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SUMMARY

Recent studies of textile loom noise suggest that the
picking stick is the major contributor to the overall noise
level produced by an automatic textile loom, This has led
to research directedlfowardé a better ﬁnderstanding of how
sound is generated and radiated by the picking sticks of a
loom. As a part of this.effort, the present thesis is
concerned.with.the radiation of sound from randomly vibrating
beams of circular cross section.

Vibrations on the beam are considered as two traveling
waves moving in opposite directions. The result is then
averaged over all possible phase differences, assuming all
to be equally probable. Expressions are given for the
acoustic power radiated, the radiation efficiency and the
normalized radiation loss factor for a beam. The radiation
efficiency is approximated in fhe high and low fréquency
limits. A numerical integration technique is used to
evaluate the radiation efficiency over a wide range of
frequencies. These results are compared with results of the
modal approach to the beam radiation problem. |

Tﬁe theoretical model developed is then used to predict
the octave band acoustic power output of the picking sticks,
and the octave band sound pressure levels at a reference

point, neglecting other sources on the loom. The predicted
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sound pressure levels are subsequently cbmpared with
experimental values and with the results of previous
theories which predict the acoustic power output in the

limits of low and high frequencies respectively.
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CHAPTER I
INTRODUCTION

Recent studies of textile loom noise suggest that the
picking stick is the major contributor to the overall noise

1-4 This has

levei produced by an automatic textile loom.
led to research directed towards a better understanding of
how sound is generated and radiated by the picking sticks of
a loom. As a part of this effort, the present thesis is
concerned with the radiation of sound from randomly vibrating
beams of circular cross section. An analysis of radiation
from unbaffled beams of rectangular cross section (a better
approximation to the cross section of a picking stick) was
considered more difficult than warranted at the present time.
The theorefical model developed is then used to predict the
acoustic power output of the picking sticks and the sound
pressure level at a reference point, neglecting other sound
sources on the loom. Theoretical caituiations of expected
octave band sound pressure levels, based on measured
acceleration data, are subsequently compared with actual
sound pressure ‘level measurements. _
Previous-studies of the radiation of sound from
vibratiﬁg cylindfical béams have been concerned with

radiation from resonant modes of these finite beams. They
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consider the case of a standing wave on the beam. These

include studies by Bailey and Fahy,S Yousri and Fahy6 and

Kuhn and Morfey.7 The radiation efficiency or radiation loss

factor_determined in this manner represents the contribution
of a single mode to the radiation at a given frequency.
Recently, Yousri and Fahy have presented a more general
derivation which shows that, in general, the radiation
efficiency is a summation of terms that represent contribu-
tions from various vibrating'modes.8 This averaging over
modes is necessary when more than one mode is excited in

the frequency range of interest. The results of the present
study are given in a form which depends only on the frequency
of the beam vibrations, the physical characteristics of the
beam and its surroundings, and does not require averaging
over modes. Rather than considering the vibrations of a
beam as a summation over excited modes, the vibrations are
considered statistically, such that the final result is
independent of the boundary conditions at the ends of the
beam., The radiation efficiency for a given frequency band
is thén simply the resulting expression evaluated at the
center frequency of the band.

Other studies have considered similar problems
relating to the radiation of sound from beams of different
types or under different conditions. Both Wallace9 and Lyon
and Maidanik'® consider the case of radiation from baffled

rectangular beams., Johnston and Barr examine experimentally
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acoustic damping in both cylindrical and rectangular beams,
while considering theoretically the infinite beanm case.11
Blake discusses the radiation of sound from beams of
elliptic cross section, in both the baffled and unbaffled
configurations.12 Junger models a beam of circular cross
section and nonuniform density as a dipole array.13 Manning
and Maidanik estimate the radiation efficiency of large

14 The results of some of these

radius cylindrical shells.
investigations are compared with the results of the present

study.
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CHAPTER 11
THEORY

The appropriate boundary conditioms aré applied to a
generai solution of the acoustic wave equation in cylindrical
coordinates. The result is an expression for the acoustic
pressure due to a vibrating beam. This pressure is used to
determine thé acoustic power radiated by a beam. The type
of vibrations considered and the method of averaging used are
then discussed. Expressions are given for the radiationm
effiéiency and the normalized radiation loss factor for a

beam of circular cross section.

Acoustic Pressure and Power Output

of a Vibrating Cylinder

The acoustic wave equation in cylindrical coordinates

can be written
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The solution to this partial differential equation can be

written as a general linear combination of the separable

15

solutions, The coordinate system and beam location are

given in Fig. 1. One can consider the solution for outgoing
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Figure 1., Beam Location and Cobrdinate
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waves of fixed frequency w. With the understanding that the
physical quantity under consideration (in this case the

acoustic pressure) is the real part of (Re{ }) the product

of a complex amplitude and an e-lwt time dependence, the

solution can be represented by the complex pressure amplitude

- (A_(a) 6+B_(a)si e)H(I)(k )el%%da (2.2)
. a)cosmg+ agljsinm T)e o .
DA An P Uy

P(r,0,z)

where kr = (kz-a2 1/2, k = w/c and ¢ is the speed of sound
in air. Hél) is the Hankel function of the first kind and
of order m. If one considers the motion of a cylindrical

beam of radius T, vibrating in the © = 0,7 (x-z) plane, with

the velocity of the beam at 8 = 0 assumed to vary sinusoidally

with time,
v (z,t) = Re{vx(z]e'iwt} . (2.3)

then its normal or radial velocity can be written as

o0

v.(8,2z) = cosp 5 v{e)el®? dq (2.4)

