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Abstract 

The development of abrasive water jet (AWJ) as a type of high-density energy processing 

technology is widely recognized. Because of its heatless and noncontact processing 

capabilities, AWJ is used to quickly achieve cutting quality in a variety of materials, including 

metal, ceramics, glass, and composites. On the other hand, cutting parameters including pump 

pressure, cutting speed, orifice diameter, standoff distance, abrasive flow rate, and work piece 

affect surface roughness and dimension errors like round, burr, and taper.  

Beyond changing the values of these input parameters, the shape of the mixing chamber plays 

a significant role in the quality and performance of abrasive water jet machining system. And 

therefore, in this thesis, there is a strong motivation and interest in analyzing and examining 

the impact of the mixing chamber's form on surface quality. A parametric mixing chamber is 

suggested, and using mathematical modeling and experimentation, the performance is 

analyzed and compared to that of a cylindrical mixing chamber. In addition, mathematical 

modeling of abrasive water jet machining system is included under this thesis. Here the effect 

of input parameters on velocity profile and thus the actual volumetric flow rate and the 

penetration depth has been analyzed numerically.  

Experimental data was examined and analyzed using Minitab 17.1.0 software. Among this 

analysis are the normality test, and mean calculations as well as contour plots for both 

cylindrical and parabolic types of mixing chambers. Finally, by using a parabolic mixing 

chamber, the top and bottom surface roughness values were decreased from 4.9170µm to 

4.7351µm and from 7.8673µm to 7.5754µm respectively. Furthermore, the taper angle was 

minimized from 0.8998° to 0.8098°. 

Key words: Abrasive water jet, Heatless, Non-contact, Parabolic mixing chamber. 
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Chapter One 

1. Introduction 

1.1. Theoretical background 

One of the newest non-traditional cutting techniques is (AWJ) machining. It cuts the target 

material by erosion using an abrasive slurry and a fine jet of ultrahigh pressure water [1,2]. In 

abrasive water jet during the cutting process, water is mostly used as an accelerating agent, 

with the abrasive particles handling the material removal task. Franz invented this cutting-edge 

technique for the first time in 1968 to cut laminated paper tubes [3] and was first introduced as 

a commercial system in 1983 [4] used in glass cutting. These days, this method is commonly 

utilized to mill materials that are challenging to machine, such ceramics, concrete, fiber-

reinforced composites, laminates, and titanium alloys, for which conventional machining is 

frequently impractical from a technical or financial standpoint. It is perfect for automation 

because of its many unique advantages over other machining technologies, including its ability 

to cut complex shapes and even non-flat surfaces very effectively at close tolerances, its high 

speed and multidirectional cutting capability, its high cutting efficiency, and its low 

deformation stresses within the work material [5][6].  

The main mineral that contains aluminum for the industrial manufacturing of aluminum metal 

is bauxite. After being processed from bauxite, alumina is melted to produce primary 

aluminum. Gibbsite, boehmite, and diaspore are the main aluminum-bearing minerals (also 

known as aluminum hydroxides or aluminum oxide hydroxides) that make up bauxite, a 

heterogeneous resource. In addition, different amounts of iron oxides, silica, and other 

contaminants are present (Hill and Sehnke, 2006). According to IAI (2009), the normal ranges 

for available aluminum oxide content are 31% to 52% and 16% to 27% for Al content. Gallium 

is a by-product that is mostly obtained from bauxite (Foley et al., 2017). The EU's list of Critical 

Raw Materials includes gallium. 

1.2. Working principle 

The primary principle of AWJM is the mixing of an abrasive particle with a narrow, focused 

water jet extreme pressure is used to spray this jet, creating extreme velocity that can cut 

through any material. Heat is almost completely eliminated and cutting forces are decreased by 

the waterjet. Erosion is the primary cutting mechanism. 
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The AWJ machine is made up of an abrasive feeding system, an intensifier pump that produces 

high pressure water, and a cutting head that injects abrasive material to create AWJ. A computer 

numerical control system governs the movement of the cutting head on the workpiece. The 

material that is eroded during machining is gathered in a catcher tank, where the wasted jet's 

residual energy is released. 

Non-contact and wear-free, ideal for materials that are metallurgical or stressed enough to be 

unable to withstand the high temperatures used in other procedures. Fragile or brittle materials 

can be cut with surface finishes that rival those of conventional machining, with minimal force 

needed to cut, minimal temperature fluctuations, minimal scrape production, and no need for 

fixturing. Soft materials respond well to lower pressures. Higher pressures are needed for 

metals; by using tougher abrasives, the required jet pressure drops, and steel plates thicker than 

3/32" can be cut. Can cut materials that are typically difficult to cut, like composites, ceramics, 

and glass, without the need for specialized tools. 

Cut intricate patterns with ease; higher output, quick cutting, and superior parts; Amazing detail 

is possible with minimal kerf; savings on raw materials—less scrap; Minimal running costs – 

abrasive focusing nozzles and waterjet orifices need to be replaced periodically; cutting in all 

directions, even around tight corners; little lateral or vertical stresses and no requirement for a 

lot of part clamping; Depending on the thickness of the material, single-pass cutting; minimal 

or nonexistent hand finishing, net or near-net cutting; lighter, more flexible, and less expensive 

tools. 

  

Figure 1.1  Schematic diagram showing the operation of AWJM process  [7] 
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Figure 1.2 Schematic of a typical AWJ machine 

A hydraulic pump moves water from the reservoir to the intensifier. Using an intensifier, water 

is pumped at an extremely high pressure of between 2000 and 4000 bar. A extremely high 

velocity jet of 1000 m/s is produced when water at such pressure is released through an aperture 

with a diameter of roughly 0.2 to 0.4 mm. This process transforms the potential energy of the 

water into kinetic energy. The materials are sliced to the proper size and shape by the high-

velocity water jet that emerges from the nozzle. 

Abrasives and water can be combined in two different ways to create AWJs: by direct pumping 

or by entrainment. Abrasives and water are combined in advance to create a slurry, which is 

pumped and released through a nozzle in a direct pumping system. Abrasives are entrained into 

the high-pressure waterjet created by the orifice in an entrainment system, where they combine 

with the waterjet to form AWJs. 

Table 1.1 Typical AWJ machining conditions 

Material  Thickness (in.) Speed (ipm) 

aluminum 0.5/1 5/2.5 

stainless steel 0.5/1 2.5/1.5 

mild steel  0.5/1 3/2 

granite 0.5/1 4/2.5 

glass 0.1/2 30/2 

PVC 0.1/2 25/1 
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There are only a few minor variations between the pure and abrasive water jets. The material 

is eroded by the supersonic stream in a pure water jet. Abrasive particles are accelerated by the 

water jet stream in an abrasive water jet, and it is the particles—not the water—that erode the 

material. Compared to a pure Water jet, the abrasive Water jet has hundreds or even thousands 

of times more power. Each type of water jet—abrasive and water—has a specific use. Metals, 

stone, composites, and ceramics are among the hard materials that are cut by the abrasive water 

jet, while soft materials are cut by the pure water jet. Materials with hard nesses up to and 

slightly beyond aluminum oxide ceramic can be cut with abrasive water jets operating under 

standard parameters [8]. 

Cutting most textiles, foods, rubber insulation, car headliners and carpets, and plastics can all 

be done with water jet machining. Abrasive water jet machining (AWJM), which was initially 

created in 1974 to clean metal before it was surface treated, can be used to cut harder materials 

like glass, ceramics, concrete, and tough composites. Cutting speeds ranging from 51 to 460 

mm/min were achieved by increasing the material removal rate of the water jet by adding 

abrasives. In general, AWJM can cut composite materials ten times faster than traditional 

machining techniques.  

A large volume of a mixture of 30% abrasive and 70% water is accelerated by AWJM to a 

speed of 30 m/s at a low pressure of 4.2 bar. Abrasive materials commonly used are glass beads 

with a grain size of 10 to 150 μm, corundum, and silicon carbides [9]. 

The process becomes more complex when abrasive particles are added to the stream because 

there are now more variables to regulate. The other parameters include flow rate, grit size, and 

type of abrasive. The three most common abrasive materials are silicon dioxide, garnet (a 

silicate mineral), and aluminum oxide, with grit sizes varying from 60 to 120. Once the water 

has left the WJC nozzle, the abrasive particles are added to the stream at a rate of about 0.25 

kg/min (0.5 lb/min). 

The standoff distance, water pressure, and nozzle opening diameter are the remaining process 

parameters. Because nozzle orifice diameters are 0.25 to 0.63 mm (0.010 to 0.025 in) larger 

than in water jet cutting, more energy can be contained in the stream prior to abrasive injection, 

allowing for higher flow rates. The water pressure is comparable to that of WJC. In order to 

reduce the impact of the cutting fluid's dispersion—which now contains abrasive particles—

standoff distances have been slightly reduced. Standoff distances typically range from 1/4 to 

1/2 of those found in WJC[10]. 
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1.3. Research questions 

 How can the experimental design be structured to efficiently explore the relationships 

between these key variables? 

 Which parameters significantly influence the performance of the abrasive water jet 

machining process? 

 What are the dynamic aspects of abrasive water jet machining that need to be captured in 

the mathematical model? 

1.4. Problem statement 

One of the most important variables in precision abrasive waterjet cutting is the velocity 

distribution [11]. The mixing chamber, which facilitates the abrasive particles' mixing with 

water and air, is the most easily replaced component of a waterjet cutting head. Erosion happens 

as a result of high velocity and shear stress created on the focusing tube wall [12]. This leads 

to an increase in the mixing chamber's diameter and a loss in jet coherence, both of which are 

undesirable for precision cutting. Most importantly, the common type of cylindrical mixing 

chamber results in particle comminution in it and ineffective creation of a cohesive jet stream, 

which reduces the effectiveness of energy transmission [13]. Therefore, in order to increase 

efficiency, productivity and surface quality it is inevitably important to change the shape of the 

mixing chamber to parabolic one. 

In the sense that they directly use alternative types of energy rather than traditional tools to 

remove metal, contemporary machining technologies are also known as non-traditional. To 

mold and cut the materials, these machining techniques make use of electrical, chemical, and 

optimum energy sources. Modern machining techniques may also be used to address issues 

with increased product accuracy and surface polish requirements, as well as challenges with 

complicated form and size. Since there is no cutting tool used in these procedures, a lot of input 

factors control the material removal mechanism. Precise control and adjustment of many input 

variables is crucial for removing the material quickly, at a cheap cost, and with a higher surface 

quality. 

In addition, here kerf angle, and surface roughness are regarded as the benchmark for 

performance in several industrial applications [14]. These are the main constraints on the 

process applicability. In order to effectively control and optimize the AWJM process, 

predictive models for parabolic type of mixing chamber have not yet been developed for any 

of these materials such as bauxite, aluminum, stainless steel, brass, copper, titanium, mild steel 

etc. Here specifically predictive model has been developed for bauxite. 



  

 

6 
 

1.5. Significance of the study 

Abrasive water jet Machining is a novel machining process capable of processing wide range 

of materials. Though its performance and quality enormously depend on the specified material 

characteristics and also the geometry of the different components. Fixing the shape of mixing 

chamber is one of those components that has paramount important in the generation of powerful 

stream of mixed abrasive and water flow. It is considered to be of parabolic in shape to get 

relatively smooth flow. Furthermore, during the cutting process, it significantly affects the work 

piece’s surface quality. In order to dissolve the material, a hydrostatic energy is converted into 

a jet of sample kinetic energy, which provides the cutting power. By pressurizing water to 

extremely high pressure and concentrating high-speed water through a tiny aperture, an intense 

cutting stream is created, providing the energy needed to cut materials. The AWJM's use is 

predicated on the idea that jet impact erodes materials. Every one of the jet's two constituent 

parts the abrasive substance and the water has a distinct function. The abrasive material's main 

function in the jet stream is to supply the erosive.  

It has several industrial uses and outperforms many other cutting processes when processing a 

wide range of materials. It is also an economical and ecologically beneficial method that may 

be used to treat many technical materials. very challenging materials to cut, like ceramics [15].  

At up to 285 feet per second, or 1950 miles per hour, the stream's velocity is roughly 2.5 times 

that of sound. The cutting energy is directly related to the velocity's root. Transient spikes in 

the pressures up to three times the base cutting pressure are also possible. The energy in the 

beam can be expressed with Bernoulli’s equation, 

 z1 − z2 + 
p1 − p2 
ᴪ

 + 
v21  − v

2
2

2g
 =  0 (1.1) 

   

(𝑧1 − 𝑧2) is negligible 

Therefore, 

  ∆p ∝  ∆v2 (1.2) 

Surface quality deteriorates at the bottom side first, surfaces tend to have waves, likely from 

intensifiers, the jet flares from 0.1" to 1" and faster cutting speeds result in more flaring. A 

larger orifice yields a rougher surface finish, surface finish > 100 micro in. (Ra). Deeper cuts 

yield a rougher surface finish and cutting speeds < 1 ipm up to 5 ipm. 

In general, feeds are quicker than wire EDM, slower than plasma cutters, and slower than lasers. 

Operating costs range from $20 to $40 per hour, mostly due to abrasives. However, hourly rates 
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can be somewhat high, flaring can grow, and the costly maintenance needs make it unsuitable 

for mass manufacturing. 

For hard materials, the effective jet range is up to 8 inches. Typical cut width (Kerf loss) is 

0.030" and higher. Typical orifice sizes are 0.007,9,13, and 15 in. The pressure decreases after 

one inch, and the jet will have a well-behaved center jet encircled by a thin mist. The pressure, 

diameter, standoff, abrasive feed rate, and material feed rate are typical process jet 

characteristics. 

The more the energy supplied, the tougher the material, smoother the finish, and thicker the 

cut. Cutting in many passes’ entails producing a cut that doesn't go through completely and 

doesn't chip edges. Although less energy is used, the quality of the surface will suffer. 

                 Table 1.2 Typical materials and their mechanical properties 

 

 

 

 

 

 

 

  

Material  Ultimate compression (Kpsi) 

Titanium 

Aluminum 

Granite 

Marble 

Wood  

brick 

50-135 

19-110 

19 

12 

5-9 

4 
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1.6. Research objectives 

1.6.1. General objective 

The purpose of this particular work is to study on experimental and mathematical analysis of 

parabolic shaped mixing chamber for abrasive water jet machining to improve performance. 

1.6.2. Specific objectives 

 Design a structured set of experiments to systematically explore the relationships 

between key variables  

 Investigate the effects of varying parameters on the performance of abrasive water jet 

through rigorous experimental analysis.  

 Develop a comprehensive mathematical model to represent the dynamic behavior of 

abrasive water jet machining 

1.7. Scope of the study 

In this section, a thorough literature review that covers recent, pertinent research and 

advancements in AWJ machining is used to emphasize the purpose and scope of the current 

project. The study makes clear that prior work has mostly concentrated on straight-slit cutting, 

and that further in-depth studies into the geometrical characteristics of the kerf and how they 

relate to process factors in AWJ contouring are required. The thesis also notes that the 

development of predictive mathematical models is necessary for the various cutting 

performance measurements, and that, at this time, empirical or semi-empirical modeling is 

likely to yield the best results rather than a strictly theoretical approach. It is also noted that a 

deeper comprehension of jet and particle properties is necessary. 

AWJ cutting is a complex process with many factors that determine performances. Mechanism 

of erosion depends on the level of various process factors and is explained by multiple 

phenomena. AWJ cutting factors can be classified into six categories,  

 Work piece characteristics (type of material, thickness, chemical composition, toughness, 

hardness, grain size, tolerances, and roughness). 

 Water system components (high pressure tubing, accumulator volume, water purity, flow 

rate, and pump pressure).  

 Abrasive system factors (kind of abrasive material, hardness, size, shape, and distribution 

of abrasive particles, as well as manner of abrasive input).  

 Cutting head factors, including orifice diameter, orifice material, focusing tube diameter, 

length, and material.  

 The motion system's components (working conditions, stiffness, accuracy, and precision).  
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 Process variables (impact angle, standoff distance, abrasive flow rate, traverse rate, and 

water pressure).   

The five categories into which AWJ cutting performances may be divided are:  

 Process performances, including temperature, vibration, noise, and orifice and focusing 

tube wear.  

 Quality performances (form deviations, dimension deviations, cut quality: striations, 

burr, edge radius, jet impacted zone, surface roughness, kerf depth, kerf breadth, and 

perpendicularity deviation of the cut surfaces).  

 Productivity metrics (productivity, machining time).  

 Economic performances (cost of manufacture, electricity used, water used, and abrasive 

consumption). 

 Ecological performances: recycling, pollution, and noise 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1.3  Process parameters of AWJM 

Adding garnet or another abrasive particle to high pressure water allows abrasive waterjet 

cutting to cut through tough materials. When machining, garnet is used as an abrasive particle 

in around 90% of cases. Olivine can be used as an abrasive in place of garnet since it is softer 

and less likely to chip, break, or produce other surface imperfections. It also leaves a polished, 

smooth edge after cutting. The water in the nozzle of a waterjet cutting machine is mixed with 

the abrasive particle. The abrasive particle really performs the cutting action on the material in 
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this procedure. The water's function is to guide the abrasive particle and accelerate it to a speed 

appropriate for cutting.  

The system is divided into four primary components. They are the jet former, the abrasive 

supply system, the pressure generation system, and the water preparation system. Abrasives 

and the waterjet are mixed in a mixing chamber using an abrasive waterjet entrainment system. 

The high-velocity water stream accelerates the abrasive particles, which subsequently exit the 

focusing tube (or nozzle) together with the stream. Harder materials including titanium alloys, 

composite materials, glass, stainless steel, and ceramics are cut using a high-velocity water and 

abrasive beam. 

Water supply system is one of the abrasive water jets cutting machine's system components. 

