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ABSTRACT 

 

 

Much research has been done on reducing the noise level within a honeycomb composite 

fuselage used in aircraft. The honeycomb composite fuselage has shown much promise for 

structural rigidity, but to reduce cabin noise, transmission loss and radiation efficiency of the 

honeycomb fuselage must be taken into consideration in the initial design stage. This thesis is a 

parametric study of a honeycomb composite fuselage for improving the acoustical performance 

by reducing transmission loss through the panel. Various models of honeycomb composite were 

modeled using HyperMesh, a modeling software. The structural model was validated statically 

with four-point bend-test data and by means of modal analysis, by correlation of composite panel 

analytical results to published benchmark results. The composite panel model was also validated 

by correlating the panel transmission loss results using vibroacoustic analysis using VA One 

software to the published benchmark results. Physical parameters, including length and thickness 

of the honeycomb panels, were varied and modeled. Geometric properties such as length, 

thickness, and material properties including Young’s modulus and shear modulus were selected 

for the validated model. A parametric study was then done to find an improved transmission loss 

by varying the core thickness, core cell size and core density, and by adding plies, limp material 

and noise-control treatments.  
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CHAPTER 1 

INTRODUCTION 

 

 

1.1 Background 

 

Composite honeycomb is extensively used in fuselage design by the aerospace industry 

because of its structural rigidity and high strength-to-weight ratio [1]. Previously, main criteria 

for fuselage design were structural requirements and weight. The acoustical design criterion was 

taken into consideration after the satisfied structural design. The basic commercial requirements 

of an aircraft are high quality and sound structure. One of the new differentiators of aircraft 

selection for purchase is interior and exterior noise. Interior cabin noise has been a major concern 

in most aircraft, and although honeycomb composites have been used because of their light 

weight, they may cause increased acoustical transmission of noise and acoustical radiation of 

sound energy into the aircraft cabin [2]. Many studies have done to reduce the noise level of an 

aircraft interior with an aluminum fuselage [3, 4]. Finite element model development for 

aluminum fuselage structures has been done and validated by NASA Langley Research Center to 

help evaluate new noise treatments [1]. Normal mode prediction can be used to predict the sound 

radiated through the fuselage. Normal mode predictions for a finite element model have been 

performed for aluminum test bed cylinders and fuselage panels and compared with experimental 

results [5]. A more accurate technique for modeling aluminum aircraft fuselage for modes has 

been made and closely correlates with experimental results [5]. Little has been published on 

modeling the honeycomb composite to find its behavior during sound transmission. Since 

composite honeycomb fuselages are extensively used in the aircraft industry, the transmission 

efficiency and radiation efficiency of the composite panel is a major concern. 
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Composite honeycomb fuselage acoustic performance and its transmission loss depend 

upon the properties of the laminate, adhesive, and core. Changing the physical and mechanical 

properties of the components of the composite honeycomb would affect transmission and 

radiation efficiency [6]. 

1.2 Noise Measurement Metrics 

In measuring the noise reduction effectiveness of a panel, several metrics are used:  

• Sound Transmission Loss 

• Radiation Efficiency 

• Eigen Frequencies, Mode, Mode Shapes, Modal Density 

• Eigen Frequency, Eigen Function 

1.2.1 Sound Transmission Loss 

Sound transmission loss is used to measure the sound-impeding capability of a panel. 

Sound transmission loss is defined as the ratio of the sound power at one point in a transmission 

system to the power at a point further along the line, usually expressed in decibels. It is also 

defined as the decrease in power that occurs during transmission from one point to another and is 

given by [7] 

                                 ττ log10/1log10/log10 21 −=== PPR  (dB)                                (1.1) 

where  

1P  = Incident sound power 

2P = Transmitted sound power 

τ  = Sound transmission coefficient 

The sound transmission coefficient is defined as the ratio of the transmitted sound power to the 

incident sound power and is denoted byτ .   
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1.2.2 Radiation Efficiency 

Radiation efficiency is used to measure the sound radiation capability of a panel. 

Radiation efficiency is given by the ratio of average sound power radiated by the vibrating 

structure to the average sound power radiated by an equivalent vibrating piston with the same 

mean square velocity. Radiation efficiency is given by [7] 

                                                      (1.2)        

where 

radP  = Power radiated into the panel 

A  = Surface area of the radiating face 

c  = Speed of sound in the fluid 

ρ  = Density of the fluid 

2ν = RMS velocity of the radiating face 

Radiation efficiency is used as a measure of how efficient a panel is at radiating acoustic energy 

to an acoustic medium. High radiation efficiency means the capability of a structure to radiate 

the maximum acoustic energy. Radiation efficiency might change depending on the type of 

excitation of the structure, namely structural excitation and acoustic excitation, or a combination 

of both. 

1.2.3 Eigen Frequencies, Mode, Mode Shapes, Modal Density 

Structural metrics used in characterizing vibration include eigen frequency, mode, mode 

shape, and modal density. They are defined as follows [7]: 

Mode 

A lightly damped panel or an enclosure will resonate at certain frequencies called natural 

frequencies. The sound field at such resonant frequencies is called a mode. For each natural 

2νρ
σ

cA

Prad

d =
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frequency in an N-degree of freedom system, there corresponds a natural state of vibration with a 

displacement configuration known as the normal mode.  

Mode Shape, Modal Density 

 The spatial distribution of the sound pressure is called the mode shape. Due to vibration 

effects, modes and mode shapes are also found in a solid structure. The modal density is the 

average number of modes per unit bandwidth. Figure 1.1 shows the different mode shapes of a 

composite honeycomb panel. 

 

 

 

 

 

       Mode 1, 1                                              Mode 3, 0                                               Mode 5, 2 

 

Figure 1.1.  Mode shapes 

 

1.2.4 Eigen Frequency, Eigen Function 

Eigen function and eigen frequencies are the mathematical term for the modes and the 

natural frequency in an eigenvalue problem. Mathematical terms related to normal mode 

calculation are called as eigenvalues and eigenvectors.  

The differential equation of motion of an undamped multi-degree of freedom (DOF) 

system is 

                                                  [ ]( ) ( ) [ ]( ) ( ) 011

..

=+ ×× nxnnnxnn XKXM                                 (1.3) 
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Assuming a harmonic solution for the above differential equation (1.3) gives 

                                                   [ ]( )[ ] [ ]( ) 0
1

=− ××

−

× XIKM nnnnnn λ                                                 (1.4) 

2ωλ =  is the Eigenvalue of  [ ]( )[ ] nnnn KM ×

−

×

1
 

X = Eigenvector of  [ ]( )[ ] nnnn KM ×

−

×

1
 

where  

 n  = Number of degrees of freedom 

[ ]( )nnM × = Mass matrix of the system 

[ ]( )nnK × = Stiffness matrix of the system 

( )1

..

nxX = Acceleration vector of the system 

( )1nxX = Displacement vector of the system 

[ ] nnI × = Identity matrix 

 

1.3 Composites 

A composite material is a combination of two or more materials manufactured to obtain 

properties that cannot be achieved by the individual materials of the composite. One of the 

materials of a composite is in the form of fiber sheets called the reinforcing phase, which is 

embedded in the other material called the resin, which is the matrix phase. The advantage of a 

composite is that it can be combined to achieve desirable properties that cannot be achieved in 

any single-material property. The desirable properties are achieved by the combined strength of 

the reinforcement with the toughness of the matrix. Some applications of composite include 

Beechcraft aircraft, diesel pistons, and brake shoes [8]. 
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Composites can be divided in to three groups: 

• Polymer matrix composites (PMCs): These materials use a polymer-based resin as the 

matrix, and a variety of fibers such as glass, carbon, and aramid as the reinforcement. 

• Metal matrix composites (MMCs): These materials use a metal such as aluminum as the 

matrix, and reinforce it with fibers. 

• Ceramic matrix composites (CMCs): These materials use a ceramic as the matrix and 

reinforce it with short fibers or whiskers. 

For example, the properties of a PMC, which combines a resin system with reinforcing fibers, 

will have a combination of resin and reinforcing fiber properties. Figure 1.2 shows the combined 

effect on the modulus with the addition of fibers to a resin matrix. 

 

Figure 1.2.  Combined effects on modulus with addition of fibers to resin matrix 

 

1.4 Honeycomb Composites 

A honeycomb composite structure basically consists of the following: 

• Face sheet laminate on top and bottom sandwiching the core. 

• Honeycomb core separating the face sheets and carrying the load from one facing to the 

other. 

• Adhesive to create bonding between the face sheets, and between face sheets and the 

core. 
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Honeycomb has the ability to form into compound curvatures, and components that cannot be 

made with honeycomb can be made with sandwich construction. Applications include radomes, 

ducts, and leading edges of wings and stabilizers [8]. Figure 1.3 shows a honeycomb composite 

with fiberglass as the laminate and Nomex honeycomb core on the left, and aluminum laminate 

and aluminum honeycomb core on the right. 

 

              

Figure 1.3.  Honeycomb composite panel 

 

1.4.1 Laminates 

The function of laminates in a sandwich structure is to carry the in-plane shear loading, 

and edgewise and bending loads, and to provide the required bending and in-plane shear 

stiffness. Commonly used laminates in the aerospace industry are unidirectional fibers, resin- 

impregnated fiberglass cloth prepreg, graphite prepreg, 2024 or 7075 aluminum alloy, titanium 

alloy, and stainless steel alloys [9]. Figure 1.4 shows a carbon fiber laminate. 
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Figure 1.4.  Carbon fiber panel 

 

In some structures, laminates are used without the core, such as in general transports like the 

Boeing 787. A number of laminates of the same or different materials bonded together by 

adhesive can also form a structure. 

1.4.2 Honeycomb Core 

Honeycomb core is usually made up of small hexagonal cells resembling a real 

honeycomb in nature. Honeycomb types include products made from uncoated and resin- 

impregnated aramid paper, Kraft paper, and aluminum alloys. Honeycomb cores are constructed 

by adhesively bonding strips of thin material together. An aramid paper honeycomb core of 

density 16-48 kg/m
3
 is an excellent choice for aircraft cabin interior walls and ceilings due to its 

inherent toughness and resistance, even with glass fabric-reinforced skins as thin as 0.254 mm. 

The mechanical properties of the core increases with higher density [10]. 

 Different types of construction, cell shapes and cell size for honeycomb core are 

available in the market and include the following [9, 11]: 

• Aluminum honeycomb  
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• Fiberglass-reinforced plastic honeycomb 

• Aramid fiber honeycomb 

• Korex aramid fiber honeycomb 

• Nomex aramid fiber honeycomb 

• Kevlar honeycomb 

• Thermoplastic polyurethane honeycomb 

Figure 1.5 shows an example of a honeycomb core. 

 

Figure 1.5.  Honeycomb core [9] 

 

1.5 Application of Composites in Aircraft Industry 

Composites are widely used in aircraft due to their reduced weight, material tailorability, 

and improved fatigue and corrosion resistance. The commonly used aircraft composite 

components are shown in Figure 1.6 [8] 
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Figure 1.6.  Composite components of a Boeing 777 [8] 

1.5.1 Wings 

Some aircraft whose wings are made of composites include the following:  

• McDonnell Douglas AV-8B 

• Bell/Boeing V-22 

•  SAAB Gripen 

• Grumman/Boeing A-6E 

•  Dassault Rafale 

•  British Aerospace EAP 

•  Eurofighter 2000 

Wing components that are made of composites include the following: 

• Winglets 

• Ailerons/flaperons 

• Spoilers 
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• Fixed leading edges and trailing edge panels 

• Actuator fairings 

Figure 1.7 also shows the application of composites on wings of an Airbus 320. 

 

 

GFRP - Glass fiber reinforced plastics                                CFRP - Carbon fiber reinforced plastics 

AFRP - Aramid fiber reinforced plastics                             BFRP - Boron fiber reinforced plastics 

Figure 1.7.  Airbus 320 composite applications [8] 

 

1.5.2 Doors and fairings 

The doors and fairings of many aircrafts are made of composites, including the following: 

• Landing gear doors 

• Landing gears pods 

• Wing-fuselage fairings 

• Stabilizer fairings 

Figure 1.7 shows the application of composites on doors and fairings of an Airbus 320. 
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1.5.3 Propulsion systems  

Composites are used in the aircraft propulsion system and aircraft that use composites in 

these systems include the following [8]: 

• Boeing 747 and 767 

• MD-Il 

• ATR 72 

The applications of composites in the propulsion system components include the following: 

• Engine fan blades 

•  Engine casings 

•  Nozzle flaps 

•  Engine doors 

•  Drive shafts 

•  Fuel tanks 

• Turbine blade containment 

Figure 1.8 shows the application of composites in propulsion system components  

 

Figure 1.8.  Composites in aircraft propulsion system [9] 
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The components numbered 1 through 12 in Figure 1.8 are as follows: 

1. Electronic control unit casing: epoxy carbon prepregs  

2. Acoustic lining Panels: carbon/glass prepregs, aluminum honeycomb  

3. Fan blades: epoxy carbon prepregs or resin transfer molding (RTM) construction  

4. Nose cone: epoxy glass prepreg, or RTM  

5. Nose cowl: epoxy glass prepreg or RTM construction  

6. Engine access doors: woven and UD carbon/glass prepregs, honeycomb and adhesives  

7. Thrust reverser buckets: epoxy woven carbon prepregs or RTM materials, and adhesives  

8. Compressor fairing: BMI/epoxy carbon prepreg honeycomb and adhesives  

9. Bypass duct: epoxy carbon prepreg, non-metallic honeycomb and adhesives  

10. Guide vanes: epoxy carbon RFI/RTM construction  

11. Fan containment ring: woven aramid fabric 

12. Nacelle cowling: carbon/glass prepregs and honeycomb 

1.5.4 Vertical Stabilizers  

Aircraft that use composites in their vertical stabilizers include the following [8]: 

• Grumman F-14 

• McDonnell Douglas F-15 

• F-18 

• McDonnell Douglas AV-8B 

• Bell/Boeing V-22 

The applications of composites on vertical stabilizer components include the following: 

• Skins 

• Substructure 
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• Leadings edges 

• Fixed trailing edge panels 

• Antenna  housings 

1.5.5 Miscellaneous 

Composite applications in aircraft also include the following: 

• Crew seats 

• Toilet waste tanks 

• Cargo containers 

• Cabin door balance springs 

1.5.6 Fuselages 

Many aircraft use composites for fuselage construction. The components of the fuselage 

that are currently made of composites include Beechcraft Starship, ATR 72 and Dornier 320 [8]. 

• Speed brakes  

• Floor beams 

• Flight-refueling probes 

• Speedbrakes 

• Overhead baggage 

• Tailcone 

Figure 1.9 shows the application of composite materials in a Beech starship fuselage. 
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(a)                                                                           (b) 

Figure 1.9.  Beechcraft composite fuselage testing [5] 

1.6 Fuselage 

A fuselage, which comprises the body of the airplane, is essentially a long hollow tube 

that holds all the parts of the aircraft together. Traditionally the fuselage has been made up of 

aluminum rings and stiffeners to support a thin aluminum skin and to reduce weight. The shape 

of the fuselage depends on the purpose of the aircraft. A commercial aircraft has a wider fuselage 

to accommodate the maximum number of passengers. In general, a fuselage is subjected to large 

concentrated forces like wing reactions and landing gear reactions [12]. Fuselages are subjected 

to large inertia forces due to housing many items such as freight, seat tracks, and passengers of 

various sizes and weights, as well as the pressurization cycle. A fuselage requires a circular cross 

section or a combination of circular elements to efficiently handle the internal pressures of high- 

altitude flight. 

1.6.1 Aluminum Fuselage 

An aluminum fuselage is typically constructed by the semi-monocoque method, which 

consists of longitudinal stringers, ring frames, and end rings as shown in Figure 1.10. A series of 

frames in the shape of the fuselage cross section are held in position on a rigid fixture. 

Aluminum ring frames are equally spaced over the length of the cylinder. The ring frames are 

joined with light-weight longitudinal elements called stringers. The ring frame and stringers are 
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covered with a skin of sheet aluminum, which is attached by riveting or by bonding with special 

adhesives. 

