Mechatronics 23 (2013) 369-380

Contents lists available at SciVerse ScienceDirect

Mechatronics

Mechatronics

journal homepage: www.elsevier.com/locate/mechatronics

Development of optimal diaphragm-based pulsation damper structure
for high-pressure GDI pump systems through design of experiments

Juyeong Kim?, Gil Ho Yoon™*, Jinyee Noh?, Jongwook Lee ?, Kyungnam Kim ¢, Hyoungjong Park ¢,
Jaekeun Hwang ¢, Yeonhong Lee ©
aSchool of Mechanical Engineering, Kyungpook National University, 80 Sangyeok 3-dong, Buk-gu, Daegu 702-701, Republic of Korea

b School of Mechanical Engineering, Hanyang University, 222 Wangsimni-ro, Seongdong-gu, Seoul 133-791, Republic of Korea
€ Motonic Corporation, 1095-11 Shindang-dong, Dalseo-gu, Daegu 704-920, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Received 14 February 2012
Accepted 1 February 2013
Available online 5 March 2013

This study optimizes the profile of the diaphragms of the pressure pulsation damper structure in a high-
pressure GDI pump system that is now under development by applying the design of experiments (DOE)
method. Because a high-pressure pulsation ranging from 0 to 10 bar reduces the performance of a GDI
engine and harms it from a structural point of view, attenuating the large amplitude of the fluid pulsation
pressure of the gasoline fuel injected into a GDI pump is necessary. Both the relatively low frequency
range of the pressure pulsation, i.e., from 0 Hz to 30 Hz, inside the GDI engine and the high pressure of
the utilized gasoline fuel prevent us from applying the existing pressure pulsation dampers such as a
T-filter and Helmholtz resonator. Therefore, automotive companies utilize a new pressure pulsation dam-
per structure called an accumulator, which is filled with gas. In the development of this pressure accu-
mulator, it is crucial to design optimal profiles for the enveloping diaphragms in terms of the
pulsation efficiency and mechanical stress for the sake of safety. In order to optimize the profile of the
diaphragms used in the accumulator developed for a GDI engine, this research develops a new finite ele-
ment procedure that considers the pressure variation by assuming the isoenthalpy state of the enveloped
gas inside the accumulator. The developed finite element procedure is then integrated with the DOE
method to determine the optimal profile for the enveloping structure of the developed accumulator.
To validate the performance of the developed accumulator, the optimized accumulator is manufactured
and tested.
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1. Introduction gine is usually much higher than that of a normal MPFI combustion

engine [1]. Naturally, this high fuel pressure induces vibrations as

In this research, we develop an optimal pulsation damper con-
sisting of two metal diaphragms via the design of experiments
(DOEs) method and present a finite element (FE) procedure to pre-
dict the performance of the pulsation damper according to a simpli-
fied fluid-gas-structure interaction phenomenon. Because of the
inherent power and fuel efficiency advantages of a gasoline direct
injection (GDI) engine, an engine with the proposed damper is con-
sidered to be an alternative for replacing the conventional multi-
point fuel injection (MPFI) combustion engine [1-4]. One major dif-
ference between the GDI engine and the common MPFI engine is that
gasoline is directly injected into the combustion chambers in the
GDI engine to quickly and effectively mix the fuel with air. Thus,
the pressure of the gasoline in both the combustion chambers and
the auxiliary pipes or rails attached to the chambers of the GDI en-
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well as acoustic noise in the components of the GDI engine, which
makes the design of more reliable components necessary from a
structural safety point of view. Furthermore, the high-pressure gas-
oline of a GDI engine generates high fluid pressure oscillations,
which are sometimes called pressure fluctuations, pressure oscilla-
tions, or pressure pulsations, during the normal or idle operations of
a GDI engine, as shown in Fig. 1b. One automobile manufacturer has
stated that high-pressure gasoline oscillation is not recommended
because fuel oscillation directly influences the fuel efficiency of a
GDI engine. Thus, it is common to install dampers called dia-
phragm-based pulsation dampers to reduce these observed pressure
oscillations, as shown in Fig. 1. These dampers are also called pulsa-
tion dampers, resonators, or accumulators. In the present paper, we
present a new FE analysis procedure based on fluid-gas-structure
interaction and apply a DOE approach to determine an optimal dia-
phragm profile and rigorously predict and optimize the performance
of a diaphragm-based pulsation damper.
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Fig. 1. (a) Schematic diagram of GDI engine and diaphragm-based pulsation damper, (b) typical pressure fluctuation measured in component of GDI pump (Motonic, Inc.),

