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Abstract 

A study of methods for reducing the acoustic noise in magnetic resonance imaging (MRI) 

scanners is presented in this thesis. The structural-acoustic coupling mechanism of MRI scanners 

was investigated using a method of structural-acoustic modal analysis. Mathematical expressions 

of generalized radiation impedances of gradient coil ducts with perforated panel inserts were 

developed and the effects of the perforated panel inserts on the acoustic noise in the duct were 

discussed. The possibility of using micro-perforated panel (MPP) absorbers in MRI scanners to 

reduce the acoustic noise was then investigated through analytical and computational modeling. 

A comprehensive experimental study was conducted after the analytical and computational 

investigation. Finally, design methods and procedures were developed specifically for the MPP 

absorbers in MRI scanners. Design considerations and recommendations were given as well. 

Several major conclusions can be made from this research. Firstly, the method of 

structural-acoustic modal analysis is effective for finding the structural-acoustic coupling modes 

which should be avoided in the design of MRI scanners. Secondly, a perforated panel insert 

produces significant effects on the radiation impedance of gradient coil ducts and MRI scanner 

bores. This attribute partly contributes to its capability of reducing the acoustic noise in a duct. 

Thirdly, the effectiveness of MPP absorbers in MRI scanners can be accurately predicted using a 

combination of theoretical analysis and computational modeling. Moreover, it has been proved 

that well designed MPP absorbers are effective in reducing the acoustic noise in MRI scanners. 

Lastly, the presented design methods and recommendations for the MPP absorbers can be 

relatively easily used by MRI designers or engineers to tackle the acoustic noise problem in MRI 

scanners. 
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Chapter 1 

General Introduction 

 

1.1 Background and motivation 

Magnetic resonance imaging (MRI), or nuclear magnetic resonance imaging (NMRI), is primarily 

a medical imaging technique most commonly used in radiology to visualize the structure and 

function of the body. It uses a powerful magnetic field to align the nuclear magnetization of 

hydrogen atoms in water in the body. Radio frequency (RF) fields are used to systematically alter 

the alignment of this magnetization, causing the hydrogen nuclei to produce a rotating magnetic 

field detectable by the scanner. This signal can be manipulated by additional magnetic fields to 

build up enough information to construct an image of the body [1].   

A typical MRI scanner system (Figure 1-1) is basically composed of three key 

components: a static magnet, a gradient coil assembly, and a radio frequency (RF) coil system. 

These three components are generally annularly cylindrical shaped and coaxially aligned.  The 

static magnet, typically a superconducting electromagnet held at low temperature inside a 

cryostat, creates a strong uniform magnetic field that makes magnetically polarized nuclei, such 

as hydrogen, become aligned.  The gradient coil assembly normally consists of coils (or 

conductor windings) in three configurations (the x-coil, y-coil and z-coil) each of which produces 

magnetic gradients in three different directions allowing for the spatial refinement of the image. 

The RF coil system generates and receives radio frequency pulses that are used to create a 

diagnostic image. More detailed descriptions of the physical principles of magnetic resonance 

imaging can be found in many books [1-3] on this subject. 
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Figure 1-1: A typical MRI scanner system
1
 

 

While MRI scanners are powerful medical diagnostic and research instruments with 

many advantages over other medical imaging techniques, the acoustic noise generated during a 

scan has long been a concern for patient health and, on occasion, patient safety [4, 5]. Some 

researchers have found the acoustic noise arising in MR imaging also affects brain function and 

could have significant consequences in data observation and interpretation [6]. Depending on 

scanner main magnetic field strength and the type of imaging sequences being used, sound levels 

within a scanner can be as high as 123-132 dB(A) [7] which may damage patient hearing. The 

trend toward more powerful MRI machines makes the noise problem even worse.  

                                                      

1
 Source of the picture: http://rst.gsfc.nasa.gov/Intro/Part2_26c.html 
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Figure 1-2 illustrates the electromagnetic-mechanical-acoustic mechanism and transfer 

paths of a typical MRI scanner [8]. MRI noise is mainly caused by the vibration of the gradient 

coil system due to the Lorentz forces that are generated by the interaction of electrical current in 

the conductors of the gradient coil and the main static magnetic field. The gradient coil, scanner 

bore, casings, openings and all other components such as supports and bridges are all deemed to 

be in the transmission path either as a path for air-borne noise or structure-borne noise. The 

receiver can be a patient, an operator, or any other staff working in the scanning room. This study 

will focus on reducing the acoustic noise in the scanner bore where the patient is located.  

 

 

Figure 1-2: Sound transfer path of a typical MRI scanner system [8] 

 

In the past decade, significant work has been done to characterize the acoustic noise in 

the scanner bore and various measures have also been investigated to attenuate the noise. 
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However, these measures are either extremely costly or only modestly successful. A new method 

for reducing MRI noise needs to be developed. 

 

1.2 Previous work 

The majority of previous work relevant to MRI acoustic noise can be categorized into the 

following three fields: measurements and analysis, analytical and computational modeling, noise 

control techniques. 

1.2.1 Measurements and analysis 

A significant amount of work has been done in MRI acoustic noise measurement. The first survey 

of acoustic noise levels in MRI systems was conducted by Hurwitz et al. [9] in 1989. They 

measured the noise levels at scanner bore isocenter during a variety of imaging sequences in six 

MR imaging systems with magnetic fields of 0.35-1.5 Tesla (T). Measured noise ranged from 82 

to 93 dB on the A-weighted scale. McJury [10] measured the acoustic noise levels generated by 

magnetic resonance imaging on two high field systems (1.0-T and 1.5-T) and found that noise 

levels on the 1.0-T system are greater than the 1.5-T system. Ravicz et al. [11] measured two 

imagers with different static magnetic field strengths. Peak noise levels were 123 and 138 dB in a 

1.5-T and a 3-T imager, respectively. The noise spectrum showed a prominent maximum at 1 kHz 

for the 1.5-T imager (115 dB SPL) and at 1.4 kHz for the 3-T imager (131 dB SPL). All these 

results showed that acoustic noise levels become higher in high field strength systems. 

Acoustic noise levels have also been found related to the type of imaging sequences. 

Sheblock et al. [12] assessed the noise level at 1.5 T during use of six “worst-case” pulse 
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sequences. Their results showed that the highest noise levels during MR imaging occurred during 

use of a gradient-echo (GRE) pulse sequence and was 102 dB at the entrance and exit of the 

magnet bore and 103 dB at the center (A-weighted scale). Another survey of acoustic noise levels 

for fast MRI pulse sequences was conducted more recently in 2001 by Price et al. [13] on 14 

systems with field strengths ranging from 0.2 T to 3 T. The measured noise levels varied from 

82.5 ± 0.1 dB (A) for a 0.23 T system to 118.4 ± 1.3 dB (A) for a 3 T system. Further 

measurements on four of the closed-bore systems showed that: 1) pulse sequence parameters 

were more influential in determining noise level than field strength, 2) the noise level was found 

to vary along the z-direction with a maximum near the bore entrance, and 3) in one of two 

systems tested there was a significant increase in noise with a volunteer present instead of a test 

object. 

Acoustic noise measurements and analysis have also been done for different types of 

MRI scanners. Cho et al. [14] conducted measurements for two different MRI scanners (the GE 

1.5-T EPI and KAIS 2.0-T) with several different pulsing sequences (Prescan, Spin-echo, 

Gradient-echo, Echo-planar, Inversion-recovery sequences). They found that the noise profiles 

and their frequency distributions were not only dependent on the pulse sequences employed but 

were also dependent on the types of scanner, especially the coil structures and their supports. In 

addition, two gradients namely frequency-encoding (x-) gradient and phase-encoding (y-) 

gradient were the main noise sources. Counter et al. [15] measured the SPL and spectral content 

of the acoustic noise generated by a 4.7 T experimental MRI system during scanning sequences 

commonly used in animal testing. Fourier analysis of the spectral content of the acoustic noise 

generated by each MRI sequence showed a wide band of acoustic energy with spectral peaks 

from 0.2-5 kHz.  
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A considerable amount of research has also been done by Mechefske et al. [16-20] on a 4 

T whole-body MRI scanner. Their research showed that most of the sound energy being 

measured was radiated from the inner surface of the bore liner. It is also noted that the 

distributions of the SPLs are not significantly influenced by angular position (i.e. 0º, 30º, 60º, 

90º). This implies that sound is, more or less, uniformly radiated from the liner surface. The main 

frequency of the noise in the bore ranges from 0 to 3 kHz with four resonance bands. They are 

650 Hz - 850 Hz, 1.1 kHz - 1.3 kHz, 1.75 – 2.0 kHz and 2.4 – 2.6 kHz respectively. They also 

used frequency response functions measured between acoustic noise levels and scanning 

sequence signals to predict acoustic noise levels in the scanner bore. The predictions using the 

FRF were close to the measured SPLs. 

1.2.2 Analytical and computational modeling 

As revealed by numerous previous research work [1, 7, 9, 16], acoustic noise in MRI scanners is 

mainly caused by the vibration of the gradient coil. The gradient coil is actually a structural-

acoustic system. In order to implement any noise control technique on such a system, a thorough 

understanding of the structural-acoustic mechanism is necessary and advanced modeling 

techniques must be used to effectively model the system for the purpose of acoustic noise 

reduction. Modeling for acoustic noise reduction in an MRI scanner can be divided into three 

parts: structural modeling, acoustical modeling and coupled structural-acoustic modeling. The 

acoustical part describes the characteristics of the transformation of the structural vibration into 

the noise. The structural part deals with the generation of structural vibrations due to the Lorentz 

forces in the gradient coils. The structural-acoustic modeling links the acoustic model and 

structure model in a coupled or uncoupled way. Figure 1-3 illustrates the structural-acoustic 

mechanism of an MRI scanner and the modeling work needed for the research on this problem.  



7 

 

 

Figure 1-3: Structural-acoustic mechanism of an MRI scanner 

 

For acoustical modeling, Kuijpers [21] developed three acoustic formulations to model 

the acoustic radiation inside the MRI scanner. Firstly, he derived a formulation for the acoustic 

radiation of a baffled finite duct. The acoustic field inside the duct was described with Fourier-

Bessel modes. The reflection of acoustic waves at the duct exit was described with reflection 

coefficients. However this model was only applicable to model scanners with a simplified bore 

having a constant cross section. Secondly, by assuming the gradient in the MRI scanner as an 

axisymmetric structure, he used a Fourier BEM (Boundary Element Method) model for the 

acoustic analysis. This method is suitable for a more complex geometry and saved computation 

time compared with the conventional 3-D BEM formulation. Based on Kuijpers‟ work, Shao [22] 

simplified the gradient coils in MRI scanners to a finite axisymmetric cylindrical duct and 

developed a baffled finite cylindrical duct model, a BEM model and a Green‟s function model for 

the acoustic analysis. In the analytical models (the baffled finite duct model and Green‟s function 

model) the sound wave reflection at the duct open ends was described by the general radiation 

impedances. All of the acoustical models developed in his thesis showed similar results for the 
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sound field of gradient coils. However, the analytical models run much faster than the BEM 

model and can demonstrate the relationship between the MRI noise and the geometry (diameter) 

of the gradient coils more directly. 

For structural modeling, Kessels [8] described the Lorentz forces in terms of a spatial 

Fourier series and implemented an efficient numerical method for the analysis of the coil 

vibrations which could reduce computing times. Also some parts of the gradient coil were 

modeled as frequency dependent reinforced materials and structures with glue layers. Geometry, 

material behaviour, mechanical excitation and kinematic boundary conditions were parameterized 

to find out that the acoustical behaviour of certain structures could change considerably after the 

application of small design changes. Wang [23] extended Kessels‟ work into a full dynamic 

modeling of gradient coils by implementing analytical, numerical and experimental modeling 

approaches concurrently. Three models, a thin-walled cylinder model, a single-layered gradient 

coil, and a multi-layered gradient coil were built and investigated based on the Love‟s equations 

and their modified forms. Their modal features and vibration patterns are completely disclosed 

and, by means of finite element method (FEM), numerical models of the three models with 

different boundary conditions were explored as well.  

For the part of structural-acoustic analysis, Kuijpers [21] developed a radiation formula 

to identify those components of the vibration field that contribute most to the radiated sound 

power. Through the eigenvalue analysis of the so-called power coupling matrix, the radiated 

modes and associated efficiency could be found and good radiating modes and weak radiating 

modes could be distinguished. Hedeen et al. [24] developed a vibro-acoustic model of a typical 

MRI, based on a technique known as Statistical Energy Analysis (SEA). The model served as a 

guide in understanding the vibro-acoustic characteristics of a MRI system. For the purpose of 

quieting existing products and in designing new products that were quieter, the possible 
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correlation between gradient coil structural modes and acoustical propagation modes in the coil 

duct also needs to be investigated.  

1.2.3 Noise control 

In order to attenuate the acoustic noise in MRI scanners, various measures have been investigated 

in both active control and passive control. The technique of Active Noise Control (ANC) for the 

reduction of noise by introducing an anti-phase acoustic wave to create a zone of destructive 

interference at a particular area in space is one of these methods. McJury et al. [25] developed a 

real-time DSP system with a Motorola DSP56001 microprocessor. The adaptive signal processing 

was based on the filtered-LMS algorithm. Their results showed that acoustic noise levels were 

reduced by up to 30 dB when tested on a range of standard clinical imaging protocols below 700 

Hz. Chen et al. [26] introduced a neural network (NN) for reducing the acoustic noise level in 

MRI in 1999. This NN was used as the predictor of a feedback ANC system for reducing acoustic 

noise. Experimental results showed that the proposed system achieved an average noise power 

attenuation of 19 dB, which compared favourably with previous studies, especially when dealing 

with broad-band noise.  

Since the high magnetic strength can affect electronic components of an ANC apparatus, 

two systems were used by Mechefske et al. [27] and Mansfield et al. [28] to reduce the influence 

of the magnetic field on ANC systems. One is the ANC headset with piezoelectric speakers 

inside. Another system used tubes that were attached to a headset so that no electronic 

components were within the strong magnetic field. The measurements showed that the headset 

model was the most effective in cancelling the noise with an overall reduction of 5.4 dB, with a 

reduction at the first harmonic of 23.8 dB. Compared to the headset model, the tube model was 
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less effective and the attenuation was minimal for the overall SPL levels, but there was a 

cancellation of 16.7 dB at the first harmonic. 

Due to the frequency limitation of ANC method (normally effective at low frequency, 

less effective at high frequency), a passive noise control method using an acoustic liner was 

investigated by Mechefske et al. [29]. Both simulation results and measurement results are 

described for two different coil cylinders within a 4-T MRI scanner (with the liner and without 

the liner). These results showed that the acoustic liner could reduce a certain level of noise and 

introducing the absorption materials into the gap between the warm bore (the magnet containment 

vessel) and the gradient coil cylinder could attenuate more noise. 

Similar to ANC, an alternative way to achieve noise suppression is to actively control the 

structural vibration of the object generating the noise. The controlled system will have lower 

radiation efficiency than an uncontrolled system. A computational study was carried out by Qiu 

and Tani and Qiu [30] on vibration control of a clamped cylindrical shell, which was used in MRI 

scanners to support the gradient coils and excited by a pulsed Lorentz force acting on the coils. 

Multiple distributed bending and in-plane piezoelectric actuators were used to simultaneously 

suppress a number of modes in a given frequency range. Their simulation results showed that the 

amplitudes of circumferentially low modes were successfully reduced. Theoretically, it would be 

possible to completely control a limited number of vibration modes if enough actuators are used 

and the sizes, positions and force amplitudes of the actuators are optimized. More work in this 

field can be found in [31-34]. 

Reducing the noise of MRI scanners based on balancing the Lorentz forces applied on the 

coils is another way for MRI acoustic noise to be controlled. This has been done by Mansfield 

and his colleagues. They have published a series of papers [35-39] and proposed a new technique 
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called active acoustic screening for quiet gradient coil design. The technique utilizes the return 

paths of gradient coil conductors in a closed arc loop arrangement, or a second distributed 

conductor on a second surface, to eliminate net Lorentz forces thereby attenuating vibration levels 

and acoustic noise. Their experimental results showed that this design can reduce some acoustic 

noise especially at low frequencies. Unfortunately, this acoustic screening inevitably reduces the 

gradient strength. To provide enough strength for certain scanning purposes, an increase in the 

input current to the gradient coils is necessary, thus reducing the efficiency of this design. 

Yoshida et al. [40] used "independent suspension" of the coil to dampen solid vibration, while a 

"vacuum vessel enclosure" of the coil shields transmission of residual vibration through the air. 

However, these methods are not cost effective and not suitable for all kinds of MRI scanners. 

 

1.3 Objective 

The objective of this research can be described as follows. Analytical and computational acoustic 

models will be developed to describe the structural-acoustic characteristics of an MRI scanner. 

These models can then be used to predict the acoustic performance of noise attenuation measures 

in MRI scanners. Based on the results of analytical and computational modeling, Acoustic 

absorbers will be developed to reduce the acoustic noise in the MRI scanner bore. The developed 

acoustic absorbers will be verified through experimental measurements. 

1.3.1 Scope of the research 

From the previous work done by many researchers, the acoustic noise in MRI scanner systems 

can be controlled in many different ways such as changing input sequences, stiffening gradient 

coil structures, adding absorptive acoustic liners, designing ANC devices or using ANC 
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headphones, or even isolating the entire gradient coil system. Each method has advantages and 

disadvantages. For the purpose of effectively reducing acoustic noise in MRI scanner bores in a 

wide frequency range without changing the design of scanner systems, another method is 

proposed in this study. This method utilizes micro-perforated panels to reduce the acoustic noise 

in MRI scanner bores. 

In the noise control industry, using sound absorbers is one of the most cost-effective 

ways to attenuate noise. In principle, the absorption of sound is mainly due to three different 

physical mechanisms that are all based on the conversion of sound energy into heat. Based on 

their physical mechanisms, sound absorbers can be categorized into three classes: porous 

absorbers, Helmholtz resonators and panel absorbers. In porous absorbers the oscillation of the air 

particles is slowed down by the porous or fibrous structure of the material. As a result, frictional 

heat is produced. Porous absorbers are textiles, carpets, foams, mineral wool, special acoustic 

plasters and porous stone materials. They are normally only effective for high frequencies. In 

Helmholtz resonators the air in the resonator opening is excited to strong oscillations at the 

resonance frequency. As in porous absorbers, frictional heat is produced as the oscillation of the 

air particles in the opening is slowed down due to friction. Micro-perforated panel (MPP) 

absorbers are another form of Helmholtz resonator. They are characterized by a multitude of tiny 

holes (with a radius of less than 1 mm) and low perforation (less than 10%). Micro-perforated 

panel absorbers can be designed to be effective over a relatively broad band of frequencies.  

The main task of this research is to investigate the possibility of designing micro-

perforated panel absorbers in MRI scanners to reduce the acoustic noise in the scanner bore. A 

proposed design is illustrated in Figure 1-4. This design will be evaluated through analytical and 

computational modeling. The analytical and computational models will be verified by 

experimental measurements before being used for the purpose of design evaluation. The verified 
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analytical and computational models will then be used to predict acoustic performance of the 

absorber with various design parameters. Eventually, prototype absorbers will be built for both 

laboratory and in-situ measurement verifications. The whole process of the proposed research 

work is summarized in Figure 1-5.  

 

 

Figure 1-4: Proposed design of an MRI scanner acoustic sound absorber 
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Figure 1-5: Workflow chart of the proposed research work 
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1.3.2 Approach of the investigation 

Finite element method (FEM) may be applied to any physical system of which the behaviour is 

described by a set of partial differential equations. The approach consists of the subdivision of the 

material space into a finite set of contiguous elements defined by a grid of lines (mesh). At 

discrete nodes of the elements, certain variables relevant to the real physical nature of the 

problem under investigation are selected as the nodal degree of freedom. The distributions of the 

variables between the nodes are assumed to take simple forms that satisfy certain continuity 

condition at the nodes. The direct method can be expressed as 

        [ ] [ ] [ ] ,M W C W K W F
 

    (1) 

where ][],[],[ KCM  are the mass, damping and stiffness matrices. F is the force applied on 

those nodes and W is the variable (normally the displacement for structural vibration problems 

and sound pressure for acoustic problems). This equation may be solved directly, but in practice a 

large number of degrees of freedom makes a direct solution costly [41, 42]. Hence it is common 

to use a modal substitution method. For example, the acoustical analysis for the closed volume is 

most usually accomplished by using FEM in which the fluid space is theoretically divided into 

contiguous elements of linear dimension substantially smaller than an acoustic wavelength at the 

highest frequency of interest. The method of modal superposition can be used to evaluate the 

acoustic frequency response of the closed cavity in the form of linear combination of a limited 

number of modal eigenvectors: 
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where  a  are the modal participation factors. [ ] is a matrix whose columns are the m retained 

modal eigenvectors. For the noise problem in an MRI scanner, the acoustic FEM model can be 

used to calculate the acoustic modes in the finite cylindrical duct. In a similar way, the structure 

FEM model will be used to find the structure modes of a finite length cylindrical shell with 

various boundary conditions. 

The numerical technique based on Boundary element method (BEM) has many 

applications for predicting the sound field with various complicated boundary conditions. The 

main feature of BEM is that the governing equations are reduced to contain only surface integrals, 

and all the volume integrals are removed from the equation by mathematical manipulation. 

Because only surface integrals remain in the equation, only surface elements are needed to 

perform the required integrations [43]. The basic BEM formulation can be derived from Green‟s 

third identity that relates the surface integral over S to the volume integral over V bounded by S 

for any two functions and ψ sufficiently smooth and non-singular in V: 

   
S V
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where n  is the derivative in the direction of the outward normal of S. Suppose  p   and 
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where 1)( rc  if the point r is in the fluid medium, while, if r  is a point on the boundary, then 

2/1)( rc . This equation, often referred to as the Helmholtz integral equation, expresses p at an 

arbitrary position in the region of sound field in the terms of values of p on the boundary S alone. 

Once the values of the pressure p on the boundary S are known, exactly or approximately, the 

pressure can, in principle, be computed at any point off the boundary, by approximating the 

integral in equation (4) by a suitable numerical integration rule.   

