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Abstract

The connecting rod cap is one of the key components for the reciprocating motion of compressors and
internal combustion engines, and it works in conjunction with the connecting rod to convert power.
Regarding the fracture problem of the connecting rod cap of a certain compressor, the initial cause of
the fracture was preliminarily determined through physical and chemical analysis to be the excessively
small fillet radius at the bolt installation plane. A finite element model was established to verify the
cause of the fracture, and based on this as a comparison benchmark, the model structure was
optimized. It was found that increasing the fillet radius could indeed improve the performance of the
connecting rod cap, but it is not the case that the larger the fillet radius, the better. In the simulation, it
was discovered that the performance of the fillet with a radius of 4.5 mm was significantly worse than
that of the fillet with a radius of 3.5 mm. Therefore, in the design of the connecting rod cap, an
appropriate fillet radius should be selected to ensure its good performance. Additionally, a design
combining the fillet with a chamfer can also be considered.
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1. INTRODUCTION

The reciprocating piston compressor works in a similar way to an automotive engine. It uses
the reciprocating linear motion of the piston in the cylinder to cause periodic changes in the
cylinder volume, thereby completing the four working stages of intake, compression, exhaust,
and clearance expansion. The typical moving parts include the crankshaft, connecting rod,
piston assembly, and intake and exhaust valves. The connecting rod cap, in conjunction with
the connecting rod, ensures the periodic motion of the piston. In related engineering
applications, it has been found that the failure probability of the connecting rod cap is higher
than that of other moving parts. Therefore, studying the causes of failure and structural
optimization of the connecting rod cap is of great significance for the improvement of gas
COMpressors.

Similar research was conducted as early as 2017. Zhu et al. used physical and chemical
analysis methods and finite element simulation methods to conduct a systematic analysis of
similar parts and concluded that the failure of their research object was due to the excessively
small transition fillet R [1]. In this study, although the structure of the research object was
significantly improved, especially by independently designing the bolt connection plane to
avoid the overlap of the arc surface and this plane, the same part failure still occurred.
Therefore, it is necessary to conduct a similar type of research to further verify the failure
cause and provide more effective and specific suggestions for the optimization and
improvement of similar parts. This study mainly completed the following work:

(1) A working model of the relevant institutions was established, and the working state of
the reciprocating piston compressor was systematically analysed, providing a direction for
finite element simulation.
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(2) Based on physical and chemical analysis methods, the failure cause of the connecting
rod cap was initially judged. Then, a failure model was reconstructed through finite element
simulation, and the failure cause of the connecting rod cap was verified.

(3) After systematically analysing the failure cause of the connecting rod cap, this study
specifically optimized and improved the structure of the connecting rod cap. The results of the
structural optimization were verified again through finite element simulation software. The
optimization results showed that the performance of the improved connecting rod cap was
significantly enhanced under the same working conditions, and the structural improvement
was effective.

(4) In the specific structural improvement plan, two structural improvement schemes were
verified. The first one was optimized by increasing the fillet, and the second one was
optimized by changing the fillet to a bevel. The relevant simulation verification indicated that
both structural improvements could effectively enhance the structural performance of the
connecting rod cap.

2. RELATED WORKS

At present, there are relatively few studies specifically targeting the key components of
natural gas compressors, such as the connecting rod cap. Most research focuses on the
connecting rod. Petrova and Filimonov observed fatigue crack events in the piston head of the
connecting rod in the compressor during operation. To assess the possibility of its trouble-free
operation, they determined the values and nature of the load changes affecting the crank
mechanism of the compressor during operation through numerical experiments and revealed
the section with the maximum load [2]. Wang et al. studied the wear of the crankshaft
connecting rod in a refrigerator compressor. The results showed that there was abrasive wear
and adhesive wear on the surfaces of the crankshaft and connecting rod. They proposed
process control measures and designed a composite surface treatment process for the
crankshaft based on its failure mechanism and production process and conducted bench tests
[3]. Cetin and Okur proposed a new design to address the unnecessary motion of the piston
due to secondary motion in the traditional crank connecting rod mechanism, which leads to
problems such as noise, vibration, gas leakage, friction, and wear in the system. They
compared and analysed this design with the traditional mechanism and verified it using a
finite element analysis model [4]. Li et al. proposed a quantitative diagnostic method for the
loosening of the threaded connection of the piston rod in a hydrogen reciprocating compressor
to prevent accidents caused by piston rod fractures. Based on the Hilbert transform, they used
variational mode decomposition and data dimension reduction to form a multi-band feature
spectrum, which demonstrated satisfactory performance in preserving the features of time-
domain and frequency-domain acceleration signals and compressing the spectrum [5]. Peng
and Huang derived the expression for the instantaneous inertia of the crank-connecting rod-
piston mechanism and established a differential equation for the torsional vibration of the
shaft system considering the variable inertia of the cylinder and nonlinear friction. The
relative error between the numerical model calculation and the experimental data was 8.2 %,
indicating that the numerical model has good calculation accuracy [6]. Li et al. considered the
influence of the friction between the piston and the cylinder on the instantaneous inertia of the
crank connecting rod mechanism and established a nonlinear torsional vibration dynamics
model for the shaft system of a shale gas compressor. After considering the friction between
the piston and the cylinder, the second-order natural frequency of the shaft system showed a
"high-low-high" fluctuation pattern; as the friction coefficient increased, the amplitude and
peak vibration velocity of the shaft system increased [7]. Wang et al. proposed a calculation
and suppression method for the torsional vibration of the crankshaft system in large multi-
column compressors, especially under variable loads and multiple working conditions, to

