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This study explores the dynamic landscape of the aviation industry, which is continually propelled forward by the 
emergence of innovative technologies and the refinement of more efficient techniques. This perpetual evolution 
significantly shapes the aerospace sector, where companies are unwaveringly committed to elevating their engines' 
safety, quality, and mechanical efficiency. Within this commitment, engine approval in the test cell demands 
adherence to stringent performance parameters set by clients and regulatory bodies. Maintenance, Repair, and 
Overhaul (MRO) companies commonly face problems with lower-than-expected Exhaust Gas Temperature (EGT) 
margins, underscoring the critical necessity to enhance processes related to this vital parameter. Concurrently, the 
study aims to show how to extend the engine's life cycle and augment its overall performance. The methodological 
approach encompasses a case study of the Scallop grinding process alongside the match grinding process, 
incorporating an analysis of results before and after implementation. The collected data shows that applying the 
proposed process yielded improved airflow and direction, coupled with adequate control of the minimum clearance. 
Consequently, a more efficient and increased airflow is characterized by a higher proportion of air in the air/fuel 
mixture and a larger volume of air passing through the turbine. As a result, a substantial enhancement in the EGT 
margin is observed. In conclusion, this method offers significant potential for optimizing Aero-engine Performance 
and Reliability. It contributes to the knowledge of process and aero engine maintenance, can aid safety professionals, 
and its implications can extend to industries where safety and reliability are paramount. 
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1. Introduction 

Aviation has seen remarkable progress in terms of 
quality, engine efficiency, and safety, with the 
aero engine playing a crucial role in this 

evolution. The aerospace industry continuously 
develops new processes, technologies, and 
innovations to enhance engine performance while 
keeping costs down. Safety remains the top 
priority in aviation, driving the ongoing 
development of safety-focused improvements. To 
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stay competitive, engine manufacturers and 
overhaul companies must meet the ever-changing 
demands of their customers. This requires a 
constant evolution of processes to produce 
engines that maximize fuel efficiency and provide 
sufficient thrust without compromising the safety 
of the crew or the aircraft. Aero-engine 
maintenance, repair, and overhaul (MRO) 
companies face challenges related to customer 
dissatisfaction, especially regarding specific 
performance parameters of overhauled engines. 
One such parameter is the Exhaust Gas 
Temperature (EGT) margin, which plays a vital 
role in engine approval. As a result, there is a 
strong need to focus on process improvements to 
enhance these performance metrics. This study 
seeks to analyze the impact of the scallop grinding 
process on the high-pressure turbine (HPT) engine 
shroud assembly and its direct influence on the 
EGT margins of affected engines. The 
certification of aero engines is a rigorous process, 
subject to stringent evaluation by regulatory 
authorities. The final certification stage, the test 
bench phase, is essential in assessing all critical 
criteria. Failure to meet the certification standards, 
particularly the EGT margin, can lead to severe 
operational issues, including missed contractual 
deadlines, workshop space constraints, high 
logistical costs, and the need for additional tests, 
all of which contribute to increased expenses. This 
study focuses on an advanced machining 
procedure for the HPT shrouds of a specific 
aircraft engine model. The process involves using 
a specialized grinding machine with tolerance 
control to mitigate engine rejection rates during 
test bench evaluations. The main goal is to 
analyze the machining process, including the 
match grinding between the HPT shrouds and 
HPT blades, to optimize airflow between the rotor 
and stator. This approach aims to improve the 
EGT margin, reducing engine rejections after 
testing. A comparative analysis of EGT margin 
results before and after implementing this 
machining process is conducted to assess its 
impact. A comprehensive review of the latest 
literature on shroud scallop grinding, turbofan 
engine EGT margins, and overall aero-engine 
performance is presented. Ensuring the optimal 
performance of aircraft engines requires 
significant technical expertise and a skilled team.  
The central research question is whether 
scallop grinding, and match grinding can 