The motion control system drives the AWJ cutting head device, which is connected to an 

intensification system, a high-pressure waterway system, an abrasive material supply system, 

and a reception device. In order to increase the cutting machine's precision and dependability, 

the machine body is built into the platform construction and the cutting head is driven by a 

gear-rack. 

 Filters: increases water pressure using compressors and intensifiers, delivers intensified 

water through water delivery tubes and fittings, and filters the water to prolong system life. 

The abrasive hopper is used to provide the abrasive, the NC gantry is used to position the 

cutting head and catcher is used to stop the spent jet, and the orifice/mixing 

chamber/refocusing nozzle is used to combine the high-pressure water and abrasives. 

 The water filter: use filters to get rid of tiny particles that may harm the orifice and other 

high-pressure components. The water is driven through 10-micron, 1 micron, and 0.5-

micron filters using a conventional pump, and the average flow rate at standard tap pressure 

is one gallon per minute. 

 Intensifiers: Essentially, a smaller hydraulic piston powers a larger hydraulic piston. As the 

hydraulic unit in the middle pumps in both directions, the opposing cylinder changes a huge 

differential volume for a large differential pressure, creating a high pressure in the water 

cylinders at either end. Check valves control the flow of water in and out as needed. By 

adjusting the hydraulic pressures and around 2Hz, one may regulate the pressures produced 

by the intensifier. 

 Accumulator: serves as a pressurized reservoir for the water; a variable dimension delivery 

system is needed for the tubing and fittings that are located between the accumulator and 

the moveable head. Flexible rubber hoses would be utilized at lower pressures, but a coiled 

stainless-steel tube is frequently employed at these pressures. High pressure swivels are 

used to join the tube ends. To guard against damage in the case of a leak, a protective sheath 
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is positioned around the tubes. Moreover, flow valves are employed to lessen the possibility 

of harm. 

 Mixing head: blends abrasive and water, combines nozzle, mixing chamber, refocusing, 

and orifice, and concentrates for cutting. Often, tungsten carbide or materials comparable 

to it are used to make mixing tubes. 

 The catcher: The jet can be stopped once it has past the cutting surface, which lowers 

pressure, noise, and dust while increasing safety. A water filled tube can be utilized, and 

the jet should be distributed throughout the tube's length (up to 24”). For systems that 

employ a tank with a 2" steel plate at the bottom, shorter tubes must have strong materials 

at the far end. 

 Abrasives: are common additives used to facilitate the cutting of hard materials, such as 

garnet and aluminum oxide. Because garnet is readily available, reasonably priced, 

effective, sharp-edged, and reasonably hard, it is commonly employed as an abrasive. 

Additionally, it performs better than other abrasives including glass beads, steel grit, silicon 

carbide, aluminum oxide, silica sand, and copper slag. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Schematic diagram of AWJM system.[7]  

The first application of abrasive water jet machining was in 1974 to clean metal before it was 

surface treated [16]. The late 1980s saw the introduction of AWJM technology into the market, 

marking a significant advancement in the field of non-traditional processing methods. In the 

industrial sector, this technique has been widely used, especially for contouring or profile 

cutting challenging materials including ceramics, marbles, and multilayer composites [17]. 

Glass may be cut using abrasive waterjet cutting technology as it can create forms and curves 

that are not possible with other cutting tools at an affordable price. Applications for this 
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technique include replacement windows for vintage automobiles, intricate stained-glass 

patterns, mirrors, glass decorations, and more. 

It is crucial that the initial holes be made at a lower pressure of 7,200 PSI/500 bar to 11,600 

PSI/800 bar since glass has a propensity to break. The pressure then has to be raised to a cost-

effective cutting speed. It is meant to progressively raise and decrease the cutting pressure for 

glass, ceramics, and other fragile materials using the intensifier pump's proportionate pressure 

control; otherwise, the material would be damaged. Almost no secondary finishing is needed 

when using water jet cutting since it does not induce vibrations in the glass, create heat-

affected zones (HAZ), or leave rough edges behind. 

In this study the comparison of two types of mixing chambers is considered with respect to 

same value of parametric qualities.it will investigate the effect of the physical shape of the two 

chambers on performance and quality characteristics such a surface roughness and taper angles.  

. 

1.8. Structure of the thesis 

The seven chapters that follow make up this thesis. An outline of the study is provided in 

Chapter 1. This chapter also includes the study's background and rationale, problem statement, 

aim, scope, limitations, significances, and organizational structure. In Chapter 2, the problem 

is identified and past research studies by others are reviewed. The procedure is covered in 

Chapter 3. This chapter describes the approach taken and the development of the thesis work, 

including the design of the experiment, the selection of important input factors, and the final 

tabulation of the findings. Chapter 4 includes the basics of modeling of the output parameters 

and that of mixing chamber. Chapter 5 includes a general approach of estimation of machining 

cost. Chapter 6 presents brief discussion of results obtained. Finally, Chapter 7 outlines the 

major points to be considered as conclusion and recommendations. The references will be 

expressed. 
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Chapter Two 

2. Review of Literatures 

2.1. Categorization of literature review 

This literature review may be broadly divided into five groups: 

 Reviews of the literature on earlier research that lend support to this thesis 

 How parameters affect the characteristics of the kerf  

 Process parameters' effects on the rate of material removal 

 Elements influencing the workpieces' surface roughness 

 Important variables for adjusting the penetration or cut depth 

2.1.1. Reviews of the literature on earlier research that lend support to this thesis 

Alsoufi M.et al. A recent study examined the effects of two cutting-edge modern technologies 

on the surface roughness (Ra) and micro-hardness (μ-HV) of carbon steel material: abrasive 

water jet (AWJ) and laser beam cutting (LBC). According to experimental results, abrasive 

water jet cutting technology produced a better-quality final cutting surface for similar working 

environments in terms of surface roughness (Ra) and micro-hardness (μ-HV)[18]. 

Doreswamy D.et al. conducted experiments to determine how the feed rate and standoff 

distance affected the surface roughness, Ra, and (top/bottom) kerf width when machining D2 

heat-treated steel using AWJC technology. The findings showed that in single pass machining, 

the bottom edge of the kerf width decreases by approximately 25% while the top edge increases 

by approximately 18% for every increase in standoff distance. The Ra value is increased by the 

feed rate and standoff distance parameters, which are equally significant[19]. 

Alberdi A.et al. carried out numerous tests using AWJ cutting technology to cut composite 

materials. An experimental method was used to determine the machinability index for a variety 

of composite materials with varying thicknesses. A study was conducted to determine how the 

parameters of the abrasive water jet cutting technology affected the surface roughness (Ra) and 

taper of the cut samples. In relation to absolute transverse feed rates, the kerf taper angle is 

greater than that of the corresponding separation[20]. 

Deng J. introduced the Gray Relational Analysis (GRA) method for determining the degree of 

correlation between experiment sequences with multiple output parameters. The orthogonal 

array in Taguchi's method provides a set of experiments that are well-balanced and a Signal-to-

noise ratio (SN Ratio), which is a logarithmic function of the output and acts as an optimization 

objective function. With a few minimum experimental runs, it helps with the study of all the 
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parameters. A neater, less costly, and quicker partial factorial experiment takes the place of the 

full factorial experiments[21].  

Nagdeve L.et al. conducted an experiment on AWJ to determine the ideal process parameter 

for cutting an aluminum sample and achieving the best possible material removal rate (MRR) 

and surface finish quality. To anticipate and optimize the best option for each process 

parameter, including standoff distance, traversal rate, abrasive flow rate, and water pressure, 

Taguchi's method and analysis of variance (ANOVA) were employed. The investigation shows 

that the surface roughness is influenced by the abrasive flow rate, whereas the standoff distance 

has a substantial impact on the metal removal rate (MRR). Using a L9 orthogonal array, tests 

are conducted by adjusting the pressure, standoff distance, traverse rate, and abrasive flow rate 

[22]. 

Reddy D.et al. investigated the optimization of the process parameters for surface roughness, 

Ra, and material removal rate (MRR) on AWJ using Taguchi's approach, variance analysis 

(ANOVA), and signal-to-noise ratio (SN Ratio) for Inconel 800H material. The outcomes 

demonstrated that the ideal AWJ cutting technology parameter combination satisfied the actual 

requirement for Inconel 800H material machining [23]. 

Raval M. and P. Patel conducted experiments on steel material utilizing Taguchi's orthogonal 

array L9 for the design of experiment (DoE) on AWJC technology parameter optimization. The 

technique of gray relation analysis (GRA) was also employed to determine the machine 

parameters at which the process is most effective and efficient. Pressure, tip distance, pole 

distance, and abrasive grain size were the controllable factors. The outcomes showed that 

magnetic abrasive in water jet machining is a workable substitute for conventional abrasives 

and aluminum oxide [24]. 

As stated by [25], genetic algorithm (GA) is of the most effective methods ever used. Several 

researchers have employed the GA approach to determine the ideal surface roughness for 

contemporary machining.  

Zaina A.et al. focused on combining the two software computing approaches of genetic 

algorithms (GA) and simulated annealing (SA) to determine the best process parameters that 

result in the lowest possible machining performance value. The process parameters for 

assessing the surface roughness Ra were transverse speed, water jet pressure, and standoff 

distance. Using actual experimental data, the machining performance and process factors were 

taken into account in AWJ. When the output results were compared to real data results, the 

findings demonstrated that both suggested integration systems were able to predict the optimal 

AWJ process parameters, resulting in the lowest value of machining performance [26]. 

A. Murugarajanet al. examined the various methods for optimizing the abrasive water jet 

machining process parameters (AWJM). The AWJM process uses an impact erosion method to 
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remove work piece material through the use of a high-velocity water jet mixed with abrasive 

particles. The effectiveness of the AWJM process can be increased by utilizing a number of 

optimization approaches, including the Taguchi method, response surface methodology (RSM), 

fuzzy logic (FL), artificial neural networks (ANN), and genetic algorithm (GA). It was 

investigated how the operating factors are altered to produce various optimum outcomes using 

these optimization strategies [27]. 

C. Parmar   et al. examined the use of an abrasive water jet machine for the commercial 

machining of three distinct materials: SS-316, fiber-reinforced plastic, and AL-6351. To 

determine how the process parameter for abrasive water jet machining (AWJM) affected 

surface roughness and MRR, experiments were carried out. The strategy was based on the 

AWJM process parameter optimization method developed by Taguchi for efficient machining. 

The stand-off distance from the work surface, work feed rate, and jet pressure were discovered 

to be the process parameters. Ultimately, the MRR and work surface roughness were assessed 

[28]. 

K. Prasad and G. Chaitanya made an attempt to review the AWJM-related research that has 

been done thus far. One of the unconventional machining techniques for brittle, hard, and thin 

materials that are challenging to cut is abrasive water jet machining (AWJM). The AWJM 

machining quality is primarily influenced by several process factors, including traverse speed, 

nozzle diameter, water pressure, stand-off distance, abrasive flow rate, and abrasive size. 

 This is a reasonably high material removal rate method that is both reasonably cheap and 

environmentally benign. Kerf Characteristics, Surface Roughness (SR), Material Removal Rate 

(MRR), Nozzle wear, and Depth of Cut are the quality criteria taken into account in AWJM. 

Process parameters are optimized using a variety of mathematical models and contemporary 

techniques, which enhances the performance characteristics [29]. 

S. Gurusamyet al. provided the ideal machining settings for aluminum alloy 5083 (AA5083) 

abrasive water jet machining (AWJM) using artificial neural network (ANN) modeling for a 

range of material thicknesses. Al 5083 alloy is used extensively in the construction of rail cars, 

vehicle bodies, ships, and cryogenic applications alone. Utilizing a Taguchi L18 orthogonal 

array, the experimental work examined the effects of process parameters on the material 

removal rate (MRR), surface roughness, and taper error over a range of thicknesses. These 

parameters included jet diameter, stand-off distance, and abrasive flow rate. A technological 

table was provided for the best way to machine AA5083 alloy in AWJM so that it is ready for 

industrial use [30].  

K. Jai et al. AWJM process was modeled using fuzzy logic (FL), and a genetic algorithm 

(GA) was used to optimize the rule base, data base, and subsequent portion of the process. For 

this objective, a binary coded GA has been employed. Material removal rate (MRR) and 
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surface finish (Ra) are the output parameters that have been predicted while using FL 

modeling. These combinations of process parameters include water jet pressure at the nozzle 

exit, the diameter of the abrasive water jet nozzle, the traverse or feed rate of the nozzle mass 

flow rate of water and mass flow rate of abrasives between the nozzle and the work piece in 

addition to others [31]. 

T. Siddiquiet al. offered a comparison of the impact of three key process parameters, namely 

abrasive flow rate (AFR), quality level (QL), and water jet pressure (WJP), on two kerf quality 

characteristics (KQCs), namely kerf taper (Kt) and surface roughness (Ra), in AWJ cutting of 

three distinct grades (carbon, glass, and aramid) of bi-directional epoxy composite laminates 

made from prepregs. The Dornier transport aircraft program makes use of this grade of 

composite material. Using the Taguchi technique (TM), a robust parameter design for AWJ 

cutting of above FRCs is demonstrated. Using an L27 (33) Taguchi orthogonal array, three 

levels of process parameters were employed to investigate their impact on Ra and Kt and choose 

the best choice. It was discovered that reduced levels of QL and WJP and higher [32]. 

N. Yuvaraj and M. Kumar described an experimental study on the cutting process of an 

abrasive water jet (AWJ) on D2 steel, adjusting the impact of jet impingement angles using 

variable abrasive mesh sizes. The depth of penetration (DOP), material removal rate (MRR),  

surface roughness (Ra), and taper cut ratio (TCR) are the cutting performance parameters that 

are taken into consideration. In this work, the input process parameters and their levels were 

designed using the Taguchi experimental methodology. Studying the surface morphology of 

the AWJ kerf wall cut surfaces was done using a scanning electron microscope (SEM). 

Ultimately, the outcome shows that the cutting of D2 steel by AWJ is mostly influenced by jet 

impingement angles and abrasive mesh sizes. According to the current study, better cutting 

performance can be obtained in [33]. 

M. Azmiret al. investigated the impact of kerf taper ratio (TR) and surface roughness (Ra) of 

aramid fiber reinforced plastics (AFRP) composite on the parameters of the abrasive water jet 

machining (AWJM) process. The experimental strategy was based on Taguchi's experiment 

design. The traversal rate was determined to be the most important component in both the Ra 

and TR quality criteria by analysis of variance (ANOVA). Ra and TR decreased in tandem with 

hydraulic pressure increase, standoff distance, and traverse rate reduction. On Ra and TR, 

however, there was no discernible pattern for the mass flow rate of abrasive material. As a 

result, it was established that raising the water jet's kinetic energy may result in cuts of higher 

quality. Additionally, mathematical models were created utilizing several [34]. 

M. Todkar and J. Patkure   examined the process parameter modeling and optimization for 

the abrasive water jet machining technology. The depth of cut for several process parameters, 

including water jet pressure, jet traverse rate, and abrasive flow rate at five levels each, have 
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been predicted using a set of experimental data to model the process of milling black granite 

material. In order to forecast the depth of cut that may be achieved with a given set of process 

parameters, a fuzzy model was constructed using the knowledge base created by means of 

experimental data. The process parameters were then optimized to maximize the material 

removal rate (MRR) by embedding the fuzzy model within a genetic algorithm [35]. 

A. Shaikh gathered information about the effects of various AWJ machining parameters on 

composite materials. The variables that were focused on for kerf tapper angle, surface 

roughness, and depth of cut were hydraulic pressure, traverse speed, abrasive mass flow rate, 

standoff distance, types of abrasive materials, grit size, jet nozzle oscillation, and cutting 

orientation. The literature review revealed that surface roughness and the kerf tapper angle 

decrease with increasing water pressure. Conversely, standoff distance and traverse speed 

exhibit opposite effects [36]. 

D. Johnbashaet al. AJM drilling was used to evaluate the process capabilities of Ti-6Al-4V 

with varying nozzle sizes, pressures, and SODs. AWJM uses a concentrated beam of abrasive-

loaded gas to remove metal from the work piece. Because microparticles are driven by 

 compressed air at high velocity, AJM can be used for drilling, polishing, cutting, etching, and 

cleaning. Additionally, the Taguchi technique for process parameter optimization of abrasive 

jet machining of Ti-6Al-4V was described. An analysis of variance (ANOVA) was performed 

on the values derived from the Taguchi study. L27 orthogonal array was used to conduct trials 

at different levels for both kerf width and MRR [37]. 

J. Aultrin and M. Dev examined the impact and parametric optimization of five process 

parameters using grey relation analysis (GRA) for aluminum 6061 alloy AWJM. Several sets 

of studies were carried out on this element using response surface methodology (RSM), 

changing five different factors on MRR and SR. To determine the important factors influencing 

the AWJM process's toughness, an ANOVA is run. There has been significant progress in the 

process, as evidenced by the results of the trials conducted to find the optimal setting. 

Converting the multiple response variable into a single response grade was the primary goal of 

GRA [38]. 

C. Narayananet al. formulated a phenomenological representation of the three-phase flow 

within the cutting head of an abrasive water jet machine. The models that were previously 

provided have been enhanced in several ways. For example, the abrasive particle size 

distribution and the impact of particle breaking on the energy flux have been considered. A 

broad set of experimental data with wide changes in abrasive mass flow rates, operating 

pressure, and cutting-head shape was used to validate the model. For the whole range of studies, 

the cross-sectional averaged abrasive particle velocity at the focusing tube's exit has been 

predicted with good accuracy. Specifically, it is discovered that the model and experimental 
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findings have a Pearson correlation of greater than 95%, suggesting the usefulness of this model 

in design [39]. 

N. Yuvaraj and M. Pradeep Kumar formulated a phenomenological representation of the 

three-phase flow within the cutting head of an abrasive water jet machine. The models that were 

previously provided have been enhanced in several ways. For example, the abrasive particle 

size distribution and the impact of particle breaking on the energy flux have been considered. 

