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Abstract

This study explores the impact of clamping configuration on the vibrational behavior of a diesel engine fuel rail, focusing on
whether a two-clamp setup can effectively replace the traditional three-clamp arrangement without compromising system stability.
The fuel rail, integral to the high-pressure fuel injection system, must withstand significant vibrations while maintaining precise
fuel delivery. The research uses 11 accelerometers and a Rail Pressure Sensor (RPS) to investigate vibrational responses across
different clamping configurations under various operational conditions.

The analysis reveals that the three-clamp configuration generally provides superior vibrational stability, particularly in the lateral
(Y) and vertical (Z) directions, reducing the risk of resonance and dynamic instabilities. In contrast, the two-clamp setup shows
increased vibration levels, especially around 580 Hz, highlighting a potential resonance issue that could lead to structural failure
over time. The study finds that while the RPS experiences increased vibrational stress with the two-clamp configuration,
potentially impacting measurement accuracy and reliability, the Mechanical Dump Valve (MDV) demonstrates relatively stable
performance between both configurations.

The findings suggest that the three-clamp arrangement offers more robust performance, particularly in mitigating vibrations and
preventing resonance, thus enhancing the durability and reliability of the fuel rail system. Recommendations include further Power
Spectral Density (PSD) analysis, shaker tests, and Goodman stress analysis to ensure the two-clamp setup remains viable under
practical conditions. This study contributes valuable insights for optimizing fuel rail support structures in diesel engines, with
implications for reducing manufacturing complexity while maintaining component integrity.
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injectors [2]. These clamps play a crucial role in preventing
fuel leaks and maintaining the structural integrity of the high-
pressure system, particularly under the intense vibrations and

Introduction

The fuel rail in a diesel engine is a critical component in the

high-pressure fuel injection system, ensuring consistent and
precise fuel delivery to the engine’s cylinders. This rail acts
as a high-pressure reservoir, maintaining fuel pressures that
typically range between 2,000 to 2,500 bars, essential for
fuel’s efficient atomization and combustion. The injectors
connected to the rail are electronically controlled, with the
system’s pressure monitored by sensors that feed data to the
engine control unit (ECU). Based on this data, the ECU
adjusts the operation of the injectors and the high-pressure
fuel pump, optimizing engine performance, fuel efficiency,
and emissions control [1].

Traditionally, the fuel rail is secured to the engine using three
clamps, which ensures stability and proper alignment with the

fluctuations that occur during engine operation. However, the
necessity of using three clamps has not been extensively
studied, leading to questions about whether fewer clamps
could provide sufficient stability without compromising
performance. This aspect of fuel rail support structure remains
under-explored in the existing literature.

This study investigates the adequacy of using only two clamps
to secure the fuel rail, a modification that could reduce
manufacturing complexity and cost if proven effective. The
research focuses on several parameters measured
experimentally: overall G levels, spectrum peak holds at rail
pressure using an RPS, input vibration levels to the MDV and
the rail, and the rail’s vibrational response at its ends [3]. To
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capture these vibrational characteristics, 11 accelerometers
were strategically placed along the rail and engine
components.

Vibrational analysis is crucial in this context, as excessive
vibrations can lead to component fatigue, potential fuel
leakage, and diminished engine performance. The overall G
level, representing the total acceleration experienced by the
fuel rail, provides insights into the dynamic forces acting on
the rail during engine operation. By assessing these levels,
one can determine the robustness of the rail’s mounting
configuration. Similarly, spectrum peak holds, which identify
the dominant vibration frequencies, help pinpoint resonant
frequencies that may exacerbate vibrational issues [4].

