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ABSTRACT

Additive manufacturing (AM) is gaining more popularity in the industry. It involves adding material to create
new objects or repairing existing damaged ones. This approach avoids issues like warping and internal stress
in machining. Rapid prototyping, a form of AM, offers benefits such as lower manufacturing costs, reduced
production time, improved accuracy, and higher quality. AM is particularly useful for creating complex
geometrical designs that are challenging or impossible with traditional methods. This work outlines the
fundamental characteristics of additive manufacturing techniques applied to repairing and improving a Gas
Turbine (GT) burner. Two distinct repair scenarios of the damaged burner are proposed and implemented
through simulation by using the finite element method. The damaged burner face is machined in the first
scenario, and Hastelloy X is printed on top of the stainless-steel body. The second scenario takes it further by
machining the damaged burner face, printing Hastelloy X, and imposing additional cooling measures.
Scenarios have presented effective solutions for repairing the damaged surface. However, after careful
evaluation, it has been concluded that the second scenario has the potential for future development as it extends
the life cycle of the GT burner from 16k to 32k-48k hours. A feasibility study was also conducted to demonstrate
that repairing a damaged pilot burner is financially less expensive compared to purchasing a new burner. Thus,
the savings could reach about $1.22 million to repair a total of 450 burners, assuming each burner has a service
life of 48,000 operating hours.
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1. INTRODUCTION

Additive manufacturing (AM), also known as 3D
printing, is a rapidly growing revolutionary
manufacturing process which enables the creation of
complex three-dimensional objects with un-
precedented precision and efficiency [1-4]. Unlike
traditional subtractive manufacturing methods, AM
involves a set of computer-automated processes that
lead to building physical objects layer by layer using
digital design data, including computer-aided design
(CAD) models (See Fig. 1). These physical objects are
fabricated using various plastic, ceramic, metallic,
biological, or even composite materials and polymers
[5, 6] in a fast production rate and with less cost and
material wastage [7, 8]. AM has further developed
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and blossomed into an abundance of processes,
including laser metal deposition (LMD),
stereolithography (SLA), binder jetting, direct metal
deposition (DMD), selective laser sintering (SLS),
laminated object manufacturing (LOM), fused
deposition modeling (FDM), inkjet printing, selective
laser melting (SLM) and others [9, 10]. AM has plenty
of applications across various engineering fields
including Aerospace and automotive fields [11-14],
medical field [15, 16], architecture [17], fashion [18],
and even food industry [19]. Furthermore, the
integration of Artificial Intelligence (Al) in AM
operations contributed among others to increasing
the prefabrication efficiency, thus resulting in a more
reliable and cost-effective production [20-22].

Product

‘

Figure 1: A comparison between subtractive manufacturing and additive manufacturing [11].

In addition to what has been mentioned, AM has a
high potential to improve the repair and perfor-
mance of mechanical parts, including gas turbines.
However, only a few studies were conducted in this
regard. Arjakine et al. discussed the advanced
welding processes that Siemens Power Generation
uses to repair gas turbine hot-section components,
focusing mainly on the blades [21]. Charles and
Taylor demonstrated how the electron beam melting
AM is implemented to develop a frame- work for
repairing the gas turbine blades and rubbing marks
on stationary vanes or guide rings [23]. Wilson et. al.
presented the successful repair of defective voids in
turbine airfoils using the laser direct deposition AM
technology [24]. Polyanskii et. al. proposed the
abrasive jet machining AM technique for performing
repair operations on gas turbines’ rotor and blades
[25]. Schurb et. al. explored the effectiveness and the
validity of the gas turbine parts produced using the
Direct Metal Laser Melting (DMLM) AM technology
[26]. Gebisa and Lemu investigated the existing metal
AM techniques and materials regarding their
applicability to producing gas turbine engine

components [1]. It can be noted that all the previously
presented papers focused on repairing the gas
turbine blades only. To the best of the authors’
knowledge, there is no sufficient information on how
to repair other components of the gas turbine,
especially the gas turbine burner, using the AM
technology. The only available research on this topic
investigates the application of laser metal deposition
(LMD) as a repair technique for gas turbine burners,
and it is limited to burners made of Inconel 718 only,
where only the experimental results of repairing
Inconel 718 gas turbine burners using LMD were
presented [27].