and (c) diaphragm-based pulsation damper [5,6].

There are many kinds of pressure or acoustic dampers [5,7-9],
and many kinds of passive and active dampers have been devel-
oped [5,7,8,10] (see the Appendix A for the commonly imple-
mented passive pulsation dampers [5,6,11-15]). Fig. 1c shows a
schematic of a pulsation damper that has been commercialized
for general purposes but is not suitable for automobile applications
in its present form [11]. Because the separator between the gas and
fluid is made of an elastic membrane such as rubber or plastic, the
stiffness and strength of the diaphragm are too low to resist the
high fluid pressure (around 10 bar) inside a GDI engine. With some
changes, the pulsation damper under development, shown in

Fig. 1c, may be a feasible solution. The present research has the
objectives of developing a systematic engineering process to calcu-
late the performance of the new pulsation damper numerically,
identifying the optimal characteristics for the pulsation damper,
and verifying its performance experimentally.

The organization of this paper is as follows. In Section 2, we
investigate the numerical calculation of the performance of the
pulsation damper using FEM. In Section 3, we optimize the shape
of the diaphragms used in the pulsation damper by applying the
DOE method. In Section 4, we verify the performance of the pulsa-
tion damper.
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Fig. 2. Schematic of diaphragm-based pulsation damper (accumulator) and pumping module (material: SUS 316, tensile strength: 480 N/mm?).

2. Development of FE procedure for diaphragm-based pulsation
damper simulation

This section describes the development of a new FE procedure
that considers the fluid-gas-structure interaction to numerically
estimate the performance of the diaphragm-based pulsation dam-
per. We evaluate various factors including the damping fluid vol-
ume, resonance frequency, and von Mises stress.

2.1. Working principle of pulsation damper

The basic geometric dimensions of the cylindrical chamber in
which the diaphragm-based pulsation damper is installed and
operating conditions such as the operating pressures, angular
speed of the engine, and flow directions were pre-determined by
collaborating engineers at Motonic, Inc., which is developing a
pump module for a GDI engine. Because mechanical components
besides the pulsation damper were being developed simulta-
neously, we were unable to enlarge our design space or change
the operating conditions of the pulsation damper. To explain the
basic working principles of the damper in connection with those
of the simple damper or accumulator shown in Fig. 1c, which is
made of SUS 316, Fig. 2 (right) shows a schematic of the damper,
which consists of a chamber and two metal diaphragms
[5,16,17]. Gas (He) is supplied to the space between the two enve-
lope-shaped diaphragms, causing the polytropic constant to be-
come approximately 1.4. The gasoline flows back and forth
through the small holes around the diaphragms. As noted in the
Introduction, the working principle for this complex manifold
damper is the same as that of the damper shown in Fig. 1c, except
that the stiffness values of the metallic diaphragms must be con-
sidered [16,17].

To the best of our knowledge, three engineering factors play
important roles when developing a diaphragm-based pulsation
damper: the damping fluid volume, working frequency, and von
Mises stress. Other factors such as the structural safety and sealing
should also be considered, but these are beyond the scope of this
research project. The damping fluid volume defines how much
fluctuating fluid volume a pulsation damper can attenuate. The
resonance frequency indicates the specific frequency at which a
pulsation damper is most effective. Finally, the von Mises stress
should be considered from a structural safety point of view. Be-
cause the fuel pump module, with its damper, is one of the key
modules in a car, the structural safety, i.e., static failure and dy-

namic failure (fatigue), is much more important than the damping
fluid volume and working frequency. To address all of these factors
systematically, in this research, we develop an analysis tool based
on a FE procedure that considers the simplified gas—fluid-structure
interactions that occur.