 

Figure 1.10.  Fuselage showing frames, stringers, and skin [12] 

 

1.6.2 Composite Fuselage 

Composite fuselages are usually made of honeycomb-sandwiched composite and vary 

based on industry requirements. Honeycomb sandwich structures have excellent mechanical 

properties and high strength-to-weight ratio. One inherent disadvantage of the honeycomb 

composite structure is that it can be a high radiator of sound. Sound insulation typically would be 

added to reduce noise but at a significant weight penalty. Much research has been done at the 

NASA Langley Research Center on the composite fuselage to improve acoustical efficiency [13] 

as shown in Figure 1.9. Figure 1.9 (a) shows the shaker and accelerometer arrangement for 

modal testing of a Beechcraft starship fuselage, and (b) shows the overall Beechcraft starship 

fuselage for modal testing [5]. 
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Composite fuselages have the advantage of a high strength-to-weight ratio. Figure 1.11 

shows a comparison of a detailed weight statement of a conventional fuselage design to a 

composite fuselage design. The composite fuselage design indicates an approximate weight 

saving of 21% compared to the conventional fuselage design as shown in the report by Davis and 

Sakata [14]. 

 

Figure 1.11.  Comparison of aluminum and composite fuselage weight breakdown [14] 

 

The advantages of a composite fuselage include the following: 

• Excellent mechanical properties combined with a high strength-to-weight ratio. 

• Elimination of longitudinal stringers and ring frame (less weight). 

The disadvantages of composite fuselage include the following: 

• High interior noise level due to poor acoustical performance. 

• Supersonic wave propagation at relatively low frequencies. 

• Increased radiation efficiency. 
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To gain the strength and weight advantages of using a composite fuselage, the acoustic 

drawbacks must be addressed. 

1.6.3 Fuselage Loads 

Fuselage structures generally carry bending moments, shear forces, and torsional loads 

[12]. A conventional aluminum fuselage has induced axial stresses in the stringers and skin 

together with shear stresses in the skin has the stringers and the rings carry all the direct stresses, 

and the skin carries just the shear stresses. Figure 1.12 shows an example of different types of 

loadings on an aluminum fuselage. 

 

 

Figure 1.12.  Loads on aluminum fuselage 

 

 

 

 

 

Shear stress 

in the skin 

Axial stress in 

the stringers 
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For commercial fuselages the structural design criteria can be classified in to five basic 

categories [14]: 

• Pressurization 

• In-flight maneuver and gust 

• Landing, taxi, towing 

• Handling  

• Emergency landing 

Some of the structural design requirements of a fuselage include: 

• Aerodynamic shape 

• Maintained structural shape 

• Structural stiffness 

1.6.4 Conventional Fuselage Loads 

The fuselage structure design should sustain the appropriate pressure loads as well as the 

basic bending loads and must provide the necessary strength and rigidity [14]. An analysis of 

fuselages therefore involves the calculation of direct stresses in the stringers and shear stress 

distributions in the skin. 

The load on the fuselage section consists of the following [12]: 

• Bending load – The skin/stringer arrangement is idealized into one boom. The direct 

stress zσ  in each boom is calculated using [12] 
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where 

yMMx,  = Bending moment about x and y axis 

xyyyxx III ,,  = Area moment of inertia. 

• Shear load – The determination of shear flow distribution in the skin produced by the 

skin is basically the analysis of an idealized single-cell closed-section beam. The direct 

stress carrying capacity of  the skin is assumed to be zero, and the shear flow distribution 

is given by [12] 
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where 

sq = Shear flow distribution 

yx SS ,  = Shear loads in x and y direction 

xyyyxx III ,, = Moment of areas 

rr yx , = Center of twist at point x, y 

rB = Cross-sectional area 

• Torsion – The fuselage is a single-cell closed-section beam, and hence the shear flow 

distribution produced by a pure torque is given by [12] 

                                                                
A

T
q

2
=                                                                  (1.7) 

     where 

q = Shear flow distribution due to applied torque 

T = Applied torque 

A = Area 
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Even though the skin/stringer construction of the conventional fuselage is advantageous in many 

ways, discontinuity forces exist at the juncture of the shell and frame when the cabin is 

pressurized. These discontinuity forces cause the shell to pillow out between frames [14]. A 

composite fuselage would not have the same extent of discontinuities. 

1.6.5 Composite Fuselage Loads 

Design loads for a composite structure evolving from the basic categories of structural 

design criteria, as mentioned in Section 1.6.3, do not impact the composite structure to a greater 

extent than the conventional aluminum structure. The maximum limit load for a fuselage shell of 

an L-1011 aircraft is shown in Figure 1.13 [14]. Due to the inherent characteristics of composites 

with high stiffness, the wing aero elastic load distribution, tail balance load, and bending load on 

the structure could change compared to a conventional fuselage [14]. Even though composites 

have high strength-to-weight ratios, their acoustical properties are not desirable, which results in 

high interior noise levels in the aircraft cabin. 

1.7 Sound Theory for a Sandwich Panel 

Sound can be described as perturbative fluctuations in pressure. It is propagated as waves 

in an elastic medium. The speed and type of the wave propagating depend on the medium in 

which the sound is traveling. Sound can propagate through solids, depending on the frequency of 

the sound at different speeds and different wave speeds. Solids can support longitudinal and 

transverse or shear waves, whereas fluids can only support longitudinal waves. In finite solids, a 

combination of these waves, called bending waves, exist. Bending waves are dominant at very 

low (<500 Hz) and high frequencies (>1,000 Hz) whereas shear waves are dominant at mid 

frequencies [10]. 
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Figure 1.13.  Maximum limit load intensities in fuselage shell [14] 

 

1.7.1 Bending Waves  

Bending waves are dominant at low and high frequencies and are the primary means of 

sound propagation through composite sandwich panels [10]. Bending waves can cause 

movement in the plate, which can generate sound waves in air. At low frequencies, the core acts 

as an ideal spacer, maintaining distance between the top and bottom face sheets. The bending 

wave speed at low frequencies can be calculated by [10] 

                                               f
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where 

f = Frequency of sound, Hz 

m = Surface mass, kg/m
2
 

 m = m  core + 2 m face, kg/m
2
 

( )2
5.0 cffft hhhEB +=              

 

fE = Modulus of elasticity for face material, N/m
2
 

fh = Thickness of face, m 

ch =  Thickness of core, m 

The bending wave speed at high frequencies can be calculated by [10] 

                                       4
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where 

fB = Stiffness of an individual facing, N-m 

fm = Surface mass of an individual face, kg/m
2
 

cm = Surface mass of core, kg/m
2
 

1.7.2 Shear Waves  

Shear waves are dominant at mid-frequencies (500 Hz to 1,000 Hz) and are the primary 

means of sound propagation in sandwich panels [10]. As the core shear stiffness increases, the 

wave propagation speed increases in mid-frequencies. The propagation speed for the shear waves 

can be calculated by [10] 

m

Gh
cs =    m/s                                                             (1.11) 
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where 

G  = Shear modulus of core, N/m
2
 

h  = Thickness of sandwich, m 

m  = Surface mass kg/m
2
 

m  = ,2 facecore mm + kg/m
2 

1.7.3 Mass Law  

Mass law is used to find the maximum theoretically obtainable sound transmission loss, 

through the non-resonant vibration of the panel. Mass law states that the sound transmission loss 

increases by six decibels every time the mass or frequency is doubled. Mass law applies strictly 

to limp, non-rigid partitions. Mass law assumes that the airborne sound transmission loss of a 

plate is dependent on the surface mass of the plate and the frequency. This assumption is true 

only if there are no natural frequencies in the frequency range of interest and that the critical 

frequency is above the frequency range of interest. Mass law should only be taken as an 

approximate guide to the amount of attenuation obtainable.  Critical frequency or coincidence 

frequency is the frequency at which the wavelength of the bending wave is equal to the 

wavelength of the incident sound of a vibrating plate. This significantly decreases transmission 

loss, allowing more sound energy through the panel. Sound attenuation in an ordinary panel is 

the result of an interplay between mass, stiffness, and damping. In addition, the mass law is 

affected by resonance at lower frequencies and coincidence at higher frequencies. Resonance is 

the tendency of a panel to oscillate at maximum amplitude called a mode, at a certain frequency 

called the resonant frequency. A panel will typically have more than one mode of vibration. The 

panel then becomes more efficient at transmitting the sound at that frequency. Bending waves of 

different frequency travel at different speeds, and hence the velocity increases with frequency. At 
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frequencies above the critical frequency, there exists an angle of incidence of the incident sound 

wave. This is equal to the wavelength of the bending wave at which the critical frequency occurs, 

called the coincidence, and results in a maximum transfer of sound through the structure, as 

shown in Figure 1.14 [15]. 

 

Figure 1.14.  Mass law [15] 

 

Mass law can be expressed by [15]  

              42log20log200 −+= fmR   dB                                       (1.12) 

where  

0R = Sound transmission loss for normal incidence, dB 

m  = Surface mass, kg/m
2 

f = Panel frequency, Hz 
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1.7.4 Forced and Resonant Transmission 

Sound transmission loss consists of forced and resonant transmission loss. Sound 

transmission will depend on the type of transmission that has the lowest loss. Sound is radiated 

when natural frequencies in a structure are excited in a resonant transmission. When forced 

bending waves are excited by incident sound waves, forced transmission loss occurs. Normally 

the forced response will determine the sound transmission below the critical frequency, and 

above the critical frequency, the resonant transmission loss will be the main factor [10]. 

1.8 Noise Control in Composite Fuselage 

Composite sandwich structures are used in fuselages due to their advantage of strength- 

to-weight ratio and thermal insulation. The fuselage should be a good attenuator of sound in 

reducing the cabin noise; hence, the composite sandwich structure needs to be a good sound 

attenuator. Sound attenuation depends on the media of propagation and the frequency. Sound 

attenuation occurs as the result of absorption, spreading, and scattering effects within the panel. 

To improve sound reduction in a sandwich composite, it is necessary to understand the sources 

of sound, noise receivers involved, and the sound path between them. 

1.8.1 Sources of Sound 

The first step in designing a quiet composite panel is to identify and isolate the sound 

sources. Sound may be due to vibration caused by the engines and mechanical components 

mounted, which can be transmitted to the structure generating sound. A clean airframe will 

produce a broadband source distributed around a low frequency of about 200 Hz, and this will 

vary according to the size of the aircraft and its speed [16]. The most likely origin of the noise 

source is the main wing structure. Broadband noise from high-lift devices, trailing-edge and 
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leading-edge slats, and landing gear increases the overall airframe noise level on the landing 

approach by about 10 dB [16]. 

Cabin noise is produced primarily in two ways [16]: 

• External noise source: Combination of turbulence in the boundary layer on the outer 

surface of the cabin, and engine noise transmitted through the atmosphere or as a 

vibration through the airframe structure. 

• Internal noise source: Cabin air-conditioning/pressurization system and associated 

ducting. 

The sources of aircraft external noise, as illustrated in Figure 1.15, include the following [16]: 

• Main wings 

• Trailing edge flaps 

• Leading edge slats 

• Landing gear and wheel bay 

• Engine nacelle spillage at low speed 

• Fuselage 
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Figure 1.15.  Aircraft noise sources [16] 

 

1.8.2 Sound Path 

The transmission path of sound in the fuselage is primarily due to airborne noise as well 

as structure-borne noise transmitted to the fuselage and radiated into the cabin, as shown in 

Figure 1.16. Due to turbulence in the boundary layer on the outer surface of the cabin, noise is 

transmitted to the fuselage. In propeller-powered aircraft, vibration noise from the rotors is at 

low frequency, which is transmitted through the airframe structure and radiated into the cabin as 

noise. This coupling of structural vibration and acoustics is called vibroacoustics. Vibroacoustics 

deals with the frequency vibration of mechanical systems and waves in solid structures and 

explains the dynamic phenomena of waves in solids and fluids, and their interaction. 

Vibroacoustics is an important part of engineering, since the structure-borne sound is generated 

due to the mechanical vibration of solid bodies or by waves transmitted in solid structures and 

Main Wings 

Engine nacelle spillage 

at low speeds Tailplane 
Leading edge slats 

Fuselage 

Leading edge slats 
Landing gear and 

wheel bays 
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radiated into the fluid as audible sound. Vibroacoustics is used for systems that are in a 

mechanical sonic- vibrational environment. 

 

 

Figure 1.16.  Aircraft noise paths (Structure-borne and airborne) [17] 

 

Research done by Johnescu [3] on the aircraft floor noise paths to the interior cabin 

shows that the magnitude of sound source from the floor is high when compared to other sound 

sources. The transfer of sound through the fuselage depends on the frequency of sound. At low 

frequencies (<500 Hz), panels tend to vibrate and become resonant than at mid and high 

frequencies (>1,000 Hz). At mid and high frequencies, it is better for the panel to be less stiff so 

that the sound loses energy as it travels through the panel. The best ways to attenuate sound at 

low, mid and high frequencies are: 

• At low frequencies the panels can be made stiff by using thick, high-density core 

materials to avoid resonance. 

• At mid and high frequencies, it is better to use thin, low-density core material in 

laminates or to apply a visco-elastic material to the panel. 
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The transfer of sound through the fuselage also depends on the panel size, as different panel sizes 

have a different resonant frequency [10]. Larger panels tend to be more flexible and thus 

resonate more easily at lower frequencies. Smaller panels are generally stiffer and have higher 

resonant frequencies. 

Research done by Johnescu [3] indicated that the floor noise was primarily caused by the 

structure-borne path, as shown in Figure 1.17, where the speech interference level is a calculated 

quantity providing a guideline to noise interference with speech reception. The speech- 

interference level (SIL) is the arithmetic average of the octave band levels of the interfering 

noise in the speech-frequency range. The levels in octave bands centered at 500, 1,000, and 

2,000 Hz are commonly averaged to determine the speech-interference level.  

 

Figure 1.17.  SIL for an aircraft cabin [3] 

1.8.3 Noise Receivers 

Noise receivers are the passengers and the crew inside the aircraft. The passenger notices 

the presence of air-frame-induced noise as the aircraft climbs and accelerates to cruise speed as a 

general build-up in the level of cabin noise. A substantial increase in cabin noise is attained when 

the aircraft is prepared for landing, and this noise source is directly from the reaction of the 
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airframe to the turbulence induced by both the landing gear and the flaps. Figure 1.17 shows the 

effect of various structural noise sources on speech-interference level. 

1.9 Motivation 

Composites are used in aircraft structures because of their high strength-to-weight ratio 

advantage, but high stiffness and less weight leads to supersonic wave propagation at low 

frequencies. As a result, composite aircraft structures efficiently radiate a wide spectrum of 

sound frequencies, which increases interior cabin noise in composite fuselage structures. In 

recent research, special acoustic treatments and sound absorbing materials are used to reduce the 

amount of sound transmitted through composite fuselage structure [1]. These measures of 

reducing sound transmission, such as adding damping layers and acoustic treatment materials, 

take up room and also add weight to the aircraft. Studies have been done to directly improve the 

transmission loss of composite panels with composite honeycomb. Nilsson [19] studied wave 

motion in flat honeycomb composite panels. Sound transmission loss for a curved composite 

panel using carbon fiber face sheets laminated to the core was also studied. The acoustical 

benefits of slowing the wave speed were also studied [2]. Parametric studies have been done on 

composite laminates to reduce the interior noise level with a change in the lamination angle [6]. 

However, parametric studies have not been done to investigate changes in multiple variables, 

such as lamination angle, core thickness, core cell size, and laminate thickness, and the resulting 

effect of these changes in transmission loss. 

1.10 Problem Statement 

The goal of this study was to develop a composite fuselage panel design that incorporates 

improved acoustical properties to reduce internal noise by improved transmission loss with a 
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goal of maintaining structural requirements. The scope of this study was limited to several 

currently available core laminate designs that include geometric and material properties. 

1.11 Objectives 

The objectives of the present research work were as follows: 

• To build and validate a honeycomb composite model under static loading conditions as 

described in a structural test performed at the National Institute for Aviation Research 

(NIAR) [20]. This was done to develop confidence in the model so that any composite 

model developed would satisfy static loading conditions. A four-point bend test was 

simulated and the strains were correlated with the measured strains. 

• To validate composite modal test results as published by Grosveld [1]. This was done to 

develop confidence in the model, since the modal data was used in the transmission loss 

validation using “Hybrid method” of analysis for mid-frequency excitation and sound 

was transmitted through the panel as structure- borne noise due to vibration of the panel. 

