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Design optimization for the weight reduction of 2-cylinder
reciprocating compressor crankshaft

This study aims to optimize the 2-cylinder in-line reciprocating compressor
crankshaft. As the crankshaft is considered the “bulkiest” component of the recip-
rocating compressor, its weight reduction is the focus of current research for improved
performance and lower cost. Therefore, achieving a lightweight crankshaft without
compromising the mechanical properties is the core objective of this study. Computa-
tional analysis for the crankshaft design optimization was performed in the following
steps: kinematic analysis, static analysis, fatigue analysis, topology analysis, and dy-
namic modal analysis. Material retention by employing topology optimization resulted
in a significant amount of weight reduction. A weight reduction of approximately 13%
of the original crankshaft was achieved. At the same time, design optimization results
demonstrate improvement in the mechanical properties due to better stress concen-
tration and distribution on the crankshaft. In addition, material retention would also
contribute to the material cost reduction of the crankshaft. The exact 3D model of
the optimized crankshaft with complete design features is the main outcome of this
research. The optimization and stress analysis methodology developed in this study
can be used in broader fields such as reciprocating compressors/engines, structures,
piping, and aerospace industries.

1. Introduction

The crankshaft is considered the most important component of a reciprocat-
ing compressor/engine. In recent decades, weight reduction of the crankshaft has
remained one of the core research goals in the fields of reciprocating systems. In
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terms of weight, the crankshaft of the reciprocating compression systems is, in fact,
the “bulkiest” component due to its complex geometry which consists of several-
cylinder journals and crank webs. In order to cope with such bulky characteristics,
the weight optimization of the crankshaft is a beneficial approach that can con-
tribute to reducing the relative manufacturing cost. In addition, smaller and lighter
components are equally beneficial in reducing vibration and noise. For the auto-
mobile industry, the requirements of high fuel economy, low exhaust emissions,
and high specific power can also be achieved at the same time [1].

The research on crankshaft weight optimization has been carried out since the
inception of the reciprocating compressors and was the main focus of numerous
past studies [1-7]; however, there is still a huge potential for further improvements
in the optimized crankshaft lightweight designs. Druschitz [2] presented several
lightweight crankshaft designs developed with the potential to provide a significant
amount of weight reduction. The existing crankshaft lightweight methods mainly
include hollow crankshaft design, use of innovative materials, and shape optimiza-
tion such as optimizing the web design and smaller bearing diameter. In this regard,
Honda R&D department [3] was the first to develop the hollow crankshaft for racing
vehicle engines. Papadimitriou [4] deeply investigated the potential and feasibility
of hallow crankshaft lightweight design in automotive engines and managed to re-
duce 20% crankshaft weight. The study further confirmed the scope for the hollow
lightweight design. Although the use of hollow designs can achieve a good result
in terms of mass reduction, this method usually leads to a decrease in stiffness and
causes several serious concerns related to mechanical performance.

The use of innovative materials is another effective approach to achieve weight
reduction. The new grades of steel or steel alloys with improved strength properties
and lower weights are usually employed by the automotive industry to fulfill the
weight reduction demands; as a result, the weight reduction can reach up to 25% [5].
On the other hand, shape optimization is generally based on genetic and evolution-
ary algorithms, thus, making it a relatively new area of research. Lampinen [6]
studied the topology optimization application on a cam design to minimize the sys-
tem vibration and keeping the changes smooth in the cam. Alberts [7] investigated
the crankshaft lightweight optimization effect on different crank web profiles and
managed to get a satisfactory weight as well as a reduction in imbalance.