2.1.1. Damping fluid volume: determining basic pulsation damper size
From a power reserve point of view, the macroscopic relation-

ship between the pressure and volume inside the pulsation dam-

per, assuming an isenthalpic process, is given as follows [6,18]:

PoVE = p,VE = p, V& (k = 1.4 for He) (1)

where the initial pressure, low pressure with inflated diaphragms,
and high pressure with contracted diaphragms are denoted by po,
D1, and p,, respectively. The volumes corresponding to these three
pressures are denoted by Vp, V4, and V5, respectively. The polytropic
constant of the gas used to fill the space between the diaphragms,
assuming an isenthalpic process, is denoted by k. By manipulating
the above equation, we can obtain the following formulation for
the change in volume, AV, between V; and V.

AV =V, -V, (2)

AV AV(Z*Z))W

B0 6"
AV =V, < (%?) " <f)—z> Uk) @)

By applying Eqgs. (2)-(4), we can determine the basic dimen-
sions of a pulsation damper for a given fuel flow.! In other words,
the equations above imply that the initial volume (or geometric size)
of an accumulator should be determined based on the size of the
fluctuating fuel volume. In (4), when the fluctuating fuel volume be-
comes large, a pulsation damper with a large initial volume, Vy, must
be installed. This requirement is quite reasonable from an engineer-
ing context. Furthermore, in these basic equations, we observe that
the internal pressures, p; and p,, should be determined and the

Vo =

3)

1 Because the wavelength of the fluid fuel is much larger than the dimensions of
the accumulator of interest (i.e, a several m range vs. about 5cm), it is valid to
assume that a constant fluid pressure is applied to the surfaces of the pulsation
damper.
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Fig. 3. Relationship between elementary damping fluid volume and real pulsation
damper.

initial pressure, po, plays an important role [5,11,15,19]. If the stiff-
ness values of the diaphragms or membranes separating the gas
and gasoline could be neglected, the pressures p; and p, would be
the same as those of the gasoline in the chamber or pipes, as shown
in Fig. 3. However, in our pulsation damper, the membranes or dia-
phragms are made of metal. Therefore, their stiffness values cannot
be neglected. Consequently, the engineering assumption that the
pressures p; and p, are the same as those of the pipes is no longer
valid. The internal pressures must be calculated while considering
the stiffness effects of the diaphragms [8]. Thus, the next section de-
scribes the development of a new iterative FE procedure to calculate
the internal pressures while considering the stiffness values of the
elastic diaphragms. To the best of our knowledge, this problem has
not previously been considered in the context of computational
mechanics.

2.1.2. Resonance frequency
To understand the role of the resonance frequency, we first
investigate the governing equation of a damper with the mem-

= _—~Helmholtz -
Q resonator q

brane type shown in Fig. 4. Despite some differences in the flow
direction, the geometry, gas pressures, and stiffness affect the
developed metallic damper and existing rubber damper as shown
in Fig. 4. They share the same working principles shown in Figs. 3
and 4. With approximations for the fluid, gas motion, and mem-
brane, the basic governing equation becomes an ordinary simpli-
fied second-order differential equation. This governing equation
is the same as that of the Helmholtz resonator [6,11,19]. For the
sake of simplicity, the nomenclature is summarized in Fig. 4. The
dynamic energy of the gasoline inside the pipes is most efficiently
dissipated at the resonance angular speed by the gas packed inside
the pulsation damper. Because we are concerned with gasoline
(fluid) with a 1250 m/s wave speed, the resonance frequency (yes-
onance) Of the pulsation damper calculated with the approximate
physical parameters becomes relatively low, i.e., a few Hertz [6].
If one of the other types of dampers such as the Helmholtz resona-
tor or T-filter in Fig. 1 is used, a very large damper (a few meters in
size) should be used. Therefore, this diaphragm-based pulsation
damper appears to be suitable for our application. As shown in
Fig. 4, although the resonance frequency is an important character-
istic, it is affected by the dimensions of other parts such as the pipe
lengths and neck area. These dimensions are not the subject of our
research.

