due to 

the pressure release [21]. The jetting process is shown in Fig. 2-3.  

 

Figure 2-3 After shock wave has overtaken the contact edge, allowing decompression and jetting 

[21]. 

In the 1970s, Heymann [22] proposed a theory on how lateral jetting damages the surface 

of a solid with repetitive water droplet impacts by explaining the mechanism of lateral jetting. 

Lateral jetting interacts with surface irregularities, then damages the base material [22] as shown 

in Fig. 2-4. When high pressure release starts, the lateral jetting begins to spread across the 

surface of the material.  
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Figure 2-4 a) A water droplet sends out the lateral jetting b) repeated water droplet impacts, the 

asperity initiates a crack c) water jetting open the crack up [22]. 

With the repetitive impingements of the lateral jetting on the wall of asperity, the initial 

cracks develop at the base of the asperity surface and are opened up by the continuous lateral 

jetting. This lateral jetting acts on the initial depressions that were created by repetitive 

impingements and results in the erosion pits nucleation. Eventually, the hydraulic penetration 

mechanism accelerates the expansion of these pits and initial erosion craters, which results in the 

removal of material. 
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Figure 2-5 Radial outflow velocity as a function of impact velocity [23]. 

In this work, the lateral jetting spreads the water out to form a film. This water film is 

expected to dampen the impact energy before the irregularities and craters form. However, when 

the craters begin to occur, the lateral jetting contributes to expending the craters. At this point, 

the effect of the water film would be diminished. Thus, in this work, studying the lateral jetting 

pattern before craters appear is important to understand the effect of the water film and the 

interactions of the water droplets with the impacting targets. 

Furthermore, the lateral jetting is able to reach speeds several times higher than the 

impact speed. The relationship between the lateral jetting and the impact speed has been 

proposed by Jekins and Booker [23] as demonstrated in Fig. 2-5. For instance, when the impact 



11 

 

speed is around 200 m/s, the lateral jetting attains a speed of 1100 m/s approximately. This is 

around 5 times faster than the impact speed. Thus, in this work, the impact speed of 250 m/s is 

used in order to avoid the water film disappearing too fast from the surface yet to be as close as 

possible to the typical impact speeds found in common gas turbines running at average working 

conditions (e.g.  350 m/s is an average rotating speed for a gas turbine compressor [24]). 

2.1.2. Time dependence of WDE 

In 1967, Heymann [25] stated that the material mass loss of WDE does not change 

linearly with time. He found that during the WDE tests, the material goes through five stages, as 

demonstrated in Fig. 2-6 (a). The different erosion stages have been separated by red dashed 

lines. Field et al. [26] summarized the features of the erosion damage on a ductile solid surface. 

The material removal mechanism in different erosion stages in Fig. 2-6 (b) corresponds to the 

erosion curves in Fig. 2-6 (a). The definition of the stages is presented as follows: 
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Figure 2-6 a) Typical erosion curve and erosion rate curve on a solid surface. The following 

stages have been identified thereon: (I) incubation stage; (II) acceleration stage; (III), maximum 

rate stage (IV) deceleration stage (V) terminal stage; [25] b) Schematic of erosion damage 

processes on a solid surface. 

(I) Incubation stage: In this stage, droplets mainly cause depressions that are not easily 

observed on the surface. This period is presented in the Figs. 2-6 (a) (I) and (b) (I). Furthermore, 

there is either no or negligible mass loss at this stage. Various testing conditions of the WDE can 

influence the duration length of this stage. For instance, a higher impact velocity or a rougher 

surface condition can reduce the duration of this stage.  

(II) Acceleration stage: In this period, the weight loss increases due to the repetitive 

droplet impacts. The pits and cracks can be observed on the surface and is visually represented in 

Fig. 2-6 (b) (II). This period is found in the schematic in Fig. 2-6 (a) (II).  

(III) Maximum erosion rate stage: In this period, the erosion rate reaches and maintains 

the maximum value. The cracks become deeper and wider because of the influence of the lateral 

jetting and hydraulic penetration damage; it is shown in Fig. 2-6 (a) (III). 

(IV) Deceleration stage: Once the craters reach a certain depth and width, the erosion rate 

decreases. One of the early attempts to explain the decrease in erosion rate at this stage was done 
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by Honegger [27]. He proposed a theory that when the crater reaches a certain depth, a layer of 

liquid film forms. This film dampens the impact energy from subsequent water droplets. The 

hypothesis proposed by Honegger is illustrated in Fig. 2-6 (a) (IV) and this corresponds to the 

deceleration stage in Fig. 2-6 (b) (IV). The energy from the successive impacting droplets is 

absorbed by the water trapped in the crater. Heymann [25] also mentioned that when the erosion 

enters the deceleration stage, the water remaining in the pits and craters plays a role of a cushion 

and helps to protect the surface. This indicates that a water film may become one of the possible 

solutions to mitigate WDE. Thus, we will study and discuss the effect of a water film on 

mitigating WDE in this work. 

(V) Terminal stage: This is the last stage of the WDE erosion. The erosion rate comes 

back to a constant value that fluctuates up and down irregularly. Usually, this stage is not widely 

studied. 

Mass loss versus exposure time is usually reported according to ASTM G-73-10 [28]. In 

addition, for the purpose of deriving certain parameters such as erosion rate, the mass loss of the 

material versus the exposure time is used for the erosion curve. Three important lines can be 

extracted from the actual test curve. These lines define the significant parameters shown in Fig. 

2-7. The first line defines the length of the incubation period and is presented as (A) in Fig. 2-7. 

The second line is extracted by fitting the best line through the data points in the maximum 

erosion rate stage. The slope of this line (B) presents the maximum erosion rate. In this thesis, 

these two parameters (incubation period length and maximum erosion rate) are the most 

important parameters and represent the erosion performance. The third line is defined to describe 

the terminal erosion rate (C).  
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 Figure 2-7 Extracting the parameters from the material mass loss erosion graph.  

In summary, the erosion graph in this work will be plotted according to the actual 

experimental data. Furthermore, the three-line representation method will be used to analyze the 

data in this work. However, the third line will not be utilized. In the erosion of solid materials, 

mass loss has large fluctuations that are present in the terminal erosion stage. Since the present 

work studies the interactions between the water droplets and the solid impacting sample, it is 

more important to study the incubation and maximum erosion rate stages. 

2.1.3.  Parameters influencing WDE results 

As one of the most complex erosion phenomena in the gas turbine industry, WDE could 

be influenced by many parameters such as impact speed, water droplet size, and impact angles 

[10, 11]. Studying these parameters is important for understanding the WDE behavior of 

materials.   
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2.1.3.1.  Impact velocity 

Impact velocity is one of the most important parameters that influences erosion behavior. 

