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DETERMINATION OF THE LOCATION OF SONIC BOOM

RUFIN MAKAREWICZ

Department of Acoustics of A. Mickiewicz University (Poznan)

In the paper the results of theoretical considerations which permit to de-
termine the location of sonic boom of shock wave produced during supersonic
flight are given. It has been assumed that the earth’s atmosphere is a strati-
fied medium in which the velocity of sound propagation as well as wind velo-
city are magnitudes which depend only on the height. For general case (at arbit-
rary manoeuvring of aircraft) a procedure algorithm has been defined which
permits to predict the boundary of audibility area. It has also been proved that
for certain types of manoeuvring (including also rectilinear flight), defined_ by
condition (9), this algorithm enables the determination of coordinates of audibility
area (grazing points) (x4, y4) as well as (xg, yp) in the analytical form (10).
In the case of still atmosphere the obtained results are simplified to
a well-known relation (13) determining the width of audibility belt of a shock
wave.

1. Introduction

A plane flying at a supersonic velocity speed is a source of a sound shock
wave. This wave has bad effects upon the people, biological life, buildings as
well as upon the equipment on the earth’s surface. Having this in mind, experi-
ments have for long been conducted aimed at establishing the method of the
determination of the intensivity and audibility area of this wave. Both problems
can be looked upon jointly and then the audibility area of the shock wave
constitutes a set of singular points encountered in equations describing the
shock strength. Relevant calculations are very complex.

In many practical problems (regional planning) the problem of the audi-
bility area is very important, e.g. in the case where, one has to do with areas
(hospitals, sanatoria ete.) to which even the slightest shock wave should not
reach.

Many authors have been engaged in the problem of location of sonic boom
at supersonic flights, among others BARLETT and FRIEDMANN [1], HAYEs
and RUNYAN [6], LANSING [9], WANNER [12] as well as WARREN [13]. In
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said papers, as also in this one, theoretical deliberations are based on the per-
ception that the boundary of the audibility area is a set of tangential points
to earth’s surface (Fig. 2). For a general case (arbitrary manoeuvring aircraft
in presence of wind) the above-mentioned papers contain the algorithm which
can be evaluated by use of quick operating computers. It has been shown in
this paper that the satisfaction of a certain condition that limits somewhat
the freedom of the manoeuvre (9) leads to simple relations (10) which determine
the coordinates of tangential points (2, ¥,) as well as (25, ¥ ) (Fig. 2).

2. Equations of acoustic rays

In direct proximity of a plane the'shock wave forms the Mach’s cone.
It can be thought that each point of the cone’s surface is the end of the ray
emitted from the cone’s apex at an earlier moment (Fig. 1). The set of all rays

Fig. 1. Mach cone and coupled cone with obtuse angle o’

emitted at the moment #,, the ends of which are on the surface of the cone at
the moment #, (where &, > t,) forms a coupled cone with obtuse angle

. a(h)

a’ = — m—arcsin
2

’

whose generating lines perpendicular to Mach’s cone. These generating lines
are radii. Since the atmosphere is heterogeneous and anisotropic (presence
of wind), these lines are curves. Some of them intersect the earth’s surface and
can then be heard at these points as shock waves.

The points of intersection (dashed lines on the plane @, y — Fig.2) are
the axis of the influence zone of the shock wave at a certain moment. The
purpose of our deliberations is to find the boundary of the audibility area not
at one given moment, but over a length of time during which the influence
zone moves forming a belt as shown in Fig. 2.
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For the «coupled cone» there exist two radii tangent to the earth’s surface
@4 and @z which limit the set of radii intersecting the earth’s surface. In this
manner the tangential points changing continuously in time form the boundary
of the audibility area supersonic flight.

The earth’s atmosphere in the case under consideration can be looked
upon as a stratified medium [6], that is, it can be assumed that the velocity
of sound propagation a(z) as well as component velocities of wind W,, W,, W,

Fig. 2. Sets of the points of tangency of radii ¢ 4 and gp with the earth’s surface. Boundarie«
of audibility area: Fy(z,y) =0, Fp(=,y) =0

are functions of these heights. These parameters are decisive for the course
of acoustic radii. If we assume that vertical component of wind W, = 0, then
the differential equation for radii takes the form [10]

da sy 082+ W [1—O(W, + tandW,)] L
— = —COS
dz a/cos'9[L— O (W, + tandW,) T — Ca®, =
dy 5o Ca*tand +W,[1—C(W,+tandW,)]
—— = —CO08
dz aVcos*® [1—C (W, + tand W,)]*—Ca®
where
cos 0

. Weroos B SURBIWgH o ot Do (2)
the angles # and 6 (Fig. 3) determine the direction of a radius in the proximity
of the plane relative the coordinate system related to the earth.

The funetions W,(2) and W,(z) can be determined with the aid of wind
measurement at various heights. In a similar manner we determine the velocity >
of sound propagation a(z). '
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The position of tangential points of radii ¢, and ¢g relative to earth’s
surface depends not only on the atmospheric conditions which were considered
in equations (1) via the function a, W, and W, but also on the aircraft position

Fig. 3. The angles # and 6 determi-
ning the direction of ray in the proxi-
mity of aireraft

X, Y, h, (Fig. 2), its velocity V as well as the flight direction defined by the
angles y and ¢ (Fig. 4). (Each of these flight parameters is, in general case,
the function of time.)
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Fig. 4. The angles y and & determin- e i
ing the direction of flight X ~

The dependence of the audibility area boundary on the flight parameters
is obtained by the dependencies between the angles # and 6 (Fig. 3) as well
as on the obtuse angle of the coupled cone «, the direction of its axis defined
by the angles y, é and the position of the radius on the cone side. From trigo-
nometric caleulations we get %

(3)

2 = tan;cot
y +arc n{ acosé

sing
b4

cos 8 = cosy[cos dsina —sin dcos acosg] —sinycos asing,
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where

. a(h)
a = arcsin

If we denote correspondingly the right members of equations (1) by f,
and f,, then after substituting the relations (2) and (3) and integrating both
members with respect to z.these equations take the form

n
@ =X+ ffa;(z! hyy,o,V,qp)dz,
0 ’
5 (1)
y =Y+ ffv(z: hyy,é, V:‘P)dz-
0

(The apparent form of funections f, and f, depends on functions a(z), W,(z),
W,(z) describing the velocity of sound propagation and the wind velocity,
respectively). It can be seen that the coordinates of the points of intersection
of radii with earth’s surface — &,y depend on the values of coordinates deter-
mining the position of aireraft — X, Y, h as well as of flight parameters: velocity
—7V and direction —y, 4.

In order to determine the tangential points x4, ¥, and @g, yp (Fig. 2)
which constitute the boundary of audibility area, it is necessary to find the
value of angles ¢, and ¢, and then to take them into consideration in equa-
tions (17).

In general case for any values of flight parameters, the magnitudes ¢4
and gp cannot be described by an analytical formula, but it is only possible
to point to a procedure which enables to find numerical values ¢, and gp
(this case will be referred to as «general case»). It requires the use of
computers.

The problem is considerably simplified when we make an assumption
limiting the intervals of variability of flight parameters. Then the magnitudes
@4 and @y, thus also the coordinates of the tangential points, can be described
by means of simple dependencies (the case will be referred to as «particular
casen).

3. Determination of audibility area — general case

The tangency of a ray with the earth’s surface means that the relations

dz dz

D for %=1

SR g
are satisfied.
From equations (1) it can be seen that this implies the equality

cos ¢ [1—C(W,(0)+tandW,(0))] = Ca,. (4)
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Taking into account (2) we have

P W cosﬂ[l—sim?

W, (h) —W,(0) W, (h) —W,(0)
o) -—cos-ﬁ‘-————], (5)

ay @y

where a,, W,(0), W,(0); a(h), W,(h), W,(k) denote velocities of sound pro-
pagation and component wind velocities at the earth’s surface z = 0 and at
the height 2 = h, respectively. The angles ¢ and 0 are described by equations (3).

Expression () is a transcedental equation with respect to ¢ whose solution
are the values of angles ¢, and g5 for which the rays are tangent to the earth’s
surface. This solution can be obtained with the aid of a computer. By sub-
stituting ¢4 and ¢z in equations (1’) we get the coordinates of tangential points
@4(1), ¥ (t) as well as wy(t), y5(t) (Fig. 2) as a time function. By the elimination
of the parameter ¢ we get the boundary of the audibility area of sound shock
wave in the form of equations #,(w,y) = 0 and F(»,y) = 0.