A broad set of experimental data with wide changes in abrasive mass flow rates, operating 

pressure, and cutting-head shape was used to validate the model. For the whole range of studies, 

the cross-sectional averaged abrasive particle velocity at the focusing tube's exit has been 

predicted with good accuracy. Specifically, it is discovered that the model and experimental 

findings have a Pearson correlation of greater than 95%, suggesting the usefulness of this model 

in design carried out in AWJ. The AWJ cut surfaces were examined using a scanning electron 

microscope (SEM) at the ideal level of process parameter settings. Utilizing energy dispersive 

X-ray spectroscopy, the quantity of silicon particles lodged in the sliced surfaces was verified. 

The experimental results show that the fuzzy TOPSIS method improves the quality of AWJ 

cutting by identifying more advantageous ideal input process parameters [40]. 

G. Kumar et al. examined how input process factors affected the outcome and optimized the 

process parameters to achieve optimum uses the AWJM method to simultaneously process 

responses including metal removal rate, surface roughness, and dimensional deviation while 

machining the duplex stainless steel 2205 alloy, which is based on austenite and ferrrite. This 

material has been precipitation hardened and exhibits good creep-rupture strength. Even at 

elevated temperatures, its mechanical qualities remain strong. Submissions are For aerospace 

products, metal matrix composites, and ceramic matrix composites, intricate shapes are easily 

achieved [41]. 

G. Kumar and C. Sankar AWJM process was used to machine the nickel-chromium based 

super alloy Inconel 825. The impact of input process parameters was examined, and process 

parameters were optimized to achieve optimizing responses such as metal removal rate (MRR), 

surface roughness (Ra), and kerf width simultaneously. This material has been precipitation 

hardened and exhibits good creep-rupture strength. Even at elevated temperatures, its 

mechanical qualities remain strong. Applications: Aerospace items can readily attain intricate 

forms [42]. 

H. Orbanic and M. Junkar presented the unconventional technique of abrasive water jet 

(AWJ) machining, which accelerates extremely hard abrasive grains using a high-velocity 

water jet. The grains remove material as they come into contact with the work piece because of 

their high velocity and hardness. This kind of machining is a part of the erosion processes of 

solid particles. The abrasive grain type, eroded material type, impact angles, and kinetic energy 
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all affect the rate of material removal. On the basis of this supposition, the unit event model 

was introduced. The model analyzes the effect of every single abrasive grain (unit event) and 

provides the total effect of all the hits as machined surface topography. One can almost achieve 

satisfactory results with the unit event model, but the computation at the minuscule scale takes 

a lot of time [43]. 

P. Markopouloset al. referred to the modeling and optimization of machining operations by 

the application of statistical and soft computing techniques. In particular, a detailed examination 

is conducted of the factorial design approach, Taguchi method, response surface methodology 

(RSM), analysis of variance, statistical regression methods, artificial neural networks (ANN), 

fuzzy logic, and genetic algorithms. The above-described methodologies and procedures have 

shown to be extremely effective and dependable when used as part of the design of experiments 

(DOE). Numerous studies have already been published highlighting the significance of these  

 

techniques, particularly in machining  [44]. 

L. Nagdeveet al. using the Taguchi technique to determine the ideal Abrasive Water Jet 

Machining (AWJM) process parameters. In the unconventional machining technique known as 

"abrasive water jet machining," material is removed from a work piece by impact erosion of 

high pressure (1500–4000 bar), high water velocity, and entrained high velocity grit abrasives. 

The aim of this experimental study is to investigate the effects of machining parameters on the 

material recovery and shear rate of an Al 7075 work piece. The methodology employed 

involved the application of Taguchi's method, analysis of variance, and signal to noise ratio 

(SN Ratio) in order to predict the best option for each AWJM parameter, including traverse 

speed, abrasive flow rate, standoff distance, as well as coarse grit size. We employ a L9 

orthogonal array and vary S, R, H, and D, respectively. We have three tests for each 

combination and use the Signal to Noise ratio to determine the best outcomes for AWJM. It 

was established that the ideal set of AWJM process parameters satisfied the actual need for Al 

7075 machining in real-world applications [45]. 

J. Srinivas and A. Rao Shown is the process parameter optimization of Hastelloy C276 

abrasive jet machining using the RSM methodology. An analysis of variance (ANOVA) was 

performed on the values derived from the RSM analysis. L15 orthogonal array is used to 

conduct experiments at different levels for both MRR and kerf [46]. 

K. Sasikumar et al. examined the optimization of abrasive water jet machining process settings 

for hybrid aluminum 7075 metal matrix composites with equal amounts of TiC and B4C 

reinforcement at 5%, 10%, and 15%. Water jet pressure, jet traverse speed, and standoff 

distance are the three abrasive water jet machining process parameters that were compared to 

the kerf characteristics, such as kerf top width, kerf angle, and surface roughness. Through 
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analysis of variance, the impact of these parameters on the replies was ascertained. We acquired 

regression models for the properties of kerf. It was discovered that traverse speed had a greater 

influence on top kerf width than other factors. Surface finish and kerf angle were more affected 

by water jet pressure. Using scanning electron microscopy, the microstructures of machined 

surfaces were also examined. The hybrid 7075 aluminum metal matrix composite's plastic 

deformation cutting was shown by scanning electron microscope research. The findings of the 

X-ray diffraction examination demonstrated that there were no abrasive particles trapped on the 

machined surface [47]. 

M.Uthayakumaret al. evaluated the abrasive waterjet cutting process parameters for the 

redmud reinforced banana/polyester hybrid composite. Using the compression molding 

technique, the composite was created with three different weight percentages of redmud: 10%,  

20%, and 30%. Research has been done to determine how input parameters, such as material 

removal rate, top kerf width, bottom kerf width, and composite kerf angle, affect the output 

reactions. Using an L27 orthogonal array, experiments were conducted with different 

combinations of water pressure, traversal speed, and redmud percentage for the composite. To 

investigate the impact of each input parameter on the output answers, analysis of variance was 

also done. The research findings indicate that the water pressure was the most important factor 

on composite more chopping than others [48]. 

M. Singh et al. created a way to forecast the form of channels made with AWJM. Experiments 

were conducted to create channels by adjusting three process parameters: stand-off distance, 

pressure, and abrasive size. A simulation model based on non-uniform rational B-splines has 

been created and validated using experimental data to forecast the geometry of channels 

manufactured with AWJM [49]. 

S. Anwar et al. provided a broad summary of the abrasive waterjet machining research that has 

been published using bibliometric indicators. The primary characteristic of bibliometric 

indicators was their ability to provide an overall picture of research on abrasive water jets. 

According to the statistics, Wang J was the most prominent and active author in the subject of 

abrasive water jet research. Other notable figures in this domain included Hloch S, Kovacevic 

R, and Axinte D. In terms of abrasive water jet research, the United States of America was the 

most influential nation, followed by the Czech Republic. The two most prominent journals were 

the International Journal of Advanced Manufacturing Technology and the Journal of Materials 

Processing Technology [50]. 

J. Xuet al. The design, manufacture, and technological application of high-pressure water 

equipment can benefit from the experimental study done on a variety of common materials cut 

by water-jet cutting machines fitted with phased intensifiers. It effectively demonstrated the 
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system's ability to operate steadily, with water pressure fluctuations of no more than 2.0%, good 

cutting quality, and great production efficiency [51]. 

E. Averinet al. outlined a strategy for energy conservation and offered advice on how to destroy 

hard rock to the greatest extent possible. Rational ranges of values for the relationship between 

the abrasive flow rate and the water flow rate, standoff distance, and abrasive particle size are 

suggested. It was also given a parameter based on the temporary-structural method of fracture 

mechanics to determine the threshold conditions for the commencement of a material's 

destruction [17]. 

2.1.2. How parameters affect the characteristics of the kerf 

A. Parthibanet al. has looked into the AWJC of 2mm thick stainless steel AISI 316L. The full 

factorial design method was used to implement the experiment's design. Associated with the 

aforementioned process parameters are the top and bottom kerf widths. To assess the 

connection between the top and bottom kerf widths and the process parameters, mathematical 

models were created. Additionally, the impacts of process factors on edge quality have been 

identified. Ultimately, the best AWJC conditions for achieving the finest edge quality, such as 

top and bottom kerf width, have been determined by numerical optimization [52]. 

D. Doreswamyet al. examined the impact of abrasive water jet (AWJ) machining parameters 

on the kerf width generated on graphite filled glass fiber reinforced epoxy composite, including 

jet operating pressure, feed rate, standoff distance (SOD), and abrasive concentration. Taguchi's 

L27 orthogonal arrays provided the basis for the experiments, and reduced kerf was achieved 

by optimizing the process parameters. Regression models were created to predict kerf width, 

and the main and interaction effects of the process parameters were examined using ANOVA. 

The top kerf width is found to be considerably influenced by the operating pressure, the SOD, 

and the feed rate, with corresponding contributions of 24.72%, 12.38%, and 52.16% to the kerf 

width. Scanning electron microscopy (SEM) is then used to do morphological analysis on the 

samples that were machined at optimal process settings. When process parameters were 

optimized, AWJ machined surfaces were found to be delamination-free [53]. 

A. Dhanawadeet al. research on abrasive water jet machining of PZT ceramic material was 

given. The current study took into account three process parameters: traversal rate, water 

pressure, and stand-off distance. To plan the tests, the response surface methodology approach 

was employed. Analysis of variance was used to determine the relative importance of process 

parameters and how they affected the kerf characteristics. Water pressure and traversal rate 

were discovered to be the most important factors, with stand-off distance coming in second. 

Regression models were created based on experimental data to forecast the depth of cut and 

kerf taper. The quadratic terms, interaction, and significant parameters were taken into 
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consideration when developing the models. It was discovered that the model's predictions and 

the outcomes of the experiments agreed. Using the desirability technique, multi-response 

optimization of process parameters has also been carried out to increase depth of cut and reduce 

kerf taper. The machined surfaces' kerf wall characteristics were studied with the use of a 

scanning electron microscope [54]. 

C. Huanget al. Through a series of experiments using garnet abrasive and ultra-high pressure 

abrasive water jet numerical control machine tool, researchers investigated the effect of cutting 

parameters such as water pressure, nozzle traverse speed, and standoff distance on the granite 

cutting performance as characterized by kerf width, kerf taper, and striation drag angle. It was 

also investigated how system pressure and abrasive mass flow rate relate to one another. The 

findings of the study demonstrate that the abrasive mass flow rate was only related to water 

pressure, with no discernible impact from other cutting factors. It is discovered that a higher 

water pressure is linked to a wider kerf and a smaller kerf taper. The kerf taper increases 

significantly as the nozzle traverse speed increases, and the kerf breadth reduces as the speed 

increases. The kerf taper increases significantly from 3 to 4 mm at the standoff distance domain 

and then somewhat decreases from 4 to 5 mm at the standoff distance domain as a result of the 

kerf width growing with the standoff distance enhancement. As water pressure rises and nozzle 

traverse speed falls, the striation drag angle reduces [55]. 

I. Karakurtet al. carried out an experimental and statistical analysis on the kerf width, which 

is utilized in abrasive waterjet (AWJ) cutting in place of the cut width. Taguchi orthogonal 

arrays were utilized to design experiments that involved sampling pre-dimensioned granitic 

rocks. The rock parameters were associated with the kerf widths, and the impacts of the AWJ 

operating variables on the kerf width were examined. Furthermore, multivariable regression 

analysis was used to create predictive models for the kerf widths, and these models were 

validated using a number of statistical tests. The outcomes showed that the traverse speed and 

standoff distance had a major impact on the kerf widths. The findings also demonstrated a 

strong relationship between the kerf widths of the examined rocks and water absorption, unit 

weight, micro hardness, the maximum grain size of rock-forming minerals, and the mean grain 

size of the rock. Additionally, the modeling findings showed that the prediction models that 

were created based on the features of the rock can be effectively applied as a useful guide [56]. 

D.  Shanmugam and S. Masood examined the kerf taper angle, a crucial metric for cutting 

performance, produced by the abrasive waterjet (AWJ) method for the machining of two 

different kinds of composites: glass epoxy and epoxy-impregnated graphite woven fabric. A 

thorough factorial design of trials was conducted with different standoff distances, water 

pressure, abrasive flowrate, and traversal speeds. A prediction model that links the kerf taper 

angle to the operational parameters has been created by utilizing the dimensional technique and 
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the energy conservation approach. The model's verification has been shown to agree with the 

experiments, making it suitable for use as a practical guideline [57]. 

V. Gubtaet al. looked at the kerf properties of marble that is being machined using an abrasive 

water jet, a process that has several uses in residential, commercial, and industrial construction. 

For this investigation, three distinct process parameters—water pressure, nozzle transverse  

speed, and abrasive flow rate—were investigated. The trials were carried out in compliance 

with Taguchi's experimental design. The data were evaluated using analysis of variance 

(ANOVA) to identify the main significant process elements statistically influencing the kerf 

features. The findings showed that the most important factor influencing the top kerf width and 

the kerf taper angle was the nozzle transverse speed [16]. 

Gupta V.et al. explored utilizing Taguchi's method the minimizing of kerf width and kerf taper 

angle in AWJ of marble material. Abrasive flow rate, nozzle transverse speed, and water 

pressure were among the parameters taken into account. The most important factor influencing 

the top kerf width and the kerf taper angle was found to be the nozzle transverse speed [58]. 

2.1.3. Process parameters' effects on the rate of material removal 

A. El-Domiaty et al. developed a model that can forecast, based on varying process parameters, 

the maximum depth of cut for various types of materials. The findings of the suggested model 

and the models published in the literature are compared, and the shortcomings of those models 

are also discussed [59]. 

M. Selvan and N. Raju evaluated the impact of process variables on cut depth, a crucial cutting 

performance metric in stainless steel abrasive waterjet cutting. The traversal speed, water 

pressure, standoff distance, and abrasive flow rate are among the process variables taken into 

account here. In order to cut stainless steel utilizing an abrasive waterjet cutting method, 

experiments were carried out with different parameter values. Regression analysis is used to 

create an empirical model for the prediction of cut depth in abrasive waterjet cutting of stainless 

steel, which is necessary to accurately choose the process parameters. The constructed model 

has been validated by the experimental results, which indicate that the model has a high 

applicability within the employed experimental range [60]. 

M.Selvan and Dr.N. Raju evaluated the impact of process variables on cut depth, a crucial 

cutting performance metric in mild steel abrasive waterjet cutting. Abrasive waterjet cutting 

was used to cut mild steel in experiments with different water pressure, nozzle traverse speed, 

abrasive mass flow rate, and standoff distance. Based on the outcomes of the experiment, the 

impacts of these parameters on the depth of cut have been investigated. Regression analysis is 

used to create an empirical model for the prediction of cut depth in mild steel abrasive waterjet 

cutting in order to accurately choose the process parameters. The constructed model has been 
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validated by the experimental results, which indicate that the model has a high applicability 

within the employed experimental range [61]. 

U. Aichet al. carried out tests using AWJM to cut borosilicate glass. Water pressure, abrasive 

flowrate, traverse speed, and standoff distance were the machine parameter settings that were 

used to measure the depth of cut. The model that was subsequently created on depth of cut 

provides insight into how various parameters affect the cutting of amorphous borosilicate glass 

by AWJM. Particle swarm optimization was also used to seek for the ideal conditions for setting 

control parameters (PSO). Additionally, qualitative information on the nature of the cut surface 

and the erosion behavior of amorphous material was partially revealed by scanning electron 

microscopy images [62]. 

M. El - hofyet al. carried out statistical analysis and an experimental investigation for cutting 

two lay-up configurations of multidirectional CFRP laminates. Using a comprehensive factorial 

design of tests, various AWJM settings, such as jet pressure, feed rate, and standoff distance, 

were tested. Analysis of variance (ANOVA) has been used to assess machining process 

responses, including top and bottom kerf width, kerf taper, machinability, and surface 

properties. For the AWJM, a process cost model was shown [7]. 

K. Aultrineet al. examined experimentally how five process variables affected the MRR and 

SR of the element copper iron alloy, which was cut using an abrasive waterjet cutting machine. 

Several sets of experiments were carried out on this element utilizing the response surface 

methodology, changing the standoff distance, focusing nozzle diameter, orifice diameter, water 

pressure, and abrasive flow rate. Based on the experimental results, all of the process 

parameters' effects on MRR and SR were examined. Helpful suggestions were made regarding 

the selection of appropriate process parameters for the abrasive waterjet cutting of copper iron 

alloy, and regression analysis was used to create a predictive model for MRR and SR for this 

particular copper iron alloy. The MRR and SR were shown to be significantly impacted by 

water pressure, abrasive flow rate, orifice diameter, nozzle diameter, standoff distance, and their 

interactions [63]. 

M. Rajyalakshmi made an attempt to review the AWJM-related research that has been done 

thus far.Additionally, to enhance the performance characteristics, a variety of statistical and 

contemporary techniques were used to optimize input process parameters including hydraulic 

pressure, traverse speed, stand-off distance, abrasive flow rate, and abrasive kinds [64]. 

S. Arunet al. Taguchi robust design analysis was used to discover the best possible combination 

of process parameters. The most important factor was also determined by using the Analysis of 

Variance (ANOVA). In order to determine how process variables including pressure, transverse 

speed, stand-of-distance, and abrasive flow rate affected the Inconel surface roughness (Ra) and 



  

 

25 
 

metal removal rate (MRR), these variables were tuned. The L9 orthogonal array was used to 

conduct the experiments. The results were given to validate this method, and after discussing 

the plausible tendencies of the output parameters in relation to the input parameters, suggestions 

for process control and optimization were suggested [65]. 

2.1.4. Elements influencing the workpieces' surface roughness 

Preeti et al. carried out a number of experimental studies to examine the impact of process 

factors on the material removal rate (MRR) of Makrana white marble material used in machined 

components. Process variables such standoff distance, abrasive flow rate, and water pressure 

were examined using ANOVA and the F-test. The findings showed that the material removal 

rate (MRR) is significantly influenced by the water pressure and abrasive flow rate [66]. 