The fundamental research on static and fatigue strength is the principle con-
tent for the crankshaft design. Static analysis is generally performed to ensure the
stress distribution under the maximum permitted loads by identifying the sensitive
sections. Henry [8] utilized FEM (Finite Element Method) and BEM (Bound-
ary Element Method) on the crankshaft to investigate the stress concentration;
the results were further used for the durability of the crankshaft and conceptual
design.Guagliano [9] conducted a study on a marine diesel engine crankshaft in
which two different FE (Finite Element) models were investigated. Due to the
computational limitations for the 3D model, a 2D model was used to obtain the
stress concentration factor, which showed accurate results for a centered load and
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eccentric loads. Borges [10] conducted a FEM-based study on a geometrically
restricted model of an automotive crankshaft. This study was based on static load
analysis and investigated loading at a specific crank angle. The FE model results
showed uniform stress distribution over the crank, and the only region with high-
stress concentration was at the fillet between the crank-pin bearing and the crank
web. Borges [10] analyzed the stress distribution on automotive engine crankshaft
for stress homogenization and localization of stress concentration points. This
study also concluded that the stress concentration was restricted to the fillet of the
crankpin bearing.

Dynamic loads and rotating work conditions exert cyclic loading on the
crankshaft, which is often responsible for fatigue failure. Therefore, fatigue strength
is extremely important in mechanical analysis and design, especially when the struc-
tural components are under the influence of cyclic loading. Taylor [11] analyzed
the crankshaft fatigue failure under the bending and torsional loads. The equivalent
K method, also known as ‘crack modeling’, was employed to observe the stress
concentration phenomenon in the crankshaft. It was observed that the finite element
meshing quality played a significant effect on the stress analysis and the accuracy of
the result prediction. Li [12] investigated the influences of chemical composition,
mechanical properties, and macroscopic/microscopic features of the crankshaft
failure. The study concluded that the fatigue fracture was only attributed to the
fracture crack caused by bending stress concentration initiation and propagation.
Mekar [13] conducted Linear Elastic Fracture Mechanics (LEFM) and Critical
Distance Approach (CDA) to predict the probable position of the crack generation,
which could further influence the crankshaft fatigue life. The results showed that all
the critical positions were located at the fillet due to high-stress gradients. Shi [14]
studied the crankshaft fatigue failure process, and the experimental results laid a
foundation for the crankshaft remanufacturing. The study successfully investigated
the crankshaft fatigue failure process, fatigue initiation, fatigue crack propagation
(FCP), and fracture. For the dynamic analysis of the crankshaft, Yao [15] con-
ducted a modal analysis using ANSYS on the crankshaft to observe the natural
frequency and vibration modes. A 3D model was created for the analysis, and as
a result, 20 order natural frequency and vibration modes were obtained to prevent
the system resonance. Mendes [16] performed structural analysis on the crankshaft
and crankcase to pursue better design in terms of stiffness with minimum changes
in design. Yu [17] utilized a combination of flexible body dynamics and finite
element analysis for the stress calculation in the compressor crankshaft, which
could provide the load variation of the crank and connecting rod mechanism with
time. The results indicated the maximum von Mises stress occurred at the fillet
in the junction between crank pin and crank web and successfully predicted the
crankshaft life by using the stress history.

Most of the previous research on the crankshaft was performed on the recipro-
cating engines by using hollow design and shape optimization; however, research
performed on the compressor crankshaft is relatively limited. As mentioned earlier,
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the crankshaft, due to its complex geometry, takes a large proportion of the total
weight of the system; therefore, the core focus of this study is the crankshaft weight
reduction of the reciprocating compressor using the topology optimization method
with improved mechanical properties. The “ZW series LPG compressor” is chosen
for this study due to its extensive use in industries, especially in Liquefied Petroleum
Gas (LPG). Also, this compressor is one of the most successful compressors in
the last few decades, which is widely used in fuel stations, domestic and business
building heating, and even in the food courts for kitchen use. Reliability and perfor-
mance also make it a potential candidate to stay for decades to come. In this paper,
the optimization of the crankshaft is performed with the interchangeability pre-
condition of the crankshaft, i.e., even after the design optimization the crankshaft
should still be suitable to be used in the parent compressor system. Crankshaft op-
timization is carried out in the following steps: (1) mechanism analysis, (2) static
analysis, (3) fatigue analysis, (4) topology analysis, (5) dynamic modal analysis.
Commercially available ANSYS software was used for the static and dynamic anal-
ysis, whereas for the kinematic analysis ADMAS was utilized. Description of the
base reciprocating compressor and crankshaft parameters is followed by the details
of the crankshaft design, their configuration, and computational schemes. Numer-
ical results manifested a significant reduction in the crankshaft weight, which is
approximately 13% lighter as compared to the base crankshaft model. In addi-
tion, the stress and deformation distribution on the optimized model were also
improved.

