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AN EXPERIMENTAL STUDY OF THE EFFECTS OF WATER PEPELLENT TREATMENT
Ofl ACOUSTIC PROPERTIES OF KEVLAR
BY
C. D. Smith*and T. L. Parrott
SUMMARY

Tests were conducted to determine the effects of water repellent
treatment on the acoustic and phvsical oroperties of Kevlar (type 1299,
style 29). The treatment consisted of immersing samples of Kevlar in a
solution of distilled water and Zepel (TLF 2325). The samoles were then
drained, dried in a circulating oven, and cured.

Flow resistance tests snowed approximately one percent decrease in
flow resistance of the samples. Also there was a density increase of
about three percent. It was found that the treatment caused a change
in tnhe texture of the samples.

There were significant changes in the acoustic properties of the
treated Kevlar over the frequency range 0.5 to 3.5 kHz. In general it
was found that tne propagation constant and characteristic impedance
increased with the increasing freauency. However, the real and imaginary
components of the propagation constant for the treated Kevlar exhibited
a decrease of 8 to 12 percent relative to that for the untreatec Kevlar
at the higher frequencies. The magnitude of the reactance component of
the characteristic impedance decreased by about 49 percent at the higher

frequencies.

C. D. Smith, Research Assistant, 01d Dominion University Research
Foundation, 01d Dominion University, Norfolk, VA.




INTRODUCTION

The demand for lower noise levels radiated from jet aircraft engines
has motivated research to discover appropriate materials to use as duct
liners. (See reference 1). It is well known that bulk materials such
as fiberglass and open-celled foams are good absorbers of broadband noise.
Acceptance of bulk materials as duct Tiners requires that the material
be able to withstand the adverse environmental conditions that exist
within the inlets. (See reference 2). One of these conditions is the
contamination of tne material by such fluids as fuel, cleaning solvents,
and rain. The absorption of these fluids by the material has two detri-
mental effects: (1) an increase in the weight of the liners resulting
in a reduction in the power/weight ratio of the jet engines; and (2)
alterations in the acoustic nroperties of the material which may result
in potentially decreasing the acoustic performance of the liner.

The acoustic performance of bulk materials is determined by two

fundamental acoustic pronerties. These properties are called the propagation

constant and the characteristic impedance. The nropagation constant is
a compliex nuiber describing tne provagation of a sound wave through the
material. The real component, called the attenuation constant, describes

the rate of sound absorption within the material. The imaginary component,

called the phase constant, is related to tne speed of sound in the material.

The characteristic inpedance is defined as the ratio of acoustic pressure
to accustic particle velocity for a proqressive wave in the material.

The purpuse of these tests was to evaluate the change in physical and
acoustic properties of one type Kevlar (produced by the DuPont Company)

when treated with a fluid repellent. The Kevlar chosen for these tests




(type 1099, style 29) is a strong, Tightweight porous material made of

synthetic fibers. The particular test samples used in this investiaation

wore taken from a blanket aporoximately 1 cm thick. The tluid repellent

used in the test was a fluoracarbon produced by Dupont (Zepel TLF 2304).

The acoustic properties of the treated and untreated samples of Keviar

wore determined using the impedance  tube method as described in references

3 and 4. Specifically the two-cavity technique was used to determine the

propagation constant and characteristic impedance from surface impedance

measurenionts. (See reference 5). Changes in the density and specific

flow resistance of the samples were also determined.

SYMBOLS
¢ free space sound speed, cn/sec
d lonath of test specimen, cit
N acoustic wave number, o’
¥
n pressure, @il cil ‘ sec
AP pressure drop across specinen
- =

R qcuustic rosistance, cus rayls {amomoosec ~)

Rc cnaracteristic resistance, cas ravls

|Rf\U reflection factor magnitude at test specimen surface

- I‘) -

Rsf specific flow resistance, qm cn Y osec

S0 standing wave ratio, dB

v air velocity. cm sec

X‘ distance to first null, cnm

l acoustic inmedance, cas ravls

Lc characteristic impedance, cus ravls

Z‘ acoustic impedance with quarter wavelength cavitv denth cas ravls

L, acoustic fupodance with zere cavity depth acoustic

> tormination cas ravls

P S



. -1 -
attenuation constant, nepers cm - or dB cm

Q
8 phase constant, rad cm-
Y propagation constant, y= o + JR cm”
\ .
wavelength, om
A acoustic reactance, cgs  rayls
Xe characteristic reactance, cgs rayls
0 density of air, am em”
s . . -1
N standard deviation of the attenuation constant, dB ¢m
O ctandard deviation of the phase constant, rad cm
9R percent standard deviation from the mean of the characteristic
c
resistance (normalized to pc)
o\ percent standard deviation from the mean of the characteristic
C

reactance (normalized to pc)