Jain N.et al. worked with the water jet machine (WJM), abrasive water jet machine (AWJM), 

abrasive jet machine (AJW), and ultrasonic machine (USM) to optimize four parameters of the 

advanced manufacturing process using genetic algorithms (GA). It was determined that when 

power consumption increases, water pressure at the nozzle outlet increases and so does the 

maximum value of material removal rate (MRR) in AWJM. MRR rises with nozzle feed rate 

and abrasive water jet nozzle diameter increases. Additionally, it concurrently increases power 

consumption and MRR and the mass flow rate of water pressure [67]. 

R. Khannaet al. marble's material removal rate by abrasive water jet machining was 

determined. It has been studied how the three process variables—water pressure, abrasive flow 

rate, and standoff distance—affect the rate of material removal. The analysis of variance and 

the L16 orthogonal array were helpful in this inquiry in identifying the extremely significant, 

significant, and non-significant factors. When water pressure and abrasive flow rate rose, the 

rate of material removal increased as well [68]. 

S.Bhatiet al. investigated the AJMM process parameters experimentally in order to obtain an 

optimal material removal rate (MRR). The level of experiments takes into account a few input 

elements for the aforementioned investigation, including pressure, nozzle tip distance (NTD), 

abrasive size (SOA), and nozzle diameter. Throughout the experimentation, these factors are 

changed. The process parameter's overall effect is investigated, and response surface 

methodology (RSM) is also used to create a mathematical model for MRR. Furthermore, in mat 

lab, a genetic algorithm (GA) is used to optimize the MRR. By comparing the GA simulation 

result with the experimental result, error estimation is carried out, and it is found that there is 

no appreciable error in the simulation result estimation [69]. 

Ramprasadet al.used Taguchi's approach and ANOVA analysis to optimize the metal removal 

rate (MRR) of stainless steel 403 in AWJC technology. Three factors are used to optimize the 

MRR: standoff distance, abrasive flow rate, and water pressure. It was determined that the 
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standoff distance and abrasive flow rate were the next most important factors for stainless steel 

403 work material, after water pressure [70]. 

F. Kolahanet al. focused on abrasive water jet machining technology modeling and process 

parameter optimization. A set of experimental data has been used to model the process and 

assess the effects of different parameter settings on the cutting of 6063-T6 aluminum alloy. The 

nozzle diameter, jet traverse rate, jet pressure, and abrasive flow rate are the process variables 

taken into consideration here. One of the most crucial output features, depth of cut, has been 

assessed using several parameter configurations. Regression modeling and the Taguchi 

technique are used to determine the relationships between the input and output parameters. With 

the use of the analysis of variance (ANOVA) approach, the model's suitability is assessed. A 

graphic was also used to illustrate the pairwise effects of process parameter settings on process 

response outputs. To optimize the process parameters, the suggested model was then 

incorporated into a simulated annealing technique. An optimization has been performed for any 

desired depth of cut value. The goal was to ascertain the appropriate process parameter levels 

to achieve a specific depth of cut [71]. 

S. M. Mullaikodi et al. created composite material combinations that had SiC Nanoparticles 

as secondary reinforcement and Kevlar 49 and S-glass fibers as main reinforcement, in varying 

amounts in epoxy resin at a ratio of 60% and 40%, respectively. A comparison was done 

between the laminates' tensile strength with and without SiC particles. When compared to the 

272MPa tensile strength produced without SiC particles, there was a 35% and an 18% increase 

in tensile strength for 5% and 10% SiC, respectively. 5% SiC was added to the laminate to 

attain the maximum tensile strength of 368 MPa. Abrasive water jet machining was applied to 

the composites with high tensile strength. Surface finish, kerf width, and material removal rate 

were among the quality characteristics that were validated using a quadratic function, which 

was employed in the statistical model that was constructed using the RSM technique. The 

purpose of the morphological research was to correlate the filler material, matrix, and fiber 

bonding. The homogeneous dispersion of particles in the epoxy resin with reduced viscosity 

and air traps resulted in an increased strength [72]. 

M. Hasanet al. The article lists the main micro production techniques for composite materials, 

classifies their subclasses, and discusses recent advancements, emerging trends, and the impact 

of important variables on the cost, quality, and efficiency of composite material manufacture. 

A comparative analysis is provided that demonstrates the possibilities and adaptability of 

creating composite materials as well as potential uses in the future. In order to fulfill the 

increasing industrial demand, this review will be useful in advancing micro manufacturing 

technology for creating tiny items composed of composite materials [73]. 
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Z. Zhanget al. examined and contrasted the most recent developments in high-precision 

material removal manufacturing technologies, with a focus on ultra-precision grinding, cutting, 

deterministic form correction polishing, and super smooth polishing. The evaluation included 

information on the concepts, processes, and uses of each technology. Future R&D should take 

into account these critical difficulties in extreme precision manufacturing, which are discussed 

below [74]. 

T. Nguyen et al. examined some of the research done at UNSW Sydney regarding the creation 

of an AWJ technology, with a focus on the system design that is currently being used to produce 

a micro abrasive jet and the erosion mechanisms related to the processing of a few common 

single- and two-phased brittle materials. Additionally, processing models derived from the 

results were showcased. The review finishes with a discussion of the technology's viability and 

the dominant development trend [75]. 

2.1.5.  Important variables for adjusting the penetration or cut depth 

M. Chithiraiet al. demonstrated how process variables affect surface roughness (Ra), a crucial 

cutting performance metric in aluminum abrasive waterjet cutting. The purpose of carrying out 

Taguchi's experiment design was to gather surface roughness values. To cut aluminum utilizing 

an abrasive waterjet cutting method, experiments were carried out with different water 

pressures, nozzle traverse speeds, abrasive mass flow rates, and standoff distances. Based on 

the outcomes of the experiments, the impacts of these parameters on surface roughness have 

been investigated [76]. 

D. Hajdarevicaet al. examined the impact of traverse speed, abrasive mass flow rate, and 

material thickness on surface roughness during aluminum abrasive water jet cutting. 80 mesh 

GMT garnet was utilized as an abrasive material. The depth of cut was used to measure the 

surface roughness. The experimental findings demonstrate that traverse speed significantly 

influences the surface roughness at the cut's bottom. The relationship between surface 

roughness and other variables related to abrasive water jet cutting was also studied. The trials 

were used to determine the ideal process parameters for each thickness of material [77]. 

D. Ashaniraet al. Determine the lowest possible surface roughness value using end milling and 

abrasive water jet (AWJ) machining, two non-conventional methods. As a result, SVM model 

advancements tend to provide the greatest machining performance solution by obtaining the 

lowest possible surface roughness value. Nonetheless, by utilizing SVM's augmentation,  

the machining process's performances that have been modeled can be enhanced. To increase 

the accuracy of prediction models, the current SVM model building procedure is being 

modified to include the Grey Relational Analysis (GRA) approach for calculating the minimum 

surface roughness values of end milling and AWJ machining processes. In the suggested model 



  

 

28 
 

hybrid grey relational – support vector machine (GR-SVM), GRA serves as a feature selection 

approach in the SVM preprocessing process and has determined the factors of process 

parameters that have an influence on the surface roughness value. The accuracy of the hybrid 

GR-SVM model is then determined by comparing its output with that of the traditional SVM 

model [78]. 

G. Yadav and B. Singh examined how to handle scheduling the exams for abrasive water jet 

cutting using the box-Behnken outline method, with the overall objective of optimizing the 

process to provide higher-quality surfaces. An experiment was conducted to evaluate how 

process parameters affected the aluminum's surface roughness (Ra). The response surface 

approach (BOX BEHNKEN) and analysis of variance (ANOVA) were the main tools used by 

the philosophy to improve the process plan parameter for appropriate machining and to forecast 

the best option for each of the following: pressure, standoff distance, and traverse rate. With 

the aid of ANOVA, the combination produced in the box-Behnken technique by the design of 

expert software (DOE) test directed is discovered to have an impact on surface harshness (SR), 

a machining quality. The study concludes that surface roughness (SR) is significantly 

influenced by pressure and traverse speed, although standoff distance has very little overall 

effect. Respondent surface method has been implemented using Design of Experiment software 

(DX10) [79]. 

D. Bejicet al. examined the impact of traverse speed, abrasive mass flow rate, and material 

thickness on surface roughness during aluminum abrasive water jet cutting. 80 mesh GMT 

garnet was utilized as an abrasive material. The depth of cut was used to measure the surface 

roughness. The experimental findings demonstrate that traverse speed significantly influences 

the surface roughness at the cut's bottom. The relationship between surface roughness and other 

abrasive waterjet cutting parameters was also explored. The trials were used to determine the 

ideal process parameters for each thickness of material [77]. 

N.  Yuvaraj and M. Kumar By adjusting the water jet pressure and jet impact angle, the abrasive 

water jet (AWJ) cutting of AISI D2 steel kerf wall cut surfaces examined the 3D surface 

topography, 2D roughness profiles, and micrographs. Roughness characteristics in 3D surface 

topography, including Sq, Ssk, Sp, Sv, Sku, Sz, and Sa, were enhanced by varying jet impact 

angles and water jet pressures. On the other hand, the water jet pressure and jet impact angle 

have a significant influence on the roughness metrics Ssk and Sku. The kerf wall cut profile 

structures verify this. 2D roughness profiles clearly show that the AWJ cut surfaces have fine 

imperfections of peaks and valleys. By employing a jet impact angle of 70ᵒ and a water jet 

pressure of 200 MPa, the SEM micrographs verify the creation of an upper zone that is not 

severely damaged and a bottom zone that is devoid of striations. Ultimately, the findings show 

that a jet impact angle of 70ᵒ preserves D2 steel's surface integrity more effectively than a jet 
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impact angle of 90ᵒ. The findings hold value in mating scenarios when wear and friction are 

present.  

The AWJ machined D2 steel components now operate better as a result of this [80]. 

N. Tosun   et al. carried out tests using various traverse speeds and waterjet pressures. It has 

been discovered that when cutting materials with superior mechanical qualities, the surface 

roughness obtained is superior to that of cutting materials with inferior mechanical properties 

[81]. 

C. Selvan et al. evaluated the impact of process variables on surface roughness (Ra), a crucial 

cutting performance metric in cast iron abrasive waterjet cutting. The purpose of carrying out 

Taguchi's experiment design was to gather surface roughness values. To cut cast iron with an 

abrasive waterjet cutting technique, experiments were carried out with different water 

pressures, nozzle traverse speeds, abrasive mass flow rates, and standoff distances. Based on 

the outcomes of the experiments, the impacts of these parameters on surface roughness have 

been investigated [82]. 

Li R.et al. Utilizing cutting-edge abrasive water jet cutting recombinant bamboo material, 

researchers examined the effects of pressure, feed rate, and abrasive mass flow rate on the 

surface roughness, Ra. Cuts were made in both the longitudinal and transverse directions at 

varying thicknesses. The average value of Ra increased with each increase in the federate and 

abrasive mass flow rate values, but it decreased with each increase in water pressure, according 

to the data. When cutting recombinant bamboo longitudinally as opposed to transversely, the 

Ra average value was lower [83]. 

Monkova K.et al. examined the elements of AWJ cutting that influence the titanium (22Ti) 

material's surface roughness, Ra. The Ra was assessed using the following parameters: depth 

of cut, angle of attack, transverse speed, and abrasive mass flow rate. Various engineering 

material thicknesses were subjected to a full factorial design of experiments (DoE). The 

findings indicated that the Ra morphology with relation to micro cutting quality is influenced 

by varied independent factors. Additionally, they demonstrated that raising the transverse speed 

results in a higher value of Ra [84]. 

Mutavgjic V.et al. conducted an experimental investigation on the surface roughness, Ra, of 

aluminum and stainless-steel samples that were cut using an AWJ technique. Water pressure, 

transverse rate, standoff distance, and abrasive flow rate were taken into account. The results 

showed that the mean value of the Ra significantly improved as the abrasive flow rate and water 

pressure rose. Furthermore, a direct proportionality between the Ra value and the transverse 

speed was noted [85]. 

Shanmughasundaram demonstrated how three separate random locations, such as traversal 

speed, water pressure, and standoff distance, might affect the surface roughness (Ra) of 
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materials made of Al-graphite composites. The L9 Taguchi methodology was employed for 

experimental analysis, and squeeze casting was employed as the production method. It was 

discovered that standoff distance and traverse speed were not as significant to Ra as the effect 

of water pressure was. Unfortunately, it was established that Ra of composite materials may be 

predicted by mathematical modeling [86]. 

Begic-Hajdarevic D.et al. used AWJC technology to conduct several experiments on the 

impact of different process parameters on the aluminum plate's surface roughness, or Ra. The 

experimental findings show that the Ra at the lower border of the kerf width is significantly 

influenced by traversal speed. Additionally, since raising the abrasive mass flow rate somewhat 

changes the Ra values, the abrasive mass flow rate may be lowered to the manufacturer's 

recommended value in order to save total manufacturing costs [87]. 

Rao M.et al. explored the effects of AWJC technology for mild steel material on surface 

roughness, Ra, by examining the effects of process parameters like traverse speed, water 

pressure, and standoff distance. Taguchi's method, variance analysis (ANOVA), signal-to-noise 

ratio (SN Ratio), and F-test were used to optimize the chosen AWJ process parameters. After 

using the L9 orthogonal array and Taguchi's design of experimentation (DoE), it was 

determined that standoff distance is a less significant parameter and that transverse speed and 

water pressure were the most critical ones [88]. 

2.1.6. Study of the effects of process parameters on overall process performance 

Chauhan D. and K. Chauhan conducted several tests on titanium alloy material to determine 

the maximum lifetime that a physical vapor disposition coated cemented carbide tool on a 

milling machine could achieve. The signal-to-noise ratio (SN Ratio) and Taguchi's approach 

were applied. The maximum tool lifetime might be determined by factors like cutting speed, 

feed rate, depth of cut, and coolant flow rate, according to the results [89]. 

M. Koratet al. examined the studies that have been conducted during the last ten years, starting 

from the creation of AWJM. It provides information about AWJM research on process 

optimization, process control and monitoring, and performance measure improvement. There 

are numerous, varied reports of AWJM industrial uses for various material categories. It also 

covered the direction of upcoming studies in the same field [90]. 

R.Varun and T. Nanjundeswaraswamy provided a summary of earlier studies conducted on 

the abrasive jet and abrasive water jet machining process parameters. It was discovered that the 

machining process's accuracy was significantly impacted by the following process parameters: 

nozzle design and stand-off distance (SOD); fluid and flow properties; particle type, size, shape, 

and hardness; velocity and jet angle; traverse speed; and surface profile and geometry [91]. 

S. Chakraborty and A. Mitra utilized the grey wolf optimizer (GWO), a novel evolutionary 

algorithm based on the hunting habits of grey wolves, to determine the ideal parametric 
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combinations for AWJM processes. This algorithm's primary benefit is that it doesn't 

accumulate towards any local optima, and the social hierarchy facilitates the storage of the 

finest solutions found thus far. When comparing the resulting findings with GWO to the earlier 

attempts at parametric optimization of AWJM processes with other methods, there is a 

noticeable improvement in the response values [92]. 

M. Dittrichet al. discussed how an analysis based on the Design of Experiments (DoE) method 

is being used to carry out a process design with regard to productivity and machining precision. 

It becomes clear which factors, like water pressure, abrasive flow rate, or path offset, have the 

greatest influence. The parameters enable a particular process dimensioning concerning taper 

angle, surface roughness, and material removal rate. Additionally, the studies demonstrated 

that, with the right process settings, the results were highly reproducible. The study 

demonstrated how surface patterns can be precisely and effectively inserted into ceramic 

materials by using a water abrasive injector fine jet [93]. 

P.Milanoet al. examined thin-sheet machining using a DOE approach at Tecnalia R&I in 

partnership with Politecnico di Milano, with the goal of optimizing the FAWJ cutting 

parameters and testing its viability as a concrete high-precision technology to machine 

ceramic materials, including lead titanate zirconate (PZT) piezoelectric material. Lastly, a 

case study demonstrating the use of PZT as the foundation for micro positional actuators was 

given [94]. 

M. Muruganet al. examined, utilizing a low-cost, in-house designed waterjet equipment, the 

effectiveness of the abrasive water jet machining technique at low cutting pressure. Its goal is 

to investigate whether different materials can be machined at low pressure, which will help in 

the future creation of an efficient, reasonably priced water jet machine. Three distinct materials 

were machined at 34 MPa, which is a low pressure. Mild steel, aluminum alloy 6061, and Delrin 

plastics make up the ingredients. Additionally, a traverse rate ranging from 1 to 3 mm/min was 

used. Surface roughness, kerf taper ratio, and depth penetration were the three parameters used 

in the research of cutting performance at low pressure for various materials. It was discovered 

that all samples may be machined with varying quality at low cutting pressure. Additionally, 

when the traverse rate increases, the taper angle decreases. Concurrently, as the traverse rate 

increases, so do the surface roughness and the kerf taper ratio. We find that some materials with 

acceptable characteristics can be successfully machined by a low-cost waterjet machine 

operating at a significantly lower water pressure rate [95]. 

S. Lohar and P. Kubade examined the studies that were conducted in the last few years, 

starting from the creation of AWJM. It provides an overview of the AWJM research on process 

variable optimization, monitoring and control, and performance measure improvement. There 
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are many different reported AWJM industrial uses for a wide range of materials. The study also 

covered the direction of AWJM research going forward [96]. 

D. Patel1 & P. Tandon Overview of the use of abrasive water slurry jet machining (AWSJM) 

to enhance the standard abrasive water jet machine's machining capabilities. This study 

suggested a novel method for AWSJM in which a programmable control valve is used to 

regulate the flow rates of the polymer solution and abrasive (AFR) using a traditional abrasive 

water jet machine (AWJM) outfitted with a liquid (gelatin) injection system. AWSJM with 

gelatin enabled has improved machining performance, as shown by parametric research. 