In this research, the BEM is applied to calculate the sound field generated by a sound 

source or by the vibration of the gradient coils. The BEM models will then be used to investigate 

the effect of various boundary conditions and for the design of sound absorbers for MRI scanners. 

The FEM structural models are calculated by the software ANSYS. The BEM models are 

calculated by LMS Virtual.Lab Acoustics. The simulation procedures are shown in Figure 1-6. 

In the experimental measurements, a mock-up of the gradient coil duct and an impedance 

tube apparatus will be built. The duct mock-up will be used for verification of the computational 

models and for measuring the absorber‟s overall acoustic performance. The impedance tube 

apparatus will be built based on the ISO-10534-2 standard [44]. It will be used for measuring the 

specific acoustic impedance of some key components of the absorber such as the micro-

perforated panel or porous material or their combinations. These measured impedance data are to 

be used for computational modeling and absorber design. Once the design of the absorber proves 

effective in the laboratory, a full sized absorber will then be built and measured in a real 3T MRI 

scanner system. 
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Figure 1-6: Approach and procedure of the computational modeling 

 

1.4 Outline of the thesis 

This thesis is organized in the manuscript format. It is composed of seven chapters. Except 

Chapter 1 (General Introduction) and Chapter 7 (General Discussion), each chapter is itself a 

manuscript which was previously published or submitted for publication. As the chapters in 

manuscript format are self-contained, there are some apparent repetitions among the chapters, 

particularly in the introduction sections of these chapters. 
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 The present chapter is a general introduction to the background, motivation and objective 

of the presented research work. It includes a comprehensive literature review on previous works 

on the topic of MRI acoustic noise control. Scope of the research and approach of the 

investigation are also included in this chapter. 

 Chapter 2 deals with the structural-acoustic mechanism of MRI scanners, which is critical 

for answering the question of how the acoustic noise in the scanner bore is coupled with the 

vibration of the gradient coil structure. The problem is investigated from the perspective of modal 

analysis. In this chapter, a structural-acoustic modal analysis method is developed for cylindrical 

shells with application to MRI scanner systems. It includes a structural analysis of cylindrical 

shells, an acoustic analysis of gradient coil ducts, and an analysis of the structural-acoustic modal 

coupling. A version of this chapter was published in the journal: Magnetic Resonance Materials 

in Physics, Biology and Medicine. 

 Chapter 3 extends previous works in the acoustic modeling of finite ducts which are 

simplified from MRI scanner bores. It develops mathematical expressions of generalized self-

radiation impedances at the open ends of finite cylindrical ducts with perforated panel inserts in 

the ducts. The self-radiation impedances are calculated for ducts with various configurations. 

Effects of the perforated panel inserts are shown and discussed. The study in this chapter provides 

a base for acoustic modeling of finite cylindrical ducts with perforated panel inserts inside the 

ducts. This study makes it possible to investigate the possibility of reducing the acoustic noise in 

MRI scanners by an MPP acoustic absorber through analytical modeling. A version of this 

chapter was submitted for publication to the Journal of Sound and Vibration. 

 Chapter 4 presents the study of using an MPP absorber in the MRI scanner bore to reduce 

the acoustic noise through analytical and computational modeling. A series of MPP absorbers 
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with varying design parameters are evaluated and compared with porous materials with varying 

material properties and distribution patterns. The methods presented in previous chapters are used 

in the analytical modeling in this chapter. The boundary element method (BEM) is used in the 

computational modeling. Comparisons are made between the results of analytical and 

computational modeling. The study predicts the effectiveness of MPP acoustic absorbers in MRI 

scanners. A version of this chapter has been accepted for publication in the journal: Concepts in 

Magnetic Resonance Part B, Magnetic Resonance Engineering. 

 Chapter 5 reports the results of a comprehensive experimental study of micro-perforated 

panel acoustic absorbers in MRI scanners. The experimental acoustic measurements include 

measurements in an impedance tube, measurements in an MRI scanner bore mock-up, and in-situ 

measurements in an actual MRI scanner. The study confirms that well designed MPP acoustic 

absorbers are effective in reducing acoustic noise in MRI scanners. A version of this chapter has 

been accepted for publication in the journal: Magnetic Resonance Materials in Physics, Biology 

and Medicine. 

 Chapter 6 reveals the design methods and procedures developed specifically for MPP 

sound absorbers to be used in MRI scanners. Considerations and recommendations on the design 

of MPP absorbers for MRI scanners have been presented in terms of various design parameters. 

Discussions of the limitation of the current designs and suggestions of possible solutions are also 

included in this chapter. A version of this chapter has been submitted for publication to the 

ASME Journal of Vibration and Acoustics. 

 Chapter 7 is a general discussion on the works presented in the previous chapters. It 

includes reviews and discussion on the main topics of the investigation and recommendations for 

future work. Summary and conclusions of the whole thesis are presented after this chapter. 
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Chapter 2 

Structural-Acoustic Modal Analysis of Cylindrical Shells:  

Application to MRI Scanner Systems 
2
 

Abstract 

In order to implement quiet MRI design, the structural-acoustic coupling mechanism in MRI 

machines needs to be fully investigated. Structural analysis was first implemented using Love‟s 

classical shell theory. The concept of a “virtually closed cavity” was used in the acoustic modal 

analysis of the gradient coil duct. The dispersion curves and the number of modes per frequency 

band were used to reveal modal distribution properties for both structural modes and acoustic 

modes. Structural-acoustic coupling modes were identified by superposition of the dispersion 

diagrams of the structural waves and acoustic waves. Experimental validation was implemented 

separately for the structural analysis and acoustic analysis. Independent structural modes and 

acoustic modes and their distribution patterns were calculated up to 3000 Hz with various 

boundary conditions. Coupling modes were clearly revealed using the analysis procedures 

presented in this paper and were found to be in agreement with the ones identified from 

experimental measurements. These methods are effective for coupled and uncoupled modal 

analysis of MRI scanner systems and can be used for quiet MRI design or sound absorber design 

for existing MRI systems. 

Keywords: MRI scanner, Gradient coil insert, Acoustic noise, Modal analysis, Structural-

acoustic analysis 

                                                      

2
 A version of this chapter was published in the journal: Magnetic Resonance Materials in Physics, Biology 

and Medicine. 
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2.1 Introduction 

In Magnetic Resonance Imaging (MRI) scanner systems, there can be considerable acoustic noise 

leading to patient discomfort [1]. The noise is generated by the interplay between Lorentz forces 

generated by rapid current changes within pulsed gradient-field coils located in a strong 

background static magnetic field. These forces excite vibration of the gradient coil and connected 

components in the MRI system. The vibrating wall of the coil structure then radiates sound waves 

into surrounding air inside and outside of the scanner bore. The sound waves in the scanner bore 

propagate as waveguide modes due to the boundary constraint of the sound field. Therefore, the 

gradient coil is actually a structural-acoustic system. 

Theoretically, the vibration response of a gradient coil system can be expressed as the 

superposition of a series of individual structural modes. The acoustic response in the scanner bore 

can also be expressed as the superposition of a series of propagating radial modes and 

circumferential modes. This is called the modal expansion method for analyzing the dynamic 

response of a mechanical system under any given external excitation. Modal analysis should be 

carried out first when using this method for structural-acoustic analysis. In the case of MRI 

scanners, Mechefske‟s research group has done a significant amount of work on structural modal 

analysis of MRI gradient coils [1-4]. They used theoretical, numerical and experimental methods 

in their work on gradient coils with various boundary conditions and different sizes and 

structures. Taracila et al. [5] presented an analytical method for calculating the cylindrical shell 

modes of the cryostat inner “warm bore” cylinder in an industrial MRI system. No publications 

can be found specifically dealing with acoustic modal analysis within MRI scanners. Kuijpers [6] 

and Shao [7] used the method of modal expansion in their acoustic analysis and modeling of the 
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gradient coil duct with rigid wall and uniform impedance. But they did not expand their research 

into a deeper investigation of the acoustic modes in the duct.  

In order to obtain a full and thorough understanding of the structural-acoustic mechanism 

within an MRI scanner for the purpose of reducing acoustic noise in the scanner bore or designing 

a quiet MRI machine, the following questions need to be answered. How are the acoustic modes 

distributed in the duct? How will the acoustic mode distribution change with a change of 

boundary condition at the duct wall? Is there any interaction or coupling between the structural 

modes and acoustic modes? If yes, which modes will interact or couple? From all the previous 

work, we are not able to answer any of these questions. This paper presents some of the work 

done to answer these questions by using the structural-acoustic modal analysis method. 

 

2.2 Materials and methods 

2.2.1 Natural frequency of structural modes 

By assuming (a) the thickness of the shell is much less than its radius and (b) the shear deflection 

is small so that the influence of rotational inertia can be neglected, the equations of motion of a 

thin cylindrical shell (Figure 2-1), as given by Love [8], are: 
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where zu , ru , u  are the vibration displacements in the axial (z), circumferential (θ), and radial 

(r) directions, respectively, zq , rq , q  are the external forces in the three directions, 

2(1 )K Eh   , 
3 2[12(1 )]D Eh   , E is Young's modulus, µ is Poisson's ratio, R is the 

radius of the cylinder, ρ is the density of the material and h is the thickness of the shell, as shown 

in Figure 2-1. 

 

 

Figure 2-1: A cylindrical shell model including coordinates, wave-numbers, and helical structure 

wave-fronts ( zk and k  are the axial and circumferential components of the structure wave 

number k  respectively) 
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Equations (1-3) represent three kinds of coupling vibration modes in axial, 

circumferential and radial directions respectively. From the perspective of structural acoustics, 

these vibration modes propagate as waves in the shell structure. For a uniform cylindrical thin 

shell, waves of wave number k  propagating in the shell structure may be characterized by axial 

and circumferential wave numbers zk  and k , as shown in Figure 2-1. The structural wave 

number relation is 

 
2 2 2.zk k k   (4) 

For a circular cylindrical shell which is closed in the circumferential direction, the wave 

number in the circumferential direction for the vibration waves can be expressed as 

 ,         0, 1, 2, 3, ..., .
n

k n
R

     (5) 

The wave numbers of axial modes ( zk ) vary with boundary conditions at both ends. 

These are given by: 

Free ends: 
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Clamped ends: 
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Simply Supported ends: 
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 ,        m = 1,2, 3, ... , .z

m
k

L


   (8) 

In the above boundary conditions, L is the length of the cylindrical shell and m is the 

order of the axial modes. 

The solution of Love's equations for a circular cylindrical shell can then be assumed in 

the form of wave propagation as 
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where zu  is the longitudinal wave, u is the torsional wave and ru  is the flexural wave; 
z

nU , nU 

 

and 
r

nU  are the wave amplitudes. 

Substituting equations (9-11) into (1-3) and assuming the external forces to be zero, we 

obtain the following characteristic equation: 
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where 
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The characteristic equation (12) can be rewritten as 
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The three solutions of this equation are 
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For any given n, it has three waves propagating at different frequencies. The lowest is 

associated with the flexural wave mode where the radial displacement dominates, while the other 
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two are usually higher by an order of magnitude and are associated with the mode where the 

displacements in the axial and circumferential direction dominate. 

2.2.2 Modal participation factors 

Because the Lorentz forces acting on the gradient coil are independent of the motion of the coil, 

the dynamic response of a coil can be obtained in terms of natural frequencies and mode shapes 

using the approach of modal expansion: 
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where )(tk  is the modal participation factor in the three displacement directions; ),( zU k , 

),( zVk  and ),( zWk  are the natural mode components in the three displacement directions. 

The modal participation factor is defined by the amount of participation of each mode in 

the total dynamic response [9]. This factor may turn out to be zero for certain modes and may 

approach large values for others, depending on the nature of the excitation. The modal 

participation factors are unknown and can be determined from the following equation: 
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where  
k

k
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c







2
 is the modal damping coefficient of the mode k. )(tFk  is the modal force 

and 
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2.2.3 Acoustic modes in the duct 

 

Figure 2-2: A gradient coil duct acoustic model including coordinates, wave-numbers, and 

acoustic wave-fronts ( zk and rk  are the axial and radial components of the acoustic wave number 

k  respectively) 

 

The 2D geometric model of a gradient coil duct in a cylindrical coordinate system is shown in 

Figure 2-2. The sound pressure in a circular cylindrical duct can be calculated using the principle 

of modal superposition [10]. For an infinite length duct, modes exist in the radial and 

circumferential direction. The sound pressure in the duct can be expressed as 



34 

 

 
1

( , , ) ( ) [ ],
mn mn
z zik z ik zmn im

mn m r

m n

P r z A J k r e e e
 



 

    (23) 

where P is the acoustic pressure in the duct; ( )mn

m rJ k r  is a Bessel function of the first kind of 

order m; mnA is the modal amplitude corresponding to the propagating wave modes; 
mn

rk and 
mn

zk  

are the acoustic wave numbers in the radial and the axial direction respectively; m is the order of 

circumferential modes, and n is the order of radial modes. 

The acoustic wave number relationship is 

 
2 2 2( ) ( ) ,r zk k k   (24) 

where k  is the acoustic wave number in the free field. 

The boundary condition on the duct wall is /P r ik P    at r = R, where R is the 

radius of the cylindrical duct,   is the specific acoustic admittance of the wall. Therefore the 

characteristic equation for the radial modes can be derived from this boundary condition and 

expressed as 

 
' ( ) ( ),mn mn mn

r m r m rk J k R ik J k R  (25) 

where 
'

mJ  is the derivative of mJ  with respect to its argument. 

The wave numbers of the radial modes 
mn

rk  can be solved from the above equation. Once 

mn

rk  is solved, substituting into equation (24) we can obtain the wave number-frequency 

relationships for the acoustic modes propagating in the axial direction of the duct. 
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When the duct is of finite length and is rigidly closed at the two ends, sound waves 

cannot propagate out of the cavity and standing waves also occur in the axial direction. These 

standing waves are called axial modes of the cavity. The wave number of the axial modes is 

 ,        0, 1, 2, 3, ... , .z

l
k l

L


    (26) 

When the duct is rigidly closed at one end and open at another end, only part of the sound 

waves propagate out of the cavity from the open end and the rest reflect back into the cavity due 

to the impedance change at the open end. Modes still exist in the axial direction. The wave 

number of the axial modes is 
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Even when the duct is open at both ends, as in the case of MRI scanners, acoustic waves 

propagating in the duct cannot pass unaffected through the termination apertures. Only a part of 

the acoustic energy can radiate from the open ends of the duct and the other part will be reflected. 

So acoustic modes actually exist in a finite duct even with both of the duct ends open. 

Here we consider the duct with open ends as a “virtually closed” cavity and use a 

generalized radiation impedance model introduced by Zorumski [11] for the boundary condition 

of the open ends. 
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The axial wave number 
zk can then be solved from the following boundary condition at 

the open ends 

 /      at  z 0 and L.mnl

p
ikp c Z

z
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For all the cases discussed above, and for any specific mode (m, n, l), once the radial 

wave number 
mn

rk  is solved for a particular boundary condition on the duct wall and the axial 

wave number 
l

zk  is solved for particular boundary conditions at the duct ends, the wave number 

mnlk  can then be calculated from equation (24) and the natural frequency mnl  can be calculated 

from mnl mnlck  , where c is sound speed in the air. 

2.2.4 Coupling between structure modes and acoustic modes 

The inhomogeneous wave equation for sound pressure is 
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where q represents the distribution of source volume velocity per unit volume. The vibration of 

the duct wall may be represented as a volume velocity distribution bq  confined to an 
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infinitesimally thin layer situated on the inner surface of the duct wall, by the use of a one-

dimensional Dirac delta function in a coordinate normal to the surface. 

Assuming the normal structural displacement w to be directed outwards from the fluid 

volume, we may write 

 0
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Assuming there is no distribution of sources other than those representing boundary 

motions on the duct wall, we have bq q . Hence 
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We now express the acoustic pressure as a sum of the pressure distributions in the 

acoustic modes of the duct cavity: 
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where n is the acoustic mode number, ( )np t  is the amplitude function of the acoustic mode, 

( )n r is the mode shape function. For the duct cavity with closed ends, the mode shape function 

for any specific mode (m, n, l) can be written as 

 ( , , ) ( ) cos( )cos( ).mn l

mnl m r zr z J k r m k z    (36) 



38 

 

Using equation (35) and the homogeneous Helmholtz equation 
2 2( , ) ( , ) 0p t k p t  r r  

in equation (34) we obtain 
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Multiplying by ( )m r , integrating over the cavity volume and applying the orthogonal 

condition [12], Equation (37) yields a differential equation for the modal-pressure coordinate 

( )np t : 
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where 2( )n n
V

dV   r  and n  is the natural frequency of the acoustic mode. 

By taking into account the acoustic pressure acting on the structure, the equation of 

motion in the normal direction of the undamped structure can be written as 
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where w is the normal surface displacement of the structure, L is the Love‟s operator governing 

the elastic forces in the structure, Rq is the distribution of Lorentz force per unit area (also 

assumed to be directed outwards from the cavity), and p is the distribution of surface pressures 

imposed by the acoustic waves. 
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The structural displacement can be written in terms of a summation over the in-vacuo 

normal modes, 
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in which each mode satisfies 
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For a simply supported shell, the mode shape function for the structural mode (m, n) is 
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Substituting equation (40) into equation (39) together with the application of (41) 

followed by multiplication by ( )q s r and integration over the structural surface, it yields the 

coupled modal equation of motion for the structure: 
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where pF  is a generalized force given by ( ) ( )R s p s
S
q dS r r  and 2( )p p s

S
h dS    r . 

For the air in the duct cavity, the coupled modal equation is 
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npC is a dimensionless coupling coefficient given by the integral of the product of the 

structural and acoustic mode shape functions over the surface of the structure: 
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For a simply supported gradient coil duct open at both ends, substituting the acoustic 

mode shape function (36) and the structural mode shape function (42) into the above equation, we 

can calculate the mode coupling coefficient between acoustic mode n1 and structural mode p1 

with n1 referring to the acoustic mode ( m , n , l ) and the structural mode ( m , n ) : 
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2.2.5 Experimental validation 

 

Figure 2-3: Pictures of the structural modal testing rig for a gradient coil mock-up in simply 

supported boundary condition (left picture) and free state boundary condition (right picture) 

(courtesy of Dr. Fenglin Wang) 
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Experiments designed to test the effectiveness of our approach are reported in this section. 

Structural modal testing for MRI gradient coils was implemented in previous years by our 

research group and the testing results were reported in the literature [2-4]. These experimental 

results are used to validate the calculated structural modes. Figure 2-3 shows some pictures of the 

structural modal testing rig. The testing rig consists of a gradient coil mock-up, a signal analyzer, 

an impulse hammer, accelerometers and amplifiers. 

Acoustic measurements were carried out recently using the same gradient coil mock-up 

which was used in the structural modal testing. The acoustic modes are identified and compared 

to the calculated ones. Figure 2-4 and Figure 2-5 show the schematic diagram and a picture of the 

acoustic measurement set-up. The measurement set-up consists of a gradient coil mock-up, a 

signal analyzer, two loudspeakers, a microphone and amplifier. A detailed description of the 

experimental instrumentation is included in Appendix A. 
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Figure 2-4: Schematic diagram of acoustic measurement set-up for a gradient coil mock-up 

 

Figure 2-5: A picture of the acoustic measurement set-up for a gradient coil duct mock-up with 

two speakers as source at the ends of the duct 
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Once the structural modes and acoustic modes are verified separately from the 

experimental measurements, the coincidence modes can be identified from the experimental 

results and compared to the results of the theoretical calculation. 

 

2.3 Results 

Table 2-1 lists the structure dimensions and material properties of a single layer gradient coil 

structure which is idealized as a circular cylindrical shell. The structural-acoustic modal analysis 

was implemented first on this model. Details of the finite element modal analysis are included in 

Appendix B. 

 

Table 2-1: Structural parameters of a gradient coil insert model 

Length of the coil structure 1.2 m 

Radius of the coil structure 0.3 m 

Thickness of the coil structure 0.02 m 

Young‟s modulus 92.8 10  Pa 

Poisson‟s ratio 0.39 

Mass density 1200 
3/kg m  

 

 

2.3.1 Structural modes 

Natural frequencies of the gradient coil structure under the simply supported boundary condition 

were first calculated for modes up to 3
rd

 order and from frequencies 0 to 3000 Hz (Table 2-2).  
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Table 2-2: Natural frequencies of structural modes with simply supported boundary condition 

(calculated up to 3000 Hz and 2
nd

 order modes) 

Mode 

number 

Mode order 

(m, n) 

Natural frequency (Hz) 

Bending mode Torsion mode Axial mode 

1 (1,0) 381.8 588.5 951.9 

2 (1,1) 216.4 731.6 1352.0 

3 (1,2) 109.6 1085.3 2063.6 

4 (2,0) 763.6 777.2 1443.4 

5 (2,1) 483.4 1026.0 1731.1 

6 (2,2) 289.2 1317.6 2346.3 

 

 

Figure 2-6: Modal participation factors in X-Y direction versus frequency for the cylindrical shell 

(free-state boundary condition at both ends) 
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Figure 2-7: Modal participation factors in X-Y direction versus frequency for the cylindrical shell 

(fixed boundary condition at both ends) 

 

Modal participation factors were calculated for the structure model with free and fixed 

boundary conditions and the results are plotted in Figure 2-6 and Figure 2-7. These figures reveal 

the mode distribution pattern for the structure. Table 2-3 lists some of the modes with the highest 

participation factors for the structure under both free and fixed boundary conditions. 
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Table 2-3: Structure modes with highest participation factors  

(calculated up to 3000 Hz and 10th order modes) 

Mode number 1 2 3 

Free 
Modes 

Mode (5, 1) 

1405.4 

Hz

 

Mode (3, 8) 

1433.4 

Hz

 

Mode (8, 2) 

1447.4 

Hz

 

Factor 0.429 0.422 1.0 

Fixed 
Modes 

Mode (1, 2) 

142.5 

Hz

 

Mode (1, 3) 

148.7 

Hz

 

Mode (2, 4) 

295.1 

Hz

 

Factor 0.403 0.666 0.178 

 

 

Structure mode distribution can also be illustrated by dispersion curves for the structural 

waves as shown in Figure 2-8. All breathing modes and beam-bending modes were located at the 

bottom left low frequency zone. The ring frequency is calculated to be 880 Hz in this case.  
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Figure 2-8: Illustration of wave dispersion curves and structure modes for the gradient coil insert 

(vertical dotted lines are lines of constant m, horizontal dotted lines are lines of constant n; blue 

lines are dispersion curves calculated from equation (12); structure modes are marked with black 

filled small circle) 

 

  Figure 2-9 shows the number of modes calculated for the gradient coil in different 

frequency bands and the discrepancies between the two different boundary conditions. From this 

figure we can see that, the boundary condition at the ends of a gradient coil has a significant 

effect on the structural mode distribution. Using this figure one can identify those frequency 

bands which are dynamically less sensitive to the boundary conditions. In this case, the numbers 

of modes in the frequency bands of 400-500 Hz, 700-800 Hz, 1000-1200 Hz, 1500-2200 Hz, 

2400-2500 Hz and 2600-3000 Hz have small discrepancy between the two different boundary 

conditions, which means the structural modes in these frequency bands are not sensitive to the 

boundary conditions. This is expected because higher order modes tend to be independent of 
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boundary conditions and lower order modes vary with the specific boundary conditions of the 

system [10]. We can also see that relatively more modes are presented in the frequency range of 

800-900 Hz and 1400-1500 Hz for both boundary conditions. Therefore, these frequency bands 

are more critical than other frequencies when we deal with the noise and vibration problem for 

this gradient coil structure. 