This paper is part of the series of the current [18-23] and future studies under
the ERDF (European Regional Development Fund) project, which aims at develop-
ing educational/research purpose high-speed flow testing facilities and aerospace
equipment at Riga Technical University, Latvia. The findings and methods learned
during this work will be utilized in the mechanical design and structural testing
of the sensitive parts and equipment, especially for the compression system of the
wind tunnel.

2. Computational modeling

2.1. Reciprocating compressor specifications

At first, the reciprocating compressor host was modeled in SOLIDWORKS;
the host model will only be used for the mechanism analysis. The layout of the
compressor host and important operating parameters of the reciprocating compres-
sor are summarized in Fig. 1 and Table 1, respectively. The compressor host is
driven by the external electrical motor through the crankshaft; the crankshaft then
transfers the power to the piston through the connecting rod by which the cylinder
gas volume changes, resulting in high-pressure gas supply from the compressor.
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Fig. 1. Layout of the compressor host

Table 1.
Performance Parameters of Compressor [24]
Compressible Medium LPG
Standard Capacity (m3/min) 0.8
Rotational Speed (r/min) 550
Suction Pressure (MPa) 1
Exhaust Pressure (MPa) 1.6
Suction Temperature (°) <50
Exhaust Temperature (°) < 110

2.2. Crankshaft modeling and properties

The reciprocating compressor crankshaft consists of two-rod journals; the
total length of the crankshaft is 460 mm, while the total weight is 14826.54 g. The
computational model of the original crankshaft was created in SOLIDWORKS and
is shown in Fig. 2. Important mechanical properties of the crankshaft are presented
in Table 2.

Table 2.
Mechanical properties of crankshaft
Elastic modulus (N/m2) 2.05 - 101
Anti-shear modulus (N/m?) 8.0- 1010
Poisson ratio 0.3
Density (kg/m?) 7850
Tension strength (N/m2) 6.25- 108
Yield strength (N/m?) 5.3-10%
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Fig. 2. Crankshaft model

3. Mechanism analysis

A kinematic analysis deals with the motion in terms of displacement, veloc-
ity, and acceleration without the inclusion of forces. Fundamental and theoreti-
cal details of the kinematic analysis can be found in Ref. [25]. For the study of
the motion mechanism of the reciprocating compressor, the crank mechanism in
ADAMS/View software was utilized. Kinematic analysis was performed by simu-
lating the assembled 3D model of the crank mechanism, as shown in Fig. 3. The
3D model assembly was imported to ADAMS for the kinematic analysis. The con-
straints and kinematic pairs were set as well as the motion and driving force were
also applied to the model before the computational simulations. Fig. 4 shows the
kinematics model of the crankshaft assembly in the reciprocating compressor.