In 1967, Heymann [29] proposed several important empirical relationships between the droplet’s 

impact velocity and the erosion rate based on fitting the experimental data from the literature;  

amongst which, the most important three equations are presented as follows:  

                                                             𝐸 = 𝑎 𝑉𝑛 ,                                                                 (4) 

where 𝐸 is the erosion rate and 𝑉 is the impact velocity. Constant number 𝑎 and impact speed 

exponent 𝑛  depend on the test conditions. This is the most commonly used equation for 

presenting the relationship between the impact velocity and the erosion rate. However, this 

simple relationship implies that the erosion happens to the materials no matter how low the 

impact velocity is. Obviously, it is not always the case since the incubation period exists. In the 

case of severe situations, where the impact velocity is very high, there would be no incubation 

period present in the erosion graph [25]. Thus, Equation (4) could be applied. When the 

incubation period is present in the erosion graph, a more general equation is proposed [25]:  

                                                          𝐸 = 𝑎(𝑉 − 𝑉𝑐)2 ,                                                          (5) 

where 𝑉𝑐 is a critical or threshold velocity below which the erosion is negligible. This can reflect 

the incubation period in the erosion graph. According to [29], it is not as accurate as equation (4) 

within the range of impact velocity (1.5 <
𝑉

𝑉𝑐
< 3). Another equation [29] is proposed based on 

an analogy to fatigue: 

                                                            𝐸 = 𝑎 𝑒𝑛𝑉 .                                                                 (6) 

In this equation, when the erosion rate 𝐸 → 0, 𝑉 = 𝑉𝑐. However, this equation was not 

referred to in most literatures compared to equations (4) and (5) [29].  
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 It could be concluded from the above three equations that the velocity exponent is 

important for presenting the relationship between the erosion rate and the impact velocity. It is 

presented by many researchers and also depends on other parameters [30, 31], such as liquid 

droplet size and tested materials. In this work, erosion rate is one of the most important 

parameters to evaluate the effect of the water film after the craters occur.   

2.1.3.2.  Surface roughness 

It has been reported that surface roughness is related to the incubation time and the 

erosion rate of materials. For instance, Kirols et al. [9] studied the effect of initial surface roughness 

on the WDE behavior of Ti-6Al-4V. Samples with average initial surface roughness values (Ra) of 

0.3 µm , 0.12 µm  and 0.04 µm were employed in their experiments. Tests were performed with 

an average droplet size of 460 µm at 300 m/s and 350 m/s. Experimental results are shown in 

Fig. 2-8. 

 

Figure 2-8 Water droplet erosion of annealed Ti-6Al-4V at impact velocity of a) 300 m/s b) 350 

m/s and droplet diameter of 460 μm for the three surface conditions [9]. 

It can be seen from Fig. 2-8 that the incubation period is reduced and the erosion rate is 

increased when the tested samples have higher surface roughness values. Although more 

experiments involving a wider range of impacting speeds need to be performed to help better 



17 

 

understand the influence of the surface roughness, the work of Kirols et al. [9] emphasizes that 

surface roughness needs to be monitored during the WDE studies. In this work, the reference and 

the test samples have similar surface roughness.  

2.1.3.3.  Droplet size 

The effect of water droplet size has been investigated by several researchers [32–34]. 

Among them, Alder [34] found that a droplet with a larger radius of curvature causes more 

damage on the sample when the test speed is the same. Das et al. [35] simulated the effect of 

water droplets characteristics on a fan rotor and they found that droplet size had a significant 

effect on the trajectories of droplets. A droplet with a larger diameter (larger mass and enhanced 

inertia) was rarely influenced by the airflow produced during the test; it tended to have a 

straighter droplet trajectory [36]. On the contrary, a smaller droplet with less mass (the secondary 

droplet for example) had a tendency to follow the airflow streamline and might not impact the 

rotating sample. The droplets of 460 µm diameter are used in this work. The reasons of using this 

droplet size is because the nozzle size used in this work is 400 µm and the droplet distribution of 

which has been reported in [11, 37]. It has been found that the 400 µm orifice of the nozzle 

generated a droplet size with an average of 460 µm. Furthermore, a smaller droplet size is 

vulnerable to evaporation in the rig due to vacuum pressure.  

2.1.3.4. Impact angle 

As one of the influencing parameters of WDE, the impact angle had also been studied by 

some researchers [32, 33, 38]. Among them, Ahmad et al. [38] reported that a 90-degree angle 

causes the most severe WDE damage. The volume loss after 50 hrs at different degrees has been 

shown in Fig. 2-9. It can be seen from Fig. 2-9 that the impact angle is a negligible influencing 
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parameter as it is around 90 degrees in this work and the angle change is not significant. In this 

work, the effects of the airflow on the impact angle are investigated.   

 

Figure 2-9 Normalized material loss of stainless steel eroded at different impact angles [38]. 

2.1.4. Splashing and secondary droplets   

When a droplet impacts a solid surface at a high velocity, a lamella forms at the end of 

the lateral jetting stage. The mechanism of splashing is a result of instability of the spreading 

lamella [39]. When the lamella detaches from the solid surface, the lamella shatters into two or 

more secondary droplets [39]. This process is called splashing. However, other theories may also 

contribute to the splashing mechanism. For instance, the compressibility of the impacted liquid 

droplets in the first stage [40], the cavitations within the impacted droplets [41], and the 

temperature of the solid surface [42] might also contribute to splashing. 

Normally, secondary droplets are not the main reason that causes erosion. Because these 

smaller droplets have less mass than the initial droplets, they create less impact pressure.  

Secondary droplet formation depends on the splashing threshold conditions [40]. The splashing 

threshold is believed to relate to the properties of the surface and impact droplets such as, surface 
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tension, surface roughness, viscosity of the liquid and the radius of droplets [39, 43]. In this 

work, the causes of splashing and the splashing patterns will be studied and discussed. 

2.1.5. The effect of air turbulence on water droplets  

Herring et al. [44] simulated the influence of the air turbulence on the water droplet 

impingements on flat samples. The simulation was performed at very low speed (75 m/s) and at 

atmospheric pressure, which is more relevant to wind turbine applications. As the samples rotate, 

air turbulence is produced. Fig. 2-10 (a) presents the simulated sample wakes graph. They 

proposed that the trajectory of the falling droplet is influenced by the passage of the previous 

sample rotation. The droplet impact path moves radially outward from the center of the droplet 

release position [44], shown in Fig. 2-10 (b). The sample rotating direction in the simulation is 

counter-clockwise and the rotation center is on the right of the picture, seen in Fig. 2-10 (a) and 

(b). The work of Herring et al. [44] used multiple nozzles and single droplet model to perform 

the simulation; however, the current work is focused on multiple droplet impacts generated by a 

single nozzle. 

 

Figure 2-10 Flow streamlines colored by a) velocity magnitude (m/s) and b) droplets impact 

locations on the flat plate (Unit: m) [44]. 
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Sor et al. [45] reported a model to predict the trajectoires of water droplet with airfoil 

samples during WDE tests. They assumed that the droplet deforms along the vertical direction 

and the sample’s wake only influence the trajectories of the droplets horizontally. The vertical 

component of the sample’s wake is negligible and therefore ignored. The computed droplet 

trajectories are shown in Fig. 2-11 (a). The droplets are released freely from the droplet 

generator. The incoming airflow in Fig. 2-11 (b) is caused by the rotating sample wakes. The 

computed trajectories of the droplets are in agreement with the simulation of Herring et al. [44].  

This indicates that the airflow might be one of the factors which can affect the trajectories of the 

droplets in this work. 

 

Figure 2-11 a) Computed droplet shapes (superimposed white lines) as a function of time for 

cases: Droplet diameter = 513 μm, and airfoil velocity = 91 m/s (left), and Droplet diameter = 

388 μm, and airfoil velocity = 71 m/s (right). b) Sketch of the problem under consideration [45]. 
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Therefore, in this work, the effects of the airflow are studied at a high speed (250 m/s) in 

a vacuum (50 mbar) chamber by experimentation and by simulation in order to help understand 

the interactions between the water droplets and the solid impacting sample.  