THEORETICAL CONSIDERATIONS

Detormination of the propagation constant, vy, and characteristic
impedance, ZC. of bulk materials usina the two-cavity method requires the
measurement of the acoustic impedance at the surface of a finjto lenagth
of the material backed by two different acoustic torminationé. Figure 1
chows a4 schematic diaaram of a plane wave impinaing normally on the
surface of a test specimen of lenath d and backed by a rigid walled
cavity of adjustable length U-d. [t is convenient to have one of the
terminations present zero impedance to the rear surface of the specimen,

This is accomplished by setting the cavity depth to a quarter wavelength

3

i.e. (¥-d ;)- The acoustic impedance, 7y, at the front surface of the
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test specimen is given by

Z] = IC tanh (yd) (1

whore /c is the characteristic inpedance of the material. It is convenient
to chouse the second tenmiination to provide an infinite impedance to the
roar surface of the test specinen. This is vrovided by making the cavity
depth revo i.e. (8-d - 0). The acoustic impedance, Iz. at the front
surtace of the test specimen is aiven by

7. 0 coth (yd) (M
N ¢
Equations (1) and () are casily colved for y and 7 in terms of the

¢

measured impeaance ?] and <, as follous:

- Al
1 e 11ty
S n e A
) d IR I (3)
- -
whotre
IR PN
v and
TA
7y
v - ‘8 A
¢ [“1 ‘SJ ()

The mropacation constant and characteristic imneuance exmressed in
torms of their respective componeits are
Yy a t ji‘ (5)

and




The attenuation constant can be conveniently expressed in dB/cm by

multiplying o by 8.68. (See reference 3).

EXPERIMENTAL APPARATUS AND PROCEDNURES

Impedance Tube Apparatus

A block diagram of the impedance tube and associated instrumentation
is shown in Migure .  The apparatus consists of a main cylindrical tube
section in which a test specimen is mounted at one end by means of a test
specimen fixture. A variable cavity backing depth is provided by a movable
piston in the test specimen fixture as shown in the sketch. The movable
piston is fitted with 0-rings at each end to provide an airtight sliding
contact with the machined inside surface of the cavity backiny tube. The
main tube has an inside diameter of 5.715 cm (2.25 in.), a wall thickness
of 0.645 e¢m (0.25 in.) and a length of 83.83 cm (33 in.). A sound source
consisting of a 60-Watt electromagnetic driver was coupled to the main
tube thrcugh an offset exponential horn as shown in the sketch. A flexible
coupling was used to decouple the mechanical vibratiens of the driver
from the walls of the tube. A further precaution was taken to reduce the
mechanical vibrations from the tube walls by wrapving two lavers of
asphalt-based damping tape over the entire length of the tubes. The test
specimen fixture was fabricated to allow the insertion of aluminum rinas
with an outside diameter of 5.233 cm (2.45 in.) and a wall thickness of
0.26 cm which (0.1 in.) were used to contain the specimens.

Acoustic Pressure Transducer and Associated Hardware
Acoustic signals were monitored simultaneously usina the two condenser

tvpe microphone as shown in Fiqure 2. A 0.64 cm (0.25 in.) diameter




microphone (mic one) was used to measure the acoustic pressure level at the
piston face. A 1.27 cm (0.5 in.) microphone (mic two) was coupled to a
steel probe tube 0.0, = 0.32 em (0.125 in.), [.D. = 0.19 cm (0.075 in.)

and a length of 122 cm (48 in.) to obtain relative acoustic pressure level
measurements at points on the axis of the main tube. Microphone 2 was
isolated mechanically trom the probe tube and tube support hardware. Fixed
positions for both the axial probe and the piston position could be

determined to within + 0.01 cm with the use of specially constructed verniers.
Electronic Instrumentation

A block diagram of the electronic instrumentation used in this test
is also shown in Figure 2. To measure the impedance of the specimens using
the standing wave method, the acoustic pressure at the specimen surface
was maintained at a constant level by monitoring the output of microphone 2
connected to the probe. The signals from both microphones were filtered
using a dual channel 10 Hz bandwidth tracking filter whose center freguency
was automatically set by the oscillator frequency used to drive the acoustic
source. A spectrum analyzer was used to monitor the overall spectrum
content of the signal at the piston face in order to detect malfunctions of
equipment, excessive background noise or nonlinear behavior of the acoustic
source. In this manner, the harmonic content of the excitation acoustic
pressure was maintained well below the levels of its fundamental frequency. The

tracking filter outputs were read out on a dual channel log-volt meter from which

the acoustic pressure levels wers read consistently to within 0.1 dB.