- a0

where v(a) is the Fourier Transform of the z dependence of

the beam velocity, Vx(Z)‘ The real part and the e'lwt time

dependence are again understood. It is assumed.that the beanm

is infinite in length but that beyond the points z = *2/2,

B AT S P

R e




W N

SETLTL L il

the endpoints of a finite beam, the velocity vx(z) is zero.
This assumption, used previously by others, is valid when
the radius of the beam is much smaller than its 1ength.5
The acoustic boundary condition comes from Euler's
equation of motion for a fluid, For this specific case the

boundary condition is

P = iwp Vv (2.5)

The orthoganality of the sine and cosine functions and the
above boundary'cohdition are used to determine the coeffi-
cients Am(a) and Bm(a). One finds that all Bm(a) are zero;
also, all Am(a) are zero, except when m is one, in which

case,

Ay (a) = iwp v (a) | (2.6)
1 1P, -
erl (krro)

where H{l)"is the first derivative with respect to its
argument of the Hankel function of first order and first

kind. The acoustic pressue due to a cylinder vibrating in a

plane can now be written

"P(r,5,z) = cosg fmz(a,r)ﬁ(a)eiazdd ' (2.7)

o
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with Z(e,r) defined as

(1)
#{l) (x_r)
1 T (2.8)

Z{a,r) = impo P
erl (krro)

The acoustic power, W, radiated by the vibrating
cylinder can be found by one of two methods. Either the
acoustic pressure is evaluated in the far field, where the
plane wave expression for intensity may be integrated over
the surface of a large sphere or, as is doﬁe here, the time
average is taken of the product of the acoustic pressure at
the surface of the cylinder and the normal velocity. This
intensity is integrated over the surface of the cylinder.
Using the latter method, one obtains

£
1 2 7
W= Re{of ﬁ P(ro,e,z)vr*(e,z)rodedz} (2.9)
"z
where Eqs. 2.4 and 2.7 are used for v and P respectively.
The ¢ integration over cosine squared yielﬁs m. Since G(a)
‘contains the information that v_(8,z) is zero both above and
below the beam, the limits of the z integration méy be
extended to plus aﬁd minus iﬁfinity, with the result of this
integration being a delta function of o, or more precisely
278 (0-a”), This allows one of the @ integrations to be

perfofmed by inspection, which leaves




W= rlr, 1 Re{Z (a)}|¥(e)]| da (2.10)
-0
with
| . HD (k1)
Zo(a) =,Z(a,r0) = iwp, .yp (2.11)
erl (krro)
For k2>a2, the Wronskian relation for the Hankel functions

can be used to simplify Re{ZO(a}},

Re{Z (o)} 29P 1 _ (2.12)
erogla)d = = 21 V) .
To k2|H; Tk 1) |

For k2<a2, properties of the Hankel functions of imaginary

argument require that Re{Zo(a)} = 0.16

Therefore Eq. 2.10
can be simplified by substituting these expressions for

Re{Zo(a]} and changing the limits of integration,

K a2
W= 2mep, f 2'“%%3' — do (2.13)
-k k2 E )]

Random Vibrations

¢ The expression in Eq. 2.13 for the acoustic power
radiated by a beam is valid for any type of vibrations on

the beam in a single plane. In order to evaluate it, however,
one needs to have an expression for V¥(a), or equivalently an

expression for vx(z) from which V(a) can be determined. This
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means that something must be known or assumed about the
manner in which the beam is vibrating. In general, vx(z)
must be a solution to the differential equation for trans-

17

verse vibrations on a beam, for which a general solution is

-ikbz . kbz —kbz

ikbz
e + Ve *t v,e (2.14)

vx(z) = vy v,e
where k, = w/cy is the wave number of the beam vibrations and
b is the wave speed of the beam_vibrationsf The boundary
conditions at the ends of the beam determine the exact
shape of beam vibrations,

The simplest and most common approach is to consider
a simply supported beam vibrating at resonance with a standing
wave on the beam. For this case,

_ cOs N7
vx(z) = Vi oein T z) (2.15)

where n is any integer. When n is odd the cosine function
is used; when n is even the sine functioh_applies. This is
the approach used by Yousri and Fahy as well as others.6
Results derived in this manner represent the contribution to
the acoustic power from a given mode at a given frequency.
Unless the beam is vibrating in a single mode, the total
acoustic power, octave bénd or one-third octave band acoustic
power must be calculated from a summation of these types of

terms, and the modal velocity amplitudes must be known.8

i
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Another approach, the_one used here, is to consider
the statistical nature of the beam vibrations. Multi-modal
vibrations on a beam within a narrow frequency band, which
for the simple case above could be written as a summation of
terms similar to Eq. 2.15, can be considered as two traveling
waves moving in opposite directions with the same (average)
amplitude and with a specified phase relationship. The
contribution to the acoustic power from.the evanescent wave
solutions, the last two terms in Eq. 2.14, is considered to
be negligible. The exact phase relationship between the
first two terms in Eq. 2.14 is dependent on the boundary
conditions at the ends of the beam and the manner of excita-
tion of the beam. On the average, however, it is assumed
that all phases are equally probable, The expression for
|§(a)|2 is then averaged over all possible phase felation-
ships, to obtain the final expression for IG(u)Iz which is
to be used to evalﬁate Eq. 2.13.