135



Zhao, Huang, Wu, Yu, Dong, Yi: Analysis and Simulation Optimization of Connecting Rod Cap ...

reduce the torsional vibration of the compressor crankshaft and ensure the safe and stable
operation of the compressor unit [8].

In addition, research on the overall performance and fault diagnosis of compressors is also
an important direction. For instance, non-destructive fault detection technology that
determines whether equipment is normal based on mechanical abnormal signals [9, 10]. Hou
and Pan proposed and implemented the Teager-Kaiser energy operator and envelope spectrum
analysis technology for the fault detection of reciprocating compressor discharge valves. By
effectively characterizing the instantaneous frequency and amplitude of the discharge valve
signal based on energy recognition, characteristic signals can be extracted and noise
eliminated [11]. Kowalczyk et al. conducted performance tests on linear compressors under
power supply voltages of 190-265 V and power supply frequencies within the range of 4565
Hz, combined with inverters to achieve performance modulation. The results were compared
with those of reciprocating compressors with similar displacements, and the power
consumption of linear compressors was found to be on average twice as low as that of
reciprocating compressors [12]. Lu et al. used digital twin technology and proposed a method
for constructing a digital twin model of reciprocating air compressors based on surrogate
models. The surrogate model was constructed based on the physical information long short-
term memory neural network (PILSTM). Regularization formulas were added based on the
characteristics of cylinder pressure changes to ensure the smoothness of the predicted pressure
[13]. Elagin and Khmelev proposed a mathematical model for reciprocating compressors,
which is based on thermodynamic methods for open systems, mechanical laws describing the
relative motion of reciprocating motion units, laws controlling the motion of the system's
centre of mass, and the motion of the system relative to the centre of mass [14]. Deng et al.
addressed the issue that the inter-stage volume provided by the intercooler in micro multi-
stage reciprocating compressors is often insufficient due to size limitations. They conducted
numerical analysis on the thermodynamic characteristics within the cylinder and the
intercooler by establishing a stage series thermodynamic model and experimentally studied
the performance of the compressor by changing the diameter of the intercooler channel [15].

3. RESEARCH METHOD

3.1 Physical and chemical analysis methods

Through morphological observation, scanning electron microscopic analysis, dimensional
analysis, metallographic structure observation, mechanical property testing, and chemical
composition testing of the compressor connecting rod cap, the failure cause of the part was
preliminarily judged to find the fundamental mechanism of the fracture of the compressor
connecting rod cap. Then, combined with finite element analysis, the failure cause was
verified to ultimately determine the failure cause of the compressor connecting rod cap. In the
morphological analysis stage, the macroscopic features of the fracture surface were detailly
characterized through visual inspection, such as the crack initiation position, propagation
path, and fracture surface morphology, which can objectively determine the fracture mode
and provide a basis for subsequent analysis. Electron microscopy deeply analysed the
microscopic features of the fracture, precisely identifying the source area, propagation area,
fatigue striations, or brittle characteristics of the fracture surface, providing key evidence for
revealing the structural defects of the connecting rod cap, especially the location and severity
of stress concentration areas. Metallographic structure observation, mechanical property
testing, and chemical composition detection focused on the assessment of internal material
defects, including non-metallic inclusions and improper heat treatment processes, such as
inaccurate control of quenching temperature leading to coarse grains or composition
deviations. These factors significantly affect the phase composition and grain boundary state
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of the microstructure of the material; mechanical property analysis selected samples to
determine the tensile strength, yield strength, and other indicators of the material. Through
systematic analysis of the direct causes of failure occurrence [16, 17], the completeness and
reliability of the analysis conclusion were ensured.

