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CHAPTER |

INTRODUCTION

1.1 Background

Aerogels are low-density, highly porous, nanagtired materials (Pierre and
Pajonk, 2002). There are primarily three typesasbgels: inorganic, organic and carbon
aerogels. Inorganic aerogels are formed by supeadrfluid (SCF) drying of wet gels
(i.e., solvent-filled gels) synthesized througlokgel process by hydrolysis and
polycondensation of metal and semimetal alkoxi@esing SCF drying, gelation
solvents are first replaced by liquid CO2 thatisen supercritical (i.e. above the critical
point of CO2) and is vented off. Among inorganicaaels, silica aerogels are the most
well-known. However, their engineering applicatisrvery limited due to extreme
brittleness and hydrophilicity (Fricke, 1988; Woignand Reynes, 1998; Pierre and
Pajonk, 2002; Miner and Hosticka, 2004). The adrfyggility is traced to the weak links
in the aerogel skeletal framework, which are thierimanoparticle necks in the ‘pearl-
necklace’ network structure. Based on the prenhigegolymer-nanoparticle composites
show properties above and beyond those of theioheil components (Thayer and
Houston, 2003), recently a new kind of strong Ngight aerogel was developed by

encapsulating the skeletal aerogel nanoparticlderuathin £2 nm thick) layer of



polymer (Leventis et al., 2002, 2005; Zhang et28)Q4; Bertino et al., 2004; Meador et
al., 2005; Katti et al., 2006). Polymers such dgypethanes, polyureas, epoxies and
polystyrene, coat conformally the surface of theogel skeleton, thus retaining the
mesoporous structure while the interparticle neggtswider. The process that furnishes
the new material is referred to as crosslinking #a@dnew material is referred to as
crosslinked silica aerogel (CSA). The polymer clioked aerogel (X-Aerogels) can be

up to three times more dense, but more than 30€ststronger, and less than one tenth as
hydrophilic as native aerogels. With low thermahdoctivity, high acoustic damping,

ease in fabrication, X-Aerogels has potential igieeering applications as lightweight
structural materials. Thus, the characteristicevbgels as core material in sandwich

structures were investigated in this paper.

Sandwich constructions have been widely usetifiarent applications in many
areas. These high strength-weight ratio structoee®e been slowly replacing monolithic
materials in many engineering applications. It gee=n further as certain mechanical
and bulk properties can be tailored to propertasyet available in a single material.
Sandwich structures can be designed to have aédréss needs in many applications.
The flexibility of designs can range from the numéed orientation of plies in the face
sheets, the thickness of the core in the sandwiahtare and more importantly, the

different core materials used.

In a sandwich construction, it consists ofeaisk two plies of faces sheet, top and

bottom face sheets sandwiching a core. The comamngheet materials in the structures



contain two or more distinct constituent mater@ghases known as composite. The
commonly used composite materials are plasticsgwand metals. As for the core
material, metal in the form of foam or honeycomid &lomex paper in the form of

honeycomb are the most widely used in the primangctiral application.

The sandwich constructions involved combinatddifferent materials and each
material will give advantage and disadvantage ¢éoniechanical properties. For example,
some of the critical factors are the bonding sttiethgtween the face sheets and core,
buckling of sandwich structure and composite, &tnong all of these factors, failure
modes are always reported in composite testingiksd loads are closely related to

failure modes.

In this study, Nomex honeycomb and a highlyopsrlow-density material known
as corosslinked aerogels were used as the coreiah@tea sandwich construction. The
aerogel used in this work was polyurea crosslirdigfactant templated silica aerogel,
designated as X-MP4-T045 with high compressivengtite[2]. A study was conducted
with using three different types of cores, which Blomex honeycomb, crosslinked
aerogel embedded in Nomex honeycomb, and crosdlia&egel core. In this paper, as
for convenience in writing, the Nomex honeycomlpsstinked aerogel embedded in
Nomex honeycomb and crossljnked aerogel are ddsigi@a honeycomb, H-X-MP4-

T045 and X-MP4-T045 respectively.



1.2 Literature Review

Traditional silica aerogels were invented in tB8Q's by Steven S. Kistler .He
proved that a gel contained a continuous solid atwith the same size and shape as
the wet gel by replacing the liquid with air withalamaging the solid components
(Kistler 1998). Silica aerogels are known as tghtkst solid on earth with a mass density
of 1.0 mg/cm[3]. However, silica aerogels are very brittle da¢he weak links between
neighboring secondary particle and could act dsoa@ desiccant due to its high porosity,
high surface area and hygroscopic nature. Theaegesewed interest in aerogels because
of the demand in light weight and material with ddbermal insulation material. In
recent years, aerogels has been used as matehaktoally insulate electronic box on
board of Mars Rovers where temperature reachetdeas low as -40°C [4]. Silica

aerogels has also been used to collect spacerdN#t$A’s Stardust Program.

Figure 1.1. Traditional Silica Aerogel, Stardusbdtam, JPL website.



Traditional aerogels are brittle, fragile and hysgrapic. To resolve these issues,
Dr. Leventis modified silica aerogels by cross-imkwith secondary particles [3]. His
results showed that cross-linked silica aerogel takg more than 300x the force to
break and the density is increased only by 3xT&ditional silica aeroges are produced
by replacing the liquid component of the gel to ggsupercritical drying which
normally resulted in slight shrinkage. Through fiiecess, the gel has greatly reduced its
weight by having more than 99% of internal voidespB]. Also, aerogels are inherently
fragile and environmental sensitive, crosslinkihg mesoporus silica structure of an
aerogel will enhance the property of aerogels aqpetegment has shown that the stress at

failure was 120 times higher than traditional aetsd?].

Schmidt and Schwertfeger investigated silica adragéhermal and acoustic
insulation material [5]. The results showed thabgel has outstanding performance and
as the porosity of aerogel increases, the themmsalation capability increases. The
thermal properties of a composite can be influeryeddding aerogel and this effect can
be used for the construction of insulation platescbmbined thermal and footfall
insulations [5]. This is due to the fact that @gils of mesoporous reducing voiding
convection, conduction and radiation. As for meadar the sound insulation
performance, aerogels show high acoustic dampihd\Eogels were reported to have
the ability to absorb 90% of the sound in the festpy range between 4-5 kHz [5]. Also,
as the thickness of the aerogels increase, the atlthe high frequency decreases but it
moves toward to low frequencies with 60% sound gidism capability at frequency

range between 650 Hz and 1 kHz. Traditional ingatatnaterials show significant



decrease in sound insulation at lower frequencgedf]. In order to obtain better results
in this area, many researchers have modified akrbgevarying the solvent with

different volume concentration [2, 3]. In some apgtions, aerogels can be used directly
but most of the times when the requirement of meiciaéstrength is high, aerogels are

used with other materials with higher mechanicargjth and toughness [5].