With the modifications described above, Eq. 2.14
becomes

i(kbz+n) —i(kbz+w)
vx(z) = Vv,e tv,e (2.16)
where n and ¢ denote arbitrary phase angles. Taking Fourier

Transforms one obtains

PR T,
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. £ . L
. Y 31n(kb+a)7 -1y -51n(kb-a)7 in
via) = = (K, ") © * (K, -@) € (2.17)
Thus
Ly v [sinf g r)k
T '(kb+a)
.2 L . £ . 2
sin® (k. -a) sin(k, +a)xsin(k,-a)=):
b2+ 2cos(n+h) bz b2 (2.18)

All n and y being equally probable, the cross term goes to

zero in an average over all possible phase differences.
Taking the time average of the square of the real part

-iwt

of the product vx(z) times e (the square of the physical

velocity), one can show that
C Vg =SV | (2.19)

<vi> is a physical rather than a statistical quantity. From

Eqs. 2,13, 2.18 and 2.19, the acoustic power radiated by the

beam is
wo, , Kk 1 sin?(k +a)% sin®(k,-a)%
W= ——ve I =7 7 7 |de
-k kp{H{T T (kpr )] (kb+a)_ (kpy o)

(2.20)
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Radiation Efficiency

The radiation efficiency is a useful dimensionless
form in which these results can be expressed. Sometimes
called the normalized radiation resistance, the radiation
efficiency can be defined as the ratio of the acoustic power
radiated to the acoustic power which would be radiated
assuming plane wave radiation, where the acoustic pressure
is related to the normal velocity, Vs by the simple relation

P = PoC ¥ (2.21)

n

Therefore, by definition, the radiation efficiency for plane
wave radiation is unity. The radiation efficiency can be

written
o =1 (2.22)
o
where for a cylinder,
W = p.crr g<v2s (2.23)
o < )

o

Thus, using Eq. 2.20, one obtains

T . sinz(kb+a)%;sin2[kb-aJ%]da
wirg -k KAk ) 1P (kprad? (ky-a) *

(2.24)
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14
A symmetry of the integral and the change of variables
B = a/k provide a more concise form for the expression,

| .2 k&
. - 4 fl 1 sin (e+B)~7
wfkZr g -1 -89 [P ke ) [F (ev8)

dR
(2.25)

where ¢ -_c/cb =_kb/k.

The radiation resistance, which is the real part of
the impedance defined by the ratio of the force to the
normal velocity at the surface of the cylinder, is simply

R. = pocnroﬁo | (2.26)

The other common form in which results of similar bean
vibration.stUdies are expressed is the radiation loss factor.
The radiation loés'factor is defined as the ratio of the
acoustic energy dissipated to the energy stored per cycle.

For purposes of comparison, the radiation loss factor is

o} -
Mrad (%J[l i 1%; (z.27)

where P is the density of the beam material, and a; is the

inner radius of a hollow beam.6
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CHAPTER III
RESULTS

The expression for radiation efficiency, Eq. 2.25, is
approximafed in both the high and low frequency limits.
Numerical results are presented which are valid over a wide
range of frequencies, These results are compared with those

of other beam vibration and radiation studies.

Low Frequency Limit

In the low frequency or small radius limit, kro is
small. An approximation may be used in place of the Hankel
function in order to simplify the integral in the expression
for the radiatioﬁ efficiency., The first term in the series

expansion for the derivative of the Hankel function givesl8

EIQEOIE Ei’% - (3.1)

m

This approximation is valid to one tenth of one per cent for

z < 0.01. Consistent with this approximation and a simple

change of variables, u = (e+8)k&/2

Jkg
3 .(e+1) -
(kr_) y3 .. 2
oe 0 S [1-(E-e)?) HBU gy (3.2)
: k& u .
(e-1)73 |

RRE ek Sl L FEE S
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For certain cases, further approximations can be
made., Well below the coincidence frequency (kb>>k,e>>1),
u2 in the denominator can be approximated as u2 = (kz/Z)z.

The result of this approximation is

Scos kit
(ks)

{Siﬁgkg - cos k&}] (3.3)

o= % )’ G -
By comparison with the numerical results below, this
expression is accurate relative to Eq. 3.2 to at least four
significant digits for € > 100, Eq. 3.3 is directly
comparable to the results of Kuhn and Morfey in their low
frequency approximation of the Yousri and Fahy expression
7

for the radiation efficiency of a siﬁply supported beam.