Flow Resistance Apparatus

Figure 3 shows a block diagram of the apparatus and associated instru-

mentation used to determine the specific flow resistance of the test specimens.
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The apparatus consists of a cylindrical brass tube with 1.0, - h, 2 em

(b ins ) and a Tenath of o090 ¢ (04 inL) which couples a Janinar tlow
meter to the test specimen tinture.  The air flow was control led by a needloe
vitlve and pressure redulator with which accurate contrel of the volume

Flow was maintained,  The orossare dropsoaeross the flow meter and the test

specimens were measured using 10 Tore pressure barocels the output ot which

wore displaved on a digital electronic manometoer.

Test Specirmens

The acoustic and low resistance tests wore pertformed on tfive test
specimens taken from different sections of a large sheet of Aevlar.,  The
samples were circular in shape with a diameter of 5 72 om (2,05 in) to

allow then to it into the aluninum rings.  The Tenath of all five spoecimens

was 1 ¢,
Acoustic Measurements

The acoustic impedance of the specimens was deternined by investivating
the standing wave pattern inside the imoedance tube caused by the roflection
of plane waves at the surface of G specinen.  From impedance tube theory
(refs. 3 &8 D), the dmpedance is determined by measuring the nondimensional

distance to the tiest nyll, k\] amd the reflection factor maanitude at the

surtace of the test specimen, !Rf;o These quantities are substituted into
the following equations to obtain the components of the acoustic fnpedance

normalized by oo 1.e,

where the rosistance ratio o and reactance ratio \aAre aiven respectively by




9
"o [ + tan? (k)]
() =
1 +0r 2 tan?' (kx]) (7)
0
2
i (1 - L ) tan (kx]) (8)
X = 2 2
1+ s tan® (kx1)
and where s /20
_1+'Rf|0- d IR _]00/ "]
0 - 1 - IR l an f|0 B _—50/20 (9)
flo 10 + 1

Flow Resistance

The specific resistance of the test specimens were determined from

o

- A
Ree =

-
jak

where AP 1is the pressure drop across the sample, V s the approach
velocity of the air entering the specimen and d is the specimen length.
The air velocity was varied in a systematic manner from 1 to 10 cm/sec.

It was found that the flow resistance was constant within experimental error
over the range of velocities tested. Therefore, the values given in

Table I were taken at a nominal velocity of 1 cm/sec.

Repellent Treatment

The fluid repellent treatment consisted of immersing the test specimens
in a solution containing 280 ml of distilled water and 5 ml of Zepel.
They were held in the solution at a 28-inch vacuum for five minutes before
being removed and drained. The test specimen were dried in a circulating
oven at 250°F for 3 hours. After drying, they were cured at 350°F for

15 minutes.

[
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RESUL TS AND DISCUSSTON

Density and Flow Resistance Chamdes

Table 1 oshows the denstty and specitic flow resistances of the

Individual test specimens betore and atfter the troatiment,  The troated

specimens showed an averdade ineredase in density of about 3.6 percent. IThe
table also shows that there was about a ) percent decredse i the averaue

SPeCTric Flow resisiances of the b fest specimens.  There was also

detectable chanae in the toxture of the materials.  The fibers of the

treated samplos seomed to be somewhat more rigidly fined relative to one

anather than in the case of the untreated samples,
Acoustic Properties

The propaaat ion constant and characteristic impedance were determined
for each of the b test specimens betore and after the treatment,  The mean

values of the components of

.

. and Soodnormtized to oc) for the b otest

specimens are plotted against frequency as shown in Figures 3 to 7. (he
circles represent the data for the untreated specimens and the sguares show

the results for treated specimens,  In all four Fiaures, there s a sharo

decrease in the components at 00 to 800 Hz.  This irreqularity in the data

My beodue to motion of the test specimen fibers.  The figures show that

there ds TittIe change in the acoustic Jdata at low froquencies,  However,
as trequency increases, the acoustic data tor the treated samples begin

to diverae from the data for untreated specimens,  This diveraence is
most pronounced in the components of the propaaation constant. At 300 Yz,

there isan 8 percent decrease in the ottenudtion constant and a 10 percent

decrease in the phase constant after the water repellent treatment.
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Figure 6 shows the characteristic resistance, which is normalized to pc,
to be the least affected of the four acoustic parameters.