improve air direction and enhance EGT 
margin and engine performance. The 
hypothesis is that introducing these processes 
will lead to an increase in the EGT margin.  
This study contributes to the aerospace 
industry by addressing a critical challenge in 
aero-engine maintenance: enhancing Exhaust 
Gas Temperature (EGT) margins through 
advanced machining techniques. By 
analyzing the impact of scallop grinding and 
match grinding on the high-pressure turbine 
(HPT) shroud assembly, the research provides 
a data-driven approach to improving engine 
performance and reducing rejection rates 
during certification testing. The proposed 
machining process, utilizing specialized 
grinding equipment with precise tolerance 
control, optimizes airflow between the rotor 
and stator, leading to better thermal efficiency 
and extended engine life. The study validates 
the effectiveness of these techniques through 
comparative EGT margin analysis and offers 
practical insights for maintenance, repair, and 
overhaul (MRO) companies seeking to 
enhance quality, meet customer expectations, 
and reduce operational costs. Furthermore, 
this research contributes to the broader field of 
aero-engine performance optimization by 
integrating technical expertise with process 
innovation, ultimately reinforcing safety, 
efficiency, and reliability in aircraft engine 
operations. 
The study is structured into sections covering 
the context, theoretical framework, 
methodology, results, and conclusions, 
providing a systematic approach to addressing 
the identified issues and objectives. 

2. Literature Review  
This section thoroughly examines the existing 
literature concerning the primary theoretical 
foundations that form the basis of this study. The 
objective is to enhance our comprehension of the 
characteristics and interrelationships among High-
Pressure Turbine (HPT) Shrouds, HPT Blades, the 
Exhaust Gas Temperature (EGT) margin of aero 
engines, and the performance of turbofan engines. 
A review was conducted with informative sources 
and pertinent previous studies addressing relevant 
issues, which have, in various ways, contributed to 
the progression of knowledge in this field.  
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2.1. Machining of Aeronautical Components
A study by Zhao et al. (2021) underscores the 
importance of cooling fluids in high-efficiency 
deep grinding to reduce thermal damage. Their 
research demonstrates that cooling in the grinding 
contact zone is essential for process effectiveness, 
especially with complex workpieces. They 
developed a device combining a pressure sensor 
and thermocouples to understand cooling 
conditions better. Their findings indicate that 
coolant outlet speed and grinding parameters 
significantly affect cooling efficiency, while the 
feed speed and depth of cut have a lesser impact. 
Additionally, they found that coolant hoses 
shaped to match workpiece profiles provide better 
cooling than standard nozzles, emphasizing the 
need to consider grinding speed. Starkov et al. 
(2014) analyzed the performance of different 
grinding wheels for profiling high-speed steel 
broaches, revealing that vitrified CBN wheels 
offer superior material removal rates and require 
less dressing time under heavy loads, fulfilling 
high precision needs in machining. Shang et al. 
(2022) focused on hydrostatic thrust bearings in 
high-precision grinding machines, analyzing the 
viscosity-temperature characteristics of 
hydrostatic oil. Their work shows that variations 
in oil supply pressure significantly influence 
thrust-bearing performance, which is crucial for 
machining complex aeronautical components 
with high tolerances and finishes. Jackson et al. 
(2021) examined special grinding wheels made 
from CBN and other materials used in the 
aeronautics industry, highlighting their role in 
achieving dimensional accuracy and surface 
quality for components like high-pressure turbine 
shrouds. Lattine et al. (2012) investigated the 
sealing between blade tips and turbine cases, 
emphasizing its importance for engine 
performance and lifecycle. They pointed out the 
high costs associated with maintenance services. 
Ulas et al. (2020) stressed the importance of 
optimizing surface roughness in aviation 
materials, which affects mechanical strength and 
durability. Their study highlights the need for 
high-precision grinding to meet surface criteria 
for aviation components. Overall, these studies 
enhance our understanding of high-precision 
grinding, focusing on cooling fluids, grinding 

wheel advancements, hydrostatic systems, and 
their significance in aerospace applications.