Their expression, with so%e changes in notation, is

A T . -
o = % (kro)z(fg)(ég)z[l + (ki]z {51§£k2 - cos kil] (3.4)

where the plus sign applies for odd n and the minus sign is
used when n is even. A graphical compariéon of these results
appears in Fig. 2. When evaluated at a frequency such that
ky = n/% (a requirement assumed in the case of a.simply
supported beam), Eq. 3.3 yields a result which is exactly one
half the value given by Eq. 3.4, To help understand this
phenomenon, it is helpful to note that had one used Eq. 2.18

for |v(a]|2 without taking an average over phase, the result

NERETN
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corresponding to Eq. 3.3 would be
« 2 r )22 (5 [ (1-cos (n+p)cos kya) +
o =3 U ) kg cos(n+y b
(cos(n+y)-cos kbz) 3 . {sizgkz_ cos k&}] | {(3.5)

(k) *°

An examination of this general expression for the low
frequency approximation reveals that the case of a simply

supported beam at resonance (n+m = 0 n odd, n+8 = m, n even)

. is at each frequency an extreme case which maximizes the

radiation efficiency. At the other extreme, n+y = 0 when n
is even and n+yY = 7 when n is odd. It is clear thﬁt if one
considers random vibrations with all phases equally probable,
the result is quite properly one half of the maximum value,
as is shown in Eqs. 3.3 and 3.4.

| Another case in which the integral can be easily
evaluated is when the beam is short compared to a wavelength
(kg << 1). In this case, expanding sinzu/u2 in a series

expansion about u = 0 one obtains

(k)3 (ke)
g = o % 1 -

5 _
) 2+ 3] (3.6)
Again, a comparison with numerical results reveals that this

expression is valid (to four significant digits) for

ek < 0.4,

i’
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High Frequency Limit

At high frequéncies the major contribution to the
.integral_in Eq. 2.25'comes.from the vicinity of 8 = -€,
Expanding the Hankel function térm in a Taylor series about
that point and keeping only the first term, one gets

- _ 2 1
0 = 0.+04 g {(3.7)

0 1TkrO (1'32)|H{1)T ijgﬁkro]

1 . 8in(1-e)ke . sin(l+e)ks
(1-e9)ke  (1-e)%(k&)%  (1+e) (k1)

06, = w0, 2] 51 (3.7)

where % is the first term assuming infinite limits on the
integral, and o4 is an approximate correction term to account
for the finite limits, g alone provides a good approximation
to the radiation efficiency (less than 0.1% error) for
ki > 400, Above this frequency it is clear that the finite
nature of the beam is no longer significant.

If (l-ez)lfzkro >> 1, then the derivative of the Hankel

function may be expressed in terms of its asymptotic limit.

Ignoring the contribution from 015 One ocbtains

1-¢% (kr_)?
C(-eH k)%

o {3.8)

In the limit as kr0 goes to infinity, this becomes

[T y
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- 1
g = "E__YH . (3.9)
- a )

This is equal to the radiation efficiency for an infinite

19 At these very high

flat plate (above coincidence).
frequencies the curvature of the beam as well as its finite
extent become insignificant due to the extremely short wave-
length., As is shown in the next section, at these large
frequencies € is quite small; thus, the radiation efficiency

is very nearly unity. Even below the extremely high

frequencies, o = 1.

Numerical Results

The expression in Eq. 2.25 was evaluated numeritally
to determine the radiation efficiency of a beam. The programs
and subroutines used are listed in the Appendix, along with
sample output. It can be seen from Eq. 2;25 that the
radiation efficiency depends on four dimensionless variables:
kro, ke, z/ro_and €. As it is clear that only three of
these are mutually independent, it was decided to use kro,
R/ro and ¢, One of the compufer programs calculates the
radiation efficiency for different kr, holding bdth e and
2/r0 constant. However, it is not the case that ¢ remains

constant with changes in frequency, or k. For most kro,

¢y = B iwl/? (3.10)

T ey
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~ where B is the bending stiffness, and m ié the mass per unit
length of the beam. Since this is valid over a wide range
of frequencies, it is convenient to consider the radiation
efficiency as a function of kr,, &/t and

o]

e(kro)l/z - '(g)l/“(cro)l/z (3.11)

This number depends only on the physical characteristics of
the beam and its surroundings and is not a function of
frequency. Eq. 3.10 is valid except at high frequencies or
large radii, where for most & and ﬁ/ro, the radiation
~efficiency is very nearly equai to one,
Figs, 3-6 gives the results of the numerical calcula-
tions of the radiation efficiency. Each graph shows o as a

1/2 and for a

function of krO for several values of e(kro)
- given value of £/ro. One need only determine the constant
E(l-:rm)l/2 and the ratio z/ro for the particular beam in
question to read the radiation efficiency for any frequency
from the graph. The acoustic power output for the frequency

can also be determined with the help of Eqs. 2.22 and 2.23,

i,e.,
W= DOCﬂrOE<Vi>0 (3.12)

These graphs cannot be directly compared with those

of Yousri and Fahy or others who have considered a modal

T
3,

T -t e e
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approach without determining the mode number which corre-

1/2. A valid comparison

sponds to a given value of e(kro)
can be made by leaving the phase angles in Eq. 2.18 and
continuing the derivation of the radiation efficiency. .The

resulting radiation efficiency is

4 ' ; 1 sinz(e+8)%&
g = +
w2k2r0£ 1 (- [ (ke JTED L L (ere)”

sin(e+3)%& sin(e—8)§£

+ cos(n+yp) - dB (3.13)

(e%-8%)

Fig. 7 gives a comparison derived in this manner using the
values of n+y and kb required by the boundary conditions for
a simply supported beam. A careful examination of Eq. 3.13
reveals that, just as in the previous low frequency approxi-
mation, radiation from resonances of simply supported beams
represents an extreme case. The term which includes the
'phase angles is always pbsitive; therefore, the radiation
efficiency is somewhat higher than the average given in