 

 

Figure 2-9: Comparison of number of modes per frequency band for the gradient coil structure 

with free and fixed ends (the width of frequency band is 100 Hz; the discrepancy curve shows the 

difference in number of modes between the fixed ends and free ends boundary conditions) 

 

2.3.2 Acoustic modes 

The acoustic modes in a duct consist of three components: radial modes, circumferential modes 

and axial modes. When the axial wave number is zero at a particular frequency and for a certain 
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acoustic mode, this frequency is called the cut-off frequency below which the particular modes 

cannot propagate freely in the duct. Those axial modes above the cut-off frequency are called cut-

on modes. The cut-off frequencies of the gradient coil duct with a rigid wall boundary condition 

were calculated for modes up to 5
th
 order and from frequencies 0 to 3000 Hz (Table 2-4). 

 

Table 2-4: Acoustic cut-off modes of the duct with rigid wall  

(calculated up to 3000 Hz and 5th order modes, unit is Hz) 

 m = 0 m = 1 m = 2 m = 3 m = 4 m = 5 

n = 1 0 530 880 1210 1532 1849 

n = 2 1104 1536 1932 2309 2675 - 

n = 3 2022 2460 2873 - - - 

n = 4 2931 - - - - - 

 

Acoustic mode distribution can also be illustrated by dispersion curves for the sound 

waves propagating in the duct. Figure 2-10 plots the dispersion curves for the acoustic modes (0, 

1) to (0, 5) in a duct with a rigid wall and a duct with acoustic admittance of 0.5i on the wall.  

The number of modes per frequency band for the acoustic modes in the duct with closed 

ends or virtually closed ends was also calculated and is presented in Figure 2-11.  
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Figure 2-10: Illustration of wave dispersion curves and acoustic cut-off modes for the gradient 

coil duct (solid lines are wave dispersion curves of the duct with rigid wall, dotted lines are wave 

dispersion curves of the duct with acoustic admittance 0.5i; cut-off frequencies are identified by 

the intersection of dispersion curves and frequency axis) 

 

 

Figure 2-11: Number of acoustic modes per frequency band for the duct with rigid wall  

(the width of frequency band is 100 Hz) 
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2.3.3 Structural-acoustic coupling modes 

Figure 2-12 shows the coupling between the structure modes from n=0 to n=3 with m=1 (n is the 

order of circumferential modes, m is the order of axial modes) and the acoustic modes from n=1 

to n=5 with m=1 (n is the order of circumferential modes, m is the order of radial modes). In this 

case, it is assumed that the speed of sound is 343 m/s in the contained fluid. At the intersection(s) 

of the dispersion curves of shell modes (blue solid lines) of circumferential order n with those of 

acoustic modes (black solid lines) of the same order, equality of frequency and of wave number 

of the fluid and shell waves occurs. This is called mode coincidence which is marked with black 

solid circles on the figure. It is clear that, in this case, the coupling occurs between shell mode (2, 

3) and acoustic modes (2, 3). But acoustic mode (2, 1) does not couple with structural mode (2, 

1). Acoustic mode (2, 2) and structural mode (2, 2) are close to couple but not as close as modes 

(2, 1). A modal coupling coefficient was also calculated for the coupling mode and found to be 

0.8871. The same procedure can be used for finding all the structure-acoustic coupling modes and 

thus is a useful tool for structure-acoustic analysis of the gradient coil system.   

Figure 2-12 also shows that the coupled modes can be uncoupled or attenuated by 

changing the acoustic properties of absorbing material used in the gradient coil duct. On this 

figure, absorbing materials A, B and C refer to polyether foams having the acoustic admittance of 

0.1+0.1i, 0.5+0.5i and 1+1i respectively. We can see that, when material B is used, there is a 

coupling mode between shell mode (2, 3) and acoustic modes (2, 3); however, when material A 

or C is used, this coupling mode does not exist anymore. When the admittance of the absorbing 

material is decreased, the acoustic waves move to higher frequencies and tend to couple with the 

structure waves at higher modes; in contrast, when the admittance of the absorbing material is 

increased, the acoustic waves move to lower frequencies and tend to couple with the structure 

waves at lower modes. This coupling tendency provides useful information for decoupling the 
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coupled modes using absorbing materials. But it is hard to quantitatively predict how the 

absorbing materials would affect the coupled modes. 

 

 

Figure 2-12:  Illustration of structural-acoustic modes coupling for the gradient coil insert 

(horizontal dotted lines are lines of constant n; blue lines are structure wave dispersion curves 

calculated from equation (12); black lines are acoustic wave dispersion curves calculated from 

equation (24) – (26); coupling mode is marked with black filled small circle; materials A, B and 

C refer to polyether foams having acoustic admittance of 0.1+0.1i, 0.5+0.5i and 1+1i, 

respectively) 
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2.3.4 Experimental validation 

The gradient coil mock-up used in the experimental measurements is 590mm in length, 

187.75mm in radius and 11.5mm in thickness. The material properties of this mock-up structure 

are listed in Table 2-1. Table 2-5 shows the comparison of measured structural modes and 

calculated modes under a simply supported boundary condition. 

 

Table 2-5: Comparison of frequencies of calculated structural modes with frequencies of 

measured structural modes for a gradient coil mock-up in simply supported boundary condition 

(comparison is made for the natural frequencies of the first 10 modes under 1500 Hz, unit is Hz) 

Mode 

No. 

Mode 

order 

Calculated 

modes cf  

Measured 

modes mf  

Deviation 

c mf f  

% deviation 

/c m cf f f  

1 (1,2) 244 240 4 1.6% 

2 (1,3) 243 257 14 5.8% 

3 (1,4) 391 422 31 7.9% 

4 (1,5) 610 658 48 7.9% 

5 (3,3) 743 742 1 0.1% 

6 (3,4) 734 767 33 4.5% 

7 (3,2) 903 862 41 4.5% 

8 (3,5) 869 915 46 5.3% 

9 (2,1) 936 942 6 0.6% 

10 (3,6) 1105 1167 62 5.6% 

 

 

Figure 2-13 shows the comparison of measured acoustic modes and calculated modes 

using speakers as source at the ends of the gradient coil mock-up. 
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Figure 2-13: Comparison of frequencies of calculated acoustic modes with frequencies of 

measured acoustic modes for a gradient coil duct mock-up with speakers as source at the ends 

(sound field is measured up to 1500 Hz) 

 

2.4 Discussion 

2.4.1 Structural modes 

Figure 2-6 and Figure 2-7 show that when the gradient coil structure is in a free boundary 

condition state, the modes with higher participation factor are located at higher frequencies 

around 1500 Hz, 1800 Hz and 2800 Hz. However, when the structure is fixed at both ends, the 

modes with higher participation factor shift to lower frequencies less than 1000 Hz and only 5 

modes have participation factor larger than 0.1, which means fewer modes contribute to the 

dynamic response of the structure when it is fixed at the ends and excited by external Lorentz 

forces. 
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 From shell theory, we know that ring frequency separates frequency regions in which 

wall curvature effects are dominant and weak. For the modes above ring frequency, for example 

the modes (8, 8), (9, 6) and (10, 3) in Figure 2-8, their frequencies change with the change of the 

diameter of the gradient coil. However, for the modes below ring frequency, for example the 

modes (7, 1) and (7, 4) in Figure 2-8, they mainly depend on the thickness of the coil structure 

and changing the diameter of the structure has little effect on these modes. Thus, the figure of 

dispersion curves can be used as an effective tool for identifying critical modes and predicting 

mode changes when geometry parameters of the structure are changed. 

Structure modes are normally not evenly distributed in the frequency domain. We often 

find more structural modes present in some frequency ranges than in other frequency ranges. 

Knowing the frequency ranges where more modes are present is not only meaningful for structure 

design but also helpful for structural-acoustic coupling analysis and sound absorber design. 

2.4.2 Acoustic modes 

Figure 2-10 shows that acoustic mode (0, 1) in the duct with a rigid wall is a plane wave with cut-

off frequency at 0 Hz which means the fundamental plane wave will propagate in the duct when 

there is any external excitation source near the duct. However, when the duct wall is covered with 

absorptive material, which adds acoustic admittance to the duct wall, the plane wave will be 

attenuated and higher order modes will be shifted and have higher cut-off frequencies.  

From Figure 2-11 one can see that the number of modes per frequency band at the high 

frequency range is dramatically increased and makes modal analysis for the high frequencies 

extremely difficult and almost meaningless. Therefore, the acoustic modal analysis is generally 
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limited to the low frequency modes. For high frequencies other methods such as Statistical 

Energy Analysis (SEA) could be more useful. 

2.4.3 Structural-acoustic coupling modes 

A cylindrical shell clearly represents a waveguide for waves in both the solid and fluid media. In 

principle, only coupled waves can propagate in a fluid-filled cylinder. But, in cases of coupling 

between solid cylindrical shells and gases (except at extremely high pressure), the coupled modes 

resemble closely their uncoupled components and, for the purposes of approximate analysis and 

qualitative understanding of the coupling characteristics, they may be assumed to retain their 

uncoupled characteristics. Hence, the dispersion diagrams for the shell waves and the fluid waves 

may be superimposed. 

2.4.4 Experimental validation 

Comparing the results of structural modal testing and acoustic measurements on the gradient coil 

mock-up, one can see that the 926 Hz acoustic mode (2, 1) and the 936 Hz structural mode (2, 1) 

have the same mode order and their frequencies match well, which means that they tend to couple 

with each other when the structure gets excited by external force around these frequencies. Using 

the analysis method presented in the “materials and methods” section of this chapter, the 

coincidence mode for the gradient coil mock-up used in the measurements is found to be around 

920 Hz with mode order (2, 1). 

However, it should be noted that the coincidence modes identified from the above 

experimental measurements are only approximate estimations of the real coupling modes because 

the sound field in the duct is created by the speakers instead of by the vibration of the duct wall as 

in a real gradient coil system. In order to identify and validate the real coupling modes which are 
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caused by the vibration of the gradient coil structure, a more complex experimental system needs 

to be built. This system should be able to create variable structural modes in the coil structure and 

acoustic modes simultaneously, in which the acoustic modes are purely excited by the vibration 

of the duct wall. Building such a measurement system is already being contemplated and will be 

reported on in the near future. 

2.5 Conclusion 

A structural-acoustic modal analysis method with application to MRI scanner systems has been 

presented. Love‟s classical shell theory was used to find the natural frequencies of the structural 

modes of the gradient coil shell. The concept of a “virtually closed cavity” was adopted in 

acoustic modal analysis for the gradient coil duct. Dispersion curves and number of modes per 

frequency band were used to reveal modal distribution properties for both structure modes of the 

gradient coil shell and acoustic modes of the coil duct. For the coupling analysis, superimposition 

of dispersion diagrams of structure waves and acoustic waves was used to identify the 

coincidence modes which could be approximately taken as the structural-acoustic coupling modes 

for the case of solid gradient coil structures. Finally, experimental validation was implemented 

separately for the structural analysis and acoustic analysis and coincidence modes were identified 

from the experimental measurements. 

It was found from the above analysis that the modal distribution pattern for the gradient 

coil structure varies with boundary conditions. When the gradient coil structure has free boundary 

conditions the modes with higher participation factor are located at high frequencies. However, 

when the structure is fixed at both ends the modes with higher participation factor shift to lower 

frequencies and fewer modes contribute to the dynamic response of the structure when it is 

excited by external Lorentz forces. This method can be used to identify the critical structural 
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modes and find how the gradient coil fixation affects the modal distribution of the structure and 

thus provide useful information for quiet MRI design. The acoustic modal analysis shows that the 

acoustic modal distribution can be changed by adding absorptive material on the duct wall, in 

which higher order modes will be shifted and the fundamental plane wave can be attenuated. The 

results of experimental validation show that the measured coincidence mode is in close agreement 

with the one identified from theoretical calculation. However, the coincidence modes are only 

approximate estimations of the real coupling modes. In order to validate the real coupling modes 

which are caused by the vibration of the gradient coil structure, a more complex experimental 

system needs to be built. 

The structural-acoustic modal analysis method can be used for quiet MRI design or sound 

absorber design for existing MRI systems. In the case of absorber design, the coupled structural-

acoustic modes should be calculated first and the acoustic properties of the absorber must be 

tuned to attenuate or uncouple the coupled modes. Otherwise, the absorber will not work at its 

full potential. In the case of quiet MRI design, because vibration of the gradient coil in a MRI 

scanner is one of the main causes of the acoustic noise in the scanner bore, the presented analysis 

methods for structural-acoustic coupling could be a good start to analyzing the problem. In 

practice, once the geometrical parameters and material properties of the gradient coil structure are 

determined, critical coupled and uncoupled structural-acoustic modes can be calculated using the 

methods presented in this paper. These critical modes, especially the coupled ones, should be 

considered by the design engineers and can be attenuated or uncoupled by adding absorbers in the 

scanner bore and/or changing the design of the system such as geometric parameters, material 

properties or fixation of the coil system. Since the calculation takes only several minutes for the 

whole analysis using a scientific program such as MATLAB, MRI design engineers can use this 

method to investigate the structural-acoustic problem for various design options in a short time. 
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In contrast, using other modeling methods such as Finite Element Method (FEM) and Boundary 

Element Method (BEM) may take hours even days for this kind of analysis. However, it should 

be noted that this method works only for gradient coils with circular cylindrical shape. Coils with 

complicated geometrical shapes have to be modeled and analyzed using FEM or BEM or other 

advanced modeling techniques. 
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Chapter 3 

Self-radiation Impedances of Finite Cylindrical Ducts  

with Perforated Panel Inserts 
3
 

Abstract 

Mathematical expressions of generalized self-radiation impedances at the open ends of finite 

cylindrical ducts with perforated panel inserts are developed. The self-radiation impedances are 

calculated for ducts with various configurations. The results show that the perforated panel inserts 

significantly change the self-radiation impedances at the open ends of the ducts. The air gap 

depths between the panel insert and the duct, the perforation parameters of the panel (hole size 

and hole density) and the acoustical boundary conditions of the duct walls all influence the self-

radiation impedances. This study provides a base for acoustic modeling of finite cylindrical ducts 

with perforated panel inserts inside ducts. 

Keywords: finite cylindrical duct, radiation impedance, perforated panel, acoustic modeling 

                                                      

3
 A version of this chapter was submitted for publication to the Journal of Sound and Vibration. 
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3.1 Introduction 

Sound radiation from a cylindrical duct is important in a variety of physical situations such as 

magnetic resonance imaging (MRI) systems. MRI scanners provide useful diagnostic information 

for doctors but also generate high levels of acoustic noise during the scanning process. In order to 

significantly reduce the acoustic noise in these expensive machines through the use of various 

noise control measures, it is necessary to characterize the acoustic radiation by mathematical 

modeling. As the noise is mainly produced by the vibration of the gradient coil which is 

cylindrically shaped [1], for the purpose of acoustic modeling, the MRI scanner can be reasonably 

simplified as a finite cylindrical duct with a vibrating wall and infinite flanges at the open ends [2, 

3]. 

In duct acoustics, sound radiation from infinite ducts is well understood and receives 

considerable attention in the basic acoustic textbooks [4-7]. The theories presented in these books 

provide a solid framework for duct acoustic modeling. However, these theories only deal with 

infinite or semi-infinite ducts with rigid walls. For finite ducts, the modeling of the sound 

propagation and radiation that has been reported in the literature is limited [8-15]. Morfey [8], 

Doak [9], Wang and Tszeng [10], and Habault and Filippi [11, 12] mainly dealt with the radiation 

and propagation of sound inside hard-walled ducts, not including vibrating walls. Studies by Choi 

et al. [13] dealt with external radiation of the ducts with vibrating wall. Kujipers et al. [14] 

developed the acoustic model of the baffled finite ducts with vibrating walls and with acoustically 

rigid boundary conditions on the wall. Shao and Mechefske [15] extended Kujipers‟ work and 

developed an analytical model which deals with the ducts with rigid or absorptive walls. Studies 

for ducts with perforated panel inserts have been only found in the cases of dissipative duct 

silencers such as those used in automotive exhaust systems and in HVAC (Heating, Ventilating, 
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Air Conditioning) systems [16, 17]. In these cases, the ducts are usually treated as cavities with 

small inlet and outlet openings or as being infinite in length. It is usually assumed that only plane 

waves propagate in the ducts. However, these studies cannot be directly applied to the cases of 

MRI scanners because higher order modes exist in the scanner bore [18] and these higher order 

modes play an important role in the radiation impedances at the open ends of the ducts [19, 20]. 

One of the major difficulties in the acoustic modeling of finite ducts comes from the fact 

that there are radiation impedances at the open ends of the ducts when the sound radiates from the 

duct. Because the radiation impedances at the open ends of the ducts affect both the sound 

radiation from the ducts and the sound propagation inside the ducts [19], they are important in the 

acoustic modeling of the ducts and should be properly calculated first in the modeling process. 

The first work related to the finite duct radiation impedances was done by Morse [21]. He 

calculated the plane wave radiation impedance for a circular opening. Zorumski [19] extended 

Morse‟s work and derived exact equations for the generalized radiation impedances of circular 

and annular ducts with an infinite flange. Kujipers et al. [14] applied the generalized radiation 

impedances into his model for the ducts with vibrating walls. Shao and Mechefske [20] 

considered the acoustical interaction between the two open ends of the ducts and presented 

mathematical expressions of the self-radiation and mutual-radiation impedances. However, for 

ducts with perforated panel inserts, these generalized radiation impedance models cannot be used 

directly in the acoustic modeling and no studies have been reported in the literature dealing with 

this situation. 

This paper will extend the previous works to develop mathematical expressions of 

generalized self-radiation impedances at the open ends of finite cylindrical ducts with perforated 

panel inserts in the ducts. The self-radiation impedances will be calculated for the ducts with 

various configurations. Since the mutual-radiation impedances were found to be negligible 
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compared to the self-radiation impedances for the ducts [20], it is not discussed in this paper. This 

study provides a base for acoustic modeling of the finite ducts with perforated panel inserts inside 

the ducts. 

 

3.2 Theory 

Formulas for the radiation impedances at the openings of the finite cylindrical ducts with 

perforated panel inserts are presented in this section. Acoustic models for the ducts are developed 

first. Expressions for the self-radiation impedances are then derived. 

3.2.1 Acoustic model 

 

 

Figure 3-1: The acoustic model of a gradient coil duct with a perforated panel insert 

 

Considering a circular cylindrical duct of length 2L and radius bR  with a circular 

cylindrical perforated panel of the same length 2L and smaller radius aR  being concentrically 
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placed inside the duct, as shown in Figure 3-1, the acoustic domain in the duct is separated by the 

perforated panel into two domains A and B. Domain A is the central airway and domain B is the 

air gap between the perforated panel and the duct wall. Between these two domains, the rigid 

perforated panel induces a pressure jump proportional to the radial velocity. 

The sound pressure in the duct can be expressed as 
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where AP  and BP  are the sound pressures in domain A and B, respectively; rk and zk  are the 

wave numbers in the radial and the axial direction, respectively; m is the order of circumferential 

modes, and n is the order of radial modes. mJ  and mY  are the Bessel functions of the first and 

second kind, respectively, of order m; 
'

mJ  and 
'

mY  are the derivatives of mJ  and mY  with respect 

to their arguments, respectively; mnA
 and mnA

 are the modal amplitudes of the forward-

propagating and backward-propagating acoustic wave modes, respectively; 1

mnC , 2

mnC  and 3

mnC  

are the coefficients of the modal eigenfunction in the radial direction. 

Using a momentum equation, the particle velocities in the radial directions are expressed 

by 
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When there is no vibration of the duct, the acoustic model should satisfy the following 

boundary conditions for each individual mode: 

1) B
b B

P
ik P

r






 at r = bR , and this yields 
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where b  is the specific acoustic admittance of the duct wall; a  is the specific acoustic 

admittance of the perforated panel. 

Combining Equations (9), (10) and (11) results in 
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which determines the ratio of coefficients 1

mnC , 2

mnC  and 3

mnC  and the wave numbers of the 

acoustic modes in the duct. 

If 
mn

zk  = 0, then
mn

rk k . Substituting into Equation (12), this yields the following 

characteristic equation. 
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The above equation can be simplified as 
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The roots of Equation (14) are the wave numbers of the acoustic modes at the cut-off 

frequencies and will be used in the calculations of the radiation impedances at the open ends of 

the duct. 

For the cases of ducts with a rigid wall ( 0b  ), the characteristic equation becomes 
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 (15) 

3.2.2 Specific acoustic impedance of the perforated panel 

The specific acoustic impedance of the perforated panel is determined by the diameter of the 

holes in the panel, the porosity of the panel, the thickness of the panel and it is frequency 
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dependent. When the diameter of the holes is in the sub-millimetre range, the panel is called a 

micro-perforated panel. The acoustic impedance of both the perforated and micro-perforated 

panel can be expressed as [22] 

 

1/ 2 1/ 2
2 2

0

2

32 2
1 1 9 0.85 ,

32 32 2

tt x d x d
Z x i

pd t p t


      

            
         

 [16] 

where 

 0 /(4 ),x d    [17] 

and d is the diameter of the holes in the panel, p the percentage perforation (total area of the 

perforation on a unit area of panel), t the panel thickness, 0 the density of air,  its coefficient of 

viscosity, and   the angular frequency. 

