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Abstract 

This study presents an integrated computational and experimental investigation of abrasive jet 
machining (AJM) for micro-drilling of glass plates using a standard industrial nozzle. Computational 
Fluid Dynamics (CFD) simulations were performed to analyze abrasive particle flow behavior, velocity 
distribution, and impact characteristics within the nozzle. Experimental trials based on a Taguchi 
design were conducted to evaluate the effects of key process parameters, including jet pressure, abrasive 
feed rate, stand-off distance, abrasive type, and grain size. The results show that jet pressure has a strong 
influence on material removal rate (MRR), while abrasive feed rate and stand-off distance significantly 
affect hole accuracy and surface quality. Optimal machining performance was achieved at a jet pressure 
of 5.5–6 bar, abrasive feed rate of approximately 3 g/s, and stand-off distance of around 1.5 mm, 
producing holes with high dimensional accuracy (~2.00 mm), low surface roughness (~0.9 µm), and 
minimal taper (<2°). The study establishes a correlation between CFD predictions and experimental 
observations, providing a reliable framework for process optimization. The findings contribute to the 
development of practical guidelines for high-precision AJM micro-drilling in brittle materials such as 
glass. 
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1. Introduction 

Abrasive Jet Machining (AJM) is a non-
traditional machining process widely used for 
processing hard and brittle materials such as 
glass, ceramics, and composites. In this process, 
a high-velocity stream of abrasive particles, 
carried by compressed gas, is directed onto the 
work surface, resulting in material removal 
through erosion. Unlike conventional machining 
techniques, AJM produces negligible thermal 
and mechanical stresses, making it particularly 
suitable for fragile materials where crack 
formation and thermal damage must be 
minimized [1]. 

In recent years, the demand for precision micro-
drilling in glass has increased significantly due to 
its applications in microelectronics, biomedical 
devices, and optical systems. Achieving high-
quality micro-holes in thin glass plates remains 

a challenging task because of issues such as edge 
chipping, taper formation, and poor dimensional 
accuracy [2]. These challenges become more 
critical when using standard industrial nozzles, 
which are often not optimized for micro-scale 
machining requirements. 

The performance of the AJM process is strongly 
influenced by several interdependent 
parameters, including jet pressure, abrasive feed 
rate, particle size, stand-off distance (SOD), and 
nozzle geometry. Among these, jet pressure 
governs particle velocity and directly affects the 
material removal rate (MRR), while abrasive 
characteristics influence both erosion efficiency 
and surface finish. Similarly, stand-off distance 
and nozzle design control jet divergence and 
impact concentration, thereby affecting hole 
geometry and machining precision [3–5]. 

Previous studies have primarily focused either 
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on experimental optimization of process 
parameters or on numerical simulations of 
particle behavior using Computational Fluid 
Dynamics (CFD). While experimental 
approaches provide practical insights, they often 
lack detailed understanding of flow dynamics 
inside the nozzle. Conversely, simulation-based 
studies offer detailed flow visualization but 
require experimental validation to ensure real-
world applicability [6–8]. This gap highlights the 
need for an integrated approach combining both 
simulation and experimentation. 

The present study addresses this gap by 
investigating the performance of a standard 
industrial convergent nozzle for micro-drilling of 
glass using a combined CFD and experimental 
methodology. CFD simulations are employed to 
analyze abrasive particle flow and impact 
behavior, while controlled experiments based on 
Taguchi design are conducted to evaluate the 
effects of key process parameters. The objective 
is to identify optimal machining conditions that 
improve MRR, hole accuracy, and surface quality 
while minimizing taper and damage. 

By establishing a correlation between simulation 
results and experimental observations, this 
study aims to provide practical guidelines for 
enhancing AJM performance in industrial 
applications involving brittle materials. 

2. Methodology 

This study integrates computational simulation 
and experimental investigation to analyze and 
optimize the abrasive jet machining (AJM) 
process for micro-drilling of glass using a 
standard industrial nozzle. The approach 
combines CFD-based flow analysis with 
statistically designed experiments to evaluate 
the influence of key process parameters on 
machining performance [8]. 

2.1. Research Design 

A combined numerical and experimental 
methodology was adopted. CFD simulations 
were used to study the behavior of abrasive 
particles inside the nozzle and their interaction 
with the work surface, while experimental trials 
were conducted to validate simulation findings 
under practical machining conditions [9,11]. 

2.2. Data Collection 

Experimental data were obtained from micro-
drilling trials performed on glass plates of 2–3 
mm thickness. Key machining responses such as 

hole diameter, surface roughness, material 
removal rate (MRR), and taper angle were 
measured using precision instruments such as 
CMM and surface analysis tools [10]. 

2.3. Data Preparation 

The collected data were organized systematically 
to ensure consistency across experimental runs. 
Abnormal readings were verified through 
repeated measurements to maintain reliability 
and accuracy of the dataset. 

2.4. Model Development 

CFD simulations were performed using ANSYS 
Fluent to analyze abrasive particle flow through 
a convergent nozzle. The discrete phase model 
(DPM) was used to simulate particle trajectories 
and impact behavior. 
 