2.1.3. Von Mises stress: static and dynamic failure

The fuel pump modules with diaphragm-based pulsation damp-
ers used in commercial automotive applications must be structur-
ally safe and reliable. Therefore, both static failure (yield) and
dynamic failure (fatigue) should be considered. Because the pulsa-
tion damper is mainly under compressive fluid pressure, it is also
reasonable to expect that the failure strength will improve. In
our experimental setup, it was impossible to determine the dy-
namic failure characteristics [21]. Thus, in this research, because
a commercially available diaphragm was shown to be strong en-
ough in terms of static and dynamic failures, the von Mises stress
of the diaphragm for an extreme pressure load is chosen to obtain a
reference stress level by using a linear FE analysis.

2.2. FE procedure for damping fluid volume considering fluid-gas-
structure interactions

As noted in the introduction, it is important to calculate the
pressure of the internal volume by considering the volume change
due to the fluid pressure load of gasoline. To the best of our

Accumulator Capacitance

» ’_ﬂ:mnance

1
c — )

R
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Fig. 4. Resonance frequency determination of diaphragm-based pulsation damper (See [6,20] for more detail).
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knowledge, no commercial computational software exists for this
purpose. Thus, in this subsection, we present a new FE procedure
that considers the fluid-gas-structure interactions by addressing
the following issues.

e FE issue 1: the identification of appropriate engineering
assumptions to build a relatively accurate FE model that consid-
ers the mutual interactions among the fluid, gas, and structure.

o FE issue 2: the assessment of the FE accuracy of an asymmetric
element versus three-dimensional element.

o FE issue 3: the development of an iterative procedure to update
the locations of the nodes of the asymmetric FEs in order to cal-
culate the inflated or contracted volume of the internal gas and
the corresponding gas pressure.

2.2.1. Issue 1: engineering assumptions

We develop reasonable assumptions to build an accurate FE
model that considers fluid-gas-structure interactions. First, we
hypothesize that the domain of the metallic diaphragms can be
modeled as a linear elastic structure without any difficulty. The
pressure of the gasoline acts on the outside surfaces of the dia-
phragms, and the gasoline fills the outside area of the pulsation
damper. Gas pressure also acts toward the internal surfaces of
the diaphragms. To calculate the structural displacements of the
diaphragms, the complex interactions among the fluid, gas, and
structure must be considered. It may be possible to use the incom-
pressible and compressible Navier-Stokes equations for the gaso-
line and gas domains, respectively. However, inevitably, a FE
simulation becomes unnecessarily complicated, and the three dif-
ferent governing equations must be solved simultaneously. Thus,
some engineering assumptions should be made. The wavelength
and wave speed of gasoline (fluid) are more than 20 m and
1250 m/s, respectively. Therefore, in our opinion, it is valid to as-
sume that the pressure variation along the outer surfaces of the
diaphragms can be neglected. To calculate the gas pressure inside
the diaphragms, we do not need to solve the compressible Navier-
Stokes equation; rather, Eq. (1) can be used. Calculating the in-
flated or contracted inner volume of the pulsation damper while
considering structural displacements is critical to the analysis. To

Poldintermal >
I Calculate V), I
A
Finite Element Analysis AP )

for structural displacement
v
Calculate the internal
volume considering the
structural displacement

Calculate the new internal
pressure .
p = p Vul/l
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address this problem, we develop a new FE procedure, as shown
in Fig. 5a, by combining geometric CAD operations.