• To validate the model transmission loss data as published by Grosveld [1].This was done 

to validate and gain confidence in the model acoustically. 

• To conduct a parametric study on different variables, such as lamina layups, fiber 

orientations, number of plies, ply thickness, core thickness, and cell size, to find their 

effect on transmission loss of a honeycomb composite panel.  
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CHAPTER 2 

LITERATURE REVIEW 

 

 

Composite fuselages are used in modern aircraft because of their high strength-to-weight 

ratio advantage. High stiffness and low weight could result in supersonic propagation of bending 

and shear waves at low frequencies and high frequencies, respectively, resulting in a decrease in 

transmission loss [1]. Addition of noise control treatments to the composite fuselage could result 

in increased weight and thereby decrease the inherent weight advantage of the composite 

fuselage. Research has been performed on the composite fuselage to reduce the interior noise 

level of the cabin by varying physical parameters, such as the orientation angle of the lamina [6]. 

Gmerek and He [22] as well as Davis [23] and Nilsson [19] have investigated the design 

of honeycomb panels and prediction of wave speeds for noise control. Design of a honeycomb 

panel for noise control requires maintaining a subsonic bending wave speed in the sandwich 

panel over a range of frequencies. Davis [23] considered two acoustic performance factors, the 

acoustic transmission loss and radiation from the panel due to an applied force, for designing 

honeycomb panels for reduced noise through the panel. 

According to Davis [23], sandwich panel rigidity must meet design requirements; the 

static flexural rigidity of a honeycomb panel is given by  
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where 

sE  = Elastic Modulus 

st  = Thickness of the face sheet 

ct  = Thickness of the core 
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ν  = Poisson ratio 

Wave speed for free traveling waves in the honeycomb sandwich panel can be expressed by the 

polynomial [23]  
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where 

pc = Bending wave speed in the panel. 

0c  = Speed of sound in air. 

fc  = Face sheet flexural wave speed. 

bc  = Flexural wave speed in the panel. 

 

sc  = Shear wave speed in the panel. 

 

The panel should be inefficient in the conversion of mechanical power to sound power, and this 

is achieved by maintaining a subsonic shear wave speed and by increasing the damping loss 

factor. To meet the design objective to increase the transmission loss of the honeycomb 

sandwiches, the panel should follow the Kurtze and Waters criteria to maintain a subsonic wave 

speed. This criterion is defined as 

                                                                       0
3

2
ccs ≤                                                               (2.3) 

where 

sc  = Shear wave speed in the panel. 

 

0c  = Speed of sound in air. 

 

In Davis’ research, the panels exceeding sonic wave speed had the poorest transmission 

loss performance and were sensitive to damping loss factor. To design a honeycomb panel, the 



 35 

best practice is to have sonic or nearly sonic shear and bending wave speeds. High transmission 

loss can be achieved by the having the highest possible coincidence frequency and can be 

achieved by adjusting the core shear stiffness and density, which are not considered in the 

structural design requirements. Davis [23] concluded that the acoustic performance of 

honeycomb panels can differ for panels with the same thickness, mass per unit area and static 

bending stiffness. Design or selection of a panel with subsonic shear wave speed is an important 

acoustic design criterion.  

Several studies were conducted by Grosveld [1] and others [2, 13, 25, 26] to investigate 

the increased transmission loss of composite panels. This task involves the following:  

• Performing a transmission loss test to define the transmission loss (TL) of the curved 

panel. 

• Creating a finite element (FE) model for modal validation and TL validation. 

• Creating a boundary element model (BEM) for TL validation. 

Grosveld [24] conducted the calibration of the Structural Acoustical Loads and 

Transmission (SALT) facility at NASA Langley research center in preparation for the TL test, as 

shown in Figure 2.1. The frequency range of interest of calibration was from 80 Hz to 12,500 

Hz. The SALT facility is a transmission loss suite and consists of a reverberation chamber and an 

anechoic chamber connected by a 54 inch by 54 inch transmission loss window. The 

reverberation chamber, anechoic chamber, hemi-anechoic chamber, and transmission loss suite 

were calibrated to verify the capability for sound propagation, sound radiation, and sound 

transmission loss measurements [24]. 
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Figure 2.1.  Reverberation room for sound transmission loss test [2] 

 

Klos et al. [2] conducted the actual sound transmission loss test through a curved 

honeycomb panel. The panel was made of carbon fiber face sheets laminated to a Nomex 

honeycomb core. The composite panel was 0.82-inch thick with a radius of 41.5 inches and arc 

length of 62 inches. The straight edge of the panel was 54 inches and it weighed 19.6 pounds. 

The curved panel was placed in the transmission loss window of the SALT facility using a high 

density fiber board frame. A plastic tubing gasket was used to avoid any flanking path at the 

junction of the fiberboard frame and composite panel. The panel that was used exhibited 

transverse vibration that was supersonic, thus giving poor acoustical properties. Force and 

diffuse acoustical excitations were used. The acoustical excitation was generated by four 

speakers driven by white noise. The sound power incident on the panel was measured from the 

microphones randomly distributed throughout the reverberation room. The intensity of the sound 
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transmitted through the panel was measured using four two-microphone acoustic intensity 

probes. The sound power was found from the product of the average of the intensity 

measurements to the area of the measurement surface. Transmission loss was found from the 

ratio of the incident sound power to the transmitted sound power. Measurements were also made 

after attaching a limp lead vinyl sheet to the composite panel to increase the mass of the system, 

which in turn increasing the transmission loss. For a point-force excitation, a pseudo-random 

noise driven shaker was attached to the panel. The excitation was given to the panel at 22.25 

inches in the arc direction and 15.25 inches in the axial direction from the bottom right corner of 

the panel. The excitation force and frequency response function between the surface velocities 

were recorded. 

A finite element model was developed by Grosveld, and by Klos, Robinson and Buehrle 

[1, 2] to validate the model against the modal test data of a curved composite panel to predict the 

dispersion characteristics of the panel. The core was made up of CHEXA solid elements, and the 

laminates were made up of CQUAD4 elements. The element properties PSOLID and PCOMP 

were used to specify solid and shell elements respectively. Three-dimensional orthotropic 

materials and two-dimensional orthotropic material properties were applied to solid elements and 

shell elements respectively. The core was 0.777 inch thick, and the total thickness of the panel 

was 0.838 inch. A normal mode analysis was performed for the composite honeycomb panel 

using MSC.Nastran for frequencies up to 600 Hz. Thirty-three modes were found for frequencies 

up to 600 Hz for a free boundary condition. The mode shape was identified by the number of 

nodal lines parallel to the straight edge of the panel and number of nodal lines parallel to the 

curvature of the panel. Good correlation was found between the measured and predicted modal 

data. 
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The validated FEM model was used to predict the dispersion characteristics of the panel 

for a point force excitation. The predicted and measured axial and circumferential dispersion 

curves showed good correlation for the composite panel. It was found that the wave speed of the 

structural wave was super sonic in the axial direction and sonic in the circumferential direction. 

A boundary element model (BEM) was developed by Grosveld, as well as by Klos, 

Robinson and Buehrle [1, 2] to predict the measured transmission loss of the composite panel. 

The validation of the boundary element model was made by first creating a BEM with 256 

elements and inputting the predicted surface particle velocities using COMET/Acoustics. An 

interpolation scheme was used to map the previously calculated FE-predicted surface velocities 

onto the BE mesh. The surface velocities were predicted using MSC/Nastran with an FE model 

of a curved panel which was made up of a 42-by-42 grid with a total of 1764 elements. The 

surface velocities at each of the boundary element nodes were also measured using a scanning 

laser doppler vibrometer. The measured surface velocity data was in good correlation with the 

predicted data. The measured surface velocities were interpolated and mapped onto the BE mesh. 

The sound pressures were computed using the direct BE modeling approach from the measured 

surface velocities. The far-field sound pressure levels (SPL) were predicted at a distance of 3.7 

meters from the panel center, which showed good agreement for the SPL measured at the same 

location, and hence the boundary element model was validated. 

To predict the TL of the panel, a boundary element model was built using 24 QUAD-4 

elements in both axial and arc directions with a total of 576 boundary elements. To model an 

exact replicate of the test conditions the frame of the TL window and the fiberboard fixture were 

also included in the boundary element model, and a zero velocity boundary was applied to the 

frame elements and the fixture elements to simulate the exact boundary condition. The sound 



 39 

radiated by the panel was predicted for a far-field boundary condition in a similar way that the 

validation was done. 

To predict the transmission loss of the composite panel using the boundary element and 

the finite element model, a simulation of the diffuse acoustic excitation was developed using the 

finite element model, based on plane wave propagation [2]. The total pressure ( )eP
∧

 at the center 

of each element due to N incident plane wave was found to be 

=
∧

)(ωeP
)(

)cos(2
1

ezzkeyykexxkni
eP nn

N
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−−−

=
∑

φ
θ  

where 

eP
∧

 = Total pressure 

nP  = Pressure of single plane wave 

nθ  = Incident angle of plane wave 

nφ  = Random temporal phase angle 

,xk yk , zk  = Wave numbers in x, y and z directions. 

eee zyx ,,  = Element center coordinates 

N = Number of incident plane waves 

This pressure distribution, which acts on the surface elements of the finite element model, was 

used as an excitation to the outer surface of composite panel. Due to the pressure excitation on 

the composite panel, the velocity response of the finite element model was predicted. The 

transmitted sound power was predicted by importing the predicted velocities into the BE model 

of the composite panel. The incident sound power was computed from the intensity vector of 

each of the N plane waves multiplied by the area of the element. Transmission loss was predicted 
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from the ratio of predicted incident power and predicted transmitted power of the composite 

panel and is given by                           

                                                             








∏

∏
=

t

iTL 10log10                                                         (2.4) 

where 

TL  = Transmission loss 

i∏  = Incident sound power 

t∏  = Transmitted sound power 

It was found that the transmission loss of the composite panel was lower than would be 

expected for mass law behavior. This was due to sonic and supersonic wave propagation in the 

panel. To reduce the wave speed of the composite panel, limp lead vinyl was added to increase 

the surface density, but stiffness was not significantly changed. The wave speed of the transverse 

vibration was mass controlled and pushed to the subsonic region due to the addition of the limp 

vinyl, which increased transmission loss by 14 dB above 1,500 Hz. 

Fleming et al. [27] conducted modal analysis of an aircraft fuselage structure and 

validated it with finite element techniques. Due to consistent under prediction of modal 

frequencies further work was carried out to attain better prediction with measured values.  Pappa 

et al. [28] conducted modal testing of an aluminum test bed cylinder (ATC) and Beechcraft 

Starship fuselage (BSF) at the NASA Langley Research Center. The objective was to identify the 

natural vibration frequencies, damping, and mode shapes to as high a frequency as possible. It 

was concluded that the modes of the BSF were more difficult to identify at higher frequencies 

than the ATC due to higher damping and modal coupling. Grosveld [26] investigated the sound 

transmission loss of 13 integrally damped curved panels. Four panels consisted of bare aluminum 
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of different thickness, two consisted of aluminum-stiffened baseline panels, five panels were 

integrally damped panels, and three panels were honeycomb composite with graphite-epoxy skin 

of which one had no integral damping. For a curved panel, the modal density was low, in the 

frequency range of 315 Hz to 1,000 Hz, which resulted in dominating resonance behavior and 

lower transmission loss of the panel. The curved panels had the same transmission loss compared 

to a flat panel with the same thickness and material properties. 

The transfer functions were measured between a force input and the acceleration response 

at several locations on the baseline panel. When comparing the aluminum base panel with a 

similar aircraft structure with a skin that is laminated and damped by three layers of visco-elastic 

damping material, it was found that there was an increase in the transmission loss above 1,000 

Hz due to damping. Comparing the transmission loss of the composite panel with a baseline 

aluminum panel shows a higher value over the entire frequency range of interest. Since the 

composite panel had integral damping, the resonances in the lower part of the frequency range 

had reduced amplitude, resulting in higher transmission loss. It was also concluded that integral 

damping combined with more of the mass distributed over the skin resulted in an increased 

transmission loss. Foam was applied to the center part containing the honeycomb integrally 

damped composite panel. The difference in the transmission loss below 315 Hz between the 

sound foam applied to the panel and the untreated part was within 1 dB, but for frequencies 

above the 315 Hz one-third octave band, there was an increase up to 4 dB in transmission loss 

due to absorption of sound by the foam. 

It was concluded that the sound transmission loss below the ring frequency, which is the 

cut-off frequency below which breathing modes of a curved panel cannot propagate, exceeds the 

mass law, and for the values above the ring frequency, the transmission loss is less than predicted 
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by the mass law. The integral damping of the panel provided a higher transmission loss both at 

lower frequency due to damping and at higher frequency due to skin surface density and 

damping. 

Lang and Dym [18] investigated the optimal acoustic design of sandwich panels by fixing 

one physical variable and changing the others. It was concluded that for improvement of the 

sound insulation of the sandwich panels, the panels should almost follow the mass law, which is 

more mass and less stiffness, for improved transmission loss, this was not practical structurally. 

However by increasing the stiffness of the core, the symmetric coincidence effect was eliminated 

A parametric study, done by Robinson et al. [13] which varied the thickness of the core, 

concluded that the radiated sound power from the panel was insensitive to core thickness. A 

parametric study was also conducted to find the influence of core thickness on the radiated sound 

power from the panel as well as another study to assess the sensitivity of the radiated sound from 

the panel to a uniform change in the honeycomb core thickness. In both studies, the first panel 

was a baseline panel, and the second was an equivalent mass panel accomplished by artificially 

increasing or decreasing the density of the core material. This was done to provide a measure of 

the effect of stiffness on the radiated sound power independent of mass as a function of core 

thickness. It was concluded that the radiated sound power from the panel was insensitive to core 

thickness due to the added mass and added stiffness in the frequency range investigated. 

A parametric study was done by Fernholz and Robinson [6] to find the influence of 

fuselage lamination angles on the interior noise levels of an aircraft. A twin turboprop eight-ten 

passenger aircraft was modeled using the finite element method. The wing of the Beechcraft 

Starship was not modeled since the study was for acoustic purposes, but a set of point forces was 

applied to the wing mounting location on the fuselage to account for the structure-borne noise of 
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the aircraft. The researchers’ objective was to optimize the lamination angle in a composite 

structure fuselage to reduce the noise levels in the aircraft interior. MSC/Nastran [30] was used 

to run the FEM model of the turboprop aircraft, with a change in the lamination angle, and to 

analyze the acoustic pressure at several response locations. The aircraft was modeled with 

QUAD8 elements and TRIA6 elements. Stringers and stiffeners were modeled using beam 

elements. The point forces that were induced simulating the vibrational forces were steady-state, 

harmonic, and in-phase. 

A forced response over the range 50 Hz to 250 Hz was simulated or modeled using the 

modal solution method of MSC/Nastran. The initial layup of composite material was at (63
o
, 

108
o
, 18

o
, 108

o
, 108

o
, 18

o
, 108

o
, and 63

o
) and the ply-angle configuration was at (38

o
, 123

o
, 37

o
, 

126
o
, core, 46

o
, 41

o
, 44

o
, and 25

o
). A 4dB reduction in sound pressure level was attained over the 

frequency range level of 185 Hz to 210 Hz, optimizing the lamination angle. 