4. Determination of audibility area — particular case

; The above-presented algorithm of the determination of the audibility
area is rather complex. It can be seen that if the inequality

C|W,+tand-W,| <1 for 0<2<h (6)

is satisfied, then this algorithm leads to comparatively simple analytical expres-
sions. (The physical interpretation of this inequality will be given.)
Inequality (6) simplifies expression (2) to the form

cos f
C = :
a(h)
In view of (3) we get
{cosy (cos dsina — sin dcos acos @) —siny cos acos g} . (7

T a(h)

Equation (4) and inequality (6) imply that cos® = Ca,. From (3) and (7)
we obtain the following equation with respect to ¢:

{ sintpcota}
cosyy +arctan ———

Ccos 0

= T;;) [cos;v{cos dsina— sin dcosacosg) — sinyeosasincp]
a

The identical relation is obtained from (5) under the assumption that
W, =0, W, = 0. This means that in this case the value of the angl’e ¢ for
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which the radii are tangent to the earth’s surface do not depend on the y. llence
it ean be concluded that said equations can be reduced to the form

singeot a
cos {y +arctan ———— ¢ = cos {y +y},
086
where
@y ; ‘

cosy = ¢0s d8in a — 8in d cos acos

v 1 a(h) ( ‘P)s
: a, s
siny = = ( cosasing;

a

from the identity cos?y-sin?yp =1 we get

V1 —a*(h)/a

cosp = —tandtana— ooy
CO8 aCOs

Substituting cosp as wellas sing = 4 V1 —cos*pinto (7) we get the constant
values C, and (g, from the relation cos# = Ca, — the constants 4, and 5.
Next, to abbreviate the notation, we shall use the symbols C 4 5 and this will
mean that we have to do either with the constant €, or with the constant Cp
(the same applies to the constants 9, and #5 as well as to the coordinates of the
points of tangeney @4, ¥5, Y4, Yp)-

Equations (1’) can be re-written in the following form:

Y O et W, 2
J a¥Vl—a’lag

F o+ (a2fag)V1— %z +W
ran = T4 f L T
P aV'1—a®|al

By =X+

Ydz.

Let us return to inequality (6) which is the starting point for the method
in question. If we substitute (2) in this inequality, we get

w w W w
cosﬁ){~~E +( “r) +tau19[—”+(—”—) ]} R
a a I a a h.

Since the wind velocity is, in general considerably smaller than the veloéity
of sound propagation, this inequality will be satisfied if [#] < =, which means
that the following relation for the parameters y, 8, V

<= (9)

VVi—a(h) 1
A s

arctan
‘er { a(h)cosé

holds.
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/
This inequality is satisfied, when the aireraft flight is very similar to the

rectilinear flight, i.e. when turns in the horizontal plane — the angle y, as well
as in the vertical plane — the angle § (Fig. 4), are not too acute. This means
that in the case of ascent (upward flight) for which we have é—1x or of turn
y—>}m we cannot use equations (8). On the other hand, if we assume that we
have to do wit passenger aircraft, then from the viewpoint of the flying comfort
it is necessary to dispense with such manoeuvres. Then, relations derived in
this chapter can be utilized for planned flight channels or ean be used as one of
the prerequisites for country’s regional planning under the assumption that
flight channels are determined beforehand.

On the basis of results presented in [4] it can be assumed that the velocity
of sound propagation iz the linear function of altitude

a =ay(l—pz) for z2<12km,

while the components of wind velocity can take the form of multinominals

n

n
W, = 3afle*, W,= 3 affis*.
k=0

k=0
Substituting these magnitudes into equations (8) we get

k 1—8h
A h(2 — Bh) af® = g™t
S AR P S

k=0 m=
(10)

Van=TLVITOE %]/ (2 —ph) aoﬁzz le( ) __,:Iﬂn imj;'

=0 m=0

It the weather is windless (W, = 0, W, = 0), then the coordinates of
points which constitute the boundary- of the audibility area of supersonic
flight 4y 4, #5Y 5, considering the mode of notation @4 5, ¥ 4 5, C 4 pas explained
above, take the form

h(2 — Bi Bl saaay
TyB = X+CA,Bao]/—%ﬂ v Yam=X TV =L ]/E*Z—ﬂ—ﬁh)— 455

where X, Y, h denote the coordinates that determine the position of aircraft
(Fig. 2), C4 5 — the constant defined by (2), @, — the velocity of sound pro-
pagation at the earth’s surface, f — the constant determining the changes
of wvelocity of the sound propagation in the atmosphere.

5. Rectilinear flight

During the rectilinear flight on the constant height #, i.e. with 6 =0,
it is a good practice to choose the coordinate system so that y = 0. In this
case, in agreement with (7), we have ¢ = 1/V.
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Furthermore, if we assume that W, = 0 and W, = 0, then from equations
(11) we get

ay h(2 — fh) e }/ a? l/mz_ﬂa
mAB—fV df,+ V(t)]/ ﬁ y =g g = 1— Va(t) ﬁ 5

(12)

Hence, it can be seen that the audibility area of a supersonic fhght is
a belt with the axis of symmetry X (Fig. 2).
For the constant air speed we obtain the well-known formula for the

width of this belt:
(2 — Bh)
d = 2]/1_ s ]/ e (13)

In paper [11] the results of numerical calculations of d are given.

From the above formulae it results that d = 0 if V(f) = a,. This means
that the supersonic flight is inaudible when air speed is smaller than the velocity
of sound propagation at the earth’s surface.

Let us assume that the initial flight stage is effected at a speed V = a, —l myt.
Substituting V (¢) into (12) and eliminating ¢ we get the equation that corres-
ponds to the broken curves shown in Fig. 5:

2 i i 2 i i 2
R T SCER N )
my LV1 — y2/a? 2my LV1— g2 -

L/ R2=p)
w.,_]/__ﬁ

It can be proved that the course of those curves depends on the satisfaction
of the relation

w2
1< 9’—0.

Since the boundary of the audibility area of the flight is a set of the tan-
gential points of radii to the earth’s surface, which simultaneously confine
the beam of rays that interseet the earth’s %urface. This implies that with ac-
celerations m, < ag /@, the shock wave will two times reach the shaded area
in Fig. 5. This phenomenon of «double boom», caused by supersonic flight,
is obberved in practice [2, 5, 12].

If the transition to subsonic speed is effected with uniformly retarded
motion V(#) = V*—m,t, then the boundary of the audibility area is a curve
(continuous line in Fig. 5):

@ = o+ Lt [V* < ] s e o /]z—r".’l? ]/1_;"’42
N - e :
My V1—o?|a? y* |} 2"’"’al_ l/l—yi‘/m2 < aq
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6. Conclusions

The boundary of the audibility area of the shock wave caused by super-
sonic flight can — in general case (when the aircraft makes arbitrary manoeu-
vres) — be defermined by means of the algorithm described in Section 3.

If the flight is similar to rectilinear one, then this area can be found with
the aid of relations derived in Section 4.

A

»/f

X

Fig. 5. The boundary of audibility area during the flight at a speed ¥V = ay+m,t (broken
line) and a speed ¥ = V*—m,t (continuous line).
Shaded area — the place of the occurrence of «double boom»

\

The reason and the mechanism of the so-called «double boom» are explained
and the area of its occurrence is determined (Section 5).

The results presented can be helpful in regional planning to seale of macro-
region and of the country.
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PROPERTIES OF ACOUSTIC BARRIERS IN A FIELD OF REFLECTED WAVES
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This paper deals with the effect of selected factors on the properties of
acoustic barriers.

Most attention has been paid te the influence of reflected waves which
diminish the effectiveness of a barrier for the area behind it.

The considerations were limited to interiors with an extended ceiling and for
cases involving one or a few noise sources. Such conditions occur often in industrial
halls and in urban areas. Under these circumstances the eondition of equal energy
density distribution is not fulfilled, so the reverberation theory is not wvalid.
Hence, the mirror method was used which constitutes an extension of the image

source method by the mirror representation of all diffracting and absorbing
surfaces. /

Analytical relations were obtained, which permit the caleulation of the
effect of the reflected waves in decreasing the insertion loss of a barrier. Two
established criteria, spatial and energetic were used. The theoretical analysis
was confirmed by experimental results.

1. Introduction

The effectiveness of acoustic barriers depends on many factors which
may be divided into three basic groups:

— the geometry of the system: sound source-barrier-observer,

— the properties of barrier (insulating properties, geometric diamensions,
shape), k.

— the surrounding acoustical conditions (free field, reflected wave field,
reverberant field).

The factors mentioned above are mutually interrelated. Hence a full
analysis of barrier performance requires examination of the problem as a multi-
parameter one.

Up to now, most attention has been paid to the problem of the geometry
of the system comprising the source, barrier and observer. The influence of the
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surrounding acoustical conditions was not deeply investigated although it
has a fundamental influence on the sound intensity level in the area behind
the barrier.

The main aim of this paper is to examine the influence of the surrounding
acoustical conditions in the case where the system source-barrier—observer
is situated in the reflected wave field.

2. The effectiveness of a barrier

The effectiveness of a barrier is represented by the insertion loss I.L»
. defined as the difference of the mean squared sound pressure levels at a certain
point of an acoustic field, in the absence of a barrier and after its installation.
Denoting the sound pressure levels L and the average values of the squared
pressures p2 by means of the subseript w in the absence of the barrier and by
the subseript b with the barrier, we obtain from the definition the basic expres-
sion for the effectiveness of a barrier, given by the insertion loss
?2
IL = IB -1, =10log —. (1)

Po
[ ]

In the simplest case, PZ, represents the direct wave and p; the wave dif-
fracted at the barrier -edge.

