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Abstract: Improving structures involves comparing old and new designs on a key parameter. Calculating the percent

change in performance is a method to assess. This paper proposes a cost-effective analogy by generating replicas of

additive manufactured aluminum alloy (AlISilOMg) body-centered cubic lattice (BCC) based turbine blade (T106C )

with the same in poly-lactic acid (PLA) material and their comparison in the context of percent change for natural

frequencies. Initially, a cavity is created inside the turbine blade (hollow blade). Natural frequencies are obtained

experimentally and numerically by incorporating BCC at 50% and 80% of the cavity length into the hollow blade for

both materials. The cost of manufacturing the metal blades is 90% more than that of the PLA blades. The two

material blade designs show a similar percentage variation, as the first-order mode enhancs more than 5% and the

second-order mode more than 4%. To observe the behavior in another material, both blades are analyzed numerically

with a nickel-based U-500 material, and the same result is achieved, describing that percent change between designs

can be verified using the PL A material.
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0 Introduction

With time, the advancement in additive manu-
facturing i1s underway with different and complex
structures being additive manufactured. One of the
interesting complex designs is the lattice structure.
According to Ref.[1], a lattice structure is a truss-
like structure formed by unit cells arranged in a regu-
lar pattern. Different types of lattice structures of
unit cells can be seen in Fig. 1. These recurrent
unit cells are arranged in all directions to create a
whole structure, serving as building blocks. In the
past few years, much work has been done on their
utilization inside different structures to enhance their
strength and mechanical performance. Kulangara et
al."”) utilized a honeycomb lattice structure on a spur

gear by considering weight reduction as the primary
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objective. The stress and displacements of the modi-
fied spur gear were compared with the full part and
concluded the same stress levels at 19% volume re-
duction. Yin et al."*' introduced a double curvature
composite sandwich hood with a pyramidal lattice
core as an alternative to the automobile engine hood
for better pedestrian safety performance compared
to their baseline hood design which was without a
lattice core and reduced the weight by 25% (Fig.2
(a) ). Magerramova et al."” integrated cellular lat-
tice structure inside the fan blades of a gas turbine
engine (GTE) and investigated that the strength-to-
mass ratio was 1.76—2.36 times greater than that of
the solid. The weight reduced by 27%—64% less
than all metal blades, and stress was found to be

2 times less (Fig.2(b) ). Du et al.'” developed a
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novel lattice structure, inspired by a beetle front
wing. Their goal was to investigate the effects of
processing parameters on densification behavior, mi-
crostructure, and mechanical properties. The addi-
tive manufacturing used in manufacturing complex
structures is expensive. Effective methods are need-

ed to ensure accuracy based on operating conditions.

X B X o+

(a) ACC (b)BCC (¢) BFCC (d) CBCC (e) CBFCC (f) CC

5 B8P X

(g) CFCC (h) Diamond (i) FCC (j) FCC2+ (k) iBCC (1) Octahedral

BENO @

(m) Octet (n) Rhombic (o) Shone (p) Truncated (q) Truncated
dodecahedron gyroid cuboctaledron cuboctahedron2+

Fig.1 Examples of lattice structure unit cells”

Outer panel

Lattice core

Support panel

(a) Lattice core under automobile hood

=)

4%
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Fig.2 Lattice-based products

Researching and developing various stages of
turbojet engines can incur significant costs, particu-
larly when testing prototypes for validation. From
Ref. [7], it is known that a low-pressure turbine
(LPT) is 30% of the total engine weight, and re-
ducing its mass can increase the overall performance
(life, operational cost, operational speed, etc.).

The mass reduction of the turbine blades can be

8-10]

achieved by changing materials' and decreasing

the number of blades with the usage of high-lifting

airfoils!