In contrast to previous studies that primarily
focused on gas turbine blades, this work specifically
investigates the repair and life extension of gas
turbine pilot burners using additive manufacturing
techniques. To the best of the authors” knowledge, a
systematic thermo-mechanihave evaluation of burner
repair through Laser Beam Powder Bed Fusion (LB-
PBF) combined with reverse engineering and
enhanced cooling strategies has not been
comprehensively reported in the literature. The
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novelty of this study lies in (i) the integration of
material replacement with Hastelloy X using LB-PBF,
(ii) the comparative assessment of two repair
configurations through coupled thermo-mechanical
finite element analysis, and (iii) the incorporation of
additional cooling channels to significantly extend
service life. Unlike conventional repair approaches,
the proposed methodology combines structural
redesign and thermal management to achieve a life
extension from 16,000 hours to 32,000-48,000 hours
while maintaining economic feasibility. This
integrated engineering approach provides a practical
and scalable repair strategy for industrial gas turbine
burners and contributes to bridging the existing
research gap in additive manufacturing-based burner
refurbishment.

2. PROBLEM
METHODOLOGY

DEFINITION AND

Most GT failures occur in the hot section, where
components like combustor liners, transition pieces,
vanes, and blades operate in a harsh environment
with high temperatures and stresses [28]. Analyzing
hot section failures requires a combined
metallurgical-mechanical engineering approach to
get the most information out of each failure event.
However, these incidents can be utilized effectively
to enhance the equipment’s design, operation, and
maintenance practices. Direct observations during 8k
and 16k inspections for gas turbine engines indicated
that multiple cracks exist. These cracks extend from
the centre face toward the igniter and liquid holes of
the burners, as shown in Fig. 2. The crack initiation,
propagation, and fatigue fracture could result from
high thermal stresses and thermal cyclic fatigue [29,
30].

Figure 2: Gas turbine pilot burner crack.

Thermal fatigue is specified as the main reason for
the crack creation in gas turbine components [31]. Its
life in gas turbine burners is directly related to stress
and strains due to the thermal gradients generated by
combustion gas flow and the circulating air. Tensile
stresses, induced by low temperatures, are a critical
and damaging factor concerning fatigue failures [32,
33]. Furthermore, the variation in the gas turbine pilot
burner temperature from the center face to the edge
is from 990-C to 350°C, which is significantly high.
Moreover, the start/stop of the gas turbine can also
create a rapid rate of change in temperature

fluctuation, thereby inducing thermal stresses and
initiating the occurrence of material cracking, which
will eventually lead to failure, as previously
mentioned [34]. Another factor that affects the service
life of gas turbine hot components is the corrosive
operating environment (high temperatures, low
cyclic fatigue, fuel and air contamination, etc.). The
physical GT model investigated in this study is made
of stainless-steel grade 310. This material is prone to
all previously mentioned phenomena due to its low
heat conduction and high thermal expansion [35].
The GT and its CAD model are presented in Fig. 3
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Figure 3: GT burner from inside (below is the physical model and above the CAD model of its combustion
system) [36].

Due to the nature of the investigated fatigue failure
and the GT operation condition, checked at annual
service intervals or when a certain component fails,
there is limited data regarding crack propagation
before fatigue failure. Therefore, since temperatures
and stresses represent the main parameters that
directly affect the optimum structural performance
and, thus, reduce the life of the GT. The objective of
the proposed repair is to achieve a minimum
overhaul of 32k hours.