2.2. EGTM (Exhaust Gas Temperature 
Margin) in turbofan engines
Darga et al. (2021) emphasize the importance 

of exhaust gas temperature (EGT) in turbofan 
engine performance assessment. The Exhaust Gas 
Temperature Margin (EGTM) is the difference 
between the maximum take-off EGT and the 
engine's limit temperature, with a higher margin 
indicating better performance. The study 
identifies factors affecting engine efficiency, such 
as compressor blade erosion and air seal leakage, 
contributing to EGT loss. Increased clearance 
reduces the EGT margin, risking decreased 
efficiency and engine overheating. Elmenshaw et 
al. (2022) analyze CF6 engine performance in 
diverse climates, utilizing test data and 
BoreScope Inspections. They highlight the EGT 
margin's role in monitoring engine wear and 
operational safety, noting that a decreasing 
margin indicates a need for timely maintenance to 
prevent failures and enhance safety. Fangzhou et 
al. (2020) apply advanced technologies, including 
support vector machines and genetic algorithms, 
to improve predictions of EGT margin. Their 
methods optimize parameters and reduce noise, 
aligning predictions with manufacturer data. 
Accurate predictions support maintenance 
planning and operational safety, optimizing costs 
for airlines. Sundararaj et al. (2021) investigate 
the impact of exhaust nozzle geometry on 
CFM56-7 engine performance. Their experiments 
reveal that adjusting nozzle design affects thrust, 
rotor speed, and EGT, illustrating the complex 
relationship between nozzle geometry and overall 
engine performance. These studies provide 
insights into the factors influencing EGT and its 
margin in turbofan engines. They highlight EGT 
margin's critical role in performance, reliability, 
and safety while employing advanced 
methodologies for better predictions and 
operational optimization in the aviation industry.

2.3. Relationship between airflow and the 
Performance, Reliability, and Quality of 
Turbofan Aero engines
Qiu et al. (2023) highlight the importance of 

non-uniform inlet conditions in turbofan engines 
for accurately simulating aerodynamic 
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performance in real flight. Their study focuses on 
a Fan and Booster structure, using the frozen rotor 
method for 3D simulations under conditions such 
as inlet distortion and rain ingestion. They 
emphasize how total pressure distortion affects 
temperature distortion, influencing main engine 
performance and airflow, especially in high-
bypass engines. Yang et al. (2022, cited in M. 
Barbosa, 2023) investigate the Secondary Air 
System (SAS) in ultra-high bypass ratio turbofan 
engines using co-simulation to analyze its impact 
on engine thrust. Their findings stress the 
significance of optimizing component clearances, 
which can enhance engine performance, 
particularly with high bypass engines. Barbosa 
(2022, cited in M. Barbosa, 2023) reviews 
turbofan engines' advancements, illustrating how 
increases in bypass ratio improve thermodynamic 
efficiency. The study notes that ultra-high bypass 
ratio engines (>13:1) enhance propulsive 
efficiency and present challenges such as 
increased diameter and weight. Lamkin et al. 
(2023) discuss the importance of considering 
multidisciplinary interactions in aero-propulsive 
design optimization, integrating aerodynamic and 
thermodynamic models to improve fuel 
consumption and thrust. Zhao et al. (2020, cited 
in M. Barbosa, 2023) emphasize the necessity of 
accurate thrust regulation in aero-engine control 
systems to maintain safe and efficient operation. 
These studies underline the evolution and 
challenges of high bypass turbofan engines, 
highlighting the intricate relationships between 
aerodynamics, thermodynamics, and geometry in 
optimizing performance for enhanced efficiency 
and sustainability in aviation. Pereira et al. (2015) 
emphasize probabilistic risk analysis in jet engine 
manufacturing to prevent failures, while 
subsequent studies by Pereira and Fayer (2020) 
and others focus on risk management in steel 
production and sustainability in manufacturing 
processes. These studies stress the need for 
quality-focused approaches in aerospace and 
manufacturing sectors, promoting standards, 
systematic methodologies, and improved process 
documentation for sustained high-quality 
outcomes. 

3. Methodology 
The research methodology employed in this 

study follows a case study approach designed to 
address the research question by analyzing 