2.2.2. Issue 2: accurate FE (axisymmetric versus three-dimensional
element)

After comparing the accuracies in terms of the structural dis-
placements and von Mises stresses of a three-dimensional FE mod-
el and axisymmetric FE model, we decided to use the axisymmetric
FE implemented in ANSYS to estimate the damping fluid volume
and mechanical stresses. The bending deflection of the diaphragms
could not be properly estimated for three-dimensional tetrahedral
or brick elements. The computational time required would also
have been substantial. In contrast, the mechanical stresses of the
diaphragms can be accurately obtained within a reasonable com-
putation time by considering the axisymmetric element.

Nevertheless, the use of a two-dimensional axisymmetric ele-
ment becomes another hurdle in calculating the internal three-
dimensional volume of the expanded or contracted pulsation dam-
per while considering its structural deformation. With a three-
dimensional geometric model, geometric operators such as “vol-
ume subtract” and “volume add” can be used to easily calculate
the volume inside the accumulator. However, it is difficult or
impossible to perform this task using two-dimensional CAD and
axisymmetric elements. To resolve this difficulty, we develop an
in-house module to update the locations of the nodes of the axi-
symmetric elements of the diaphragms while first considering
structural displacements. Then, we automatically draw spline lines
that connect only the outer nodes (perimeter nodes) of the axisym-
metric elements; the internal nodes do not need to be updated. By
rotating the spline lines with the help of the geometric operators
developed by ANSYS, we can build a three-dimensional volume
model for inflated or contracted diaphragms. Next, a sufficiently
large box is constructed and divided using the three-dimensional
diaphragm model. By deleting the unnecessary volume, we can cal-
culate the three-dimensional model inside the diaphragms and its
volume with the help of the internal geometric operators from
ANSYS. The procedures shown in Fig. 6 are developed using ANSYS
and MATLAB.

¥
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Calculate FEM (Axisymmetric model)
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Calculate the new volume (V,.,,)
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l
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Fig. 5. FE procedure developed considering simplified fluid-gas-structure interactions.
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Fig. 7. Design variables chosen for diaphragms and DOE.

3. Optimal shape of diaphragm envelope found through design
of experiments

In the previous section, an iterative FE procedure for assessing
the performance of the accumulator while considering the fluid-
gas-structure interactions was developed in the ANSYS framework.
In this section, DOE is carried out in conjunction with the devel-
oped FE procedure.

The DOE method enables scientists and engineers to easily
understand the individual and interactive effects of many design
parameters from a structural point of view [21-25]. We use DOE
to determine the optimal profiles for the diaphragm. Because of
the symmetry of the section designs, only a quarter of the dia-
phragm is considered in Fig. 7. Future research may consider asym-
metric designs for better performance. The design of the
commercially available diaphragm that is currently used has four
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Fig. 8. Calculated damping fluid volume and von Mises stress for orthogonal array.
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Fig. 10. Final shapes of diaphragms and associated eigenvalues without considering coupling with fluid.

waves, as shown in Fig. 7. The four parameters that represent the
heights of these waves were optimized using DOE but are not pre-
sented in this paper. The damping fluid volume and von Mises
stress are considered as performance measures. Therefore, the fol-
lowing objectives are pursued in this research.

AV > AVCurrent &Ild O'\C,g;re"t = Ovon (5)
where the damping fluid volume and maximum von Mises stress of
an existing diaphragm are denoted by AV¢yrent and oG, respec-
tively. The calculated damping fluid volume and maximum von
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Model Present diaphragm
Design
Manufactured
product
Diameter D45.4 mm
Thickness 0.35 mm
Gas He
Internal
pressure 10 bar
(Absolute
pressure)
(a)
KISTLER, 4005B CONTROLER TEST BENCH

(b)

Fig. 11. (a) CAD model and diaphragm-based pulsation damper and (b) test bench installed by Motonic, Inc.

Mises stress of a modified design are denoted by AV and ayqp,
respectively. The objective of DOE is to maximize the damping fluid
volume while minimizing the maximum von Mises stress. Because
the frequencies of the oscillating fuel are much smaller than those
of the diaphragms, they are not considered.