The percent standard deviations from the mean (hereafter called relative
standard deviation) of the components of <y and 2, (normalized) were
computed based on the measurements performed for the five test specimens.
The results are shown in Table 2. The table shows that relative standard
deviations below 1.0 kHz were large in some cases particularly for 0.7,

0.8, and 0.9 kHz. Above 1.0 kHz, however, the relative standard deviations
rarely exceed 5 percent. The large values at the frequencies mentioned
suggest that the acoustic wave is causing forced vibratory motion of the
material matrix structure with attendant material damping. Also, comparison
of relative standard deviations before and after treatment suggests chat
Kevlar retains its homogeneity when treated with Zepel fluid repellent

according to the procedure described previously.

CONCLUSIONS
Tests were performed on Kevlar to determine the effects of a water

repellent treatment on its acoustic and nonacoustic properties. An

examination of the results of the experiments led to the following conclusions:

1. The specific flow resistance of Kevlar remained unchanged while
the weight showed an increase of three percent. The treatment
caused a detectable increase in the texture of the material.

2. The effects of the treatment on the acoustic properties were
found to be frequency dependent ard increasingly significant
with increasing frequency. The propagation constant was most
affected by the treatment.

3. Kevlar maintained its homogeneity after the treatment.
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TABLE TI.

COMPARISON OF PHYSICAL PROPERTIES OF
TREATED AND UNTREATED KEVLAR

UNTREATED KEVLAR TREATED KEVILAR

Specimen Density R ¢ Density R_ .-

Number gms/cm3 S gn/cm’ S=
1 .089 79.4 .092 7.9 i

2 .088 79.8 .082 7.1

3 .089 78.9 .091 73.5

4 . 089 79.7 .090 78.7

5 .090 79.1 .093 78.0

Means .089 79.4 .092 78.6
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TABLE 2. PERCENT STANDARD DEVIATIONS FROM THE MYAN VALDES OF Y AND 2%

 FREa. |  UNTREATED ] TREATED e
(WD | 0y Jo Ok, Og A de G e
0.5 3.5) 6,00 6.97 2.34 7-3¢ 4.24 2.5] 9.04
¢.6 2.04 [2.66 12.\0 2,498 | 6.95 2.33% z-42 644
c.7  133.25 .72 11.83 38.05 | 4£.45 /0.10 4.42 4.70
c.8 135.¢66 33,97 2842 | 57.20 | /9.44 12.31 9.35 1 29.06
0.9 1]1.54 277 R.7% \5.50 3.19 9,78 3,07 5.73
.O 4.65 2.34 4,54 5,77 2.00 5.2 .90 4 57
1.\ 4.06 2.99 4.71 576 2.77 .85 | 219 2.9!
1.2 4,3] 2.% 4.71 5,89 2.94 Zu | z.09 2,53
1.3 2. 70 232 4 6.22 3,06 5.1 .74 Z.83
1.4 3.97 3.08 A4.572 6.09 F.14 4,93 .51 2.84
.5 2,88 3,32 3.77 .56 245 4. 74 l.o5 2.91
1.6 3,25 2.1% 4.05 6.9¢ 1.91 407 .39 3.02
\.7 2.90 3,42 3.88 Z.43 |. 83 3,9 |.30 3.16
\.8 2.81 3.12 3.8 .43 [,&] 3.8l .28 310
1.9 2.3% 3.2z 3.92 7.37 2,06 3.87 .37 3.25
2.0 2.82 3.62 3.9l 8.06 2.20 4.12 L.&O 3.50
2.1 2.0} 3,26 3.9 7.07 2.40 3. 81 1.26 .56
2.2 3.41 3.27 4.03 .57 3,51 4.5¢ [.20 3.6
2.3 3.35 2.70 3.56 .70 2.50 4.82 (17 4.1&
24 | oy 2.71 2.22 .55 | Rel 4,38 1.3 423
2.5 .67 2.39 3,26 6. 26 2.5/ 3.3¢ .35 4.07
R.o 2.15 3.t 316 .34 244 3.48 .50 4.7
2.7 2.25 2.8 2.89 8.10 2.5 3,50 1,55 4, 84
2.8 237 2.63 2.\2 8 9% 2.52 3,08 2.05 4. 76
2.9 .68 2.51 2.20 8.44 2.40 2.9] 1.4] 5,12
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