Pistons

. Flywheel
Connecting rods

Crankshaft

Fig. 3. 3D model of the crank-rod mechanism Fig. 4. Crank-rod mechanism in ADAMS

As multibody simulation software, ADAMS, can be easily integrated with the
common CAD and Finite Element Analysis programs for improved results and vi-
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sualization. The piston displacements plot is illustrated in Fig. 5; the moment when
Piston-1 starts to move downwards from the maximum upper position manifests
the start of the suction process. At the same time, Piston-2 starts moving upward
from the minimum lower position, depicting the start of the exhaust process. The
plot (Fig. 5) indicates the overall process during the suction and exhaust strokes
of the two pistons. In this study, a two-cylinder in-line reciprocating compressor
is considered; therefore, blue and red curves in Fig. 5 represent each piston’s dis-
placement time variations in one working cycle. It can be observed that two-piston
displacement curves are symmetric with respect to the time axis demonstrating the
alternating movement of the pistons.
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Fig. 5. Displacement-time curve of the pistons
Angular velocity and acceleration time variations for one complete working

cycle of Piston-1 are illustrated in Fig. 6. The piston velocity increases from the
lower dead center marking the beginning of the exhaust process (red color curve
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in Fig. 6). It is to be noted that the negative sign in the velocity axis is only for the
direction while the magnitude of the velocity increases. The acceleration produced
due to this change in velocity will be neutralized (equal to zero) when the gas force
from the cylinder becomes equal to the piston force at some point in the exhaust
process (blue color curve in Fig. 6). There will be a continuous deceleration of the
piston till it reaches the top dead center at the end of the exhaust process, i.e., at
the point when the acceleration reaches zero. A similar mechanism can be justified
for the Piston-2.

4. Structural analysis

4.1. Grid generation

The finite element crankshaft model was developed in ANSYS. Due to the
complicated configuration structure of the crankshaft and the complexity in mesh-
ing and calculations, the oil-hole and minor fillets, which do not affect the analysis
results, were omitted from the crankshaft model. The hexahedral mesh elements
were used for the load and boundary application regions such as main and rod jour-
nals; hexahedral meshing is more suitable for the accuracy of the analysis where
loads are applied. Tetrahedral meshing was adopted for the remaining regions in-
cluding crank web parts, due to its simplicity and adoptive quality to complex
geometries. The overall mesh consists of 77658 elements and 125731 nodes; the
mesh scheme of the crankshaft is illustrated in Fig. 7.

Fig. 7. Grid scheme for the crankshaft model

4.2. Static structural analysis

Static structural analysis is frequently carried out for steady loads, stress anal-
ysis, deformation, and strain on the structures or components. It is beneficial for
the gradual and slow-acting structural loads irrelevant to a time dependency. For
the static analysis of the original crankshaft considered in this study, the two main
journals are fixed as per the real operating conditions (Fig. 2). The piston ap-
plies force on the two-rod journals through the connecting rod; this force is then
used for the calculation of the load distribution by using the equivalent calculation
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method. Steady-state static analysis was performed in ANSYS, where the loading
was applied in terms of inertial forces, which were calculated from the gravity and
rotational velocity. The load is applied to the crankshaft journal while the driving
moment was applied through the flywheel at the right side of the crankshaft. Along
the axis, the surface loading is assumed to be distributed parabolically, while along
the circumferential direction the surface loading varies as a cosine function which
is expressed in Eq. (1) [25].

90, x2 360
40 = T6LR (1 - LZ)COS( 2 ) M

Equation (1) is symmetric with variables x and 6. For the application of the
distributed surface load, ANSYS Parametric Design Language (APDL) module
was utilized. The application of the distributed load on the crankshaft journal is
demonstrated in Fig. 8, where the maximum load value is located at the mid-point
of the journal surface. Additionally, loads are symmetric along the radial and axial
directions on the journal surface and decrease with the distance increasing from
the mid-point, hence confirming the fact expressed in Eq. (1).
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Fig. 8. Load distribution application on journal surface