In a diesel engine equipped with a common rail fuel injection
system, key components such as the MDYV, cylinder head, and
fuel rail clamps are crucial in ensuring optimal performance
and reliability. The mechanical dumping valve is activated
when the fuel pressure reaches a certain value, and the high-
pressure fuel is then dumped back into the fuel reservoir.
Monitoring G levels and spectrum peak holds at the dump
valve is necessary to assess the vibrational dynamics under
operating conditions. Excessive vibrations at this location can
lead to premature wear or failure, compromising the fuel
system’s functionality. Spectrum analysis further aids in
identifying resonant frequencies that could exacerbate these
issues, allowing for targeted design improvements or the
implementation of additional dump mechanisms.

As a critical structural component of the engine, the cylinder
head houses vital parts such as the intake and exhaust valves
and fuel injectors. It is subjected to significant pressure and
thermal loads during engine operation, making it prone to
vibration-induced stress. Measuring the G levels at the
cylinder head provides insights into the vibrational impacts
that could affect combustion efficiency, valve operation, or
the structural integrity of the head itself. Spectrum peak holds
at this location can reveal specific frequency bands where
these issues are most pronounced, guiding engineers in
enhancing the cylinder head’s design or material composition
to prevent potential failures such as cracks or gasket breaches.

Similarly, the fuel rail clamps are integral to maintaining the
stability and alignment of the high-pressure fuel rail.
Vibrations at the clamps can indicate loosening or structural
fatigue, which might lead to fuel leaks or rail misalignment,
thereby disrupting fuel delivery to the injectors. By measuring
G levels and analyzing spectrum peaks at these clamps, it is
possible to detect early signs of failure and make necessary
adjustments to ensure the long-term durability of the fuel
system. Overall, the measurement of G levels and spectrum
peak hold at these critical locations, providing valuable data
for diagnosing potential issues and refining the design of
diesel engine components to enhance their performance and
reliability.

The novelty of this study lies in its focus on the structural
adequacy of using two clamps instead of three, a topic
scarcely covered in existing research. The limited literature
highlights the need for such investigations, making this study
particularly relevant. Furthermore, this investigation holds
significant implications for the automotive industry. Reducing
the number of clamps without sacrificing the structural
integrity of the fuel rail can lead to cost savings in
manufacturing and assembly. Moreover, optimizing the rail’s
support structure could enhance the overall durability of the
engine, reducing maintenance needs and improving vehicle
reliability.

A few studies have underscored the importance of vibrational
analysis in diesel engines. Ftoutou and Chouchane (2018)
demonstrated the relevance of vibration analysis in detecting
injection faults, further highlighting the critical nature of
controlling vibrational forces in engine components [5].

By conducting this study, we aim to contribute to the
knowledge surrounding diesel engine fuel systems, offering
insights that could lead to more efficient and cost-effective
engine designs. The findings will be valuable for engine
designers and maintenance engineers, providing data-driven
guidelines on the optimal configuration of fuel rail supports
in diesel engines.

Methodology

This study explores the vibrational behavior of a diesel engine
fuel rail under varying clamping conditions, aiming to assess
whether a two-clamp configuration can provide sufficient
support compared to the conventional three-clamp setup. The
experimental approach encompasses detailed data acquisition
and processing procedures, enabling a comprehensive
analysis of the fuel rail’s vibrational responses.

The investigation was conducted with the fuel rail secured in
two distinct configurations: first with two clamps, where the
rail was held at its two ends, and then with three clamps,
where an additional clamp was used in the middle to provide
extra support. The primary goal was to quantify and compare
the vibrational responses in each setup. Eleven
accelerometers were strategically placed on the fuel rail and
other critical engine components to capture the overall G
levels—representing the acceleration due to vibrational
forces—at various points (Fig.1). These included
measurements of input vibrations to the Mechanical Dump
Valve (MDV), the fuel rail itself, and the rail’s response at its
ends. An RPS was utilized to monitor rail pressure and capture
spectrum peak holds, providing detailed frequency-domain
data for identifying dominant vibrational frequencies and
their corresponding amplitudes.
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Fig. 1 Positioning of accelerometer sensors at fuel rail

The experimental procedures included steady-state data
acquisition and engine speed sweeps under loaded and
unloaded conditions. For steady-state acquisition, the engine
was operated at speeds ranging from 700 to 2100 RPM, with
data collected for 30 seconds at each speed increment of 200
RPM. Additionally, engine speed sweeps were performed
from 700 to 2350 RPM at 10 RPM per second. This dual
approach  thoroughly = examined how  vibrational
characteristics vary with engine speed and load conditions.