For clarity, the heights of the four waves are denoted by A, B, C,
and D, and an APDL script is developed to automatically update the
geometries of the diaphragm with updated parameters. The calcu-
lated damping fluid volume and von Mises stress for the DOE table
shown in Fig. 7 are shown in Fig. 8. To conduct the DOE, the in-
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Fig. 12. Experimental data (angular operating speed of motor: 2500 RPM): (a) time signal and (b) frequency response of signal (Hanning window for FFT).

creased or decreased y-step value for status 1 and status 2 is cho-
sen to be 0.5 mm. This value is used because of the space limitation
and the interference among the other parts of the pump. In addi-
tion to the y-position values of the waves, it is possible to conduct
the DOE for the x-position values of the waves. The different effects
of the design variables on these engineering factors are clearly ob-
served as follows:

e Observation 1: From the perspective of the damping fluid vol-
ume, the effects of parameters C and B are significant, whereas
the effect of parameter D is not significant.

e Observation 2: From the perspective of the von Mises stress, the
effect of parameter D is significant, whereas the effects of
parameters A and B are not significant. A larger value for param-
eter C will result in a smaller value for the von Mises stress.

Based on these observations, we conclude that parameter D can
be decreased to lower the von Mises stress while maintaining the
damping fluid volume. Furthermore, parameter B can be decreased
to increase the damping fluid volume, by a slight increase in the
von Mises stress. Based on these engineering observations, the
parameters are manually updated as shown in Fig. 9b. The opti-
mized design is shown in Fig. 9b. With the DOE procedure, it is pos-
sible to improve the damping fluid volume by 16.4% (from
523.2mm°> to 609.2 mm?®) and to decrease the maximum von
Mises stress by 0.71% (from 924.07 N/mm? to 917.49 N/mm?).
The final CAD model, its eigenvalues, and its mode shapes are pre-
sented in Fig. 10 [7].

Max AV
subject to Gye, — oSNt < 0

(6)

4. Manufacture and experimental testing

The test bench and pressure data measured for verification are
presented in this section to demonstrate the performance of the
optimized diaphragm design in terms of the damping fluid volume.
Fig. 11 shows the CAD model, as well as the diaphragms and the
test bench installed by Motonic, Inc. The pressure sensor (KISTLER,
4005B), AD converter, and Labview signal processing software are
integrated in Fig. 11b. Because the directions of the flow inside the
chamber are complex and arbitrary, unlike those of conventional
accumulators, the pressure magnitudes of the input flow ahead
of the GDI engine are directly measured using a pressure sensor,
as shown in Fig. 12. A controllable pump is installed to generate

pressure oscillations. The Motonic engineers produced an operat-
ing environment that was conceptually similar to a car operating
without an engine, as shown in Fig. 13a. The resulting pressure
data and the graphs in the time and frequency domains are shown
in Fig. 12. The magnitude of the pressure is significantly decreased
and the average pressure is increased or compensated as a result of
the pressure attenuation effect of the present pulsation damper, as
shown in the circles. Furthermore, we show the alternating pres-
sure with and without the damper for various angular speeds in
Fig. 13a. As shown, the developed damper works well for various
angular speeds. Furthermore, the effect of the internal pressure is
shown in Fig. 13b. We cannot access the control method for the
internal pressure because it is protected by another company. By
decreasing the internal pressure, we can achieve better pressure
attenuation.

5. Conclusions

We optimized the y-direction profiles of the diaphragms used in
a pulsation damper, which are key components of GDI engines in
terms of structural safety and fuel efficiency. Because gasoline is
directly injected into a GDI engine, high-pressure oscillation occurs
inside the chamber and auxiliary pipes during the normal and idle
operations. To reduce the magnitudes of these high-pressure oscil-
lations, a diaphragm-based pulsation damper filled with helium
gas is often installed ahead of a GDI engine. For fuel efficiency
and structural safety, it is necessary to improve the pressure atten-
uation characteristics of the pulsation damper, including the
damping fluid volume, resonance frequency, and von Mises stress.
However, to the best of our knowledge, it is rare to conduct theo-
retical studies based on a coupled FE analysis to optimize this
structure. Thus, this research developed an iterative FE procedure
that simplifies the multiphysics phenomena among the elastic
(or plastic) structure, fluid, and gas for a diaphragm-based pulsa-
tion damper and applied DOE to optimize the profile of the
diaphragms.