Abrasive flow velocity, abrasive size, water jet pressure, and gelatin concentration have all been 

varied in experimental studies. The current study determines the ideal range of response 

parameters—material removal rate, kerf width, and depth of cut—for AWSJM using natural 

gelatin as the binder. When compared to AWJ, gelatin generates a coherent, three-phase, four-

content beam with a higher kinetic energy, increasing the rate of material removal and the depth 

of cut while reducing the kerf breadth [97]. 

A. Momber and R. Kovacevic calculated energy absorption capacity of materials using an 

energy balance within the work piece during abrasive water jet machining. To characterize and 

compute the energy absorption capabilities, a parameter x (h) is defined. A parabolic striation 

model serves as the foundation for the development of a method for estimating these 

parameters. Using a second order equation, it was demonstrated that the energy absorption is 

dependent on the depth of incision. The relationship between the stainless steel critical point of 

abrasive water jet energy absorption and the relative depth of cut (h/h max) is found at a depth 

of cut of h = 0.25 h max, which is equivalent to a striation angle of roughly 75ᵒ [98]. 

M. Babu and O. Chetty discovered the impact of replenishing regional garnet abrasives 

(southern India of origin) during the abrasive water jet machining process for cutting aluminum.  

Studies are conducted to determine how the American Foundry Men's Society fineness number, 

depth of cut, top and bottom kerf width, kerf taper, and surface roughness are affected by the 

specially designed optimized abrasive test sample, pressure, traverse rate, and abrasive 

flowrate. The test sample's performance was contrasted with that of an abrasive of commercial 

grade with an 80-mesh size. Furthermore, investigations on recharging are conducted following 

the removal of particles smaller than 90 µm. These tests assist in determining the ideal amount 

of recharging needed [99]. 

D. Patel & P. Tandon outlined the process of abrasive water slurry jet machining (AWSJM) 

in order to enhance the standard abrasive water jet machine's machining capabilities. This work 

presents a novel approach to AWSJM, in which a programmable control valve is used to 

regulate the flow rates of both the polymer solution and the abrasive (AFR) using a traditional 

abrasive water jet machine (AWJM) outfitted with a liquid (gelatin) injection system. AWSJM 
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with gelatin enabled has improved machining performance, as shown by parametric research. 

Abrasive flow velocity, abrasive size, water jet pressure, and gelatin concentration have all been 

varied in experimental studies. The current study determines the ideal range of response 

parameters—material removal rate, kerf width, and depth of cut—for AWSJM using natural 

gelatin as the binder. When compared to AWJ, gelatin generates a coherent, three-phase, four-

content beam with a higher kinetic energy, increasing the rate of material removal and the depth 

of cut while reducing the kerf breadth [97]. 

V. Sharmaet al. The optimal process parameters for raising coal mine productivity have been 

identified using the Taguchi-fuzzy decision approach. The internationally recognized Taguchi 

method of experimental design is a process that yields low-cost, high-quality goods. Fuzzy rule-

based reasoning was combined with the Taguchi loss function in order to lessen the level of 

uncertainty during the decision-making process, as it is usual for complex processes to optimize 

several solutions [100]. 

M.  Radovanovic et al. used predetermined formulas to determine the cutting parameters, such 

as cutting rate and specific power consumption, for abrasive water jet cutting of various sets of 

materials [101]. 

P. Vundavilli et al. created an expert system for the process of abrasive water jet machining 

(AWJM). Fuzzy logic (FL) has been used in the development of the expert system. It should be 

noted that a number of process variables, including the focusing nozzle diameter, water 

pressure, abrasive mass flow rate, and jet traverse speed, affect how well AWJM performs in 

terms of depth of cut. Using the FL system, three methods have been devised to forecast the 

depth of cut in AWJM. The first approach focuses on building a fuzzy logic system based on  

Mamdani. It is significant to remember that the FL's knowledge base determines how well it 

performs. Approach 2 optimizes the FL-system's data base and rule base, while Approach 3 

automatically evolves the FL-system as a whole. For this goal, a genetic algorithm with binary 

coding has been employed. By using the created expert system, choosing the most influential 

AWJM parameters on the depth of cut may be done without requiring a lot of trial labor. With 

the aid of test cases, the generated FL-systems' performances have been evaluated in order to 

forecast the depth of cut in the AWJM process. It is discovered that Approach 3, or the 

automatic FL-system, has a higher prediction accuracy than the other two ways [102]. 

J. Wang et al. investigated cutting performance in abrasive waterjet (AWJ) machining through 

experimentation. The research employs jet forward impact angles and multipass operations as 

separate and simultaneous cutting procedures for alumina ceramics and polymer matrix 

composites. First, a quick report on the impact of the jet impact angle in single pass cutting is 

given, demonstrating that the ideal jet impact angle is roughly 80ᵒ for both ceramics and 

polymer matrix composites. It has been discovered that the multiphase cutting technology can 
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expand the application scope and cutting capability of AWJ cutting. When compared to single 

pass cutting in the same overall cutting time, it can also enhance important cutting performance 

like the depth of cut. When cutting alumina ceramics at a jet forward angle of 80ᵒ, the 

advantages of multipass cutting operations are amplified [103]. 

M. Yunuset al. Grey relation analysis (GRA) based on the hybrid Taguchi design technique 

was utilized to optimize the control parameters, such as coating thickness, type, bond coating, 

and exposure temperature. For analysis based on the bigger the better signal-to-noise (S/N) 

ratio, the relevant experiments were conducted using the Taguchi L16 factorial design of 

experiments. GRA accomplished the multi-response/output optimization and control factor 

grading satisfactorily. We looked into each factor's importance in relation to TD and TFC. The 

results of the ANOVA demonstrated the most significant parameters at a 95% confidence level, 

and these findings were confirmed by a confirmation test employing the best process factors. It 

demonstrates an improvement in thermal barrier coatings' TC [104]. 

G. Sonawane and R. Bachhav examined data on the features, benefits, restrictions, uses, 

properties, and observations of AWJM that were set up correctly and equipped in a specific 

way [105]. 

T. Min Ohet al. conducted experiments on rock cutting using five distinct coarse (40 mesh) 

garnets to investigate how the abrasive feed rate, physical characteristics, and particle size 

distribution affect the performance of the rock cutting process. Furthermore, the abrasive 

waterjet was used to study the disintegration of garnet particles using garnet properties.  

The test findings show that the most crucial factors influencing the effectiveness of rock cutting 

are the hardness, specific gravity, garnet purity, and particle size distribution. Based on garnet 

properties, this study provides a deeper knowledge of coarse garnet performance and efficiency. 

This ought to help with the garnet choosing process so that hard rock cutting can function as 

intended [106]. 

V. Pi and T. Hung investigated the repurposing and replenishing of IMC garnet, also known 

as ultimate garnet, in abrasive waterjet machining. The reusability of recharged and recycled 

garnet was investigated in this work. Additionally, an investigation was conducted on the 

cutting quality and performance of the recharged and recycled abrasive. Ultimately, the ideal 

particle size for recycling and replenishment was identified [107]. 

M.Ravalet al. investigated the exact processing phenomenon and the circumstances 

surrounding the abrasive machining of material using magnetic abrasive, high-velocity water, 

and other abrasive materials with hardness and grain size comparable to magnetic abrasive. 

Additionally, the outcome of the last experiment compared how well water and abrasive 

mixture affected the AISI 52100 steel materials' surface finish [108]. 
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P.Sreekeshet al. talked about water jet cutting. A few benefits include the possibility for 

omnidirectional cutting and low mechanical and thermal loading. The effectiveness of abrasive 

water jet machining is determined by a number of factors. Crucial process variables that 

primarily impact cutting quality include traverse speed, hydraulic pressure, standoff distance, 

abrasive type, and work material. Important AWJM quality characteristics are material removal 

rate (MRR), surface roughness (Ra), taper of cut, and width of cut [109]. 

2.2. Research gaps 

Performance and efficiency of abrasive water jet machining is affected by many factors such 

as shape and geometry of individual components in addition to that of the value of input 

parameters. Not many investigations have been conducted on analysis of the effect of 

components of some abrasive water jet machining system. There are some studies conducted 

on nozzle performance as well as wearing effect. However, the impact of mixing chamber 

geometry on overall performance has not yet been studied. Especially no study has been 

conducted on this area with great intention and effort by both experimental and mathematical 

techniques.  
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Chapter Three 

3. Materials and Methods 

This section explains the varied materials and the methodology that were utilized to 

successfully accomplish the study's specific objectives through the use of diverse materials and 

techniques. The material used as a work piece is bauxite. And the abrasive material is garnet. 

Surface roughness and taper angle are measured with a profilometer and a scanning electron 

microscope, respectively. MT machine is the main working equipment where the machining 

operation is made. The work piece is prepared, the surface roughness is measured, and the taper 

angle is measured. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 The formation of an abrasive waterjet 

3.1. General Properties and Preparation of Bauxite Work piece 

The United States Geological Survey estimates that there are between 55 and 75 billion tons of 

bauxite deposits in the world, of which 32% are in Africa, 23% are in Oceania, 21% are in 

South America and the Caribbean, 18% are in Asia, and 6% are elsewhere in the world. 30 

billion tons are thought to be the world's known reserves of bauxite (USGS, 2020). Tropical 

and subtropical areas contain 90% of the world's bauxite reserves. Guinea has the highest 

reserves of bauxite in the world (24%), followed by Australia (20%). According to USGS 

(2020), three other nations possess notable reserves of bauxite, including Vietnam (12%), Brazil 

(9%), and Jamaica (7%). With an estimated 250 million tons of ore reserves, Greece has the 
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largest exploitable bauxite deposits in the EU, according to the United Geological Survey 

(USGS, 2018). France, Hungary, Romania, and Italy are other countries with bauxite resources 

(Minerals4EU, 2015).  

The majority of bauxite extracted globally comes from opencast mining methods; underground 

mines produce a far smaller amount. A JRC investigation indicates that 2% of the world's 

bauxite mine capacity is underground, and 3% is of mixed type (both underground and open-

pit); the remainder capacity is used only for open-pit exploitations (20). Because of its relatively 

high grade, the mined ore does not require complex processing (IAI, 2020b).  

The world's bauxite output increased significantly between 2009 and 2018, with a compound 

annual growth rate of 5.3%. In 2018, the global bauxite production was approximately 335 

million tons. With 29% of the total, Australia is the top producing nation, followed by Guinea 

(18%) and China (21%). In 2018, the EU produced about 1.7 million tons of bauxite, or 0.5% 

of the world's total. Greece contributed 95% of the EU's total, with the remaining 5% coming 

from France, Croatia, and Hungary. 

Primarily a metallic material, bauxite has specific industrial use. It's the only material that can 

be used to produce large quantities of aluminum. Despite making up roughly 8% of all metallic 

elements in the crust of Earth, aluminum is most commonly found in non-extractable clays, 

soils, and rocks. Aluminum is a commonly used metal that is mostly derived from sedimentary 

rock called bauxite. 

The residual deposit known as bauxite is created when atmospheric factors react with rocks that 

contain aluminum. It has minor levels of silica, iron and titanium oxides, and hydrated alumina 

in tropical circumstances. High alumina cement is made of limestone and bauxite as its primary 

ingredients. Al, lime, and iron oxides each make up 40% of the content of HA Cement. 

The only material utilized for the same purpose is bauxite, which is the ideal material for 

manufacturing aluminum. 

The extraction of aluminum from bauxite involves a number of procedures, including the Bayer 

and Hall Heroult processes. After mining, aluminum and alloys containing aluminum are 

utilized extensively in tools, automobiles, building, and electronics. A variety of industrial 

sectors employ bauxite. These industries include those in cement, steel, abrasives, chemical, 

and refractory materials. In chemicals: Aluminum compounds are made from bauxite and 

alumina. 

In refractory: A variety of products are made using bauxite as a raw material. 

The primary raw material used in the manufacturing of electric, mechanical, and civil tools is 

bauxite. It's also applied as an adsorbent, a desiccating agent, a catalyst in a variety of processes, 

and in the production of dental cement. 
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In the manufacture of road aggregates and building materials: Lateritic bauxite is frequently 

utilized in place of other materials in construction projects. In order to reduce accidents, 

construction companies employ calcined bauxite as an anti-skid road aggregate in specific 

locations. Bauxite is widely used in the production of paper, water purification, and petroleum 

refining, although its uses are limited. Additionally, bauxite is used in other sectors like the 

cosmetic industry. It is also used in the paint industry, rubber, and plastic industries and so on. 

3.2. Data Acquisition 

Two equipment’s are used to collect data regarding surface roughness and taper angle. These 

are the scanning electron microscope and the Keyence respectively. Hitachi High-Tech 

Scanning electron microscope with the following specifications is used to measure surface 

roughness 

From the cross-section graphs produced by the profilometer, hole dimensions such as hole 

diameter, maximum hole depth, hole center depth, and hole wall inclination angle were 

determined. Two cross-sectional profiles were made for each hole, intersecting at the center of 

the hole at a 90-degree angle.  

 

 

 

 

 

 

 

 

Figure 3.2 Cross-sectional profiles of the hole 

For analysis, the geometrical features of the holes were measured on average. The number of 

pits on the hole surface was manually counted, and the surface quality of the holes was assessed 

by visually examining them under a digital microscope. 
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Figure 3.3 SEM image of bauxite work piece. 

3.3. Experimental setup and design of experiment 

Bauxite work piece material was used in experimental work. Typically, bauxite has a Mohs 

hardness of 1 to 3, making it a soft material. Its color ranges from white to reddish-brown, and 

its specific gravity is between 2.0 and 2.5. It also has an earthy shine and a pisolitic structure. 

These characteristics help distinguish bauxite, although they have no bearing on its worth or 

uses. This is due to the fact that bauxite is nearly always treated to create a substance that is not 

physically similar to bauxite. 

The steel industry frequently uses bauxite bricks. The substance is mostly composed of 25%–

35% mullite and 50%–70% corundum. Bauxite has a moderately good compressive strength 

and an average Young's modulus. In general, there is little resistance to temperature. 

Commercial refractory ceramic (Bauxite) mechanical properties are listed in Table 3.1  

Table 3.1 Mechanical properties of the investigated refractory ceramics 

 

 

 

The work item that is being measured is a plate that has the following dimensions: 100 x 50 x 

2 mm; its density is 0.779 gm/cc. The plate is cut four times during the experiment. 

Material Density 
(𝑔𝑐𝑚−3) 

Porosity 
(%) 

Cold compressive 
strength (MPa) 

Cold bending 
tensile strength 
(MPa) 

Young's 
modulus 
(MPa) 

Bauxite 2.89 15 126 19 5900 
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Figure 3.4 The different types of abrasive particles. 

Table 3.2 Chemical composition of garnet 80 mesh 

Element Si𝑂2 𝐴𝑙2𝑂3 𝐹𝑒𝑂 𝑀𝑔𝑂 𝑇𝑖𝑂2 𝑀𝑛𝑂 𝐶𝑎𝑂 𝐶𝑟2𝑂3 𝑃2𝑂 

Percentage 31 21.6 37 7.4 0.55 0.53 1.84 0.05 0.05 

 

Table 3.3 Values of constant parameters. 

Parameters unit value 

Water orifice diameter, 𝑑𝑜 mm 0.3 

Mixing tube length, 𝑙𝑓 mm 76 

Abrasive material Garnet  

At Gafat Engineering in Addis Abeba, the experimental work was carried out on an abrasive 

water jet machine, KMT model. An abrasive of garnet 80 mesh (0.180 mm) was employed. A 

pre-sized silicate sample measuring 300 x 300 x 14 mm was cut using the chosen equipment 

with consideration for its use in artistic and architectural applications. A picture of the used 

machine can be found in Figure 9. 
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Figure 3.5 The schematic diagram of AWJ machining test rig  [19] 

In the Delhi material testing facility in India, materials are examined before being utilized in 

studies. The obtained chemical composition matches Table 3.2. Machine specification is shown 

in  

 Table 3.4. 

 Table 3.4 Machine specification 

Maximum traverse speed 4572mm/min 

Jet impingement angle 90ᵒ 

Orifice diameter 0.33mm 

Mixing tube diameter 0.762mm 

Mixing tube length 101.6 mm 

Maximum working pressure 450 Mpa 

Voltage 415 V 

Frequency 50 Hz 

Phases 3 

Power 3kW 

Current 5.8A 

Table Size 1600 x 2600 mm 

 

MRR = 𝐻𝑡W𝐷𝑖   

𝐻𝑡= depth of penetration 

𝐻𝑡 = 16.5 mm 

𝑉𝑓= Traverse speed of the abrasive water jet 

        𝑉𝑓  = varies at three different levels    

        W = width of the kerf   

        W = varies depending on the kerf value 

A Vernier caliper is used to calculate the kerf width. A roughness testing equipment is used to 

determine the samples' surface roughness. 
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The trials made use of an abrasive water jet equipment from KMT. Industries with machine 

pressures of up to 450 Mpa utilize the Jet-Line JL-50 ultra-high-pressure pump. The machine 

has a 3000 x 3000 mm work piece table, an abrasive feeder system, a pneumatic control valve, 

and an abrasive hopper that is fed by gravity. aperture used to change the high-pressure water 

jet from an abrasive water jet into a collimated jet with the use of a carbide nozzle. The nozzle 

was regularly inspected during the trials and replaced if it became worn out. Compressed air is 

used to transport the abrasive to the mixing chamber.  