2.1.6. The effect of water film formation    

Most of the current research focuses on using various surface treatments to explore an 

effective way to mitigate the WDE problem such as laser peening [7] and deep rolling [8]. 

However, these surface treatments have not shown any significant enhancements. A water film 

has been found to mitigate the damage caused by WDE and provides a potential method to 

reduce or eliminate WDE. 

In the 1960s, Brunton et al. [46] found that when a high speed liquid droplet collides with 

a wetted solid surface, the deformation of the impingement is mitigated on an aluminum plate. 

Furthermore, he pointed out that as the water layer thickness increases on the surface, the contact 

pressure of the center impacting area can be reduced by 50% compared to the dry solid surface. 

However, Shi [47] reported that in some cases, the water layer trapped in previously formed pits 

can be forced into cracks and cause further damage.      

Most recently, Fujisawa et al. [48] reported numerical and experimental studies showing 

that the impact stress is significantly reduced by a water film when the tests are performed in a 

static apparatus, as shown in Fig. 2-12. The base material under the water film suffers less 

impact energy compared with the dry surface. In another work, Fujisawa [49] also reported that 

when a “V” groove sample is impacted by droplets, the water film in the groove can diminish 

part of the impact energy and is related to the ratio of the groove depth to the diameter of the 

water droplets. This indicates that when the same average droplet size impinges grooves with 

different depths, the WDE performances might be different. Furthermore, Sasaki [50] and Xiong 
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et al. [51] studied the impact of water droplets on the dry and wet surfaces using numerical 

modeling. A similar result in their work concluded that a water film can decrease the impact 

energy and indicates that a water film may provide valuable insight in terms of WDE mitigation. 

However, no researcher has studied the performance of a water film in conjunction with a 

dynamic rotating disc rig. In this work, multiple samples were designed with different 

geometries in order to stabilize a water film and study the effect of the water film formation 

during the WDE tests. Each of these samples will be studied and discussed in Chapter 4. 

 

Figure 2-12 Numerical analysis of droplet impingement a) without and b) with water film [48]. 

2.1.7. Metallic foam 

The term “metallic foam” is used to describe a metallic material that has voids. “Cellular 

metal”, “porous metal” and “metal sponge” are also terms used to describe these types of 

metallic materials [52]. Banhart [53] defined foams as uniform dispersions of gas in either liquid 

or solid. Thus, the capability of gas to pass through the foams is a significant parameter for the 
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applications of the foams. This capability is related to the magnitude of “pressure drop” taking 

place through the metal foam.  

Usually, metallic foam has a large range of applications for any given problem depending 

on factors such as morphology, metallurgy, processing, and economy [54]. So far, a material 

with a porous structure such as metallic foam, has not been studied for understanding WDE. 

2.1.8. CFD simulation in WDE  

The effects of airflow on the droplets and their trajectories have been investigated by 

others researchers [35, 45, 55] using computational fluid dynamics (CFD) simulation. However, 

the impact velocity used in their experiments were quite low compared to the actual speeds 

found in gas turbines. Furthermore, no one has reported on how the airflow affects the water 

droplet interactions with the solid material. Hence, in this work, CFD simulation is employed to 

analyze and understand the experimental observations from the WDE tests. 

2.2.  Research objectives 

The present study focuses on the investigation of water droplet interactions with the 

impacting solid material. Since the trajectories of the water droplets could be influenced by the 

airflow produced by the rotating samples, the airflow and its effects on the water droplets are 

also investigated in this work.  

The objective of this thesis is to investigate the behavior of the water droplet interactions 

when impacting flat, grooved, and metallic foam filled samples experimentally and by CFD 

simulation. A rotating disc water erosion rig is used for the WDE tests. Ansys Fluent (Ansys Inc., 

USA) is employed for the simulation of the airflow turbulence and the interactions between the water 

droplets and a solid impacting sample.  

The specific objectives include: 
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1. Studying the water droplets impacting pattern on the surface with the use of ink coated 

samples. 

2. Studying the airflow within the rotating disc rig and its effects on the water droplets using 

CFD simulation. 

3. Investigating the water droplet interactions with multiple samples that have different 

surface geometries (flat, groove and porous structure) experimentally and by simulation. 

4. Studying the formation of a water film and its effect on the WDE behavior.  
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Chapter 3: Experimental methodology  

This chapter introduces the WDE experimental procedures and the parameter selections 

for the computational fluid dynamics (CFD) simulation of water droplet interactions with the 

impacting samples and the airflow turbulence during the WDE tests. The method used to 

measure the surface roughness of the test sample is presented in this chapter. The WDE test 

apparatus is also introduced. The data used for the CFD simulations is based on the experiments 

in this thesis. Ti-6Al-4V alloy was selected as one sample material in most of the tests performed 

in this thesis. A Nickel-Chromium (NC) foam was also employed as a secondary sample material 

to study the water droplet interactions with porous structure in this work.  

3.1. Sample preparation 

3.1.1. Ti-6Al-4V flat sample preparation  

Ti-6Al-4V was the main alloy chosen in this study because it is a common alloy used in 

the compressor blades of gas turbines. All the flat reference samples are 23 mm (length) x 8 mm 

(width) x 3 mm (thickness) and shaped according to the drawing in Fig. 3-1 (a). Furthermore, for 

the WDE tests, the samples are affixed to the L-shape sample holders, as shown in Fig. 3-1 (b). 

Washers, screws, and nuts are employed to secure the sample in place to avoid it detaching from 

the holder during WDE tests. 
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Figure 3-1 a) Ti-6Al-4V flat reference samples for low speed testing design b) Schematic of flat 

reference sample and sample holder assembling (Dimensions in mm). 

3.1.2. Grooved sample preparation  

Grooved samples have also been employed in this work. The width of the groove is 

determined and constrained to 4 mm based on the results from the water-flow pattern tracing 

experiment (discussed in section 3.2). Groove depths of 0.5 mm and 1 mm are machined at the 

center of two of the sample surfaces, as illustrated in Fig. 3-2 (a) and (b). The tests are performed 

for the grooved samples at 250 m/s. The bottom-blocked grooved samples are also employed to 

stabilize the water film further, as can be seen in Fig. 3-2 (c). All tested samples are weighed on 

an electrical balance (Ohaus, USA, accuracy: ± 0.2 mg). The pictures used to observe the 

behaviors of WDE before and after each erosion test cycle were captured with an optical 

microscope. 
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Figure 3-2 a) 0.5 mm depth grooved sample b) 1 mm depth grooved sample c) Bottom-blocked 

grooved sample (Dimensions in mm). 

3.1.3. Metallic foam sample preparation  

In order to stabilize the water film and study the effect of a porous structure to dampen 

the droplet impacts, the metallic foam samples are designed based on those with a groove. A 

Nickel-Chromium (NC) foam has been employed and affixed in the groove of the sample in this 

experiment. The metallic foam samples are provided by Recemat Pvt. Ltd, the Netherlands. The 

foam which is used in this work is shown in Fig. 3-3 (a). The technological properties of this 

metallic foam are presented in Table 3-1. The foam was cut by a low speed saw (Buehler, USA) 

and sized 8 mm length, 4 mm width and 1.7 mm thick, as shown in Fig. 3-3 (b). It was affixed in 

a 1.7 mm depth groove sample. Polyurethane was used to seal the pores of one of the foam 

samples to create a reference sample. This made the porous foam sample behave as a solid in the 

WDE test in order to emphasize the effect of the pores in damping the water droplet impacts.  