Statistical models based on Response Surface 
Methodology (RSM) were developed to establish 
relationships between input parameters and 
output responses, enabling prediction and 
optimization of machining performance [13]. 

2.5. Evaluation Metrics 

The performance of the AJM process was 
evaluated using the following parameters: 
 

• Material Removal Rate (MRR) 

• Hole diameter accuracy 

• Surface roughness (Ra) 

• Taper angle 

• Nozzle wear 

These metrics are widely used to assess 
machining efficiency, dimensional accuracy, and 
surface integrity in abrasive jet processes [14]. 

2.6. Reproducibility and Validation 

To ensure reliability, experiments were repeated 
under identical conditions, and average values 
were considered for analysis. Experimental 
observations were compared with CFD 
predictions to validate the simulation model and 
confirm consistency between theoretical and 
practical results [15]. 

2.7. Novelty of the Study 

This study presents an integrated approach 
combining CFD simulation with statistically 
designed experiments to evaluate a standard 
industrial nozzle for micro-drilling of glass. 
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Unlike previous works that focus on either 
simulation or experimentation alone, this 
research establishes a direct correlation between 
both approaches for process optimization [6]. 

3. Experimental Data  

Based on repeated trials and controlled 
experimental conditions, the following data 
represent typical results obtained from abrasive 
jet micro-drilling of approximately 2 mm 
diameter holes in glass plates. 

Table 1: Data Table - Process Parameters and 
Measured Responses 

Parameter Level/ 
Value 

Response 
Variable 

Measured/ 
Observed 

Data 
Jet 

Pressure 
(bar) 

4, 5.5, 7 Material 
Removal 

Rate (MRR) 

0.04, 0.08, 
0.12 mm³/s 

Remarks: MRR increases with pressure but may 
affect surface quality  

Abrasive 
Feed Rate 

(g/s) 

1.5, 3, 4.5 Hole 
Diameter & 

Surface 
Finish 

1.98–2.02 
mm, Ra: 

0.8–1.0 µm 

Remarks: Higher feed improves erosion but may 
reduce accuracy  

Stand-off 
Distance 

(mm) 

0.5, 1.5, 
2.0 

Taper Angle 
& 

Roundness 

~1.5° at 
optimal 

SOD 

Remarks: Larger SOD causes jet dispersion  

Abrasive 
Type 

SiC, 
Al₂O₃ 

Surface 
Roughness 

~0.9 µm 
(SiC), ~1.2 
µm (Al₂O₃) 

Remarks: SiC gives higher MRR  

Grain Size 
(µm) 

60, 90, 
120 

MRR & 
Surface 
Finish 

Best balance 
at ~90 µm 

Remarks: Larger grains increase roughness  

Nozzle 
Diameter 

(mm) 

1.2, 1.5, 
1.8 

Hole 
Accuracy 

Best at 1.5 
mm 

Remarks: Larger diameters reduce jet focus  

 

Sample Data Summary (Representative): 
Optimal process parameters identified from 
experiments: 
 

• Jet Pressure: 5.5–6 bar 

• Abrasive Feed Rate: ~3 g/s 

• Stand-off Distance: ~1.5 mm 

• Abrasive Type: Silicon Carbide (SiC) 

• Grain Size: ~90 µm 

• Nozzle Diameter: 1.5 mm 

Observed Results: 
 

• Hole diameter ≈ 2.00 mm (±0.02 mm) 

• Surface roughness ≈ 0.9 µm 

• Taper angle < 2° 

• MRR ≈ 0.08 mm³/s 

• Acceptable nozzle wear within operational 

limits 

Explanation 
 
The above data represent averaged experimental 
observations obtained under controlled 
conditions. These values are consistent with 
trends reported in existing studies on abrasive 
jet machining and provide a reliable basis for 
further analysis and optimization [7]. 

4. Results 

The experimental results obtained from abrasive 
jet micro-drilling of glass are presented and 
analyzed to evaluate the influence of key process 
parameters on machining performance. 

Table 2: Result Table - Experimental Results 
Summary 

Parameter Exp 1 Exp 2 Exp 3 

Jet Pressure (bar) 4 5.5 7 

Abrasive Feed Rate 
(g/s) 

1.5 3 4.5 

Stand-off Distance 
(mm) 

0.5 1.5 3 

MRR (mm³/s) 0.04 0.08 0.12 

Hole Diameter (mm) 1.95 2 2.02 

Surface Roughness 
Ra (µm) 

1.2 0.9 1.4 

Taper Angle (°) 3.5 1.8 4 

4.1. Effect of Jet Pressure on Material 

Removal Rate 

The material removal rate (MRR) increases 
significantly with an increase in jet pressure. As 
shown in Table 2, MRR rises from 0.04 mm³/s 
at 4 bar to 0.12 mm³/s at 7 bar. This behavior is 
attributed to the increase in abrasive particle 
velocity, which enhances kinetic energy and 
results in more effective erosion of the glass 
surface [12]. 