As already mentioned, two repair scenarios are
proposed to reduce the risk of crack occurrence and
thus extend the burner life of the GT. Both are based
on machining the damaged face of the existing pilot
burners and then printing Hastelloy X (nickel-based
superalloy) on top of the Stainless Steel 310 surface
using AM techniques. The only difference is that
additional cooling is provided in the second scenario.
To check the effectiveness of each scenario,
mechanical properties testing and mechanical
analysis are performed. The material’s mechanical
properties can be determined using tensile and creep
tests. Consequently, the mechanical analysis
evaluates the component’s design by performing
calculations to determine the stress peaks,
temperature distributions, fatigue life cycles, etc. This
is typically achieved by doing finite element analysis
(FEA) [37, 38]. Concerning the AM process itself, the
Laser Beam Powder Bed Fusion (LB-PBF) method is
deployed to print the Hastelloy X sections. This
technique uses fine powders for superior surface
finishing and thus, it contributes to the production of
high-precision =~ components  with  excellent
mechanical properties. The LB-PBF technology is

promising as it has the ability to repair damaged
parts by printing complex metals layer by layer [39].
Using the LB-PBF, which is usually followed by Hot
Isostatic Pressing (HIP) post-treatment, is a well-
established approach which is implemented to
ensure crack-free metallurgical bonding in repaired
components, including the gas turbine burners. The
limitations of this approach lie in the resulting
residual stress and potential porosity, both of which
are reducing of mitigation strategies including heat
treatments and process optimization [40]. More
information about the LB-PBF technique and its
application fields can be found in [41-43].

2.1. Finite Element Modeling Procedure and
Assumptions

To ensure a rigorous evaluation of the proposed
repair scenarios, a coupled thermo-mechanical finite
element analysis (FEA) was conducted using
ANSYS®. The numerical model was developed to
simulate the thermal loading conditions experienced
by the pilot burner under full-load operation and to
predict the resulting stress distribution and fatigue
life.

2.2. Thermal Analysis

A steady-state thermal analysis was first
performed to determine the temperature distribution
within the burner geometry. The governing heat
conduction equation applied in the model is:

V-(kVT)+Q=0

Where:

k is the thermal conductivity,

T is temperature, and

SCIENTIFIC CULTURE, Vol. 12, No 5, (2026), pp. 446-461



450

Gannan et al.

Q represents internal heat generation (assumed
negligible).

Boundary conditions were applied based on
measured operating data from the test facility:
e Combustion-side temperature profile (Table 3)
e Convective heat transfer coefficient distribution
e Air temperature: T_Air=450"0 C

Fuel temperature: T_Fuel=20"e C

Material thermal properties were defined as
temperature-dependent to capture realistic high-
temperature behavior.

2.3. Structural Analysis

The temperature field obtained from the thermal
analysis was imported into a structural static analysis
to evaluate thermally induced stresses.

Thermal strain was calculated according to:

¢thermal=aAT
Where:
a is the coefficient of thermal expansion and
AT is the temperature variation.

Linear elastic material behavior was assumed for
both Stainless Steel 310 and Hastelloy X under high-
temperature operating conditions. Perfect
metallurgical bonding between the substrate and
printed material was assumed at the interface.

The von Mises stress criterion was used to evaluate
equivalent stress distribution:

1
Oym = \/E[(OH —03)2 + (0, — 03)% + (03 — 07)?]

2.4. Mesh and Numerical Settings

The geometry was discretized using 3D solid
elements (higher-order tetrahedral elements). A
refined mesh was applied near:

e  The burner face center
e The igniter hole
e The material transition interface

A mesh convergence study was performed to
ensure that further mesh refinement resulted in
negligible variation in the maximum stress values
(<2% wvariation). The final mesh consisted of
approximately 220,000 elements, which provided a
balance between computational efficiency and
solution accuracy.

2.5. Fatigue Life Estimation

Thermal fatigue life was estimated using a stress-
based fatigue approach. Regions exhibiting high
thermal stress concentration were evaluated against
material fatigue strength data available in literature.