', Antorkas et al."""' worked on the topolo-
gy optimization for volume reduction of a T106C
LPT blade, based on static structural analysis. The
blade mass was reduced by 50% , with two internal
cavities covering 90% of the span. However, topol-
ogy optimization gave a huge advancement in de-
creasing the mass but failed to address the vibration-
al behavior of the blade in their study. Since turbine
blades have to go through a lot of adverse stresses
and aero-elastic forces during their operational life.
An improper design of the blade (aerodynamic
shape, material, fatigue, flutter) can be catastroph-
ic for the whole engine. As seen by research'"”,
LPT blades are found more prone to failure because
of their mass, high aspect ratio lengths, and high
lifting profiles, causing them to vibrate in the engine
during transient loads. Hence, reduction of mass is
not the only aspect, an enhancement of natural fre-
quencies is also important.

To understand the vibrational behavior of any
structure, experimental and numerical modal testing

[16-17] EVen

and analysis are used by the designers
though theoretical and numerical techniques are
valuable tools, the predicted results need to be veri-
fied by experimental testing before the concept can
be utilized in production. In this manner, the intend-
ed reliability, performance, and safety can be
achieved whether applied to the validation of a sim-
ple or complex system'®’,

Extensive research on experimental modal anal-
ysis (EMA) and numerical modal and harmonic
analysis (NMHA) from 2004—2022"""* have been
conducted on the single blade or a whole rotor disk
to find the natural frequencies for operational speed,
vibrational failure prediction and structural health
monitoring. However, the usage of the lattice con-
cept for optimizing the turbine blade is reported by
Hussain et al.”** | in which they utilized lattice
structures to enhance the natural frequencies and de-
creased mass of a metal 3D-printed turbine blade,
verifying it by EMA and NMHA. They filled the
blade with an octet lattice structure and worked by

analyzing different strut thicknesses (0.75, 0.5 and
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0.25 mm) of the lattice structure onto the natural
frequencies of the blade. They concluded that the
0.25 mm strut thickness octet truss lattice in the tur-
bine blade shown in Fig.3 enhanced the natural fre-

quencies better than the other strut thickness lattices.

Fig.3 Metallic turbine blade with octet truss lattice of

0.25 mm strut thickness

Metal printing for the blades can be expensive.
An alternate method is needed to do wider research
on complex geometrical structures like lattices. Bian
et al.'"®" investigated the compression behaviors of
BCC lattice structures additive manufactured by us-
ing poly-lactic acid (PLA), AlSil0Mg and polyam-
ide 12 (PA12). Although the three component ma-
terials have different mechanical properties, they ob-
served that the built lattice structures showed com-
parable stress-strain curve features and almost the
same deformation mode. This led them to employ
PLA and PA12 as constituent materials for investi-
gating the mechanical response rather than utilizing
metals to decrease the cost and ensure generic re-
sults.

Few studies have compared the mechanical re-
sponse of lattice structures with different materials.
None has explored the dynamic response of lattices
integrated into a structure. This study aims to fill
this gap by analyzing the percent change in natural
frequencies between hollow and body centered cubic
(BCC) structutes of lattice-based turbine blades
made from AISi10Mg and PLA plastic. To observe
differences in performance, the comparison involves
modal analysis. A nickel-based alloy namely Udi-
emt-500 (U-500) material is also numerically ana-
lyzed on a similar basis to aluminum and PLA
blades for natural frequency percentages for valida-