The data acquisition system was configured with a bandwidth
of 2560 Hz, ensuring the capture of vibrational data across a
wide spectrum of frequencies. This broad bandwidth is crucial
for identifying resonant frequencies and other dynamic
behaviors manifesting at various operational speeds.

Subsequent data processing involved advanced frequency-
domain analysis techniques to assess the frequency and
amplitude characteristics of the vibrations. Acceleration data,
expressed in g-forces, were analyzed using a Flattop window
to minimize spectral leakage during Fourier transformation,
thus ensuring accurate frequency-domain results. The
vibrational data were then represented in several formats:
Peak g-level (spectrum peak hold) to capture maximum g-
levels across the frequency spectrum, Power Spectral Density
(PSD) to analyze the distribution of vibrational energy across
frequencies, and g-RMS to measure the overall vibrational
energy experienced by the fuel rail.

Different bandwidths focused on specific components: 20—
2000 Hz for electronic components like the Rail Pressure
Sensor and 20—-1000 Hz for mechanical components at other
locations. This approach was essential for distinguishing
between the vibrational behaviors of electronic and
mechanical components, which are sensitive to different
frequency ranges.

The analysis was centered on comparing the vibrational
characteristics of the fuel rail under the two clamping setups,
particularly focusing on spectrum peak holds and overall G
levels. The effectiveness of the MDYV in vibrations was also
evaluated by comparing input and response spectra. The study
aims to provide valuable insights into the vibrational stability
of the fuel rail when supported by fewer clamps, potentially
leading to cost savings and design simplifications in diesel
engine manufacturing. This research contributes to academic
knowledge and practical applications in the automotive

industry by offering data-driven recommendations on the
optimal clamping strategy.

Results

The study investigates the impact of different clamping
configurations on vibration levels within a diesel engine’s fuel
system, focusing on critical components such as the RPS,
MDYV, and the fuel rail itself.

The analysis of vibration levels experienced by the RPS, when
mounted with either two or three clamps along the X (axial),
Y (lateral), and Z (vertical) axes, reveals notable differences
in the system’s dynamic response (Fig. 2). When examining
individual axis contributions, it is observed that in the X-axis
(axial direction), the vibration level is higher with three
clamps (9.30 G) compared to two clamps (7.20 G).
Conversely, in the Y-axis (lateral direction), the vibration
level decreases significantly when using three clamps (9.13
G) instead of two (13.44 G). The increased lateral stiffness the
third clamp provides appears more effective in dampening
lateral vibrations, thereby reducing the overall vibration level.
A similar trend is observed in the Z-axis (vertical direction),
where the vibration level is lower with three clamps (13.30 G)
compared to two (15.42 G), further indicating that the three-
clamp configuration enhances vertical vibration.
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Fig. 3 Overall G levels inputs experienced by the MDV when rail was
mounted with either two or three clamps along the x, y, and z axes

The vibration input levels to the MDV remain relatively
unchanged between the 2-clamp and 3-clamp designs,
indicating that the clamp configuration has a minimal effect
on the vibrations experienced by the MDV (Fig. 3). The
vibration input levels to the MDV when the rail was secured
using either two or three clamps, was computed across the X
(axial), Y (lateral), and Z (vertical) axes. For the X-axis (axial
direction), the vibration level is slightly lower with three
clamps (5.07 G) compared to two clamps (5.37 G). This
indicates that adding a third clamp marginally enhances the
axial stability of the MDYV, reducing vibrations by a small
degree. In the Y-axis (lateral direction), the vibration level is
also somewhat lower when three clamps are used (9.7 G) as
opposed to two clamps (10.16 G), suggesting that the
increased lateral stiffness provided by the third clamp helps in
attenuating lateral vibrations more effectively. A similar trend
is observed in the Z-axis (vertical direction), where the
vibration level with three clamps (11.70 G) is slightly reduced
compared to two clamps (11.76 G), indicating a minor
improvement in vertical vibration.