The transmission loss test data, FE model, BE model developed by various researchers 

[1,2,13,24] was used to gain knowledge to develop the FE model, statistical energy analysis 

(SEA) model, as explained in the methodology section 3.0. The research conducted by various 

authors [6, 13, 26, 29] was used to gain knowledge of the parametric study that was done, and 

helped to identify the parameters that were not included to conduct additional studies to reduce 

TL. Parametric studies were done by researchers in the past, but only with few a variables such 

as lamination angle, core thickness, and the responses such as transmission loss and radiation 

efficiency were measured. Parametric studies have not been conducted on several variables such 

as lamina thickness, composite materials, number of laminas, and core cell size to find the 

change in transmission loss and radiation efficiency. The present research dealt with a parametric 

study of variables associated with the honeycomb panel including lamination angle, lamina 
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thickness, lamina materials, number of laminas, cell size of the core, and cell thickness, and to 

study the responses, namely transmission loss initally, with a goal to find the best configuration 

of parameters that gives high transmission loss and less radiation efficiency. 
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CHAPTER 3 

METHODOLOGY 

 

 

The overall objective of this study was to develop honeycomb composite model that is 

structurally, modally, and vibroacoustically validated in order to conduct parametric studies to 

increase the transmission loss of the panel. To accomplish this, multiple correlation models were 

built and validated as part of the study methodology. Figure 3.1 shows a flow diagram of the 

structural and vibroacoustic validation steps taken to conduct the present parametric study 

research to reach this objective. The FE static structural validation process used NIAR data [20], 

and built a FE model using HyperMesh, and analyzed it using MSC.Nastran. The FE modal 

validation process consisted of building a FE modal model using HyperMesh which was 

correlated to NASA Langley SALT facility modal data using MSC.Nastran. Once the models 

were structurally and modally validated, the models were validated vibroacoustically in the area 

of transmission loss for frequencies above and below 1,000 Hz. 

The statistical energy analysis method was used, using VA One to validate the 

transmission loss test data measured at the NASA Langley Research Center SALT facility. The 

validated finite element model was used in VA One for the validation of the transmission loss 

data at low frequencies as published by Grosveld [1]. A SEA model was created and analyzed 

using VA One for the validation of transmission loss data at mid and high frequencies. The 

correlated TL model became the baseline model from which parametric studies were conducted. 

Sections 3.1 through 3.4 provide an introduction to the software tools used, while Sections 3.5 

through 3.7 describe the validation process. Finally Section 4.0 describes the parametric study to 

improve transmission loss for the composite panel model. 
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Figure 3.1.  Flow diagram of structural and vibroacoustic validation steps taken to conduct 

present parametric study research (continued) 
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Figure 3.1. (continued) Flow diagram of structural and vibroacoustic validation steps taken to 

conduct present parametric study research 
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3.1 Introduction to HyperMesh 7.0 

HyperMesh [32] is a finite element preprocessor and postprocessor for popular finite 

element solvers. HyperMesh was used in the present research as a preprocessor to model the 

composite panel for a four-point bend test and modal analysis to be compatible with the analysis 

software MSC.Nastran. HyperMesh provides a highly interactive and visual environment to 

analyze product design performance. HyperMesh is used to efficiently mesh high-fidelity 

models. The functionality includes user-defined quality criteria, controls, morphing, and 

automatic mid-surface generation. There are flexible options for applying loads, boundary 

conditions, generating mesh, remeshing, and manipulating. HyperMesh provides data translation 

between itself and other analysis software’s like LS-DYNA (Livermore Software Technology 

Corporation), MSC.Nastran, and Abaqus (Dassault systemes). The benefits of HyperMesh 

include the following: 

• Reduced time and engineering analysis cost due to high performance finite element 

modeling and postprocessing. 

• Reduced redundancy and model development costs due to the direct use of CAD 

geometry and a finite element model. 

• Simplified modeling procedure by means of high performance auto meshing, hexa 

meshing, and tetra meshing. 

• Increased interoperability and efficiency. 

3.2 Introduction to MSC.Patran 2005  

MSC.Patran [30] is a three dimensional multidisplinary design analysis software. It 

includes a preprocessor and postprocessor for analysis modeling, analysis data integration, 

analysis simulation, and result evaluation for simulating product performance without actually 
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developing and conducting a physical test. MSC.Patran was used in the present research as a 

postprocessor for four-point bend-test analysis and modal analysis. MSC.Patran provides data 

translation between itself and other analysis software like LS-DYNA, MSC.Nastran, and 

Abaqus. MSC.Patran has the capability for linking design, analysis, and results evaluation in a 

single, seamless environment. It has the capability to apply loads and boundary conditions. The 

benefits include the following: 

• Cost reduction eliminating physical experiments with less-expensive simulations 

• Enhanced postprocessing capability 

3.3 Introduction to MSC.Nastran 2005  

MSC.Nastran [30] is a general purpose finite element code released by MSC Software 

Corporation. MSC.Nastran provides solutions for simple to complex models. MSC.Nastran was 

used in the present research for conducting a static analysis and modal analysis of the composite 

panel. MSC.Nastran is composed of a large number of building blocks called modules. A module 

is a collection of FORTRAN subroutines designed to perform a specific task including 

processing model geometry, assembling matrices, applying constraints, solving matrices, and 

calculating output quantities. Various solutions available in MSC.Nastran are called solution 

sequences. Each solution sequence is made up of a collection of DMAP (Direct Matrix 

Abstraction Program) commands. Different types of solution sequences are available, including 

the following: 

• SOL 101 - Linear static  

• SOL 103 – Normal mode analysis 

• SOL 105 – Buckling analysis  

• SOL 106 – Nonlinear static 
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• SOL 107 – Direct complex eigenvalue 

• SOL 111 – Modal frequency response 

• SOL  144 -  Static aero elastic response 

• SOL 400 – Nonlinear static and transient analysis 

• SOL 600, ID – Nonlinear static and transient analysis with MSC.Nastran and MSC.Marc    

MSC.Nastran can be used to model and analyze composites very easily. Msc.Nastran was used 

to model and analyze the composite model in the present research.              

3.4 Introduction to VA One 

VA One [33] is an interactive software program for the analysis and design of vibro 

acoustic systems. The advantage of VA One is that it can model a vibroacoustic system across 

the entire acoustic frequency range compared to finite element analysis and statistical energy 

analysis (SEA) methods alone. VA One was used in the present research to find the transmission 

loss of composite panels. 

VA One is divided in to five main modules: 

• Statistical energy analysis (SEA) 

• Structural finite element(FE) module 

• Acoustic finite element module 

• Acoustic boundary element method module 

• Hybrid module 

 Different solution methods are available for describing the response of a vibroacoustic 

system. 

SEA Subsystem: Subsystems with many local modes are represented using the statistical 

energy analysis subsystem. SEA is used to predict and analyze the vibratory behavior of 
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structures. The response of the structure due to excitations is represented by an energy level.  

When modeling a subsystem using SEA, minute details are not needed. Information such as 

overall length, width, volume, and estimate of various properties are enough to model a 

subsystem. The advantage of an SEA subsystem is that it is well suited for modeling vibro-

acoustic systems at the design stage since information about the system is not available. 

FE Structural Subsystem: Subsystems with very few local modes are represented using 

finite element subsystems. In an FE structural subsystem using a description of the properties, a 

very accurate description of modes and natural frequencies can be obtained. FE subsystems are 

suited for extracting very detailed information about the local response of a subsystem and to 

find the response of the first few modes of a subsystem. 

FE Acoustical Subsystem: An FE acoustical subsystem is similar to a structural 

subsystem with very few local modes represented. Information on the properties and boundary 

are necessary to obtain an accurate description of the mode and natural frequencies. 

BEM Fluid Subsystem: A very detailed model of unbounded and bounded fluid 

subsystems can be created using the boundary element method (BEM). BEM can solve partial 

differential equations with an efficient computer-based solution and is used for a range of 

engineering problems. Surface meshing of a volume is used in BEM. It provides a detailed 

description of an acoustic fluid in contact with an FE structural subsystem. It can also provide 

detailed information about the radiation, transmission, and scattering of sound at low 

frequencies. 

Hybrid Models: A Hybrid model is a coupled model that uses a combination of FE and 

SEA subsystems in order to obtain a good representation of vibro-acoustic system ideally in the 

mid frequency (500 Hz to 1,000 Hz). Since the wavelength of sound is large at low frequencies 
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in a subsystem, it is often better to model the subsystem using an FE model because of the very 

few local modes. At high frequencies, it is better to model a subsystem using SEA because of 

many local modes, since the corresponding wavelength of sound is small. VA One is currently 

the only commercial software that has the capability of the Hybrid method, coupling FE, BEM, 

and other subsystems together into a single analysis. 

3.5 Model Development for Four-Point Bend-Test Analysis  

A composite model was created using HyperMesh for the four-point bend-test analysis, 

as shown in Figure 3.1. Two different models were created for the four-point test validation: core 

with solid elements and core with shell element. The layup used for composite modeling for the 

four-point bend test is shown in Table 3.1 

TABLE 3.1 

 

COMPOSITE HONEYCOMB PANEL LAYUP FOR 

FOUR-POINT BEND TEST [20] 

Orientation 

(degrees) 
Material description 

Thickness 

(mm) 

±45 Double bias glass 0.329 

0 Unidirectional glass 0.454 

0 Unidirectional glass 0.454 

90 Unidirectional glass 0.454 

0 Plascore Nomex honeycomb core 12.7 

90 Unidirectional glass 0.454 

0 Unidirectional glass 0.454 

90 Unidirectional glass 0.454 

0 Unidirectional glass 0.454 

±45 Double bias glass 0.329 

 

3.5.1 Geometry 

HyperMesh 7.0 was used to create the composite model for the four-point bend test. The 

panel modeled was 914.4 mm in length, 101.6 mm in width, and 16.99 mm in height, as shown 
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in Figure 3.2. In HyperMesh creating geometric surfaces was avoided with the direct creation of 

mesh for laminates and core. Hence, temporary nodes were created for the direct creation of 

mesh for the laminates and core. 

 

 

Figure 3.2.  Four-point bend test panel 

 

3.5.2 Mesh Development 

Temporary nodes were created for each laminate and the core for the generation of mesh. 

The SPLINE option was used to create a 2D mesh with CQUAD4 elements. For creating a 3D 

mesh, a 2D mesh was used using the ELEMENT OFFSET option, the 2D elements were offset 

for a few number of layers to create 3D CHEXA elements. Different models were created by 

varying the mesh densities for the core and laminates. 

3.5.3 Panel with Solid Core Elements 

A panel was created with CHEXA solid elements for the core and 2D CQUAD4 shell 

elements for the laminates, as seen in Figure 3.3. The laminates were modeled as single-plate 

shell elements on either side of the core, and the layup was given using PCOMP property card, 

as shown in Appendix A.    The model was equivalenced to eliminate the replication of the nodes 

and to ensure the connectivity between nodes. A quality check was done with 3D CHEXA 

elements as part of the correlation task, as shown in Figure 3.1.  

Strain gauge 

position 
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Figure 3.3.  Four-point bend-test solid honeycomb core model 

 

The element quality checks, include aspect ratio, length, jacobian, warpage, and skew. Aspect 

ratio and skew angle are explained in Appendix B. The connectivity and the duplication of the 

elements were checked and if found were deleted. 

3.5.4 Panel with Shell Elements 

A panel was created using 2D CQUAD4 shell elements for individual lamina as well as 

the honeycomb core. The panel was created as a single plate with 2D elements and the thickness, 

layup, and orientation of the plies were provided in the PCOMP property card for MSC.Nastran 

analysis, as shown in Appendix A. The model was equivalenced to eliminate the replication of 

the nodes and to ensure the connectivity between nodes. Figure 3.4 shows the composite panel 

made of shell elements. Figure 3.4 also shows the two inner loading lines and the two outer 

constraints, as specified in Figure 3.2. 
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Figure 3.4.  Four-point bend-test panel shell elements and force and constraint locations 

 

A quality check was done on 2D CQUAD4 elements. The quality check includes aspect ratio, 

length, jacobian, and max and min angle for quad elements. The connectivity and the duplication 

of the elements were checked and duplicate elements were deleted. 

3.5.5 Material Properties 

The materials used for the four-point bend test were unidirectional glass fabric, double- 

bias glass fabric, and Nomex honeycomb core. The material properties were also obtained from 

testing [20]. Material properties of the laminates and the core are shown in Table 3.2. For the 

Nomex honeycomb core, all values for the material properties were assumed, except E3, G31, 

and G23. 

 

 

 

Applied force 

Constraints 
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TABLE 3.2 

 

          MATERIAL PROPERTIES OF THE LAMINAS AND THE CORE USED IN 

 FOUR-POINT BEND TEST [20] 

 

Material Properties 

Unidirectional 

glass fabric 

 

Double-bias 

glass fabric 

 

Plascore Nomex 

honeycomb 

PN2 1/8 – 3.0 

E1 (Pa) 3.647E+04 1.110E+04 1.000E+00 

E2 (Pa) 1.262E+04 1.110E+04 1.000E+00 

E3 (Pa) 1.262E+03 1.110E+03 1.379E+02 

Ν12 0.257 0.604 1.0000E-06 

Ν23 0.360 0.360 1.0000E-06 

Ν13 0.360 0.360 1.0000E-06 

Ν21 0.089 0.604 1.0000E-06 

Ν32 0.036 0.036 1.3790E-04 

Ν31 0.012 0.036 1.3790E-04 

G23 (Pa) 1.130E+09 1.130E+09 3.999E+01 

G31 (Pa) 1.130E+09 1.130E+09 2.413E+01 

G12 (Pa) 3.940E+09 1.008E+10 1.000E+00 

Nominal  Density 

(kg/m
3
) 1.8600E+03 1.838E+03 4.806E-02 

 

3.5.6 Boundary Conditions 

Boundary conditions were applied to the panel, as shown in Figure 3.4. Forces of 1500 N, 

1250 N, 1000 N, 750 N, 500 N, and 250 N were applied uniformly at two locations along the 

width of the panel. Constraints were applied at two locations in the translational z-direction and 

rotational y-direction across the width of the panel. The locations of the forces and constraints on 

the panel are shown in Figure 3.4.   

3.5.7 Correlation of Four-Point Bend-Test Analysis with test results 

A linear static analysis was run using SOL101 in MSC.Nastran. The model from the 

HyperMesh was exported as a MSC.Nastran input file. A linear static analysis solution sequence 

SOL 101 and maximum time for the analysis was specified in the executive control statement. 

The output requests of the analysis were made in the case control section. The outputs requested 
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were the strain and the displacement of the individual plies. A subcase was created for each load 

of 1,500 N, 1,000 N, 750 N, 500 N, and 250 N with a common boundary condition, as shown in 

the MSC.Nastran keyword file in Appendix A. The material card was specified for different 

materials used in the four-point bend test. Material card MAT 8 was used for 2D orthotropic 

shell elements, and MAT 9, which is a 3D anisotropic solid element, was used for specifying the 

3D orthotropic material properties by using the formulation available in the MSC.Nastran 

reference manual [30] and which are specified in Appendix C. 

The PCOMP property card was used to specify the layup, material angle, and thickness of 

individual lamina for components made of the CQUAD4 shell element taken as a single layer. 

The PSOLID property card was used to specify the physical properties for the components made 

of solid elements. A linear static analysis was run using SOL 101. The strain output was 

retrieved from the output file of MSC.Nastran from the same locations on the panel as measured 

from the strain gauges, as shown in Figure 3.2, on both sides of the panel. The output of the 

strain data from MSC.Nastran was plotted and compared with the measured strain. If the 

measured strain and the predicted strain did not match, then the mesh size and the boundary 

conditions were changed and the analysis process was repeated, as shown in Figure 3.1.  A good 

correlation was obtained between the measured strain and the predicted strain, as shown in the 

Figure 3.5. For example, the measured strain at 1400 N at top and bottom were -1.5E-03 and 

1.5E-03 respectively whereas for the predicted strain at 1400 N at top and bottom were -1.6E-03 

and 1.6E-03 respectively, a difference of 6.7 % of strain. 
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Figure 3.5.  Graph of predicted strain vs. measured strain 

 

3.6 Model Development for Modal Analysis 

A finite element model of the curved composite panel was made to validate the modal 

test data conducted at the NASA Langley SALT facility [1]. The curved composite panel was 

modeled using HyperMesh. Two different models were developed with different kinds of 

elements used for the core: solid elements and shell elements. The layup used for composite 

modeling is shown in Table 3.3. 
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TABLE 3.3 

 

COMPOSITE HONEYCOMB PANEL LAYUP FOR MODAL ANALYSIS [36]  

Angle Materials Thickness (in) 

±45 Woven carbon fiber fabric with carbon fiber mat 0.0135 

0 Unidirectional carbon fiber tape 0.005 

0 Unidirectional carbon fiber tape 0.005 

90 Unidirectional carbon fiber tape 0.005 

0 Film adhesive 0.002 

90 Aramid fiber honeycomb core 0.777 

0 Film adhesive 0.002 

90 Unidirectional carbon fiber tape 0.005 

0 Unidirectional carbon fiber tape 0.005 

90 Unidirectional carbon fiber tape 0.005 

0 Unidirectional carbon fiber tape 0.005 

±45 Woven carbon fiber fabric 0.0085 

 

3.6.1 Geometry 

HyperMesh 7.0 was used as a geometric modeler for creating the model. The panel was 

modeled according to the geometric data published in the NASA study by Grosveld [1]. An arc 

was created with a radius of 41.46 inches and extruded to create a curved panel with the 

geometric properties listed as follows: 

• Radius – 41.46 inches 

• Surface area – 3401 inches 

• Arc Length – 62.08 inches 

• Straightedge width – 54.78 inches 

• Core thickness – 0.777 inch 

• Outer laminate thickness – 0.0305 inch 
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• Inner laminate thickness – 0.0305 inch 

• Adhesive thickness – 0.002 inch 

3.6.2 Mesh Development 

Temporary nodes were created for each laminate and the core for the generation of mesh. 