3.2 Finite element analysis and optimization methods

The finite element analysis method is a type of numerical simulation technology and has now
been widely applied in the reliability simulation of mechanical structures due to its high
efficiency and high calculation accuracy. By constructing an accurate finite element model,
the stress and strain distribution of the connecting rod cover under complex working
conditions and possible failure situations can be simulated, thereby providing data support for
subsequent structural improvements. The connecting rod cover of a reciprocating compressor,
together with the connecting rod, cylinder piston, cylinder block, and crankshaft, forms the
main working structure of the compression system. A typical structure is shown in Fig. 1.
Since the main structure mainly performs reciprocating motion, based on the movement law
of the compressor cylinder, the overall structure can be simplified as the reciprocating motion
of a crank-slider, and its motion schematic diagram is shown in Fig. 2.

Connecting rod cap Connecting rod Piston

Figure 1: Typical structure of a compressor. Figure 2: Simplified structure diagram.

The main working principle of reciprocating compressors is that the motor drives the
crankshaft to rotate, and the piston is driven to move back and forth periodically in the
cylinder wall through the connecting rod. The entire ideal working cycle is divided into three
parts: intake, compression and exhaust. During these three stages, in the compression stage, as
the piston changes direction under the drive of the crankshaft, that is, when point A moves
from ki to ko, the piston moves to the right and the intake valve closes. The volume of the
working space decreases, and the pressure inside the cylinder continuously rises until it
reaches the rated pressure. According to Newton's third law, the force is mutual, so the load
on the connecting rod cover at this time should be the largest and is the most likely to fail.
Therefore, when conducting finite element analysis, the compression stage is taken as the
sample, and the constraint conditions of the connecting rod cover are established, and the
driving conditions are applied. At this time, the piston, connecting rod, crankshaft and
connecting rod cover are on the same straight line, and these components are simplified into
one rigid body. The load of the compressed air will directly act on the connecting rod cover.
At this time, there should be tensile force acting on the four connecting bolts between the
connecting rod cover and the connecting rod. The simplified model is shown later in Fig. 15.

4. EXPERIMENTAL ANALYSIS AND OPTIMIZATION

4.1 Physical and chemical analysis

(1) Morphological analysis
The fracture location of the connecting rod cap is at the transition R position of the
connecting rod screw installation surface, where there is a significant stress concentration
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feature. The fracture surface shows typical fatigue expansion arc patterns (fatigue striations),
and the crack source area is located on the transition R surface area. The fatigue crack radiates
outward and eventually leads to instantaneous fracture. The specific morphological features
are shown in Figs. 3 a and b. Both of the two fractured connecting rod screws have significant
necking near the fracture surface, and obvious plastic deformation marks can be seen at the
root of the thread. The fracture surface presents a dimple morphology, which conforms to the
macroscopic characteristics of single overload fracture, indicating that the connecting rod
screw experienced a one-time ductile fracture under tensile stress. The fracture morphology is
detailed in Fig. 3 c.

a) b) c)
Figure 3: The state of fracture.

(2) SEM analysis

Through scanning electron microscopy analysis of the fracture surface, the results show
that area A is clearly identified as the fatigue origin zone of the fracture surface. The fatigue
source area presents a clear linear fatigue source morphology, which strongly indicates that
stress concentration is the main driving factor for fatigue origin, belonging to the typical
fatigue origin characteristics dominated by stress concentration. Relevant images can be seen
in Figs. 4 to 6. Further examination reveals that no slag inclusions, voids or other metallurgical
defects are observed on the fracture surface, indicating good metallurgical quality of the
material. Area B is defined as the fatigue propagation zone, and the fatigue propagation
striation features can be clearly observed in the microstructure, which present regular spacing
and direction, reflecting the typical process of periodic crack propagation. Specific details are
shown in Figs. 7 to 8. Area C also belongs to the fatigue propagation zone, and the fatigue
propagation striation features are clearly visible in the microstructure, which are consistent
with those in area B, showing stable crack propagation behaviour. Relevant images are shown
in Figs. 9 to 10. Special note: 12x, 15x%, 20x, 100%, and 500 refer to magnification.