In the general case, a wave generated by a source S may reach the observer
in different ways which we denote by the following subscripts for the symbols
p* and IL:

d — for the path of a wave diffracted at the upper of the barrier edge,

— for the path of a wave diffracted at the side edges of the barrier,

— for the wave propagated through the barrier,

for the waves reflected from the boundaries of the room,

— for a direct wave without the barrier.-
Thus we may write, for waves reaching an observer behind a barrier:
— without barrier

e % =
|

Do = Do+ Pry (2)
— with barrier
Dy = PatPet+ i+ P (3)
where the subseript rb refers to waves reflected with the barrier installed.

Accounting for all paths of acoustic wave transmission simultaneously,
expression (1) for the barrier effectiveness can be determined by the relationship

7+ -

Fri e wpd B fei
st PL+ P+ B+ P



PROPERTIES OF ACOUSTIC BARRIERS 271

3. Barrier action in a free field

Accurate analysis of the acoustic barrier action requires a“quite complex
mathematical description of the acoustic wave diffraction phenomenon. How-
ever, the studies of MAEKAWA [5, 6], RATHE [10] and others have created a simpli-
fied theory leading to practically useful simple formulae for the effectiveness
of the barrier in a free field. These formulae differ slightly depending on the
assumptions of the restrictions but they can be written in the general form

I1L; = 10log(C+ qN), (5)

where, according to Maekawa [5, 7] ¢ = 3 and ¢ = 20, and according to Rathe
¢ =0 and ¢q = 20, assuming N > 1 Wells [13] derived a formula in which
¢ =1and ¢ = 10 for N > 0.

Differences in the value of €' are significant only for small values of N.
The difference in the values of ¢ alter the value of IL by 3 dB.

In order to simplify calculations, the following formulae will be used:

IL; =101logM, (6)
20N for- N =1,

= (6a)
20N +3 for 0> N>1.

In these formulae N is the Fresnel number,
N = 20/2, (7)

where 4 is the wavelength and 4, according to the notation in Fig. 1a, represents
the difference between the path lengths of the diffracted and the direct waves:

0= B+ RBy—(r,+7,)

s B wkmns, SR 2
~ Y|\ sing, ' sing, tang, = tangs)|’ )

where h, is the effective barrier height obtained by plotting a line from the
upper barrier edge perpendicularly to the line econnecting the point S of source
with the point O of the observer.

In free field conditions the effectiveness of the barrier depends on two
factors: :

a. the geometry of the system source—barrier—observer,

b. the properties of the barrier itself.

a. The geometry of the system source=barrier—observer. Fig. 1 shows that
in the general case of an asymmetric configuration (Fig. 1a) the estimation
of the distances R,, R,, 1y, 7, 0T h,, ¢, and g,, based on the geometric positions
of the source, the observer and the barrier, leads to tedious calculations. Much
simpler is the symmetrical system (Fig. 1b), in which R, = R, = R, r; = 1,
=1 ¢, =@, = p/2 = ¢ where p is the angle of diffraction.

2 — Archives of Acoustics 4/76
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Assuming, after Rathe, that ¢ = 0 and ¢ = 20 we can write the expres-
gion for the effectiveness of the barrier,

7 80 (R —7)
=%

1604 .
IL; =101Tog = 10 log20N = 10 log A 10 10g—l——f(zp), (9)

d
where f(y) is a function of the diffraction angle given by the relation
sin®(yp/4) 1 ¥ apod @
197 =2 Py sgirervegrd i mpangy A0 5 U
Formula (9) does not take into account the effeect of spherical wave pro-
pagation which can be expressed by the coefficient k:

R\? i 1
Joii = («—) _—— (11)
r cos?(y/2)

This coefficient has an obvious meaning for short distances between the
sound source and the observer, a situation that occurs very often in industrial

T

T, 7 Z i

Fig. 1. The system source—barrier—observer
a) asymmetrical, b) symmetrical

conditions. Tt may be neglected for large distances, e.g. in the consideration
of urban areas.

However, the relationship for the coefficient k represents an approxima-
tion, since the wave can be treated as a spherical one in the source-barrier
region only. From the barrier to the observer it is more accurate to assume
cylindrical waves.

In view of equation (11), the expression for IL; becomes

160hf () k h tan(yp/4
1T 0w 10dogi ) e an(y/4) (12)
A cos*(p[2),
which implies the formula
P; 20-4(R—r) [RY®
ARG PN . 1S ) (__)
Pa A T
-8h sin®(p/4)  20-4h t 4
1 20 sin®(p/4) 20 an (y/4) (13)

T 7 sin(y[2) cos*(p/2) A cosi(y/2)
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Fig. 2 shows IL; as a function of the diffraction angle for h/A = 1 and h/A
= 10. Curves a have been calculated with the formula usually found in the
references [7, 10], where this formula is without the coefficient k. Curves b
were calculated according to (12).

In order to compare the analytical results, the additional curves ¢ were
plotted in Fig. 2 for identical ratios of h,/i, obtained from the diagram of
MAEKAWA [7] using the diffraction angle as an independent variable. Similar
curves are also obtained by an identical treatment of the curves of Kurzg [4].

i
5t

o L

20 T A0 60 B0 00RO T oG v

Fig. 2. Relationship between IL; and the diffraction angle y for symmetrical system for
heslA = 1 and hyfi = 10

a) curve ca.lcnln.ted from formula (10) without correction for the sphericity of the waves, b) curve calculated from

formula (12) taking into account a correction for the sphericity of the waves, ¢) curve-obtained by replotting
of the graph of MAEKAWA [7]

The curves b and ¢ show an increase compared to curve a of the IL, for
high values of the diffraction angle y, if the correction for sphericity of waves
has a greater significance. It confirms the usefulnes of introducing this cor-
rection, although differences between eurves b and ¢ indicate that further
analysis is required. ot

In order to analyse more precizely the changes of IL; versus diffraction
angle the first derivative of IL; has been ecalculated and plotted in Fig. 3,

d(IL,)
dy F

1L, = (14)
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Tig. 3. The plot of ILz and its first derivative ILj as a function of the diffraction angle
for hepld =1

The curve IL, as a function of the diffraction angle p shows the sensitivity
of the source-barrier—observer system to changes in the angle. For a fixed
height of barrier it resolves itself into a sensitivity to changes in the distance
between the source or the observer and the barrier. The curve IL; = f(y)
implies that within a range of diffraction angles 30° < p << 120° the value of
IL; is small and remains within the limits 0.12-0.15 dB/°. Within this range
of angles, the system shows little sensitivity to changes in the diffraction angle.

This permits the introduction of a ,eriterion of 30°” which, taking into
account the economical arguments, determines the optimal value of the dif-
fraction angle for large distances between the sound source and the observer
compared with the effective height of the barrier. This criterion leads to a prac-
tical conclusion which can be applied in town planning acoustics.

For small distances between the source and the observer to the barrier
a criterion of 120° can be introduced. In situation where the diffraction angle y
is about 120° it is useful to make this angle as large as possible, because it
very greatly increases the effectiveness of the barrier. This conclusion may be
highly important in the design of industrial interiors and offices.

From these considerations an additional problem arises in the asymmetry
of the arrangement. Relatively small errors should be expected when an asym-



PROPERTIES OF ACOUSTIC BARRIERS 275

metrical arrangement (Fig. 1a), which is inconvenient for analytical purposes,
is transformed into a more convenient symmetrical one (fig. 1b) within a range
of 30°-120° for the, diffraction angle. l

The difference AIL, between ILg4,, for an asymmetric arrangement and IL,,
for a symmetric one, assuming that the distance between the source and the
observer is fixed, i.e. r, +r, = 2r = const, may be calculated from the relation

AIL, = ILg,,—IL;, = 10log ‘/(Tllh)2+1 24 '/(T2lh)2+1 =(ri+7) [k 5,
, -2]/("'/"’)2+1 —(ri+ro)/h

X ( Virg/h)2+1 +V(ry[h)* +1 )2
2V(r[h)* +1)

= 10 loge, (15)

where & is a coefficient of the asymmetry of the system. Utilization of formula
(15) leads to rather tedious calculations. Taking into account that for practical
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Fig. 4. Corrections AILg resulting from transformation of an asymmetrical arrangement
to a symmetrical one as a flmctionr of the asymmetry ry/r; or »/r,

purposes the relation AIL, = f(ry[r;) or AILL, = f(ry/r,) is more convenient,
it has been calculated for several values of parameter (r, +7,)/h,, and presented
in Fig. 4. From these relations it results that, as expected, even for high values
of ryfr, or r,/r; the error caused by the transformation from an asymmetrie
arrangement into a symmetric one is not high and can be included as the
correction according to Fig. 4.

b. Parameters of the barrier. The width of the barrier and its insulating
properties for airborne sounds will be examined as the parameters of the barrier
which may cause a reduction in its resultant effectiveness.
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In order to consider the influence of the barrier width on IL, let us denote
by P2 the mean squared sound pressure of the wave arriving at the observer
in consequence of diffraction at the edge of one side of the barrier. Since the
waves are diffracted at two side edges of a barrier, we can write

P /P
Pa+2P; < 1427;/Pa
With expression (9) we get
27,
1L, = IL;—101og (1+—7. (17)
Pa

Let us denote by AIL, the decrease of the effectiveness of the barrier.
at the observer point due to the waves diffracted at the side edges of the barrier:

2p.
=2

Pa

AIL, = IL;—IL,;, = 10 log(l+ ) (18)

Referring the squared pressure of the diffracted waves to the squared
pressure of the direct wave and assuming the symmetry with respect to the
width of the barrier, we obtain

2N
AIL, = 10 10g(1+ . ), (19)
J-NG
where p
P o
20N ==, 20N, =—. (20)
Pa Pe
Using the notation from Fig. 5 and relation (13), we may write
2(R—r) R?
=10 THiE ueets
AILL, = 10 log [1+ W—r W (21)

and after further transformation

(22)

2(Vr* + b — 1) (r® + ) }
[Vr? +(BJ2)2 — ] [r* +(B[2)2]

The relationship of AIL, as a function of the ratio of the barrier width B
to its effective height h,., with r/h,, as a parameter, is shown in Fig. 6. This
relationship enables to choose the width of the barrier, when a given decrease
in its effectiveness is admitted.