Because the wavelength and wave speed of gasoline are high,
we assumed that a uniform pressure at a magnitude that oscillates
with respect to time was applied to the outsides of the diaphragms
of interest. The pressure of the He gas inside the diaphragms could
be calculated using a simple equation expressing the relationship
between the volume and pressure, i.e., pV* = constant. To calculate
the internal volume inside inflated or contracted diaphragms, we
used an iterative procedure with axisymmetric FEs implemented
in ANSYS. By updating the locations of the nodes while considering
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Fig. 13. Experimental data with respect to various angular speeds (Ap = max(P)-min(P) : the averaged alternating pressure during 1 min of operation): (a) comparison
without damper, (b) comparison of internal pressures, and (c) concept of manufacturing method.

structural displacements, creating a three-dimensional geometric
model based on the updated nodes, and utilizing graphical oper-
ations, we could calculate the volume values of the inflated and
contracted pulsation dampers. These values were used for calcu-
lating the corresponding internal pressure values. After an itera-
tive FE procedure, the damping fluid volume and von Mises
stress were calculated, and DOE was applied. This DOE proce-
dure successfully determined the optimized profile of the dia-
phragms by maximizing the damping fluid volume while
minimizing the maximum von Mises stress. To assess the damp-
ing efficiency of the developed module, the optimized pulsation
damper module was manufactured with the help of an external

manufacturer and tested. Our experiments showed that the
damping effect could be successfully obtained at lower fre-
quency ranges. In future research, it may be possible to change
the x-direction profile of the diaphragm and obtain better perfor-
mance. Furthermore, some innovative manufacturing processes
for the diaphragm-based pulsation damper filled with high-pres-
sure gas should be developed.

In conclusion, after determining the working principle of the
pulsation damper for GDI engines, an iterative FE procedure was
developed to simulate the multidisciplinary fluid-gas-structure
interactions, and DOE was applied to optimize the profiles of the
diaphragms.
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Fig. 14. Types of pulsation dampers: (a) Helmholtz resonator, (b) expansion chamber with T-filter, (c) mass-spring compensator, and (d) diaphragm-based pulsation damper

[5,6].
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Appendix A. Type of accumulator

There are many kinds of pressure or acoustic dampers, as shown
in Fig. 14 [5,7,8], and many kinds of passive and active dampers
have been developed [5,7,8]. The commonly implemented passive
pulsation dampers, as shown in Figs. 14a-c, include the Helmholtz
resonator, the expansion chamber resonator with a T-filter, and the
mass-spring damper, respectively. These have been widely used in
acoustic and fluid pressure attenuation. Fig. 14d shows a schematic
of the pulsation damper, which has been commercialized for gen-
eral purposes but is not suitable for automobile applications in its
present form [11]. Because the separator between the gas and fluid
is made of an elastic membrane such as rubber or plastic, the stiff-
ness and strength of the diaphragm is too low to resist the high
fluid pressure (around 10 bar) inside a GDI engine. With some
changes, the pulsation damper under development, shown in
Fig. 14d, may be a feasible solution. Although the dampers or accu-
mulators in Fig. 14 look very different, they operate on the same
governing principle for calculating pressure attenuation [5,6,11-
15]. The choice among these pulsation dampers depends greatly
on the sizes of the available geometric spaces and the frequency
range of interest. To the best of our knowledge, the diaphragm-
based pulsation damper in Fig. 14d is more effective at attenuating
high-flow pressure fluctuation in a low frequency range than the
other dampers [8]. As noted, high gasoline pressure fluctuation in-
side GDI engines is undesirable. It was the objective of the present
research to develop a systematic engineering process for calculat-
ing the performance of the new pulsation damper numerically,

identifying the optimal characteristics for the pulsation damper,
and verifying its performance experimentally.
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