The results of the deformation and stress distribution of the crankshaft are
illustrated in Fig. 9 and Fig. 10. Results are obtained for the two working conditions;
the first working condition refers to the highest position attained by the left rod
journal when it experiences the maximum load from the piston, whereas the second
working position is the highest attained position of the right rod journal when it
encounters the maximum load from the piston. In the first working condition, the
maximum stress (51.9 MPa) is located on the fillet between the left main journal and
the crank web part, as observed in Fig. 9a. The maximum deformation (0.0086 mm)
appears on the left rod journal, as illustrated in Fig. 9b. Similarly, in the second
work condition, when the load is maximum on the right rod journal, the maximum
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Fig. 9. First working condition on the original crankshaft model
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Fig. 10. Second working condition on the original crankshaft model
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stress (46.3 MPa) is still observed at the fillet between the left main journal and the
crank web. However, the deformation location had been moved slightly towards
the middle crank web part (approximately 0.009 mm), which can be ignored. The
results of the static structural analysis of the crankshaft manifest that the maximum
stress values are much lower than the material yield strength of the crankshaft,
which implies the presence of enormous improvement potential for the original
crankshaft model.

4.3. Fatigue analysis

The crankshaft experiences long-term cyclic loading during the working pro-
cess, and due to the bending and torsional loads, significant stress effects can
be induced in the system. In addition, dynamic load in a rotational system be-
cause of the torsional effects also exerts bending and shear stresses, which are
most frequently experienced by the crankshaft and are commonly responsible for
crankshaft fatigue failure. Therefore, fatigue failure is one of the core concerns
in the crankshaft design and optimization. Many researchers, including Ref. [26],
observed that the crankshaft fracture was mainly located at the transition area of
the main shaft and crankpin.

In this section, fatigue analysis of the original crankshaft model is presented;
Finite Element Method (FEM) was utilized to predict and estimate the crankshaft
fatigue life by using the fatigue analysis module Ncode Design Life in ANSYS.
The fatigue analysis consists of three primary input parameters, i.e., Finite Element
(FE) results, Material Mapping, and Load Mapping. Fig. 11 illustrates the layout
of the fatigue analysis methodology adopted for this study.

FE Input
| —

—— ~\
Material Mapping { Fatigue Analysis H Fatigue Results Display

| —

CE—
Load Mapping

| —

Fig. 11. Layout of the fatigue analysis methodology

The fatigue analysis is performed after the static analysis; therefore, the static
analysis results are considered as the input parameters for the fatigue analysis. In
the static analysis, two working conditions were analyzed; because of this reason,
the time-step method was utilized as the load mapping input parameter for the
fatigue analysis. Material parameters of SAE 1045 steel were used as the input in
the material editor Ncode. Fig. 12 illustrates the flow chart of the fatigue analysis.
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Fig. 12. Flow chart of the fatigue analysis method in Ncode

The fatigue analysis results in terms of the total life contour of the crankshaft
are demonstrated in Fig. 13. The red color in the contour plot indicates critical
regions in the crankshaft, whereas the blue color indicates the values below the
endurance limit. Ref. [27] suggested that fatigue failure could be ignored after
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Fig. 13. Fatigue life of the original crankshaft model
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8.0e+6 cycles. In this study, the minimum value observed for the crankshaft fatigue
life is 9.26e+018 which is much higher than the reference value (8.0e+6) indi-
cated in [27]; therefore, the crankshaft can be regarded as infinite fatigue strength.
The minimum cycle value is observed at the fillet between the left main journal and
crank web (Fig. 13), which is due to the maximum stresses acting at the fillet, also
observed in the static analysis. From the fatigue results, it can be concluded that
the fillet between the left main journal and crank web is the weakest location on
the crankshaft; however, the value of fatigue obtained from the analysis is far more
secure than the default value, and the crankshaft can operate without any alarming
condition.

5. Topology optimization

Inrecent years, topology optimization has gained significant importance among
researchers and engineers for the optimal layout of the structures in the design re-
gions. Cost-effectiveness, ease of implementation, and efficiency in the analysis
of structures and mechanisms are the main benefits of topology optimization. In
this study, topology optimization is used to achieve the crankshaft weight reduc-
tion goal while keeping the strength under acceptable and safe limits. Topology
optimization is a well-established mathematical method; the general optimization
expression is provided in [28] and represented here in terms of Eq. (2).