The above formulation will be used as the acoustic boundary condition on the panel insert in 

the acoustic models to develop the self-radiation impedance equations at the open ends of the 

ducts. 

3.2.3 Self-radiation impedance at the open ends 

As the finite duct is terminated at both ends, a part of the acoustic energy in the duct will radiate 

from the open ends of the duct and the other part of the acoustic energy will be reflected due to 

the radiation impedance at the open ends (as shown in Figure 3-1). Because the length of the duct 

is finite, acoustical interaction happens between the acoustic waves radiated from the two ends. 

The impedance at one open end caused by the radiation from this open end is called self-radiation 

impedance, whereas the impedance at one open end caused by the radiation from the other open 
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end is called mutual radiation impedance. Since the mutual-radiation impedances were found to 

be almost negligible compared to the self-radiation impedances for the ducts with infinite flanges, 

especially for higher order modes [20], it is not discussed in this study. 

The acoustic pressure P and axial velocity amplitudes zu at the open ends of the duct can 

be expressed in superposition of the acoustic modes in radial r and circumferential  directions. 

For the open end at z L , the expressions are 

 
1

( , , ) ( ),im

mn mn

m n

P r L e P r 
 



 

    (18) 

 
1

1
( , , ) ( ),im

z mn mn

m n

u r L e V r
c

 


 


 

    (19) 

with 
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where mnP  and mnV  are the modal coefficients for the pressure and velocity respectively; 

( )mn r is the eigenfunction of the radial modes. 

Assuming 1 1mnC  and calculating the ratio of 3

mnC and 2

mnC from Equation (9), the 

eigenfunction ( )mn r  can then be rewritten as 
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The relation between the modal pressure and axial velocity amplitudes at the open ends 

could be expressed by the generalized self-radiation impedance as [19] 

 
1

,mn mnl ml

l

P Z V




  (22) 

with 
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 ( ) ( ) ,mn mn mnr r N   (25) 

where m  is the order of circumferential modes; l and n are the orders of radial incident and 

reflected modes respectively; ( )mn r  is the normalized eigenfunction for ( )mn r  and mnN is the 

mode-normalizing factor. 

As the radial modes are orthogonal, it is convenient to choose the normalizing factor 

mnN such that 

  
22 2 2

0 0
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mn mn mnk r r dr k r r N dr     (26) 
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Substituting Equation (21) into Equation (26) and evaluating the integral using the 

orthogonal property of the product of Bessel functions [23] gives 
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(27) 

Substituting Equations (21) and (27) into Equations (24) and (25), Equation (23) can then 

be solved by splitting the integral into two parts over the range (0, 1) and (1, ) with the change 

of variable sin   and cos   in those respective ranges [19]. 

3.2.4 Total self-radiation impedance 

Due to the pressure jump at the boundary of the two acoustic domains introduced by the 

perforated panel insert, the radiation impedances at the open ends are actually non-uniform. The 

solution of impedance Equation (23) can be written as: 
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The total reflection coefficient at the open ends is given by 
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where AS  is the area of the section of domain A (
2

A aS R ), BS  is the area of the section of 

domain B (
2 2( )B b aS R R  ), S is the total area of the duct section (

2

bS R ); and 
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The total self-radiation impedance at the open ends can then be calculated from 
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3.3 Numerical results and discussion 

The basic duct model used in this study is a finite duct with radius 0.3 mbR  . The parameters of 

the perforated panel insert are listed in Table 3-1. Calculations of the self-radiation impedances at 

the open ends of the duct have also been performed for the duct with various configurations. The 

variations include the acoustic boundary condition of the duct wall, the air gap depth between the 

panel insert and the duct wall, and the perforation parameters including the diameter of the holes 

and the perforation rate. Wave numbers of the cut-off radial modes were calculated first in all 

cases. 
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Table 3-1: Parameters of the perforated panel insert 

Radius of the insert 0.25 m 

Hole diameter 0.5 mm 

Panel thickness 0.5 mm 

Perforation rate 1% 

 

 

3.3.1 Wave numbers of the cut-off radial modes 

The wave numbers of cut-off radial modes can be found from the solutions of the characteristic 

Equation (14). When the radius of the perforated panel insert aR  approaches the radius of the 

duct bR , the solutions of the characteristic Equation (14) become the wave numbers of the duct 

without the perforated panel insert. Table 3-2 shows the wave numbers of the cut-off radial 

modes in the duct with and without the perforated panel insert. 

 

Table 3-2: Wave numbers of the cut-off radial modes 
mn

rk  in the duct  

(with and without the perforated panel insert (PPI)) 

 m=0 m=1 m=2 m=3 

n=1 
without PPI 0 6.14 10.18 14.00 

with PPI 0 6.09 + 0.03i 10.10 + 0.07i 13.89 + 0.11i 

n=2 
without PPI 12.77 17.77 22.35 26.72 

with PPI 12.50 + 0.33i 17.34 + 0.63i 21.80 + 0.87i 26.07 + 1.04i 

n=3 
without PPI 23.39 28.45 33.23 37.82 

with PPI 22.75 + 1.02i 27.68 + 1.17i 32.39 + 1.17i 37.01 + 1.08i 

n=4 
without PPI 33.91 39.02 43.90 48.62 

with PPI 33.07 + 1.13i 38.24 + 0.96i 43.27 + 0.76i 48.17 + 0.56i 
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The results show that, when there is no perforated panel insert in the duct, the wave 

numbers of the acoustic modes are real, which means there is no attenuation of these acoustic 

modes in the duct. When a perforated panel insert is placed in the duct, the wave numbers of the 

acoustic modes are complex, which means the acoustic modes will be attenuated in the duct and 

thus affect the radiation impedances at the open ends of the duct. The calculated wave numbers 

may then be used in the following calculation of the self-radiation impedances of the duct. 

3.3.2 Self-radiation impedances of the ducts with perforated panel inserts 

Figure 3-2 ~ Figure 3-5 compare the self-radiation impedances ( mnlZ ) of the duct with and 

without a perforated panel insert for the acoustic modes m = 0, 1 and n = 1, 2 between 100 and 

3000 Hz. When n l , the impedance is called direct self-radiation impedance (Figure 3-2 and 

Figure 3-4); when n l , the impedance is called coupling self-radiation impedance (Figure 3-3 

and Figure 3-5). The real and imaginary parts of the self-radiation impedances are plotted versus 

frequencies separately.  

From Figure 3-2 and Figure 3-4, one can see that the direct self-radiation impedances 

versus frequency are significantly changed by the perforated panel insert. For the duct without the 

perforated panel insert, both the real and imaginary parts of the impedance are near zero at low 

frequencies and increase gradually as the frequency increases over the cut-off frequencies of the 

corresponding modes and have small oscillations at higher frequencies. After passing the largest 

absolute value, the real part and imaginary part quickly approach to unity and zero, respectively. 

However, for the duct with the perforated panel insert, both the real and the imaginary part of the 

impedance increase radically as the frequency increases over the cut-off frequencies of the 

corresponding modes and have large oscillations at all frequencies. 
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Figure 3-3 and Figure 3-5 show that the coupling self-radiation impedances versus 

frequency at the open ends of the duct are less affected by the perforated panel insert than the 

direct self-radiation impedances. But the coupling self-radiation impedances change more 

radically at the cut-off frequencies of the acoustic modes when the perforated panel insert is 

placed in the duct. 

3.3.3 Effects of the acoustic boundary condition of the duct wall 

Calculations have been conducted for the duct with the perforated panel insert and with various 

acoustic boundary conditions on the duct wall. Some illustrative results for three situations of the 

acoustic boundary condition: rigid wall ( 0  ), acoustically low admittance wall 

( 0.1 0.1i   ) and acoustically high admittance wall ( 1 1i   ), are presented in Figure 3-6 

and Figure 3-7. These results show that the acoustic boundary condition of the duct wall has a 

significant effect on both the direct and the coupling self-radiation impedances at the open ends 

of the duct with the perforated panel insert. 

For the direct self-radiation impedance 011Z  of the first radial and zeroth circumferential 

mode (Figure 3-6), when the duct wall is acoustically rigid (solid line), the curves of radiation 

impedance versus frequency are relatively flat in the whole frequency range. When the duct wall 

has low acoustic admittance (dashed line), the radiation impedance is radically changed around 

the cut-off frequencies. However, when the duct wall has high acoustic admittance (dash dotted 

line), the curves of radiation impedance versus frequency become flat again except the slight 

changes around the cut-off frequencies. 

For the coupling self-radiation impedance (Figure 3-7), both the real part and the 

imaginary part are close to zero at most frequencies except at the cut-off frequencies for all three 
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cases. At the cut-off frequencies, radical impedance change happens when the duct wall is rigid 

or has low acoustic admittance. When the duct wall has high acoustic admittance, the coupling 

self-radiation impedance approaches zero at all frequencies, including the cut-off frequencies. 

3.3.4 Effects of the air gap depth between the panel insert and the duct wall 

Calculations have also been conducted for the duct with the perforated panel insert and with 

various air gap depths between the panel insert and the duct wall. Because the diameter of the 

duct is set, the air gap depth is determined by the diameter of the panel insert. Some illustrative 

results for three situations of the air gap depth: large gap ( 50 mmD  ), medium gap 

( 30 mmD  ) and small gap ( 10 mmD  ), are presented in Figure 3-8 and Figure 3-9. These 

results show that the air gap depth between the panel insert and the duct wall has a significant 

effect on both the direct and the coupling self-radiation impedances at the open ends of the duct. 

For the direct self-radiation impedance (Figure 3-8), it can be seen that the larger air gap 

has a lower impedance value (absolute value for the imaginary part) than the smaller air gap at 

the lower frequency range (below 1200 Hz), especially around the cut-off frequencies. In 

contrast, at the higher frequency range (above 1200 Hz), the larger air gap has a higher 

impedance value (absolute value for the imaginary part) than the smaller air gap, especially 

around the cut-off frequencies. 

For the coupling self-radiation impedance (Figure 3-9), the air gap depth affects the 

impedance only at the cut-off frequencies. When the air gap is small enough, the coupling self-

radiation impedance becomes small and quickly approaches zero after the first peak at the 

corresponding cut-off frequency. This case is similar to the duct without the perforated panel 
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insert because of the small air gap and the results are found to be in agreement with the results of 

a duct without the perforated panel insert which were obtained by other researchers [19, 20]. 

3.3.5 Effects of the perforation parameters of the panel insert 

Finally, calculations have been done for the duct with the perforated panel insert and with various 

perforation parameters including the diameter of the hole and the perforation rate of the panel. 

Because the results show that the perforation rate has similar effects on the radiation impedance 

of the duct as the hole diameter, only the effects of the hole diameter are discussed here. The 

calculation results for three situations of the diameter of the hole: large hole ( 1.0 mmd  ), 

medium hole ( 0.5 mmd  ) and small hole ( 0.1 mmd  ), show that the hole diameter has no 

effect on the direct self-radiation impedance of the first radial and zeroth circumferential mode 

011Z  (plane wave mode). However, for the coupling self-radiation impedances of the plane wave 

mode and all other higher order modes and for the direct self-radiation impedances of all higher 

order modes, the effects of the hole diameter on the radiation impedance are obvious around the 

cut-off frequencies (Figure 3-10 and Figure 3-11). These results show that smaller hole diameter 

results in larger fluctuations of the impedance versus frequency. In contrast, when the hole 

diameter is larger, the fluctuations are smaller and the radiation impedances approach zero at the 

higher frequency range (above 1200 Hz). 
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Figure 3-2: Direct self-radiation impedance 011Z  ( 0,  1m n l   ) (a) real part and (b) 

imaginary part at the open ends of the duct with and without the perforated panel insert (PPI) 

(solid line: without PPI; dashed line: with PPI) 

 

 
Figure 3-3: Coupling self-radiation impedance 012Z  ( 0,  1,  2m n l   ) (a) real part and (b) 

imaginary part at the open ends of the duct with and without the perforated panel insert (PPI) 

(solid line: without PPI; dashed line: with PPI) 
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Figure 3-4: Direct self-radiation impedance 122Z  ( 1,  2m n l   ) (a) real part and (b) 

imaginary part at the open ends of the duct with and without the perforated panel insert (PPI) 

(solid line: without PPI; dashed line: with PPI) 

 

 
Figure 3-5: Coupling self-radiation impedance 121Z  ( 1,  2,  1m n l   ) (a) real part and (b) 

imaginary part at the open ends of the duct with and without the perforated panel insert (PPI) 

(solid line: without PPI; dashed line: with PPI) 
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Figure 3-6: Direct self-radiation impedance 011Z  ( 0,  1m n l   ) (a) real part and (b) 

imaginary part with the perforated panel insert and various acoustic admittance (  ) values on the 

duct wall (solid line: 0  ; dashed line: 0.1 0.1i   ; dash dotted line: 1 1i   ) 

 
Figure 3-7: Coupling self-radiation impedance 012Z  ( 0,  1,  2m n l   ) (a) real part and (b) 

imaginary part with the perforated panel insert and various acoustic admittance (  ) values on the 

duct wall (solid line: 0  ; dashed line: 0.1 0.1i   ; dash dotted line: 1 1i   ) 
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Figure 3-8: Direct self-radiation impedance 011Z  ( 0,  1m n l   ) (a) real part and (b) 

imaginary part with the perforated panel insert and various air gap depths (D) (solid line: D = 50 

mm; dashed line: D = 30 mm; dash dotted line: D = 10 mm) 

 
Figure 3-9: Coupling self-radiation impedance 012Z  ( 0,  1,  2m n l   ) (a) real part and (b) 

imaginary part with the perforated panel insert and various air gap depths (D) (solid line: D = 50 

mm; dotted line: D = 30 mm; long dash dotted line: D = 10 mm) 
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Figure 3-10: Direct self-radiation impedance 012Z  ( 0,  1,  2m n l   , higher order modes) (a) 

real part and (b) imaginary with the perforated panel insert and various hole diameters (d) (solid 

line: d = 0.1 mm; dashed line: d = 0.5 mm; dash dotted line: d = 1.0 mm) 

 
Figure 3-11: Direct self-radiation impedance 122Z  ( 1,  2m n l   , higher order mode) (a) real 

part and (b) imaginary part with the perforated panel insert and various hole diameters (d) (solid 

line: d = 0.1 mm; dashed line: d = 0.5 mm; dash dotted line: d = 1.0 mm) 
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3.4 Conclusions 

The mathematical expressions of the acoustical self-radiation impedances at the open ends of the 

ducts with perforated panel inserts have been presented. Calculations have been conducted for 

ducts with and without the perforated panel inserts. The effects of various duct conditions on the 

radiation impedances have been shown. These conditions include the acoustic boundary condition 

of the duct wall, the air gap depth between the panel insert and the duct wall, and the perforation 

parameters of the panel insert. The results show that the relationships of direct self-radiation 

impedance versus frequency are significantly changed by the perforated panel insert and the 

changes to the coupling self-radiation impedances are significant only at the cut-off frequencies. 

The results also show that the acoustic boundary condition of the duct wall and the air gap depth 

between the panel insert and the duct have a significant effect on both the direct and coupling 

self-radiation impedances. The perforation parameters (hole diameter and perforation rate) have 

no effect on the direct self-radiation impedance of the plane wave mode. However, for the 

coupling self-radiation impedances of the plane wave mode and all other higher order modes and 

for the direct self-radiation impedances of all higher order modes, the effects of the perforation 

parameters on the radiation impedances are obvious around the cut-off frequencies. 

For the case of a duct with a perforated panel insert in the duct, the study of the radiation 

impedances at the open ends of the duct provides a theoretical basis for the complete calculation 

of the sound radiation from the duct and the sound propagation inside the duct. It also provides 

useful information for the study of reducing the acoustic radiation using a perforated panel insert 

in a duct. 
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Chapter 4 

Analysis of an MRI Gradient Coil Duct with a  

Micro-perforated Panel Acoustic Absorber 
4
 

Abstract 

An analytical model was developed for an MRI gradient coil duct with a micro-perforated panel 

(MPP) acoustic absorber placed inside the duct. The absorption coefficients of a series of MPP 

absorbers with varying design parameters including diameter of the holes, perforation rate and 

thickness of the air gap were calculated. Boundary Element Method (BEM) models were then 

developed for the coil duct with MPP absorbers and porous materials with varying design 

parameters and material properties. The acoustic power, sound pressure levels and sound field 

inside the duct were calculated using the BEM. The results show that the principal advantage of 

an MPP acoustic absorber is its effectiveness in absorbing relatively low frequency noise. By 

using the proper combination of parameters, a micro-perforated panel acoustic absorber can be 

designed to be a wide band absorber or a narrow band absorber at any specific central frequency. 

Keywords: MRI acoustic noise; gradient coil; finite cylindrical duct; boundary element method; 

micro-perforated panel; acoustic absorber 
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4.1 Introduction 

MRI noise has long been a concern in terms of patient comfort and, on occasion, patient safety 

[1]. This noise is mainly caused by the vibration of the gradient coil system due to the Lorentz 

forces that are generated by the interaction of electrical current in the conductors of the gradient 

coil and the main static magnetic field. Depending on scanner power, sound levels in an MRI can 

be as high as 123-132 dB (A) [2]. The sound field in the MRI scanner bore is complicated. 

Significant work has been done theoretically and experimentally to characterize and predict the 

acoustic noise in the scanner bore. According to the experimental measurements made by Hedeen 

et al. [3], in a 1.5T MRI system, noise levels vary by 10 dB or more as a function of longitudinal 

position in the scanner and reflect the pattern of forces applied to the gradient assembly. The 

experiments conducted by W. Li et al. for spatial distribution of acoustic noise in a 4T MRI 

scanner showed that most of the sound energy being measured was radiated from the inner 

surface of the bore liner. It was also noted that the distributions of the sound pressure levels 

(SPLs) are not significantly influenced by angular position (i.e. 0º, 30º, 60º, 90º). This implies 

that sound is, more or less, uniformly radiated from the liner surface. The main frequency of the 

noise in the bore ranges from 0 to 3 kHz with four resonance bands. They are 650 Hz - 850 Hz, 

1.1 kHz - 1.3 kHz, 1.75 – 2.0 kHz and 2.4 – 2.6 kHz respectively [4, 5].  

In order to attenuate the acoustic noise in MRI scanners, various measures have been 

investigated using both active control and passive control. The technique of Active Noise Control 

(ANC) for the reduction of MRI noise has been studied by Mechefske and Geris [6], but it is 

normally effective at low frequency and less effective at high frequency. Mansfield [7] proposed 

a new technique called active acoustic screening for quiet gradient coil design. Unfortunately, this 

acoustic screening inevitably reduces the gradient strength. Yoshida et al. [8] used “independent 

suspension" of the coil to dampen solid vibration, while a "vacuum vessel enclosure" of the coil 
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shields transmission of residual vibration through the air. However, these methods are not cost 

effective and not suitable for all kinds of MRI scanners. 

Perforated panel absorbers are widely used in the field of noise control. Micro-perforated 

panel (MPP) acoustic absorbers with sub millimetre holes were first proposed by Maa [9]. They 

are typically used with an air-filled backing cavity and a rigid back wall. To create a sound 

absorbing system with micro-perforated panels alone, a double-leaf micro-perforated panel 

absorber has been proposed by Sakagami et al. [10]. It consists of two micro-perforated panels set 

in parallel without a rigid backing. A combination of double-leaf panels and a micro-perforated 

panel has been suggested for structure-borne sound insulation by Yairi et al. [11]. In recent years 

there has been an increasing interest in the development of hybrid strategies for noise control 

based on the principle of the active sound absorption for broadband noise control, first introduced 

by Olson [12]. Hybrid passive/active absorbers arise as an interesting alternative in many noise 

control problems (inside vehicles, aircraft, buildings, etc.) where the traditional solution is too 

bulky and weighty. Cuesta et al. [13] designed a piezoelectric actuator as secondary source for 

hybrid passive/active broadband sound absorption in a standing-wave tube. This actuator consists 

of a thin circular aluminum plate driven by a piezoelectric patch and is glued to a flexible rubber 

support. The resulting device has been mounted in a thin metallic ring that fits perfectly to the 

tube diameter. Passive absorption is achieved by either a porous layer or a micro-perforated 

panel, backed by an air gap. Active absorption is accomplished by minimizing the sound pressure 

at a microphone behind the material, using either a loudspeaker or the actuator as secondary 

source. Results of broadband sound absorption reveal the feasibility of the described piezo-

actuator for hybrid passive/active sound absorption with reduced size and easy manufacture. 

Although micro-perforated panel absorbers are widely used, no studies have been 

conducted in developing and implementing micro-perforated panel absorbers in MRI scanners. 
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We have studied the possibility of implementing a micro-perforated panel absorber in the MRI 

bore to reduce the acoustic noise. This paper presents some of our findings through mathematical 

and computational analysis. 

 

4.2 Theoretical models 

A mathematical model for acoustic radiation from MRI scanners was first developed by Kuijpers 

et al. [14], who presented a model of baffled finite ducts to describe the acoustic radiation of 

gradient coils. The duct wall was assumed acoustically rigid (infinite acoustic impedance) in this 

model. Shao and Mechefske [15] extended Kuijpers‟ model by modeling the duct wall with finite 

acoustic impedance and by introducing the general radiation impedance at the open ends. Based 

on both Kuijpers‟ and Shao‟s model, analytical models are developed here for a gradient coil duct 

with various boundary conditions and with a micro-perforated panel acoustic absorber 

implemented in the duct. 

4.2.1 Acoustic model of a cylindrical coil duct 

As the gradient coil is a cylindrical duct structure, a cylindrical polar coordinate system (r, θ, z) is 

used. The 2D geometry model of a gradient coil duct in a cylindrical coordinate system is shown 

in Figure 4-1. 
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Figure 4-1: The geometry model of a gradient coil duct 

 

From the perspective of acoustic analysis, the gradient coil duct is a waveguide. 