tion. This paper will also show the impact of lattice

structures on their potential to enhance the natural

frequencies of the blade.
1 Methodology

1.1 Baseline blade models

T106C is a high aspect ratio, high lifting pro-
file turbine blade. It is characterized as a high-lifting
airfoil because of its high degree of camber with
sharp leading, trailing edges and a maximum thick-
ness of 0.35C, (35% of chord length) “*. The re-
moval of mass from the blade is beneficial to the
blade, as mass is inversely proportional to the
square of natural frequency. For this study, a blade
model with a cavity ranging from 10% to 65% "**
along the camber line to cover the entire span is cre-
ated to reduce mass and increase the natural frequen-
cies. It can be seen from Fig.4. The upper surface
V., (x2) and lower surface V,(x) are the curve func-
tions of the T106C blade for a chord length (¢) ,
whereas the upper and lower curve functions of the
cavity represent C,(x) and C,(z). The area (Ao )
and moment of inertia (Iric) sum up all small rect-
angular sections ( (V,— V,)dx) within the blade. By
subtracting the cavity area (A,.,) and its moment
of inertia (I,) , the total area (A,;) and total mo-
ment of inertia (L) of the hollow blade are found.
The inertia of each section is taken about the neutral
surface position (v) defined for the whole cross-sec-

tion"*"™",

y C(x)

c
Fig.4 Quantities for determining and estimating the bend-

ing inertia of a hollow airfoil section
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The area and moment of inertia can be calculat-

ed from Eqs.(1—8) for the hollow blade. They are
modeled by using Creo Parametric, CAD software
with a 3 mm base plate for numerical and experimen-

tal modal analysis (Fig.5).

0100/0 o
e, 3%

Fig.5 Dimensions of hollow blade geometry with base plate

A BBC lattice structure is introduced into the
cavity of the hollow blade. BCC lattice structure is
composed of eight struts connected at the center of a
cube (Fig.6(a)). According to the study conducted
by Feng et al.®® on BCC lattice structure, they
have two advantages. Firstly, the BCC can be well-
manufactured because all struts can incline properly.
Secondly, it has a simple deform and failure mode
under uniaxial and multi-axial compression. Zhao et
al.”” mentioned that the stress distribution of the
BCC lattice structure with hexagonal struts was sim-
ilar to the cylindrical struts. Whereas, the elastic
and shear modulus were comparatively high for the
hexagonal design (Fig.6(b)), where “a” is the side
length, “d” the long diagonal, and “s” the short di-
agonal of the hexagonal strut. Due to these advanta-

geous properties, BCC with hexagonal struts is

(a) BCC lattice design

Cut plane

(b) BCC with hexagonal struts
Fig.6 BCC lattice structure

used in this study.

Only for this study, the BCC lattice structure
is integrated inside the hollow blade at 50% and
80% of the cavity length locations along the whole
span. The hexagonal strut short diagonal (s) is kept
at 0.8 mm in a 10 mm>X10 mmX 10 mm unit cell
for this study (Fig.7). Due to the camber of the air-
foil profile, the struts at 80% location are lesser at
the upper surface of the cavity C,(x) and more at

the lower surface of the cavity Ci(x).

50% 80%
Cavity length (mm)

Fig.7 Hexagonal strut BCC lattice structure at 50% and
80% of the cavity length

The BCC lattice will support the cavity and re-
sist deformation, and provide enough stiffness to in-
crease the natural frequencies of the hollow blade.
The lattice structure will make the blade a non-pris-
matic structure, having different cross-sectional ar-

eas and area moment of inertia (MOI) through the
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span. The cross-sectional area and moment of iner-

tia of the BCC can be added to Eq.(7) and Eq.(8)

to form the total cross-sectional area Eq.(9) and ar-
ea moment of inertia Eq.(10) for the BCC blade.

Apces = Ariose — Acwiy T Anec (9)

Ivces = Iriose — Loy T Ince (10)

Fig.8 presents the moment of inertia for a single

portion of 10.8 mm for both blades. Due to the incor-

poration of the BCC structure compared to the hol-

low blade, the MOI increases for the BCC blade.
The MOI for the hollow blade remains the same for
the portion and a horizontal line is observed explain-
ing the prismatic behavior of the blade. In the case of
the BCC blade, the MOI is higher when the struts
are further apart and decreases as they come closer.
This trend repeats throughout the entire BCC blade

structure. This indicates the non-prismatic behavior
of the blade.
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Fig.8 Moment of inertia of hollow and BCC blade of a 10.8 mm portion