Fig. 4 compares the overall G levels of the MDV’s response
when using two or three clamps, focusing on the X (axial), Y
(lateral), and Z (vertical) axes. The data indicates no
significant difference in vibration levels along the X and Z
axes between the two configurations. Specifically, the
vibration levels in the X-axis are 5.37 G with three clamps
and 5.90 G with two clamps, while in the Z-axis, the levels
are 15.36 G and 15 G, respectively. These slight variations
suggest that adding a third clamp has a minimal impact on the
axial and vertical stability of the MDV.

decreases from 15 G with two clamps to 12.85 G with three
clamps. This reduction suggests that the third clamp
effectively enhances the lateral stiffness of the system,
thereby reducing the lateral vibrations experienced by the
MDV. Lateral vibrations can be particularly problematic
because they often lead to more significant structural stress
and potential component misalignment. The marked decrease
in lateral vibration with three clamps indicates that this
configuration stabilizes the MDV against lateral forces, likely
improving its overall performance and durability in
environments with prevalent lateral vibrations. This result
emphasizes the importance of considering lateral stability
when designing and mounting sensitive components like the
MDV. Despite this increase, the overall impact is deemed
insignificant as the resulting displacement is lower with the 2-
clamp rail than with the 3-clamp rail.

Fig. 5 presents the overall G levels measured at the first and
third clamps on a fuel rail, comparing the effects of using two
or three clamps. At the first clamp, the X-axis (axial direction)
shows a slight increase in vibration levels with three clamps
(2.64 G) compared to two clamps (2.55 G). This suggests that
adding a third clamp marginally increases axial stiffness,
though the impact is not substantial. In contrast, the Y-axis
(lateral direction) experiences a reduction in vibration levels
with three clamps (4.29 G) compared to two clamps (4.95 G).
This reduction indicates that the third clamp effectively
enhances lateral stability at the first clamp, likely by
improving lateral stiffness and minimizing lateral vibrations
of the fuel rail. The Z-axis (vertical direction) shows a
negligible difference between the two configurations, with
three clamps (3.46 G) and two clamps (3.50 G), suggesting
that vertical stability at the first clamp is relatively unaffected
by the addition of the third clamp.
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Fig. 4 Overall G levels response from the MDV when rail was mounted
with either two or three clamps along the x, y, and z axes

However, the most notable difference is observed in the Y-axis
(lateral direction), where the vibration level significantly

Fig. 5 Comparing the overall G levels inputs at the first and third clamps on
a fuel rail.

At the third clamp, a similar pattern is observed in the X-axis,
where the vibration levels are slightly higher with three
clamps (4.60 G) compared to two clamps (4.31 G), indicating
a minor increase in axial stiffness due to the third clamp.
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Interestingly, the Y-axis vibration levels are almost identical
between the two configurations, with three clamps (3.80 G)
and two clamps (3.77 G). This suggests that the lateral
vibration response at the third clamp remains stable regardless
of the number of clamps used. In the Z-axis, vibration levels
are slightly higher with three clamps (2.02 G) compared to
two clamps (1.90 G), indicating a small increase in vertical
vibrations at this position with the additional clamp. Overall,
while the third clamp appears to improve lateral stability at
the first clamp, its impact on other axes and positions along
the fuel rail is minimal, highlighting the varying effects of
clamp configuration depending on the specific axis and clamp
location.

Discussions

The study’s findings present a nuanced understanding of a
diesel engine fuel rail’s vibrational behavior when secured
with two or three clamps. The results highlight the complex
interplay between clamping configuration and vibrational
dynamics across different axes, leading to important insights
regarding the structural adequacy and performance
implications of reducing the number of clamps.