 Due to its highly elastic and durable nature, polyurethane has been used as the main 

protective coating on wind turbine blades to protect them from foreign body impact [56, 57]. 

Therefore, polyurethane coating has been employed to seal the pores in the metallic foam 

samples used for the WDE tests. In this work, the blocked metallic foams are used as reference 

samples. The purpose of using this reference sample is to create a valid comparison between 
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similar samples and to reveal the effect of the continuous porous structure in damping the droplet 

impacts. The tests were performed at 150 m/s for up to 20 minutes. 

 

Figure 3-3 a) Nickel-Chromium metallic foam b) 1.7 mm depth grooved sample with metal foam 

filled. 

Table 3-1 Properties of Recemat metallic foam 

Pore size 

(mm) 

Porosity (ɛ) Density (Solid) 

(g/𝑐𝑚3) 

Density (Foam) 

(g/𝑐𝑚3) 

Estimated Specific 

Surface Area 

( 𝑚2/𝑚3) 

Surface 

Roughness [Sa] 

(µm) 

0.4  0.84 5.16±0.2  0.81 5400 109.53  

      

3.1.4. Surface roughness 

600 grit grinding paper was used to polish all samples in order to eliminate the effect of 

roughness on WDE behavior and to ensure that all samples have comparable levels of surface 

finish. In this thesis, surface roughness has been a constant parameter. A confocal laser 

microscope (Olympus, Japan) was used to inspect the surface roughness before performing every 

WDE test. Sa (the arithmetic average of area surface roughness), which is a common surface 

roughness parameter is used to determine the surface roughness of the reference and tested 

samples. The surface roughness results were measured 5 times (values Sa) and averaged. The 

averaged value is applied as the final surface roughness result in this thesis.   
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3.2. Water flow pattern tracing experiment  

As mentioned previously, understanding the water droplet interactions with the solid 

sample are paramount for studying WDE behavior. First, the interactions are studied with the use 

of ink coated samples experimentally. The surface of the samples is coated with ink, as shown in 

Fig. 3-4. A permanent marker provides a unified and smooth layer of ink coating. Furthermore, 

as an oil-based ink, it does not flake off by the subsequent droplet impingement or peel off the 

base material. The ink pattern is recorded before and after the WDE test in order to detect the 

water droplet interactions with the solid sample. The experiment is conducted for a duration of 2 

seconds; it is the minimum time that can be achieved. This is simply done by opening and 

closing the water droplet generator after attaining the required test speed. The reason to keep the 

duration time short is to avoid the droplet impingements from washing away too much ink. This 

minimizes the numbers of water impingements and reveals how water flowing and splashing 

during the test.  

 

Figure 3-4 Oil-based ink coated samples. 

Alcohol is used to clean the substrate before painting the ink layer and remove any 

remaining ink layer after the WDE tests. Compressed air is applied before painting to ensure no 

impurities remain and affect the water flow pattern during the WDE tests. Air is also used to dry 

the painted layer out. Three different testing speeds of 150 m/s, 200 m/s and 250 m/s are used in 
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this experiment in order to investigate the influence at each testing speed on the water flow 

pattern. The purpose of using the lower speeds is to observe more droplets impacting details 

form the ink coated sample after the impingements. Because a higher impacting speed causes 

more water droplet impingements in the same exposure time, thereby washing more ink away. 

The interactions between the water droplets and the solid impacting samples can be predicted 

approximately from the remaining ink pattern after the WDE tests. 

3.3. Computational fluid dynamics (CFD) simulation  

It is difficult to observe the actual experimental conditions where water droplets impact 

the samples during the WDE test. For this reason, simulating the same conditions present in the 

rotating disc rig using CFD is instrumental to study the interactions between the water droplets 

and the samples. This could help us better understand WDE behavior and improve ways to 

mitigate it. During the dynamic rotating tests, the water droplet interactions with the samples are 

mainly affected by the aerodynamic turbulence. Thus, in this work, the air turbulence and the 

interactions of the droplets with the impacting samples are both simulated. Ansys Fluent is 

employed to perform this CFD simulation. Most of the CFD parameters have been set according 

to the actual experimental data. The parameters of the test chamber conditions are shown in 

Table 3-2. 

Table 3-2 Parameters of tested chamber conditions 

Parameters Chamber pressure (mbar) Temperature (°C) 

Experimental data 50 25 

   

The key numerical parameters for the simulations in this work are presented in Table 3-3. 

The diameter of the computing domain is two times the rotation diameter of the sample, a 

cylindrical domain for the 3D simulation and a circular domain for the 2D simulation in this 
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work. The edge of the domain is defined as the outlet of the simulations. The droplets need to be 

patched in the simulations. It is worth mentioning that the porous media model is employed to 

simulate the case of porous metal foam in this work.  

Table 3-3 Setups of the numerical parameters in the simulations 

Phase flow model Turbulence model Mesh size Boundary Condition Wall function 

Eulerian Multiple 

Fluid Modeling  

(Volume of fluid) 

K-Epsilon 0.03 mm Outlet: Pressure (0 Pa) Scalable 

     

3.4. WDE test and experimental apparatus 

The WDE tests were conducted in a rotating disc erosion rig available at Concordia 

University, Montreal, Canada. The tests were conducted in accordance to ASTM G73-10 

standard [28]. Fig. 3-5 (a) shows the experimental apparatus that simulates the high speed 

rotation of gas turbine blades for the WDE tests. This rig is mainly composed of a vacuum 

supplying system, a water droplet recycling system and a rotating disc. The droplet generator is 

connected to a water droplets generating system to release droplets when performing an erosion 

test cycle. A sample is placed on each side of the rotating disc during the WDE test, as shown in 

Fig. 3-5 (b). In order to keep the rig balanced and avoid vibrations, the mass summation 

difference of sample and sample holder on each side of the disc should not exceed 0.1 g. The 

droplets fall vertically creating a singular and precise water streak, impacting the sample rotating 

horizontally. The maximum linear speed of 500 m/s can be reached at the location where the 

water droplets impact the samples in the rig. The rig is operated under vacuum (50 mbar) to 

reduce the heat generated due to the friction between the disc and the air. 
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Figure 3-5 a) Schematic of the Water Erosion Rig b) Ti-6Al-4V flat reference samples for low 

speed testing design and sample holder assembly. 

Several droplet nozzles are designed for this rig to generate different size droplets. Fig. 3-

6 shows three different nozzles types: a) single-ray, b) three-ray and c) multiple-ray. In order to 

introduce the correct droplet size, the nozzle needs to be characterized before the tests, since 

several parameters influence the droplet size during the tests. In this work, the single streak 

nozzle is the only nozzle used in the WDE tests. Table 3-4 presents the conditions necessary to 

produce a 460 µm droplet size on average. The parameters are fixed during the WDE tests to 

ensure that all the results from the experiments in this work are comparable. Deionized water is 

used in this work to avoid clogging of the nozzles.  
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Figure 3-6 Nozzles used in the experiments (a) single-ray, (b) 3-ray, and (c) multi-ray (shower-

head). 