According to the theory of acoustic wave propagation in waveguides [16-18], the sound field in a 

circular duct can be expressed as 

 
1
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    (1) 

where P is the acoustic pressure in the duct; ( )mn

m rJ k r  is a Bessel function of the first kind of 

order m; A
and A

 are the modal amplitudes corresponding to forward-propagating and 

backward-propagating wave modes respectively; rk and zk  are the wave numbers in the radial 

and the axial direction respectively; m is the order of circumferential modes, and n is the order of 

radial modes. 

Considering the symmetric attributes of the duct structure and the gradient coil windings, 

it is reasonable to assume the amplitudes of the forward-propagating wave modes and the 
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backward-propagating wave modes are the same. So the sound pressure in the duct can be 

expressed as 
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    (2) 

 For a duct with a rigid wall, the pressure gradient on the wall is zero in the radial 

direction. Therefore, the boundary condition on the wall is / 0P r    at r = R0 (R0 is the radius 

of the cylindrical duct). Using this boundary condition, the characteristic equation can be derived 

and expressed as 

 
'

0( ) 0,mn

m rJ k R   (3) 

which determines the radial wave numbers 
mn

rk . The axial wave numbers are 

 ,mn mn

z rk k k   (4) 

where k is the wave number in the free field. At a particular frequency, when the axial wave 

number 
mn

zk  = 0, this frequency is called the cut-off frequency, below which the particular modes 

cannot propagate freely in the duct. So, the characteristic equation actually determines the cut-off 

frequencies. 

4.2.2 Acoustic model of a duct with porous material 

For a duct with absorbing materials, the boundary condition on the wall is /P r ik P    at r = 

R0. Thus, the characteristic equation is 
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'

0 0( ) ( ),mn mn mn

r m r m rk J k R ik J k R  (5) 

where 
'

mJ  is the derivative of mJ  with respect to its argument, and 0 0 /c Z   is the specific 

acoustic admittance of the absorbing materials on the wall, Z  is the surface impedance of the 

material. This characteristic equation determines the wave numbers of acoustic modes in the duct. 

If 
mn

zk  = 0, then
mn

rk k . Substituting this into the above characteristic equation (5), 

gives 

 
'

0 0( ) ( ),mn mn

m r m rJ k R i J k R  (6) 

The roots of equation (6) are the wave numbers of acoustic modes at the cut-off 

frequencies. 

When   is independent of space (the porous material is uniformly distributed on the 

wall of the duct) the analytical solution of equation (6) is not difficult to obtain. The widely 

adopted Delany and Bazley‟s empirical impedance model [19] for porous materials is used for its 

simplicity in this study to predict the acoustic performance of porous materials with various 

parameters in a gradient coil duct. Delany and Bazley‟s model is expressed as 

 0 coth( ),Z Z t  (7) 

    
0.75 0.73

0 0 0 1 9.08 11.9 ,Z c f R f R
    

 
 (8) 

    
0.59 0.70

0

10.3 1 10.8 ,f R f R
c




    
 

 (9) 
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where 0Z  is the characteristic impedance of the material, which determines the acoustic 

reflection and transmission in the material and is defined as the product of the material density 

and the sound velocity in the material; it is independent of the thickness of the material and how 

the material is used; Z is the acoustic impedance of a layer of rigidly-backed material with a 

specific thickness; t  is the thickness of the material, 0  is the density of air, 0c  is the velocity of 

sound,   is the angular frequency, f  is frequency in Hz, R is the specific flow resistance per 

unit thickness (henceforth referred to as the flow resistance) of the material in 
1 3g s cm   . The 

flow resistance determines the acoustic property of a porous material and is defined as the 

induced pressure drop across the layer of material divided by the resulting mean volume velocity 

per unit area of the material.  

It should be noted that the Delany and Bazley‟s model can be used with confidence only 

within the interpolating range of10 1000f R  . And an important assumption made for this 

model is that the porous materials considered all have porosity factors near unity (the porosity 

factor is defined as the ratio of the volume of air in the pores to the total volume). 

When   is dependent on space (the porous material is non-uniformly distributed on the 

wall of the duct) a numerical method has to be used to calculate the wave numbers from equation 

(6) and the sound pressure in the duct from equation (2). 

4.2.3 Acoustic model of a cylindrical coil duct with a micro-perforated panel absorber 

According to Maa‟s theory [9, 20], a micro-perforated panel fixed before a solid surface with a 

cavity of air makes a bulk reacting absorber. The impedance of the micro-perforated panel is 

determined by the diameter of the holes in the panel, the porosity of the panel, the thickness of the 
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panel and it is frequency dependent. The specific acoustic impedance of the micro-perforated 

panel can be expressed as 

 

1/ 2 1/ 2
2 2

0

2

32 2
1 1 9 0.85 ,

32 32 2

tt x d x d
Z x i

pd t p t


      

            
         

 (10) 

where 

 0 /(4 ),x d    (11) 

and d is the diameter of the holes in the panel, p the percentage perforation (total area of the 

perforation on a unit area of panel), t the panel thickness, 0 the density of air,  its coefficient of 

viscosity (
51.78 10   kg·m

-1
·s

-1
 at 15 

0
C),   the angular frequency. 

The above formulation will be used in the following acoustic models for a duct with 

micro-perforated panel absorber.  

Although in Maa's theory there is no explicit assumption on the micro-perforated panel 

itself, it is believed that there should be no sound-induced vibration in the micro-perforated panel 

for accurate calculation of the sound absorption using Maa's original model. When the MPP is 

thick and rigid enough to resist the sound pressure, Maa's theory can be used with confidence. 

However, when the MPP is thin and flexible (for example, a plastic film), it tends to vibrate 

because of the sound pressure imposing on it. In this case, the effect of vibration should be 

considered. Sakagami et al. investigated the effect of vibration of a micro-perforated panel on its 

sound absorption characteristics [21]. They have concluded that the sound-induced vibration of 

the MPP itself can affect the optimization of the design parameters and is of some importance 
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when an MPP absorber is constructed with light-weight materials, although experimental 

verification was not provided in their analysis. In this study, to simplify the analysis, the MPP is 

assumed to be not vibrating. This can be achieved by placing soft supporting materials between 

the MPP and the duct wall at both ends of the gradient coil. The soft supporting materials can 

absorb or isolate the vibration transmitted from the gradient coil. Since the gradient coil is usually 

fixed at both ends and the vibration at these locations is constrained, the vibration of the MPP can 

be easily avoided by fixing the MPP through soft supporting materials to these locations. 

Consider a cylindrical duct of length 2L and radius bR with a cylindrical micro-perforated 

panel absorber of the same length 2L and smaller radius aR  placed inside the duct, as shown in 

Figure 4-2. The micro-perforated panel separates the duct into two domains. Domain A is the 

central airway and domain B is the air gap between the micro-perforated panel and the duct wall. 

Between these two domains, the rigid perforated panel induces a pressure jump proportional to 

the radial velocity. 

 

 

Figure 4-2: The geometry model of a gradient coil duct with a micro-perforated panel absorber 
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Assuming the amplitudes of the forward-propagating wave modes and the backward-

propagating wave modes are the same, the sound pressure in the duct can be expressed as 
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where AP  and BP  are the sound pressures in domain A and B respectively; mJ  and mY  are the 

Bessel functions of the first and second kind, respectively, of order m; 
'

mJ  and 
'

mY  are the 

derivatives of mJ  and mY  with respect to their arguments respectively; mnA , mnB  and mnC  are 

the modal amplitudes. 

Using momentum equation, the particle velocities in the radial directions are expressed 

by 
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When there is no vibration of the duct, the acoustic model should satisfy the following 

boundary conditions: 

1) B
b B

P
ik P

r






 at r = bR , and this yields 
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which can be re-written as 
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which can be re-written as 

 
' ' '( ) ( ) ( ) 0,mn mn mn

m r a mn m r a mn m r a mnJ k R A J k R B Y k R C    (19) 

3) 0 0 ,/ ( , , )A B a A r aP P c u R z     at r = aR , and this yields 

 
'0( ) [ ( ) ( )] ( ),

mn
mn mn mn mnr

mn m r a mn m r a mn m r a mn m r a

a

ik c
A J k R B J k R C Y k R A J k R

 
    (20) 

which can be re-written as 
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where b  is the specific acoustic admittance of the duct wall; a  is the specific acoustic 

admittance of the micro-perforated panel and is obtained through the expression 0 0 /a c Z   

(Z is the specific acoustic impedance of the micro-perforated panel, which is derived from 

equations (10) and (11). 
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Equations (17),  (19)  and (21) yield the characteristic equation 
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which determines the wave numbers of the acoustic modes in the duct with a micro-perforated 

panel absorber installed. Once the wave numbers for each specific frequency are solved, the 

modal coefficients can then be solved from boundary conditions and thus the sound field in the 

duct can be fully calculated mathematically. 

If 
mn

zk  = 0, then
mn

rk k . Substituting into equation (22), this yields 
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The roots of equation (23) are the wave numbers of acoustic modes at the cut-off 

frequencies. 

 

4.3 Numerical results and discussions 

4.3.1 Acoustic modes and cut-off frequencies 

Numerical calculations of the acoustic models for a gradient coil duct with 0.3-m radius and 1.2-

m length are first performed in three cases: the duct with rigid inner wall (admittance  = 0), the 

duct with porous material (foam with t = 2.5 cm, R = 50 
1 3g s cm   ) evenly distributed on the 
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duct inner wall, and the duct with a micro-perforated panel (MPP) acoustic absorber (d = t = 

0.1mm, p = 5%, air gap depth D = 25mm).  

Table 4-1 compares the eigenvalues of equations (3), (6) and (23). These values are 

multiplied by 0 2c  , where 0c  is the sound velocity in air. The real parts of the complex 

numbers are cut-off frequencies in Hz corresponding to the radial acoustic modes under 3500 Hz 

(m = 0~6, n = 1~6). The imaginary parts indicate the attenuation of the corresponding acoustic 

modes. 

Table 4-1: Eigenvalues of Equations (3), (6) and (23) for the radial acoustic modes under 3500 

Hz (Multiplied by 0 2c  ) 

  m = 0 m = 1 m = 2 m = 3 m = 4 m = 5 

n = 1 

Rigid 0 332 551 758 959 1160 

Foam 0 384-14i 644-43i 887-75i 1119-108i 1345-139i 

MPP 0 422-404i 488-352i 602-287i 752-229i 923-184i 

n = 2 

Rigid 691 962 1210 1450 1670 1900 

Foam 756-38i 1040-62i 1298-87i 1540-111i 1773-133i 1998-154i 

MPP 401-424i - - - - - 

n = 3 

Rigid 1270 1540 1800 2050 2290 2520 

Foam 1346-85i 1620-105i 1876-123i 2120-138i 2357-149i 2588-158i 

MPP - - - - - - 

n = 4 

Rigid 1840 2110 2380 2630 2880 3120 

Foam 1907-120i 2176-131i 2434-139i 2684-145i 2929-148i 3171-150i 

MPP - - - - - - 

n = 5 

Rigid 2400 2680 2950 3210 3460 - 

Foam 2459-137i 2730-139i 2993-140i 3252-140i - - 

MPP - - - - -  

n = 6 

Rigid 2970 3250 - - - - 

Foam 3014-137i 3291-136i - - - - 

MPP - - - - -  
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The results show that when the gradient coil duct wall is rigid, there are 31 radial acoustic 

modes under 3500 Hz inside the duct, and the wave numbers are real which means there is no 

attenuation of these acoustic modes. When the duct wall is covered by porous material such as 

foam, the level of cut-off frequencies increases and the acoustic modes are slightly attenuated. 

When a micro-perforated panel (MPP) acoustic absorber is placed in the gradient coil duct, the 

number of radial acoustic modes is significantly reduced to 6 and these modes are heavily 

attenuated. 

4.3.2 Absorption coefficient of micro-perforated panel acoustic absorber 

For normal incidence, the absorption coefficients ( ) of the MPP acoustic absorbers with 

various design parameters are calculated using the following formula. 
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Here, r and m are the real and imaginary parts of the relative acoustic impedance (z) of 

the MPP, which can be calculated from the specific acoustic impedance Z using equation (10);   

is the angular frequency; D  is the thickness of the air gap ( b aD R R  ). The parameters of the 

MPP absorber include the diameter of the holes (d), the thickness of the plate (t), the perforation 

rate (p) and the thickness of the air gap (D). 

Figure 4-3, Figure 4-4 and Figure 4-5 detail the sound absorption coefficients with 

respect to frequency. It should be noted that, for a constant p and D (Figure 4-3), smaller diameter 

holes increase the maximum absorption coefficient. Additionally, central frequency and width of 

the frequency band are increased. For a constant d and D (Figure 4-4), smaller perforation rates 

increase the maximum absorption coefficient and slightly decrease central frequency. But the 
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width of the frequency band is almost unchanged. For a constant d and p, thicker air gaps increase 

the number of absorption bands and decrease the central frequency (Figure 4-5). The maximum 

absorption coefficient is not affected by the air gap. 

From these results, it can be concluded that a micro-perforated panel (MPP) acoustic 

absorber can be designed as a wide band absorber or a narrow band absorber by using the proper 

parameters. 

 

Figure 4-3: Absorption coefficient versus frequency for an MPP acoustic absorber. Variable 

parameter is d (hole diameter) in millimetres. Perforation rate (p) = 1%, thickness of air gap (D) = 

25mm, panel thickness t = d. 
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Figure 4-4: Absorption coefficient versus frequency for an MPP acoustic absorber. Variable 

parameter is p (perforation rate) in percentage. Hole diameter (d) = panel thickness (t) = 0.1mm, 

thickness of air gap (D) = 25mm. 

 

Figure 4-5: Absorption coefficient versus frequency for an MPP acoustic absorber. Variable 

parameter is D (thickness of air gap) in millimetres. Hole diameter (d) = panel thickness (t) = 

0.1mm, perforation rate (p) = 1%. 
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4.3.3 Boundary element (BE) analysis 

In order to predict the acoustic performance of the MPP acoustic absorber with more specific 

detail regarding the sound pressure levels at each point in the sound field and the acoustic modes 

in the duct, a Boundary Element Method (BEM) was used for the numerical analysis. The BE 

model (Figure 4-6) of a gradient coil duct with MPP acoustic absorber was built and analyzed 

using LMS Virtual.Lab Acoustics. The velocity distribution on the duct wall was assumed to be 

uniform with amplitude of 0.0001 m/s. Details of the boundary element analysis are included in 

Appendix B. 

 

Figure 4-6: BEM model of the gradient coil duct with an MPP absorber 
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Figure 4-7: Segmented porous materials. The unit of flow resistance (R) is
1 3g s cm   . 

 

4.3.4 Analysis cases 

The computations were performed in the frequency range of 100 to 3000 Hz for 1 gradient coil 

duct with a rigid wall, 9 MPPs with different parameters combinations (Table 4-2) and 9 porous 

materials with various properties (Table 4-3). Circumferentially and longitudinally segmented 

foams (Figure 4-7) were also investigated for the purpose of comparison. The radius of the duct is 

0.3m. The length is 1.2m. The thickness of the perforated panel is taken as t = d throughout this 

paper. 
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Table 4-2: Micro-perforated panel absorbers 

MPP 
Diameter (d) 

in mm 

Perforation (p) 

in percentage 

Air gap (D) 

in mm 

1 0.1 5% 25 

2 0.5 5% 25 

3 1.0 5% 25 

4 0.5 1% 25 

5 0.5 5% 25 

6 0.5 10% 25 

7 0.5 5% 10 

8 0.5 5% 25 

9 0.5 5% 50 

Note: For all MPPs, panel thickness (t) = hole diameter (d). 

 

Table 4-3: Evenly distributed porous materials 

Foam 
Thickness (t) 

in mm 

Flow Resistance (R) 

in 
1 3g s cm    

1 25 5 

2 25 20 

3 25 50 

4 50 5 

5 50 20 

6 50 50 

7 100 5 

8 100 20 

9 100 50 
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4.3.5 Sound pressure levels 

The acoustic power and sound pressure levels with respect to frequency from 100 to 3000 Hz at 

the isocenter calculated by the BEM with rigid wall, foam and MPP are shown and compared in 

Figure 4-8 to Figure 4-18. 

Figure 4-8 indicates that when the vibration velocity of the duct wall is uniformly 

distributed and the duct wall is acoustically rigid (no admittance), the acoustic power radiated 

into the duct bore is dominated by the acoustic modes at 700 Hz and 2400 Hz. The porous 

material (foam) and the MPP absorber added to the duct effectively reduce the acoustic power 

radiated into the duct bore. The reduction of the acoustic power by the MPP absorber is 

significantly more than the reduction by the porous material. 

The sound pressure levels of the ducts with micro-perforated panel (MPP) acoustic 

absorbers (as listed in Table 4-2) were compared at the isocenter for the various design 

parameters as shown in Figure 4-9 to Figure 4-11. Figure 4-9 and Figure 4-10 show that smaller 

diameter holes (d) and reduced perforation rate (p) reduce noise across the whole frequency 

range. Figure 4-11 shows that the larger air gap reduces the noise more significantly at the higher 

frequencies, whereas a smaller air gap reduces the noise more at the lower frequencies. These 

results are in good agreement with the prediction from the calculation of absorption coefficient 

for various design parameters. 

The sound pressure levels of the ducts with evenly distributed porous materials (as listed 

in Table 4-3) are compared at the isocenter for the varying material properties as shown in Figure 

4-12 to Figure 4-15. Figure 4-12 and Figure 4-13 show that when the thickness of the porous 

material is smaller, the varying flow resistance of the material only makes a difference at higher 
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frequencies (more than 2000 Hz) in terms of reducing the noise level in the duct. However, when 

the thickness of the porous material is larger, the varying flow resistance makes a difference at 

lower frequencies (between 1000 and 2000 Hz in this case). On the other hand, Figure 4-14 and 

Figure 4-15 show that when the flow resistance is small, the thickness of the material affects the 

noise reduction performance of the porous material to a large extent. But, when the flow 

resistance is large enough, the varying thickness of the material makes no significant difference. 

These results are also in good agreement with the trends indicated by the empirical absorption 

coefficients published by Delany and Bazley [19]. 

Figure 4-16 compares the sound pressure levels of the ducts with segmented porous 

materials at the isocenter for different distribution patterns (Figure 4-7). It is clear that the pattern 

C2 (circumferentially segmented in four materials with varying flow resistance but constant 

thickness) reduces more noise than the other patterns at the frequencies higher than 1200 Hz.  

Figure 4-17 compares the pattern C2 with the four individual materials of which it is composed. It 

shows that the sound pressure levels in the duct with the segmented porous material are almost 

exactly in the middle range of the ducts with one uniform material. This suggests that it is 

possible to improve the acoustic performance of the porous materials used in the duct by 

combining materials with different flow resistance into a non-uniformly distributed pattern. 

Figure 4-18 compares the foam (R = 20, t = 100mm) and the MPP absorber (d = t = 

0.5mm, p = 10%, D = 25mm) which have the best performance in all of the analysis cases in their 

separate categories respectively. It can be concluded from this comparison that the MPP acoustic 

absorber greatly reduces the noise in the duct, especially at the frequencies lower than 2000 Hz. 

But the porous material (foam) performs better at the higher frequencies of more than 2000 Hz.  
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Figure 4-8: Acoustic power in the duct versus frequency for the MPP acoustic absorber. Foam: 

thickness (t) = 2.5 cm, flow resistance (R) = 50
1 3g s cm   . MPP: hole diameter (d) = panel 

thickness (t) = 0.1mm, perforation rate (p) = 5%, thickness of air gap (D) = 25mm.  

 

 

Figure 4-9: Sound pressure levels at the isocenter versus frequency for the MPP acoustic 

absorber. d = hole diameter. Perforation rate (p) = 5%, gap (D) = 25mm, panel thickness t = d. 
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Figure 4-10: Sound pressure levels at the isocenter versus frequency for the MPP acoustic 

absorber. p = perforation rate. Hole diameter (d) = panel thickness (t) = 0.5mm, gap (D) = 25mm.  

 

 
Figure 4-11: Sound pressure levels at the isocenter versus frequency for the MPP acoustic 

absorber. D = air gap. Hole diameter (d) = panel thickness (t) = 0.5mm, perforation rate (p) = 5%. 
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Figure 4-12: Sound pressure levels at the isocenter versus frequency for the foam material.  

R = flow resistance in
1 3g s cm   . Thickness of the foam material (t) = 25mm. 

 

 
Figure 4-13: Sound pressure levels at the isocenter versus frequency for the foam material.  

R = flow resistance in
1 3g s cm   . Thickness of the foam material (t) = 50mm. 
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Figure 4-14: Sound pressure levels at the isocenter versus frequency for the foam material. t = 

thickness of the foam material. Flow resistance of the foam material (R) = 20
1 3g s cm   . 

 

 
Figure 4-15: Sound pressure levels at the isocenter versus frequency for the foam material. t = 

thickness of the foam material. Flow resistance of the foam material (R) = 50
1 3g s cm   . 
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Figure 4-16: Sound pressure levels at the isocenter versus frequency for the foam material.  

(C1, C2, L1 and L2 are segmented patterns listed in Figure 4-7) 

 

 
Figure 4-17: Sound pressure levels at the isocenter versus frequency for the foam material.  

(Foam 1, 2, 3, 4 and C2 are uniform foams and segmented pattern listed in Figure 4-7) 
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Figure 4-18: Sound pressure levels at the isocenter versus frequency. Best foam:  flow resistance 

(R) = 20
1 3g s cm   , thickness (t) = 100mm. Best MPP:  hole diameter (d) = panel thickness (t) 

= 0.5mm, perforation rate (p) = 10%, thickness of air gap (D) = 25mm.  Rigid: duct wall is rigid) 

 

It should also be noted that the BEM results presented in this paper for the basic models 

without MPP and foam are in good agreement with the results presented by Shao and Mechefske 

[22], whose model was experimentally verified. 

4.3.6 Sound field 

Because the sound field inside the duct is symmetrical about the isocenter, the BEM was only 

calculated for half the duct and this significantly reduced the computing time. Figure 4-19 shows 

the radial and axial plane cut views of the sound field at 700 and 2400 Hz, which are the 

frequencies with highest acoustic power. The results show that the highest sound pressure level 

occurs at the isocenter of the duct and the sound pressure decreases toward the open ends of the 

duct. It also should be noted that, when the admittance of the duct wall is non-uniform 
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(segmented foam), the mode shapes at 700 Hz are non-symmetrical although the duct and the 

vibration velocity distribution of the duct wall are symmetrical. These non-symmetrical acoustic 

modes are not present at 2400 Hz. This means the mode shape of the acoustic modes at low 

frequencies could be altered by non-uniform admittance distribution on the duct wall. 