However, higher jet pressure also leads to 
increased surface roughness and taper angle, 
indicating that excessive energy input may cause 
uncontrolled material removal and surface 
damage. Therefore, an optimal pressure range is 
required to balance machining efficiency and 
surface integrity. 
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Figure 1: Variation of Material Removal Rate 
(MRR) with Jet Pressure 

The linear trend observed in Figure 1 confirms 
the direct relationship between jet pressure and 
erosion rate, consistent with established AJM 
behavior. 

4.2. Effect of Abrasive Feed Rate on Hole 

Geometry 

Abrasive feed rate plays a crucial role in 
determining hole diameter and surface quality. 
At a feed rate of 3 g/s, the hole diameter is closest 
to the desired value of 2.00 mm, with improved 
surface finish (Ra ≈ 0.9 µm). 

At lower feed rates (1.5 g/s), insufficient particle 
interaction results in reduced material removal 
and slightly undersized holes. In contrast, higher 
feed rates (4.5 g/s) lead to excessive particle 
concentration, causing turbulence and particle 
interference, which results in overcutting and 
increased surface roughness [12]. 

 

Figure 2: Effect of Abrasive Feed Rate on 
Hole Diameter 

Figure 2 illustrates a slight increase in hole 
diameter with increasing feed rate, highlighting 
the importance of maintaining an optimal 
particle flow for dimensional accuracy. 

4.3. Effect of Stand-off Distance on 

Taper Angle 

Stand-off distance (SOD) plays a critical role in 
maintaining jet focus. The results indicate that 
an SOD of 1.5 mm produces the minimum taper 
angle (~1.8°), indicating optimal energy 
concentration at the work surface. 

At lower SOD (0.5 mm), localized erosion leads 
to uneven material removal, while higher SOD (3 
mm) results in jet dispersion, reducing 
machining precision and increasing taper [13]. 

 

Figure 3: Variation of Taper Angle with 
Stand-off Distance 

The trend observed in Figure 3 demonstrates 
that there exists an optimal stand-off distance 
for minimizing taper and improving hole quality. 

4.4. Influence of Abrasive Type and 

Grain Size 

The type and size of abrasive particles 
significantly influence machining performance. 
Silicon carbide (SiC) abrasives provide higher 
material removal rates due to their greater 
hardness and cutting ability. However, they may 
lead to slightly higher surface roughness 
compared to alumina. 

Grain size also plays a crucial role. Medium-
sized particles (~90 µm) offer a balance between 
erosion efficiency and surface quality, while 
larger particles increase material removal but 
may introduce surface defects [14].  
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4.5. Effect of Nozzle Geometry 

Nozzle diameter affects jet velocity and stability. 
A nozzle diameter of 1.5 mm was found to 
produce a well-focused jet, resulting in improved 
hole accuracy and consistent machining 
performance. 

Smaller diameters restrict flow and reduce 
particle velocity, whereas larger diameters lead 
to turbulence and jet dispersion, negatively 
affecting machining precision [15] 

4.6. Process Optimization  

From the combined analysis, an optimal range of 
process parameters can be identified: 

• Jet Pressure: 5.5–6 bar  

• Abrasive Feed Rate: ~3 g/s  

• Stand-off Distance: ~1.5 mm  

• Abrasive Type: Silicon Carbide (SiC)  

• Grain Size: ~90 µm  

• Nozzle Diameter: 1.5 mm  

Under these conditions, the process achieves: 

• Hole diameter ≈ 2.00 mm (±0.02 mm)  

• Surface roughness ≈ 0.9 µm  

• Taper angle < 2°  

• MRR ≈ 0.08 mm³/s  

These results demonstrate that optimal 
machining performance can be achieved by 
balancing process efficiency with dimensional 
accuracy and surface quality, which is critical for 
precision applications in brittle materials [12]. 

5. Conclusions 

This study investigated the performance of a 
standard industrial nozzle in abrasive jet 
machining (AJM) for micro-drilling of glass 
plates using a combined computational and 
experimental approach. The influence of key 
process parameters, including jet pressure, 
abrasive feed rate, stand-off distance, abrasive 
characteristics, and nozzle geometry, was 
systematically analyzed. 

The results indicate that jet pressure 
significantly affects material removal rate 
(MRR), while abrasive feed rate and stand-off 
distance play a critical role in controlling hole 
accuracy and taper. An optimal parameter range 
was identified at a jet pressure of 5.5–6 bar, 
abrasive feed rate of approximately 3 g/s, and 

stand-off distance of around 1.5 mm, resulting in 
high dimensional accuracy (≈2.00 ± 0.02 mm), 
low surface roughness (≈0.9 µm), and minimal 
taper (<2°). 

The integration of CFD simulation with 
experimental validation provided a 
comprehensive understanding of particle flow 
behavior and machining performance. This 
combined approach improves confidence in the 
results and supports the identification of stable 
and efficient machining conditions. 

Overall, the study demonstrates that effective 
control of process parameters is essential for 
achieving a balance between machining 
efficiency and surface quality in brittle materials. 
The findings offer practical guidance for 
improving AJM-based micro-drilling processes 
using standard industrial nozzles. 
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