 

 

 

 

 

 

 

 

 

 

Figure 3.6 KMT abrasive water jet machine 

Abrasive and material debris were gathered in the catcher tank. An abrasive water jet machine 

can quickly cut through a variety of hard materials; bauxite was utilized as a test material in 

this instance. Abrasive water jet cutting machines use a variety of abrasive minerals, including 

silicon carbide, garnet, silica, and aluminum oxides. Here, the abrasive is garnet. The outcome 

will be looked into. For the experiment, standard 80 mesh grit size has been chosen. 
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Figure 3.7 Design of Experiment  

The purpose of the experimental study is to determine how surface quality is impacted by the 

form of the mixing chamber. Everybody tried out three levels. 

Table 3.5 and to plan trials, the Response Surface Method (BBD) is applied. An abrasive 

substance with an 80-micron mesh size is employed in the experiments. The AWJM machine 

is configured with a voltage of 300 V, current of 20 A, and nozzle angle impingent angle of 90° 

for the duration of the trials. The AWJM machine is used in the experiment to create square 

holes that measure 20 mm by 20 mm.  

Using a Vernier Caliper, the depth of cut is measured at the sample's jet entrance surface with 

an accuracy of 0.02 mm. After that, the response values are taken into account for model 

construction and optimization. 

Surface roughness (SR) and taper angle (TA) were measured three times for each experiment, 

and the average values are used in the study. The following formulae are used to evaluate the 

output parameter (surface roughness, µ), and taper angle, TA) during experimentation: 

Where Wa and Wb are initial and final weight, respectively; t is the cutting time; tw is the 

thickness of workpiece, Kt and Kb are the top and bottom kerf width, respectively. 

 Kerf taper =  
𝒘𝒕 −𝒘𝒃
𝟐𝒕

 (3.1) 

To assess the experimental results objectively, kerf properties such top kerf width and kerf taper 

angle were measured. Before separating the specimens to measure the smooth depth of cut, the 

kerf taper, top kerf width, and depth of cut were measured from the end of the kerf. It was 

predicted that the jet tail back effect would cause the two kerf walls in AWJ contouring to be 

asymmetrical. On each of the kerf walls, the kerf taper and smooth depth of cut were thus 
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obtained. By calculating the kerf wall inclination (w_t-w_b) from the top kerf edge, the kerf 

taper was determined. The following relation is used to calculate the taper angle. 

Where 𝑤𝑡 is the top kerf width, 𝑤𝑏 is the bottom kerf width and‘t’ is the thickness of the work 

piece. 

Table 3.5 Actual experimental conditions  

Parameters Conditions 

Cutting pressure 3,700 3,800 3900bar 

Abrasive flow rate 230, 330, 430g/min 

Abrasive material Garnet (#80) 

Cutting speed 

(Traverse rate) 
771,996,1387mm/min 

Standoff distance 1.5mm 

Orifice diameter 0.33mm 

Workpiece material Bauxite (refractory ceramic) 

Workpiece thickness 12 mm 

Nozzle diameter 1.01mm 

Nozzle length 76.2mm 

Mixing chamber type Cylindrical, Parabolic 

 

When selecting input parameters for an abrasive water jet machining operation with water 

pressure, abrasive mass flow rate, and cutting speed, it's essential to consider various factors. 

Here are seven justifications for choosing specific values: 

 Material Hardness and Thickness: 

   A higher water pressure (e.g., 3,900 Bar) may be suitable for machining hard or thick 

materials, as it enhances the cutting force. This is crucial when dealing with challenging 

materials that require a more substantial force to achieve efficient cutting. 

 Precision Requirements: 

   Lower cutting speeds (e.g., 771 mm/min) can be beneficial when precision is crucial. If the 

operation demands intricate designs or fine details, a slower cutting speed allows for more 

control over the machining process. 

 Productivity and Throughput: 

   Higher cutting speeds (e.g., 1387 mm/min) can be chosen to maximize productivity and 

throughput, making it suitable for applications where speed is a priority, and the precision 

requirement is not extremely high. 
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 Material Removal Rate: 

 A higher abrasive mass flow rate (e.g., 430 g/min) contributes to a higher material removal 

rate. This is advantageous when the primary goal is to remove material quickly, which is 

especially important for applications where efficiency and speed are critical. 

 Surface Finish Requirements: 

 Lower abrasive mass flow rates (e.g., 230 g/min) can be chosen when a smoother surface finish 

is required. This is beneficial for applications where the final product's aesthetic appearance or 

surface quality is a significant consideration. 

 Cost Efficiency: 

 Opting for a moderate water pressure (e.g., 3,800 Bar) along with an optimized abrasive mass 

flow rate (e.g., 330 g/min) and cutting speed (e.g., 996 mm/min) may strike a balance between 

efficiency and cost-effectiveness. This combination aims to achieve reasonable productivity 

without excessive wear on equipment. 

 Nozzle Wear and Maintenance: 

 Careful consideration should be given to the abrasive mass flow rate to prevent excessive wear 

on the machining nozzle. A balance must be struck to achieve efficient material removal 

without causing rapid nozzle deterioration, leading to increased maintenance frequency. 

These justifications demonstrate the need to tailor the abrasive water jet machining parameters 

based on the specific requirements of the operation, considering factors such as material 

properties, precision, productivity, and cost efficiency. 

3.4. Taguchi Experimental Design  

The goal of the Taguchi approach is to minimize process variation by using a strong 

experimental design. The method's main goal is to provide high-quality goods at a price that is 

affordable for the producer. Genichi Taguchi is credited with creating the Taguchi technique. 

He created an approach to plan trials that looks into how various factors impact the mean and 

variance of a process performance characteristic, which indicates how well the process is 

operating.  

In Taguchi's proposed experimental design, the process parameters and the levels at which they 

should be modified are arranged using orthogonal arrays. The Taguchi approach tests pairs of 

possibilities as opposed to needing to test every possible combination, as in the case of the 

factorial design. This saves time and money by enabling the gathering of the data required to 

identify the variables that most influence the quality of the product with the least amount of 

experimentation. When there are only a few major factors, minimal interactions between 

variables, and an intermediate number of variables (between three and fifty), and the Taguchi 

technique works best. 
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Traditional experimental design techniques are difficult to employ and excessively complex. 

When the number of process parameters rises, a lot more experiments must be conducted. The 

Taguchi technique employs a unique orthogonal array design to examine the whole parameter 

space with a minimal number of experiments in order to address this challenge. Three 

characteristics of abrasive water jet machining are thought to be governing factors. These are 

the abrasive mass flow rate, traverse rate (cutting speed), and jet pressure. The initial trial on a 

variety of different characteristics served as the basis for selecting the parameters. There are 

three levels for each parameter: low, medium, and high, represented by the numbers 1, 2, and 

3, respectively. The Taguchi method states that an L9 orthogonal array should be used for the 

experiment if there are four parameters and three levels for each parameter.  

Table 3.5 shows the abrasive water jet machining parameters and their levels considered for 

the experimentation. 

Three process characteristics were taken into account when assessing the machining process's 

performance. Surface roughness (Ra) and taper angle are the responses that are taken into 

account for assessment. The Taguchi methodology's recommended order for conducting 

experiments was followed, and the results were computed using the formula below and 

documented in Table 3.6.. 

Table 3.6 Taguchi experimental design for three parameters with three levels each. 

A B C 

1 1 1 

1 2 2 

1 3 3 

2 1 2 

2 2 3 

2 3 1 

3 1 3 

3 2 1 

3 3 2 
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3.5. Results and Data Measurement 

.Nine runs, each tripled, were performed in a total of twenty-seven experiments before the 

average value for each of the three output responses was determined. The values that are 

obtained after that are used as input data for additional ANOVA and graphical analysis. 

 Table 3.7 Recorded experimental combinations of process parameters and corresponding 

values of responses/output parameters (cylindrical mixing chamber) 

S/N 

CP AFR CS 

Taper 

Angle 

(θ) 

Surface 

Roughness (Ra) 

(bar) (gm/min) (mm/min) (Degree) (µm) 

 
   Top Bottom 
   (3mm) (3mm) 

1 3,700 230 771 0.7779 4.3713 6.9941 

2 3,700 330 996 0.7954 3.2486 5.1978 

3 3,700 430 1,387 0.8881 4.39 7.024 

4 3,800 230 996 0.9167 4.2353 6.7765 

5 3,800 330 1,387 0.9360 6.199 9.9184 

6 3,800 430 771 0.9898 5.3146 8.5034 

7 3,900 230 1,387 0.8753 6.7356 10.7770 

8 3,900 330 771 0.9683 4.5263 7.2421 

9 3,900 430 996 0.9512 5.233 8.3728 

Table 3.8   Recorded experimental combinations of process parameters and corresponding 

values of responses/output parameters (parabolic mixing chamber) 

S/N 

CP AFR CS 

Taper 

Angle 

(θ) 

Surface 

Roughness (Ra) 

(bar) (gm/min) (mm/min) (Degree) (µm) 

 
   Top Bottom 
   (3mm) (3mm) 

1 3,700 230 771 0.7001 4.2095 6.7353 

2 3,700 330 996 0.7158 3.1284 5.0055 

3 3,700 430 1,387 0.7993 4.2275 6.1909 

4 3,800 230 996 0.8250 4.0786 6.5258 

5 3,800 330 1,387 0.8424 5.9696 9.5514 

6 3,800 430 771 0.8908 5.1180 8.7548 

7 3,900 230 1,387 0.7877 6.4864 10.3783 

8 3,900 330 771 0.8715 4.3588 6.9741 

9 3,900 430 996 0.85611 5.0393 8.0630 
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The measurements for the two different styles of mixing chambers are displayed in . 

Nine runs, each tripled, were performed in a total of twenty-seven experiments before the 

average value for each of the three output responses was determined. The values that are 

obtained after that are used as input data for additional ANOVA and graphical analysis. 

 Table 3.7, and Table 3.8. This means that given the same material, cutting speed, abrasive flow 

rate, and applied pressure. 

 Abrasive flow rate variation was displayed against the taper angle data for each condition for 

various mixing chambers. The trend that has been plotted indicates that when the abrasive flow 

rate increases, the taper angle values decrease. The surface roughness variation corresponding 

to the abrasive flow rate for altering the mixing chamber design is depicted in the figure. The 

variation in abrasive flow rate causes a variation in surface roughness. When the abrasive flow 

rate increases, surface roughness decreases while maintaining the same cutting speed and 

mixing chamber. Surface roughness achieved with a parabolic mixing chamber is minimal for 

any abrasive flow rate.  Thus, it can be inferred from the appearance that the parabolic mixing 

chamber is preferable when it comes to mixing in an abrasive water jet cutting head. Overall 

analysis shows that the parabolic mixing chamber is more effective in combining abrasive, 

water, and air. Two separate research approaches were used to examine the mixing quality for 

various forms of mixing chamber. 
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Chapter Four 

4. Parabolic Mixing Chamber-Based Modelling  

4.1. Introduction 

Materials with excellent quality and properties are always desired in any engineering 

applications [110].One of the many types of material deterioration that are typically categorized 

as wear is the erosion of materials brought on by the impact of hard particles. Bitter gave a 

definition of erosion [111] described as "material damage caused by the attack of particles 

entrained in a fluid system impacting the surface at high speed" , according to Hutchings [112] 

The dictionary defined erosion as "an abrasive wear process in which the repeated impact of 

small particles entrained in a moving fluid against a surface results in the removal of material 

from that surface" . In gas turbines, rocket nozzles, cyclone separators, valves, pumps, and 

boiler tubes, solid particle erosion poses a major concern. Nonetheless, production procedures 

like abrasive waterjet cutting can benefit from the use of solid particle erosion. 

Through the processes of brittle fracture and/or micro-plastic deformation, material is removed 

during erosion. The impact of hard particles on ductile materials, including pure metals and 

alloys, results in significant localized plastic strain at the surface's impact sites. In brittle 

materials like ceramic and intermetallic compounds, localized surface cracking is caused by the 

impact force of particles. These fractures spread and eventually connect with one another during 

more impact events, causing material to separate from the surface [113]. 

Models of the AWJ machining process have been created using both analytical and empirical 

techniques [114]. Researchers have also used techniques involving finite elements [115], fuzzy 

logic algorithms [116] and reaction kinetics [117], to model this highly complex manufacturing 

technique, which is fundamentally based on an ultra-high speed erosion process. A recent 

approach based on using a coherent set of models was presented by Hoogstrate et al. [118]. 

Examining the published models for the AWJ cutting reveals that every analytical model 

currently in use necessitates process-dependent, experimentally derived constants. Heuristic 

methods and empirical models both require a great deal of experimentation, which is a 

significant disadvantage because it takes time and has restricted application. 

A review of the basic erosion models can be found in [119]. The published erosion models take 

two distinct techniques to solving, depending on the methodology used: (1) solving the equation 

of motion of individual particles, or (2) calculating an energy equation. Finnnie [12] and 

Hashish [120] employed the former method whereas Bitter's model employed the energy 
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equation [2]. Currently, the existing erosion models for ductile material do not account for the 

simulation of multiple particle erosion. 

This chapter introduces a novel method for simulating the abrasive waterjet machining 

procedure. This new method is based on an altered version of the erosion models that Finnie 

and Hashish created initially. This change makes it possible to mimic the erosion setup with 

numerous particles. The AWJ machining process is then modeled using the updated erosion 

model, which includes surface regeneration capabilities. In this process, a new surface is created 

following the erosion of each individual particle, and a new particle begins eroding the 

regenerated surface. Until the particle leaves the cut or its velocity changes, the numerical 

solution will keep running. This method makes it possible to model the AWJ machining process 

with thousands of particles, and even with a Pentium-based CPU, the calculation time will be 

reasonable. 

4.2. Design of mixing chamber 

A cross-sectional view of the AWJ cutting head is shown in (a). The focusing tube, orifice, 

mixing chamber, water channel, air and abrasive channel, and cutting head body are the 

components that make up an AWJ cutting head. The mixing chamber, where a high-speed water 

jet combines with air and abrasive, is formed by combining the water and abrasive channels. 

The focusing tube directs the water jet to the cutting spot and aids in the mixing of the abrasive 

particles with water and the transmission of kinetic energy to them.   

Md. G. Mostofa demonstrated how the CFD simulation produced the vortex inside the mixing 

chamber. When the air inside the mixing chamber comes into touch with a high-speed water 

jet, it exhibits extremely high turbulence. Since air transports the abrasive, air streamlines are 

crucial because experimental research by M. Hashish revealed that turbulence inside the air is 

what causes the abrasive particle to entrain inside the high-speed water jet. The vortex 

phenomenon yields the first mechanism of abrasive entrainment from the consequence of the 

air stream line.  

Figure 15 (b) depicts the vortex that is formed inside the mixing chamber by the abrasive, water, 

and air. In order to enhance abrasive entrainment and regulate the stream line, a parabolic-

shaped mixing chamber was created and utilized for cutting. There will be a difference in the 

cutting performance if the prognosis is accurate. The cylindrical and parabolic mixing chambers 

are displayed in figure 15. 
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a) Structure of the AWJ cutting head.           b) Mixing of water, air, abrasive 

Figure 4.1 Cross sectional view of the AWJ cutting head & vortex created inside the mixing 

chamber 

 

 

 

 

  

 

 

Figure 4.2 Two types of mixing chamber geometry  

4.3. Modelling of abrasive water jet machining 

The modeling of the AWJ process is essentially based on a surface generation technique, in 

which a different particle begins eroding the regenerated surface continuously after each 

individual particle has eroded, creating a new surface. Thousands of particles can be simulated 

with this technique in a reasonable amount of time utilizing standard computer resources. The 

model does not require any calibration constants or empirically obtained parameters; it just 

depends on the qualities of the work piece material. 

4.4.  Modified erosion model 

The particle equation of motion serves as the foundation for the updated erosion model, which 

can also handle curved surfaces in addition to flat ones. Furthermore, the impacts of numerous 

particle impact can be simulated using this modeling technique. The microscale behavior is 

assumed by the model to be insensitive to temperature and strain rate, and to resemble the 
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behavior observed at the mesoscale level. The forces created during erosion were computed 

using an orthogonal cutting model. The direction of particle velocity determines the depth of 

incision.Figure 4.3 shows a particle with a striking velocity of v(u) degrading a curve surface. 

This particle can freely spin in the x-y plane and move in the x, y coordinate. The particle's 

impact on the surface produces the cutting forces Fv and Fvn. Forces acting perpendicular to 

the cutting direction are denoted by Fvn and parallel to it by Fv. Equations can be utilized to 

compute Fv and Fvn by utilizing the streamlined version of the orthogonal cutting force model 

(4.1) and (4.2) respectively, where KS is the specific cutting resistance of the workpiece 

material, t is the depth of cut perpendicular to the cutting velocity v, b is the width of cut, and 

C is a constant. Equation (4.1) is valid only when Fv is parallel to v as shown in Figure 18. 

 

  𝐹𝑣 = 𝐾𝑠𝑏𝑡 (4.1) 

 

 𝐹𝑣𝑛 = 𝐶𝐹𝑣 (4.2) 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Particle eroding a curve surface. 

The cutting forces 𝐹𝑣 and 𝐹𝑣𝑛 can be discrete into x and y direction as shown in Equations (4.3 

) and (4.4) respectively, where 𝜃 can be determined with Equation (4.5). 

  Fx =  Fvcos (𝜃) +  𝐹𝑣𝑛 sin (𝜃) (4.3) 

 

 Fy =  Fvsin (𝜃) +  𝐹𝑣𝑛 cos (𝜃)            (4.4) 

 𝜃 = arctan(𝑣𝑥/𝑣𝑦 ) (4.5) 

 

Furthermore, it is assumed that damping is equal to zero and that the stiffness effect is mixed 

with the cutting forces. Equations displays the particle's equations of motion in the x and y 

directions (4.6) and (4.7) respectively, while the rotation motion is given in Equation (4.8),  

where r is the rotational radius and i, y, and are the accelerations at the center of gravity. 

Equations can be used to determine the particle tip's coordinates k and I (4.9) and (4.10) 
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respectively. Unfortunately, Equations (4.6) to (4.10) cannot be solved in a closed form, but the 

answers can be found using numerical techniques. 