1.3 Scope of thiswork

In this work, processes are developed to prepamgakcomposite sandwich
structure to provide multifunctionality. The aerbgandwich structures will be
characterized to determine their acoustic and mrecalproperties. The sound
absorption coefficient and sound transmission éwesneasured by an impedance tube,
with the use of two and four microphones set-uppsilloscope and a noise generator.
The measurement of sound absorption coefficietaia the ASTM E-1050 standard
and sound transmission loss in “Measurement oktrégsion loss of materials using a
standing wave tube” by Oliviero Olivieri, J. Stualton and TaewookYoo [1] that is

similar to ASTM E-1050.

For mechanical testing, flexural test was usedr&duate the strength and
stiffness of aerogel composite structure in thr@atbending. The results are compared
with conventional Nomex core composites. Experiraketiata are compared with

analytical and numerical results.



CHAPTER I

FABRICATION

2.1 Polymer Crosslinked Aerogdls

The pre-preg FSG 5&4nidirectional woven carbon fiber) embedded Fléshir
were provided by Hexcel Composites (Bedford, TXZ80and 3 Ib density Nomex
honeycombs were purchased from Applied Vehicle Meldgy (Indianapolis, IN 46218).
Polypropylene molds were purchased from Melmatimagel number (P-084). Acetone,
acetonitrile, and alcohol were all purchased frdmarfhaco Chemical Company
(Brookfield, CT 06804), Nitric acid was purchaseahfi Seastar Chemical Inc.

(Pittsburgh, PA 15275), tetramethylorthosilicatt@S) and 1.3.5-trimethylbenzene
(TMB) were purchased from Sigma-Aldrich (St. Lol 63103), and Pluronic P123
(tri-block co-polymer: PEQPPGoPEQGy) was supplied by Acros Organics (New Jersey).
Research samples of Desmodur N3200, a hexamethyiisoeyanate oligomer, were

provided by Bayer (Pittsburgh, PA 15205).



2.2 Preparation of Crossiinked Aerogels

The aerogels used in this study were syntheésizang the same procedures as
used by Leventis group. They are labeled followiegentis notation [3]. For example,
for aerogel as X-MP4-T45, ‘X’ indicates crosslinkdé4’ and T45 stand for 4 g of
Pluronic P123 and 0.45g of TMB, respectively. lis forocedure, 4.0 g of Pluronic P123
(CsH100, was dissolved in 12 g of 1.0 M aqueous solutionitfc acid (HNQ) under
magnetic stirring for 8 hours. Under vigorous stigr 0.45 g of Tetramethylbenzidine
known as TMB (GgH26CI2N20O,) was added to the solution for 30 min. The solutvas
cooled to 0°C and 5.15 g of Tetramethoxyl silanevim as TMOS Si(Ch), was added

to the solution after another 30 min.

Figure 2.1. (A) Sol solution under vigaos stirring before pouring to the (B)
polypropylene mold.

The pre-cooling was to avoid crosslinker TMOS tacteguickly with other agents

and this is due to the boiling point of TMOS whist26.6C. Mixing the two agents at



room temperature would lead to an increase in teatype which will result in gelation
being immediately taken place before the soluti@as thoroughly mixed. After stirring
for 10 min, the solutions were poured into a pobgyiene mold. The mold was then
closed with the lid, sealed with PTFE tape to awvdporation of the liquid and kept
inside the oven at 60 °C for gelation. The samps monitored every 10 to 15 min until
gelation was complete and the sample was thenatdg#ef C for 5x the gelation time
which was about 12 h. The wet gel was removed fteermold and placed into ethanol
with the amount of 4x the volume of the gels toeeeresidual water. At this stage, the
wet gel is extremely fragile. Ethanol was change@®8 h intervals. The sample went
through Soxhlet extraction which is similar to diation process by using GEN as
solvent for 2 days to remove P123. Recent resudta Dr Letentis group show that the
pre-crosslinking washes may be eliminated but talgesample which is identical to the
previous work, the wet gel was washed. Acetoneuwsasl to wash the sample 4x with 8
h intervals. After washing with acetone, the sanwyds crosslinked with acetone

solutions of the diisocyanate (Desmodur N3200).

=0
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Figure 2.2. Chemical compound of crosslinker Desim®¢3200.



Figure 2.3. SEM micrographs for native silica (lefhd crosslinked aerogel (right).

The volume of the solution was 4x greater than mawf the sample with the
ratio between acetone and N3200 of 12 g to 88 ifierahe Desmodur N3200 solution
had reached the equilibration time (1 day) at reemperature, the sample, together with
the Desmodur N3200 solution, was heated at 55°G ftays. Acetone was used again to
wash the sample 4% with 8 h intervals to removeutireacted diisocyanate. Finally, the

sample was dried with Penthane to get X-linked rfiimo

The dark areas represent mesoporosity. Naitiza aerogel consists of 95% of

void space and after crosslinking process, the spate reduces to 70%.
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Figure 2.4. Crosslinked silica aerogel.

2.3 Aerogel Embedded in Nomex Honeycomb

In order to increase the performance in mechasicahgth and acoustic
insulation, aerogels embedded into honeycomb wed as a core material. There are
two ways to embed crosslinked aerogels into the &okRoneycomb. In the first
approach was placed a piece of honeycomb in thgpppylene mold before the solution
was poured into the mold. The solution would fiktcavities of the honeycomb, and the

gelation will occur inside each cells of the horanb.

Figure 2.5. Gelation of aerogel inside the Nomexéi@omb.
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In the second approach a piece of wet gel was guasso the honeycomb cells.
This requires the piece of crosslinked aerogebielthe same thickness as the
honeycomb to prevent damage to the aerogel ins&ledll. After washing and curing the
wet gel with all the chemicals, crosslinked aersgetre formed inside each cell of the
honeycomb. The tiny hexagonal crosslinked aerogete then transferred into a new

honeycomb to avoid any potential structural dantaghe honeycomb during the

. /

: : P.reSSZu re : H H
H v b v H v b V b v H V V
VY VY VY v v

washing process.