An arc was generated using the geometric data given in Section 3.6.1. The geometry was 

modeled so that it could be meshed using the SPLINE option to create a 2D mesh with CQUAD4 

elements. Two layers of the 2D elements of the curved panel were created to represent the 

thickness of the core. For creating a 3D mesh, elements of the two 2D mesh curved layers were 

used to create 3D CHEXA elements using the LINEAR SOLID option. Different models were 

created by varying the mesh densities of the laminate and the core as part of the correlation tasks 

as shown in Figure 3.1. 

3.6.3 Curved Panel with Shell Elements 

A curved composite panel was created using 2D CQUAD4 shell elements for individual 

lamina as well as the core. The panel was created as a single plate with 2D elements as shown in 

Figure 3.6, and the thickness, layup, and orientation of the plies were provided in the PCOMP 

property card for MSC.Nastran analysis as shown in Appendix A. The model was equivalenced 

to eliminate the replication of the nodes and to ensure the connectivity between the nodes. Figure 

3.6 shows the composite panel made of shell elements. 
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Figure 3.6.  Curved composite panel made of shell elements 

 

A quality check was done on the two dimensional CQUAD4 elements. The quality checks 

included aspect ratio, length, jacobian, warpage and skew. Aspect ratio and skew angle are 

explained in Appendix B. The connectivity and the duplication of the elements were checked and 

duplicated elements were deleted. The mesh size of the composite panel was varied and 

compared with the measured result to obtain a closer correlation, as seen in Figure 3.1. 

3.6.4 Panel with Solid Core Elements 

A curved composite panel was created with CHEXA solid elements for core and 2D 

CQUAD4 shell elements for the laminates. The laminates were modeled as single-plate shell 

elements on either side of the core, and the layup was given using the PCOMP property card, as 

shown in Appendix B.  The model was equivalenced to eliminate the replication of the nodes and 

to ensure the connectivity between the nodes. A quality check was done with 3D CHEXA 

elements and 2D shell elements. 
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Figure 3.7.  Curved composite panel made of solid core elements 

 

 The quality checks included aspect ratio, length, jacobian, warpage and skew. Aspect ratio and 

skew angle are explained in Appendix B. The connectivity and the duplication of the elements 

were checked and if found were deleted. The mesh size of the composite panel was varied and 

compared with the measured result to get a closer correlation, as seen in Figure 3.1. 

3.6.5 Correlation of Modal Analysis to Test Results 

Using the curved composite panel model, modal solution analyses were run using 

MSC.Nastran 2005 for a free-free boundary condition. The solution sequence SOL 103 was used 

to conduct the modal analysis in MSC.Nastran 2005. The Lanczos method was used in predicting 

the modal frequencies, eigenvalues and eigenvectors used for identifying the mode shapes [30]. 

The curved composite model created using HyperMesh was exported as a valid MSC.Nastran 

input file for modal analysis. In the MSC.Nastran input file, the modal analysis solution 
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sequence SOL 103 and maximum time for the analysis was specified in the executive control 

statement. The output request of the analysis was made in the case control section and in the 

modal analysis the displacements of the panel were requested. The Lancozs vibration analysis 

method was also specified in the case control statement [30]. 

A material card was specified for all materials used in the modal analysis. The 2D 

orthotropic material card MAT 8 was used for 2D shell elements, and the 3D anisotropic material 

card MAT 9 was used for 3D orthotropic solid elements. The conversion of the 3D orthotropic 

material properties to 3D anisotropic material properties were done by using the formulation 

available in the MSC.Nastran reference manual [30] and listed in Appendix C. 

The PCOMP property card was used to specify the layup, material angle and thickness of 

individual lamina for components made of the CQUAD4 shell element. The PSOLID property 

card was used to specify the physical properties for the components made of solid elements. 

An eigenvalue analysis was run using SOL 103. The displacement output was retrieved 

from the MSC.Nastran output file. The output from MSC.Nastran was postprocessed using 

MSC.Patran. The modal frequencies and the mode shapes were identified and compared with the 

measured modal frequencies published [1]. The mode shapes were identified by the number of 

nodal lines parallel to the straight edge of the panel and the number of nodal lines parallel to the 

curvature of the panel, as shown in Figure 3.8. 
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             Mode (3, 1)                                                           Mode (4, 0) 

Figure 3.8.  Mode shapes 

 

Mesh size of the composite panel was varied for both shell model and solid model to 

have a closer correlation with the measured results as part of the correlation methodology of 

Figure 3.1. Few of the modal trials are shown in Table 3.4. A mesh size with 72 elements along 

the straight edge and 72 elements along the curvature yielded good correlation for both shell 

model and solid model. A closer correlation was obtained when the film adhesive layer between 

the core and the laminates were modeled as a layer of lamina while maintaining the mesh size of 

72 elements in both directions of the panel. The correlation between the predicted and measured 

modal data for both shell model and solid model is shown in Figure 3.9 and Table 3.5. 
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TABLE 3.4 

 

MODAL ANALYSIS TRIALS 

Name Type Adhesive 

 

Remarks 

 

MODEL_NEW_42_42 3D No 

3D solid model for core with shell elements for laminates

mesh size 42 x 42 

MODEL_NEW_52_52 3D No Same as above but mesh size 52 x 52 

MODEL_NEW_72_72 3D No Same as above but mesh size 72 x 72 

MODEL_NEW_22_22_Wadh 3D Yes 

Same as above but with adhesive and mesh 

size 22 x 22 

MODEL_NEW_42_42_Wadh 3D Yes Mesh size 42 x 42 

MODEL_NEW_72_72_WAdh 3D Yes Mesh size 72 x 72 

MODEL_NEW_42_42_WAdh_SHELL 2D Yes 

Core and laminate both with 2D shell 

elements and adhesive - mesh size 42 x 42 

MODEL_NEW_72_72_WAdh_SHELL 2D Yes Same as above but mesh size 72 x 72 

MODEL_NEW_92_92_WAdh_SHELL 2D Yes Same as above but mesh size 92 x 92 

MODEL_NEW_152_152_WAdh_SHELL 2D Yes Same as above but mesh size 152 x 152 
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TABLE 3.5 

 

MODAL FREQUENCIES COMPARISON 

MODE Measured Predicted Error Predicted 
Error 

I , J  

(Solid 

elements) 

(Solid 

elements) 

(Shell 

elements) 

(Shell 

elements) 

  [Hz] [Hz] % [Hz] % 

1,1 34.5 32.85 -4.78 33.69 -2.35 

1,2 164.6 163.49 -0.67 167.66 1.86 

2,0 54.4 54.45 0.09 56.17 3.25 

2,1 77.2 78.01 1.05 80.15 3.82 

2,2 159.8 157.11 -1.68 161.14 0.84 

 2,3 295.3 289.27 -2.04 296.96 0.56 

3,0 132.8 135.16 1.78 139.39 4.96 

3,1 153.6 154.89 0.84 159.31 3.72 

3,2 278.8 276.33 -0.89 284.46 2.03 

4,0 230 231.8 0.78 238.49 3.69 

4,1 245.6 246.3 0.29 252.93 2.98 

4,2 318.5 313.92 -1.44 321.69 1.00 

5,0 334.5 330.64 -1.15 339.72 1.56 

5,1 350.8 345.35 -1.55 354.35 1.01 

5,2 402.6 393.46 -2.27 402.49 -0.03 

  

From the correlation results, it was concluded to use the solid core model for transmission loss 

analysis because of its closer correlation with measured modal data. The solid core structural 

model has been structurally and modally validated to test data and a transmission loss model has 

to be created to correlate with the sound transmission loss data. 
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3.7 Model Development for Transmission Loss Analysis 

As seen in the study methodology of Figure 3.1, after developing a structurally and 

modally validated model, an associated model must be developed and validated against 

transmission loss data in order to do a parametric study on the variables that affect TL. To do a 

parametric study on the variables that affect TL, a model had to be developed and validated with 

the measured TL. VA One, the vibro-acoustic software was used to validate the TL data. The 

capabilities of the software have been explained in Section 3.3. Statistical energy analysis was 

used to predict TL or effective transmission loss at higher frequencies (> 1,000 Hz) and a Hybrid 

method that uses the finite element method (FEM) and SEA was used to predict the TL or 

Hybrid transmission loss at low frequencies (< 500 Hz) to mid frequencies (500 Hz  to 1,000 

Hz).  

3.7.1 Effective Transmission Loss Model 

The effective transmission loss model used SEA for the prediction of TL. The SEA 

model measures TL between the source SEA cavity and receiver SEA cavity through an area 

junction. A singly curved shell was used to create the panel, and composite panel layup 

properties were applied to the panel. SEA acoustic cavities were created according to the 

curvature of the panel for both source and receiver side of the panel, as shown in Figure 3.10. 

The panel and the acoustic cavities were connected by an SEA area junction. A diffuse acoustic 

field (DAF) was applied to the source SEA acoustic cavity and a semi-infinite fluid (SIF) was 

connected to the faces of the receiver acoustic cavity, as shown in Figure 3.10. The source 

acoustic cavity resembles the reverberation room, and the receiver acoustic cavity resembles the 

anechoic chamber of the ASTM standard E90-83 “ASTM Standard Method for Laboratory 

Measurement of Airborne Sound Transmission Loss of Building Partitions” to measure TL [34].  
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Figure 3.10.  Effective SEA TL model 

 

The volumes of the source and receiver acoustic cavities were overridden and set to the actual 

volume of the reverberation and the anechoic chamber in a two-room method. The volumes of 

the reverberation and the anechoic chamber in the two-room method were 9817 ft
3
 and 11900 ft

3
. 

A damping loss factor of 1% was applied to the source SEA cavity and the receiver SEA cavity. 

A flanking path of 75 in
2
 was given to the SEA area junction, since there seems to be a flanking 

path in the actual test setup and also the effect of transmission through other materials used to 

mount the curved panel in the transmission loss window. Analysis was run for a frequency range 

of 100 Hz to 10,000 Hz for every 3 Hz. As shown in the study methodology of Figure 3.1, 

correlation of measured TL data to the effective transmission loss was made. Good correlation 

was obtained between measured TL and SEA predicted TL for frequencies above 800 Hz, as 

shown in Figure 3.11. 

 

 

 

Source 

Receiver 
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Figure 3.11.  Comparison of TL- Predicted vs. Measured 

BNASAB_SEA: TL predicted using SEA for the baseline panel. 

BNASAB_Hybrid: TL predicted using Hybrid method for the baseline panel. 

 

3.7.2 Hybrid Transmission Loss Model 

Hybrid transmission loss gives the transmission loss between an SEA diffuse acoustic 

field and an SEA semi-infinite fluid. The Hybrid TL is calculated by finding the net power 

radiated into a SEA semi-infinite fluid due to all the excitations acting in the panel and then 

normalizing this by the incident power associated with the DAF. The incident power is 

calculated based on the incident pressure within DAF and the area of the face. The FE modal 

validated model was imported into VA one, and FE structure and FE faces were created for all 

the components imported, as shown in Figure 3.12. DAF excitation was applied to the convex 

surface of the panel and the concave surface of the panel was attached to a SIF as shown in 

Figure 3.12. 
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Figure 3.12.  Hybrid Transmission Loss (TL) Model 

 

A modal analysis of the FE model was previously run using MSC.Nastran for a 

frequency range of 100 Hz to 1,500 Hz. All modal data obtained from the modal analysis were 

imported into VA One. A vibro-acoustic analysis was run using VA One for a frequency range 

of 100 Hz to 1,000 Hz, which included the effect of modes up to 1,500 Hz. As shown in the 

study methodology of Figure 3.1, correlation of the measured TL data to the Hybrid transmission 

loss was made. A good correlation was obtained between the predicted and measured TL for 

frequency up to 800 Hz, as shown in Figure 3.12. 

From Figure 3.11, it can be seen that for the frequency range of 100 Hz to 800 Hz the 

Hybrid TL gives closer correlation with the measured TL, and for a frequency range of 800 Hz to 

10,000 Hz the SEA transmission loss gives closer correlation with measured TL. It was decided 

that for the parametric study, the Hybrid TL will be used for the frequency range of 100 Hz to 

800 Hz, and SEA transmission loss will be used for the frequency range of 800 Hz to 10,000 Hz. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

 

4. Parametric Study for Better Transmission Loss 

In this study, the original core/laminate configuration was modally and structurally 

validated against the test data. The scope of the parametric study included changes that would 

affect transmission loss. Use of this new configuration would require additional testing and 

analysis, which was beyond the scope of this study.  A TL model was built and validated with 

the measured TL data for a Nomex honeycomb fuselage panel. In this study, using the validated 

model as the baseline model, a parametric study was done to identify panel configuration 

changes which would increase TL. The parameters considered in this study were core thickness, 

core density, core cell size, adding new lamina layer such as fiberglass, and changing the 

orientation angle of the top and bottom laminates. The parametric study was done with the 

baseline-validated TL model by changing one parameter and keeping others constant. The 

parametric studies were as follows: 

• CASE I – Varying the thickness of the honeycomb core (1 inch, 2 inches, 3 inches) with 

the same properties and the layup as that of the baseline panel, as shown in Table 4.1 

• CASE II – Varying the density of the core (1.5 PCF, 3.0 PCF, 6.0 PCF) with the same 

properties and layup as that of the baseline panel, as shown in Table 4.1 

• CASE III – Varying the cell size of the core (1/8 inch, 3/16 inch, 3/8 inch) with the same 

properties and the layup as that of the baseline panel, as show in Table 4.1 

• CASE IV – Adding fiberglass (0.0035 inch) as a layer of lamina on the top and bottom of 

the baseline panel. 

• CASE V – Adding limp vinyl as noise control treatment to the baseline panel. 
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• CASE VI - Adding combination of foam and fibers that gives best TL measured using 

impedance tube as noise control treatment to the baseline panel. 

 

TABLE 4.1 

 

COMPOSITE HONEYCOMB PANEL LAYUP FOR CASE I, II, AND III 

Angle (degrees) Materials Thickness (inch) 

±45 Woven carbon fiber fabric with carbon fiber 

mat 

0.0135 

0 Unidirectional carbon fiber tape 0.005 

0 Unidirectional carbon fiber tape 0.005 

90 Unidirectional carbon fiber tape 0.005 

0 Film adhesive 0.002 

0 

 

Aramid fiber honeycomb core 

 

CASE I - Varies(1in, 2in, 3in) 

CASE II –  (1.5 PCF, 3.0 PCF, 6.0 

PCF) 

CASE III – (1/8 inch, 3/16 inch, 3/8 

inch ) 

 

0 Film adhesive 0.002 

90 Unidirectional carbon fiber tape 0.005 

0 Unidirectional carbon fiber tape 0.005 

90 Unidirectional carbon fiber tape 0.005 

0 Unidirectional carbon fiber tape 0.005 

±45 Woven carbon fiber fabric 0.0085 
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4.1 Parametric Study with Flanking Path    

The validated model for the TL had a flanking path which represented test conditions. 

The parametric study used in section 4.1 used the validated model with the incorporated flanking 

path adjustment.    

4.1.1 Case I: Varying the Thickness of the Honeycomb Core 

Figures 4.1, 4.2, and 4.3 show the graphs of the predicted transmission loss for core with 

varying thickness of 1 inch, 2 inches and 3 inches at a frequency of 100 Hz to 10,000 Hz. 
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Figure 4.1. TL for core thickness 1 inch 

 

 The legend description for Figure 4.1 is defined as follows: 

• BNASA-CT1-SEA: TL predicted using SEA for panel with core thickness 1 inch. 