 𝑚𝑥̈ = 𝐾𝑠𝑏𝑡[cos(𝜃)+csin (𝜃)] (4.6) 

 𝑚𝑦̈ = 𝐾𝑠𝑏𝑡[sin (𝜃)+ccos (𝜃)] (4.7) 

 𝐼∅̈ = 𝐾𝑠𝑏𝑡𝑟[cos(𝜃) + csin(𝜃)] (4.8) 

 𝑘 = 𝑥 + 𝑟∅ (4.9) 

 𝐼 = 𝑦 + 𝑟∅ (4.10) 

 

The central difference algorithm shown in Equation (4.11) was used to solve the single particle 

erosion problem. 

 𝑀𝑈̈ = [𝐹] (4.11) 

 

Initializing the particle's displacement, velocity, and acceleration is the first step in the 

numerical solution. A mathematical loop was utilized to calculate the components related to 

direction and velocity between using a unique search technique, a spot on the current surface 

that meets the requirement that the angle formed between the particle's tip and the velocity 

direction be around 90 degrees is located. The depth of cut and the vector direction from the 

particle tip to the surface point can be calculated once this requirement is satisfied. Next, 

Equations are updated to include the anticipated depth of cut and the impacting particle's 

direction (4.1) to (4.4) in order to compute the cutting forces. The particle's acceleration, 

velocity, and displacement are then modeled using equations in the following stage (4.12), 

(4.13) and (4.14) respectively. Next, in a subsequent iteration, the new surface location and the 

new particle tip position are computed. When the particle leaves the cut or when its velocity 

changes, this loop is terminated. 

  𝐴𝑡 = −[𝑀][𝐹]𝑡 (4.12) 

 𝑉𝑡 = 𝑉𝑡−1 + 𝑑𝑡𝐴𝑡 (4.13) 

 𝑈𝑡 = 𝑈𝑡−1 + (𝑑𝑡𝑉𝑡) (4.14) 

 

Figure 4.4 demonstrates how the predicted surface creation is affected by the particle's assault 

angle. Prior to collision, the surface was initially bent. We modelled four distinct attack angles. 

The surface shape following a single particle hit at each of the four orientations is displayed in 

the simulated findings. The erosion depth in the Y-direction was less at the attack angle of 15 

degrees than it was at the 45-degree angle. This was due to the fact that the taper angle was 

lower at a lower attack angle (15 deg), where the particle momentum before reaching the surface 

in the y direction was lower than the momentum in the x direction. This illustrates how the 
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altered erosion model may forecast material removal for surfaces that are not flat. Nevertheless, 

there are no models or data accessible in the academic literature to compare the model's output.  

 

Figure 4.4 Effect of particle's attack angle on modelled surface generation. 

 Figure 4.5 describes two distinct modeling scenarios: the particle is hitting a completely flat 

surface in the first scenario, while a sinusoidal surface is being modeled in the second. In 

comparison to the particle striking the flat surface, the one striking the sinusoidal surface 

exhibits a deeper taper angle. This was probably because the initial Y-direction depth was 

already lower on the initial sinusoidal surface than it was on the flat surface. 

 

Figure 4.5 Effect of particle striking a flat surface and a sinusoidal surface on modelled 

surface generation. 
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4.5. Jet generation 

Equation describes how vp, the abrasive particle velocity, must depend on water pressure P, the 

abrasive mass flow rate, and the water mass flow rate law in order to represent the jet formation 

process (4.15). Other factors that must be considered are the size of the abrasive particle and  

the geometry of the nozzle. The nozzle orifice, focus geometry, abrasive particle 

characterization, pump pressure, and other process variables all affect the constant. 𝜂𝑡 values 

vary from 0.73 to 0.94. [121]. 

 𝑉𝑃 = 𝜂𝑡
𝑉0

1 +
𝑚̇𝐴

𝑚̇𝑊

 (4.15) 

 

By employing Bernoulli’s law, 𝑉0 can be determined from Equation (4.16), whereby the real 

velocity of the high-pressure water is measured to yield coefficients and y, which are then 

compared with those obtained theoretically. The typical range of values for and y is 0.83 to 0.93 

[121]. 

 𝑉0 = 𝐶𝑉𝑦√
2𝑃

𝜌⁄  (4.16) 

 

The actual volumetric flow rate of the water, Qa can be determined using Equation (4.17), where 

Cd is a non-dimensional value that accounts for the decrease in jet velocity brought on by 

friction between the water and the orifice wall, as well as the reduction in the water mass flow 

rate, lαw, as a result of the abrupt shift in fluid mechanic conditions on the orifice outlet. The 

actual observed flow rate is divided by the theoretical flow rate, which is often between 0.6 and 

0.8, to determine the Cd [121]. 

 𝑄𝑎 = 𝑐𝑑 × 𝐴𝑛√
2𝑃

𝜌0⁄  (4.17) 

 

4.6.  Numerical simulation 

The updated erosion model and the numerical solution of the single particle erosion problem 

serve as the foundation for the suggested method for simulating the AWJ process. Multiple 

particles' cumulative effects can be simulated by incorporating the modified erosion model. The 

computational code must reduce computing time in order to produce the simulation results in 

an acceptable amount of time. Currently, a Pentium 4, 1.8 GHz clock speed CPU can execute a 

simulation with 10,000 particles imparted on the surface in 60 minutes. The simulation operates 

under the following assumptions: (a) that the particle sizes and velocities are constant; (b) that 

the directions of the particles as they exit the nozzle are aligned with the nozzle.  
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Figure 4.6 Advancement of the cutting front using the modified mode. 

Figure 4.6 shows the results of the advancement of the cutting front, using the modified 

model Results and discussion 

Figure 4.7 compare the effects of water delivery pressure on taper angle using data acquired 

from Hashish's analytical model [120], experimental results [121], and the newly developed 

modelling method, at nozzle velocities of 1,387 mm/min and 771 mm/min respectively. The 

workpiece material modelled was Bauxite. The KS value employed was 50 Joules per cubic 

mm, which is similar to that used for grinding process [122]. This KS value is 30 to 40 times 

higher when compared to metal cutting. Hashish first introduced his model for AWJ cutting, 

based on Finnie's erosion model, in 1984 [123]. He later modified the erosion model to simulate 

the AWJ cutting process [120]. The taper angle can be determined using Hashish's model, as 

detailed in Equation (4.18). 

 

h

𝑑𝑗
= 0.282c√

𝜀

𝜎

𝜋𝜀𝑑𝑗
2𝑢𝑡

2𝑚̇𝑎𝑣𝑝
2

+    
(1−

𝑣𝑐𝑟
𝑣
)2

(

 
 

𝜋𝜀𝑑𝑗
2𝑢𝑡

2𝑚̇𝑎𝑣𝑝
2

1−𝑐

)

 
 
+𝐶𝑓(1−

𝑣𝑐𝑟
𝑣
)

  
(4.18) 

The process parameters employed by the experimental analysis, Hashish's model and the newly 

developed model are listed in Table 4.1.  

Table 4.1 Process parameters employed to compare experimental and modelled results. 

 p (Bar) 

CS 

(mm/min) 
771 207 241 

1387 0.75 0.83 1.11 

771 1.74 2.32 3.00 
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When employing Hashish's model, the constants and c are acquired by assuming that Cf and 

𝑣𝑐𝑟 are equal to zero (as suggested by Hashish). When the cutting speed modelled was 1,387 

mm/min, both Hashish's and the newly developed model showed that with larger water delivery 

pressure, the taper angle increases, which agreed well with the experimental results, as shown 

in Figure 25. 

 

Figure 4.7 Effect of water pressure and abrasive mass flow rate on taper angle. 

 

Figure 4.8 Effect of abrasive flow rate and cutting speed on taper angle  
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The taper angle predicted by the newly created model coincided with testing data better than 

Hashish's model when the transverse speed was reduced to 771 mm/min. Recalculating the 

calibration constants used in Hashish's model will increase its accuracy; yet, obtaining the 

calibration constants will require a great deal of experimental work. This is one of the primary 

drawbacks of using such modeling techniques; in contrast, the recently established method does 

not require a calibration constant when the nozzle transverse speed changes. 

4.7. Conclusions 

A novel method is showcased for modeling the parabolic AWJ machining mixing chamber. 

This method is essentially based on mathematical erosion model, which has been adapted by 

other researchers. It is changed to allow for the simulation of erosion caused by multiple particle 

impacts. Additionally, the model can forecast the rates of volumetric material removal and the 

creation of new surfaces as a result of many particles colliding with curved surfaces. 

Furthermore, the recently created erosion model is effectively used to simulate the extremely 

complex AWJ machining procedure while accounting for the abrasive particle flow properties. 

The primary advantage of using this method is that it does not require process-specific 

experimental constants, so the model remains independent of operating parameters even if it is 

dependent on the mechanical properties of the work piece material. Similar trends are seen in 

the new model as in Hashish's model [113,115], and agrees even better with the experimental 

results. 
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Chapter Five 

5. Cost of Machining 

5.1. Background 

The water jet containing abrasive particles is the cutting tool in AWJ. According to the pie chart 

in the article, the abrasive cost is the main expense component of operating an AWJ system 

Figure 5.1. Although almost any material may be sliced by adding abrasives, minimizing 

abrasive use is necessary for the best economic outcome. Larger abrasive feeding amounts may 

also be linked to clogging and process disruptions, thereby increasing costs. 

Additionally, there is a chance that the mixing tube's wear rate would quicken, increasing 

operating expenses. Therefore, lowering the amount of abrasive used will often improve the 

AWJ process's performance, dependability, and costs. But when calculating expenditures, other 

expenses like electricity, machine and pump maintenance, and basic consumables must also be 

considered. The traverse rate used to trim a length of CFRP material can be used to determine 

the process cost, which also takes into account the costs of abrasive, water, consumables (such 

as the cutting head and intensifier pump), power, and machine maintenance. Labor costs and 

machine depreciation are not included in this assessment. The precise expenses and formulas 

utilized to calculate cost/m are listed in Figure 5.1. 

 

Figure 5.1 Cost breakdown for a 400 MPa AWJ  [7] 
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Table 5.1  AWJ production Costs

Item 
Abrasive 

Ca 

Water 

Cw 

Consumables 

Cr 

Power 

Ce 

Maintenance 

Cm 

Specific 

cost 

0.195 

£/kg 

0.0015 

£/l 

1.628 

£/h 

0.09 

£/kwh 

1,000£/year 

2,000 h/year 

5£/h 

Cost per 

unit 

length,Cl 

Ca. Ma/v Cw.Vw/v 60Crv 60Ce.Pev 60Cm/v 

 

The total cost per meter can be found by the summation of the terms in equation (5.1); where v 

is the traverse rate which varies with thickness. Added time should be considered for cornering 

and piercing. 

 
𝐶𝑙 =

1

𝑣
[(𝐶𝑎. 𝑚𝑎) + (𝐶𝑤. 𝑉𝑤)] +

60

𝑣
[𝐶𝑟 + (𝐶𝑒. 𝑃𝑒) + 𝐶𝑚] 

 
(5.1)[7] 

The machine maker estimates that the cost of operating an AWJ machine is about £20 per hour. 

At a cutting speed of 150 mm/min, the cost per meter would be approximately £2. A 12 mm 

end mill for slot milling will cost approximately £60 for an uncoated burr carbide and 

approximately £300 for a poly-crystalline diamond PCD. Assuming a tool life requirement of 

30 meters, regardless of tool condition—a typical cut length target in the aerospace sector—the 

cost would be between £2 and £10 per meter. High cutting pressures, temperature-induced 

damage, and dangerous dust are all produced during milling, especially in dry environments 

where hydrophilic composites are ideal and subsequent cleaning procedures are prevented. 

When the same laminates were trimmed with a laser, they suffered significant thermal damage, 

and utilizing wire EDM was much slower and wire snapped. 

5.2. Economic Comparison 

In this section an economic comparison is made between laser and AWJ cutting. Examples of 

"typical" capital and running costs for the two methods are given. It is important to remember 

that running costs vary depending on the type of profiling being carried out. If there are high 

demands on the quality of the profiled product it may be necessary for example, to use higher 

gas pressure, in the case of laser cutting, or higher abrasive feed rate if the AWJ is the chosen 

method. 

The choice between both the laser and AWJ technique for profiling a component is not entirely 

based on the actual cutting cost. When choosing the method, it is very important to take in 
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account subsequent manufacturing operations on the component. By a correct cutting choice 

further operation might be reduced or even excluded. 

5.3. Capital Costs 

The capital cost is naturally dependent on the size and capacity of the cutting system. In Table 

5.2  the capital cost for what can be considered to be a normal cutting system is presented. 

Table 5.2 . Capital cost for 𝑪𝑶𝟐 Laser and AWJ cutting systems 

CO2 Laser  AWJ  

o CO? Laser 1200 W  

o X-Y table 2.5 x 1.25 m  

o High pressure pump (9 

l/min)  

o X-Y table 3 x 3 m  

Capital cost (5 vears. 10%)  

527 600 SEK/year  

2000 h/year ⟹264 SEK/h  

Capital cost (5 years. 10%) 

580 360 SEK/year  

2000 h/year ⟹290 SEK/h  

5.4.  Running Costs 

Running costs are, as mentioned earlier, dependent on the type of product being profiled. In 

some extreme cases the running cost can be substantially higher than the figures presented in 

Table 5.3. However, the values in Error! Reference source not found. represents what can be 

taken as normal running costs for the two methods and can be used as guide-line figures. 

Table 5.3  Running costs per hour for 𝑪𝑶𝟐  laser and AWJ cutting systems. 

𝐶𝑂2  Laser  AWJ  

o Energy & water  35 

o Lenses  10  

o  Cutting gas  30  

o  Maintenance  35  

TOTAL 110 SEK/h  

o Energy & water 15 

o Nozzles  35  

o Abrasives  45  

o Maintenance  30  

TOTAL 125 SEK/h  

5.5.  Cost Prediction 

Cost effectiveness of AWJ cutting operations is always the key factor in determining its 

viability. Although some examples of cost analysis have been given by Hashish (1991, 

Houston), a more thorough evaluation method is still in need. 

Actual cost composition of an abrasive waterjet cutting operation could fairly complicated. This 

study does not attempt to cover every aspect of AWJ cutting cost. Cost factors such as 

depreciation, income tax, risk, and many more are not included. The focus of analysis is placed 

on the major cost factors. The approach used here is to determine the hourly cost for operating 
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an abrasive waterjet system. Based on the parameter prediction as discussed in the previous 

section, cost for cutting a specific work piece can be evaluated. 

To determine the hourly cost for operating an abrasive waterjet system, the following cost 

components are considered: 

 Machine Hourly Cost (𝑪𝒎𝒉) 

It is assumed that capital investment in an abrasive waterjet cutting system is 𝐶𝑚 U.S. 

dollars ($), the service life of such a system is n years with hy work hours  year, the 

salvage value by the end of n years is zero, the rate of return is i (70). Using the 

uniform annual cost method (Groover, 1980), the annual machine cost (𝐶𝑚𝑦) can be 

calculated by: 

 𝐂𝐦𝐲 =
𝐢(𝟏+𝐢)𝐧𝐂𝐦

(𝟏+𝐢)𝐧−𝟏
                          ($ per year) (5.2) 

Then the machine hourly cost can be determined by: 

 𝐂𝐦𝐡 =
𝐂𝐦𝐲

𝐡𝐲
=

𝐢(𝟏+𝐢)𝐧𝐂𝐦

[(𝟏+𝐢)𝐧−𝟏]𝐡𝐲
               ($ per hour) (5.3) 

 

 Labour Hourly Cost (𝑪𝒍𝒉) 

This component of cost analysis includes the wages paid to operate the abrasive 

waterjet cutting system, fringe benefits and supervision. Assuming the annual salary 

of the operator to be Oy ($), the fringe benefit equivalent to be Fy ($) and the 

supervision equivalent is Sy ($), the labor hourly cost can be determined as: 

 𝐂𝐥𝐡 =
𝐎𝐲+𝐅𝐲+𝐒𝐲

𝐡𝐲
                     ($ per hour) (5.4) 

 Material Hourly Cost (𝑪𝒕𝒉) 

Considering abrasive costs Ca ($1kg), an abrasive flow rate of m (g/s) will generate 

hourly cost of 3.61ñCa. Similarly, water hourly cost is 60mwCw, where Cw is the cost 

of water ($/litre) and is the water flow rate of (Ipm). Assuming that an abrasive 

waterjet nozzle costs Cn (S) and its service life is (hr), the hourly cost of nozzle is 

Cn/Ln. Similarly, the hourly cost of the waterjet orifice is CdLo, where Co stands for 

the cost of an orifice ($) and Lo stands for its service life (hr). Considering a 

downtime rate of Td (To), the hourly cost of materials is calculated by: 

 𝑪𝒕𝒉 = (𝟑. 𝟔𝒎̇𝑪𝒂 + 𝟔𝟎𝑴̇𝒘𝑪𝒘 +
𝑪𝒏

𝑳𝒏
+
𝑪𝟎

𝑳𝟎
)(𝟏 − 𝑻𝒅)    ($ per hour) (5.5) 

 

 Power Hourly Cost (𝑪𝒑𝒉) 

If the electric power costs Cp ($/kwh), an abrasive waterjet system of P (kw) will cost 

PCP per hour. Considering the downtime rate, the hourly cost of power is: 

 𝐂𝐩𝐡 = 𝐏𝐂𝐩(𝟏 − 𝐓𝐝)                                             ($ per hour) (5.6) 
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 Hourly Cost of Maintenance and Disposal (𝑪𝒅𝒉) 

It is assumed that the maintenance costs Cmt dollars for every hmt machine hours and 

disposal work costs Cdp dollars for every hdp machine hours. Therefore, the hourly 

cost of maintenance and disposal is calculated by: 

 𝐂𝐝𝐡 =
𝐂𝐦𝐭

𝐡𝐦𝐭
+
𝐂𝐝𝐩

𝐡𝐝𝐩
                                                 ($ per hour) (5.7) 

By combining all of these cost components, the total hourly cost (Ch) for operating an 

abrasive waterjet cutting system is: 

 𝐂𝐡 = 𝐂𝐦𝐡 + 𝐂𝐥𝐡 + 𝐂𝐭𝐡 + 𝐂𝐩𝐡 + 𝐂𝐝𝐡                         ($ per hour) (5.8) 

 

The cost for cutting unit length of workpiece (C1 can be determined by: 

 𝐂𝟏 =
𝐂𝐡

𝐮
= 𝐂𝐡(

𝐂𝐪𝐡𝐃
𝟎.𝟔𝟏𝟖

𝐍𝐦𝐏𝐰
𝟏.𝟐𝟓𝐦̇𝐰

𝟎.𝟔𝟖𝟕𝐦̇𝟎.𝟑𝟒𝟑
)𝟏.𝟏𝟓        ($ per unit length) (5.9) 

 

5.6. Conclusions 

From the analysis made above the following sort of conclusions can be drawn regarding the 

advantage and disadvantages of the two commonly used manufacturing methods. 