As the fracture originated at the transition R position of the connecting rod screw
installation surface, to comprehensively assess the structural integrity of the connecting rod
cover, the other side transition R of this connecting rod cover was dissected, and its
dimensions were inspected. After dissection, it was found that a crack about 16 mm deep also
appeared at this transition R position, starting from the transition R and extending inward, as
shown in Fig. 11.

Figure 4: Schematic diagram of fracture zone partitioning.
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3mm T Electron Image 1 r 100pm K Electron Image 1

Figure 5: Fracture morphology in area A (20x). Figure 6: Fracture morphology in area A (500%).

! Electron Image 1

3Imm ' Electron Image 1 600pm

Figure 7: Fracture morphology in area B (20%). Figure 8: Fracture morphology in area B (100x%).

3mm T Electron Image 1 600pm ! Electron Image 1

Figure 9: Fracture morphology in area C (20%). Figure 10: Fracture morphology in area C (100x).

(3) Transition R size inspection

Figure 11: Cracks that occur at the transition R position on the other side.
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Furthermore, a dimensional inspection of the transition R was carried out to provide
parameters for subsequent dimensional optimization. The magnification used was 12x and
15%. After inspection, the size of the transition R was approximately 2.50 mm, as shown in
Figs. 12 and 13.

Figure 12: Transition R size (12x). Figure 13: Transition R size (15%).

(4) Metallographic analysis

Near the fracture surface of the connecting rod cover, samples were extracted using the
standard metallographic sampling method and detailed microstructure observation was
conducted with a metallographic microscope at a magnification of 500x. The inspection
results showed that the microstructure near the fracture was tempered upper bainite, with no
inclusions or abnormal deformations found. This is in line with the material heat treatment
specifications, indicating a normal microstructure state and no typical material defects [18].
For specific details, please refer to Fig. 14.

(5) Mechanical property
Mechanical property tests were conducted on samples taken from the middle of the arc-
shaped position of the connecting rod cover. The results are shown in Table 1.

Table I: Mechanical properties of connecting rod caps.

Strength of Yield strengthElongation after, Post-fracture | KV2 impact energy (J)
extension Rm (MPa)| Ry, (MPa) | fracture 4 (%) [shrinkage rate Z (%) 1 2 3

902 702 14.0 42.0 16.2 | 16.7 | 18.0
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(6) Chemical component analysis

Representative samples were selected from the area near the fracture of the connecting rod
cover and subjected to detailed chemical composition analysis using spectral analysis. The
analysis results show that the content of each element in the material of the connecting rod
cover strictly complies with the chemical composition requirements for 42CrMo material
stipulated in the Chinese national standard GB/T 3077-2015, including key elements such as
carbon, chromium, and molybdenum, all within the specified range. The test data are detailed
in Table II.

Table II: Chemical composition of connecting rod covers.

Project C (%) Si (%) Mn (%) P (%) S (%) Cr (%) Mo (%)

Observed 0.40 0.29 0.63 0.013 | 0.003 0.96 0.18
value

Siflf:d 0.38~0.45 | 0.17~0.37 | 0.50~0.80 | <0.03 | <0.03 | 0.90~1.20 | 0.15~0.25

4.2 Results of physical and chemical analysis

From the macroscopic analysis of the fracture surface and the results of scanning electron
microscopy, it can be seen that the fracture of the connecting rod cover is a typical fatigue
fracture, which originated from the transition R at the installation surface of the connecting
rod screw. No metallurgical defects such as slag inclusions or voids were observed on the
fracture surface. When checking the size of the transition R on the other side of the
connecting rod cover, it was found that there was also a crack about 16mm deep at this
position, and the size of the transition R was approximately R2.50. The metallographic
structure was a normal tempered bainite structure, and the material of the connecting rod
cover met the requirements of 42CrMo in GB/T 3077-2015.

4.3 FEM simulation analysis

Figure 15: Simplified model.  Figure 16: Mesh generation. Figure 17: Boundary setting.

Model simplification: In the simulation stage, the free trial versions of ANSYS and
CATIA finite element software were mainly used for structural optimization design. The 3D
modelling of the connecting rod cover was carried out through the excellent CAD modelling
function of CATIA software. The model was imported into the Workbench platform of
ANSYS software for finite element analysis. The relevant model simplification referred to the
method in reference [1], retaining four connecting bolts for loading, and simplifying the
piston, connecting rod, crankshaft, and their connecting parts into one rigid body. The
simplified model is shown in Fig. 15.
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Meshing settings, constraint and load: The simplified model was meshed. The bolt and
crankshaft simplified models were set to the Hex Dominant method, with the maximum limit
of related elements within 8 m units. The final meshing resulted in 20,571 nodes and 55,439
elements, as shown in Fig. 16. Constraints were applied to the four bolts and the simplified
model, and a rotational speed of 14,400 mm/s was applied to the simplified rigid body
according to the compressor's working mode. This rotational speed is much higher than the
actual working condition because the research object is a commercial product, and the
relevant working conditions are not directly provided. A higher rotational speed also means a
higher optimization standard. The relevant settings are shown in Fig. 17.