Crack initiation was predicted at locations where
stress amplitude exceeded material fatigue limits
under cyclic thermal loading. While a full low-cycle
fatigue model was not implemented, the approach
provides a conservative estimate of life expectancy
under thermal cycling conditions.

2.6. Modeling Assumptions and Limitations

The following assumptions were adopted:
e Steady-state thermal loading
e Linear elastic material behavior
e Perfect bonding between base and printed
material
e No creep deformation included
e No material degradation over time considered
These assumptions allow a comparative evaluation
between repair scenarios while maintaining
computational efficiency.

Table 1. Tensile properties (min) of the metal alloys and stainless steel at different temperature values (in

MPa).
Material (0,2% Proof strength) Temperature in e
100 200 250 300 400 500
Stainless Steel (55310) 176 157 147 136 125 119
Haynes 230 295 280 270 260 240 225
Hastelloy X 251 218 203 190 173 167

3. RESULTS AND DISCUSSION

3.1. Selection of the 3D printing material

AM techniques are particularly well-suited for
making nickel-based superalloys, which are
difficult to machine and have complex shapes in
their applications, such as gas turbines [44].
Hastelloy X (Hast-X) is a nickel-chromium-iron-
molybdenum-based superalloy that is easy to weld
and form. It has high resistance to oxidation and
stress corrosion cracking and good strength at high-

temperatures, making it an attractive material for
many high-temperature applications [45, 46]. To
demonstrate the effectiveness of Hastelloy X in
repairing the GT, its tensile and creep properties are
presented and compared to the main material of the
GT (Stainless Steel) and to Haynes230, which is
another nickel-based alloy. Haynes230 is a nickel-
chromium-tungsten-molybdenum  alloy  that
combines excellent high-temperature strength and
thermal stability with outstanding resistance to
oxidizing environments [47, 48]. A comparison of
the tensile properties of these materials is presented
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in Table 1. The mean creep rupture strength of the
same materials after being held for 100000 hours at
specified temperatures is depicted in Table 2. The
results of Table 2 are represented graphically in Fig.
4. It can be concluded from the material properties

that were presented in the tables that Hastelloy X
has better tensile strength and creep life than
stainless steel. The following subsections will

examine its mechanical characteristics with the
FEA.

Table 2: Mean creep rupture strength of the metal alloys and stainless steel at different temperature values (in

MPa).
Material Temperature in °C
600 650 700 750 800 850 900 950
Stainless Steel (SS310) 83 49 25 14 8
Haynes 230 213 150 104 75 50 29 19 8
Hastelloy X 194 127 83 53 32 18 9 4
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Figure 4: Mean creep fracture strength of stainless steel and metal alloys.

3.2. Scenario 1: 3D-Print of Hastelloy X on
stainless steel top face without additional
cooling

3.2.1. 3D print of 6 mm Hastelloy X

The objective was to remove 6 mm of the
stainless-steel face of the pilot burner and replace it
by printing 6 mm of Hastelloy X alloy. The
partitioned CAD model of the pilot burner is
presented in Fig. 5.

Machining plane
Figure 5: Front face of the GT pilot burner.

The FEA is conducted with the finite element
package ANSYS®. An FEA model of the original
GT with stainless steel only and an FEA model of

the proposed repair with the 6 mm Hastelloy X
layer will be created. The boundary conditions that
are applied in the FEA models have been taken

SCIENTIFIC CULTURE, Vol. 12, No 5, (2026), pp. 446-461
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from the test facility at full load. The air
temperature was taken to be TAir = 450-C, and the
fuel temperature was taken to be TFuel = 20-C.
Moreover, the heat transfer coefficient and the

temperatures at different locations from the centre
face taken from the test facility were also used as
boundary conditions for the FEA models. These
values are presented in Table 3.