Table 3-4 Parameters for the single ray nozzle 

Nozzle Name Nozzle diameter 

(µm) 

Water flow 

(liters/min) 

Water line 

pressure (psi) 

Number of 

Streak 

Droplet size 

(μm) 

Single-ray 
 

400 0.05 1 1 460 ± 24.5 
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Chapter 4: Results and Discussion 

4.1. Results of surface roughness measurements 

The results of the samples surface roughness measured before the WDE test are presented 

in Table 4-1. The average values are listed in the last column. It can be observed that all samples 

have comparable surface roughness and approximate between 0.32 µm and 0.34 µm. Because the 

results are reasonably comparable, the surface roughness can be regarded to as a constant 

parameter in this work. 

Table 4-1 Surface roughness of reference and tested samples 

Surface condition Sa [µm] Average [µm] 

Reference sample 0.317 0.375 0.349 0.338 0.330 0.342 

0.5 mm groove 0.338 0.337 0.353 0.351 0.342 0.344 

1 mm groove 0.311 0.332 0.323 0.323 0.312 0.320 

Bottom blocked groove 0.330 0.325 0.343 0.314 0.338 0.330 

       

4.2. Water flowing pattern tracing experiment 

In order to study the water droplet interactions with the sample during the WDE tests, ink 

coated samples are employed to observe the imprints left by the water droplets. Fig. 4-1 shows 

the results of the water-flow pattern tracing experiments at 150 m/s, 200 m/s, and 250 m/s. The 

experiment is conducted for a duration of 2 seconds which is the minimum time that can be 

achieved before washing away too much ink. There are approximately 7 droplets colliding with 

the sample each rotation as reported by Kirols [58]. The number of water droplet impingements 

are calculated using equation (7): 

                                          𝑁𝑖𝑚𝑝𝑖𝑛𝑔𝑒𝑚𝑒𝑛𝑡 = 𝑛𝑠𝑝𝑟 x 𝑡 x 𝑟𝑝𝑚 ,                                                 (7) 
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where 𝑛𝑠𝑝𝑟  is the number of droplets hitting the sample each complete rotation, 𝑟𝑝𝑚  is the 

number of rotations per minute and 𝑡 is the time of exposure in minutes. The number of initial 

impingements at 150 m/s, 200 m/s, and 250 m/s test speeds within 2 seconds are presented in 

Table 4-2. From the experimental observation, more ink is removed as speed increases. This is 

considered to be due to the increased number of water droplet impingements as speed increases. 

Within the same 2 second time period, the higher test velocity causes a greater number of 

impingements removing more ink coating as can be seen in Fig. 4-1.  

Furthermore, observation of the experimental results in Fig. 4-1 shows the sample surface 

is basically divided into three regions (according to the pattern recorded on the ink); intensive 

secondary droplets impact area, lateral jetting area, and a low secondary droplets impact area. 

The intensive secondary droplets area can also be divided into two subsections, region A and 

region B. Region A suffers more secondary droplets than region B, as shown in Fig. 4-1. 

Studying the pattern of secondary droplets is significant to understand the initial water droplet 

interactions with the solid sample. Since this has been observed at three different speeds, the 

three regions are likely to occur inherently in the WDE tests. Identifying the regions is beneficial 

to understand the interactions between water droplets and the sample.     
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  Figure 4-1 Ink coated samples after WDE test at 150 m/s, 200 m/s and 250 m/s. 

Table 4-2 The number of impingements at 150 m/s, 200 m/s, and 250 m/s within 2 seconds 

Impact speed (m/s) 150 200 250 

Numbers of impingements 1338 1783 2229 

    

Inspecting Fig. 4-1 shows more ink is observed on the low secondary droplets area 

(outward) than the intensive secondary droplets area (inward). This could be related to the radial 

velocity of the droplets. According to Moreira et al. [59], the splashing modes of a water droplet 

impacting a solid surface at 90 and 15 degrees are presented in Fig. 4-2 (b) and the impact angle 



37 

 

is defined in Fig. 4-2 (a). The droplet that impacts the solid at 15 degrees has a larger radial 

velocity than that at 90 degrees. According to Moreira’s study, a larger radial velocity inhibits 

the formation of the crown splashing, especially on the side of the velocity direction [59], as can 

be seen in Fig. 4-2 (b) (𝛼 = 15°). This corresponds with the experimental observation in Fig. 4-1. 

During the WDE tests, the droplets encounter a radial velocity caused by the radial airflow.  

 

Figure 4-2 a) Definition of the impact angle 𝛼, D and U are, respectively, the initial diameter and 

the impact velocity of the primary droplet b) Effect of impact angle (D = 2.75 mm) 𝛼 = 90° 𝑈 =
 2.5 m/s and 𝛼 =15°(𝜏: 𝑇𝑖𝑚𝑒(𝑠)) [59]. 

It is worth noting that the influence of the axial airflow is considered the main reason 

affecting the trajectories of the secondary droplets, thereby resulting in more secondary droplets 

impacting region A than region B. Investigating the airflow and its effects on the droplets during 

testing is significant to help understand the interactions between the water droplets and the 

impacting solid sample. The next section presents the simulation results of airflow and its effects 

on the initial and secondary droplets. 
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4.3.   Influence of the airflow on the water droplets using CFD simulation 

In this section, the effects of the airflow are discussed in three directions: The axial 

direction, the tangential direction and the radial direction. In order to avoid any confusion, Fig. 

4-3 shows the directions of those three airflows throughout this chapter. 

 

Figure 4-3 Airflow direction description figure. 

4.3.1 Effect of the radial airflow 

In order to understand the influence of the airflow on the trajectories of water droplets in 

this work, a simulation of airflow in the test chamber is carried out to help explain the 

experimental observations in Fig. 4-1. The outward radial airflow is reported by Herring et al. 

[44] and Sor et al. [45] in the form of sample wakes. Similar effects are presented in Fig. 4-4 (a) 

and (b). The sample causes air rotations in its wakes, as can be seen in Fig. 4-4 (a). The rotations 

and wakes produce a significant radial aerodynamic force. The wakes caused by the first sample 

hitting the droplet streak influence the water droplet streak hitting the subsequent sample during 

the rotation. At the same chamber position, the strength of the wakes reduces with the sample 

rotating away, as can be seen in Fig. 4-5. The light blue section represents the attenuated airflow 

produced by the sample ahead. When it approaches the subsequent sample, it begins to grow a 

stronger radial airflow again, as seen in Fig. 4-5. This stronger radial airflow provides a radial 

velocity to the impacting droplets in an outward direction. According to Moreira et al. [59], this 
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inhibits the formation of secondary droplets on the outward side which results in less secondary 

droplets on the sample right (outward) side, as shown in Fig. 4-1. 

 

Figure 4-4 a) The airflow around the rotating sample and b) sample wakes at 250 m/s. 

The red dash line in Fig. 4-5 basically demonstrates the mainstream trace of the airflow. 

Fig. 4-4 considers a steady airflow in front of the samples without the radial flow. However, Fig. 

4-5 presents the presence of the radial flow in 2D in the test chamber during the WDE test at 250 

m/s.  