"Eq. 2.25. At the other extreme, when n+y = 0 implies that

n is even and n+y = 1 implies that n is odd, the phase angle

term in Eq. 3.13 is always negative. The radiation efficiency

for this case is also shown in Fig. 7. It is clear from the

figure that the contribution from the second term diminishes
at higher frequencies, as the two extreme cases converge

towards the average.
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CHAPTER IV
APPLICATION TO TEXTILE LOOM PICKING STICKS

The function of the picking stick on each side of an
automatic fly-shuttle textile loom is to receive and to throw
the shuttle between the threads, back and forth across the
sley of the loom. Johnson presents a more detailed descrip-
tion of the loom, along with photographs.4 The stick is
more rectangular than cylindrical in shape, and its vibrations
are not restricted to a single plane. Therefore some
adjustments and modifications must be made in applying the
results of the previous chapters to this specific case.

It is necessary to generalize these results to allow
for vibrations in two perpendicular planes, and for the
possibility of different radiation efficiencies for these
perpendicular vibrations due to differences in the stiffness
or the effective radius of the beam in these two planes. The
total acoustic power is simply the sum of the acoustic power
radiated by each of the two perpendicular vibrations.
Considering vibrations in the x-z and y-z planes (see Fig. 1),

one has

. 2 2
W= pycme [rox<vx>ox+roy<vy>0y] | (4.1)

PP RS
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The value of ¢ is critical to the determination of
the correct radiation efficiency. Therefore, it is important.

1/2 for a rectangular beam, and to use

to calculate e(kro)
this value in determining the radiation efficiency of the
picking stick. One finds that, for the picking stick,

B = 240 N-m°

for the x-z vibrations, and B = 1000 N—m2 for

the y-z vibrations. The mass per unit length is m = .64 kg/m.

Thus e(kr)]‘/2 can be determined from Eq. 3.11 with the

knowledge of ¢ and r,. | |
The effective radii for the stick, both Tox and roy’

were taken to be equal to that radius which would give the

correct average cross-sectional area for the beam. This

is ‘clearly the best choice for low frequencies where radia-

tion is dependent on the cross-sectional area of the beam.

At high frequencies, the surface area that.is vibrating

becomes the important factor. A second method of choosing

the effective radii based on the correct surface area did

not significantly improve the high frequency results. There-

and r_ for

fore the first method was used to determine r oy

0X
the results which are shown here.

What is physically measured is not the velocity, as
is_shown in Eq. 4.1, but the root mean square accélerations;
a and a in each of the standard octave bands.

XTms yrms’
Taking this into account, one gets
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p.C
W= —37 mh [rOx airms . f_rby airms Uy] (4.2)

The numerical technique used to determine the radiation

efficiency was extended to calculate the acoustic power

radiated from each of the two picking sticks of a loom, in

each octave band from 31.5 to 31,500 Hz.

Measured acceleration data and the subroutines developed
to calculate the radiation efficiency were used to determine
the power output of each sfick. A grapﬁ of the predicted
sound power levels is shown in Fig. 8. Octave band sound
pressure levels were measured at a reference point which was
equidistant from the two.picking sticks and one meter from
the front of the loom., The distance from the picking sticks
to the reference point was combined with each stick's power
output to calculate predicted octave band sound pressure
levels. This was done assuming symmetric cylindrical

spreading,

' 2
P>
SPL = 10 log ‘—7—- | (4.3)
. 10 P
ref
2. _ PoC :
P> = Rt Miege * wright] (4.4)

where R is the distance to the reference point, and Pref =

5 2

2. x 1077 N/m“ is the reference pressure. The question of

directivity has not yet been adequately examined. A

e




ST oI T R ph e e i S PR i+ ol e R ARG S LA e st S S B i b T Ao e b b B R DA P AT Bl g S R T R TR e

10 I | | I | 1 j | | | we

ey
S
12

Left Stick

Parer Level (dB re 10

70

60

Octave Band Radiated Acoustic Parer (Watts)

15 8! I . | I | | | | | | 40

63 250 1000 4000 16000

Octave Center Frequency (Hz)

'

Figure 8. Theoretical Acoustic Power Output

L L T N e Lo taenla R R GRS T T R o B et Toleoalt el
S e R L T T Rl AR L Cee anan e B e P T C R T T T T I T R

T¢



32

comparison of the theoretical and experimental souna pressure
levels is shown in Fig. 9,

Fig. 9 shows good agreement between theoretical and
experimental results for frequencies above 125 Hz. The

agreement is particularly close in the range of frequencies

-which have the highest sound pressure levels, There are

several possible reasons for the larger discrepancies that
appear at lower frequencies. A partial explanation appears
to be the placement of the microphone (the reference
position}, 0.5 m off of the floor and 1. m from the front of
the loom. Ground reflections at these lowér frequencies
provide positive reinforcement, causing a possible increase
in the experimental values of as much as.five oY siXx
decibels. Another possible explanation is the potential
contributions from other sources on the loom in that
frequency range. The extensive acceleration data taken by
Johnson certainly do not preclude this possibility.4

The overall A-weighted sound pressure level can be
determined from the octave band levels in Fig. 9. The
result is éxcellent agreement between the theoretical and
measured results. The A-weighted sound pressure level,
rounded to the nearest tenth of a decibel, is 94.1 dBA for
both the theoretical aﬁd.expérimental results shown in Fig. 9.
Thus despite the low frequehcy disagreement the theory
provides an extremely good prediction of the overall