Table 3: FEA input temperature values at different locations from the pilot burner centre face

Description Temperature values at different locations
Point number T14 T13 T12 T11 T10 T9
Distance from centre 0 6 12 18 24 30
face [mm)]
Temperature [OC] 990 975 927 850 590 450
The contour plots of the heat transfer coefficient,
and that of the temperature distribution are
presented in Fig. 6.
HTC [W/m’K] Temp. ['C]
3000 1000
2750 917
2500 ;‘:}3
p 170
250 567
2000 /
1750 . 583
1500 ) 900
1250 | 417
1000 ' ’ 333
- r ol
750 -59
500 167
250 o 83
0 0
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b)

Figure 6: Contour plot of a) Heat transfer coefficient and b) Temperature distribution along the pilot burner

The idea is to create a realistic FEA model of the
GT pilot burner with the same boundary conditions
of the physical existing part and then to calculate
the thermal stresses and life cycles for the existing

L o A

| ——

a)

burner with stainless steel and for the proposed
repaired one with a 6 mm printed face of Hastelloy
X. The thermal stresses that were induced in each of
the FEA models are presented in Fig. 7.

Figure 7: Contour plot of a) Stress distribution for stainless steel model and b) Stress distribution for model
with 6 mm Hastelloy X

SCIENTIFIC CULTURE, Vol. 12, No 5, (2026), pp. 446-461



453 ADDITIVE MANUFACTURING FOR GAS TURBINE BURNER REPAIR: A CASE STUDY

It can be noticed from the contour plot that the
stress distribu- tion has decreased in the face centre
with Hastelloy X, but increased at other locations,
such as the igniter and thermocouple, in
comparison to the stainless-steel model. Therefore,
the depth of printed Hastelloy X should be
increased from 6 mm to 50 mm (see the following
subsection), where the operating temperature will
be lower and the thermal expansion will be
reduced. The thermal expansion coefficient of the
stainless steel model was found to be 1.97e-05 at a
temperature of 900°C. As for the model with

Cpdes
+) 000403
+1 000402

b)

Hastelloy X, it was found to be 1.6e-05 at a
temperature of 900-C. This means there is about a
20% difference in the thermal expansion between
stainless steel and the Hastelloy X. This high
percentage in thermal expansion coefficient
between the base and proposed materials will be
one of the main causes of crack propagation as the
high-stress locations appear between them. The life
cycle has been investigated for the existing stainless
steel material and the printed part with Hastelloy X
face, as shown in Fig. 8.

Figure 8: Contour plot of a) Life cycle for the stainless-steel model, b) The field observation of the physical
stainless steel pilot burner face and c

Life cycle for the model with Hastelloy X face.

As for the stainless-steel model, the cracks have
initiated at the face centre, the same location in the
physical model from field observations. However,
the face centre’s life cycle with printed Hastelloy X
face has improved. Nonetheless, this is not the case
at the igniter hole, as Fig. 9 demonstrates. The crack
initiation on the printed part has been observed on
the layer between both materials. Furthermore, it
happened at an early stage, approximately after 8

Between

cycles. The FEA results show that the existing part
would initially crack after approximately 8 cycles,
which correlates to several observations from the
operating field. As a result, Hastelloy X is
acknowledged to be a better material to resist the
high thermal stresses on this component, although
a higher Hastelloy X thickness could reduce the
remaining shortcomings that were addressed in
this subsection.

SCIENTIFIC CULTURE, Vol. 12, No 5, (2026), pp. 446-461
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3.2.2. 3D print of 50 mm Hastelloy X

To check the effect of the Hastelloy X thickness,
50 mm of the stainless-steel face of the pilot burner
will be removed and then replaced by printing 50
mm of Hastelloy X alloy instead of 6 mm only as in
the previous subsection. The interfaces, including
igniter, thermocouple, etc. will stay the same as in

The results of the FEA are depicted in Fig. 11.
The temperature at the face centre of the pilot
burner was found to be 1254 -C. The stresses at the
same location reached significantly high values,

Max: +1 )
Node: RERT-1-1.22639 |

a

the original design. During the printing process, a
lightweight tree-like structure is produced to
support the front face. This provides a lot of
flexibility, and it reduces the stresses. The only
drawback of this design is that the heat flux from
the hot body to the cold body will also be reduced.
The produced tree-like structure is presented in Fig.
10.