 

Figure 4-5 Samples rotating in clockwise direction at 250 m/s in the test chamber showing the 

distribution and the magnitude of the radial sample wakes. 
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According to the work of Hao et al. [60], one hypothesis for the splashing pattern with a 

radial velocity droplet was proposed. When the droplet obtains a radial velocity from the radial 

airflow, the gas surrounding the droplet moves at the same velocity as the droplet. When the 

droplet hits the substrate, the droplet forms a lamella that spreads along the substrate. Meanwhile, 

the surrounding gas keeps moving. When the gas encounters the spreading tip of the droplet, and 

the velocity direction of the gas is against the droplet’s spreading direction, the spreading tip of 

the droplet is detached from the substrate by the gas. In the case where the velocity direction of 

the surrounding gas and the droplet’s spreading direction are the same, the spreading tip of the 

droplet would not lift up. The process is sketched in Fig. 4-6. In the case of this work, the radial 

airflow contributes either to enhancing the splashing as in Fig. 4-6 (a) or to reducing the 

splashing as in Fig. 4-6 (b).   

 

Figure 4-6 Sketch of a lamella a) The velocity directions of the gas and spreading are opposite b) 

The velocity directions of the gas and spreading are the same. 

4.3.2.  Effect of the axial airflow 

This section will present the influence noticed in Fig. 4-4 of the airflow dividing into two 

parts axially in front of the sample. Fig. 4-7 (a) and (b) present the airflow passing the sample 

surface when the WDE tests are performed at an impact speed of 250 m/s. During the WDE tests, 
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the steady airflow in front of the sample is divided axially into upward and downward airflows. 

This can be seen in Fig. 4-7 (a) and the dividing line is presented in Fig. 4-7 (b). The two 

diverging airflows are opposite in direction and therefore have different effects on the falling 

water droplets before hitting the sample. When the rotating sample approaches the falling 

droplets, the downward airflow surrounding the sample accelerates the droplets falling down. On 

the contrary, the upward airflow produces resistance (deceleration) to the water droplets. This 

effect results in more droplets impacting the upper portion of the sample while fewer droplets 

impacting the lower portion. This may cause the top of the sample to erode faster than the bottom 

half. This can explain the WDE damage appearance reported in [61, 62].   

 

Figure 4-7 a) Side view of the simulated airflow graph b) Airflow with dividing line. 

Due to the secondary droplets having less mass, they can be easily influenced by the 

airflow. Here, the airflow decelerates the secondary droplets above the dividing line and 

accelerates the secondary droplets below the line. This results in fewer secondary droplets 

impacts in region B as seen in Fig. 4-1. Furthermore, due to the airflow accelerating the droplets 

below the dividing line, the initial and secondary droplets have a larger downward velocity that 

results in less splashing on the downward side. This corresponds with the explanation in the 
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work of Moreira et al. [59] and Hao et al. [60]. For this reason, one could argue that fewer 

impingements and less splashing of secondary droplets in region B are the two main reasons for 

the observed ink pattern on the inward side area in Fig. 4-1.   

4.3.3. Effect of the airflow on the impact angle 

 

Figure 4-8 Schematic for the impact angles influenced by the airflow. 

Fig. 4-8 presents the impact angle which is influenced by the axial airflow. 𝐷1 -𝐷7 

represents the falling droplets from the first to the last in the impacting section of the water 

streak. 𝐷1 and 𝐷7 are the typical droplets in the upper and the lower portion of the impacting 

section of the water streak, respectively. Thus, these two droplets are analyzed in this work. 𝑉𝑎1 

and 𝑉𝑎7 are the axial speed of the first and last droplets in the impacting section of the water 

streak. Since the droplets are affected by the axial airflow as mentioned early, 𝑉𝑎7 is larger than 

𝑉𝑎1. Moreover, 𝑉𝑡 is the relative speed between droplets and the sample in tangential direction 

and equal to the value of impacting velocity (250 m/s). Thus, angle 𝛼1 is larger than angle 𝛼7, 

which means the upper droplets have an impact angle closer to 90 degrees than the lower 

droplets. However, the difference between angle 𝛼1 and 𝛼7 is found to be less than 2 degrees for 
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the current work. Hence, the difference in impact angle from 𝐷1-𝐷7  is insignificant and can 

safely be neglected [38] in this work.  

Fig. 4-9 presents the simulation results of water droplets impacting the sample at 250 m/s. 

The water droplet streak is shifted by the radial airflow, as mentioned in Fig. 4-5 and presented 

in Fig. 4-9. The simulation results of lateral jetting correspond with the experimental results in 

Fig. 4-1. The maximum width of the lateral jetting is slightly less than 4 mm both experimentally 

and by simulation. Since the lateral jetting lamella could play a potential role in creating a water 

film that dampens the energy of an impacting droplet, hence reducing WDE damage, the jetting 

lamella is studied in the next section.   

 

Figure 4-9 Simulation results of droplets impacts on the rotating sample at 250 m/s a) Initial 

moment b) Estimated maximum width distance of lateral jetting from the simulation. 

4.4.  Understanding the water droplet interactions with 4 mm width grooved samples 

4.4.1.  WDE tests   

In order to better understand the influence of how the water droplets interact with a solid 

impacting sample and study the effect of a water film, a sample is machined with a 4 mm width 

groove (equal to the estimated maximum lateral jetting distance) on its surface. There are a few 

reasons for machining a 4 mm width groove: 
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1. Based on the results of the ink experiment in Fig. 4-1 and the simulation in Fig. 4-9, the 

lateral jetting distance is approximately 4 mm. 

2. If the groove is too narrow, the lateral jetting may cause hydraulic penetration.  

3. The drift distance of the water droplets streak is determined experimentally to be around 

1 mm. Despite the drift in the water droplets streak, the impacts should be contained 

within the groove. 

4. If the width is more than 4 mm, there will be not much difference between the flat sample 

and the grooved samples.  

Two different depths of 0.5 mm and 1 mm were selected for the grooved samples tests 

that will be compared with the flat sample. Fig. 4-10 shows the relationship of mass loss vs. time 

exposure for 2 grooved samples and the flat reference. The incubation period and maximum 

erosion rate are extracted from the intersection of the line drawn along the x-axis and slope of the 

line, respectively. During the test, the flat sample started to erode first near the 40-minute mark, 

as shown in Fig. 4-10 and Table 4-3. The samples with grooves experienced a longer incubation 

period than the flat one. Comparing the grooved samples, the 0.5 mm groove has a slightly better 

WDE performance than 1 mm groove. For instance, after 60 minutes of WDE testing, the 

reference sample encountered a 0.0045 g mass loss as shown in Fig. 4-10, Fig. 4-11, and Table 

4-3. The 1 mm depth grooved sample began to exhibit some erosion, but the 0.5 mm depth 

grooved sample had yet to display any erosion. These results are summarized in Table 4-3. 

However, when the maximum erosion rate stage is reached, there is barely any noticeable 

difference between the flat reference and grooved samples (0.5 and 1 mm) as they all display the 

same erosion rate. One plausible explanation for the observed longer incubation period of the 

grooved samples is the formation of a protective water film during testing. According to 
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Honegger [27] and Heymann [25], the water film serves as a cushion that dampens the impact 

energy from subsequent droplet impacts. When erosion craters develop, the water film effect is 

diminished and other erosion mechanisms, such as hydraulic penetration, dominate the 

subsequent stages.  

 

Figure 4-10 Erosion curve with different depth grooves. 