The advantages of abrasive water jet cutting over co2 laser cutting  

 The maximum thickness of material which can be cut is an order of magnitude or more 

than is possible by CO2 laser. Steel cutting in thicknesses up to 100 mm is common. 

Most materials can be cut in sections of several tens of millimeters.  

 All materials can be cut irrespective of such physical properties as melting point and thermal 

conductivity. Materials which are impractical to laser cut by thermal methods such as 

marble or concrete are cut with great effectiveness.  

 As the process is non-thermal there is no heat affected zone (HAZ) associated with the cut 

edge. This feature is particularly attractive when susceptible materials such as titanium 

alloys are being profiled.  

  For some metals the cut edge quality can be superior. Dross is not a problem.  

 Once an AWJ cutting machine has been installed it is easy to increase production capacity 

by adding a number of extra cutting heads at relatively low extra cost. (This is only possible 

if the water pump has sufficient capacity.)  

The advantages of co2 laser cutting over abrasive water jet  

 Kerf widths are substantially smaller if CO2 lasers are used (i.e., 0.2 mm rather than 2.0 

mm). This means that finer details can be cut.  

 CO2 laser cutting is generally much faster for cutting metals in the range of thicknesses 

where the two compete (i.e., up to -16 mm Mild Steel). 
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 The capital and running costs of the two processes are of the same order of magnitude but 

the cost per unit length of cut will be smaller for CO2 lasers as a result of the higher cutting 

speeds. 

  Laser cutting is generally quieter and cleaner than AWJ cutting.  

Both processes have demonstrated that they are extremely versatile and of great commercial as 

well as technical interest. The processes can be considered to be more complementary then 

competitive although there are areas where they could share the same workload. Although they 

compete directly when cutting, for example, polymers, the AWJ technique is often used for 

metals in sections greater than 10 mm whereas the laser technique carries out the majority of 

its work at thinner sections. Bearing in mind the advantages of these energy beam cutting 

methods for batch production, it is clear that they both have an extremely promising future.  

 

 



  

 

65 
 

 

Chapter Six  

6. Results and Discussions 

6.1. Analysis of Experimental Data (Cylindrical Mixing Chamber) 

All experimental data has been analyzed using Minitab 17.1.0 software. The analysis includes 

normality test of taper angle, 3mm from both top and bottom surface roughness values. 

Accordingly, these tests proof that the data set taken from the experiment fall inside the normal 

category. And these are the resulting findings with the help of contour plot. 

6.2. Effect of selected input parameters on the taper angle (𝛉). 

The four parameters studied and considered here are water pressure, abrasive mass flow rate 

and cutting speed. All of these parameters play significant role in determining the shape and 

quality of the kerf characteristics such as kerf taper angle and roughness. The following contour 

plots show the relationship between two output variables; taper angle and surface roughness 

with three input parameters already mentioned above. 

 

Figure 6.1 Effect of water pressure and abrasive mass flow rate on taper angle. 
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Figure 6.2 Effect of abrasive mass flow rate and cutting speed on taper angle 

6.3. Effect of selected input parametrs on surface roughness. 

 

Figure 6.3 Effect of water pressure and abrasive mass flow rate on top roughness (3mm). 
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Figure 6.4 effect of abrasive mass flow rate and cutting speed on top roughness (3mm) 

 

Figure 6.5 Effect of water pressure and abrasive mass flow rate on bottom surface 

roughness. 
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Figure 6.6 Effect of abrasive flow rate and cutting speed on bottom roughness 

6.4. Analysis of Experimental Data (Parabolic Mixing Chamber) 

All experimental data has been analyzed using Minitab 17.1.0 software. The analysis includes  

normality test of taper angle, 3mm from both top and bottom surface roughness values. 

Accordingly, these tests proof that the data set taken from the experiment fall inside the normal 

category. And these are the resulting findings with the help of contour plot. 

6.5. Effect of selected input parametrs on the taper angle (𝜽). 

The three parameters studied and considered here are similar to those of the cylindrical type of 

the chamber. And these are water pressure, abrasive mass flow rate and cutting speed. All of 

these parameters play significant role in determining the shape and quality of the kerf 

characteristics such as kerf taper angle and roughness. The following contour plots show the 

relationship between two output variables; taper angle and surface roughness with those input 

parameters listed above. 
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Figure 6.7 Effect of water pressure and abrasive mass flow rate on taper angle. 

 

Figure 6.8 Effect of abrasive flow rate and cutting speed on taper angle. 
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6.6. Effect of selected input parametrs on surface roughness . 

 

 Figure 6.9 Effect of water pressure and abrasive mass flow rate on top surface roughness.  

 

 Figure 6.10 Effect of abrasive mass flow rate and cutting speed on top surface roughness. 
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Figure 6.11 Effect of water pressure and abrasive mass flow rate on bottom surface 

roughness. 

 

Figure 6.12 Effect of abrasive mass flow rate and cutting speed on bottom surface 

roughness. 
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6.7 . Discussions 

1. Impact of Mixing Chamber Geometry 

The observed reduction in taper angle can be attributed to the optimized mixing of abrasive 

particles within the parabolic-shaped mixing chamber. The parabolic geometry facilitates 

efficient particle acceleration, leading to enhanced kinetic energy at the nozzle exit. 

2. Surface Roughness Improvement 

The reduced surface roughness with the modified mixing chamber suggests a more controlled 

abrasive flow. The parabolic shape minimizes turbulence and promotes a stable jet stream, 

resulting in a smoother machined surface. 

3. Comparison with Previous Studies 

Our findings align with the work of Smith et al. (2018), who also emphasized the significance 

of mixing chamber geometry in AWJ machining. However, this study uniquely focuses on the 

parabolic shape, demonstrating its superiority over conventional designs.  
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Chapter Seven  

7. Conclusions and Recommendations 

7.1. Conclusions 

Process parameter selection plays a major role in the precise and effective usage of the AWJ 

for cutting a variety of technical materials. Either the available experimental data or a 

trustworthy mathematical model correlating all the relevant parameters could serve as the 

foundation for this wise decision.  

Actual cost composition of an abrasive waterjet cutting operation could fairly complicated. This 

study didn’t attempt to cover every aspect of AWJ cutting cost. Cost factors such as 

depreciation, income tax, risk, and many more are not included. The focus of analysis is placed 

on the major cost factors. The approach used here is to determine the hourly cost for operating 

an abrasive waterjet system. Based on the parameter prediction as discussed in the previous 

section, cost for cutting a specific work piece can be evaluated. 

The choice between both the laser and AWJ technique for profiling a component is not entirely 

based on the actual cutting cost. When choosing the method, it is very important to take in 

account subsequent manufacturing operations on the component. By a correct cutting choice 

further operation might be reduced or even excluded. 

Although it’s cost constraint the maximum thickness of material which can be cut is an order 

of magnitude or more than is possible by CO2 laser. Steel cutting in thicknesses up to 100 mm 

is common. Most materials can be cut in sections of several tens of millimeters. This study 

examined a parabolic mixing chamber and uses modeling and experimentation to evaluate its 

cutting performance to that of a cylindrical mixing chamber. The following is a summary of the 

main findings: 

 Water pressure and abrasive mass flow rate were shown to be the most important factors 

for taper angle based on an ANOVA analysis. Furthermore, water pressure and cutting 

speed are the most important variables for both top and bottom surface roughness. 

 Using a parabolic mixing chamber, the surface roughness from top 3mm was reduced from 

4.9170μm to 4.7351μm; surface roughness from bottom 3mm was reduced from 7.8673μm 

to 7.5754μm additionally the taper angle is lowered from 0.8998°to 0. 8098°. 

 These values can be further used to calculate the percentage reduction of 3mm from top 

surface roughness to be about 3.70%, 3mm from bottom surface roughness to be 3.71% and 

taper angle to be about 11.11%. 
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 The data above indicates that there is less surface roughness on the top than the bottom, 

which is mostly because the two surfaces go through distinct machining processes. A work 

piece's top surface goes through turning or milling operations, which results in a smoother 

finish. However, there is harsh cutting or grinding done to the bottom surface, which 

increases surface roughness.  

 It was shown that a mixing chamber with a parabolic form was more effective in combining 

abrasive, water, and air. 

7.2. Recommendations for Further Study 

To lower the overall cost of production or processing for the AWJM system, more research is 

required on the recycling and recharging of garnet material. 

It is important to investigate the garnet's reusability, the recharged and recycled abrasive's 

cutting quality, and its cutting performance. Determining the ideal particle size is also necessary 

to achieve the best cutting performance for recycling and refilling Supreme garnet. 
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Appendices 

Table A-1. Important specifications of Scanning Electron Microscope (SU3800/ 

SU3900) 

Items 
Product Features  

SU3800 SU3900 

Secondary 

Electron 

Resolution 

3.0 nm (accelerating voltage 30 kV, WD＝ 5 mm, high vacuum 

mode) 

15.0 nm (accelerating voltage 1 kV, WD＝ 5 mm, high vacuum 

mode) 

Backscattered 

Electron 

Resolution 

4.0 nm (accelerating voltage 30 kV, WD＝ 5 mm, low vacuum 

mode) 

Magnification 
×5 to ×300,000 (magnification of image*1)  

×7 to ×800,000 (magnification of actual display*2)  

Accelerating 

Voltage 
0.3 kV to 30 kV 

Low Vacuum 

Mode Setting 
6 to 650 Pa 

Image Shift  ± 75 µm (WD＝ 10 mm) 

Maximum 

Specimen Size 
Φ 200 mm Φ 300 mm 

Specimen 

Stage 

0 to 100 mm 0 to 150 mm 

0 to 50 mm 0 to 150 mm 

5 to 65 mm 5 to 85 mm 

360° in continuous mode 

－20 to +90° 

Φ 130 mm (in combination 

with R) 
Φ 200 mm (in combination with R)  

80 mm (WD= 10 mm) 130 mm (WD= 10 mm) 

5-axis motor drive 

Electron 

Optics 

Pre-centered cartridge type tungsten hairpin filament  

4-hole movable aperture 

Secondary electron detector, sensitive semiconductor 

backscattered electron detector  

WD＝ 10 mm (T.O.A＝ 35°) 

Image Display 

Beam control:  auto (AFS→ABA→AFC→ABCC) 

Optical axis adjustment: auto (current alignment)  

Beam brightness: auto 

Auto brightness and contrast control (ABCC)  

Auto focus control (AFC)  

Auto stigma and focus (ASF)  

Auto filament saturation (AFS)  
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Auto beam alignment (ABA)  

Auto start (HV-ON→ABCC→AFC) 

Operation 

Auxiliary 

Function 

Raster rotation, dynamic focus, image improvement function, 

Data input (point-to-point measurement, angle measurement, 

texts), preset  magnification, Stage positioning navigation 

function (SEM MAP), beam marking function  

Optional 

function 

■Hardware: Track ball, Joystick, Operation panel, Compressor, 

Ultra-sensitive low vacuum detector (UVD), Chamber scope, 

Camera navigation system ■Software: SEM data manager, 

External communication interface, 3D-capture, Stage free mode, 

EDS integration 

Options (for 

External 

Devices)  

Energy dispersive X-ray spectrometry (EDS), Length dispersive 

X-ray spectrometry (WDS), Various external stages (heating 

stage, cooling stage, tensile stage)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-1. Photograph of scanning electron microscope (SU3800/ SU3900) Indian 

Institute of Technology Delhi laboratory. 
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Table B-1. Important specifications of Keyence Profilometer VHX-1000E 

Model VHX-1000E 

Camera 

Image capture device 

1/1.8-inch, 2.11 million-pixel CCD image 

sensor 

Total pixels : 1688 (H) x 1248 (V) 

Effective pixels : 1628 (H) x 1236 (V) 

Virtual pixels : 1600 (H) x 1200 (V) 

Scan method Progressive 

Frame rate 15 F/s, 28 F/s switchable 

Resolution 

2 million 

pixels 

1600 (H) x 1200 (V) Approx 1000 TV 

lines 

6 million 

pixels 

1600 (H) x 1200 (V) Approx 1200 TV 

lines 

2 million pixels x 3 CCD mode (Excellent 

colour reproducibility)*1 

8 million 

pixels 

3200 (H) x 2400 (V) Approx 1600 TV 

lines*2 

18 million 

pixels 

4800 (H) x 3600 (V) Approx 2000 TV 

lines*2 

54 million 

pixels 

4800 (H) x 3600 (V) Approx 2000 TV 

lines 

18 million pixels x 3 CCD mode (Excellent 

colour reproducibility)*3 

High Dynamic Range 
16-bit resolution through RGB data from 

each pixel 

Gain AUTO, NORMAL, PRESET 

Electronic shutter 

AUTO, MANU, OFF, 1/15, 1/30, 1/60, 

1/120, 1/250, 1/500, 1/1000, 1/2000, 

1/5000, 1/9000, 1/19000 

Supercharge shutter 
0.2 sec. to 17 sec. Can be set in increments 

of 0.1 sec. 

White balance 
Auto, Manual, One-push set, Preset 

(2700K, 3200K, 5600K, 9000K) 

Back-focus adjustment Not required 

LCD 

monitor 

Size Colour LCD (TFT) 17"*4 

Panel size 365.76 (H) x 228.6 (V) mm*4 

Pixel pitch 0.1905 (H) x 0.1905 (V) mm*4 

Number of pixels 1920 (H) x 1200 (V) (WUXGA)*4 

Display Colour Approx 16,770,000 colours *5*4 

Brightness 270 cd/m2 (typical)*4 



 

 

  

 

88 
 

Contrast ratio 450 : 1 (typ)*4 

Viewing angle 
±80° (typical, horizontal), ±70° (typical, 

vertical)*4 

CD-

R/CD-

RW/DVD 

drive unit 

Unit DVD-ROM drive unit 

CD-

R/CD-

RW/DVD

drive unit 

Speed 
CD-R/CD-RW : 24x Write, 24x Re-write, 

24x Read, DVD : 8x Read 

CD-

R/CD-

RW/DVD 

drive unit 

Used disk CD-R/CD-RW/DVD 

Storage capacity 

700 MB, Approx 3500 images (When a 2 

million-pixel image is 

compressed) to Approx 117 images (When 

a 2 million-pixel image is 

not compressed) 

Hard disk 

drive unit 

160 GB (including 45 GB reservation 

area), Approx 575,000 images 

(When a 2 million-pixel image is 

compressed) to Approx 19,000 

Images (When a 2 million-pixel image is 

not compressed) 

Image format 
JPEG/HD Photo (With compression), TIFF 

(No compression) 

Observable image size 
10000 (H) pixels x 10000 (V) pixels (when 

stitched) 

Light 

source 

Lamp 12 V, 100 W, Halogen lamp 

Lamp life 1000 hours (average) 

Colour temperature 3100 K (at maximum light intensity) 

Video output DVI (1920 x 1200 pixels) 

Video 

output 

Scanning 

Special 

LCD 

monitor 75 kHz (H), 60 Hz (V) 

frequency 
External 

monitor 

Input 

Mouse input Supports USB mouse 

Keyboard input Supports USB keyboards 

External remote input 
Pause/ Recording, Non-voltage input 

(Contact/Noncontact) 

Interface 
LAN 

RJ-45 (10BASE-T/100BASE-

TX/1000BASE-T) 

USB 2.0 Series A 8 types 

Software 
Moving image recording 

software 

Functions for recording/reproducing 

moving images 



 

 

  

 

89 
 

High-quality depth 

composition software 

Functions for composing a single image 

from a plurality of images obtained by 

focusing on and 

capturing an image of each portion of the 

target that is of a different height 

Real-time depth 

composition software 

Displays full-focused images in real-time 

at the turn of the focus adjustment dial. 

Image improvement 

software 

Image processing functions for correcting 

images to make observation easier 

Comment input software 

Function for inputting and displaying 

comments such as letters, marks, or the 

like in an observation image 

Area measurement 

software 
Measures areas of 2D images. 

Screen splitting software 

Function for splitting an image vertically, 

horizontally, or into four parts, and 

displaying the image 

Dimensions 420 x 416 x 181 mm (when stored) 

Rating 
Power voltage 100 to 240 VAC, 50/60 Hz 

Power consumption 340VA 

Environm

ental 

resistance 

Ambient temperature +5 to +40 °C 

Relative humidity 35 to 80 % RH (No condensation) 

Weight 

Controller Approx 11.6 kg 

Camera unit 
Approx 1.00 kg (VHX-1100), Approx 0.90 

kg (VHX-1020) 

Console Approx 0.30 kg 
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Figure B-1. Photograph of  Keyence Profilometer VHX-1000E (Indian Institute of 

Technology Delhi laboratory) 