• BNASA-CT1-Hybrid: TL predicted using Hybrid method for panel with core thickness 

     1 inch. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 20.95 pounds.  
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• Thickness of the panel: 1.061 inches. 
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Figure 4.2.  TL for core thickness 2 inches 

 

The legend description for Figure 4.2 is defined as follows:       

• BNASA-CT2-SEA: TL predicted using SEA for panel with core thickness 2 inches. 

• BNASA-CT2-Hybrid: TL predicted using Hybrid method for panel with core thickness 2 

inch. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 26.85 pounds.   

• Thickness of the panel: 2.061 inches. 
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Figure 4.3.  TL for core thickness 3 inches 

 

The legend description for Figure 4.3 is defined as follows:       

• BNASA-CT3-SEA: TL predicted using SEA for panel with core thickness 3 inch. 

• BNASA-CT3-Hybrid: TL predicted using Hybrid method for panel with core thickness 3 

inch. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 32.76 pounds.   

• Thickness of the panel: 3.061 inches. 

From Figures 4.1 to 4.3, it can be seen that for an increase in the thickness of the 

honeycomb core, there was an increase in the sound transmission loss compared to the baseline 

panel. From Figure 4.1 for an increase in the core thickness from 0.777 (baseline) to 1 inch there 

was an increase of 0.2 dB in sound transmission loss for a frequency range of 800 Hz to 10,000 

Hz. For the same increase in core thickness there was a decrease in transmission loss of 0.9 dB 

for a frequency range of 100 Hz to 800 Hz.  
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From Figure 4.2, it can be seen that for an increase in the core thickness from 0.777 to 2 

inches, there was a corresponding increase of 0.6 dB in TL when compared to the baseline panel 

for a frequency range of 800 Hz to 10,000 Hz. For the same increase in core thickness, there was 

a decrease in TL of 0.1 dB for a frequency range of 100 Hz to 800 Hz. 

From Figure 4.3, it can be seen for an increase in the core thickness from 0.777 to 3 

inches, there was an average increase of 4 dB in TL when compared to the baseline panel for a 

frequency range of 800 Hz to 10,000 Hz. For the same increase in core thickness for the 

frequency range of 100 Hz to 800 Hz, there was an increase of 1.4 dB in TL when compared to 

baseline panel. Thus it can be seen from Figures 4.1 to 4.3 and Table 4.1 the thickness of the 

core increases the TL of the panel for the 800 to 1,000 Hz frequency range.  The TL of panels 

with different core thickness studied is shown in Table 4.2. 

TABLE 4.2 

TL OF PANEL WITH DIFFERENT CORE THICKNESSES 

 

Average 
Baseline Panel 
TL 

Average TL of 
Panel with core 
Thickness 1 
inch 

Average TL of 
Panel with core 
Thickness 2 
inches 

Average TL of 
Panel with core 
Thickness 3 
inches 

 dB dB dB dB 

800 – 10000 (SEA) 
(Hz) 24.4 24.6 25 28.3 

100 – 800 (Hybrid)  
(Hz) 14.6 13.6 14.3 15.9 

Weight (pounds) 19.63  20.95 26.85   32.76 

Thickness (inches) 0.838 1.061   2.061  3.061 
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4.1.2 Case II: Varying the Cell Size of the Core 

Figures 4.4, 4.5, and 4.6 show the graphs of the predicted TL for cores with varying cell size (1/8 

inch, 3/8 inch, and 3/16 inch) in a frequency range of 100 Hz to 10,000 Hz. 
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Figure 4.4.  TL for cell size 1/8 inch 

 

The legend description for Figure 4.4 is defined as follows:       

• BNASAHRH-1/8-3.0-SEA: TL predicted using SEA for panel with cell size 1/8 inch. 

• BNASA-1/8-3.0-Hybrid: TL predicted using Hybrid method for panel with cell size 1/8 

inch. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 19.63 pounds.   

• Thickness of the panel: 0.838 inch. 
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Figure 4.5.  TL for cell size 3/8 inch 

 

The legend description for Figure 4.5 is defined as follows:      

• BNASAHRH-1/8-3.0-SEA: TL predicted using SEA for panel with cell size 3/8 inch. 

• BNASA-1/8-3.0- Hybrid: TL predicted using Hybrid method for panel with cell size 3/8 

inch. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 19.63 pounds. 

• Thickness of the panel: 0.838 inch. 
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Figure 4.6.  TL for cell size 3/16 inch 

 

The legend description for Figure 4.6 is defined as follows:       

• BNASAHRH-3/16-3.0-SEA: TL predicted using SEA for panel with cell size 3/16 inch. 

• BNASA-3/16-3.0- Hybrid: TL predicted using Hybrid method for panel with cell size 

3/16 inch. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 19.64 pounds. 

• Thickness of the panel: 0.838 inch. 

From Figure 4.4, 4.5, 4.6 show that varying the cell size of the core did not change the 

TL in a frequency range of 800 Hz to 10,000 Hz. But in the frequency range of 100 Hz to 800 

Hz, the TL showed a very slight average decrease of 0.1 dB for panel with a cell size of 3/8 inch 

compared to a panel, with a cell size of 1/8 inch. There was an average increase in TL of 1.2 dB 

with the 3/16 inch cell size panel compared to the cell size 1/8 inch panel. 
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4.1.3 Case III: Varying the density of the core 

Figures 4.7, 4.8 and 4.9 show the graph of predicted TL for cores with varying density 

(1.5 PCF, 3.0 PCF and 6.0 PCF). Different densities of the core were selected from the Hexcel 

[36] manufacturer’s datasheet. They were 

HRH-3/16-1.5, HRH-3/16-3.0, HRH-3/16-6.0, where 3/16 = cell size of the core, and 

1.5 = Density of the core. 

Three different densities of the core (1.5 PCF, 3.0 PCF, 6.0 PCF) were selected for the study. 
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Figure 4.7.  TL for density of the core 1.5 PCF 

 

The legend description for Figure 4.7 is defined as follows:       

• BNASAHRH-3/16-1.5-SEA: TL predicted using SEA for panel with core density 1.5 

PCF. 

• BNASA-3/16-1.5-Hybrid: TL predicted using Hybrid method for panel with core density 

1.5 PCF              

• BNASAB_SEA: TL predicted using SEA for baseline panel. 
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• BNASAB_ Hybrid: TL predicted using Hybrid method for the baseline panel. 

• Weight of the panel: 17.34 pounds. 

• Thickness of the panel: 0.838 inch. 
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Figure 4.8.  TL for density of the core 3.0 PCF 

 

The legend description for Figure 4.8 is defined as follows:       

• BNASAHRH-3/16-3.0-SEA: TL predicted using SEA for panel with core density 3.0 

PCF. 

• BNASA-3/16-3.0- Hybrid: TL predicted using Hybrid method for panel with core density 

3.0 PCF              

• BNASAB_SEA: TL predicted using SEA for the baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for the baseline panel. 

• Weight of the panel: 19.64 pounds 

• Thickness of the panel: 0.838 inch 
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Figure 4.9.  TL for density of the core 6.0 PCF 

 

The legend description for Figure 4.9 is defined as follows:        

• BNASAHRH-3/16-6.0-SEA: TL predicted using SEA for panel with core density 6.0 

PCF. 

• BNASA-3/16-6.0- Hybrid: TL predicted using Hybrid method for panel with core density 

6.0 PCF              

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 24.22 pounds 

• Thickness of the panel: 0.838 inch 

 

It can be seen from Figures 4.7 to 4.9 that the density of the panel had some effect on TL. 

From Figure 4.8 it can be seen that for a change in density from 1.5 PCF to 3.0 PCF there was 

very little average increase in TL, of only 0.1 dB for a frequency range of 800 Hz to 10,000 Hz, 

but the plots showed a decrease in TL of 1.5 dB from 100 Hz to 800 Hz. 
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From Figure 4.9 it can be seen that for an increase in core density from 3.0 PCF to 6.0 

PCF, there was an average increase in TL of 0.1 dB for the frequency range of 800 Hz to 10,000 

Hz. For the same configuration and frequency range of 100 Hz to 800 Hz, there was an average 

increase in TL of 2.7 dB. The average TL of panels with different core densities for the entire 

frequency range is shown in Table 4.3. 

TABLE 4.3 

TL OF PANEL WITH DIFFERENT CORE DENSITIES 

 

Average 
Baseline Panel 
TL 

Average TL of 
Panel with Core 
Density 1.5 PCF 

Average TL of 
Panel with Core 
Density 3.0 PCF 

Average TL of 
Panel with Core 
Density 6.0 PCF 

 dB dB dB dB 

800 – 10000 (SEA) 
(Hz) 24.4 24.3 24.4 24.5 

100 - 800(Hybrid) 
(Hz) 14.6 14.0 12.4 14.8 

Weight of the Panel 
(pounds) 19.63 17.34 19.63 24.22 

Thickness of the 
Panel (inch) 0.838 0.838 0.838 0.838 

 

4.1.4 Case IV: Adding fiberglass (0.0035 in) as a Layer of Lamina  

Fiberglass was added as a layer of lamina because of its good acoustical properties, as 

evaluated by Palumbo [35] and also due to its high impact strength [31]. Figures 4.10 and 4.11 

shows the transmission loss for adding fiberglass to the baseline panel. From Figure 4.10, it can 

be seen that for adding ten layers of fiberglass, there was an average increase of 0.3 dB when 

compared to the baseline panel in the frequency range of 800 Hz to 10,000 Hz (0.0035 inch) at 

zero degree to the baseline panel. For the same configuration, for a frequency range of 100 Hz to 

800 Hz, there was an average increase of 1.6 dB compared to the baseline panel. Also it can be 

seen from Figure 4.10 for adding one layer of fiberglass, there is negligible difference when 

compared to the baseline panel for frequency range of 600 Hz to 10,000 Hz. But for the 
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frequency range of 100 Hz to 600 Hz, there was an average increase of 0.4 dB compared to the 

baseline panel. Therefore, it was decided to use ten layers of fiberglass for the next part of the 

study. 
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Figure 4.10.  TL for adding fiberglass at zero degrees to the baseline panel 

 

The legend description for Figure 4.10 is defined as follows:  

• G1-0NASAB_SEA_10L: TL predicted using SEA for panel with ten layers of fiberglass 

added to baseline panel. 

• G1-0NASAB_SEA_1L: TL predicted using SEA for panel with one layer of fiberglass 

added on top of baseline panel. 

• G1-0NASAB_Hybrid_10L: TL predicted using Hybrid method for panel with ten layers 

of fiberglass added on top of baseline panel. 

• G1-0NASAB_Hybrid_1L: TL predicted using Hybrid method for panel with one layer of 

fiberglass added on top of baseline panel. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 
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• BNASAB_Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 20.46 pounds 
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Figure 4.11.  TL for adding fiberglass to the baseline panel at different layers 

 

The legend description for Figure 4.11 is defined as follows: 

• G1-0NASAB_SEA_Top: TL predicted using SEA for panel with ten layers of fiberglass 

added to top of baseline panel. 

• G1-0NASAB_SEA_Bottom: TL predicted using SEA for panel with ten layers of 

fiberglass added to bottom of baseline panel. 

• G1-0NASAB_SEA_Symmetric: TL predicted using SEA for panel with five layers of 

fiberglass added to either side of baseline panel. 

• G1-0NASAB _Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 20.46 pounds 
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From Figure 4.11 it can be seen that adding ten layers of fiberglass either on top or 

bottom of the baseline panel or adding symmetrical layers of fiberglass did not make any 

significant change in TL. 

It can be concluded from Figure 4.11 that there is no difference in TL when the fiberglass 

is placed on top or bottom of the panel for the entire frequency range. It was decided to restrict 

the addition of a symmetrical layer of lamina and to not run the analysis for the addition of 

lamina on the top and bottom sides of the panel, provided the thickness and the orientation angle 

are the same. 

4.1.5 Case V: Varying the Orientation Angle of the Fiberglass Lamina  

The orientation angle of the ten layers of fiberglass (0.0035 inch) added to the baseline 

panel, as described in Section 4.1.4, was varied to find the better TL. The orientation angles 

included in the parametric study for the fiberglass added to the baseline panel were +30
o
, -30

o
, 

+45
o
, -45

o
, +60

o
, +90

o
, and +120

o
 so as to cover the entire orientation of 360

o
 of the lamina. 

Figures 4.12 to 4.14 show a few of the results of the parametric study for changing the 

orientation of the fiberglass lamina. The TL results for different orientation angle were compared 

with zero degrees
 
orientation of fiberglass. 
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Figure 4.12.  TL for adding fiberglass +30 degrees on top of the baseline panel 
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The legend description for Figure 4.12 is defined as follows: 

• G1+30NASAB_SEA: TL predicted using SEA for panel with fiberglass added on top of 

baseline panel. 

• G1+30NASAB_Hybrid: TL predicted using Hybrid method for panel with fiberglass 

added on top of baseline panel. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 20.46 pounds. 

• Thickness of the panel: 0.873 inch. 
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Figure 4.13.  TL for adding fiberglass +120 degrees on top of the baseline panel 

 

The legend description for Figure 4.13 is defined as  

• G1+120NASAB_SEA: TL predicted using SEA for panel with ten layers of fiberglass 

added symmetrically at 120
 o

 to baseline panel. 

• G1+120NASAB_Hybrid: TL predicted using Hybrid method for panel with ten layers of 

fiberglass added symmetrically at 120
 o

 to baseline panel. 
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• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 20.46 pounds. 

• Thickness of the panel: 0.873 inch. 
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Figure 4.14.  TL for adding fiberglass +45 degrees on top of baseline panel 

 

The legend description for Figure 4.14 is defined as follows: 

• G1+45NASAB_SEA: TL predicted using SEA for panel with ten layers of fiberglass 

added symmetrically at +45
o
 to baseline panel. 

• G1+45NASAB_Hybrid: TL predicted using Hybrid method for panel with ten layers of 

fiberglass added symmetrically at +45
o
 to baseline panel. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 20.46 pounds. 

• Thickness of the panel: 0.873 inch. 
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The addition of fiberglass as a layer of lamina at +30
o
,-30

o
, +45

o
,-45

o
, +60

o
,-60

o
,and +90

o
  

orientation do not seem to vary the TL in a frequency range of 600 Hz to 10,000 Hz when 

compared to lamina orientation at 0
 o

. The TL for 0
o
 and 90

o
 orientation of the fiberglass was 0.2 

dB higher than the other orientations studied for higher frequencies. The TL for 0
o
, +60

o
, +90

o
, 

and +120
o
 orientations were higher than other orientations studied in a frequency range of 100 

Hz to 600 Hz. 

It can be concluded from the results that fiberglass added to fiberglass at zero degree and 

90
o
 gave a slightly better TL than other orientations. 

4.1.6 Case V: Adding Limp Vinyl as NCT to Baseline Panel. 

A limp vinyl of surface mass 1.736E-04 lbm/in
2
 and thickness at 0.04 inch was added to 

the baseline panel. An average increase of TL of 0.1 dB for the frequency range of 800 Hz to 

10,000 Hz was predicted, and a negligible difference was observed in the lower frequency range. 

This can be attributed to reduction in the wave speed of the panel and increase in the surface 

mass without increasing the stiffness. This is a tentative result for the Hybrid TL because of the 

software restrictions. Figure 4.15 shows the TL for adding vinyl to baseline panel. 
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Figure 4.15.  TL for adding vinyl to baseline panel 

 

The legend description for Figure 4.15 is defined as follows: 

• BNASAB_Vinyl_SEA: TL predicted using SEA for panel with vinyl added to baseline 

panel. 

• BNASAB_Vinyl _Hybrid: TL predicted using Hybrid method for panel with vinyl added 

to baseline panel. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 25.53 pounds. 