In a similar way we can consider the decrease of barrier effectiveness due
to the limited insulating properties of the barrier expressed by the insertion
loss IL;,

AIL, =10 log {1 q

=2
1L, — 10 log 28

=3

1
= 10 log —, (23)
T

i
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Fig. 5. The system source—barrier-observer
in case of a limited barrier width B
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4 : Fig. 6. Decrease AIL, of a barrier,
2 due to sound transmission along its
1k side edges, as a function of the ratio
0 . of the barrier width B to its effective
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where P} is the mean squared sound pressure of a wave penetrating the barrier,
and 7 is the transmission coefficient of the barrier.

The effectiveness of a barrier in the case of the joint d;Lth]l of diffracted
waves and waves penetrating the barrier is then

2

2 -v..
FE ;0510 Iogj?i:—_— =10 log# L FEFLN0 1og(1+ ) (24)

Pa+ Di 1+ 5} /Py Pa

Hence, for the decrease AIL;, caused by the part ofsthe energy which

penetrates through the barrier, we get ;

—2
AIL; = ILg—ILg = 10 log (].+ ) (25)
Pd
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After referring p; and 7 to the mean squared sound pressure of the incident
wave 7, expression (25) may be written in the form

ALL; = 10 log(1+20N7). (26)

The component 20Nz, expressed in logarithmic scale, represents the dif-
ference of the barrier effectiveness for penetrating waves (IL;,) and diffracted
waves (ILg):

AILd-—i T 10 10g20NT e ILd‘—‘ILi- (27)
Fig. 7 shows the decrease AIL; of the barrier effectiveness as a function

of AIL; ;. From this diagram it is easy to determine the required insulating
properties of the barrier when a permissible decrease of effectiveness is assumed.

AlL;
28]
3
L
Fd
ook \ Fig. 7. Decrease AIL; of a barrier,
* R due to its limited insulating prop-
\ erties, as a function of the difference
of effectiveness AIL; _; between a wa-
‘ e S \ ve penetrating the barrier and the
¢ -5 -10 —-1541Lq_; diffracted wave

3. Experimental resulis for free field conditions

Experiments in free field conditions were carried out in an anechoic chamber
over a frequency range of 250 Hz-2000 Hz, and in an anechoic model with
dimensions 83 x110 x150 em in a scale of 1:8, i.e. for a frequency range
2000 Hz-16000 Hz. . ;

The aim of the investigations was to check the agreement of the experimen-
tal results with the analytical ones and to assess the usefulness of model tests
for further experiments involving a field of reflected waves.

The sound sources used were: loudspeaker of 14 em diameter for tests
in the anechoic chamber and 8.3 em for the model tests. The irregularity of the
directional characteristics of the loudspeakers was 43 dB in the frequency
ranges of the experiments. A 1/2” microphone was used in the anechoic chamber
and 1/8" microphone for model experiments.

Third octave band noise was used as a signal. The barrier used was partially
reflecting, with transmission properties such that the energy penetrating the
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barrier was at least 10 dB below that diffracted at the edge of the barrier,
ie. IL;—IL,;> 10dB.

Both in the anechoic chamber and in the model tests the barrier was the
width of the room so that the diffraction of waves at the barrier side edges
could be neglected.

Experimental results for IL; versus frequency, obtalned in the anechoic

”_d.ll
28] .
[ g

4 -

0 / -
_Z-*\_ AT =

el | # ,":" S I O
S

10
0 L 1 L - e
250 500 1000 2000 4000 f[HzZ]
2000 4000 8000 16000

Fig. 8. Experimental results for AIL; versus frequency, obtained in an anechoic chamber
(curve @) and on a model (curve b)

chamber and in the model, are shown in Fig. 8. These results were obtained
for a symmetrical arrangement with the following parameters (notation ac-
cording to Fig. 1b):

hy=20cem, 1y =60°

The obtained results show good agreement and have confirmed the validity
of the model for further investigations.

The results for IL versus the diffraction angle, obtained in the anechoic
chamber for h,/A = 1.18, are shown in Fig. 9.

The results are in conformity with the analytical curve and confirm the
necessity of introducing a coefficient & for the sphericity of the waves at high
values of the diffraction angle.

Results for the correction AlL,, arising from an asymmetric arrangement
with &/(r,+7r,) = § as the parameter, are given in Fig. 10.

According to the analytical results, the wvalues of the corrections AIL,,
for the parameter values mentioned above, do not exceed 4.5 dB.
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Fig. 9. Results from measurements (x ) and analytical results (O) for AIL; as a function
of the diffraction angle
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Fig. 10. Measured results for the correction AILg as a function of the asymmetry r, [r, of
the system

4. Barrier action in a field of reflected waves *

When an infinitely wide barrier, which has infinitely high insulating prop-
erties, is placed in a field of reflected wave, then its effectiveness is given
by formula (4):

i’ i Lig {7t
EEy5cd0 mgf’;—“f; ~ 10 log %p’ff"_;—. (28)
Pat Py Pal Po+ P Po

Formula (28) implies that if the observer is situated at the place where
the energy of the reflected wave dominates the direct wave (p: > p;), then
the effectiveness of the barrier is very low (IL,; = 0).
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The influence of reflected waves in decreasing the effectiveness of barriers
is usually discussed in terms of the reverberant theory of rooms. This theory
leads to the conclusion that to obtain a high effectiveness of the barrier the
reverberation time of the interior must be low [8]. It requires the use of the
great quantity of absorbing material which is often expensive and difficult
from a practical point of view. This is the reason why acoustic barriers are
not very popular in practice.

On the other hand, the application of the reverberant theory demands
the fulfilment of the condition of an equal distribution of sound energy density
inside the space under consideration. This condition is very important for concert
halls and evefl' constitutes some measure of the quality of the hall. However,
the distribution of sound energy density in industrial halls is in general irregular,
especially when acoustic shadows are created by barriers.

The distribution of energy density in a room is not the only factor distin-
guishing concert halls from industrial halls [2]. The ecriteria of quality, the
proportions and the shapes of the room types may be quite different or even
opposite as well as the requirements for the disposition of the sound absorbing
material are not the same.

An additional reason, showing the limited value of the reverberant theory
for industrial interiors, is their specific shape which is characterized by an
extended ceiling, i.e. a small height in relation to the remaining dimensions.
Consequently, the multiple reflection of waves between the ceiling and the
floor primarily decides the overall energy of the reflected waves.

Then as in urban areas a constant drop of the acoustic pressure level by
3 dB with doubling the distance takes place, without the occurrence of a eri-
tical distance [2, 12].

In consequence, the concept of a diffuse field will be replaced in the present
paper by the a concept of a reflected wave field and, instead of the reverberant
theory, the mirror method which constitutes an extension of the image source
method will be used.

5. The mirror method

The image source method is used mainly as a qualitative means of imaging
the reflected wave field by means of additional sound sources. This method
has had a wide didactic application, but it ean now be used as an analytical
method [9] due to computer developments.

By the mirrorlike reproduction of the elements in the rogm (barriers,
absorbing surfaces), the image source method may be extended into a method
which we will call the mirror method. This method will be treated as an analy-
tical method for ecalculating the sound intensity at any point of an acoustic
field, taking into account the effect of the barrier and the absorbing surfaces.
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For simplification, the analysis will be limited to rooms with an extended
ceiling, which is, in general, very often the case in industrial halls. The problem
thereby resolves itself into an analysis of the acoustic conditions in a room

with two parallel reflecting surfaces and corres-
Y] l ponds to the situation where image sources are

) I arranged in only one axis.
Let us assume that there is in the room only
" one source generating a spherical wave. The image
sources will also radiate spherical waves. The aco-
ustic power of the image sources will decrease
respectively, being multiplied by the coefficient
of reflection g, raised to a power corresponding
to the number of times the wave has been refl-

ected.

Assuming that the source is placed on the
floor (Fig. 11), the following expression is obtain-
ed for the resulting reflected wave sound inten-
sity for the noise signal at an observation point
also on the floor, at a distance r from the source:
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i=1

I is the room height, P — the acoustic power of
the source, and ¥ < 2r — the solid angle for the
image sources.