The optical macrographs of samples from the WDE tests are shown in Fig. 4-11. This 

figure shows that the grooved samples have an incubation period approximately two times longer 

than the flat reference sample. Most of the erosion starts at the top of the sample because the top 

section has more intensive impact droplets compared with the bottom section. These 

experimental results correspond with the influence of the airflow decelerating the droplets above 

the airflow dividing line as discussed earlier. 
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Figure 4-11 WDE test results a) reference sample (0 mm) b) 0.5 mm groove sample c) 1 mm 

groove. 

Table 4-3 The mass loss of reference, 0.5 mm depth groove, and 1 mm depth groove sample 

in the first 60 minutes of testing. 

 Mass loss (g) 

Time (Mins) Reference 0.5 mm 1 mm 

0 0 0 0 

20 0 0 0 

40 0.0005 0 0 

60 0.0045 0 0.0004 

    

4.4.2.  Simulation of water droplet interactions with the grooved samples 

In order to understand the effect of the water film during the WDE tests, the time of the 

impact for one full rotation (T) needs to be calculated with equation (8): 
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                                                 𝑇𝑓𝑢𝑙𝑙 𝑟𝑎𝑡𝑎𝑡𝑖𝑜𝑛 =
𝜋𝐷𝑑𝑖𝑠𝑐

𝑣
 ,                                                          (8) 

where 𝐷𝑑𝑖𝑠𝑐 is two times of the distance between the impact location and the center of the disc 

and 𝑣 is the impact speed of the water droplets. The time of one full rotation for the disc with a 

diameter of 0.5 m at an impact velocity of 250 m/s is 6.28 x 10−3 seconds. Fig. 4-12 (a), (b), and 

(c) present the simulation of a water film created by the flat sample, 0.5 mm depth grooved 

sample, and 1 mm groove depth sample at 250 m/s, respectively. After around 

6.3 x 10−3 seconds, the water disappears gradually on the surface of the flat sample. As for the 

0.5 mm and 1 mm depth grooves, some of the water film is still remaining in those grooves as 

seen in Fig. 4-12 (b) and (c).   

 

Figure 4-12 Water flowing mode simulation on a) flat sample b) 0.5 mm depth grooved sample 

c) 1 mm depth grooved samples at 250 m/s after one full rotation and prior to the next impact. 
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However, the airflow in both grooves behaves differently. This is considered the main 

reason that slightly influences the length of the incubation time of both grooved samples. The 

airflow patterns in both grooves are presented in Fig. 4-13 (a) and (b). The samples are rotating 

clockwise. It is clear that the magnitude of the airflow speed inside the groove is much lower 

than outside the groove. Thus, the water in the groove is believed to linger longer than the water 

on the surface of the flat sample. In addition, one can see from Fig. 4-13 (a) that in the bottom 

section of the 0.5 mm groove, the air has the same flowing direction as the lateral jetting. This 

appears to stabilize the water film. While in the left bottom section (outward) of the 1 mm 

groove, the air flows in the opposite direction of the lateral jetting direction, seen in Fig. 4-13 

(b). The opposite airflow in the 1 mm groove appears to agitate the water film. This results in an 

unstable water film in that 1mm depth groove. In order to try a different approach to stabilize the 

water film further, a bottom-blocked sample is employed in this work and presented in the next 

section. 

 

Figure 4-13 Air turbulence simulation in a) 0.5 and b) 1 mm depth grooves. 

4.4.3.  WDE tests with the bottom-blocked groove sample 

A bottom-blocked groove, shown in Fig. 4-14 (a), is machined on the surface of the 

sample. The droplets are also divided by the dividing line as shown in Fig. 4-14 (b). As 
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mentioned earlier, the upper and lower droplets are also decelerated and accelerated respectively 

when the sample approaches the water streak. Interestingly, for the bottom-blocked grooved 

sample, the erosion begins at the bottom corner of the groove after 40 minutes as shown in Fig. 

4-14 (a).    

 

Figure 4-14 a) WDE test with bottom-blocked sample at 250 m/s after 40 mins. b) Simulated 

airflow graph of the bottom-blocked sample. 

There are three plausible reasons that may have caused the erosion damage to begin 

earlier: 

1. The interactions between the impacting water droplets with the bottom-blocked sample is 

simulated and shown in Fig. 4-15 (a) and (b). The droplet which impacts closest to the 

bottom of the groove is of concern. When this droplet impacts the sample, the jetting 

happens radially. A simplified description of the jetting can be defined as “horizontal 

jetting” and “vertical jetting”. These are presented with arrows in Fig. 4-15 (a). In the 

case of the droplet closest to the bottom of the groove, the “vertical jetting” strikes the 

bottom first. Then, it continues spreading along with the shape of the groove until it 

merges with the horizontal jetting. After repeated impingements at 250 m/s, the bottom 

corner of the groove may encounter damage earlier due to the multiple “vertical jetting” 
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strikes.  

 

Figure 4-15 Simulation of the interactions between the impact droplets and the bottom-blocked 

sample a) after 1.5 x 10−6 s b) after 4.5 x 10−6 s. 

2. The airflow in front of the sample accelerates the downward droplets and makes these 

droplets obtain a higher impact speed at the corner of the groove compared to the rest of 

the groove. 

3. Hydraulic penetration may cause faster damage during the continuous impingement due 

to the presence of an edge at the bottom of the groove.  

4. The stress concentration at the bottom edge is also one of the reasons that likely cause 

erosion damage to begin earlier.  

Since the bottom-blocked samples are not very effective at mitigating the damage from 

WDE compared to the flat reference samples, metal foam filled groove samples are employed to 

provide a damping medium for the impacting droplets in order to stabilize the water film and 

further study the water droplet interactions with the porous in relation to the solid samples.   
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4.5. Understanding the water droplet interactions with the metallic foam filled groove 

sample 

4.5.1. WDE tests 

The experimental results for the metallic foam, with and without polyurethane, are 

presented in Fig. 4-16. The samples are photographed with the use of an optical microscope. It 

can be observed from Fig. 4-16 (a) and (b) that while only slight damage can be seen on the foam 

sample, the polyurethane-blocked foam suffered significant damage from the water droplets. The 

polyurethane-blocked metallic foam followed the same WDE behavior as the solid material 

samples; an erosion line formed in the position where the water droplets impact. On the contrary, 

the porous metallic foam without polyurethane shows little erosion in Fig. 4-16 (c) and (d). The 

damaged regions of the metallic foam are highlighted by the red circles (Fig. 4-16 (d)). Only a 

few connections of the foam are broken after 20 minutes of WDE testing.  
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Figure 4-16 a) Initial metallic foam with polyurethane-blocked b) Metallic foam with 

Polyurethane-blocked, after 20 mins WDE test at 150 m/s c) initial metallic foam d) metallic 

foam after 20 mins WDE test at 150 m/s. 