Figure 2.6. Soft gel being pressed into the Nomerdycomb.

The hexagonal crosslinked aerogel which were formside the honeycomb
mold were removed and placed into a larger pied¢amhex Honeycomb for easiness of
composite layup. Figure 2.7 shows a Nomex honeyowitibhexagonal cavities filled

with crosslinked aerogels.
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Figure 2.7. Honeycomb embedded X-MP4-T45.

2.4 Composite Lay-up

FSG 584 unidirectional carbon fiber reinforced Fi&&in matrix is a low to
medium viscosity prepregs formulated to oven ctiteva temperature for 12 hours
which specifically chosen to match the allowablapgeratures without changing the
properties of the X-MP4-T45. The glass transitiemperature of X-MP4-T045 is about
120 °C. Honeycomb, H-X-MP4-T045 and X-MP4-T45 s#re core materials for
evaluation of the acoustic and mechanical proeitiehis study. The composition for
the fiber and reinforcement by weight providedha product data sheet by (Hexcel
Composites) are 56.62% (fiber) and 43.38% resspaetively. A thin layer of LTA26EL
adhesive was applied to both sides of the corddw @he face sheets (pre-pregs) to bond
to the core. The sandwich structure were placdiiween two glass plates covered with
vacuum bagging film and breather while applyingri#ég vacuum pressure at room

temperature within the bag. The sandwich and glasembling was then heated to 80 °C

13



at temperature rate 1°C/m and maintained at 8@fQ@2 h. The temperature was then
slowly lowered to room temperature while maintagnihe 26 inHg vacuum pressure. At

room temperature, the vacuum is removed and theégalm was complete.

Breather
MPPER «— Vacuum
e Bag
R S

Release Laminate
Film Lay-up

Tool
Surface

Figure 2.8. Bagging arrangement for composite lay-u

2.5 Testing Specimen Preparation

T: Mechanical Testing Specimens

Fiber Direction A: Acoustic Testing Specimens

H@

Figure 2.9. Test specimend@mr laminate.
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All the specimens for mechanical testing were tann@the fiber direction which
is known as the longitudinal direction for all thexural test specimens. For each types
of core composites, five specimens for flexuralgesd two specimens for acoustic tests
were prepared. A saw and a milling machine usiagndind grid hole saw were used to
cut the specimens for flexural and acoustic testpectively. The diamond grid hole saw
was manufactured by McMaster-Carr with model nun{B8B0A48), it is appropriate to
cut composite such as Kevlar and carbon fiber.sithes of the specimens were polished

with sand paper to reach a smooth surface.

Table 2.1. Specimen dimensions for flexural andiatio tests; number in parentheses
indicates standard deviation.

Flexural Test
Core L (mm) b (mm) t (mm) p (g/em’)
Honeycomb 165.89 (3.02) 33.64 (0.55)  8.63(0.144) .53(0.01)

H-X-MP4-T045 154.17 (1.66)  34.41 (1.08)  9.07 (0.15) 0.83 (0.01)

X-MP4-T045 151.95 (0.59) 34.36 (0.47) _ 8.93 (0.02) .950(0.03)
Acoustic Test
Core d (mm) t (mm) p (g/cm”)
Honeycomb 53.82 (0.12) 8.45 (0.13) 0.55 (0.01)
H-X-MP4-T045 53.90 (0.05) 9.57 (0.15) 0.77 (0.01)
X-MP4-T045 54.00 (0.01) 8.636 (0.11) 0.99 (0.01)

15
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Figure 2.10. Flexural test specimens with differgores material (a) honeycomb, (b) H-
X-MP4-T45 and (c) X-MP4-T45 and (d), (e) and (f &he zoom in view for (a), (b) and
(c) respectively.

Figure 2.11. Acoustic test specimens

The dimensions for the flexural specimens follovlesl ASTM D790 standards.
The specimen’s length for mechanical testing isualié times of the thickness. Some
specimens were slightly shorter due to the linotaof the polypropylene mold used to
fabricate X-MP4-T045, but the error difference frtme standard length/thickness ratio is

within 5%. The width of the specimen is below fdianes of the thickness of the

16



specimen. The diameter of the acoustic testingshgistly smaller than diameter of the
impedance tube to ensure a good seal. Table 2vissthe dimensions of all the
specimens for mechanical and accosting testindy, tandp indicate the length, width,

thickness and density of the specimens respectively

17



CHAPTER Il

MECHANICAL CHARACTERIZATION

3.1 Three-point Bending Experiment

An MTS 810 materials testing system retrofittedwah Instron digital controller
and data acquisition system was used for the fédxast. The load and displacement data
were recorded simultaneously as a function of titnB.kN load cell was used for the
entire testing. The testing span length, L, as a&lihe length/thickness ratio follows the

ASTM D790. The span length, L= 133.35 mm was chdeeall flexural specimens.

Flexural properties of sandwich construction welewated using elementary
beam theory. The flexural strain was calculatedh\wgspect to the deflection of the outer
surface of the test specimen at midspan using
g, =6Dd /L? 3.1
whereg; is the strain, on the top face sheet, D is theimiam deflection at the center of

the beam, L is the support span length, and ceisttickness of the specimen.

18



For flexural test, the maximum stress occurs antltpoint of the specimen. The
stress was calculated from the load at the midspéme outer surface of the test

specimen using

o, =3PL /2bd? (3.2)

whereot is the stress on the outer fibers at midpoing e load at the midpoint, and
L is the support span length, d is the thicknegb®fispecimen and b is the width of the

specimen.

The modulus of elasticity was determined usingiteal straight line slope of

the load-deflection curve using

E, =L°m/4bd?® (3.3)

where E is the modulus of elasticity, m is the slopehs# toad-displacement cure, L is

the support span length, d is the thickness o$gigeimen, and b is width of the specimen.

3.2 Results and Discussions

The flexural properties and load-displacement caifee honeycomb, H-X-MP4-
T045 and X-MP4-T45 cores are shown in Table 3.1Rgdre 3.1, respectively. Five
specimens were tested for each type of core mbhsgeribthe average value was obtained

with standard deviation reported in the parenthegdbservation of the testing showed
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that the failure occurred on the outer surfacénefdpecimen after the honeycomb core

failed.
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Figure 3.1. Flexural load-displacement curve.