relevant and measurable data. This approach 
centers on gathering and assessing verifiable 
information to understand the behavior and 
performance of the subject under investigation. 
Materials utilized in this research were presented 
in a generic format and derived from publicly 
accessible sources, including information from 
regulatory bodies and scientific literature. Data 
analysis was integrated with theoretical 
components, forming a robust foundation for the 
conclusions drawn. By combining technical and 
practical industry knowledge, this exploratory 
research enhances understanding of the topic, 
substantiates findings, and validates the 
methodology through evidence gathered from the 
case study. Integrating a quantitative approach 
with the study's exploratory nature is essential for 
generating actionable insights, supporting the 
conclusions, and demonstrating the applicability 
of the research method within an industry context. 
The investigation focuses on the relationship 
between the Scallop grinding process and the 
resulting Exhaust Gas Temperature (EGT) 
margin, a critical performance parameter for 
engine certification. The motivation for this study 
arose from the need to improve the EGT margin 
of engines. The analysis of the Scallop grinding 
process on high-pressure turbine shrouds was 
based on the team's practical experience, 
theoretical knowledge, historical data, and a 
review of relevant literature. The research team 
comprised experts with 10 to 38 years of 
experience in the field, including power plant 
engineers, CNC machine operators, and assembly 
operators. Various resources were employed to 
ensure a comprehensive understanding and 
preparation for the study. These included 
historical data and a systematic literature review.  
A review of available literature was conducted to 
establish a solid theoretical foundation and 
contextualize the Scallop grinding process within 
the industry. An in-depth review of the Scallop 
grinding process was carried out through active 
collaboration with technical experts, drawing on 
their extensive practical experience and expertise. 
Historical EGT margin results were reviewed to 
establish baseline performance metrics. 
Quantitative analysis was then conducted to 
compare outcomes before and after implementing 
the Scallop grinding process. Additional literature 
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was reviewed after the initial data collection to 
enrich the theoretical background and provide 
updated perspectives on the subject matter. The 
analysis specifically examined how the Scallop 
grinding process affects high-pressure turbine 
shrouds and the airflow dynamics between the 
shrouds and high-pressure turbine blades. This 
focus allowed for a detailed assessment of its 
influence on the EGT margin performance of 
turbofan engines. By integrating these 
methodological components, the study provides a 
clear, evidence-based understanding of the impact 
of the Scallop grinding process, ensuring that its 
findings are scientifically rigorous and practically 
applicable.

4. Results
This section delineates the measures to 

enhance the EGT margin outcomes in an aero-
engine assembly. It encompasses using Scallop 
machining on the HPT stator shrouds and aligning 
the grinding process with the HPT rotor blades to 
optimize airflow direction. Subsequently, the 
EGT margin results obtained prior to and after the 
implementation of this process were scrutinized. 
Following the information and data gathered, 
consistent with the hypothesis presented in the 
introduction, the findings of this study were
presented.

4.1 HPT Stator Shrouds 

The shrouds of the High-Pressure Turbine 
(HPT) stator play a crucial role in a turbofan 
engine's structure and operation. Commonly 
referred to as the HPT Nozzle, this component 
serves as the final stage of the high-pressure 
turbine, facilitating the expansion of hot exhaust 
gases before expulsion through the engine outlet. 
Figure 1 shows the HPT Nozzle and the shrouds
performing various critical functions. 

Fig. 1. HPT Nozzle and the shrouds

High-pressure turbine (HPT) shrouds protect 
rotor blades and direct exhaust gas flow. This 
ensures efficient energy extraction from exhaust 
gases while preventing blade damage. Shrouds 
minimize gas leaks around rotor tips, capturing 
more energy and converting it into mechanical 
energy to power the engine. Excessive leaks 
reduce efficiency. Due to high temperatures, 
pressures, and forces, shrouds wear over time, 
necessitating regular monitoring for safe and 
efficient engine operation. Damaged shrouds 
require repair or replacement, with welding and 
plasma processes commonly used to restore them. 
Welding repairs involve filling damaged areas 
with compatible welding material, either 
manually or with automated machines. Precision 
is essential to maintain structural integrity. After 
welding, the surface is machined to restore proper 
geometry and achieve ideal blade-to-shroud 
clearance. Vertical grinding machines with a 
coolant mixture (95% water, 5% oil) ensure 
critical tolerance and desired surface finishes. 
Enhancing the shroud with a scalloped profile 
during machining significantly improves HPT 
component longevity, gas routing, and flow 
efficiency. The scallop profile increases airflow 
mass while maintaining acceptable blade-to-
shroud gaps, lowering exhaust gas temperature 
and enabling better air/fuel mixture control. This 
reduces turbine outlet temperature, positively 
affecting the Exhaust Gas Temperature margin.