4.5.2.  Simulation of impacting pressure on the metallic foam  

Impact pressure is simulated to help understand the effect of porous structures on the 

WDE behavior. In order to build up porous metallic foam model in Ansys Fluent, Forchheimer’s 

model [63], which is the most popular flow resistance model, is applied in this work. The 

equation used here is presented as follows: 

                                                         
∆𝑝

𝐿
 = 𝑎𝑢 + 𝑏𝑢2 ,                                                            (9)  

where 
∆𝑝

𝐿
 is the pressure gradient of the metallic foam, 𝑢 is the flow velocity, 𝑎 is the viscous 

resistance coefficient, and 𝑏  is the inertial drag coefficient. The variables 𝑎  and 𝑏  are 

hydrodynamic characteristics linked to the structure of the metal foam, and they can be 

calculated from fluid pressure drop experiments. Air is the most commonly used fluid because its 

pressure drop is easier to measure [64]. In this work,  𝑎 and 𝑏 are calculated from the work of 

Mostafid [54]. The results are presented in Fig. 4-17. The different lines present different 
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thicknesses of foam. In this work, the solid line that presents the 1.7 mm thick metallic foam is 

the only line used to calculate the viscous resistance coefficient 𝑎, and inertial drag coefficient 𝑏. 

The remaining parameters for the simulation are based on the data provided by Recemat Pvt. Ltd 

in Table 3-1.  

 

Figure 4-17 Pressure drop curve for NC4753 [54]. 

The porous media model and solid model are employed to simulate the structure of the 

porous metallic foam and polyurethane-blocked foam, respectively, using Ansys Fluent. The 

maximum pressure on the contact surface is monitored for the porous foam and polyurethane-

blocked foams as shown in Fig. 4-18.  
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Figure 4-18 Pressure monitoring chart of contact surface for a) Polyurethane-blocked metallic 

foam b) porous metallic foam. 

For the polyurethane-blocked foam, the value of peak pressure on the contact surface is 

around 780 MPa which occurs once the droplet reaches the surface, and the contact pressure 

reaches the peak and drops within a very short exposure time (Fig. 4-18 (a)). This represents a 

large pulse as an incident stress wave that causes severe damage. The pressure transmission 

process has been demonstrated in Fig. 4-19 (a). When comparing the peak value of the contact 

pressure on the porous metallic foam sample of about 5.2 MPa and peak pressure on the 

polyurethane-blocked metallic foam, one can clearly see that it is more than a hundred times that 

of the porous metallic foam sample. Thus, despite the maximum pressure lasting such a short 

time period, the polyurethane-blocked sample suffered large amounts of damage after repetitive 

impingements. This could explain why the solid polyurethane-blocked foam shown in Fig. 4-16 

experienced more aggressive damage compared to the porous metallic foam that showed 

minimal damage. This could be attributed to the small peak pressure, as can be seen in Fig. 4-18 

(b). 
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Figure 4-19 Time variation of pressure during the WDE test on a) polyurethane-blocked metallic 

foam b) porous metallic foam. 

For the porous metallic foam, there are two pressure peaks appearing during the WDE 

process. The pressure transmission process for the porous metallic foam is demonstrated in Fig. 

4-19 (b). The second pressure peak forms gradually after the first 5.2 MPa pressure peak, as can 

be seen in Fig. 4-18 (b). Then, the second peak, which is around 2.3 MPa, reduces slowly and 

uniformly. This represents the dissipation of lower impact pressure during a much longer 

duration (3.5 µs) compared to the pressure dissipation in the polyurethane-blocked sample in Fig. 

4-19 (a) (Time = 2.5 x 10−7 s). The damping of the impact pressure is obvious in the porous 

metallic foam sample. 
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Chapter 5:  Conclusions, Contributions and Recommendations 

The main conclusions of this work are summarized in this chapter. This chapter also 

highlights some contributions of this work and includes recommended suggestions for future 

work on this topic. 

5.1. Conclusions 

This work studied the airflow characteristics during the WDE tests and their effects on 

the water droplet interactions with various solid target materials by performing experiments and 

CFD simulations. Flat and grooved samples of different geometries were used to study the 

airflow and how that airflow affects the trajectories of droplets when impacting samples. In order 

to reveal different aspects of those interactions, samples with different surface features were used 

in this work including: flat, grooved, and metallic foam. The WDE tests were performed at 150 

m/s, 200 m/s and 250 m/s for the ink coated samples, at 250 m/s for the grooved samples, and at 

150 m/s for the porous and non-porous metallic foam-filled grooved samples. 250 m/s was also 

selected when performing the CFD simulation. An average droplet size of 460 µm was used in 

this thesis. From this work, it can be concluded that: 

1. When the droplets have a fixed size of 460-micron meters, the lateral jetting has a 

maximum approximate distance of 4 mm at the three different speeds.  

2. The falling droplets are not only influenced by the axial divided airflow but also by the 

radial airflow that is caused by the wakes of the previous rotating sample.  

3. The radial airflow causes the water streak to drift radially outwards and creates a radial 

velocity to the impacting droplets. The radial velocity influences the formation rate of 

splashing. This causes more secondary droplets at the side closer to the rotation center than 

the farther side. The axial airflow influences the number of impacting droplets on the 
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different regions of the sample. The sample surfers more droplet impingements on the top 

half than the bottom half. Therefore, the top of the sample erodes faster than the bottom. The 

axial airflow also influences the impact angle to some extent. However, the impact angle is 

around 90 degrees and the change of it is insignificant; it can be safely neglected in this 

work.  

4. A water film forms when artificial grooves present on the surface of the sample; this 

water film helps to absorb the energy of the droplet impacts. The water film increases the 

incubation period, but it does not influence the erosion rate once craters occur. 

5. The 0.5 mm depth groove was better at mitigating WDE damage than the 1 mm groove. 

This is because the airflow characteristics are influenced by the depth of the groove. The 1 

mm groove experienced a more complex airflow environment than that of the 0.5 mm 

groove and results in a less stable water film formation in the 1 mm groove.  

6. WDE damage of the bottom-blocked groove sample starts at the innermost bottom corner 

of groove and the incubation period is similar in time to the flat reference samples. 

7. A porous structure material was better at mitigating WDE damage than the solid material. 

This observation could also be explained by the CFD simulation. During the WDE test, the 

impact pressure of the water droplets was dissipated by the porous metallic foam; while the 

solid polyurethane-blocked foam encountered severe damage due to much higher impact 

pressure. 

5.2. Contributions 

This work investigates the airflow under vacuum (50 mbar) at a high speed (250 m/s) 

during WDE tests experimentally and by simulation, which is a first. The characteristic of the 

airflow and how they affect the water droplets are described in the present work. The WDE 

performance of the grooved and porous metallic foam filled samples are investigated by 
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experimentation and simulation. The effect of water film stabilization and WDE impact pressure 

dissipation are described and explained in this work.  

5.3. Recommendations and future work  

Since the present work considers many different parameters, a future work could change 

the value of certain parameter to study the effects of the airflow on the water droplets and the 

water droplet interactions with the solid impacting sample. Some recommendations for future 

work are:   

1. Using droplets of different size could be a way to investigate the effects of the airflow on 

heavier or lighter water droplets. 

2. The experiments performed in this work do not investigate how the porous metallic foam 

absorbs energy when the foam is filled with water instead of polyurethane. Therefore, 

there could be a simulation to investigate the damping effect of water filled foam. This 

can be achieved through the use of metal foams with different pore size.  

3. Studying the influences of different pore sizes of the metallic foam on the peak value of 

the impact pressure is suggested. Perhaps an optimum size that leads to a stable water 

film and no WDE can be found.   

4. The use of a high-speed camera is suggested to record the actual situation within the test 

chamber during the WDE test. This could help understand WDE further.  
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