Vibration Analysis and Resonance

One of the critical observations from the study is the variation
in vibration levels across the X, Y, and Z axes when
comparing the two-clamp and three-clamp configurations.
The data indicates that the three-clamp setup generally
provides superior vibrational stability, particularly in the
lateral (Y) and vertical (Z) directions. This stability is likely
due to the additional structural stiffness afforded by the third
clamp, which reduces the system’s susceptibility to resonance
and other dynamic instabilities. In contrast, while potentially
advantageous in terms of manufacturing simplicity and cost,
the two-clamp configuration demonstrates increased vibration
levels, particularly at certain resonant frequencies.

The resonance behavior observed at approximately 580 Hz in
the two-clamp configuration is of particular concern. This
resonance, identified primarily in the rail’s mid-span,
underscores the importance of the middle clamp in dampening
vibrational modes that could otherwise lead to amplified
stress and potential structural failure. The absence of the
middle clamp appears to allow these resonant frequencies to
manifest more prominently, increasing the risk of fatigue-
related damage over time. This finding suggests that while a
two-clamp configuration might be feasible under certain
conditions, careful consideration must be given to the
potential for increased vibrational stress and its impact on
component longevity.

Implications for the RPS and MDV

The study also highlights the differential impact of clamping
configurations on the RPS and the MDV. For the RPS, the
increased vibration levels in the two-clamp configuration
raise concerns about this critical component’s long-term
reliability and accuracy. The sensor’s performance is highly
sensitive to vibrational inputs, and the data suggests that the
additional vibrations introduced by the two-clamp setup could
push the sensor beyond its operational limits, potentially
leading to measurement errors or premature failure.

In contrast, the MDYV shows relatively stable vibration levels
between the two configurations, indicating that its
performance may be less sensitive to the number of clamps
used. The minor differences observed in the vibrational
response of the MDV suggest that the two-clamp setup does
not significantly compromise the dump valve’s functionality.
However, even slight improvements in vibrational stability, as
seen with the three-clamp configuration, could contribute to
extending the lifespan of the MDYV by reducing the
cumulative vibrational stress it experiences over time.

Recommendations for Implementation and Future
Research

Given the findings, several key recommendations emerge for
assessing the feasibility of implementing a two-clamp fuel rail
system. First, a detailed Power Spectral Density (PSD)
analysis of the RPS under the two-clamp configuration should
be conducted to ensure the increased vibration levels remain
within acceptable limits. This analysis is crucial for validating
the sensor’s operational integrity in a potentially more
vibrationally active environment.

Additionally, a shaker test using the two-clamp rail
configuration is recommended to simulate the vibrational
inputs more precisely and assess the rail’s structural response
under controlled conditions.

Finally, a Goodman analysis should be performed to evaluate
the stress levels in the fuel lines under the two-clamp
configuration. This analysis will help ensure that the
increased mid-span vibrations do not push the fuel lines
beyond their material limits, thus safeguarding against
potential failures.

While the study does not indicate significant concerns for the
MDYV under the two-clamp setup, it remains essential to
consider the cumulative impact of minor vibrational
differences on the long-term durability of this component.

Conclusions

e The three-clamp configuration provides superior
vibrational stability across all axes, particularly in the Y
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and Z directions, reducing the risk of resonance and
dynamic instabilities.

e The two-clamp configuration shows increased vibration
levels, particularly at resonant frequencies around 580
Hz, which could lead to amplified stress and potential
structural failure over time.

e Resonance in the two-clamp setup is a concern, especially
at the rail’s mid-span, where the absence of the middle
clamp allows for greater vibrational amplification.

e The RPS may be more susceptible to increased vibrations
in the two-clamp configuration, raising concerns about
long-term reliability and measurement accuracy.

e The MDV shows relatively stable performance between
the two configurations, though the three-clamp setup
offers slight improvements in vibrational stability that
could enhance component longevity.
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