 

Figure 4-19: The plane cut view of the sound field at 700 and 2400 Hz 
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4.4 Conclusions 

An analytical model was developed for an MRI gradient coil duct with a micro-perforated panel 

(MPP) acoustic absorber placed inside the duct. The eigenvalues of this model were calculated 

and compared with the results from the models with rigid wall (no absorption) and porous 

material wall treatments. The analytical eigenvalues show that when a micro-perforated panel 

(MPP) absorber is placed in the gradient coil duct the number of radial acoustic modes is 

significantly reduced and these modes are heavily attenuated. 

The absorption coefficients of a series of MPP absorbers with varying design parameters 

including diameter of the hole, perforation rate and thickness of the air gap were also calculated. 

The results show that the advantage of an MPP acoustic absorber is its effectiveness in absorbing 

low frequency noise. By using the proper combination of parameters a micro-perforated panel 

(MPP) acoustic absorber can be designed to be a wide band absorber or a narrow band absorber 

with any specific central frequency. 

The BEM models were then developed for the coil duct with MPP acoustic absorbers and 

porous material wall treatments with varying design parameters and material properties. The 

acoustic power, sound pressure levels and sound field inside the duct were calculated using the 

BEM. The results show that the MPP acoustic absorber greatly reduces the noise in the duct, 

especially at frequencies lower than 2000 Hz. The porous material (foam) wall treatments 

perform better at the higher frequencies (above 2000 Hz). The results also show that the mode 

shapes of the acoustic modes at lower frequencies can be altered by non-uniform admittance 

distribution on the absorber or on the duct wall. Therefore, the acoustic performance of a 

specially designed multi-layer absorber, which is composed of micro-perforated panels and layers 

of uniform or non-uniform porous materials, could be tailored for specific performance 
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requirements and will be examined by simulation and experiment in future work. It is expected 

that higher noise reduction around wider frequency bands can be achieved. 

The overall BEM results are in good agreement with predictions from the eigenvalues of 

the analytical model and the calculation of absorption coefficients for various design parameters. 

The BEM results for the models with porous materials are in good agreement with the trends 

indicated by the empirical absorption coefficients published by Delany and Bazley [19]. The 

BEM results for the basic models without MPP acoustic absorbers and porous material wall 

treatments are also in good agreement with the results presented by Shao and Mechefske [22], 

whose model was experimentally verified. Nevertheless, the analytical and BEM model with 

MPP acoustic absorbers will be experimentally verified with future work. 
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Chapter 5 

A Comprehensive Experimental Study of Micro-perforated  

Panel Acoustic Absorbers in MRI Scanners 
5
 

Abstract 

A comprehensive experimental study has been conducted to investigate the possibilities of using 

micro-perforated panel (MPP) acoustic absorbers in magnetic resonance imaging (MRI) scanners. 

The experimental acoustic measurements include measurements in an impedance tube, 

measurements in an MRI scanner bore mock-up, and in-situ measurements in an actual MRI 

scanner. The experimental results are in good agreement with theoretical calculations. This study 

confirms that MPP acoustic absorbers have multiple absorption frequency bands and wider 

frequency bands at higher frequency ranges when they are used in cylindrically shaped ducts such 

as MRI scanner bores. It has also been found that the acoustic noise level in the scanner bore is 

significantly increased when the air gap depth behind the MPP is too large. This study shows that 

an MPP absorber, when properly designed, is effective in reducing the acoustic noise in MRI 

scanners. And, when designing an MPP absorber for MRI scanners, the air gap depth should be 

carefully considered.  

Keywords: micro-perforated panel, sound absorber, MRI scanner acoustic noise 

                                                      

5
 A version of this chapter has been accepted for publication in the journal: Magnetic Resonance Materials 

in Physics, Biology and Medicine. 
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5.1 Introduction 

Magnetic resonance imaging (MRI) scanners are powerful medical diagnostic and research 

instruments with many advantages over other medical imaging techniques. However, significant 

acoustic noise is generated during the scanning process and it has become a major concern in 

clinical practice in terms of patient comfort and patient hearing safety [1]. Some researchers have 

even found that the acoustic noise arising in MR imaging also affects brain function and could 

have significant consequences in data observation and interpretation [2]. Depending on scanner 

main magnetic field strength and the type of imaging sequences being used, sound levels within a 

scanner can be as high as 123-132 dB (A) [3]. The trend toward more powerful MRI magnets 

makes the noise problem even worse. 

In order to attenuate the acoustic noise in MRI scanners, various measures have been 

investigated in both active control and passive control. One of these techniques is the Active 

Noise Control (ANC) in which the acoustic noise is reduced by introducing an anti-phase acoustic 

wave to create a zone of destructive interference at a particular area in space. Several ANC 

systems have been developed and tested [4-6]. The results show that this technique is efficient at 

reducing acoustic noise at relatively low frequencies (< 700 Hz), but less effective at high 

frequencies. A passive noise control method using an acoustic liner was investigated by 

Mechefske et al. [7]. In this work, a passive acoustic liner was placed inside a whole-body 

gradient coil and the spaces between the liner and the gradient coil and the warm bore were 

packed with acoustic barrier and absorptive materials. This method was found to be effective at a 

wider frequency range. 

Reducing the acoustic noise of MRI scanners based on balancing the Lorentz forces 

applied on the coils is another way for MRI acoustic noise to be controlled. This has been done 



122 

 

by Mansfield and his colleagues. They have published a series of papers [8-12] on a new 

technique called active acoustic screening for quiet gradient coil design. The technique utilizes 

the return paths of gradient coil conductors in a closed arc loop arrangement, or a second 

distributed conductor on a second surface, to eliminate net Lorentz forces thereby attenuating 

vibration levels and acoustic noise. Their experimental results show that this design can reduce 

acoustic noise especially at low frequencies. 

MRI acoustic noise arises from various sources in the scanning systems. However, the 

highest-level acoustic noise in MRI scanners is mainly caused by the vibration of gradient coils 

due to the Lorentz forces generated by the interaction of electrical current in the conductors in the 

gradient coils and the main static magnetic field [13-15]. An ideal solution to eliminate the 

acoustic noise is therefore to fully isolate the gradient coils or to design quiet gradient coil 

structures. Yoshida et al. [16] used "independent suspension" of the gradient coils to dampen 

solid vibration, while a "vacuum vessel enclosure" of the coils shields transmission of residual 

vibration through the air. This method provides a substantial noise reduction. 

A more comprehensive review of the previous work on MRI scanner acoustic noise 

reduction can be found in the literature [17]. As shown in the literature review, the acoustic noise 

in MRI scanner systems can be controlled in many different ways such as changing input 

sequences, stiffening gradient coil structures, adding absorptive acoustic liners, designing ANC 

devices or using ANC headphones, or even isolating the entire gradient coil system. Each method 

has advantages and disadvantages. For the purpose of effectively reducing acoustic noise in MRI 

scanner bores in a wide frequency range without changing the design of scanner systems, we have 

proposed another method in which micro-perforated panels are used in MRI scanner bores. 
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Micro-perforated panel (MPP) acoustic absorbers are widely used in the field of noise 

control [18-20]. They consist of panels perforated with sub-millimetre orifices in front of an air 

cavity. By choosing the parameters of the MPP appropriately, absorption in certain frequency 

bands can be obtained using cavities of moderate thickness without the need of additional fibrous 

materials. The absence of conventional fibrous materials allows the design of „„clean‟‟ absorbent 

systems, which makes them better suited in hospitals, food, pharmaceutical, and microelectronics 

industries. Although MPP absorbers are used in various applications, no studies have been 

reported using them in MRI scanners. We have investigated the possibility of implementing 

micro-perforated panel absorbers in MRI scanner bores to reduce the acoustic noise. This paper 

reports the results of our experimental study. 

 

5.2 Materials and methods 

5.2.1 Theory 

A perforated panel may be considered a lattice of short narrow tubes, separated by distances 

much larger than their diameters, but small compared to the wavelength of impinging sound 

waves. The propagation of a sound wave in a tube was defined by Lord Rayleigh [21] and 

simplified by Crandall [22] for short tubes. Maa [23, 24] developed an approximate solution for 

apertures of sub-millimetre size, namely micro-perforated panels. According to Maa‟s theory, the 

impedance of a micro-perforated panel is determined by the diameter of the holes in the panel, the 

porosity and the thickness of the panel and the frequency of the incident acoustic waves. The 

specific acoustic impedance of the micro-perforated panel can be expressed as 
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and k is called the perforation constant, d is the diameter of the holes in the panel in millimetres 

(mm), p the perforation rate in percentage (total area of the perforation on a unit area of panel), t 

the panel thickness in millimetres (mm), 0 the density of air,  its coefficient of viscosity, and 

  the angular frequency. 

A micro-perforated panel fixed before a solid surface with a cavity of thickness D makes 

an MPP absorber. For normal incidence, the sound absorption coefficient of the MPP absorber is 
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Here, r and m are the real and imaginary parts of the relative acoustic impedance (z) of the MPP, 

which can be calculated from the specific acoustic impedance Z using equation (1); D  is the 

thickness of the air gap in meters (m). 

5.2.2 Experimental measurements 

In order to verify the effectiveness of the MPP absorber in MRI scanners, the acoustic 

measurements to be conducted include measurements in an impedance tube, measurements in an 
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MRI scanner bore mock-up, and in-situ measurements in an actual MRI scanner. A detailed 

description of the experimental instrumentation is included in Appendix A. 

5.2.2.1 Impedance tube test 

Impedance tube description 

An impedance tube apparatus was built according to the standard ISO-10534-2 for the 

measurement of sound absorbing materials using the two-microphone method and is shown 

schematically in Figure 5-1. Figure 5-2 shows a picture of the impedance tube measurement 

system used for this study. 

 

 

Figure 5-1: A scheme of the impedance tube using the two-microphone method 
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Figure 5-2: A picture of the impedance tube measurement system 

 

The apparatus consists of two tubes. The large tube having diameter of 101 mm and 

length of 700 mm was used for the frequency range of 200-1500 Hz. The small tube connected to 

the large tube as an extension is 38-mm in diameter, 300-mm in length and was for the frequency 

range of 600-3000 Hz. Pseudo-random noise was generated by a loudspeaker located at one end 

of the large tube. The MPP samples were located at the other end. The absorption coefficient was 

measured by placing the MPP in a custom holder ensuring that it is plane parallel and the required 

distance D from the rigid end cap at the end of the tube. Two 1/2" condenser microphones were 

flush mounted on the tube. A multi-channel spectrum analyzer was used to obtain the transfer 

function (frequency response function) between the microphones. In this measurement, the 

microphone closest to the source was considered the reference channel. From the transfer 

function H12, the pressure reflection coefficient R of the material was determined using the 

following equation: 
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where, L is the distance from the sample face to the first microphone and s is the distance 

between the microphones, k = 2πf/c, f is the frequency, and c is the speed of sound. From the 

reflection coefficient, the absorption coefficient α and normalized impedance 0/Z c  of the 

sample may be determined using the following equations: 
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Verification of the impedance tube 

Performance testing was performed to check the measurement system and the measurement 

process. These tests consisted of measuring the imaginary part of the impedance of a closed tube 

of length 0L . To conduct each test, the sample is removed from the sample holder, and the 

plunger of the sample holder is set to a specified depth. The theoretical normalized impedance of 

a closed tube of length 0L  is given by: 

 0 0Im( / ) 1/ tanZ c kL    (39) 

Figure 5-3 shows the result of the above measurements using the system built with 

0 0.075L  m. The result verifies that this impedance tube works as expected and can be used for 

measuring the MPP samples in the frequency range of 200 ~ 3000 Hz. 
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Figure 5-3: Comparison between the measured and theoretical impedances of a closed tube of 

length 0.075 m 

 

 

Figure 5-4: A picture of the perforation patterns of the MPP samples listed in Table 5-1 
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Description of test samples 

Nine samples of MPPs (Figure 5-4) with various parameters were fabricated and measured in the 

impedance tube. The materials of the MPPs are transparent plastics. The sample size is 110-mm 

square. The holes were laser machined. Table 5-1 lists the parameters of the nine MPP samples. 

Table 5-1: Parameters of the MPP samples 

MPP # 
Diameter (d) 

mm 

Thickness (t) 

mm 

Perforation (p) 

% 

1 0.500 0.5 0.50 

2 0.500 0.5 1.00 

3 0.150 0.5 2.75 

4 0.762 0.762 0.50 

5 0.762 0.762 1.00 

6 0.300 0.762 1.50 

7 1.524 1.524 0.50 

8 1.000 1.524 0.50 

9 0.500 1.524 12.5 

 

5.2.2.2 Duct mock-up test 

As the MRI scanner bore can be simplified as a cylindrically shaped duct, a duct mock-up was 

built for the purpose of testing the acoustic performance of the cylindrically shaped MPP sound 

absorbers in the duct in a controllable laboratory environment.  

A speaker was placed at either end of a circular cylindrical duct. One microphone was 

fixed at the isocenter of the duct for measuring the sound pressure at the center of the duct. White 

noise with frequency range of 100-6000 Hz was used as the input of the sound source.  



130 

 

 

Figure 5-5: A scheme of the duct mock-up measurement setup 

 

 

Figure 5-6: A picture of the MPP absorber mounted in the duct mock-up 
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Figure 5-5 is a schematic of the duct mock-up measurement setup. A picture of the MPP 

absorber mounted in the duct is shown in Figure 5-6. The duct is 590-mm in length and 188-mm 

in radius and its inner wall is acoustically hard (non-absorptive). The micro-perforated panel was 

concentrically mounted in the duct with an air gap between the panel and the duct wall. The air 

gap was sealed at the two ends of the duct by the supports of the panel. 

5.2.2.3 In-situ MRI test 

For the purpose of a full verification, acoustic measurements were implemented in a 3T MRI 

scanner located in Kingston General Hospital in Kingston, Ontario. The experimental 

measurements were conducted on a variety of conditions with and without an MPP absorber in 

place. 

MPP #6 with an air gap of 25 mm, which has been verified by the impedance tube and 

duct mock-up test results, was tested in the in-situ MRI measurements. The experimental setup is 

similar to the duct mock-up measurement but the sound source is the MRI scanner itself instead 

of a pair of speakers. A total of twelve positions were measured along the axis of the scanner bore 

at three different heights as shown in Figure 5-7. The bottom positions are approximately in line 

with the location of patient ears.  Dimensions of the MRI scanner are included in Appendix C. 

Tests were implemented during an MPRAGE (Magnetization Prepared Rapid Gradient Echo) 

imaging sequence which produces high-level acoustic noise at most of the frequencies in the 

frequency range (300-3000 Hz) that we are interested in. Figure 5-8 shows a picture of the 

scanner with the MPP absorber mounted in the scanner bore for the in-situ MRI test. 

The scanner used has an integrated cooling fan which produces additional noise from 

the air flow through the bore of the magnet. For completeness of the investigation, measurements 
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were conducted on two operating conditions: condition one with the fan turned on and condition 

two with the fan turned off. 

 

Figure 5-7: The layout of in-situ MRI acoustic measurement positions. The unit of the dimensions 

for the measurement positions is centimetre (cm). 

 

 

Figure 5-8: A picture of the MRI scanner with the MPP absorber mounted in the scanner bore for 

the in-situ MRI test 
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5.3 Results 

5.3.1 Impedance tube test results 

The nine MPP samples were tested in the impedance tube with various air gap depths between the 

sample and the rigid plunger. Additional measurements have also been done on a conventional 

foam material for the purpose of comparison. Figure 5-9 shows the measured sound absorption 

coefficients of the MPP absorbers and the foam material. Figure 5-10 shows the measured sound 

absorption coefficients of the MPP #6 with various air gap depths. The measurement results have 

been compared with the results of the theoretical calculations using equation (3). An example of 

the comparisons is illustrated in Figure 5-11 for the MPP #6 with air gap depth of 25 mm.  

 

 

Figure 5-9: The measured sound absorption coefficients of the MPP samples with parameters 

listed in Table 5-1 and with air gap depth of 25 mm. They are compared with a foam material 

with the same thickness of 25 mm. 
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Figure 5-10: The measured sound absorption coefficients of the MPP #6 with various air gap 

depths 

 

 

Figure 5-11: Comparison of the measured and calculated sound absorption coefficients of the 

MPP #6 with air gap depth of 25 mm 
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5.3.2 Duct mock-up test results 

MPP #6 with an air gap depth of 25 mm, which has the best noise attenuation performance in the 

frequency range of 1100-1600 Hz as shown by the theoretical calculation and impedance tube 

measurement results, was tested in the duct mock-up. Figure 5-12 compares the sound pressure 

level versus frequency at the isocenter of the duct with and without the MPP absorber. Figure 

5-13 shows the measurement results of MPP #6 in the duct with two different air gap depths.  

 

 

Figure 5-12: Comparison of the sound pressure level versus frequency at the isocenter of the duct 

with and without the MPP absorber 
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Figure 5-13: Effect of the air gap depth on the sound pressure level versus frequency at the 

isocenter of the duct. The mounted absorber is MPP #6. 

 

5.3.3 In-situ MRI test results 

From the in-situ MRI test results, it has been found that the sound field in the scanner bore is 

approximately symmetric in the axial direction, with or without the MPP absorber mounted in the 

bore. In addition, the results show that the MPP absorber has almost the same effect on the 

acoustic responses at the same axial location but different heights in the scanner bore. Therefore, 

only the measurement results at “end position” (10 cm away from the end of the bore as shown in 

Figure 5-7) and “middle position” (30 cm away from the symmetric line of the bore as shown in 

Figure 5-7) are presented in the following figures to illustrate the noise reduction effects of the 

MPP absorber. 
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Figure 5-14 ~ Figure 5-17 compare the sound pressure level versus frequency at both 

positions (“end” and “middle”) with and without the MPP absorber and with the fan turned on 

and off. Figure 5-18 shows the effects of the air gap depth on the sound pressure level versus 

frequency at the “middle position” of the scanner bore for the MPP absorber #6 with the fan 

turned off.  

 

 

Figure 5-14: Comparison of the sound pressure level versus frequency at the “middle position” of 

the scanner bore with and without the MPP absorber. Fan was turned on. 
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Figure 5-15: Comparison of the sound pressure level versus frequency at the “end position” of the 

scanner bore with and without the MPP absorber. Fan was turned on. 

 

 

Figure 5-16: Comparison of the sound pressure level versus frequency at the “middle position” of 

the scanner bore with and without the MPP absorber. Fan was turned off. 
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Figure 5-17: Comparison of the sound pressure level versus frequency at the “end position” of the 

scanner bore with and without the MPP absorber. Fan was turned off. 

 

 

Figure 5-18: Effect of the air gap depth on the sound pressure level versus frequency at the 

“middle position” of the scanner bore for the MPP absorber #6. Fan was turned off. 
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5.4 Discussion 

5.4.1 Impedance tube test 

From Figure 5-9, one can see that the MPP absorbers with different design parameters have 

different resonance frequencies and absorption frequency bandwidths. It also shows that, around 

the resonance frequencies, the sound absorption coefficients of the MPP absorbers are 

significantly higher than that of the traditional foam material. It is obvious from Figure 5-10 that 

the resonance frequency of the absorber is shifted by changing the air gap depth with all other 

parameters remaining unchanged.  

By comparing all the MPP absorbers which have been measured, it was found that the 

experimental measurements are in good agreement with the theoretical calculations in terms of 

maximum absorption coefficient and absorption frequency bandwidth. However, it was also 

found that, for all the MPP absorbers, the measured resonance frequencies are slightly higher than 

the predicted ones from theoretical calculations, which were likely caused by the pressure release 

from the air gap behind the perforated panel in the impedance tube.  

5.4.2 Duct mock-up test 

From Figure 5-12, it is clear that the MPP absorber significantly reduces the acoustic noise 

between 1100 Hz and 1600 Hz, which is in agreement with the results of theoretical calculations 

and impedance tube measurements. One should also notice that the absorber also reduces the 

acoustic noise at the frequency ranges around 2400 Hz and 2800 Hz, which are above the 

designed absorption frequency band (1100-1600 Hz). This result confirms the statement made by 

Maa [23] that MPP absorbers have multiple absorption frequency bands and the frequency bands 

become wider at higher frequency ranges in a diffuse sound field.  
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It can be seen from Figure 5-13 that, when the air gap depth is increased from 25 mm to 

38 mm, the sound pressure level at the isocenter of the duct is reduced at the lower frequency 

range 1300-1500 Hz whereas increased at the higher frequency range 1900-2500 Hz. This means 

that the resonance frequency of the absorber is shifted to a lower frequency range when the air 

gap depth is increased, and vice versa. This result agrees with the general effect of air gap depths 

on the design of MPP absorbers. 

5.4.3 In-situ MRI test 

From Figure 5-14 to Figure 5-17 one can see that the MPP absorber significantly reduces the 

acoustic noise in the frequency range above 1100 Hz, which is the starting point of the resonance 

frequency bands of the MPP absorber. Regardless of whether the fan is turned on or off, the noise 

reduction at the “middle position” is always better than the “end position”.  

From Figure 5-18 it is clear that, when the air gap depth is increased from 25 mm to 60 

mm, the peak noise around 700 Hz is reduced to the same level as other frequency components. 