Figure 10: The tree-like structure of the GT pilot burner.

indicating severe thermal loading under this
configuration. It can be concluded that Hastelloy X
has a lower thermal expansion but a higher lifetime
at elevated temperatures.

Figure 11: Contour plot of a) Temperature distribution and b) Stress distribution for model with 50 mm
Hastelloy X.

Therefore, there will be reduced risk of cracks.
Furthermore, the material transition will be moved
to the low-temperature regions. Due to high
temperatures, oxidation might still occur. Yet, the
coating could still be added if needed to resolve this
problem. As shown in Fig. 12a, the temperature
increase on the cold side is too severe and negating
the positive effect of increased stability. There will
be a higher risk of material loss if a crack occurs.

3.2.3. Comparison of results between stainless
steel, 6 mm and 50 mm Hastelloy X

As a result of the simulation, it can be concluded
that the average stress at the hot surface of the
burner for the case of 50 mm Hastelloy X is on the
same level as in the original stainless-steel model.
As Fig. 12 shows, the stress contour plots at the hot
burner face look very similar between both models.

SCIENTIFIC CULTURE, Vol. 12, No 5, (2026), pp. 446-461
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Figure 12: Stress contour at burner face of a) original model, b) repaired model with 6 mm Hastelloy X, and c)
repaired model with

As previously mentioned, Hastelloy X has a
lower thermal expansion value as stainless steel. It
has also been observed that an additional tensile
load is present in the model with a thin Hastelloy X
layer due to the difference in thermal expansion.
This is demonstrated in 50 mm Hastelloy X.

Fig. 13. The hot surface of the all-steel burner is
in compression condition due to high temperature.
If Hastelloy X layer is thin, the additional tensile
load is present in it due to the difference in thermal
expansion. The tensile load due to different

Mol i

expansion compensates for a part of compression
stress due to high temperature - resulting in lower
stress at the burner’s front face. At the same time, at
Hastelloy X steel transition, the stress is higher, and
this causes additional critical locations. However,
in the 50 mm Hastelloy X design, the effect of the
additional tensile load is absent because the steel-
Hastelloy X transition is in a low-temperature area.
Therefore, the stress is back to its all-steel case level
at the hot face.

Figure 13: Stress contour at burner face section of a) original model, b) repaired model with 6 mm Hastelloy
X, and c) repaired model with 50 mmm Hastelloy X.

3.3. Scenario 2: 3D-Print of Hastelloy X on
stainless steel top face with additional cooling

Since the first scenario proposed didn’t deliver
the expected results concerning a possible life
extension of the GT burner by 32k hours of
operation, this scenario still suggests using the first

scenario with a 6 mm Hastelloy X thickness, yet
together with imposed additional cooling. This is
supposed to extend the GT burner life cycle.
Therefore, a new FEA model with additional
cooling holes was developed to achieve a better life
cycle and lower repair costs. The proposed reverse
engineering is presented in Fig. 14.

SCIENTIFIC CULTURE, Vol. 12, No 5, (2026), pp. 446-461
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Figure 14: The CAD model of the pilot burner with additional cooling

As it can be seen in the figure, there are 3 intake
holes, each with a diameter of 6 mm. There are 60
outlet channels, each with a diameter of 1.381 mm.
The total volume of the printed components is
approximately 3.49 x10-5 m3. The amount of
cooling air (50 g/s, as shown in Fig. 15) for the GT
burner is taken from the rear stage of the GT
compressor, and it has no impact on the total GT
mass flow of 40 kg/s. Furthermore, the same
boundary conditions applied in the FEA models
used in the previous subsection were applied here.
The air temperature was taken to be TAir = 450-C,
and the fuel temperature was taken to be TFuel =
20-C. The same heat transfer coefficient and the
temperatures at different locations from the centre
face were taken from the test facility and used as
boundary conditions for the FEA models. These
values were already presented in Table 3.