In testing the H-X-MP4-T45 core, the breaking soohtiexagonal crosslinked
aerogels inside cells of the honeycomb was obseatugdg the experiment after the load
had reached around 500 N. The peak was correspaodiee failure of the crosslinked
aerogels. It is reasoned that initially the loadwpplied on the entire structure and when
the deflection had reached a certain load, tersmahcompression within the structure as
well as wrinkling in the honeycomb (Choon Chiang@FGin Boay Chai, Leong Keeh
Seah) occurred which resulted in fracture of tlesslinked aerogels within hexagonal

cells of the honeycomb core. When the load rea@b8@ N, it yielded about 6 mm
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deflection before failure. Failure occurred for theX-MP4-T045 core with failure mode
similar to that of honeycomb comb. Fracture ef s$andwich occurred at a mid-span

deflection of about 9 mm on the face sheet for oamb and X-MP4-T045 cores.

(a)
Figure 3.2. (a) Flexural test on MP4-T45 core dnddilure and debonding between the
core and the face sheet.

However, failure first occurred in the plain craskéd aerogel core, X-MP4-T45
at 2 mm mid-span displacement with 2500 N ultimasel. It appeared that crosslinked
aerogels failed in brittle mode due to its low flekty because of the mesoporosity.
Figure 3.2(b) shows the delamination and debondieig immediately occurred after the

X-MP4-T045 core failed near the mid-span.



Table 3.1. Flexural properties data.

Cores Density Specific Flexural Flexural
(glem?) Strength (M Pacm3g-1) M odulus
(GPa)
Honeycomb 0.53 (0.01) 89.11 (1.46) 8.11 (0.35)
H-X- MP4-T45 0.83(0.01) 107.04 (14.27) 14.43 (1.03)
X-MP4-T45 0.95 (0.02) 168.95 (24.74) 23.12(0.60)
200 [ I I 1 1 I I |
B Honeycomb ]
i — — = = H-X-MP4-T045 |
150 - X-MP4-T045
T | |
o
é | ARt
& 100 | 7 . -
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Figure 3.3. Flexural stress-strain curve.

X-MP4-T045 has the highest flexural modulus andnate flexural strength.
However, the X-MP4-T045 failed at 0.08% of stragfdye yielding. For H-X-MP4-T045,
the bulk density of the sandwich structure incrdase35% and the flexural modulus and

the ultimate flexural strength increased by 40% 461@4%, respectively when compared
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to the honeycomb core composite. Also, the flexomatlulus and flexural ultimate
strength were decreased by 37.5% and 44.6% whepareohto the X-MP4-T045 but it

resisted more flexural strain before failure.

3.3 Analysis

In this section, elementary beam analysis is use&yaluate the modulus of the
composite. The elementary beam theory, as adapthdwich beams was used. In
elementary beam theory, flexural rigidity is theguct of the Young's modulus, E, and
the beam’s moment of inertia about the neutral. dwithis case, the flexural rigidity is

the summation of the values of different layersasuged from the neutral axis.

1

Figure 3.4. Description of a laminate geometry [6].

E; and E denote the elastic modulus values of the facetshed the core,
respectively; b and t are the width and thickndsh@face sheet, respectively; c and d
are the thickness of the core and measuremeneafahtroid axis between the top and

bottom face sheets, respectively. The flexuratitgiis defined as
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3 2 3 3.4
D:Efbt—+Efbtd +ECbC (3.4)
6 2 12

where

D= flexural rigidity, Nmnf

t= thicnkness of the face sheet, mm

b = width of the sandwich beam, mm

d = length of centroid axis between top and bottace sheet, mm
E; = elastic modulus of the face sheet, MPa

E. = elastic modulus of the core material, MPa

In order to simplify the equation, the first andrdhiterm of the flexural rigidity

can be ignored if the following is satisfied.

3.5
%> 5.77 (3:5)

The first term is involved of the thickness of taee sheet. If the face sheet is
thin when compared to the sandwich structure,itBeterm can be canceled and the

equation can be reduced to

2 3
D=E, btd * E. be (3.6)
2 12
E 2
—f.tgs >16.7 3.7)

c
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The third term can be ignored if the equation §atighe condition in Eq. (3.7),

the flexural rigidity of the sandwich structuresesiuced to

btd 2

D =E,—

(3.8)

l

e

L

Figure 3.5. A simply supported three-point endirithva concentration load applied at
the center.

All of the three cores material used in this stadtisfied Eq. 3.5 and Eq. 3.7.
Thus, the flexural rigidity was reduced to Eq. R&er simplifying the equations for the

beam and sandwich beam (Eq. 3.3 - EqQ. 3.8), tkerfé modulus of the sandwich beam

is defined as

_ 6L’ E,G,

" t3(G,L? + 6E,t,d) (3.9)
where

E = flexural modulus, MPa

L = span length of the sandwich beam, mm

b = width of the sandwich beam, mm

d = length of centroid axis between top and bottace sheet, mm

t; = thickness of the sandwich beam, mm
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tr = thickness of face sheet, mm
E: = elastic modulus of the face sheet, MPa
E. = elastic modulus of the core material, MPa

G = shear modulus of the core material, MPa

The shear modulus of the H-X-MP4-T045 follows tlyeaion to calculate the
shear modulus of composite material. However,ehigation is limited to two material

constituents in the composite. The equation igvddfas

G = GGy (3.10)
GHVA + C;AVH
Vv, +V, (3.11)
V \Y)
V - _H V - _A
Y Ao (3.12)
where

G = shear modulus of the core, MPa

Gy = shear modulus of Nomex honeycomb, MPa
Ga = shear modulus of aerogel, MPa

Vy = volume fractions of honeycomb, ratio

Va = volume fraction of aerogel, ratio

v = total volume of the core, nim

v = volume of honeycomb, mim

va = volume of aerogel, min
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The shear modulus for X-MP4-T045 followed generdiHHooke’s law as shown
in EqQ. (3.13). The shear modulus for Nomex honeyz@ma combination of Gibson and

Ashly [7] and generalized Hooke’s law and is defliraes

G =_ Ea (3.13)
¢ 2+vw)
E.@+sin6)(t)°
s 3 ) (j (3.14)
E = cos® @ I
: 21+ v)
& g -f'-_.ll‘. J:
T e ft’
kel L
oL .III
P i ¥ 'f
[ i
Figure 3.6. Geometrical parameter of a unit honeyjzo
where

G = shear modulus of the core material, MPa
Ec = flexural modulus of X-MP4-T045, MPa

v = poisson’s ratio

En = flexural modulus of honeycomb, MPa

Es = global elastic modulus of honeycomb, MPa
t = wall thickness of honeycomb, mm

| = side length of honeycomb, mm
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Table 3.2. Flexural modulus (GPa) of the theorétiesult on modulus for honeycomb,
H-X-MP4-T045 and X-MP4-T045 cores.