4.2 Match-Grinding Process

In this context, the match grinding process 
helps to achieve the optimal clearance between 
the shroud surface and the blade tip. The primary 
objective of this process is to ensure a minimal 
separation between the rotating and stationary 
components, thereby optimizing the utilization of 
airflow—a critical factor influencing the engine's 
Exhaust Gas Temperature (EGT) margin. Match 
grinding entails determining the machining value 
for the diameter of the shroud assembly, using the 
size of the largest blade of the rotor High-Pressure 
Turbine (HPT) as a reference point. This 
approach allows the machining procedure to yield 
the minimal allowable clearance between the 
components. Figure 2 visually represents this 
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assembly, highlighting the carefully controlled 
clearance. 

 
 
 
 
 
 
 

Fig. 2. Representation of the assembly HPT Blade and 
Shroud 

Executing the match-grinding process between 
high-pressure turbine blades and shrouds requires 
blade repairs to ensure sufficient material for 
machining. This step restores the blade's 
geometry and aerodynamic characteristics while 
guaranteeing proper clearance dimensions as 
specified in the manual. After repairs, a high-
speed grinding machine simulates engine 
operation conditions and eliminates gaps between 
the blades. The machine integrates a real-time 
laser measurement system to ensure adherence to 
engineering tolerances specified in the engine 
manual. Real-time monitoring verifies that blade 
dimensions and geometry meet quality standards, 
enhancing engine performance and safety. 
Accurate blade and shroud tolerances enable 
match-grinding, ensuring scallop grinding 
improves airflow and precisely directs it. 

4.3 EGT Margin 

Exhaust Gas Temperature (EGT) is crucial in 
turbofan engines, especially in aviation. It 
measures the temperature of gases exiting the 
high-pressure turbine and entering the exhaust 
section. The EGT margin is the difference 
between the actual exhaust gas temperature and 
the maximum allowable limit set by the 
manufacturer for safety and durability. Lower 
EGT indicates higher engine efficiency and 
longer component lifespan. Maintaining a 
sufficient EGT margin optimizes engine 
performance, reduces fuel consumption, and 
extends part longevity. Preventing the EGT from 
exceeding the limit is essential to avoid thermal 
damage. The EGT margin ensures safe operation 
below this critical threshold, protecting engine 
integrity and preventing failures. After repairing 

High-Pressure Turbine (HPT) shrouds, the 
Scallop grinding process influences the EGT 
margin. Data on EGT margins were analyzed 
before and after implementing this process to 
assess its impact. The study compared EGT 
margins of two engine groups, showing that the 
Scallop process improved margins, potentially 
enhancing engine efficiency and performance. 
The results of this study were validated through a 
comparative analysis of Exhaust Gas 
Temperature (EGT) margins before and after 
implementing the scallop grinding process. By 
examining two groups of engines, one subjected 
to the new grinding method and another without 
modifications, the study demonstrated a 
consistent improvement in EGT margins, 
confirming the effectiveness of the proposed 
technique. The observed reduction in thermal 
stress and improved airflow efficiency aligned 
with theoretical expectations, reinforcing the 
validity of the findings. The enhanced 
performance outcomes, including reduced engine 
rejections during test bench evaluations and lower 
rework rates, provided practical evidence of the 
method's benefits. These results were further 
supported by industry standards, highlighting the 
process's contribution to optimizing engine 
efficiency, durability, and compliance with 
aviation safety regulations. While the study 
successfully validates the impact of scallop 
grinding, future research could explore its 
application to newer materials and engine models 
to refine the technique further and expand its 
applicability across the aerospace sector.  

5. Discussion of Results 

 The confirmation of the initial hypothesis 
through the research results is significant. 
Applying the Scallop grinding process to high-
pressure turbine shrouds and matching grinding 
between HPT blades and shrouds has optimized 
airflow direction, leading to notable 
improvements in the Engine Gas Temperature 
(EGT) margin and extending the service life of 
engine components. Operating at lower 
temperatures reduces thermal stress on 
components, enhancing durability. The scalloped 
surface profile of the shrouds has been pivotal in 
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improving airflow efficiency and minimizing air 
loss from excessive clearance, enabling better 
utilization of air passing through the turbine. 
These findings highlight that implementing the 
grinding process allows companies to deliver 
higher-quality engines, reduce failures during 
bench tests, lower rework rates, and enhance 
production outcomes. The Scallop grinding 
process is a valuable practice for improving aero-
engine performance, which is crucial for the 
aerospace industry. However, this study did not 
examine the impact of different materials used in 
the shrouds of newer engines undergoing the 
scallop grinding process. Future research could 
explore this aspect to refine the process further
and improve performance outcomes, contributing 
to ongoing advancements in aero-engine 
technologies.