It can be noted from Fig. 15 that the metal
temperature has been decreased by approximately
225°C compared to the original part without

cooling (Fig. 6). In addition, the thermal expansion
coefficient at 900-C in Hastelloy X is 1.6e-5, and in
stainless steel, is 1.57e-5, which shows good
agreement. As a result, the life cycle expectation can
be increased from 16k to 32k hours. A comparison
of temperatures at the same location between the
measured values at operating stainless steel GT, as
well as simulations from the FEA models with a 6
mm thin Hastelloy X layer with- and without
cooling, is depicted in Fig. 16. It is clear here that the
temperature at the centre of the pilot burner face
has been reduced by about 25% in the new
proposed reverse engineering. The comparison
between measured operating temperatures and
simulated results demonstrates good agreement in
trend and magnitude. The model successfully
captures the thermal gradient from the burner
center to the outer regions, confirming that the
applied boundary conditions provide a realistic
representation of operating conditions.

b ->—a
-
-

e

M

Distance from centre (radius) [mm)]
Figure 16: Results from the CAD model of the pilot burner with additional cooling.
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Temperature ~ 790-C 50 g/s air used Lifetime: > 48 kh
Figure 15: The CAD model of the pilot burner with additional cooling

3.3.1. Comparative Summary of Repair

To better illustrate the improvement achieved
through additive manufacturing and additional

Scenarios cooling, a comparative summary of the
investigated configurations is presented in Table 4.
Table 4: Comparative summary of repair scenarios
Configuration Center Temperature (°C) Observed Life Cycle Key Observation
Stainless Steel (Original) 990 ~8 cycles (field correlation) Crack initiation at face center
6 mm Hastelloy X Reduced locally Limited improvement Crack at material interface
6 mm Hastelloy X + Cooling ~790 32,000-48,000 h Significant life extension

4. COST-SAVING ANALYSIS OF BURNER
REPAIR WITH ADDITIVE MANUFACTURING

The study comprehensively analysed the cost
savings associated with additive manufacturing
(AM) burner repair compared to replacing new
parts. Table 5 summarises the costs involved in
both approaches. The cost of purchasing a new
burner is $1, 329 per unit. In contrast, repairing a
burner using AM techniques costs $872 per unit,
with a repair yield of 97%. To give a better
explanation of the cost savings, different repair
scenarios were initially proposed: one with cooling
and another without cooling. For the cost analysis,
the outcome of one additional cycle (16, 000 hours)
was considered, which represents Scenario 1
without cooling. The results demonstrate the
potential cost savings achievable through the
application of 3D printing repair. However,
Scenario 2, which includes additional cooling,
guarantees the achievement of two additional
cycles (32, 000 hours) and presents the possibility of
achieving up to three additional cycles (48, 000
hours). This illustrates the significant improvement
in lifecycle and cost efficiency when combining 3D
printing repair with enhanced cooling mechanisms.
This demonstrates that AM repair is significantly

less expensive than replacing the burner with a new
part. The cost calculation also includes a correction
factor or contingency risk to account for potential
uncertainties and ensure the robustness of the
financial analysis. This correction factor provides a
more accurate and realistic assessment of the cost
benefits. The findings indicate that substantial cost
savings can be achieved through AM repair.
Specifically, if each burner can successfully
undergo three repair cycles, equating to 48, 000
operating hours, the total savings amount to
approximately $1.22 million for repairing 450
burners. This significant reduction in costs
highlights the economic viability of AM repair over
purchasing new components. Additionally,
enhanced cooling techniques make achieving the
three-cycle lifespan with AM repair feasible.
Improved cooling mechanisms can extend the
operational life of the repaired burners, maximising
the benefits of the AM repair process. This
combination ensures the durability and
performance of the repaired parts and further
amplifies the cost-effectiveness by reducing the
frequency of replacements.