The effect of the reflected waves reaching the
space behind the barrier can be reduced (i.e. the
propagation of waves produced by the image sou-
rees) can be decreased by the following two
methods :

Fig. 11. The principle of the mirror method

a. the choice of the height, shape and situation of the barrier;

b. a reduction of the coefficient of reflection of the surfaces situated above
the barrier by fastening into the eceiling an absorbing band of suitable
width.

The proper application of both methods e¢an be analysed graphically by
extending the method of image sources and by the mirrorlike reproduction
of the barrier and absorbing bands, to produece image barriers and image absor-



PROPERTIES OF ACOUSTIC BARRIERS 283

bing bands. The waves produced by the image sources will arrive at the obser-
vation point without diffraction only when there are no image elements in
their paths.

An analysis of the paths of rays representing the waves propagated from
the image sources (Fig. 11) suggests the idea of treating the absorbing bands
as band-barriers which limit the propagation of the waves generated by the
image sources. This interpretation could be used for analytical purposes and
would lead to uniform method of accounting for the effect of the barriers and
the absorbing bands, based on the phenomenon of diffraction.

The action of the edges of the absorbing bands corresponds with the phy-
sical phenomenon of the scattering of acoustic energy in the form of the so-called
edge effect, similar to the phenomenon of diffraction at an edge. This partially
justifies the idea of band-barriers although a more detailed theoretical
analysis is still required. )

In the present paper the development of the band-barriers method as
an analytical method has two aims:

— the initial evaluation of whether the method leads to simple mathema-
tical relationships allowing the action of the absorbing bands and the barriers
to be considered jointly and

- — the checking of the agreement between the experimental and the analy-
tical results obtained from the expressions based on the band-barrier
concept.

Regarding the concept of band-barriers, the absorbing bands may be
treated as a set of two barriers with an effective height related to the width
of the absorbing band. The length of the band corresponds to the width”of the
barrier and the refleetion coefficient f, of the band material ecorresponds to the
transmission coefficient = of the barrier. :

From Fig. 12 it can be easily seen that regions near the barrier are pro-
tected most effectively by the absorbing bands-and this area expands for waves
produced by the higher order image sources.

However, an area far behind the barrier is best protected against reflected
waves by an image barrier, since near the barrier the image barrier limits only
the propagation of those waves that are generated by lower order image sources.
Also, with inereasing distance, the number of image sources that are screened
inereases.

The effects of the image barriers and absorbing bands complement each
other and their joint action provides a substantial limitation of the effect of
reflected waves on the barrier IL.

The mirror method described above leads to more economical solutions
than the statistical method. For industrial halls with extended ceilings and
only a few noise sources it is possible to obtain a given reduction of reflected
waves in a chosen region behind the barrier using much smaller quantities of
sound absorbing material.
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Fig. 12. Choice of the width of the absorbing bands using a geometrical method
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6. Calculation of the IL; in a field of reflected waves for the joint action of barriers and ab-
sorbing bands

In order to select the parameters of the barriers and absorbing bands
giving jointly a sufficiently high (for an assumed criterion) limitation of reflected
waves propagation (which reduces the effectiveness of the barriers), let us
introduce the following symbols for the averaged values of the squared acoustic
pressures at the observer point:

p: — for the direct wave without the barrier,

ps — for the wave diffracted at the barrier,

P> — for the reflected waves (originating from the image sources) without
the barrier and absorbing band,

72, — for the reflected waves limited by the action of the absorbing bands,

7%, — for the reflected waves limited by the image barriers,

P2 — for the reflected waves limited by the joint action of the absorbing
bands and image barriers.

The effectiveness of the barriers in a field of reflected waves can be given as

00
?(2'+ “ f_ﬁai
IL, = 10log——=—. (30)
Pat 2 Pravi

i=1
For simplification let us consider separately the effect of image barriers
which ereate an acoustical shadow for distances r > r,, and » <7, behind
the barrier and the effect of absorbing bands which create a shadow for the
distances 1y, < r < 7,,. Thus the effectiveness of a barrier with the effect of
reflected waves limited by the action of the image barriers can be expressed as

B+ X P 1+( Y Pwi) 1P
1L, = 10log —=1— = IL,~10log —— SYER Cu PR Ihagh
Pat 2 P 1+( 2 Pri) [P
Y= =

where AIL, is the decrease of the barrier effectiveness, resulting from the energy
of the reflected waves, for the region where the image barriers are effective.
Similarly, the effectiveness of a barrier with the effect of the reflected waves
limited by the action of absorbing bands becomes

o0 o0
2+ X B 14+( % Prai)Pa
IL,, = 10 log = = IL;—10 log = = IL;— AIL,, (32)
Pat X Prai 1+($:pm)
o= L

where AIL, is the decrease of the barrier effectiveness due to the presence of
reflected waves in the region of the action of the absorbing bands.
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In order to examine the above relationships in detail, the followmg simpli-
fying assumptions will be made:

— The acoustic energy of the waves diffracted at both edges of the absor-
bing bands and reaching the observer is equal for both paths,

— for reflections of higher order the asymmetrical situation can be replaced
by a symmetrical one, by introducing asymmetry coefficients of equation (15):
g, for the image barriers, and &, for the absorbing bands.

In order to account for the affect of reflected waves under the above as-
sumptions, the following coefficients will be introduced:

a coefficient for the waves generated by the i-th image source in (‘OIldlthIlb
without a barrier and without absorbing bands

Pn
i = ffeos? Vi (33)

Pi

m

where f# is the coefficient of reflection of the surface above the barrier before
the absorbing band have been placed and y; is the angle at which the wave,
generated by the i-th image source reaches the observer,

a coefficient representing the influence of the reflected waves at the obser-
vation point in the situation when the barrier is installed without absorbing bands

Z prbt e

i= m; u
Mg = —— = Y ——, (34)

=2
& .
Po ot oo P

a coefficient representing the influence of the reflected waves after the
installation of the barrier and the absorbing band for observation points situated
in the region where the absorbing band is effective

2 Prai &
. 2u m
o i=1 = H My ; (35)
pd =1 Hai Eai

Numbers M are related to the Fresnel numbers by relation (6a). M,, and
M, characterize the influence of waves diffracted at the edges of the image
barriers and at both edges of the absorbing bands, respectively, whereas M
concerns the direct wave diffracted at the edge of the barrier.

Substituting relations (13), (33), and (34) in formula (31), and (13), (33)
and (34) — in formula (32), we obtain the following expressions for the decrease
of the effectiveness of the barrier due to the reflected waves:

for the region where the image barriers are effective

o smy

i=1 MhpiEpi

1+nbs = 1+
1+“Z: m; 1+ Zm"
= =1 .

AIL, =10 log 2 - (36)
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o 2M my;
ok 14 M, e,
ATL, = 10 log —=L8 __ 1gjog L fONLL e | (37)
1+ 9,4/ M 14 2 my;
ol Mm‘ Eai

where M = 20N for N > 1 and M = 20N +3 for 1 > N > 0. When the regions,
where the image barriers and the absorbing bands are effective, are superposed
(Fig. 12b), a double diffraction of the waves generated by the image sources
takes place. These conditions correspond to the problem of wave diffraction
at two independent barriers which leads to more complicated analytical relation-
ships.

Formulae (36) and (37), despite of the simplifications in their assumption,
permit an estimation of the reduction of barrier effectivenessswhen the pro-
pagation of reflected waves is reduced or, inversely, an estimation of the limi-
tation of reflected waves necessary to obtain a required barrier effectiveness.

From a praetical point of view this leads to the determination of the width
of the absorbing band for given geometrical conditions of the barrier situation
and for given conditions of interior.

7. The optimum width of the absorbing band

The choice of.the width of the absorbing band depends on the criteria
assumed for acoustic conditions behind the barrier. Two different criteria
may be used: (a) spatial, (b) energetic (local).

The spatial eriterion consists in providing an acoustic shadow for the whole
area behind the barrier.

It is evident from Fig. 12a that if, due to the joint action of an image
barrier and an absorbing band, the whole area behind the barrier will be covered
with an acoustic shadow from an image source of the 1st order, this area will
be also covered with acoustic shadow from sources of higher orders.

In this case the analysis of the absorbing band action can be limited to
the examination of the effect for the first reflection only. For a given room
and for assumed barrier parameters it is then most convenient to determine
the width of the absorbing band by a graphical method. For the diffraction
angle of a wave generated from the image source 8, y, = 0 (Fig. 13), the rays
originating from the image source 8" and passing the upper edges of the real
and image barriers are drawn. These rays divide the area of action of the
barrier and the absorbing band against the reflected waves for any observer
point. ‘

The width of the absorbing band d, is determined by the distance between
the above rays. This width will be smallest if the band is mounted on the ceiling.

3 — Archives of Acoustics 4/76
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Fig. 13. Illustration of the space criterion for the case of a single reflection

Taking into account the diffraction angle y, > 0 (broken line in Fig. 13),
the width of the absorbing band should be correspondingly larger. It is evident
that when the space criterion is used, the band should be placed asymmetrically
above the barrier, and nearer the observer poipt.