Min (f(x))

Subjected to: gi(x) <0 j=1...,mg )
hie(x)=0 k=1,...,m
Ximin S Mg < Ximax [=1,...,n

where, x is the vector of design variables within the predefined permissible range,
f(x) is the objective function, g;(x) and hi(x) are the inequality and equality
constraints, respectively.

Since the interchangeability precondition of the crankshaft is one of the main
objectives of the optimization, the three crank web parts were chosen as the design
regions for topology optimization. Crank webs are the ultimate choice for the
topology optimization as the hollow design should be implemented to crank webs
only; hence, by doing so, the overall weight reduction can be achieved. On the other
hand, hollow design for the other parts such as main or rod journals is not suitable
as the main stresses are applied on these parts and in the case of hollow design the
strength will be compromised, which is not an option for the crankshaft smooth
performance.

Fig. 14 illustrates the topology optimization results obtained after the analysis
of three crank webs. Considering the retention ratio and the symmetric constraints,
the optimization process was analyzed in ANSYS. The final material retention-ratio
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range of the design region was kept from 0.6 to 1 because only within this range
the crank webs material was flexible in terms of strength and smooth operation
of the crankshaft. From the analysis, it was observed that a range lower than
0.6 would cause an overall low crankshaft thickness and strength, which would
critically affect the crankshaft performance. Topology optimization possesses a
unique advantage of the highest possibility of continuous improvement in design;
for instance, the retention ratio and the symmetric constraints are flexible and can
be altered depending upon the type and design of the crankshaft. Additionally, due
to the topology optimization, improved results in terms of mechanical properties
can be obtained; material removal ensures not only the weight reduction but also
the manufacturing cost.

B: Topology Optimization

Topelogy Density 2

Type: Topology Density
Iteration Number: 10

2019/10/3 15:26
B Remove (0.0 to 0.4)

D Marginal (04 te 0.6)

B Keep (06 to 1.0)

Fig. 14. Topology optimization of three crankshaft crank webs

Topology optimization in this study manifests an impressive weight reduction
ranging from 14738 to 12839 grams, which is equal to approximately 13% ma-
terial removal from the original crankshaft. Fig. 15 demonstrates the crankshaft
model after the topology optimization; it can be observed that a considerable
amount of material has been removed from the crankshaft; hence, the core aim of
lightweight crankshaft design is achieved. The mechanical properties of the opti-
mized crankshaft after the material retention must be re-observed and compare with
the original crankshaft models. This comparison is presented in the next section.

Fig. 15. Optimized crankshaft model
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6. Results comparison

For better understanding of the results and optimization analysis so far, Static
Analysis and Topology Analysis are briefly compared here:

6.1. Mass reduction

Fig. 16 shows the comparison of the original crankshaft model and the opti-
mized model. As mentioned earlier, there is a total mass reduction of approximately
13% after the optimization.

(a) Original model (b) Optimized model

Fig. 16. Optimized crankshaft model

6.2. General stress and deformation distribution

After the topology optimization, a static analysis was performed on the opti-
mized crankshaft model with the same loads and boundary conditions as those of
the original model. Figs. 17, 18 compare the stress and deformation distribution of
the optimized model with the original model. In the first working condition (left
rod journal with maximum load), both original and optimized models experience
the maximum stress at the junction between the left main journal and crank web,
as shown in Fig. 17. In order to relieve the stress concentration effect on the fillet,
Ref. [29] suggested to increase the fillet radius. This technique was adopted for the
optimized crankshaft, and the fillet radius was enlarged from 5 mm to 9 mm. As
a result, the optimized crankshaft stress concentration was relieved in the first as
well as in the second working condition. For the first work cycle, the maximum
stress value had been dropped from 51.364 MPa to 49.603 MPa (Fig. 17b). Fig. 18
illustrates the comparison of the deformation distribution on the crankshaft for the
first working condition. There is a slight increase in the maximum value of the
deformation distribution (0.0086 mm to 0.0106 mm); such a minor deformation
does not affect the crankshaft operation and can be ignored.