A-weighted sound pressure level in the vicinity of the loom.

||
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CHAPTER V
CONCLUSIONS

The technique of representing beam vibrations as two

traveling waves and averaging over all equally probable
phase differences to determine the acoustic radiation
properties of a beam has been shown to be a valid alternative
to analyzing the specific boundary conditions at the ends of
the beam. This technique is particularly convenient when
these boundary conditions are quite complex, as in. the case
of a textile loom picking stick. It was possible to show
that at high frequencies this method agrees with results
determined for a simply supported beam vibrating at resonance.
At 10& frequencies, this technique provides a radiation
efficiency mid-way between the extremes for the modal
approach. These limiting cases support the general validity
of the new approach. Further support arises from the
application of the theory to a specific case.

| The application of this approach to the picking sticks
of a textile loom provides a reasonably good model for
acoustic¢ radiation from a fly-shuttle loom, though some
differences between theory and experiment still are not fully
explained. More work needs to be done to determine the

reasons for these discrepancies. Directivity, other sources

B ey
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at low frequencies and the effect of the floor are areas

35

which require further investigation so that a more complete

model of loom noise can be developed.
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APPENDIX

The following is a listing of the computer programs

k. - and subroutines used in this thesis. They were written for
and used on the Georgia Tech CDC Cyber 74 computer. Most
of the documentation appears in the listings. Listed first

are the subroutines used to calculate the radiation efficienéy.

8 QUAD, NBESJ, and RBESY are subroutines_which belong to the

system's math-science library, MSFLIB. Their accuracy was

checkedlbefore using them. .
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FUNCTIUY PANSFIAFE 1, T4 0<1T)

THIS FURCTLINN SURRIUTING CALCULATES THE RALOIAFIIN ZFFICIENCY

AT & SINGLE POINT WITH £=KI/HEC7EN 05K AND Talsk. 1T MURT

IN ZAHJUKCTION QI THE FUHLTION *FINHT® WAICH IS THE INTEGRAMD
FOR OTHE QAT HUMERICAL INTEGRATION. JUAD IS A WSFLIN LTBRARY
INTEGHATION ROUTINE,.

EXTERNAL FINT

SOMMON/QRAF/EE . F,6

Bl . lb415%26545¢C

EE=E

=D

LZ.5"0DFT

eS|

T4a2=0 .

CALL QUADO ey la s CRITHRELyNe ANSHoFINToNERR  IMAP)
TF{4ERA.GE.0.360 T 1

TRINT L004MERR

FORYAT(=22?7INTEGRATION BID NOT MEET SPECIFIED CRITERIA®,I3}
RADEF L2, *GrO"ARSUHI(PI*A]Y

2ETURM

ZND

FUNCTINN FSINCIX)

THIS FUKCTINN SUBRIUTINC SALCULATES SINIX)/X.

ITTARSTIX) JLY.1.F=FIGN TO §
FSINT=SINIXY 7YX

PETUYRH

F3INC=1,

T TURN

o)

FUNZTION FINTIRETA)

THIS FUNCTION SUEﬁUUTINE CALCULATES THE IHTEGLHAHO FOR THE RAGIATION
EFFICIENCY IMTEGRAL. IT USES THE FUNCTLION “FSINGC* AND THE MSFLIB
PESSEL FUNCTION RTUTIMES “NOESJ® &ND *RIESY®.

EAL KLZ
TR FINFFE S F oKL 2
DIMENZIIGH BJA{2)1 .07 (2)
TECIETA,E0.14150 T3 3
8UL1EFASIPT (] ~ACTA»ALT A}
SUBZEFSINCCLLZM(E +ILTAFY
JUAS=FSIKRICLEYIC=0ETRY)
TF(ARG1,LT.1.[-E+0D TO 1
PALL HICSHCARGL 1 8J}

CELL ROSSYCARGL 14372 NERR)
SUA1TARGL*BI (1) ~RIL2)
SURLA=8T51*AY (1) =nY(2)
SUR1IZ1. FESUNLRSURL4SIBLARSUALA)
50 TO 2 .
31813.573,16159265357%ARG61
5131 =3 ¥ S

FINT=SU 2 (S5UD2*SUAZ+SUTI»SUNTY
RETYLN

FINT=d.

extyRY

END
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Ex Ry

SLUROUTIME APLTITS L oY s by RT A ATY L F STV FITYY,

THIS SURROQUTINE CCHTAINS ALL THE SLATTING CONMMANDS FOP THF SLCTTINS

ORCGRAM *RATPLOT* ., SEZ CALCOMP FANUAL FOR FUITHER DETAILS.