• Thickness of the panel: 0.878 inch. 
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4.1.7 Case VI: Adding Combination of Foam and Fibers  

 

As a comparison of traditional passive noise control treatment compared to the baseline 

model, a combination of foam and fibers that gives the best TL measured [21] with an 

impedance tube was used as a noise control treatment (NCT) to the baseline panel to predict the 

TL. The NCT combinations (comb) are listed in Table 4.4. Figure 4.15 shows the predicted TL 

for the baseline panel using various NCTs. 
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Figure 4.16.  TL for adding Noise Control Treatments (NCT) to the baseline panel 

 

 

The legend description for Figure 4.16 is defined as follows: 

• BNASAB_comb4: TL predicted using SEA for panel with Comb4 NCT (31.73 pounds) 

added to baseline panel. 

• BNASAB_ comb6: TL predicted using SEA for panel with Comb6 NCT (31.73 pounds) 

added to baseline panel. 

• BNASAB_ comb10: TL predicted using SEA for panel with Comb10 NCT (31.98 

pounds) added to baseline panel. 
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• BNASAB_ comb13: TL predicted using SEA for panel with Comb13 NCT (30.00 

pounds) added to baseline panel. 

TABLE 4.4 

NOISE CONTROL TREATMENT COMBINATION [21]  

Combinations Material 1 Material 2 Material 3 

Comb4 0.9 inch Sonex One 0.5 PSF Loaded Vinyl 1.125 inch Microlite 

AA 1.5 PCF 

Fiberglass 

Comb6 1.125 inch 

Microlite AA 1.5 

PCF Fiberglass 

0.5 PSF Loaded Vinyl 0.9 inch Sonex One 

Comb10 0.5 inch Sonex 

Mini 

0.5 PSF Loaded Vinyl 1.125 inch Microlite 

AA 1.5 PSF 

Fiberglass / 0.5’’ AC 

550 foam 

Comb13 0.5 inch Sonex 

Mini 

1.125 inch Microlite 

AA 1.5 PCF Fiberglass 

0.5 PSF Loaded 

Vinyl / 0.5’’AC 550 

Foam 

 

From Figure 4.16, it can be inferred that adding NCT to the panel increases the TL 

compared to the baseline panel. Comb13 NCT gave higher TL than other combinations. The 

averages of TLs for combinations 4, 6, 10, and 13 were 25.3, 25.4, 25.4, and 25.4 dB 

respectively. The TL results for lower frequency range of 100 Hz to 800 Hz may be inaccurate 

due to the formulation in VA One for the Hybrid method. 

4.1.8 Optimized Panel  

 

Results from the parametric study were used to model a panel to achieve improved TL. 

The baseline model was used with a core thickness of one inch and density 6.0 PCF. The core 

thickness was restricted to one inch to accommodate more space in the fuselage. Vinyl was used 

as the noise control treatment (NCT) applied to the panel. Five layers of fiberglass (0.0035 inch) 

were used as lamina on the top and bottom of the baseline panel. The thickness of the panel was 

1.096 inches. Since this was evaluated before adding any NCT, this panel was taken as the pre-
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optimized panel. Figure 4.17 shows the predicted TL of the pre-optimized panel for improved 

TL. 
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Figure 4.17.  TL for pre-optimized with panel 

 

The legend description for Figure 4.17 is defined as follows: 

• Optimized _panel: TL predicted using SEA for pre-optimized panel. 

• Foam_fiber_panel: TL predicted using SEA for baseline panel with foam and fiber. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the optimized panel: 40.76 pounds. 

• Weight of the foam & fiber panel: 28.95 pounds. 

• Thickness of the optimized panel: 1.096 inches 

• Thickness of the foam and fiber panel: 1.978 inches. 

From Figure 4.17 it can be seen that the panel with NCT weighed 28.95 pounds and had a 

thickness of 1.98 inches, while the pre-optimized panel that had 10 layers of fiberglass was 40.76 

pounds in weight and had a thickness of 1.09 inches. The average TL for the pre-optimized panel 
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with ten layers of fiberglass was 24.8 dB and the panel with NCT had an average TL of 25.2 dB. 

Various runs were conducted by decreasing the layers of fiberglass to test the change in TL. The 

pre-optimized panel with four layers of fiberglass gave an average TL of 24.80 dB, and the pre-

optimized panel with two layers of fiberglass gave an average TL of 24.77 dB. The difference in 

TL for the pre-optimized panel with two layers did not seem to vary much with the pre-

optimized panel with ten layers. Therefore, the panel with two layers of fiberglass with a one-

inch thick core, 6.0 PCF density with limp vinyl was used as the optimized panel.  

For an actual comparison between the optimized panel and the panel with foam and 

fibers, the weight of the panel has to be almost equal. So the optimized panel with no vinyl was 

taken and compared with the baseline panel with comb13 NCT, as shown in Table 4.3. The 

thickness and weight of the optimized panel without vinyl were 1.068 inch and 28.46 pounds 

whereas the thickness and weight of the baseline panel with NCT were 1.738 inch and 22.46 

pounds. From the Figure 4.18 it can be seen that for the optimized panel with no vinyl, the 

average TL was 24.7 dB whereas the baseline panel with NCT had an average TL of 25 dB. The 

advantage of the optimized panel was the thickness compared to the baseline panel with NCT, 

and the advantage of the baseline panel with foam and fibers was less weight compared to the 

optimized panel. Figure 4.18 shows the TL for compared panels. 
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Figure 4.18.  TL for optimized panels 

 

The legend description for Figure 4.18 is defined as follows: 

• Optimized _panel: TL predicted using SEA for optimized panel. 

• Foam_fiber_panel: TL predicted using SEA for baseline panel with foam and fiber. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• Weight of the optimized panel: 28.46 pounds. 

• Weight of the foam and fiber panel: 22.46 pounds. 

• Thickness of the optimized panel: 1.068 inches 

• Thickness of the foam and fiber panel: 1.738 inches 

From Figure 4.18 it can be seen that the panel with foam and fiber panel with NCT has a 

higher TL than the optimized panel. At frequencies above 6,000 Hz, the TL does not improve 

much with additional laminas and NCT due to the flanking path applied to the panel, which was 

equivalent to the losses due to flanking path during testing, and TL of the fiberboard used in the 

test setup. But the optimized panel had a thinner panel, giving more cabin space, and may have 
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had good impact strength [31], whereas the panel with NCT had a thicker panel and occupied 

more space, but gave a better TL than the optimized panel. It can be concluded that by varying 

the parameters like core thickness and core density of the honeycomb panel, and adding layers of 

lamina with good structural and acoustic characteristics, an improved transmission loss was 

achieved with a thinner fuselage, more cabin space, and potentially higher impact strength. 

4.2 Parametric Study without Flanking Path 

Parametric studies were done for the baseline panel without flanking, since the flanking 

path reduced TL at higher frequencies. Although the model without flanking was not correlated 

with the test data, in an ideal situation when there are no leaks and the effect of TL of other 

considerations in testing, such as mounting effects, is negligible, the ideal effects of parametric 

changes on panel TL could be examined. 

4.2.1 Case I: Varying Thickness of Honeycomb Core 

Figures 4.19 to 4.21 show graphs of the predicted TL for core with varying thickness of 

honeycomb core (1 inch, 2 inches, and 3 inches) at a frequency of 100 Hz to 10,000 Hz. 
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Figure 4.19.  TL for core thickness one inch without flanking 
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 The legend description for Figure 4.19 is defined as follows: 

• BNASA-CT1-SEA: TL predicted using SEA for panel with core thickness one inch. 

• BNASA-CT1-Hybrid: TL predicted using Hybrid method for panel with core thickness 

     one inch. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 20.95 pounds.  

• Thickness of the panel: 1.061 inches. 
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Figure 4.20.  TL for core thickness two inches without flanking 

 

The legend description for Figure 4.20 is defined as       

• BNASA-CT2-SEA: TL predicted using SEA for panel with core thickness two inches. 

• BNASA-CT2-Hybrid: TL predicted using Hybrid method for panel with core thickness 

two inches. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 



 98 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 26.85 pounds.   

• Thickness of the panel: 2.061 inches. 
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Figure 4.21.  TL for core thickness 3 inches without flanking 

 

The legend description for Figure 4.21 is defined as follows:      

• BNASA-CT3-SEA: TL predicted using SEA for panel with core thickness three inches. 

• BNASA-CT3-Hybrid: TL predicted using Hybrid method for panel with core thickness 

three inches. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 32.76 pounds.   

• Thickness of the panel: 3.061 inches. 

From the Figures 4.19 to 4.21, it can be seen that for an increase in the thickness of the 

honeycomb core, there was an average increase in the sound transmission loss compared to the 
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baseline panel. From Figure 4.19 for an average increase in the core thickness from 0.777 inch 

(baseline) to 1 inch, there was an average increase of 1.5 dB in sound transmission loss for a 

frequency range of 800 Hz to 10,000 Hz. For the same increase in core thickness, there was a 

decrease in transmission loss of 0.9 dB in a frequency range of 100 Hz to 800 Hz.  

From Figure 4.20, for an increase in the core thickness from 0.777 inch to 2 inches, there 

was a corresponding average increase of 5.8 dB in TL when compared to the baseline panel in a 

frequency range of 800 Hz to 10,000 Hz. For the same increase in core thickness, there was an 

average decrease in TL of 0.1 dB for a frequency range of 100 Hz to 800 Hz. 

From Figure 4.21 for an increase in the core thickness from 0.777 inch to 3 inches, there 

was an increase of 11.8 dB in TL when compared to the baseline panel for a frequency range of 

800 Hz to 10,000 Hz. For the same increase in core thickness for the frequency range of 100 Hz 

to 800 Hz, there was an average increase of 1.4 dB in TL when compared to baseline panel. Thus 

it can be seen from the Figures 4.19-4.21 and Table 4.5 the thickness of the core has an impact 

on the TL.  The TL of panels with different core thickness studied is shown in Table 4.5. 

TABLE 4.5 

TL OF PANEL WITH DIFFERENT CORE THICKNESSES WITHOUT FLANKING 

 

Average 
Baseline Panel 

TL 

Average TL of 
Panel with Core 

Thickness 
 1 inch 

Average TL of 
Panel with Core 

Thickness 
 2 inches 

Average TL of 
Panel with Core 

Thickness 
 3 inches 

 dB dB dB dB 

800 – 10000 (SEA) 
(Hz) 34.0 35.5 39.8 45.8 

100 – 800 (Hybrid) 
(Hz) 14.6 13.6 14.3 15.9 

Weight (pounds) 19.63 20.95 26.85 32.76 

Thickness (inch) 0.838 1.061 2.061 3.061 
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4.2.2 Case II: Varying Cell Size of Core 

Figures 4.22 to 4.24 show the graphs of the predicted TL for cores with varying cell sizes 

(1/8 inch, 3/8 inch and 3/16 inch) for a frequency range of 100 Hz to 10,000 Hz. 

0

8

16

24

32

40

48

56

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 10000 10500 11000

Frequency(Hz)

S
o

u
n

d
 T

ra
n

s
m

is
s

io
n

 L
o

s
s

(d
B

)

TL measured

BNASAB-HRH-1-8-3.0-SEA

BNASAB_SEA

BNASAB-HRH-1-8-3.0-SEA-

Hybrid

BNASAB_Hybrid

 

Figure 4.22.  TL for cell size 1/8 inch without flanking 

 

The legend description for Figure 4.22 is defined as follows:      

• BNASAHRH-1/8-3.0-SEA: TL predicted using SEA for panel with cell size 1/8 inch. 

• BNASA-1/8-3.0-Hybrid: TL predicted using Hybrid method for panel with cell size 1/8 

inch. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 19.63 pounds.   

• Thickness of the panel: 0.838 inch. 
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Figure 4.23.  TL for cell size 3/8 inch without flanking 

 

The legend description for Figure 4.23 is defined as follows:       

• BNASAHRH-1/8-3.0-SEA: TL predicted using SEA for panel with cell size 3/8 inch. 

• BNASA-1/8-3.0- Hybrid: TL predicted using Hybrid method for panel with cell size 3/8 

inch. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 19.63 pounds. 

• Thickness of the panel: 0.838 inch. 
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Figure 4.24.  TL for cell size 3/16 inch without flanking 

 

The legend description for Figure 4.24 is defined as follows:         

• BNASAHRH-3/16-3.0-SEA: TL predicted using SEA for panel with cell size 3/16 inch.  

• BNASA-3/16-3.0- Hybrid: TL predicted using Hybrid method for panel with cell size 

3/16 inch.              

• BNASAB_SEA: TL predicted using SEA for the baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for the baseline panel. 

• Weight of the panel: 19.64 pounds. 

• Thickness of the panel: 0.838 inches. 

From Figure 4.22, 4.23, and 4.24 it can be seen that by varying the cell size of the core, 

there is no change in the TL in a frequency range of 800 Hz to 10,000 Hz. But in the frequency 

range of 100 Hz to 800 Hz, the TL slightly decreased to 0.1 dB for the panel with cell size 3/8 

inch compared to the panel with cell size 1/8 inch. There was an increase in TL of 1.2 dB with 

the 3/16 inch cell size panel when compared with the 1/8-inch cell size panel. 
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4.2.3 Case III: Varying Density of Core 

Figures 4.25, 4.26 and 4.27 shows the graphs of predicted TL for core with varying 

density (1.5 PCF, 3.0 PCF and 6.0 PCF). Different densities of the core were selected from the 

Hexcel [36] manufacturer’s datasheet. They were HRH-3/16-1.5, HRH-3/16-3.0, HRH-3/16-6.0 

where 3/16 = cell size of the core, and 1.5 - Density of the core. 

Three different densities of the core (1.5 PCF, 3.0 PCF, 6.0PCF) were selected for the study. 
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Figure 4.25.  TL for density of the core 1.5 PCF without flanking 

 

The legend description for Figure 4.25 is defined as follows:        

• BNASAHRH-3/16-1.5-SEA: TL predicted using SEA for panel with core density 1.5 

PCF. 

• BNASA-3/16-1.5-Hybrid: TL predicted using Hybrid method for panel with core density 

1.5 PCF              

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 17.34 pounds. 
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• Thickness of the panel: 0.838 inch. 
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Figure 4.26.  TL for density of the core 3.0 PCF without flanking 

 

The legend description for Figure 4.26 is defined as follows:       

• BNASAHRH-3/16-3.0-SEA: TL predicted using SEA for panel with core density 3.0 

PCF. 

• BNASA-3/16-3.0- Hybrid: TL predicted using Hybrid method for panel with core density 

3.0 PCF.              

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 19.64 pounds. 

• Thickness of the panel: 0.838 inch. 
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Figure 4.27.  TL for density of the core 6.0 PCF without flanking 

 

The legend description for Figure 4.27 is defined as follows:        

• BNASAHRH-3/16-6.0-SEA: TL predicted using SEA for panel with core density 6.0 

PCF. 

• BNASA-3/16-6.0- Hybrid: TL predicted using Hybrid method for panel with core density 

6.0 PCF              

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 24.22 pounds. 

• Thickness of the panel: 0.838 inch. 

It can be seen from Figures 4.25, 4.26 and 4.27, that density of the panel has some effect 

on the TL. From Figure 4.26 it can be seen that for a change in density from 1.5 PCF to 3.0 PCF 

there was an average increase in TL of 0.6 dB for a frequency range of 800 Hz to 10,000 Hz, but 

the plots showed an average decrease in TL of 1.5 dB from 100 Hz to 800 Hz. 
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From Figure 4.27 it can be seen that for increase in core density from 3.0 PCF to 6.0 PCF 

there was an average increase in TL of 1 dB for frequency range of 800 Hz to 10,000 Hz. For the 

same configuration the frequency range of 100 Hz to 800 Hz there was an average increase in TL 

of 2.7 dB. The average TL of panels with different core density for the entire frequency range is 

shown in Table 4.6. 

TABLE 4.6 

TL OF PANEL WITH DIFFERENT CORE DENSITY WITHOUT FLANKING 

 

Average 
Baseline Panel 

TL 

Average TL of 
Panel with Core 
Density 1.5 PCF 

Average TL of 
Panel with Core 
Density 3.0 PCF 

Average TL of 
Panel with Core 
Density 6.0 PCF 

 dB dB dB dB 

800 – 10000 (SEA) 
Hz 34.0 33.4 34.0 34.5 

100 - 800( Hybrid) 
Hz 14.6 14.0 12.4 14.8 

Weight of the panel 
pounds 19.63 17.34 19.63 24.22 

Thickness of the panel 
inch 0.838 0.838 0.838 0.838 
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4.2.4 Case IV: Adding Fiberglass (0.0035 in) as Layer of Lamina  

Fiberglass as a layer of lamina was considered in the parametric study because of its good 

acoustical properties as evaluated by Dan Palumbo [35] and due to its high impact strength [31]. 
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Figure 4.28.  TL for adding fiberglass at 0 deg to the baseline panel without flanking 

 

The legend description for Figure 4.28 is defined as follows: 

• G1-0NASAB_SEA_10L: TL predicted using SEA for panel with ten layers of fiberglass 

added to baseline panel symmetrically. 