Honeycomb H-X-M P4-T045 X-MP4-T045

Theoretical 8.90 22.05 24.70

3.4 Finite Element Analysis

Commercial software ABAQUS was used to model treratteristic of the
sandwich structures under flexural load. The meiciaqproperties were determined
using flexural test for pre-preg carbon fiber andhpression test for Nomex honeycomb
and X-MP4-T045. The mechanical properties involrethese simulations are elastic
and plastic properties for each material. To defireeplasticity in Abaqus, true stress,

true stain and plasticity equation were used as/sho Eq (3.15).

o =6 T E (3.15)

where

gpl = plastic strain, mm/mm
&' = true strain, mm/mm

c = true stress, MPa

E = Young’'s modulus, MPa
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T

B - c

Figure 3.7. ABAQUS model for the three differentematerials (A) Honeycomb; (B)
H-X-MP4-T045; (C) X-MP4-T045.

One quarter of the samples was simulated becausgrohetry as shown in
Figure 3.7. The dimension of all the specimensthadixtures followed exactly the same
as experimental conditions. Materials used in $hizulation were modeled using solid
extractable elements and the loading fixtures wevdeled with shell elements with
reference points to define the loading and boundanglitions. The displacement was

applied at the top of the roller and the displacetmat the bottom roller were set to zero.
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Figure 3.8. Meshing of honeycomb.

Square element meshing method was used in thidagionu Fine mesh was used.
42150 elements used for the face sheets, 1824@etsrfor X-MP4-T045, 44772

elements for H-X-MP4-T045, and 3304286 for the lyooenb.
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Figure 3.9. Comparison of the load-disptaent curve from FEM model and
experimental results for honeycomb core.
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Figure 3.10. Comparison of the load-displacementectrom FEM model and
experimental results for H-X-MP4-T045 core.
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Figure 3.11. Comparison of the load-displacementectrom FEM model and
experimental results for X-MP4-T045 core.
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Figures 3.10, 3.11 and 3.12 show the comparisomdest the simulation and
experimental results for the sandwiches with treeafghree different cores. The results
compared favorably for the three composites casps@ally in the elastic region. For H-
X-MP4-T045 core, the elastic region was almostidahbut the plastic region was off
by some magnitude. This was because the aerompidieithe hexagonal cell of the
honeycomb started to crack at about 2.5 mm asshsduearlier and failure was not

modeled in the FEM model.

Table 3.3. Comparison of flexural modulus (GPapot#d from experiment, theoretical
and finite element analysis for honeycomb, H-X-MR#5 and X-MP4-T045 cores.

Honeycomb H-X-MP4-T045 X-MP4-T045
Experiment 8.11 14.43 23.12
Theoretical 8.90 22.05 24.70
FEM 7.62 15.69 25.36

The experimental, theoretical and FEM results enflgxural modulus are listed
in Table 3.3. Theoretical and FEM analyses werd ts@redict the experimental results
from flexural tests. The results comparison shogye@l agreement between the three
core materials and only the H-MP4-T045 from theotb&cal analysis was off by 35%.
The error was related to the Eq. 3.10 which wasd tsealculate the shear modulus of
the core material. The equation was used undegahdition that two different
constituents were assumed to be perfectly bondeédrationless. In this study, X-MP4-

T045 was only bonded to the face sheets and slabaffl occur within the honeycomb
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cell. This gives an idea to increase the perforraaridd-X-MP4-T045 by bonding the

crosslinked aerogel with honeycomb.
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CHAPTER IV

ACOUSTIC CHARACTERIZATION

4.1 Normal Incidence Sound Absor ption Coefficient

The two microphone method using a staponpedance tube was used to
measure the normal incidence sound absorptionicieft for the three types of samples.
This method is based on ASTM E 1050 standardssé&hep used in this test includes a
metal impedance tube, two microphones with two NRMIni-mic preamp, a 1330-B
random noise generator made by General Radio CompddH200E loud speaker made

by Selenium and a Sigma digital oscilloscope madedS Nicolet.

Two microphones

] ]
i i

Loud speaker

Wave tube

/ o

Testing specimen

Termination

Figure 4.1. Sound absorption coefficient experiraeaguipments.
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Digital
.| Oscilloscope

Pre-Amps

\ I Noise
Generator

Wave Tube —

Figure 4.2. A schematic diagram of the two micrapset-up.

The spacing between the two microphones insitigip is 45 mm which is 80%
of the maximum allowable distance which is stateA$TM E-1050. The two
microphones were connected to the top of the impesltube. The dimensions of the
impedance tube are 53.34 mm in diameter and 250mhkemgth. The sample size is

given in Table 2.1.

4.1.1 Requirement

i) Wave tube

In order to improve the accuracy of the lgsuset of requirements must be
satisfied. To minimize the effect of sound lossinigithe test, the impedance tube needs
to be constructed with high density material. Thenection between the speakers and
the sample holders to the impedance tube mustllyesaled to minimize sound loss.

The inner surface of the tube must be clean to taaitow sound attenuation.
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i) Working Frequency Range

fo<f<fy (4.2)

where
f = operating frequency, hertz
fL=lower working frequency of the tube, hertz
fu= upper working frequency of the tube, hertz
Working frequency range depends on the size ofulbe and the spacing of the
two microphones. The upper limit frequency is cgpanding to the diameter of the

impedance tube to maintain plain wave propagatmhthe limit is defined as

f, <Kcl/d or d<Kc/f, 4.2)

where
c = speed of sound, s
d = diameter of the tube, m

K =0.586

For lower limit frequency, it depends on #pacing of the microphone and the
accuracy of the analysis system. A large spacihgdsn the microphones will provide
more accurate data. However, the microphones spauirst be less than half wave
length of interest.

s<<c/2f, (4.3)

36



where
S = microphone spacing, m

The recommended maximum microphone spacing is 8a¥ea/2f,.

iii) Sound Sour ce

The recommended test signal is randonmenwith uniform spectral density
function. Such spectral line spacing of the teghai must be compatible with the
analysis bandwidth. The example of test signalides pseudo-random noise such as

white noise, pink noise, swept sine, and steepeal si

4.1.2 Calculation

The speed of sound is calculatetiegiven temperature in the testing

environment. The value of the speed of sound imeeéfas

c=2047273 15+ T (4.3)

where
c = speed of sound, s

T = temperature in testing environment, °C

The transfer functions are used toudate the normal incidence sound

absorption coefficient. The transfer function isaanplex ratio of the acoustic pressure
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responses. To avoid any mismatch in the amplitugenase responses, the calibration
between the two microphones is required. The saog®d for calibration must be a
highly absorptive material. This is to minimize tie#lection of sound from the sample
back to the microphones. First, the transfer fioncdf the real testing configuration as
H'is measured. Next, the two microphones are ihtarged and the transfer function

as H'is measured. The calibration transfer functioreiswated as follow

Fe=(A' A" e .
H| = (‘W' x[H " )1/2 (4.5)
o=t +9'") “9

Where H is the transfer function, subscript c igbcation, superscript | is first

configuration, superscript Il is the second confegion andd is the phase of the

complex transfer function.