The single portion is periodically throughout
the blade and enhances the MOI. With the increase
in MOI, the stiffness of the blade is enhanced as well
which eventually increase the natural frequencies of
the hollow blade due to the inclusion of BCC struc-
ture. Four blades are additively manufactured: Two
from AlISi10Mg and the other from PLA material.
The metal blades are manufactured by selective laser
melting (SLLM) technique, in which laser melts met-
al powder can form the structures. The PLLA blades
are manufactured by the fused deposition modeling
(FDM) technique, in which the PLA filament is
melted down a nozzle and forms different complex
structures. The cost of producing metal blades is
90% more than PLA blades in the available market.
Fig.9 presents the additive manufactured blades with

the BCC lattice structure inside with their mass.
1.2 Experimental modal testing setup

Modal analysis is conducted to extract the in-
herent dynamic structural properties (natural fre-
quencies, mode shapes and damping ratio) of a

structure and is used to formulate a mathematical

(a) AlSi10Mg BCC blade
Fig.9 Mass of the manufactured BCC blades

(b) PLA BCC blade

model for its dynamic behavior. This mathematical
model is considered the modal model and is derived
by modal testing. The theoretical basis of this tech-
nique entails establishing a connection between the
vibration response at one point and the excitation at
that or another point on the structure. This relation-
ship is known as frequency response function
(FRF) and its combinations from multiple points on
the structure lead to a set of FRFs which are repre-

sented as the FRF matrix of the system.
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The system/structure is divided into multiple
points. A sensor is attached to record the maximum
response. The input force excites the structure and
the response is received in the form of time domain
data (acceleration vs. time). Fast Fourier transform
(FFT) is used and is converted into FRF (Fig.10).
The peaks found in the FRF plot show the excita-

Time domain data

tion frequencies of the structure, having a specific
boundary condition. Each peak can be considered as
a single degree of freedom (SDOF). Analysis can
be performed in the form of a spring-mass-damper
system and the analysis can be done for finding the
natural frequencies, mode shapes and damping ra-

t10s.

[

Time

[oos

Response

Fast Fourier transform

SDOF

Cantilever plate

Frequency

2 @
Input
4
1 Output
3 6
5

Response between two points
upon force application

Frequency response function

, @,

wu
Calculating damping ratio

Fig.10 Experimental modal testing and analysis

The damping ratio can be calculated using the
half-power bandwidth method which is also known
as peak picking method. The maximum amplitude
(@m ) of the resonating frequency (w,) is identified
at the peak. Then half-power points w, and w, are lo-

cated from each side of the peak with amplitude
(aw/«/f ) and the damping ratio (£ ) can be calculat-

ed as

— w,

£ 2

w,

(11)

Four prototype (hollow and BCC) blades of
AlISi10Mg and PLA are bolted to the base plate
one by one for testing. Twenty-four measurement
locations are marked on the convex side (suction
side) of the blade. The points (1, 9 and 17) are
at a 6 mm distance from the base (fixed side) ,
whereas all other points are approximately spaced
at a distance of 30 mm from the fixed to free end
and a distance of 40 mm from trailing edge to lead-
ing edge (Fig.11). A single reference roving ham-
mer test is performed with a single accelerometer
fixed to the free-end tip of the blade trailing edge

to measure the response. These points are mapped

Free side

W Trailing[Go® - lerometer T
W edge
side

Fixed side

Fig.11 Measurement points of the blade

into the modal software and are excited using a
modal hammer (PCB-086C03) with a rubber tip.
Each point exhibits a response in the form of accel-
eration, and the response FRF is observed in the
form of accelerance (g/N vs. frequency). The fre-
quency range is set as 0—1 000 Hz. The sampling
rate set as 1 024 samples/s and the 1 024 spectral
lines are selected. Rectangular window 1s used
which is good for modal hammer impact testing
(Fig.12).
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Force (as input)

Modal hammer

Fig.12 Experimental modal testing flow chart

1.3 Numerical modal analysis setup

Numerical modal analysis (NMA) of the
blades is conducted using ANSYS. Modal analysis
is performed by using an un-damped free vibration
system with the following equation.