Figs. 19, 20 present the stress and deformation distribution for the second
working condition (right rod journal with maximum load). The maximum stress
is on the fillet between the left main journal and the crank web, which has been
reduced from 46.305 MPa to 45.182 MPa in the optimized model as compared to
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(a) Original model

B: Static Structural
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Type: Equivalent (von-Mises) Stress
Unit: MPs
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2019/10/3 21:30

49.603 Max
w818
20033
20033
20033
16.694
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10017
66789
23404
0.0018578 Min

(b) Optimized model

Fig. 17. Stress distribution of first working condition

A: Static Structural

(a) Original model

B: Static Structural
Total Deformation
Type: Totsl Deformation

0.010675
0010675
0.010675
0.010675
0010175
0.0096744
0.0080621
0.0064498
0.0048376
0.0032253
0001613
7.3258¢-7 Min

(b) Optimized model

Fig. 18. Deformation distribution of first working condition
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: Static Structural

00017311 Min

(a) Original model

B: Static Structural
Equivalent Stress 2
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 2
2019/10/3 2225

45.182 Max.
39.708

34235

28761

23287

17813

15.269

12724

1018

76353

5.0008

25463
0.0018561 Min

(b) Optimized model

Fig. 19. Stress distribution of second working condition

A: Static Structural
Deformation 2
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(a) Original model

E: Static Structural
Total Defermation 2
Type: Total Deformation
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Tim
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% 0.0096846
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(b) Optimized model

Fig. 20. Deformation distribution of second working condition
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the original model respectively (Fig. 19). Similar to the first working condition,
there was a minor increase in the deformation distribution (0.002 mm) in the
optimized design, which is negligible and can be ignored.

Crankshaft optimization in terms of weight reduction and mechanical proper-
ties is the main aim of this study. From the results obtained so far, comparison based
on the static and topology optimization, the goal of the study has been achieved
as a significant amount of weight was reduced. In addition, the crankshaft stress
concentration also improved while the deformation distribution remained nearly
unchanged. Although the optimization results are satisfactory, it would be better not
solely rely on the static optimization results. Therefore, for further comparison/ver-
ification of the static analysis and improved results, dynamic modal analysis (for
the dynamic characteristics) was performed and presented in the following section.

7. Dynamic modal analysis

Modal analysis can provide the basic dynamic characteristics of the structure.
For the design optimization, the modal analysis is frequently utilized to observe the
natural frequency of the model and avoid the coincidence with the frequency of the
excitation forces, i.e., to avoid the resonance effects as much as possible. To examine
the optimized crankshaft time-dependent dynamic characteristics, modal analysis
is additionally performed in this study. Dynamic modal analysis was carried out in
ANSYS, and the natural frequency of the free modes of the optimized crankshaft
was calculated. Table 3 presents the 6-order natural frequency of the crankshaft.

Table 3.
Crankshaft modal frequency
Mode Frequencies FEA (Hz)

1 24.21

2 1250.70
3 2426.70
4 2460.41
5 2469.86
6 3714.10

The 6-order free modes of the crankshaft are illustrated in Figs. 21-26. Fig. 21
and Fig. 22 are the 1st and the 2nd order twisting modes along z-axis, respectively;
the maximum displacements are on the middle crank web. In Figs. 23— 24, the 3rd
and the 4th vibration mode results are similar where the maximum displacements
are located on the right end of the crankshaft; however, the bending is along the x-
axis. Sth natural frequency mode oscillations are along the z-axis, and the maximum
displacement is located on the right end of the crankshaft at the main journal, as
indicated in Fig. 25. Fig. 26 shows the 6th order natural frequency mode, which
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€: Modal
Total Deformati
Type: Total Defarmation
Frequency: 24.211 Hz

1.8917¢-5 Min

Fig. 21. First order natural frequency of the optimized crankshaft

C: Modal

Total Deformation 2

Type: Total Deformation
£12507 Hz

Fig. 24. Forth order natural frequency of the optimized crankshaft

is the combination vibration mode, i.e., twist along the x-axis and swings at both
ends of the crankshaft. The maximum displacement is observed at the left crank
web.