The transfer function is calculatedtéling the ratio of the cross spectrum

density to the input auto power spectrum densitgtion. The equation is defined as

H = Gy, _ ‘W‘ejrﬁ

G, (4.7)
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where

H = complex microphone calibration factor
® = phase of the complex transfer function
G11 = auto spectral density function

G, = cross spectral density function

The transfer function could also bemplex ratio of the Fourier transform of the
acoustic pressure of the microphone nearest tedbend microphone. The measured
transfer function needs to be adjusted with thébiated transfer function from the
highly absorptive specimen as described above cotrect mismatch in the microphone

responses is defined as
H=H/H:=|H[e” (4.8)

Using the correct mismatch in Eq. 4.8, the finahsfer function which was used

to calculate the complex reflection coefficientescribe as

| _ee
R:|NeW2:£%;ETre””“” (4.9)

k=2Mnf/c (4.10)

where

R = complex reflection coefficient
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H = transfer function with mismatch corrected

k = wave number, ih

| = distance from the test sample to the centéh@hearest microphone, m
s = spacing between the microphones, m

f = frequency, s

Finally the normal incidence sound absorption dokeffit as follows

a=1-|R[ (4.11)

where
a = sound absorption coefficient

R = complex reflection coefficient

4.1.3 Resultsand Discussions

Sixteen averages were taken from the two samptesafth core materials. To
minimize the environmental noise effect, sound sewf 10 db higher than the

environmental noise was used.
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Figure 4.3. Plot of transfer function for honeycoodabe.
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Figure 4.4. Plot of transfer function for H-X-MP£J45.
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Figure 4.5. Plot of transfer function for X-MP4-TR4
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Figures 4.3, 4.4 and 4.5 show the transfer fundoomoneycomb, H-X-MP4-
T045 and X-MP4-T045 cores. The variations betwéerthree plots are not much and
the characteristic of heavier material is highanthghter material as can be seen. The
order of heavier to lighter sample is X-MP4-T045XHMP4-T045 and honeycomb.
There is some fluctuation in the low frequency eagd this indicates that the result is
not accurate at the point. The results might becééd by the vibration from the speaker
to the wave tube, the low frequency environmentéderand also the limitation of the
tube dimension. The accuracy was believed to lbetween 315 Hz and 4000 Hz and all

of the results will only be reported in this range.
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Figure 4.6. Preliminary test of highly absorptivatarial.

Figure 4.6 shows the results of a highly absorptiaerial which was also used

in the calibration as discussed in section 4.1p@dn8e of thickness approximately 10 mm
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was used as the preliminary sample to test theracgwf the set-up. The sound
absorption coefficient has a value range from D vath O representing highly reflective,
and 1 representing highly absorptive. The resgite@awith the characteristic of the

sponge material very well with the results almdgse to 1.
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Figure 4.7. Plot of sound absorption coefficient.

Figure 4.7 shows the results of the sound absaorgtefficient of the three core
materials. Two samples were used for each specamémreach test was repeated 4 times
and the results were averaged. The variation betweethree specimens only occurs at
low frequency and high frequency. At the mid rafrgguency, the results of the three

core materials almost converge. Also, at low frexqye X-MP4-T045 absorbed more
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sound than the other two. At higher frequency, lgoamb core performed better than the

X-MP4-T045, and H-X-MP4-T045 was close to honeycarate.

4.2 Sound Transmission L oss

The measurement of normal incidence transmissiemibthe extension of the
measurement of the normal incidence sound absarptiefficient. Almost all testing
standard used to measure sound transmission Mdseéd a large chamber and a sample
size close to the service condition. A new methad published in 2006 with the use of a
small wave tube, 4 microphones, noise generatoadfiell analyzer [1]. As reported, the
accuracy of this test is as high as 95% when coedpiarthe ASTM E-1289 when the

correct dimensions of the impedance tube are used.

Termination
Mic.1 Mic. 2 San'e Mic. 3 Mic. 4
H 1
A — o c —
- B L - D
T T
[ X, Xg |
X, X,
L—» X

Figure 4.9. Metal impedance tube with 53.34 mm iith@meter.
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The length of the impedance used in this test estimes longer than the
impedance tube used to determine sound absorptisn, two more microphones were
added to the other sides of the impedance tubetextthe acoustic signals after it has
passed through the samples. These signals werdaisaltulate the normal incidence
transmission loss. The dimension requirement wasame as described in Section 4.1.1
and the set-up includes a noise generator, fouapnes, a loud speaker and an
oscilloscope which were described in 4.1. The isygaaf the microphones was reduced
to 11 mm between microphone 1 and 2 in the firstice and microphone 3 and 4 in the

second section of the impedance tube.

4.2.1 Calculations

If the requirement of the distance betweersthend source and the first
microphone was met at frequencies below the c@iteduency, only plane waves can
propagate in the tube. In this case, the soundpresnd velocity are described as

follows

e e S

Re{(C (w)e™™ + D (w)e™ 2 |
(4.12)
Re (A(w)e ™ + B(w)e™ )e"‘“} x<0
v(x.t)= Re{v (x, w)e '} = Re{ ( (w)e‘“‘xpiCD (w)e ™ )eiwt} X2 |
0,C
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where

Re{} = the real part of

P = complex pressure

V = complex particle velocity

A to D = complex amplitudes of the plane wave congris
po = ambient fluid density, kgrh

¢ = ambient sound speed, s

o= angular frequency;’s

k = wave number, ih

| = thickness of sample, m

Eq. 4.12 can be expressed in terms of complex yre$¥to P, at position x to

X4 @as shown in Figure 4.8

A = j(l:)1.ejkx2 — Pzejkxl) C = J-(F)slejkx4 — P4eij3)
2sin k(x, - x,) 2sin k(x, - x,)
_ j(Pze"'le - Ple‘j"XZ) _ j(P4e‘“‘X3 - P3e‘“‘x4) (4.13)
2sin k(x, - x,) 2sin k(x, - x,)

The complex acoustic pressure can be replacedeblyahsfer function with

microphone 1 as the reference signal.