In order to determine analytically the dependence of the width of the band
on the system parameters, we make the following simplifications (Fig. 13):

the range of action of the absorbing band

KO =15, (38)

the point Z of the absorbing band edge depends only on the distance r,
between the source and the barrier and is placed half way between them

ZY =~ WZ =12, (39)

the point X depends on all of the system parameters, namely on the distance
r, between the source and the barrier, on the barrier height & and on the room
height H.

For the angle of diffraction at the image barrier y, < (90° —a) (broken
line in Fig. 13) we can write
gy ril2

e .

tan ( a+ wa) "
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Using the formula for the tangent of the sum of two angles, after trans-
~ formation we obtain 4

rl(H~%)/h—i—(H'—h—rff/Bh)tan%

e Y 41
# ) 1—r,tany,/h (41)

For the diffraction angle ¢, = 0 as in Fig. 12a, relation (41) reduces to
the following form:
r(H—h/2
U P M (42)
h
Usually H > h/2, and an approximate but simple relation which facili-
tates practical caleulations is obtained :

(43)

A comparison of Figs. "14a and 14b shows the Y-shaped barriers to be
more effective than the simple ones. For the same effective height of both

% he‘f | i’ef‘
i o\ $ o\

Fig. 14. Comparison of the width of band dg required for a straight barrier (a) and a ¥-shaped
barrier (b) with the same effective height

kinds of barriers the same conditions of acoustic shadow behind the barrier
are obtained for a smaller width of absorbing band when a Y-shaped barrier
is used. ‘

The energetic eriterion is based on the ratio of the reflected wave energy
to the energy of the diffracted waves, for a chosen observation point. This
criterion resolves itself into the choice of a suitable value of the coefficient Bei
given by formula (35).
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Many features of the energetic criterion contrast with those of the spatial
criterion. The spatial criterion accounts qualitatively for the joint action of the
image barriers and the absorbing bands in order to cover with acoustic shadow
as much of the area behind the barrier as possible. This criterion concers points
of observation placed rather distantly from the barrier.

In contrast, the energetic criterion is concerned with one chosen point
near the barrier and represents quantitatively the action of the absorbing
band.

In order to determine the relationship between the required value of the
width of the absorbing band for an assumed value of 7, and for the other para-
meters of the barrier and the room let us make the following simplifying as-
sumptions:

PO NI WX
E POLPW
PXLPC

Fig. 15. Illustration of the ener-
getic criterion for the case of a
e C 0 single reflection &

at first, the discussion will be limited to the case where only one reflection
from the ceiling is taken into account, the floor and other boundaries being
absorbing; :

the acoustic energy of the waves diffracted at both edges of the absorbing
band is the same at the observation point for both paths (Fig. 15);

one half of the width of the absorbing band is replaced by the effective
height of the barrier according to the formula

d,
haey = 5803 (44)
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the angle of diffraction 26 at the edges of the absorbing band is small;
ording to the previously accepted criterion of 30° we can assume 6 ~ 15"
then the approximate relation

tan f S tan 0;
2 =3 3 (45)

~in calculation it will be assumed that (6a) M = 20N, M, = 20N,, which
18 true only for N > 1 and N,> 1. For N, <1 and N < 1 the relations M %
- =20N,+3 and M = 20N +3 should be used (6b).

~ Having accepted these simplifications, we may, by (13), write the following
relation for M,: :

' 20d,siny tan@

M, = 20N, = v ]
a7 20N, * cos?6 (46)
From Fig. 15 we find that
h, d,sin®y ;
thiy ¢ L LLeatiol izl e -
R - e 7 Ty __ S8
‘and thus
' ' © 20dsindy 1 ' g ;
Moo A2H  cos?0 : ‘(48)
From expression (13) we also obtain ;
"~ 20-4htan(p/2
M = 20N = _,_..M {49)

Acos?y

. Substituting expressions (48) (49) and (33) into (35) and taking into account
- that

r
ctg?=§, - (60)
~ we have
5 16phr*tan (¢/2)cos2 B
, g Hdlsinycos®p '’ , - vl
- whence

P 4rcos6_l/ .l / B tan( tp[2 o
°  cosg H n siny )

@
& Further reduction of formula (52) can be made for the fo]lowmg conditions:
H > r (thus siny >~ 1) and ¢ = 6 < 60°; then

X @ 1 1.k
fhipe ool g 2
n 2 > tang ~ e (53)

- and cosf/cosp =~ 1.
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Hence we obtain an approximate formula

i, oo 1/ 2r-gouski

e In e (b4)

Assuming %, = 1 (which means that AIL, = 3 dB) and § =1, we get

2 T
d, ~ 2h]/;. (55)

Comparing this relation with relation (43) for the width d, we see that
their character is contrasting with respect to h and H. This is caused by the
previously mentioned differences in the assumptions of the two criteria.

In the case of the spatial criterion a higher barrier provides a greater region
of shadow against the reflected wave. Hence, the width of the absorbing band
can be smaller.

In the case of the energetic criterion, an increase in the height of the barrier
causes a reduction in the effect of the diffracted wave and thereby makes the
requirements for the reduction of the effect of the reflected waves more rigorous.
This leads to the necessity of increasing the width of the absorbing band.

Similar reasoning can be carried out in order to examine the influence
of the height of the hall. In the case of the spatial criterion an increase in hall
height increases the area of action of the reflected waves for a given barrier
height, thus requiring a larger width of band. However, as the hall height
increases the reflected wave energy decreases and, according to the energetic
criterion, this permits a reduction in the width of the absorbing band.

In both cases an increase in the distance of the source from the barrier
makes an increase in the width of the band necessary. _

The above discussion shows that in practice the spatial eriterion would
be applied for the reduction of the overall noise level in a hall, while the energetic
criterion serves for noise level reduction at a selected working place, not far
behind the barrier.

Substituting relations (51) and (49) into (37) and next into formula (32),
we can calculate the barrier effectiveness in the reflected wave field when
the effect of the waves is limited by means of an absorbing band. For a symmetri-
cal situation of the barrier between the source and the observer we obtain

© 16fhr*tan(p/2)cos® 0
80htan 1 ‘Bd: Hsin ("’i O;SOS
nyCos*yp
1L, = 10log—isiine 104 L 56
i e cosg oud S5 Apricos?0 o
20Hd:siny

In order to account for multiple reflections between the ceiling and the
floor, let us introduce, besides the simplifying assumptions accepted for determin-
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ing the coefficients m, and 7, given for relations (33) and (35), the additional
assumptions:

the angle 0, does not change much for image sources of higher order so
that cos6; does not depend on i;

the effective height corresponding to half of the width of the absorbing
band does not depend on the order of the image source.

Then M, = M, = const and (35) becomes

oM 1 m
T, Z PR
From (29) and (57) and the condition H > r we obtain
it & 2i—1
N My 1
- AT s (H) Eﬁiz Bacl. s
For 100 i=1 s
For higher values of i the ratio g*~'/i*—0. Since.
g1 8 s 1,64, (59)
i i T
we can write
r 2
3 1 H—] . 60
Tos < 328 5= (1+) (H) (60)

Taking into account only the first reflection, a value for #, can be obtained
from expression (35) as '

2M [ r
Na T

2
—] . 61
S H) (61)

Thus the increase of the coefficient #,, caused by the effect of multiple
reflections, is equal to

Mas 1,64(1+4)*
Na B

Putting (62) into formula (37) allows us to evaluate the increase of the
effect of the reflected waves due to multiple reflections. From (62) for g =1
we obtain V%, = 0,39 V7,,, which by virtue of (54) gives an increase in the width
of the absorbing band of a factor of 2.5. In some cases instead of increasing
the width of the band on the ceiling the use of an additional band on the floor
may be preferable. Examination of this case is beyond the scope of the present
paper, although it was tested experimentally.

8§ =

(62)
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When several noise sources are installed in different regions of the room,
the screening of each source can be considered individually using the mirror
method. When a large number of sound sources is installed in the room the

reverberation method is preferable.
/

8. Experimental results for reflected wave field conditions

\

Three series of measurements were carried out:

(a) An investigation of the influence of the width of an absorbing band on
the effectiveness of the barrier when the ceiling was reflecting.

(b) An investigation of the effectiveness of the absorbing bands when
both the ceiling and the floor were reflecting. :

(¢) An investigation of the effectiveness of the Y-type barrier.

(a) Examination of the effect of the band width of the absorbing band
was carried out on a 1:8 scale model.

In model the sound absorbing material was mounted on the ceiling. The
remaining surfaces were absorbing. The width of the absorbing band was chan-

ged from 10 to 140 em.

”-drcr1 s
[a8] j
80 = _-'__. 30
e e s SRR :
< Y e, S SRR S e P
20 i" 20 Jlih s At
,’ b /’__-’
,qr’"—l'[.ra
,,’G - -1
10 10 s 9 2%
P o e E. -»—"ﬁ_,.
i 0 £
g L el T T T d[m] 250 500 1000 2000[}'!2]
Fig. 16. Barrier effectiveness ILg,, versus Fig. 17. Experimental results for IL versus
width of the band frequency :
a) experimental results, b) calculation results a) with a reflecting floor and ceiling and an absorb-

ing band on the ceiling (IL,,), b) in free field condi-
tions (ILg), ¢)floor and ceiling reflecting without an
absorbing band (ILg,)

Measured parameters: height of room H = 80 em, effective height of
barrier h,, = 20 em, distance between source or microphone and the barrier
in a symmetrical arrangement r = 20 em, reflection coefficient of the ceiling
without band g = 1, coefficient of reflection from absorbing band g, = 0.