[M{Z}+[K]{x}=0 (12)
where [ M | is the mass matrix, and [ K] the stiff-
ness matrix.

For the eigenvalue (natural frequencies), mod-
al analysis 1s employed

((K]—wlM]){¢,}=0 (13)

where ] is the angular natural frequencies matrix

and {¢,} the eigenvectors which are the mode

shapes for the corresponding frequencies. The angu-

lar frequencies are converted into natural frequencies
@ ;
’ (14)

T~
The models are divided into small elements,
which can be represented as a sparse matrix. To
solve these sparse matrices, the block lanczo meth-
od is employed for extracting the eigenvalues (natu-
ral frequencies) and eigenvectors (mode shapes) of
the structure'®’. The material properties utilized in
this work of AISi10Mg, PLA, and U-500 are pre-
sented in Refs.[8,41-42].

Table 1 Material properties of AISi10Mg, PLA and U-500 nickel-based alloys

Property AlSil10Mg PLA U-500
Density/(kgem °) 2670 1210—1 250 7 800
Young’s modulus/GPa 76.60 0.35—3.50 190—210

Poisson ratio 0.33 0.30 0.27—0.30
Bulk modulus/Pa 7.607 810" 0.291 6 X10°—1.833 3 X 10’ 1.583x 10"
Shear modulus/Pa 2.917 310" 0.134 6X10"—0.846 15X 10’ 7.307 10"

The models are auto-meshed with tetrahedron
and mapped-face meshing (over the pressure and
suction side) to convert them into quadrilaterals to

capture the edges of the blade (Fig.13). The finite

¥y
z}\x

Fig.13 BCC blade meshed model

element model generated for the hollow blade has
24 053 nodes and 12 279 elements. And there are
166 503 nodes and 87 936 elements for the BCC
blade. Fixed boundary condition is applied to the
holes in the base plate of models to create the canti-

lever behavior.
2 Results and Discussion

2.1 Experimental and numerical modal analy-

sis results of blades

Experimental modal analysis results are ob-
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tained in the form of natural frequencies for each
blade from the FRF. The FRF plots of aluminum-
based hollow (AHB), BCC blade (AXB), PLA-
based hollow (PHB) and BCC blade (PXB) are
presented in Fig.14 and Fig.15. The EMA response
plot of AHB in Fig.14(a) shows two peaks at
280.3 Hz and 503 Hz, which correspond to the first
and second natural frequencies of the blade design.
The damping ratios at these peaks are 0.28% and
1.5%. Meanwhile, the EMA plot of AXB in Fig.14
(b) shows the peaks at 295.8 Hz and 522.5 Hz,
whereas the damping ratios are calculated to be
0.24% and 1.06%.

EMA of the PHB response plot in Fig.15(a)

1.00
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503 Hz

Normalized amplitudes
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Fig.14 Natural frequencies of aluminum alloy blade
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Fig.15 Natural frequencies of PLA blades

shows the first two peaks at 78.3 Hz and 150.8 Hz,
which correspond to the first and second natural fre-
quencies. Whereas, the EMA response plot of PXB
in Fig.15(b) shows peaks at 82.3 Hz and 159.4 Hz
which are the first and second natural frequencies of
the PLLA BCC lattice blade. The calculated damping
ratios for the first and second peaks are 2.64% and
2.63% for the PLA hollow blade, whereas the
damping ratios for the PLA BCC blade are calculat-
ed to be 2.18% and 2.39%. Table 2 presents the en-
hanced natural frequencies for the lattice-based tur-
bine blade design, which is a preferable parameter
in GTE’s.