From the modal analysis results, information about the vibration type and fre-
quency of the modes can be obtained. These results are useful for the optimization
period to avoid matching with the excitation forces, i.e., resonance.
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Fig. 26. Sixth order natural frequency of the optimized crankshaft

8. Discussion

This study was aimed at optimizing the two-cylinder in-line reciprocating
compressor crankshaft. Weight reduction with improved mechanical properties was
set as the core objective of the crankshaft design optimization process, which was
achieved by carrying out kinematic, static, fatigue, topology, and dynamic modal
analysis. The results of the design optimization process demonstrate a prominent
amount of crankshaft weight reduction. The optimized crankshaft is approximately
13% lighter as compared to the original crankshaft model. Crankshaft optimization
is frequently considered a complex process where weight loss in some cases is
achieved at the cost of mechanical properties; however, in this study, the weight
reduction is attained along with the improved mechanical properties. As a result,
stress concentration was improved at the critical vicinity of the junction between
the left main journal and crank web; additionally, the overall stress distribution on
the crankshaft was also improved. Cost reduction is another beneficial aspect of
the optimization analysis, and the material retention achieved during the topology
optimization can imply a significant future manufacturing cost reduction of the
crankshaft.

The ZW series of reciprocating compressors is one of the most operational
series in the industry and will remain in use in the future as well; therefore,
the optimization of this compressor crankshaft can be wildly applied to reduce
manufacturing cost on a large scale. Furthermore, this optimization study is not
limited to this compressor type but is also applicable to heavy-duty reciprocating
compressors and engines with multi-cylinder design, as well as for the stress
analysis of non-rotating and rotating machine parts such as rollers and bearings.
The implication of this study is not limited to the industry, but it also can contribute
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to the research fields. The stress analysis methodology developed for this study will
be further utilized for the design of wind tunnel structural elements, wings of test
aircraft, and nozzle structures for aerospace applications, etc., under the ERDF
(European Regional Development Fund) project of which this study is a part.
Besides wing tunnel applications, the authors are planning to use the findings of
this study for the topology optimization of the aircraft wings.
The following aspects of the current study will be explored further in the
coming future:
1. Transient analysis of the optimized crankshaft model for further investiga-
tion of the dynamic characteristics.
2. The analysis of vibration, noise, and imbalance effects.
3. As a final step, testing the final optimized crankshaft model in the actual
machine for the result verification.

9. Conclusion

The following conclusions can be drawn from the study:

» Approximately 13% of weight reduction was achieved after the optimization.

* The overall stress concentration was relieved, and the crankshaft working
performance improved due to the stress distributions on the crankshaft.

* The design optimization in this study fulfills the interchangeability condition,
i.e., the optimized crankshaft can be replaced with the original crankshaft
without any additional component requirement in the system.

* This study provides an exact 3D optimized model with complete design
features, which can add convenience in manufacturing the crankshaft, un-
like other optimization studies, where only a few geometric parameters are
provided, which often lead to manufacturing constraints and difficulties.

* The optimized crankshaft model can be a potential candidate for the two-
cylinder inline ZW series mechanical design and performance modifications.
Furthermore, the methodology used in this study for design optimization
can further be utilized to resolve structural and design issues of several
fields, including reciprocating compressors/engines, mechanical/structural
equipment, piping, and aerospace industry.
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