• G1-0NASAB_SEA_1L: TL predicted using SEA for panel with one layer of fiberglass 

added on top of baseline panel. 

• G1-0NASAB_Hybrid_10L: TL predicted using Hybrid method for panel with ten layers 

of fiberglass added on top of baseline panel. 

• G1-0NASAB_Hybrid_1L: TL predicted using Hybrid method for panel with one layer of 

fiberglass added on top of baseline panel. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_Hybrid: TL predicted using Hybrid method for baseline panel. 
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Figure 4.29.  TL for adding fiberglass to the baseline panel at different layers without flanking 

 

The legend description for Figure 4.29 is defined as follows: 

• G1-0NASAB_SEA_Top: TL predicted using SEA for panel with ten layers of fiberglass 

added to top of baseline panel. 

• G1-0NASAB_SEA_Bottom: TL predicted using SEA for panel with ten layers of 

fiberglass added to bottom of baseline panel. 

• G1-0NASAB_SEA_Symmetric: TL predicted using SEA for panel with five layers of 

fiberglass added to either side of baseline panel. 

• G1-0NASAB _Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 20.46 pounds. 

From Figure 4.28 it can be seen there was an average increase of 2.2 dB when compared 

to the baseline panel in the frequency range of 600 Hz to 10,000 Hz for adding ten layers of 

fiberglass (0.0035 inch) at zero degree to the baseline panel. For the same configuration for a 

frequency range of 100 Hz to 800 Hz, there was an average increase of 1.6 dB compared to the 

baseline panel. Also it can be seen from Figure 4.28 for adding a layer of fiberglass, there is a 
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difference of 0.2 dB when compared to the baseline panel for frequency range of 600 Hz to 

10,000 Hz. But for the frequency range of 100 Hz to 600 Hz, there was an average increase of 

0.4 dB compared to the baseline panel. Therefore, it was decided to use ten layers of fiberglass 

for the present study. 

From Figure 4.29 it can be seen that adding ten layers of fiberglass either on top of the 

baseline or bottom of the baseline panel or adding five symmetrical layers of fiberglass did not 

make any significant change in TL. 

It can be concluded from Figure 4.29 that there is no difference in TL when the fiberglass 

is placed on top or bottom of the panel for the entire frequency range. It was decided to restrict 

the addition of a symmetrical layer of lamina and to not run the analysis for the addition of 

lamina on the top and bottom sides of the panel, provided the thickness and the orientation angle 

are the same. 

4.2.5 Case V: Varying Orientation Angle of Fiberglass Lamina  

The orientation angle of the ten layers of fiberglass (0.0035 inch) added to the baseline 

panel as described in Section 4.2.4, was varied to find the better TL. The orientation angles 

included in the parametric study for the fiberglass added to the baseline panel were +30
o
,-30

o
, 

+45
o
,-45

o
, +60

o
, +90

o
, and +120

o
 so as to cover the entire orientation of 360

o
 of the lamina. 

Figure 4.30 to 4.32 shows a few of the results of the parametric study for changing the 

orientation of the fiberglass lamina. The TL results for different orientation angle were compared 

with zero degrees
 
orientation of fiberglass. 
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Figure 4.30.  TL for adding fiberglass +30 degrees on top of baseline panel without flanking 

 

The legend description for Figure 4.30 is defined as follows: 

• G1+30NASAB_SEA: TL predicted using SEA for panel with fiberglass added on top of 

baseline panel. 

• G1+30NASAB_Hybrid: TL predicted using Hybrid method for panel with fiberglass 

added on top of baseline panel. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 20.46 pounds. 

• Thickness of the panel: 0.873 inch. 
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Figure 4.31.  TL for adding fiberglass +120 degrees on top of baseline panel without flanking 

 

The legend description for Figure 4.31 is defined as follows: 

• G1+120NASAB_SEA: TL predicted using SEA for panel with ten layers of fiberglass 

added symmetrically at 120
 o

 to baseline panel. 

• G1+120NASAB_Hybrid: TL predicted using Hybrid method for panel with ten layers of 

fiberglass added symmetrically at 120
 o

 to baseline panel 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 20.46 pounds. 

• Thickness of the panel: 0.873 inch. 
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Figure 4.32.  TL for adding fiberglass +45 degrees on top of baseline panel without flanking 

 

The legend description for Figure 4.32 is defined as follows: 

• G1+45NASAB_SEA: TL predicted using SEA for panel with ten layers of fiberglass 

added symmetrically at +45
 o

 to baseline panel. 

• G1+45NASAB_Hybrid: TL predicted using Hybrid method for panel with ten layers of 

fiberglass added symmetrically at +45
 o

 to baseline panel. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 20.46 pounds. 

• Thickness of the panel: 0.873 inch. 

The addition of fiberglass as a layer of lamina at +30
o
,-30

o
, +45

o
,-45

o
, +60

o
,-60

o
,and  

+90
o
  orientation do not seem to vary the TL in a frequency range of 600 Hz to 10,000 Hz when 

compared to lamina orientation at 0
o
. The TL for 0

o
 and 90

o
 orientation of the fiberglass was 0.2 

dB higher than the other orientations studied for higher frequencies. The TL for 0
o
, +60

o
, +90

o
, 
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and +120
 o

 orientations were higher than other orientations studied in a frequency range of 100 

Hz to 600 Hz. 

It can be concluded from the results that fiberglass added to fiberglass at 0
o
 and 90

o
 gave 

a slightly better TL than other orientations. 

4.2.6 Case V: Adding Limp Vinyl as NCT to Baseline Panel 

A limp vinyl sheet of surface mass 1.736E-04 lbm/in
2
 and thickness at 0.04 inch was 

added to the baseline panel. An average increase of TL of 0.8 dB for the frequency range of 800 

Hz to 10000 Hz was predicted and a negligible difference was observed in the lower frequency 

range. This can be attributed to reduction in the wave speed of the panel and increase in the 

surface mass without increasing the stiffness. This is a tentative result for the Hybrid TL because 

of the software restrictions. Figure 4.33 shows the TL for adding vinyl to baseline panel. 
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Figure 4.33.  TL for adding vinyl to baseline panel without flanking 

 

The legend description for Figure 4.33 is defined as follows: 

• BNASAB_Vinyl_SEA: TL predicted using SEA for panel with vinyl added to baseline 

panel. 
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• BNASAB_Vinyl _Hybrid: TL predicted using Hybrid method for panel with vinyl added 

to baseline panel. 

• BNASAB_SEA: TL predicted using SEA for baseline panel. 

• BNASAB_ Hybrid: TL predicted using Hybrid method for baseline panel. 

• Weight of the panel: 25.53 pounds. 

4.2.7 Case VI: Adding Combination of Foam and Fibers  

       As a comparison of traditional passive noise control treatment compared to the baseline 

model, a combination of foam and fibers that gives the best TL measured [21] with an 

impedance tube was used as a noise control treatment (NCT) to the baseline panel to predict the 

TL. The NCT combinations (comb) are listed in Table 4.4. Figure 4.34 shows the predicted TL 

for the baseline panel using various NCTs. 
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Figure 4.34.  TL for adding noise control treatments to baseline panel without flanking 
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The legend description for Figure 4.34 is defined as follows: 

• BNASAB_comb4: TL predicted using SEA for panel with Comb4 NCT (27.25 pounds) 

added to baseline panel. 

• BNASAB_ comb6: TL predicted using SEA for panel with Comb6 NCT (31.73 pounds) 

added to baseline panel. 

• BNASAB_ comb10: TL predicted using SEA for panel with Comb10 NCT (31.98 

pounds) added to baseline panel. 

• BNASAB_ comb13: TL predicted using SEA for panel with Comb13 NCT (31.98 

pounds) added to baseline panel. 

              From Figure 4.34, it can be inferred that adding NCT to the panel significantly increases 

the TL compared to the baseline panel. Comb13 NCT gave higher TL than other combinations. 

The frequency averaged TLs for combinations 4, 6, 10, and 13 were 74.7, 92.3, 88.6 and 93.1 dB 

respectively. The TL results for lower frequency range of 100 Hz to 800 Hz may be inaccurate 

due to the formulation in VA One for the Hybrid method. 

4.2.8 Optimized Panel  

The results from the panel parametric study were used to model a panel to achieve 

improved TL. The baseline model was used with a core thickness of one inch and density 6.0 

PCF. The core thickness was restricted to one inch thick to accommodate more space in the 

fuselage. Vinyl was used initially as the noise control treatment applied to the panel. Five layers 

of fiberglass (0.0035 inch) were used as lamina on the top and bottom of the baseline panel. The 

thickness of the panel was 1.096 inches. This was taken as the pre-optimized panel. Various runs 

were conducted by increasing/decreasing the layers of fiberglass to test the TL change. The pre-

optimized panel with four layers of fiberglass gave an average TL of 37.4 dB and the pre-
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optimized panel with 6 layers of fiberglass gave an average TL of 37.8 dB. So the panel with two 

layers of fiberglass with 1 inch thick core, 6.0 PCF density without limp vinyl was taken as the 

optimized panel. Limp vinyl was removed for the optimized panel as it increases the mass and in 

turn TL. 

 The TL using Hybrid method for a frequency range of 100 Hz to 10,000 Hz was not 

computed due to the non-availability of accurate formulation in VAOne. However the SEA 

(statistical energy analysis) was used to predict the TL above 800 Hz. Figure 4.35 shows the 

predicted TL of the optimized panel for improved TL. 
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Figure 4.35.  TL for optimized panel without flanking 

 

The legend description for Figure 4.35 is defined as follows: 

• Optimized _panel: TL predicted using SEA for optimized panel. 

• Foam_fiber_panel: TL predicted using SEA for baseline panel with foam and fiber. 

• BNASAB_SEA: TL predicted using SEA for the baseline panel. 

• Weight of the optimized panel: 28.46 pounds. 

• Weight of the foam & fiber panel: 22.46 pounds. 
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• Thickness of the optimized panel: 1.068 inch. 

• Thickness of the foam and fiber panel: 1.738 inch. 

From Figure 4.35 it can be seen that the panel with NCT weighed 22.46 pounds and had a 

thickness of 1.738 inch while the optimized panel that had two layers of fiberglass was 28.46 

pounds in weight and had a thickness of 1.068 inch. The average TL for the optimized panel with 

two layers of fiberglass was 37 dB and the panel with NCT had an average TL of 50 dB. For 

comparing panels for TL under ideal condition with foams and fibers and by changing the 

parameters of the composite panel, panels with closest possible weight was compared. The panel 

with foam and fiber weighed 22.46 pounds and had a thickness of 1.738 inch whereas the 

optimized panel weighed 28.46 pounds and had a thickness of 1.068 inch. It can be concluded 

from Figure 4.33 that by changing the parameters of the panels and adding materials that have 

good structural and acoustical properties the TL can be increased with more cabin space for the 

fuselage whereas composite baseline panels can be used with NCT to get higher TL but has the 

disadvantage of  less cabin space in fuselage. Table 4.7 shows the summary of the parametric 

study results.  

It can be concluded that varying the parameters like core thickness, core density of the 

honeycomb panel and adding layers of laminas with good structural and acoustic characteristics, 

an improved transmission loss was achieved with thinner fuselage, more cabin space and 

potentially improved impact strength. 
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TABLE 4.7 

 

SUMMARY OF PARAMETRIC STUDY RESULTS 

 

 

 

 

 



 119 

CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

The honeycomb composite fuselage has shown much promise for structural rigidity but 

efficiently radiate a wide spectrum of sound frequencies which increases interior cabin noise in 

composite fuselage structures. The present research was a parametric study of a honeycomb 

composite fuselage for improving the acoustical performance by reducing transmission loss 

through the panel. The panel model for vibroacoustic studies was successfully developed and 

validated, both structurally and modally. The vibroacoustic model was also successfully 

developed and validated for TL in a frequency range of 100 Hz to 10,000 Hz. Based on the 

results, it can be concluded that increasing the density, increasing the thickness of core, or adding 

fiberglass increased the TL for the panel in the frequency range of 100 Hz to 10,000 Hz. Adding 

0.0035 inch-thick fiberglass as layers of lamina increased the TL. Fiberglass has very high 

impact strength with less weight and is also fire resistant. The structural advantages of fiberglass 

with good TL make it a good material for structural as well as acoustic purposes. But the 

structural rigidity of added fiberglass in aircraft fuselage structures needs to be validated and was 

beyond the scope of this study. The parametric study with limp vinyl applied on the inner surface 

of the panel showed an increase in TL as well. This may be attributed to the increase in the 

surface mass, which in turn slowed the panel wave speed. However, it did not increase the 

stiffness of the panel. 

The current study developed a design tool, which can be used to perform trade studies 

involving the addition of noise control treatments and composite panel changes to achieve 

various TLs, weights, and cabin interior space goals within manufacturing and strength 
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requirements of panels. This was demonstrated by the current study where the baseline panel 

with NCT adjusted for similar thickness and weight as the optimized panel had higher acoustic 

TL performance. In addition, the optimized panel potentially would have increased strength [31] 

due to the addition of fiberglass in the layup. In addition to varying the physical parameters of 

the panel, a conventional way (i.e., adding NCT) can also be adapted to increase the TL of the 

panel, if the cabin space constraint can be neglected. It was concluded that by varying the 

parameters like core thickness, and core density of the honeycomb panel, and adding layers of 

laminas with good structural and acoustic characteristics, an improved transmission loss could be 

achieved with a less-thick fuselage and more cabin space. 

5.2 Recommendations  

Several recommendations for further study are proposed: 

• Construct and test the optimized panel (with fiberglass) that showed an improved TL 

(Figure 4.17) for TL and structural rigidity. 

• Conduct a parametric study using the validated model for new materials such as             

 Enhanced Sound Control Laminate (ESCL) or S-lec Acoustic Film (SAF) as a layer    

 of lamina on the baseline panel. 

• Investigate methods to alter the coincidence characteristics either to a very high 

frequency or at low frequency of the panel to increase transmission loss. 

• Model and conduct parametric studies of panels, embedded with foams and fibers, in the 

honeycomb cells, potentially reducing space constraints. 
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APPENDIX A 

MSC.NASTRAN KEYWORDS USED IN ANALYSES 

Some of the MSC.Nastran cards used in the analysis were as follows: 

• EIGRL – Defines data required to perform real eigenvalue vibration or buckling analyses 

using Lancozs method. 

• SOL – Requests execution of a solution sequence. 

• TIME – Sets maximum allowable execution time. 

• PARAM – Specifies values for parameters used in solution sequence. 

• SPC – Defines a set of single-point constraints and enforced motion. 

NASTRAN keyword for four point bend test 
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APPENDIX A (continued) 
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APPENDIX A (continued) 
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APPENDIX A (continued) 

NASTRAN keyword for modal analysis 
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APPENDIX A (continued) 
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APPENDIX B 

MESH QUALITY CRITERIA 

 

Some of the mesh quality criteria used to check the mesh quality was as follows: 

 

 

Aspect Ratio: The aspect ratio is the ratio of the largest to the smallest dimension of each 

element of the model. Usually elements with aspect ratios greater than value of 10 are not used. 

Aspect ratio = x/y. 

 

 

 

 

                       

 

x - Largest distance between adjacent corner nodes. 

 

y- Smallest distance between adjacent corner nodes. 

 

 

Skew Angle: The skew angle is shown below for a quad element. The acute angle subtended by a 

line that is normal to the longitudinal axis of the structure and a line that is parallel to or 

coinciding with the alignment of its end as applied to oblique bridges. 
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             APPENDIX C 

CONVERSION OF 3D ORTHOTROPIC MATERIAL CARD TO 3D ANISOTROPIC 

MATERIAL CARD [30] 

 

 

 

 

 

                           

 

 

 

For input into MAT9 3D anisotropic material card shown below: 

  

 