Table 2 Experimental mass and natural frequencies

Material Blade type Mass/g First-order mode/Hz Second-order mode/Hz
. AHB 332.1 280.3 503.0
AlSiloMg AXB 339.8 295.8 522.5
[~
PLA PHB 154.5 78.3 150.8
PXB 158.5 82.3 159.4

The experimental mode shapes of the blade de-
signs of both materials are presented in Fig.16. The
first-order mode of the blades is the bending mode in
the z-direction, whereas the second-order mode is
the torsional mode. It can be observed that the BCC
blades have lesser deformation levels than the hol-

low blade for both bending and torsional mode, pre-

senting that the BCC structure provides stiffness in
the cavity and increases the natural frequencies as
well as lowers the deformation levels.

The natural frequencies obtained from NMA
of the blade designs for three different materials are
presented in Table 3. The natural frequencies for
the AHB are 277.58 Hz and 499.81 Hz for the first-
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Fig.16 EMA mode shapes of aluminum, PLA material hol-
low and BCC blades

Table 3 Numerical mass and natural frequencies

First-order Second-ord

Material ~ Blade type Mass/
P & mode/Hz er mode/Hz
) AHB 329.38 277.58 499.81
AlSilOMg
AXB 339.05 294.01 522.23
PLA PHB 154.20 79.19 153.17
’ PXB 158.10 83.89 160.46
UHB 962.23 294.61 569.84
U-500

UXB 990.48 311.36 596.78

order and second-order modes respectively. While
the natural frequencies are also increased for the
AXB blade, where the first-order mode is 294.01 Hz
and the second-order mode is 522.23 Hz. Similar-
ly, the natural frequencies enhance for the PLA
blade. The first-order mode of the hollow blade
(PHB) is 79.19 Hz and the second-order mode is
153.17 Hz,
PXB is 83.893 Hz and 160.46 Hz for the second-or-
der mode. The natural frequencies for the U-500
material for the hollow blade (UHB) are
294.61 Hz and 569.84 Hz, whereas the inherent

whereas the first-order mode for the

frequencies for the U-500 BCC blade (UXB) are
311.36 Hz and 596.78 Hz for the first and second-
order modes.

The first-order mode is the bending mode,
whereas the second-order mode is the torsional
mode. Max deformation at the trailing edge is ob-
served for the first-order mode. Whereas, the blade
twists from the nodal line at the middle for second-

order mode (Fig.17).

Normalized deformation

(a) The first-order mode

Normalized deformation

(b) The second-order mode

Fig.17 Mode shapes for the hollow blade

Fig.18 presents the numerical modal shapes of
the BCC blades. Lesser volume has deformation in
the first-order mode of the BCC blade as compared
to the hollow blade. This is due to the BCC increas-
es the stiffness of the blade. The deformation for the
second-order mode (torsional mode) is nearly the
same. When comparing both responses, it can be
seen that the inclusion of the BCC lattice structure
inside the blade enhances the natural frequencies of
the blade. EMA indicates that the usage of a lattice
structure is beneficial for the turbine blade. It in-
creases the natural frequencies. And it is always de-
sirable to have higher blade natural frequencies to
avoid resonance with the rotational speeds of the
GTE™.
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Fig.18 Mode shapes for the BCC blade

2.2 Comparison of percent change results for
different methods

Table 4 presents the percent change values for
modified blades that are made from different materi-
als. These values demonstrate the percentage differ-
ence between the old and new values. For the alumi-
num alloy material, the experimental difference is
2.32% in terms of mass, and 2.93% in numerical
terms. Similarly, for the PLA material, the percent
change for experimental blades is 2.58% and
2.53%. In first-order mode, the experimental differ-
ence for aluminum alloy material is 5.53% , while
the numerical difference is 5.95%. For PLA materi-
al, the experimental percent change is 5.11% , and
the numerical result is 5.93%. As for the second-or-
der mode, the percent change ranges from 4% to
5.7%. Lastly, the numerical percent change for U-
500 blades show that the mass change is 2.93%,
whereas, for the first and second-order modes, they
are 5.68% and 4.73% , respectively.