_ J(H PlRejkx2 B PZeij1) J(H F’3Rejkx4 - P4eij3)

, C = ,
2sin k(x, - x,) 2sin k(x, - x,)
jlH pqe ™ — pe i jlH e - P3e‘“<x4) (4.14)
B = L\ PR D = VAR
2sin k(x, - x,) 2sin k(x; - x,)
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The transfer function can be expressed as theahtlee auto-spectral density
function at microphone location 1 to 4 to the cregsctral density function of the

reference signal at 1 to 4 to the reference sighath is at 1.

HPiR(f):GRPi(f)/GRR(f) (4.15)

The transfer matrix can be used to relate the presad velocity in the first
section of the tube and the pressure and velatitiye second section of the tube in

figure 4.8.

(] KT
V] [Ta TullV]., (4.16)

Eq. 4.16 involved two equations but with four unkms. In order to determine

the unknowns, a second termination condition iseddd Eq. 4.17
{p(a) p(b)} {Tll le}{p(a) p(b)i|
V@ oy ® - T,, Tyllv® v® . (4.17)

where a and b represent the two termination candit{(open and close). By inverting the

matrix expression, the four unknowns are expreased

|:T11 le} — (4.18)
T21 T22
p(a) \VJ (b) — P(b) \V/ (a) _ P(a) p(b) + p(b) P(a)

x=0 x=d x=0 x=d x=0 x=d x=0 x=d
\Vj (a) \Vj (b) -V (b) \Vj (a) p(b) \Vj (a) + p(a) \Vj (b)

x=0 x=d x=0 x=d x=d x=0 x=d x=0

P(a) \V/ (b) _ P(b) \V/ (a)
x=d x=d x=d x=d
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The pressures and the velocities may be expresgedms of coefficient A to D

from the transfer function.

p () = A + B© p (s

x=0

(s) — p(s)
_AY-B e
x=0 poc

; =C e id 4 D‘S)e“‘d,
X=

_ C(S)e—jkd — D(S)eikd (4'19)
x=d Poc

\Vj (s)

After substituting Eg. 4.19 into Eq. 4.18, the founknowns can be used to
calculate the normal incidence sound transmissies.| With a perfectly anechoic

termination which the coefficient D=0, the sourgmhBmission loss is

J (4.20)

-
Tll + 12 + pOCT21 + T22
0

TL , (w) = 10 log {%
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4.2.2 Results and Discussion
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Figure 4.10. Plot of sound transmission loss fonewn wall material [7].

Figure 4.10 shows the sound transmission lossmofwan wall material with the
data taken from National Research Council Canadalfiforder to get a comparison
with the sandwich structures used in this study,sbund transmission loss was
normalized by dividing the thickness of the sampl€ke results for homogenous
material can be predicted easily and the equasialeiived as

TL = 20 log( mf ) - 47 (4.21)

49



where
TL = sound transmission loss, dB
m = mass per unit area, kgm

f = frequency, Hz

For non homogenous material such as sandwich steyt¢he calculation
involved the configuration of all the materialsdésigned correctly, the sound

transmission loss can be better than homogenoweialand also it gives lower density.
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Figure 4.11. Plot of sound transmission loss.

To minimize the error, sixteen averages data wakert from the two samples for

the three core materials. The results showed tieaé tis only little variation between the
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there core materials at low frequency. However, #R4-T045 and H-X-MP4-T045
substantially performed better than honeycomb especially in the range between1000
Hz and 3000 Hz. The results also showed that H-X4NP45 and X-MP4-T045 were
close to each other until 3000 Hz. The X-MP4-TOdEeccomposite gives 12 dB higher
transmission loss at 4000 Hz. X-MP4-T045 and H-R4MT045 composites have higher

sound transmission loss at all the frequency range.
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Figure 4.12. Plot of sound transmission loss of lay@r specimens with 10 mm air gap.

Two layers could be used to enhance the performaineeund insulation. When
two layers are bonded perfectly together, it bebdke a single thick layer with an
associated lowering of the coincidence frequenowéler, when the two layers are only

held together loosely, the friction between thestaycan introduce some energy losses
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[7]. Another idea is to separate the two layersdaye distance leaving an air gap or
placing the gap by some absorptive material, ifglesi correctly, it can highly improve
sound transmission loss [8]. In Figure 4.12, twefa of composites were used, with 10
mm air gap between. As can be seen, the soundiissgien loss of the three core
materials was increased by some amount with H-X-MP45 and X-MP4-T045 reached

63 dB and 87 dB at 4000 Hz, respectively.
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CHAPTERYV

CONCLUSION

5.1 Conclusion

Crosslinked aerogel with crosslinker N3200, X-MP24% was fabricated and to
determine their mechanical property and acousitsimission loss. The crosslinked
aerogel was used as the primary core material lsnduged to embed into Nomex
Honeycomb for use as core material in a compoaitewich beam. The expectations of
these types of light weight core materials werprtivide advantages in mechanical

strength and acoustic insulation.

Three type of core materials were tested follow M3P 790 standards. There
core materials are honeycomb, honeycomb embeddedlictked aerogel, X-MP4-T045
and crosslinked aerogel, X-MP4-T045. It was shavat X-MP4-T045 is excellent in
resisting bending stress and has the highest u#isteength and flexural modulus.
However, brittle failure mode was occurred at 0.088ural strain for X-MP4-T045 core.
For H-X-MP4-T045, the density increased by 35%thstflexural modulus and the
ultimate strength increased by 40% and 46.84% extiqely when compared to the

honeycomb core. The honeycomb core is favor inblgty but has the lowest flexural
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strength and modulus. The theoretical and numemsailts matched very well

with the experimental results.