Measurements were performed at a frequency of 8000 Hz which corresponds
to 1000 Hz in reality. Fig. 16 presents the analytical results according to (56)
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 and the measured results. The results show that the measured values of AILg,
~ (curve a) are somewhat higher than those calculated (curve b).

; The value of the width of the absorbing band (calculated from (55)), at
- which the barrier effectiveness should decrease by 3 dB in relation to anechoic

conditions, is equal to
2-20
d, =2-20 l/— = 28.3 cm.
80

For a -smaller width, namely for d, = 20 em, the experimental results
- show a drop in the AIL,, of the barrier by 3 dB relative to anechoic conditions.
Thus the measured results are better than the analytical ones.

- (b) Measurements were carried out on a 1 : 8 scale model with two reflecting
- surfaces — the ceiling and the floor — on which absorbing bands were placed.
Measuring parameters: H = 80 em, r = 20 em, h,; = 20 cm.

The width of the band d, calculated from (55) for a single reflection from

ILdr'!

log]
12

10 {

Fig. 18. Experimental results for ILg. of a
Y-shaped barrier (curve a) and a straight
barrier (curve b) as functions of frequency

7250 2000 3750 5000 800070000 FiHz]

ceiling, with a single band, was d, = 28,3 em. The tests were carried out for
d, = 30 em. The experimental results were compared with the results for
a free field, with the ceiling and floor totally silenced (curve b) as well as with
~ the results when the absorbing bands were removed, i.e. with totally reflecting
- floor and ceiling surfaces (curve ¢). The results obtained indicate that the per-
formance of the bands is completely satisfactory (Fig. 17).
(¢) Comparative measurements of the effectiveness of ¥-shaped barriers
with the same effective height were carried out as initial measurements for

further investigations.
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Measurements were made in a room with all the walls reflecting. Measuring
parameters: room height H = 2.5 m, effective height of barrier h,, = 34 em,
length of the arms of the Y-barrier I = 20 em. Distance between loudspeaker
or microphone and barrier » = 34 em. Fig. 18 illustrates the results obtained.
They indicate that the properties of the Y-barrier are better than those of
straight barriers and suggest that further investigations in this direction should
be made.

9. Conclusions

(1) From the theoretical analysis and data of diagrams in references,
which have been confirmed by experimental results, it is necessary to introduce
into the formulae for IL; a correction for the sphericity of the waves. This
approximates real conditions but still requires a more detailed study.

(2) Analysis of the curves of 1L, vs. diffraction angle y showed that it is
helpful to introduce a 30° criterion constituting a limiting value for the diffrac-
tion angle below which IL,; decreases rapidly and above which it does not
increase very quickly.

(3) Based on the 30° criterion, the possibility was shown of replacing an
asymmetrical arrangement by a symmetrical one by the introduction of suitable
corrections. These corrections were evaluated, presented in the form of diagrams
and experimentally verified.

(4) Relationships were determined to permit the quantitative determina-
tion of the reduction in the effectiveness of the barrier in a free field, due to
the limited width or insulating properties of the barrier.

(5) Restricting the discussion to individual noise sources in industrial
halls with extended ceilings and in urban areas, the method of image sources
was extended to a mirror method. In this method the image barriers and band-
-barriers are treated as barriers against image sources.

(6) Analysis of the performance of an absorbing band, using the mirror
method, permitted the proposal of a hypothesis to consider the absorbing
band as a barrier against image sources. This hypothesis requires further de-
velopment but it has permitted the presentation of an analytical method
which gives quite good agreement between the analytical and the measured
results.

(7) Based on the analytical method developgd, relationships for the choice
of the width of the absorbing bands were determined according to two different
criteria: a spatial criterion and an energetic criterion. From a practical point
of view these criteria concern respectively:

— the screening of a wide area behind the barrier ignoring energetic
considerations,

— the screening of a certain area of the acoustic field not far behind the




PROPERTIES OF ACOUSTIC BARRIERS 2907

barrier with a given ratio of the energy of the reflected waves to that of waves
diffracted by the barrier.

(8) The theoretical discusion was supported by experiments in real and
model conditions. The experimental results in general gave values somewhat
higher than the analytical ones.

(9) The mirror method developed and used in the paper, despite the intro-
duction of far-reaching simplifying assumptions, permits a good assessment,
comparing graphical and analytical methods, of the conditions restricting
the reflected waves which reduce the effectiveness of a barrier.

(10) The simplified relationships may be used:

(a) in the desing of industrial interiors to determine conditions suitable
for the joint action of barriers together with absorbing bands,

(b) in the design of urban areas by using the criterion of 30°.
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ANALYSIS OF THE INITIAL FRACTION OF BEKESY RECORDINGS IN THE THRE-
SHOLD AUDIOMETRY*

ANTONI JAROSZEWSKI, ANDRZEJ RAKOWSKI

Laboratory of Musical Acoustics, Academy of Music (Warszawa)

Statistical analysis of initial transients in the threshold Békésy tracings,
observed mostly at higher rates of the signal level control (i.e. 10dB/s and
30 dB/s), is given. The transients reach several dB and last about 10 s. Pos-
sible background of psychological nature is discussed.

1. Introduction

The new automatic audiometer [8], since its first application more than
Six years ago in conventional audiometry and psychoacoustical research, has
been recognized as a useful tool, having many advantages over commercially
available Békésy audiometers [1, 7].

. In particular, these are the means used for signal level control, the range
of signal control rates, the possibility of increasing the aceuracy by using various
recording potentiometers to suit the actual demand and, last but not least,
integration of the recording and thus its automatic interpolation.

For the proper interpretation of Békésy tracings obtained using the new
audiometer, the necessity of gathering statistically significant data pertaining
to the normal and (in a limited measure) to pathological hearing was obvious.
Among other factors affecting the results in automatic audiometry, the rate
of signal level control shows a substantial influence on the tracing. In the new
audiometer, the rate of signal level control is ehangeable over a range much
wider than in the commercially available equipment used heretofore, in fact
much wider than could be expected to be necessary.

* This work was supported by the Committee of Acoustics of the Polish Academy
of Seiences.
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The present work is aimed at the normalization of the threshold audiograms
for normal hearing at a rate of signal level control 10 dB/s, i.e. 2 to 3 times
higher than commonly used in Békésy audiometry in its classic form, and at
constant frequencies (disconnected scanning).

2. Apparatas

The audiometer used in the present measurements was set up using standard
Briiel and Kjaer equipment [8, 9, 11] and some relatively simple additional
units designed in the laboratory. A block diagram of the experimental arrange-
ment is presented in Fig. 1.

Fig. 1. Block diagram of the audiometric set-up
«} — oscillator, 4 — band-pass volume control amplifier, M — mixer, H — heterodyne, g — econtrol signal
gemnerator, 'S — control switch, ¥ — low-pass filter, a — amplifier, 7E — threshold equaliser, EE — earphones
equaliser, ) — detection unit, I — integrator, ® — level recorder, E — earphones

The signal level from the oscillator ¢ in this system is automatically control-
led by the band-pass volume control amplifier 4. The control signal from a sep-
arate external generator (7, depending on the position of the (push-button)
control switch activated by the subject (the listener), varies the amplification
factor of the volume control amplifier 4 in such a way that the output signal
level varies, i.e. increases or decreases at a predetermined constant rate.

The test signal is obtained from the mixer M as a result of mixing signals
from the oscillator ¢ and from the heterodyne H. Although the signal amplitude
from the oscillator & is controlled by the volume control amplifier 4, the signal
amplitude from the heterodyne H is constant.

The signal frequency from the oscillator ¢ is 100 kHz and constant, whe-
reas the signal frequency from the heterodyne can be tuned over a range from
100 to 120 kHz, which produces test signals covering the auditory range. The
test signal is obviously a frequency difference signal. Signals of the other fre-
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-

quencies resulting from the mixing are filtered out by the low-pass filter .
Thus the nonlinear distortions which are usually present in the output of simple
volume control amplifier systems are eliminated from the amplitude controlled
test signal. Only the isophonic threshold equaliser T'E and the headphones’
frequency response equaliser BFE for TDH-39 MX-41/AR are used as additional
units. )

The test signal level, kept near the threshold by the subject by successive
reversals of the volume control amplifier action (pushing and releasing the
control push-button switeh), is automatically recorded by the level recorder B
operating on the principle of voltage equilibration, after detection and integra-
tion in the units D and C, respectively.

3. Method and subjects

Threshold signal level tracings obtained using the described audiometric
system show a transient process in their initial fraction, whose general character
may be given by the tracing presented in Fig. 2. Such transients are
observed particularly at higher rates of signal level control, i.e. higher than
commonly used in the present-day automatic audiometry.