LOLTYX G DLTVY s NAHK g NHX s KAMY (NKY L LBST}

AIHMENTIIN JTIIFLSL2Y XL, YI(1)

COLL CDLOTSITAUR,S12.2.00)

I 0T e a2 CALL ANIS D My g A I g L8 Du o FITYY 3 DL TV XY
IFCNTRGITLICALL LGEXTIS (D oy Ny o NAME NNy 104 o Do o FOTVX G OLFVXY
IFENTY W NS i) CALL AXTIS 04 e Da e HAMY s hNT 4 30 o F0a+ FSTYYLDLTYY)
IFENTY S Db CALL LGAXISIO s oTa s NAMY yHHY 8. 3,904 «FSTYY L DLTVY)
E£NTRY LINEGD

XEH4L =TS TYX

KIH42¥=2L TS

YIHeIY=FSTYY

Y {N+2)sOLTVY

1IFINTRLE N1 0R.HIYLED.L1GO TG 1

CALL LINTAX,YsM,1.0,0)

GO TG 2

1 LY=0

IFENTXoET o ANDL NTY . NEo1ILT==1
IFINTXaNE 4 1l ANDLNTY ,EN.1ILT=1
CALL LGLIMECX Y oNs1,0,0,LT)

2 IF{LAST.NE.D}CALL PLOT{de+0.,99%)

ZETURN
ENT
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OOOaOODnNOO0ON000anN000a0000

PROGRAM AEANCINPUT OUTPUT R TAPESSINAUT,, TAPCHSOUTPUTY

THIS PROGRAM IS USEDR 7O CALCULATE THC RAJIATION EFFTCIFHCY

OF A O£4N OF CIRCULAR CRJOSS SECTICN. IV O0US THIS QVER A
SPECIFIED RAMGE 0OF THE YARIARLE %%, ¥F0Oou TLN SPECIFIED VALUES
OF KB/K AND UNE SPECIFIED VALUE OF L/R. THE DUTPUI 5 IN THE
FORM OF TEN TAALES.

LIBRARIES {J3EOL HSFLIB =THE SYSTLCH*S MATH-SCIEKCE LIBRARY
REAKFLIA =THE LINRARY OF SUIROUTINES USED To
CALCULATE THE RAITATION RFFICIEMCY

EXECUTION PROCECUREST “CALL,GGG* 08 *-GRO" WILL EXECUTE rHE ' PROGRAM
AFTER IF HAS NBECN COM2ILED, ASSUMING THE AINARY
FILE IS "LGO". HAMELIST FOIMAT IS USEN FOR THE
ENPUT VARIAOLES. “CHANGESR® IS THE MARELIST.

INPUT VARIAGLES:  KRMAX = MAXIMUM VALUE OF KR TO BE INCLUDED IN
THE TADLE. ' -
KRMIN = INITIAL VALUE OF KR.
KRSTP - INCREMENT BETWEEN SUCCESSIVE VALUES OF KR,

E ~ TEM WALUES OF KBrsK. ONE FOR CACH TABLE.

T - L/R. ONE FOR ENTIRE SET OF TABLES.

CRIT = RPECATIVE CRITERIA FOR MWUMERICAL INTE-
GRATICN,.

L] = THE NUHMIER OF COLUMNE OH A PAGE.

NORPMALLY, M=5 FOR TYY AND M=10 FOR LPT.

REAL KRMAXLKRMIN,KRSTP
OIMENSION ECL101 4HDLL1D) ,ROULDY
DATH KBHINKRMAXKRSTP/DuslDans05/
OATA E/aZenttssboaBplanustiosbesBarllas
DaTa Trs50.r
DATA CRITMIAL.E=5+5/
NAMELIST/CHANGES/KRMAY JKRMINGKRSTRE 4T+ CRIT M
READ CHANGES
NINT{{KIMAX ~KRMIN) F [M*KRSTPI) #1
N 1 I=l+M
1 HOLI)I=tI=13*XRSTP-
30 3 J3L.1D
IFIECJYWEQ.0.}5TOP
2061) =0.
EE=ELD)
D=KRMIN
PRINT 200,7,EE
PRINT ZH1+(HDIL) L= M)

PRINT 203
D0 3 K=1,N
o1l=zd

DO 2 L=1,M
IFID.EQ.0.3G0 TQ 2
RPOLLY=RADEFLII(EED+T+CRIT)
4 A=DeKRSTP
PRINT 202,014 (REO(LYsL=1,M)
¥ CONTINUE
200 FORMAT(///*RADTATION EFFTCIENCY DF A BEAM FOR LAA =",FGet,
1% AND C/CR =*4F6.2/) . . .
271 FORMATIGX " A 1G{G6X,F5.31)
202 FORMATULN,F7. 3310 01X,E20.%))
202 FORMATL(/S)
END
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OROGRAM TARLECINOUT  OUTFLT  TAPEG=INDUT, TAPEEFOUYPIIT)

THIS PRIGKAM IS5 USED TN CALCULATE F+F RANIATION EFFICITNCY ' -
JF & 3EAM OF CIRCLLAR £II55 LECYINH. IT DOES FHIS V=R A ’ -
SPECIFIEC RANGT OF THE VARILALE X2y FOR FIVE VaLUES OF iﬁ
KA/ SNRTIKR) AND ONE VALUE OF L/P.  Tidg DUTOUT IS IN THE .
FORY OF FIVE TABLES.

LIBRARICS USEO2 MZFLIB ° =THE SYSTEN'S MATH-SCIENCE LIORARY
PEAMLID =THE LIBRAPY IJF SUROUTIKES USEQ To
CALCULATE THZ RANTATION EFFICIENCY
EXECUTION PROCEDURESSY *LCALL.GS0" 02 *=660%, WILL EXECUTE THE PRAGRAM i
AFTER LT HAS OJEEN COMPILED, ASSUMING THE BINARY b

FILE IS "LG0*. NAMELIST FORMAT IS USED FOR THE < £

INSUT WARTANMLES, “*CHANGES® 15 THE NAPELIST, 1

. L

INPUT VARIASLESS KRMAX = MAXTMUM YALLE OF KR TO BE TNCLUDED TH N

THE TRALF. o f

KIMIN = INITIAL ¥ALYE OF wP, !