Simulation results: Under simulation, the stress in the transition area from the bolt
installation surface to the inner arc area of the compressor connecting rod cap is significantly
greater than the ultimate tensile stress of 902 MPa. Meanwhile, in the simulation results, a
fracture failure occurred in the upper right part of the connecting rod cap, with the crack
gradually forming from the outer side to the inner side of the cap. The symmetrical area on
the left also shows a tendency of fracture failure. After the model fails, the corresponding
tensile stress of the connecting bolts also reaches a relatively large state, and subsequent
failure due to tensile stress is inevitable. The simplified model is basically consistent with the
part's mode and location in the simulation, as shown in Fig. 18.

Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1.3197e-004
2025/7/31 17:06

1970.3 Max
= 1829.6

0.12221 Min

0.00 100.00 200.00 (mm)
I ..

50.00 150.00

Figure 18: Simulation result.
4.4 Finite element simulation optimization

Based on the part inspection and simulation results, it can be inferred that there is stress
concentration in the transition area of the connecting rod cover's bolt installation surface,
which leads to the fatigue fracture of the workpiece. Therefore, during the optimization of the
part design, this area was optimized. The first optimization scheme increased the fillet radius
of the transition area from the original R2.5 to R3.5 and R4.5 respectively; the second
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optimization scheme changed the fillet of the transition area to a chamfer, as shown in Fig. 19.
The finite element meshing and boundary condition settings for both types of optimization
were consistent with the original structure simulation.

Figure 19: Structural optimization scheme.

The simulation of the R3.5 type structure of the first optimization scheme is shown in
Fig. 20. Compared with the original structure, no fracture failure occurred in the transition
zone of the cover bolt connection platform, and the stress at this location was around
410 MPa. The stress concentration was significantly improved, effectively reducing the risk
of fatigue fracture of the workpiece due to stress concentration.

B: Ex itDynamics of G1 C: Explicit Dynamics of G2
von-Mises) Stress

0.00 100.00 200,00 (mm)
]

Figure 20: R 3.5 simulation. Figure 21: R4.5 simulation.

Further simulation was conducted on the R4.5 type structure, and the results are shown in
Fig. 21. Compared with the original structure, no fracture failure occurred in the optimized
scheme 2 either. The stress in the transition area of the cover bolt connection plane was
further reduced compared with the R3.5 type structure, around 395 MPa, and the stress
concentration was further improved. However, the reduction amplitude was slightly weaker
than the improvement effect of the R 3.5 structure and the original structure.

After replacing the fillet transition structure with the chamfer structure and conducting the
simulation again, the results are shown in Fig. 22. Compared with the original structure,
although no failure or fracture occurred in this optimized scheme, a fracture crack area still
appeared in the transition zone of the cover bolt connection plane. Compared with the fillet
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type structure, this kind of structure also has a stress concentration area. Under long-term
operation, the parts still have the risk of fracture failure.

D: Explicit Dynamics of G3
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 3.3013e-005

2025/8/1 19:15

95547 Max

Fracture formation zone

0.00

50.00 100.00 (mm)

25.00 75.00

Figure 22: Stress distribution of chamfered structures.

S. CONCLUSION

Based on the above analysis results, the cause of the fracture is that the transition R of the
connecting rod screw installation surface is too small. Under actual working conditions, the
stress concentration coefficient is too large, which will cause fatigue damage at this position.
The accumulation of fatigue damage promotes the formation of fatigue cracks. The fatigue
cracks continue to expand during operation until fracture. The final fracture surface shows a
typical fatigue origin caused by stress concentration and obvious fatigue expansion arcs in the
propagation zone.

Through simulation, it is found that the larger the fillet radius, the more effectively the
stress concentration can be improved, and the risk of fatigue fracture can be reduced.
However, when it increases to a certain extent, the improvement effect will decrease. A
reasonable fillet radius can be selected according to the design. The chamfer structure can
reduce the degree of stress concentration, but it cannot completely solve the problem of stress
concentration. Under long-term use, fatigue fractures can still occur.
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