Table 4 Comparison of percent change results between different methods

Percent change between the  Percent change between

Percent change between
mass of both blades/ %

Modal analysis method

first-order mode of both the second-order mode of

blades/ % both blades/ %
Experimental result for AISi10Mg blades 2.32 5.53 4.01
Numerical result for AISi10Mg blades 2.93 5.95 4.48
Experimental result for PLA blades 2.58 5.11 5.70
Numerical result for PLA blades 2.53 5.93 4.75
Numerical result for U-500 blades 2.93 5.68 4.73

The turbine blade made out of aluminum alloy
and the one made out of PLLA exhibit similar behav-
ior, regardless of the material used. The findings
show that even when a different material (U-500) is
used, the percentage change is almost the same as
the PLA and aluminum material. These observa-
tions confirm that no matter the material used, the
similitude behavior of the similar structure of the tur-
bine blade remains almost identical.

By keeping the structural geometry and bound-
ary conditions identical, it is possible to achieve a
nearly identical percent change between two de-
signs, irrespective of the material used. Even if the
material is changed, the percent change between the

designs remains unaffected. The PLLA material pro-

vides a cost-effective solution for designing and fab-
ricating turbine blades for research purposes. It can
be seen that the aluminum BCC blade enhances the
natural frequencies compared to the aluminum hol-
low blade, and also demonstrates that using PLLA
material can produce results that are comparable to
expensive metal blades. With this technique, proto-
types can be designed, fabricated and performed
EMA, which can help to create more efficient and
costeffective solutions for enhancing natural fre-

quencies.

3 Conclusions

Metal additive manufacturing has introduced a

new way of building complex lattice-based aero-
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space-grade parts in a significantly reduced time-
frame. However, metal prints and experiments re-
quired for design evaluation are still costly.

In the current project, an economical method
of designing evaluation for expensive turbine blades
has been proposed in the current project. This is
achieved by evaluating and comparing the vibration-
al characteristics trends of the PLLA and metal-manu-
factured blades. For this purpose, a T106C LPT
blade is structurally modified by internally integrat-
ed BCC lattices to reduce the weight and improve
the vibrational characteristics.

EMA and NMA are conducted on two designs
(hollow, BCC blade) of different materials. The re-
sults are compared based on the percent change of
natural frequencies. Subsequently, a nickel alloy
(U-500) model is numerically analyzed, compared
with the results of aluminum and PILLA materials.
Based on the findings, the following conclusions
can be drawn:

(1) By incorporating a lattice structure within
the hollow blade, the natural frequencies improve
by 5.9% for the first-order mode and 4.7% for the
second-order mode with only 2.5% mass inclusion.

(2) A maximum percent change of 1.9% is ob-
served between the EMA and NMA results, giving
a good agreement of the obtained results.

(3) The comparison between the numerical
and experimental results reveals similar trends in
terms of the percentage change in mass and natural
frequencies.

(4) The NMA of the nickel-based alloy U-500
blade shows the same behavior in percent change for
the first and second natural frequencies, which is
similar to the PLLA and aluminum prototypes.

The similitude behavior between the PLA
models and metal models is quite effective in pre-
dicting the comparative design values for selection
and additive manufacturing. According to the avail-
able technology in the market, metal printing is
90% more expensive compared to PLA printing
which is the novelty of this research.

In conclusion, both numerical and experimen-

tal modal analyses indicate that the percent change
trend of mass and natural frequencies between the
metallic turbine blades can be verified by the PLA-
printed prototypes, indicating a similar trend. These
results contribute to the development of a novel vali-
dation method for complex designs, utilizing a simi-
larity behavior model. According to this model,
when a structure is subjected to the same boundary
conditions, it will exhibit the same percentage
change in vibrational characteristics, regardless of
the material used. This method provides a valuable
approach for validating complex designs based on

their similarity in vibrational behavior.
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