This study introduces a novel approach to 
improving aero-engine performance by 
investigating the impact of scallop grinding and 
match grinding on the high-pressure turbine 
(HPT) shroud assembly—an area with limited 
prior research. Unlike traditional maintenance 
and overhaul methods, which primarily focus on 
standard component replacements and repairs, 
this study explores precision machining 
techniques to optimize airflow dynamics and 
enhance Exhaust Gas Temperature (EGT) 
margins. Applying specialized grinding 
equipment with precise tolerance control 
represents an innovative solution to reducing 
engine rejections during test bench evaluations, 
minimizing costly rework, and improving overall 
efficiency. By integrating advanced machine 
processes into the Maintenance, Repair, and 
Overhaul (MRO) workflow, this research offers a 
groundbreaking strategy for enhancing the 
reliability and longevity of aero-engines. The 
findings provide valuable insights for MRO 
companies and engine manufacturers, paving the 
way for future advancements in turbine 
performance optimization and contributing to the 
broader aviation safety and efficiency field.

The specialized grinding machine proposed in 
this study enhances aero-engine reliability 
through its precision tolerance control, ensuring 
consistent and accurate modifications to high-
pressure turbine (HPT) shrouds. The machine 
effectively reduces thermal stress by minimizing 

excessive clearance and optimizing airflow 
direction, extending component lifespan and 
improving overall engine efficiency. Its ability to 
create a uniform scalloped surface profile 
enhances airflow dynamics, preventing 
unnecessary energy loss and contributing to better 
Exhaust Gas Temperature (EGT) margins. The 
machine's advanced automation and high 
repeatability also reduce human error, ensuring 
consistency across multiple engine overhauls. 
This precision-driven approach decreases engine 
rejections during test bench evaluations and
lowers rework rates, leading to improved 
operational efficiency and cost savings. As a 
result, integrating such specialized machining 
technology into the Maintenance, Repair, and 
Overhaul (MRO) process significantly enhances 
the reliability, performance, and durability of aero
engines.

5 Conclusion

In conclusion, the analysis of results, 
comprehensive literature review, and adherence 
to methodological guidelines have validated the 
premise of this study. The premise proposed that 
improving the machining profile for airflow 
direction and minimizing the clearance between 
blades and shrouds would enhance the EGT 
margin in aero engines. The research question 
guiding this investigation—"Can Scallop 
Grinding applied to HPT Shrouds, combined with 
Match Grinding, optimize airflow and improve 
the EGT margin and engine component 
lifespan?"—was affirmatively addressed. 
Implementing both scallop grinding and match 
grinding processes achieved precise control over 
clearance, leading to more efficient airflow 
through the high-pressure turbine. This efficiency 
resulted from the specialized machining profile 
on the shroud diameter, enabling a greater, more 
uniform, and better-directed airflow. The 
improved airflow facilitates a richer air/fuel 
mixture without risking air leakage due to 
excessive clearance, thereby reducing exhaust gas 
temperatures. The results demonstrated a 
significant improvement in EGT margins, 
affirming the effectiveness of the proposed 
approach. These findings validate the hypothesis, 



858 Proc. of the 35th European Safety and Reliability & the 33rd Society for Risk Analysis Europe Conference

confirming that scallop grinding and match 
grinding minimize component gaps, optimize 
airflow utilization, reduce operating 
temperatures, and enhance EGT margin values. 
This machining process enables companies to 
deliver higher-quality engines, extend component 
lifespan, mitigate test bench failures, reduce 
rework hours, and improve production outcomes. 
The findings offer practical insights into the 
relationship between the scallop profile and 
reduced exhaust gas temperatures, contributing 
significantly to the aerospace industry. 
Furthermore, this study highlights opportunities 
for future research, such as exploring the impact 
of profiled machining processes on turbine 
blades, developing more effective tools and 
techniques for achieving tighter tolerances and 
investigating advanced grinding wheels capable 
of improving airflow control and minimizing 
airflow stalls. These continued efforts promise to 
optimize EGT margins further and refine engine 
manufacturing processes. 
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