It must be noted that in AM, the complexity
factor is an adjustment to the repair or
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manufacturing cost to account for the following
aspects: Component Design Complexity, Material
Challenges,  Precision = Requirements  and
Customization and Non-Standard Repairs.
According to some studies from the literature, the
complexity factor could reach about +40% [49, 50].

5. CONCLUSION

This study investigated pilot burners’ failure
mechanisms and proposed potential repair
scenarios. A root cause analysis identified crack
propagation and fractures as the key issues.
Material selection was optimized for better thermal
stress and thermal fatigue resistance. A
comprehensive study, including the FEA of each
proposed scenario, was conducted to assess the
suitability of the repairs, and the results were
compared to measured values.

The first scenario involved cutting the damaged
stainless-steel layer of the pilot burner face to a
thickness of 6 mm and replacing it with a 3D-
printed Hastelloy X alloy of the same thickness.
This initial approach was then iterated upon in the
second scenario, where a 50 mm thickness (instead
of 6 mm) of the damaged stainless steel was cut and
replaced with the same 3D-printed Hastelloy X
alloy thickness. However, the first scenario was
deemed unsuitable due to the high difference in the

thermal expansion coefficients between the base
material and Hastelloy X, leading to crack initiation
between the two materials.

The second scenario, a variant of the initial one
but with additional cooling, showed significant
promise. After conducting an FEA study and
analyzing the repair cost versus the cost of a new

burner, it was concluded that the second scenario
(printed Hastelloy X with additional cooling) holds
the most potential for future development. This
repair scenario could extend the pilot burn- ers’ life
cycle by 2 to 3 cycles, equivalent to 32, 000 to 48, 000
hours, due to the added cooling, thereby offering
substantial operational benefits.

Currently, GT pilot burners have a lifespan of 16,
000 hours, which aligns differently from interim
and major inspection schedules. To reduce
maintenance costs, this project investigated
repairing field-returned components with reverse
engineering to extend their life to match the 32, 000
to 48, 000-hour cycle. It is concluded that a pilot
burner repaired according to the second scenario
has significant potential to achieve a service cycle of
32, 000 to 48, 000 operating hours, resulting in
reduced workforce, unplanned downtime, and
shutdown costs. Additionally, repairing a damaged
pilot burner is less expensive than purchasing a
new one.

Table 5: Cost saving analysis

Cost saving of burner repair with AM
Turbines [Pilot Burner Comments |Variables
Costs of actual new burner $1,329.80
|Actual lifetime 16,000 h
IAM costs repair (assumed) $872.00 [Estimation AM: from $872.00
$621,
|JAssumption: +40%)
complexity fac-
tor [55], [56]
Demand on burners / year 500
*E Yield rate of new repairs 97% GT burner AMP97%
g repair
2 Quantity of repaired burners 150 [Formula: Demand
S Yield rate
Summary
ONE ADDITIONAL CYCLE
Cost advantage for one cycle (16,000 h) $206, 010.00 5206, 010.00
Correction factor (contingency risk) $164, 808.00 $164, 808.00 20 %
TWO ADDITIONAL CYCLES
Cost advantage for two cycles (32,000 h) $804, 420.00 5804, 420.00
s Correction factor (contingency risk) 19643, 536.00 16643, 536.00 20 %
&
o
£ THREE ADDITIONAL
g CYCLES
= Cost advantage for three cycles (48,000 h) $1, 402, 830.00 $1, 402, 830.00
E Correction factor (contingency risk) $1,122, 264.00 1$1,122,264.00 20 %
FUTURE WORK While experimental validation of the FEA results

was beyond the scope of the present study, it
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represents an important next step toward industrial
implementation. Future work will include tensile,
creep, and thermal fatigue testing of repaired burner
samples to validate the numerical predictions. In
addition, full-scale testing of repaired burners under
simulated operating conditions is proposed to assess
mechanical performance, thermal resistance, and
long-term durability. These investigations will
further strengthen the reliability and practical
applicability of the proposed additive manufacturing
repair strategy.
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