The specimens were also tested for the performain@eoustic insulation. The
acoustic tests involved sound absorption coefficéen sound transmission loss both
serve as important criteria of acoustic insulatibmas shown that honeycomb core
absorbed more sound at higher frequency but wiks disadvantage at lower frequency.
For sound transmission loss, X-MP4-T045 showeddsgperformance and the results
for H-X-MP4-T045 was close to X-MP4-T045 excephagher frequency. Two samples
with 10 mm air gap in between were tested andehkelts were highly enhanced. These
results were compared to commercial wall matesalginormalization by dividing the
sound transmission loss to the wall thickness.rékalts showed that X-MP4-T045 and

H-X-MP4-T045 core performed better.
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CHAPTER VI

FUTURE WORK

The crosslinked aerogel core composites are intefatenultifunctional

applications. The following work is suggested fature work.

Thermal Insulation Test

The crosslinked aerogel core composiéesbe tested to determine their
conductivity. The material can be formulated sd thaill combine optimal thermal

conductivity with high mechanical strength and hegioustic damping.

Impact Test

Crosslinked aerogels have been determined to lgteenergy absorption
capability. Further evaluation is suggested torietee the energy absorption under
dynamic loading. In this area, high velocity imptest can be conducted for a crosslined
aerogel core sandwich structure with the use @ktldifferent core materials for
comparison. The drop-weight test is suggested twohducted with the velocity

measured before and after impact to calculateribegy absorption for comparison.
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Materials

Different types of crosslinked aerogels can be fdated and to embed into the
Nomex honeycomb core to evaluate its multifunctigreformance in comparison with
the previous X-MP4-T045 core. For example, a lowsity polyurea crosslinked
aerogels have been recently made. Polyurea crksdlmerogels could become a good

candidate material for further investigation.
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APPENDICES

A.1 Material Properties
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Figure A.1. Flexural data for pre-preg carbon fiber
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Figure A.2. Compression data for honeycomb

A.2 Matlab Code

Sound Absor ption Coefficient

j=sqrt(-1)

L=l ength(la);

nf ft =2~next pow2(L);

%0 onell and one22 are the testing mcrophone calibration
[hl, f]=tfestimate(onell, one22,[],[],nfft/2+1, 1/ 5e-6);

%o twoll and two22 are after switching posiiton

h2=tfesti mate(twoll, two22,[],[],nfft/2+1, 1/ 5e-6);

Wohc is the calibration transfer function

hc=(hl. *h2)."0.5;
[h,Fl=tfestimate(la,lb,[],[],nfft/2+1, 1/ 5e-6);

Wothe final transfer function corrected by the calibration factor

H=( h. / hc)
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% cal cul ati on of angul ar frequency
WE2* pi * F/ 344. 989;
%% cal cul ati on of sound refl ection coefficient

r=((Hexp(-j*W0.045))./(exp(j*WO0.045)-H)).*(exp(j*2*W(0.12)));

%% cal cul ati on of sound absorption coefficient

al pha=1-(real (r))."2-(img(r))."2;

Sound Transmission L 0ss

%o la four mcrohphone data fromfirst term nation condition
%ol b four mcrophone data from second term nation condition
function Qut put=TB4(la, | b)

%4€onst ant val ue of sonme input variables

x1=-0. 2175;

x2=-0. 2065

x3=0. 1775;

x4=0. 1885;

d=0. 05334;

c=344. 989;

R=1. 21;

f =1/ 5e- 6;

L=length(la(:,1));

nfft=2"next pow2(L);

%94al cul ate the transfer function
for i=1:4
[Ha(:,i),Qutput(:,)]=tfestimate(la(:,1),la(:,i),[].,[],nfft/2+1,f);

Ho(:,i)=tfestimate(1b(:,1),1b(:,i),[]1,[],nfft/2+1,f);
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end
9% Cal cul ate Conpl ex anplitudes of the plane wave conmponents

k=2*pi . *Qutput (:, 1)/ c;

Aa=j *(Ha(:,1).*exp(j *k*x2)-Ha(:, 2). *exp(j *k.*x1))./ (2*(sin(k*(x1-x2))));
Ba=j *(Ha(:,2). *exp(-j *k*x1)-Ha(:, 1). *exp(-j *k.*x2))./(2*(si n(k*(x1-
X2))));

Ca=j *(Ha(:, 3). *exp(j *k*x4) - Ha(: , 4) . *exp(j *k*x3)) ./ (2*(sin(k*(x3-x4))));
Da=j *(Ha(:, 4). *exp(-j *k*x3)-Ha(:, 3). *exp(-] *k*x4))./ (2*(si n(k*(x3-

x4))));

Ab=j *(Hb(:,1).*exp(j*k*x2)-Hbo(:,2).*exp(j*k*x1))./(2*(sin(k*(x1-x2))));
Bb=j *(Hb(:,2).*exp(-j*k*x1)-Ho(:,1).*exp(-j*k*x2))./(2*(sin(k*(x1-
x2)))):

Cb=j *(Hb(:, 3).*exp(j *k*x4)-Ho(:, 4) . *exp(j*k*x3)) ./ (2*(sin(k*(x3-x4))));
Db=j *(Ho(:, 4). *exp(-j *k*x3) - Ho(: , 3). *exp(-j *k*x4) )./ (2*(si n(k*(x3-
x4)))):

%% Cal cul ate the pressures and particle velocities

Pa0=( Aa+Ba) ;

Pad=( Ca. *exp(-j *k*d) +Da. *exp(j *k*d)):

Va0=((Aa-Ba)/ R/ c);

Vad=((Ca. *exp(-j *k*d) - Da. *exp(j *k*d) )/ R/ ¢);

Pb0O=( Ab+Bb) ;
Pbd=(Cb. *exp(-j*k(:,1).*d)+Db. *exp(j *k(:,1).*d));
VbO=((Ab-Bb)./R./c);

Vbd=( (Cb. *exp(-j *k(:, 1)*d)-Db. *exp(j *k(:,1)*d))./R /c):

%% Cal cul ate frequency dependent quantities Tij.

64



T11=( Pa0. * Vbd- PbO. *Vad) . / ( Pad. * Vbd- Pbd. * Vad) ;
T12=(- Pa0. * Pbd+Pb0. * Pad) . / ( Pad. * Vbd- Pbd. * Vad) ;
T21=(Va0. * Vbd- VbO. *Vad) . / ( Pad. * Vbd- Pbd. *Vad) ;

T22=(- Pbd. *Va0+Pad. *Vb0) . / ( Pad. * Vbd- Pbd. *Vad) ;

%% Cal cul ate sound tranm ssion | oss
Qut put (:, 2) =10*1 0g10( 0. 25* (abs((T11+T12/ R/ c+R*c*T21+T22))."2));

end
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