The starting point of the resonance frequency band of the MPP absorber is shifted from 1100 Hz 

to 600 Hz. However, one should notice that, with the 60-mm air gap, the overall sound pressure 

levels at frequencies other than 700 Hz are significantly higher than the 25-mm air gap. This 

phenomenon was not expected from the general MPP absorber design theory. A possible 

explanation is that, when the air gap depth is too large, the sound field space in the scanner bore 

is significantly reduced and the radiation impedances at the open ends of the scanner bore are 

then increased. The increased radiation impedances reduce the amount of sound energy radiating 

out of the scanner bore thus increase the sound pressure level in the bore. Therefore, when 

designing an MPP absorber for MRI scanners, the air gap depth should be carefully considered. 
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5.5 Conclusion 

In this work, a comprehensive experimental study of using micro-perforated panel absorbers in 

MRI scanners has been conducted. The acoustic measurements that have been implemented 

include measurements in an impedance tube, measurements in an MRI scanner bore mock-up, 

and in-situ measurements in a real 3T MRI scanner. Firstly, the impedance tube test results are in 

good agreement with theoretical calculations in terms of maximum absorption coefficient and 

absorption frequency bandwidth. Secondly, the duct mock-up test confirms that MPP absorbers 

have multiple absorption frequency bands and have wider frequency bands at the higher 

frequency ranges when they are used in cylindrically shaped ducts. Lastly, the in-situ MRI test, 

which has been conducted on a variety of conditions with and without an MPP absorber in place, 

confirms the effectiveness of an MPP absorber in a 3T MRI scanner for a certain standard 

scanning sequence. It has also been found that the acoustic noise level in the scanner bore is 

significantly increased when the air gap depth is too large. Therefore, when designing an MPP 

absorber for MRI scanners, the air gap depth should be carefully considered. In future works, the 

MPP absorber will be further improved and additional in-situ MRI tests with and without the 

MPP absorber in place will be conducted for various scanning sequences. 
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Chapter 6 

Design of Micro-perforated Panel Sound Absorbers for MRI Scanners 
6
 

Abstract 

Well designed micro-perforated panel (MPP) acoustic absorbers have been found effective in 

reducing acoustic noise in magnetic resonance imaging (MRI) scanners. This paper presents the 

authors‟ considerations on the theory and design of MPP absorbers for MRI scanners. The theory 

of micro-perforated panel absorbers is briefly reviewed. Design methods and procedures are then 

investigated specifically for MPP sound absorbers to be used in MRI scanners. Recommendations 

on the design of MPP absorbers for MRI scanners are presented in terms of panel material, panel 

thickness, air gap depth, absorber length and MPP support. 

Keywords: MPP absorbers, Sound absorbers, MRI scanners, Micro-perforated panel 

                                                      

6
 A version of this chapter has been submitted for publication to the ASME Journal of Vibration and 

Acoustics. 



147 

 

6.1 Introduction 

A micro-perforated panel (MPP) is a sheet panel with many small diameter holes (usually less 

than one millimetre and penetrating the full depth of the panel) distributed over its surface. A 

micro-perforated panel fixed before a solid surface with an air gap makes an MPP absorber [1]. 

Unlike ordinary perforated panels where the perforations are in millimetres or even centimetres, 

which have little acoustic resistance, the micro-perforations in MPPs provide significant acoustic 

resistance and low acoustic mass reactance, which are both necessary for wide-band sound 

absorbers, without additional fibrous or porous materials backing the panel. Because an MPP 

absorber can be designed for any specific set of frequencies or frequency bands and because of its 

clean, fibre-free nature and potentially attractive appearance, it has become widely considered as 

one of the most likely alternatives for the next generation general purpose sound absorbing 

materials. Since Maa [1] established the theoretical basis and design principles in the late 1970s, 

MPP absorbers have been studied extensively by many researchers [2-8], and various applications 

including duct muffling systems and sound insulation systems have been reported [9-12]. 

In this paper the authors deal with MRI scanner acoustic noise [13-15] and have 

investigated the feasibility of applying micro-perforated panel absorbers in MRI scanners by 

computational simulation and experimental verification. The study shows that MPP absorbers are 

effective in reducing acoustic noise in the MRI scanner bore when they are properly designed. 

This paper presents the authors‟ considerations on the theory and design of micro-perforated 

panel acoustic absorbers for MRI scanners. 
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6.2 Theory 

6.2.1 Acoustic Impedance of a micro-perforated panel 

A micro-perforated panel can be regarded as a material having an array of penetrating holes with 

diameters in the sub-millimetre range and with lengths being much smaller than the wavelength 

of the sound. The acoustic impedance of such a material depends on the impedance of each 

individual hole, on the perforation area ratio and on the material properties of the panel. In this 

study, the panel is assumed to be made of rigid impervious material with infinite surface 

impedance. According to Maa‟s theory [1], the relative acoustic impedance of a micro-perforated 

panel can be expressed as 

 ,Pz r im   (40) 
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and 

 0 / (4 ).k d    (43) 

In the above formulas, k is called the perforation constant, r is the relative acoustic 

resistance of the panel, m is the relative mass reactance of the panel; d is the diameter of the holes 
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in the panel in millimetres (mm), p is the perforation rate in percentage (total area of the 

perforation per unit area of panel), t is the panel thickness in millimetres (mm), 0  is the density 

of air,   is the air coefficient of viscosity, and   is the angular frequency. 

6.2.2 Sound Absorption Coefficient of an MPP absorber 

A micro-perforated panel mounted at distance D (m) from a rigid wall makes a resonance system. 

The relative acoustic impedance of the air cavity between the perforated panel and the rigid back 

wall is 

 ( / ).Az ictg D c   (44) 

The relative acoustic impedance of the whole system is thus 

 ( ( / )).P Az z z r i m ctg D c      (45) 

For normal incidence, the absorption coefficient of the MPP absorber can then be 

calculated by the following formula: 
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6.2.3 MPP absorber for MRI scanners 

Figure 6-1 shows the configuration of an MPP absorber in an MRI scanner by simplifying the 

scanner bore as a cylindrically shaped duct. The micro-perforated panel is also cylindrically 

shaped and is concentrically placed in the hard-walled scanner bore, thus forming an air cavity 

between the scanner bore and the MPP. 
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Figure 6-1: An MPP absorber for MRI scanners 

 

Assuming the radius of the scanner bore is bR  and the radius of the MPP is aR , then the 

air gap depth is 

 .b aD R R   (47) 

In an MRI scanner, the acoustic noise is mainly caused by the vibration of gradient coil 

cylinder which encloses the scanner bore with open ends. The acoustic sound waves are radiated 

from the gradient coil cylinder and other connected components into the surrounding environment 

such as the scanning room and the scanner bore. Because the presented design of the sound 

absorber is specifically for reducing the acoustic noise from which the patient will suffer, only the 

noise transmitted into the scanner bore from the open ends is considered in this study. The sound 

field in the MRI scanner bore is not a plane wave field. Sound waves propagate in different 

directions in the scanner bore. For a sound wave impinging at an angle θ to the normal direction 

of the panel surface, the impedance of the air space may change due to the change of the path 

difference between the incident and reflected waves, whereas the MPP itself as a locally reacting 
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material has its acoustic impedance unchanged. The relative acoustic impedance for oblique-

incident waves is thus 
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The absorption coefficient is 
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Assuming a diffuse sound field in the scanner bore, the statistic absorption coefficient of 

the absorber is 
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In the above theory, one obvious assumption is that the wall of the scanner bore is 

acoustically “hard” (a “hard wall” without sound radiation and absorption). However, in an actual 

MRI scanner, the wall of the scanner bore is usually connected to the gradient coil cylinder and 

thus some of the vibration is transmitted into the wall and the transmitted vibration causes it to 

vibrate and radiate sound waves. In order to simplify the theory and design of the absorber, the 

wall of the scanner bore is assumed to be acoustically “hard” (no sound radiation and absorption 

from the wall). 
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6.3 Design 

6.3.1 Resonance frequencies 

The first step in designing an MPP sound absorber for an MRI scanner is to determine the 

acoustic modes in the scanner bore, which can be done by theoretical or computational model 

analysis [16], or through experimental measurements. These acoustic modes are the acoustic 

characteristics of the scanner bore and are independent of the imaging sequences used in the 

scanning process. Once the size, the shape and the boundary conditions of the scanner bore are 

known, the natural frequencies and mode shapes of the acoustic modes can be determined. 

Previous studies [16, 17] have shown that, in an MRI scanner, the number of acoustic modes is 

large and the natural frequencies of the modes usually range from 300 Hz up to 3000 Hz.  

An ideal sound absorber in the scanner bore should have absorption frequency bands 

covering all the natural frequencies of the acoustic modes. Unfortunately, current noise control 

technologies including the MPP absorbers are not capable of reducing noise in such a large 

frequency range. The designer of the sound absorber must determine which modes have the 

highest contribution to the acoustic responses in the scanner bore with regard to specific imaging 

sequences that will be used. This can be done by Frequency Response Function (FRF) analysis 

[15, 18, 19], from which the modes having the highest acoustic contribution can be identified. 

These modes are called the dominant acoustic modes and these are the modes that need to be 

significantly attenuated for the purpose of acoustic noise reduction in the scanner bore. The 

natural frequencies of the dominant modes can then be set as the target frequencies of the sound 

absorbers to be designed. 
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6.3.2 Maximum absorption coefficient and absorption frequency bandwidth 

After the resonance frequency of the MPP absorber for a given MRI scanner is determined, the 

designer needs to decide on the maximum absorption coefficient and absorption frequency 

bandwidth based on the design targets. From equation (46) one could show that the sound 

absorption coefficient has its maximum value as 

 max 2

4

(1 )

r
a

r



 (51) 

at the resonance frequency 0f  when 

  0cot 0.m D c   (52) 

Assuming 1f  and 2f  are the lower bound and upper bound of the desired absorption 

frequency band, respectively, and mina  is the minimum absorption coefficient at 1f  and 2f , 

following expressions can be obtained from equation (46): 
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When min max 2a a , these two frequencies are called the half-absorption frequencies. 

However, min 0.5a   is suggested for an effective MPP absorber design. Combining equations 

(41), (42) and (43) yields the mass reactance as 
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   28 .m rm k k rk     (55) 

Substituting this expression into equations (53) - (54) with the assumption of 1d t  , 

one could find out that the frequency interval 2 1f f  is only related to the perforation constant k 

and the relative acoustic resistance r. As shown in equation (51), the maximum absorption 

coefficient maxa  only depends on r. The possible combinations of maximum absorption 

coefficients and frequency intervals are listed in Table 6-1 for different values of r. And the 

frequency interval in terms of r and k is plotted in Figure 6-2. It is evident that the desired 

maximum absorption coefficient and absorption frequency bandwidth can be achieved by 

choosing proper values of r and k.  

 

Table 6-1: Combinations of maximum absorption coefficients and frequency intervals  

for different values of r ( 1k  , 0 1000 Hzf  , min 0.5a  ) 

r 1.0 2.0 3.0 4.0 5.0 

amax 1 0.89 0.75 0.64 0.56 

f2/f1 6.28 8.82 9.92 9.73 7.42 

f1 316 280 296 345 447 

f2 1986 2465 2940 3351 3312 

f2-f1 1670 2185 2644 3006 2865 
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Figure 6-2: Frequency interval ( 2 1f f ) as a function of perforation constant (k) for different 

values of relative acoustic resistance (r) 

 

6.3.3  MPP Absorber design parameters 

Once k, r and f0 are chosen, the structure of the MPP absorber is completely determined. The hole 

diameter d is given by equation (43), which can be simplified and rewritten to a useful design 

formula as 

 0 10 ,d k f  (56) 

where d is specified in mm and f0 the resonance frequency, in Hz. The relationship of d and f0 

with varying perforation constant k is plotted in Figure 6-3. 
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Figure 6-3: Hole diameter (d) as function of resonance frequency (f0) for different values of 

perforation constant (k) 

 

As the ratio of d t  is usually taken as nearly one and small variations of the actual value 

are not important [20], the panel thickness t is determined based on the value of hole diameter d. 

The perforation rate p is then determined from equation (41). Lastly, the air gap depth D is 

determined from equation (52). Due to the space limitation of the MRI scanner bore, a small air 

gap depth is always desired. The air gap depth ratio D  , where   is the wavelength 

corresponding to the resonance frequency f0, in terms of r and k is plotted in Figure 6-4. It can be 

seen that, at a given resonance frequency, the air gap depth can be rather small when r and k are 

large. This gives the possibility of a very thin absorber even for low frequencies.  
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Figure 6-4: Air gap depth ratio ( D  ) as function of perforation constant (k) for different values 

of relative acoustic resistance (r) 

 

Table 6-2: Conversion of the air gap depth ratio D   to the absolute values  

of the air gap depth D (mm) for various resonance frequencies f0 (Hz) 

D   0.02 0.05 0.10 0.15 0.20 0.25 

D 

  f0 = 500 13.5 34 68 102 136 170 

  f0 = 1000 6.5 17 34 51 68 85 

  f0 = 1500 4.5 11 22 33 44 55 

  f0 = 2000 3.5 8.5 17 25.5 34 42.5 

  f0 = 2500 2.5 6.5 13 19.5 26 32.5 

  f0 = 3000 2.0 5.5 11 16.5 22 27.5 
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Once the air gap depth ratio is determined, the absolute values of the air gap depth can be 

easily calculated as long as the resonance frequency is determined. Table 6-2 converts the air gap 

depth ratio D   to the absolute values of the air gap depth D for various resonance frequencies 

between 300 and 3000 Hz. It can be used as a design table for quick reference. 

 

6.4 Design considerations 

6.4.1 Panel material 

Theoretically, the material of the panel could be metallic or non-metallic. If the micro-perforated 

panel is made of sheet metal or other material of high thermal conductance, the acoustic 

resistance will be higher than that of non-metallic panel [21]. This should be taken into account 

when choosing the panel material for the MPP absorbers. Another consideration in the design of 

MPP absorbers for MRI scanners is that only non-magnetic materials can be used in the acoustic 

absorber. Therefore, plastic materials such as polycarbonate and non-magnetic metal such as non-

magnetic aluminum are recommended for the micro-perforated panel of MRI sound absorber. 

6.4.2 Panel thickness 

In the general theory and design of MPP sound absorbers, the ratio of hole diameter to panel 

thickness ( d t ) is usually taken as one. When the diameter of the holes is large, this is not a 

problem. However, when the diameter of holes is small (for example d ≤ 0.5 mm), the thickness 

of the panel should be small too if the ratio is to remain as one. In this case, flexible micro-

perforated plastic films may have to be used in the sound absorber and extra design 

considerations need to be taken into account on the coupling effects caused by the vibration of the 
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perforated film. In the case that a thick panel with small holes must be used or is preferred 

because of other considerations such as cost and installation limitations, the effect of the ratio of 

hole diameter to panel thickness ( d t ) on the acoustic properties of the sound absorber should be 

considered.  

Figure 6-5 shows the effect of the ratio of hole diameter to panel thickness on the 

frequency interval of the absorber ( 2 1f f ) with 1r  . Calculations for other values of r showed 

the same effects. 

 

 

Figure 6-5: Frequency interval ( 2 1f f ) as function of perforate constant (k) for different values 

of the ratio of hole diameter to panel thickness ( d t ) 
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It can be seen from this figure that, when k is small, the ratio d t  has little effect on the 

frequency interval; however, when k is large, the effect is significant. In other words, when d t  

is small, i.e., the panel thickness is larger than the hole diameter, the frequency interval of the 

sound absorber is significantly reduced when k is large. Therefore, in the case that thick panel 

with small holes has to be used, one has to choose a small value for the perforation constant k 

when determining the design parameters of the sound absorber. 

6.4.3 Air gap depth 

The air gap depth plays an important role in determining the resonance frequency of the MPP 

sound absorbers. In a general case where the MPP absorber is flat shaped and placed in a large 

space such as a room or a concert hall, the air gap depth could be very large. However, in the case 

of MPP sound absorbers for MRI scanners, it has been found from experimental measurements 

that the acoustic noise level in the scanner bore is significantly increased when the air gap depth 

behind the MPP is too large. Therefore, when designing an MPP absorber for MRI scanners, the 

air gap depth should be carefully considered. It is recommended that the air gap depth should be 

within one-tenth of the diameter of the scanner bore. 

6.4.4 Length of the MPP absorber 

Through experimental measurements, it has also been found that the length of the MPP 

sound absorber has significant effects on the sound pressure levels in the scanner bore and the 

effects vary with locations along the axis of the scanner bore. Further investigations on this 

finding have been implemented through computational modeling as depicted in Figure 6-6. 

Details of the computational modeling are included in Appendix B. The results are presented in 
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Figure 6-7 which shows the effects of the absorber length on the sound pressure levels at different 

locations along the center line of the scanner bore. 

 

Figure 6-6: Illustration of the MPP sound absorber with various lengths 

 

From Figure 6-7 (a) and (b) it is obvious that, at the positions closer to the isocenter of the 

scanner bore (Z = 0 mm and Z = 330 mm), when the absorber length is 1.0 m (about half of the 

length of the scanner bore), the sound pressure levels are significantly higher than those of the 

absorber with longer lengths, especially at the lower frequency range. One should also notice that, 

at these locations the sound pressure levels are significantly different at most frequencies when 

comparing the absorbers with lengths of 1.4 m (about 70% of the length of the scanner bore) and 

2.0 m (about the full length of the scanner bore). However, the same conclusions cannot be drawn 

for the positions closer to the open ends of the scanner bore (Z = 660 mm and Z = 980 mm) as 

shown in Figure 6-7 (c) and (d). At these locations, no obvious tendency has been found on the 

effects of absorber length. 
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Figure 6-7: Effects of the absorber length on the sound pressure levels versus frequency at 

different locations along the center line of the scanner bore 
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The above findings indicate that, when designing an MPP absorber for an MRI scanner, 

the length of the absorber may be not as important a design parameter as may have been initially 

expected. The absorber could be designed to be much shorter than the scanner bore so that less 

material is needed and manufacturing costs of the absorber can be saved. There is a lower limit on 

the absorber length to avoid deterioration of the acoustic performance of the absorber. In order to 

accurately calculate or predict the optimum length of the absorber in the design process, 

theoretical investigations must be conducted to obtain design formulas for calculations of the 

absorber length in each particular case. 

6.4.5 Support of the MPP absorber 

In the theory of MPP absorbers, an inexplicit assumption is that there should be no sound-induced 

vibration in the micro-perforated panel for accurate calculation of the sound absorption 

coefficient. Sakagami et al. [8] investigated the effect of vibration of a micro-perforated panel on 

its sound absorption characteristics. They concluded that the vibration of the MPP itself can affect 

the optimization of the design parameters and is of some importance when an MPP absorber is 

constructed with light-weight materials. Since the MPP absorber has to be “fixed” or “attached” 

to the inner wall of the scanner bore, there will be some vibration transmitted to the MPP from 

the scanner during the scanning process. The support of the MPP absorber should be designed in 

a way that the vibrations transmitted to the MPP are reduced through absorption or isolation to 

the level at which the acoustic properties of the absorber are not significantly affected, especially 

for MPPs made of thin and light weight materials. Soft materials which are capable of vibration 

absorption and isolation can be used as the support of the MPP to avoid possible vibration 

transmission between the MPP and the wall of the scanner bore. 
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Figure 6-8: Support of the MPP absorber.  

(a) axially supported; (b) circumferentially supported. 
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Figure 6-9: Effects of the form of the absorber support on the sound pressure levels versus 

frequency at the isocenter of the scanner bore for different air gap depths 
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In an actual design, the MPP can be supported axially or circumferentially as shown in 

Figure 6-8. Because the air gap space plays an important role in the MPP absorber and the 

supporting materials split the air gap space into several isolated air cavities, the potential effect of 

these configurations needs to be studied. For this purpose, computational modeling has been 

implemented to investigate the possible effects of how the MPP is supported on the sound 

pressure levels in the scanner bore. 

Two MPP absorbers with different air gap depths have been computed and the results are 

shown in Figure 6-9. It shows that, when the air gap depth is small (D = 25 mm), there is almost 

no difference between the sound pressure level versus frequency curves of the axially and 

circumferentially supported MPPs. When the air gap depth is relatively large (D = 50 mm), there 

is a slight difference of the sound pressure levels around the resonance frequencies. This 

difference is negligible compared to the overall sound pressure levels in the scanner bore. These 

results indicate that the MPP can be supported axially or circumferentially and the acoustic 

performance of the absorber will not be affected by the form of the support. 

 

6.5 Discussions 

The current design is based on the assumption that the wall of the scanner bore is acoustically 

“hard” (a “hard wall” without sound transmission, radiation and absorption) and the acoustic 

noise in the scanner bore comes only from the open ends of the bore. This assumption simplifies 

the design of the sound absorber but limits its performance. In most MRI scanners, a part of the 

acoustic noise is transmitted directly from the gradient coil cylinder through the wall of the 

scanner bore into the scanner bore cavity, in addition to those from the open ends of the bore. 
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And, the wall of the scanner bore is usually connected to the gradient coil cylinder and thus some 

of the vibration is transmitted into the wall and the transmitted vibration causes it to vibrate and 

radiate sound waves. The current design does not tackle the noise directly coming from the wall 

of the scanner bore and the noise transmitted through the wall from the gradient coil cylinder. A 

possible solution to this problem is to design an additional panel absorber between the gradient 

coil and the wall of the scanner bore. The authors plan to deal with this in the future. 

 

6.6 Conclusions 

The theory of micro-perforated panel absorbers has been briefly reviewed. Design methods and 

procedures have been then developed specifically for MPP sound absorbers to be used in MRI 

scanners. Recommendations on the design of MPP absorbers for MRI scanners have been 

presented in terms of panel material, panel thickness, air gap depth, absorber length and MPP 

support. 

It has been found that when determining the design parameters of the sound absorber, one 

must choose a small value for the perforation constant in the case where a thick panel with small 

holes has to be used. The air gap depth plays an important role in an MPP absorber and it should 

be carefully considered. The length of the MPP sound absorber has significant effects on the 

sound pressure levels in the scanner bore and the effects vary with location along the axis of the 

scanner bore. Finally, the MPP can be supported axially or circumferentially and the acoustic 

performance of the absorber will not be affected by the form of the support. 

It is recommended that, when designing an MPP sound absorber for an MRI scanner, the 

first step should be to find out the acoustic modes in the scanner bore. The natural frequencies of 
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the dominant modes can then be set as the target frequencies of the sound absorbers to be 

designed. After the resonance frequency (f0) of the MPP absorber for a given MRI scanner is 

determined, the designer needs to decide on the maximum absorption coefficient and absorption 

frequency bandwidth based on the design targets. This can be achieved by choosing proper values 

of the acoustic resistance (r) and the perforation constant (k). Once k, r and f0 are chosen, the 

structure of the MPP absorber is completely determined. 
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Chapter 7 

General Discussion 

 

In the previous chapters, the investigation of acoustic noise reduction for MRI scanners has been 

presented. This chapter is a general discussion of the presented works. It includes a summary of 

original contributions, reviews and discussion on the topics related to the investigation and 

recommendations for future work. 