KRSTF = THCREMEMT JETHEEH SUCCESSIVE WALUES OF KR. ' s

3 = TEN VALUES DF KA/K. OME FNOR EACH TABLE. r
T - LI, GhI FIR ENTIRI SET OF TAALT%.

CRIT = FFWLATIVE CRAITERIA FO? KUMERICAL INTE=- X

SRATTON, b

M e THE NUMDIR OF CILUMAS UN A PAGE. :

DoDaAaOOaAOONO0O00GO0DOOO00000000

HORMALLY. MG FO® TTY aND MS10 FOR LPT, &

REAL KIMAXJKIMIHLRSTP
DIMENSION E(S).FOIL0} 300300
DATA KRMINGKRMAK,KRITP/Tapl04y a2/ : >
OAYE Ef e dse35sabiael5+.57 L -
DAFA T/50./ "
DATA CRIT4M/L.E~545/
KAMELIST/CHANGE S/HRMAN o XRMINLKPSTR,E 4 M,CRIT, M
FTAD[S e THANGES)
NEINTIEXRHAL=KEHINE S {MOKRSYPY) #1
3 1 I=i.H
1 HICTIreiI-1)*KRPSTP
N 3 J=1,5% ) :
IFCE(Y) LEQ.B.ISFOP : b
enE1r=0. ’ : -
2=KOMIN
WRITE{Ges 200 THELI) I
HEETELR. 201 tHOIL 4L =1, M) y
HRITYELG,203) K
DY 3 ¥X=1,.N :
B EE 3] . u
20 2 L=1.M ;
IF(T.CAD.1%0 TO 2 - |
ECZELFYZSNRTAO) ’ ]
RULY=RANFFALEE s DuTLCRITH i
Z TI0sKPSIP : &
WUTTELS 202V 0L, {SDILE oL =] oM}
3 oCoNT IR
2N FIRMATCZ /777329 IATI EFFIRTICHCY OF A EAH FOX L7A =*,Fb.1
1% AHD CZCR SASTORAY 7¥,T4,27) ;
ZRL FOPHATIRX +®"MA® o 1 UnZsFGua50)
A2 CONMATI1Y s F 7T 1001XF1lute) ) - .
203 FLeMATIZ) : : k
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OROGRAM RAOPLOTEIMPUT s CUTFUT,, TAFES=INIUT,,TAREGIDUTRYTE

C "
c TulS PRAGRAY IS USED TO PLOT THE RAQIATION EFFIZIANCY OF A BEAM |+
c QF CIRCULAR CRA5S5=-SECTION. IT CAM 2LOT THE RATY. EFT. VS, KR OR L
c ¥3. KSR, i
c
c LITQARIES USEDS MuFL1A - THE SYSTE#*S “ATH-SCIENCE LIDRARY
C CrELILMP - Trf CALCOMP PLAOTTZIR LINRARY
c REAFLIA = T4S LIGQARY 0F SUAROUT [NES WHTICH
c ARE USED IN THE RAD, EFFs CALGULATION L
c - * !
c EXFCUTION PRDCEGURE? TCALL.GO® OR *-GD* HILL EXECUTE THE PRISRAN fi
c AFTER IT HAS HEFM CIHPILET, ASSUMING THE BINARY o
c FILE IS “LGO%. MAMELIST FORMAT [$ USED FOR THE :
c INPUT JARIAGLES. “CHANGSS® IS THE NAMELIST.
= -
c INAUF VARTADLEST E - FIYE VYALUES OF KI/K*SZIRFIKRI. MUST o
c RE LISTED IN QESCINDING ORDER OF o
¢ MAGNTTUDE. . "
C T - Ls7, -
c CRIT =« RFLATI¥E CRIFERIA FOR NUMERICAL
c [MTCGRATION,
c HM - IF BH=0, PROGRAM PLGYS RRAD.EFF, V5.
c K%, IF M4=31, THEN FRJIGRAM PLITS RAC..
c FFFe ¥S. </X7
c N - WYAPER OF POINTS TO 8% PLOTTED,
c

SEAL KPSTP,KR

FIMINSINN EFSPE2020D) X7 (2601 ,R0F (230}

FATA EZFeFralseBeeTrall

JATH T/50./

JATA SOIT4MMLLLE~b,0/

aATA N/10DS

AMELEST/CHANGE S/F o T4 CRIT oMMy N

PEATLS f CHANSGES)

CRSTPZL0.%*(3,7N)

ARINTT , KI5TO . .

10 T J=1,65 ’

IF(E4JYENLILNSTOP

2=,01

30 2 M=l N
CESE Y /SNRTIOY
FO(-1=1./FF
R{KI =N
POC{KIZRADEFLIEF ¢ 0o T ARITY
2 J=0"KRSTR
IF{JEN-L1}GT TO 1
IF{JLETaSILAST S
IFTAMERNIZALL LTHEDIKR s PIFaN e LaloaQLaFY 4uXaT7a0, o0, LA5T}
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