 

7.1 Summary of original contributions 

 Developed a method of structural-acoustic modal analysis for cylindrical shells with 

application to MRI scanners. This method has proven effective for finding the structural-

acoustic coupling modes which should be avoided in MRI design. (Chapter 2) 

 Calculated generalized self-radiation impedances at the open ends of finite cylindrical ducts 

with perforated panel inserts. Introduced a concept of “total radiation impedance” at the open 

ends of ducts in the calculation. Predicted effects of the parameters of the perforated inserts 

on the acoustic characteristics of the ducts. (Chapter 3) 

 Investigated the possibility of using MPP absorbers in MRI scanners to reduce the acoustic 

noise through a combination of analytical and computational modeling. Predicted that 

properly designed MPP absorbers are effective in reducing the acoustic noise in MRI 

scanners. (Chapter 4) 
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 Conducted a comprehensive experimental study to investigate the possibility of using MPP 

acoustic absorbers in MRI scanners. Experimentally proved that well designed MPP 

absorbers are effective in reducing the acoustic noise in MRI scanners. (Chapter 5) 

 Developed design methods and procedures specifically for MPP sound absorbers to be used 

in MRI scanners. Presented considerations and recommendations on the design of MPP 

absorbers for MRI scanners, which are helpful for MRI designers or engineers to tackle the 

acoustic noise problem. (Chapter 6) 

 

7.2 Reviews and discussion 

This section reviews and discusses the five correlated topics of the manuscripts presented in the 

previous five chapters. The discussion is organized in the same order as the manuscripts were 

presented. Each subsection summarizes the main topic of one chapter. For each topic, it includes 

discussions and comments on some major concerns such as original contributions, assumptions of 

the investigation, limitations of the research, unsolved problems and suggestions for solution.  

7.2.1 Structural-acoustic mechanism of MRI scanners 

The investigation presented in Chapter 2 falls into this topic. A full and thorough understanding 

of the structural-acoustic mechanism within an MRI scanner is critical for the purpose of reducing 

acoustic noise in the scanner bore or designing a quiet MRI machine. Chapter 1 presented a 

method by means of structural-acoustic modal analysis in this investigation.  

The major contribution of this chapter is that the presented method is effective for finding 

the structural-acoustic coupling modes which should be avoided in MRI design. Therefore this 
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can be used for quiet MRI design or sound absorber design for existing MRI systems. MRI design 

engineers can use this method to investigate the structural-acoustic problem for various design 

options in a short time.  

However, it should be noted that the validity of the method for finding the coupled modes 

is limited by the assumption that the coupled modes retain their uncoupled characteristics during 

the structural-acoustic wave propagation. Although this assumption is believed to be true for 

cylindrical shell structures [1], there is no experimental verification published to prove this 

statement.  

Another limitation of the method comes from the adoption of the “virtually closed 

cavity” used in the acoustic modal analysis of the gradient coil duct. The usage of this concept is 

to simplify the coupling analysis. However, the actual gradient coil ducts and MRI scanner bores 

have open ends and acoustic energy exchange exists between the air cavity and the surrounding 

environment through these open ends. This energy exchange would change the behavior of the 

waves propagating in the duct and thus change the distribution of the coupled and uncoupled 

modes.  Although it has been shown by Shao [2] that a finite duct can be modeled as a “virtually 

closed cavity” using Green‟s function with a reasonable accuracy except in the region close to the 

duct open ends, it is still unknown to what extent the adoption of this concept would affect the 

accuracy of the presented method in finding the coupled modes. 

In order to investigate the structural-acoustic mechanism of MRI scanners completely, 

questions and uncertainties arose from the above assumptions and approximations need to be 

addressed. In addition, the current analysis only addresses the structural-acoustic coupling 

problem. However, it has been found that the coupling problem also exists among the magnet, the 

gradient coil structure, and the acoustic field [3]. Therefore, a coupled magneto-mechanical-
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acoustic analysis should be considered for the purpose of a full and thorough understanding of the 

structural-acoustic mechanism within an MRI scanner. 

7.2.2 Acoustic modeling of finite ducts with application to MRI scanners 

The investigation presented in Chapter 3 falls into this topic. One of the major difficulties in the 

acoustic modeling of finite ducts comes from the fact that there are radiation impedances at the 

open ends of the ducts. Because the radiation impedances at the open ends of the ducts affect both 

the sound radiation from the ducts and the sound propagation inside the ducts, they are important 

in the acoustic modeling of the ducts and should be properly calculated first in the modeling 

process. The insertion of a perforated panel as an acoustic noise reduction measure in the duct 

further complicates the analytical modeling of the acoustic field in the duct.  

Chapter 3 extended previous work on this topic and presented a method for calculating 

the generalized self-radiation impedances at the open ends of finite cylindrical ducts with 

perforated panel inserts. This method introduces a concept of “total radiation impedance” at the 

open ends of the duct. Using this concept, the effect of parameters of the perforated insert on the 

acoustic characteristics of the duct can be evaluated through the analytical modeling. This study 

provides a theoretical basis for the modeling of MRI scanners with MPP absorbers in the scanner 

bore. 

The finite cylindrical duct is a reasonable approximation of a scanner bore and this 

approximation simplifies the analytical acoustic modeling of the MRI scanners. However, MRI 

scanner bores are usually horn shaped at the open ends. Effects of the shape of open ends of a 

duct on the acoustic characteristics of the duct need to be investigated for the application of MRI 
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scanners. Analytical models of a duct with open ends in horn shapes could be developed for this 

purpose.   

7.2.3 Analytical and computational modeling of MRI scanners 

The investigation presented in Chapter 4 falls into this topic. This chapter presented a 

comprehensive analysis of the MPP absorber in MRI gradient coils. The analysis used the 

analytical modeling methods presented in Chapter 2 and 3 in combination with a numerical 

modeling method (Boundary Element Method). By using this approach, a series of MPP 

absorbers with varying design parameters were evaluated and compared with porous materials 

with various distribution patterns and material properties. The results of this chapter predicted 

that properly designed MPP absorbers are effective in reducing the acoustic noise in MRI 

scanners. This investigation also provided information useful for the design of the MPP absorbers 

for MRI scanners. 

It is worth mentioning that, although the analytical and computational models developed 

in this chapter were directly and indirectly verified in many ways and they were proved to be 

effective in predicting the effectiveness of MPP absorbers by the experimental results presented 

in chapter 5, they are by no means full representative models of actual MRI scanners. For more 

accurate prediction of the performance of MPP absorbers, a full model of the MRI scanners will 

be necessary. 

As discussed in section 7.2.1, mutual coupling between the magnet, the gradient coils and 

the acoustic field should be considered in the modeling of MRI scanners. Due to the complexity 

of this multi-physics (magnetic, structural and acoustical) problem, a comprehensive multi-

physics computational model needs to be developed for a complete investigation of the MRI 
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acoustic noise problem. Once such a computational model is fully developed and verified, 

acoustic noise reduction measures such as MPP absorbers can be more precisely analyzed and 

evaluated, and their performance can be more accurately predicted. 

7.2.4 Experimental study of MPP acoustic absorbers in MRI scanners 

The investigation presented in Chapter 5 falls into this topic. A comprehensive experimental 

study to investigate the possibility of using MPP acoustic absorbers in MRI scanners was 

presented in this chapter. The experimental acoustic measurements included measurements in an 

impedance tube, measurements in an MRI scanner bore mock-up, and in-situ measurements in an 

actual MRI scanner. This study showed that well designed MPP absorbers are effective in 

reducing the acoustic noise in MRI scanners. 

The impedance tube tests were successful in accurately measuring the maximum 

absorption coefficients and absorption frequency bandwidths of MPP absorbers. But the 

measurement apparatus could be further improved to eliminate the resonance frequency shift 

caused by the air pressure release from the air gap of the absorber. The duct mock-up test was 

good enough to effectively evaluate the performance of the MPP absorbers in the laboratory. The 

in-situ MRI tests were implemented during an MPRAGE (Magnetization Prepared Rapid 

Gradient Echo) imaging sequence which produces high-level acoustic noise at most of the 

frequencies in the frequency range (300-3000 Hz). A variety of conditions with and without an 

MPP absorber in place were explored in the in-situ tests. However, it is still not known how the 

MPP absorber will perform during other scanning sequences. Additional in-situ MRI tests with 

various scanning sequences could be conducted to determine this. 
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7.2.5 Design of MPP acoustic absorbers for MRI scanners 

The investigation presented in Chapter 6 falls into this topic. In this chapter, the theory of micro-

perforated panel absorbers was briefly reviewed. Design methods and procedures were developed 

specifically for MPP sound absorbers to be used in MRI scanners. Recommendations on the 

design of MPP absorbers for MRI scanners were presented as well. 

The methods presented in this chapter can be used by MRI scanner designers or engineers 

in the design of MPP absorbers for MRI scanners. However, it should be noted that the 

performance of the absorber is limited by the assumption used in the current design that the wall 

of the scanner bore is acoustically “hard” and the acoustic noise in the scanner bore comes only 

from the open ends of the bore. As discussed in Chapter 6, the acoustic noise also comes directly 

from the wall of the scanner bore and the noise transmitted through the wall from the gradient 

coil cylinder. A possible solution to this problem is to design an additional panel absorber 

between the gradient coil and the wall of the scanner bore. This will be further discussed in the 

recommendations for future work. 

 

7.3 Recommendations for future work 

Based on previous and current work on MRI acoustic noise, recommendations for future work are 

outlined in this section. The recommendations are made on three main topics: analysis and 

modeling of MRI acoustic noise, improving designs of MPP acoustic absorbers, and quiet MRI 

scanner design. 
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7.3.1 Analysis and modeling of MRI acoustic noise 

 Acoustic noise system transfer function of MRI gradient coils 

MRI gradient coil design is based on achieving specific magnetic gradients at specific locations 

within the coil while maintaining an overall balance of the Lorentz forces generated. The varying 

force imbalances that exist within the gradient coil are the cause of the vibrations and acoustic 

noise. The structural-acoustic mechanism of MRI gradient coils has been investigated by means 

of modal analysis in the study presented in Chapter 2. Based on this study, transfer functions 

between the Lorentz forces and the acoustic noise can be derived. However, a system transfer 

function between the scanning sequence and the acoustic noise would be more useful for quiet 

gradient coil design. Future work should extend the current study to identify a system transfer 

function that relates acoustic noise (output) to the scanning sequence (input). With the acoustic 

noise system transfer function available, an acoustically optimum design will be generated by 

incorporating this transfer function into the existing design protocol. 

 Coupled multi-physics computational modeling for MRI acoustic noise 

In order to fully investigate the acoustic noise problem of MRI scanners, the interactions between 

the magnet, the gradient coil structure and the acoustic field should be considered. A coupled 

multi-physics computational model could be developed to uncover the magneto-mechanical-

acoustic mechanism of MRI scanners. A combination of Finite Element Method (FEM) and 

Boundary Element Method (BEM) could be used in the development of such a model. The model 

should include the magnet, the gradient coil structure and the scanner bore. Commercial software 

such as ANSYS, LMS VIRTUAL LAB or COMSOL could be used as a tool for the modeling. 
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The results of this research could be used in the investigation of system transfer functions of MRI 

scanners. 

 Effects of a patient body on the acoustic field in an MRI scanner bore 

The objective of the research was to reduce the acoustic noise in the scanner bore where the 

patient is located. However, the patient body could have significant effects on the acoustic field in 

the scanner bore and thus affect the performance of the absorber which is designed on the 

assumption that the patient body has no effect on the sound field. This needs to be investigated in 

future work. Both computational modeling and experimental measurements could be done for this 

investigation. 

 Acoustic characteristics of a horn-shaped MRI scanner bore 

The MRI scanner bore was simplified as a cylindrical duct in the analytical and computational 

modeling. However, the actual shape of most MRI scanner bores is horn-shaped at the open ends. 

As revealed by the investigation in Chapter 3, the radiation impedances of the open ends of a duct 

partly determine the acoustic characteristics of the duct. Thus, the shape of the open ends could 

have significant effects on the acoustic field in the duct. For the case of MRI scanners, the 

acoustic characteristics of horn-shaped scanner bores should be investigated.  

7.3.2 Improving designs of MPP acoustic absorbers 

 MPP absorbers with corrugated panel surfaces and partitioned air cavities 

Corrugated surfaces have been used in sound absorbing materials to enhance their sound 

absorbing capabilities. This feature could also be used in MPP absorbers to improve their 

performance and increase their design flexibility. Another idea of improving the MPP absorbers 
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is to partition the air cavities behind the perforated panels. It had been found from experimental 

measurements that partitioning the air cavity improves the sound absorbing property of an MPP 

absorber in some degree [4]. In future work, these two ideas could be investigated through 

theoretical modeling and experimental measurements.  

 Development of a micro-perforated panel with flexible elements 

In the presented research, it has been found that, MPP absorbers can be designed as wide-band 

absorbers. However, it is still challenging and costly to attenuate the acoustic noise below 500 Hz 

using the current design of MPP absorbers. For MRI scanners, the acoustic noise with frequencies 

below 500 Hz could be dominant in some scanning scenarios. Therefore, it is important to design 

an MPP absorber capable of reducing such a low frequency noise without occupying a large 

space in the scanner bore. A possible solution is a micro-perforated panel with flexible elements 

which function as low frequency absorbers. This could be investigated in future work. 

 MPP absorbers with tuneable resonance frequencies 

In MRI examinations, various scanning sequences are often used for different situations. 

Different scanning sequences usually contain different frequency components. It is neither 

practical nor economical to design a separate absorber for each scanning sequence. It is also 

almost impossible to design a specific MPP absorber which works equally well for all kinds of 

scanning sequences. A plausible solution for this problem is to design an MPP absorber with 

tuneable resonance frequencies. This could be achieved by variable design features such as 

variable perforation, variable air gap depth and/or a deformable panel. Future work is 

recommended for this topic. 

 Thin multi-layer MPP absorbers 
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Multi-layer MPP absorbers have been used in many applications to increase the absorbing 

frequency bandwidth. However, the thickness of multi-layer MPP absorbers is significantly larger 

than the thickness of single-layer absorbers. The large thickness of multi-layer absorbers makes 

them impractical in MRI scanners. It may be possible to design a thin multi-layer MPP absorber 

which has a wide frequency band and does not take significantly large space in MRI scanners. 

This could be investigated in future work. 

 Optimal design of MPP absorbers 

Another potential topic worth studying in the future is the optimal design of MPP absorbers. With 

the above mentioned new designs and ideas considered, the design of MPP absorbers could 

become significantly complicated by the increasing design variables and constraints. To 

overcome this issue, methods for optimal design of MPP absorbers could be necessary. 

 Additional MPP absorbers between the gradient coils and the wall of the scanner bore 

It has been discussed earlier that the current design of MPP absorbers are specifically for the 

acoustic noise propagating in the scanner bore. However, the noise coming directly from the wall 

of the scanner bore and the noise transmitted through the wall from the gradient coil cylinder 

have not been considered. An additional panel absorber between the gradient coil and the wall of 

the scanner bore should be considered in future work. 

It is worth mentioning that, most of the above recommendations apply not only to MPP 

absorbers for MRI scanners but also to general-purpose MPP absorbers. 
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7.3.3 Other acoustic noise reduction measures for MRI scanners 

Well designed MPP absorbers have proven to be effective in reducing MRI acoustic noise. 

However, this method also has limitations and disadvantages. For example, the design of MPP 

absorbers for an MRI scanner requires preliminary research on the acoustic characteristics of the 

scanner itself. Using the current techniques the absorber needs to be tailored for each specific 

MRI scanner and its most used scanning sequence. The current design is far from being a 

generalized acoustic absorber for MRI scanners. In future work, other than continually improving 

the current design of MPP absorbers as discussed in the above section, other noise reduction 

measures as discussed below could also be considered. 

 Acoustic noise attenuating enclosures for gradient coil structures 

The gradient coil cylinder is the main source of acoustic noise in MRI scanners. Isolating the 

whole gradient coil structure has been investigated by other researchers [5]. This method requires 

significant changes to the MRI scanners and is costly. An alternate method is to design acoustic 

noise attenuating enclosures for gradient coil structures. These enclosures may contain sandwich-

like absorbing materials and noise attenuating structures. They could be directly attached to the 

gradient coil cylinder or separated by an air cavity. This technique does not require changes of the 

MRI scanners and could be used in any MRI machine. 

 Hybrid structural-acoustic absorber 

MRI scanners produce and radiate both structural-borne noise and air-borne noise through the 

gradient coil cylinder and the connected components. The most efficient way of reducing the 

MRI acoustic noise is probably to suppress the structural-borne noise and air-borne noise 

simultaneously. A hybrid structural-acoustic absorber could be developed to achieve this. This 
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absorber could be small enough to be easily mounted to various parts of the scanner, such as the 

gradient coil structure, the wall of the scanner bore and other vibrating components. The absorber 

could be used in arrays to function as a large-scale absorber. 

 Quiet gradient coil structures 

Designing a quiet gradient coil structure is probably one of the most attractive and efficient 

acoustic noise reduction measures. A significant amount of previous work has been done and 

more investigations are being conducted on this topic. In future work, structural-acoustic mode 

decoupling and suppression techniques could be developed for gradient coil structures. Other 

measures worth investigating for the design of quiet gradient coil structures include using 

structure materials with non-uniform properties and embedding tiny absorbers in gradient coil 

structures. 
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Summary and Conclusions 

 

Summary 

An investigation on the acoustic noise reduction of MRI scanners has been presented in this 

thesis. A general introduction to the background, motivation and objective of the research work 

was presented in Chapter 1. Chapter 2 investigated the structural-acoustic mechanism of MRI 

scanners using a method of structural-acoustic modal analysis. Chapter 3 developed mathematical 

expressions of generalized self-radiation impedances at the open ends of finite cylindrical ducts 

with perforated panel inserts in the ducts for the applications of MRI scanners. The possibility of 

using MPP absorbers in MRI scanners to reduce the acoustic noise was then investigated through 

analytical and computational modeling in Chapter 4. Chapter 5 reported the results of a 

comprehensive experimental study of micro-perforated panel acoustic absorbers in MRI scanners. 

Chapter 6 revealed the design methods and procedures developed specifically for MPP sound 

absorbers to be used in MRI scanners. A general discussion including recommendations for future 

work was presented in the last chapter (Chapter 7). 

  

Conclusions 

Several conclusions can be made from this research. Firstly, the method of structural-acoustic 

modal analysis is effective for finding the structural-acoustic coupling modes which should be 

avoided in MRI design. This method can be used for quiet MRI design or sound absorber design 

for existing MRI systems. MRI design engineers can use this method to investigate the structural-



187 

 

acoustic problem for various design options in a short time. Secondly, a perforated panel insert 

has significant effects on the radiation impedance of open ends of a duct. This attribute partly 

contributes to its capability of reducing the acoustic noise in a duct. Thirdly, the effectiveness of 

MPP absorbers in MRI scanners can be accurately predicted using a combination of theoretical 

analysis and computational modeling. Furthermore, it has been proved that well designed MPP 

absorbers are effective in reducing the acoustic noise in MRI scanners. Lastly, the presented 

considerations and recommendations on the design of MPP absorbers for MRI scanners could be 

helpful for MRI designers or engineers to tackle the acoustic noise problem. 
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Appendix A: Finite Element and Boundary Element Models 

Gradient coil structure finite element mesh  

and settings for structural modal analysis  
(Created using commercial program ANSYS v12.1) 

 

 

Element size: 0.02 m 
Maximum edge length: 1.88 m 

Number of nodes: 5856 
Number of elements: 5760 

Element type: Shell 181 
Applied loads: No 

Pre-stress: No 
Support: Fixed or free 

Damping: No 
Maximum modes to find: 1000 

Range minimum: 0 Hz 
Range maximum: 3000 Hz 

Solver: Block Lanczos 
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Boundary element mesh of a gradient coil duct with an MPP absorber  

and settings for acoustic analysis  
(Created using commercial program LMS Virtual Lab 9A Acoustics) 

 

 

 

 

Element size: 0.015 m 
Number of nodes: 7752 

Number of elements: 7524 
Element type: Shell 181 

Velocity load condition: 0.0001 m/s 
Baffle: No 

Support: Fixed or free 
Minimum frequency: 100 Hz 
Maximum frequency: 3000 Hz 

Frequency step: 100 Hz 
Solver: Sysnoise 5.6 
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Boundary element mesh of an MRI scanner bore with an MPP absorber  

and settings for acoustic analysis  
(Created using commercial program LMS Virtual Lab 9A Acoustics) 

 

 

 

 

Element size: 0.015 m 
Number of nodes: 18330 

Number of elements: 17825 
Element type: Shell 181 

Velocity load condition: 0.0001 m/s 
Baffle: No 

Support: Fixed or free 
Minimum frequency: 100 Hz 
Maximum frequency: 3000 Hz 

Frequency step: 100 Hz 
Solver: Sysnoise 5.6 
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Appendix B: Acoustic Measurement Instrumentation 

Data acquisition 

Microphone:  B & K 4190 free-field  ½” Condenser microphone 
     Sensitivity: 50 mV/Pa  
     Frequency: 6.3  – 20 kHz  
     Dynamic Range: 14.6 – 146 dB 

Microphone amplifier: G.R.A.S  Type 26AC 

Power amplifier: G.R.A.S.  Type 12AA 

Microphone calibrator: ACO Pacific 511E Calibrator 

Speaker amplifier: Optimus MPA-40 

Speaker: Pioneer TS-G1642R 

Data acquisition (DAQ): LDS Dactron Photon II 

Software: LDS Dactron RT Pro Photon 

     

 

 

FFT signal analysis 

Maximum frequency: 4000 Hz 

Sampling time increment: 48.8 µs 

Sampling time: 0.4 s 

Total recording time: 43 s 

Sampling frequency increment: 2.5 Hz 

Sampling frequency: 20480 Hz 

Number of FFT points: 8192 

Frequency average: 400 linear 

Spectra window: Hanning 
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Appendix C: Dimensions of the MRI Scanner for In-situ Test 

MRI scanner dimensions
7
 

(Siemens MAGNETOM Trio, A Tim System 3T) 

 

 

                                                      

7
 Source of the picture: http://www.medical.siemens.com 