LA

0 5

Fig. 2. Initial transient in threshold Békésy tracing
dy — amplitude of the transient, {, — duration of the transient. Rate of signal level control 10 dB/s
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At 1 dB/s the transient is not observed, at 3 dB/s it can be just distingnished
in most cases, but at 10 dB/s it is observed quite clearly. The systematic error
(constant error) due to the reaction time of the subject at a rate of 10 dB/s
should be sufficiently small [6, 10] not to affect the result, and at the same
time the operation of the control switch by the subject is not too tiresome even
over long periods.

The subjects employed were tested in 30 sessions lasting 1 hr each distrib-
uted over a time span of two months. Immediately prior to the measurements
each subject was left in a sound isolated booth for 5 min for them to reach the
stable threshold after separation from sound sources [2, 3, 4].

In each session up to ten or twenty threshold tracings were usually obtained,
each tracing lasting at least 30 s. After each tracing a 5 to 10 min interval was
introduced before starting the next one. The duration of the break between
the tracings was determined individually by the subject within the specified
time limits. The tracings were taken at a constant rate of test signal control,
i.e. 10 dB/s, and constant frequencies 40, 80, 160, 300, 500 Hz and 1, 2, 4, 8,
10, 14 kHz. :

The frequencies of the test signal were changed from one tracing to the
next in a semi-random manner so that the subject did not know which frequency
(or pitch) he would hear when starting a new tracing. In that way about 700
tracings were obtained.

Twelve music students from our Academy served as subjeets in the experi-
ment. They were selected from a group of 24 on the basis of the results of a routine
audiometric screening test. In the group selected, 6 male and 6 female students
aged 20 to 30, no audiologically detectable impairments of hearing were obser-
ved. Most of them, i.e. 5 male and 5 female students had at least 12 months
experience in automatic audiometry, the remaining two had two 1-hour
practice sessions.

Before the experiments each subject had to learn the following instruction:

«Put on the headphones so as to obtain the best possible contact with
the cushions and to have the aperture in front of the ear canal. If the head-
phones do not stay in position properly, adjust the bow spring suitably.

With the headphones on and the control switch depressed yon will hear
a pure tone increasing in intensity. However, you c¢an make the intensity of
this tone decrease if you release the control switch. If you depress the control
switch again, the intensity of the tone will also inerease again. During the
measurement follow these rules: with the control switch depressed listen very
carefully and as soon as you hear the tone release the control switch but only
for so long as is necessary for the tone to fade so that you cannot hear it. As
soon as the tone has faded so that you cannot hear it, depress the control switch
but only until the moment when the tone appears again; then release the control
switch, ete. It is of vital importance for the measurement to keep a rhytmic
sequence of increasing and decreasing the intensity of the tone between the
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Ifmits when you begin to hear the tone and when you are not longer able to
hear it. Never allow the tone to become loud and, on the other hand, never
allow it to disappear for too long. Release the switch when you just hear the
tone and depress it when you just eannot hear it».

To show how much the initial fraction of the threshold tracings is affected
by the rate of signal level control, a series of measurements were performed
with one very experienced subject. These measurements cover the range of
rates of signal level control from 1 dB/s to 30 dB/s. For each rate 50 tracings
were taken using the same experimental procedure. The measurements were
performed at 10 different frequencies in the range from 40 Hz to 10 kHz. As in
the main experiment, the frequencies were set quasi-randomly so that the
subject did not know what pitch he would hear after depressing the control
switch_at the beginning of each tracing.

4. Results

The results of measurements, in the form illustrated in Fig. 2, were further
processed according to the commonly used rules, i.e. interpolated (averaged)
between the extremes of the recorded spikes. In most cases the curve thus
obtained had an exponential character.

Two parameters were used to determine the recorded transients, namely
the amplitude of the transient d, and its duration t,. d, determines in dB the
transient increase of the average test signal level recorded in the initial fraction
of tracing with regard to the average threshold signal level répresenting the
following stable condition, ¢, (in sec) represents the time necesqary to reach
this condition. /

Median values of d, and #, computed for 60 tracings (each point) are pre-
sented as a function of frequency in Figs. 3 and 4. It appears that d, and {,
are almost independent of frequency and, almost over the whole auditory range,
are equal to approximately 6 dB and 9 s, respectively. Vertical lines in the
figures represent interquartiles.

The influence of the rate of signal level control on the threshold tracing
in its initial fraction is determined by the curves presented in Fig. 5. Each
point on the curves represents the median value of the 50 tracings taken from
one subject. The tracings were taken at rates of 1 dB/s, 3 dB/s, 10 dB/s and
30 dB/s for the 10 quasi-randomly changed test signal frequencies in the range
40 Hz to 10 kHz.

5. Discussion

The experimental data presented determine normal transients at the
begining of threshold Békésy tracings, with stimulation starting from below
the threshold, in the frequency range 40 Hz to 14 kHz and at a rate of signal

4 — Archives of Acoustics 4/76
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Fig. 3. Initial transient amplitude d, in threshold Békésy tracings as a function of frequency
at a rate of signal level control 10 dB/s
Frequencies: 40, 80, 160, 300, 500 Hz and 1, 2, 4, 8, 10, 14 kHz. Twelve subjects. Circles are median values and
vertical lines interquartiles of 60 tracings each
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Fig. 4. The duration of the transient f, in threshold Békésy tracing at a rate of signal level
control 10 dB/s. Subjects, frequencies and symbols as in Fig. 3
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level control 10 dB/s. The observed median values of d, and f, are only a lit-
tle lower than those obtained earlier from a group of subjects having no experi-
ence in automatic audiometry and are practically constant in the frequency
range investigated.

These data could lead to the conclusion that, for the detection of a simple
tone of unknown frequency, the intensity of this tone must be about 6 dB
higher than the intensity at which it could be heard after the detection. In
other words, some kind of progressive threshold improvement amounting to
about 6 dB seems to take place. However, such an interpretation would be
possible only with the assumption that over the whole period of the tracing,
the initial fraction included, the tracing produced by the subject represents
his «true» threshold, in other words, the tops of the spikes on the tracings
always correspond to equally loud sound pulses.

For this reason a control experiment was performed in which pairs of
1kHz tone pulses with a triangular envelope (analogy to Békésy spikes)
of 50 to 100 ms duration and with 250 ms separation were presented to each
subject each 3.75 s. The pulses were presented at a level near to the threshold.
The subjects had the means to adjust the intensity level of the first pulse in
a pair 80 as to make them equally loud. The results of this experiment showed
that equal intensity in the successive pulses corresponded to equal loudness.
Thus it seems evident that the transients in Békésy tracings representing
intensity changes cannot be assigned to changes of loudness with time.

It seems probable that the mechanism of the process observed could have
resulted from a very intense «scanning» of the whole range of the threshold phy-
siological noise, so as to immediately react to the stimulus just as it appeared,
but having no information in which region of the frequency scale it can be
expected (subjects were not informed which frequency is to be used in the
successive tracings). This mechanism, however, differs in its nature from that
used after the detection of the stimulus and recognition of its pitch and, sub-
sequently, appearing to the listener in a semi-rhytmic manner which, to some
extent at least, could be predicted (regular spikes in the tracing after reaching
the stable condition).

In order to get a clearer insight into these mechanisms and, particularly
to judge the probability of the «scanning» mechanism suggested, another
control experiment was performed with another very experienced subject.
This experiment used essentially the same procedure as the main experiment
but with two variants, i.e. using semi-randomly varied frequencies unknown
to the subject, and using constant frequencies, so that the pitch of test signal
to appear was well known to the subject.

Median values of the tracings obtained from the same subject (30 tracings
each) for the two variants are presented in Figs. 6 and 7. It ean be seen that
in the case of a known stimulus, the transient amplitude d, is substantially
smaller and, at the same time, #, shorter. This results probably from the «scan-
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ning» being limited to the frequency range proximal to the stimulus frequency,
instead of the «scanning» over the whole auditory range. It seems to
indicate that the underlying mechanism is rather of a psychological than a phy-
siological nature.

The discrepancies between the data presented in Figs. 5, 6 and 7, parti-
cularly with respect to the time scale, result from the fact thatin both cases
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Fig. 6. Transient amplitude d in threshold Békésy tracing. Frequencies changed in the range
40 Hz-12 kHz. Rate of signal level control 10 dB/s. Data from one subject — 30 tracings.
Symbols as in Figs. 3 and 4
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Fig. 7. Transient amplitude d in threshold Békésy tracing at a constant frequency of 1 kHz.
Rate of signal level control 10 dB/s. Data from one subject — 30 tracings.
Symbols as in Fig. 6
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the tracings were taken from one subject only, but that different persons served
as subjects in the two experiments.

Still remaining to be discussed is the transient observed even in the tracings
at known frequencies. The amplitude of this transient at a rate of signal level
control 10 dB/s amounts to about 3 dB. It seems that this transient can be
assigned to the reaction times of the subject.

According to SIEGENTHALER [10] the subject’s reaction time to pure tone
signals at frequencies 250, 1000 and 4000 Hz is of the order of 0.2 s. Thus the
transient amplitude of the order of 3 dB at the rate of signal level control
10 dB/s could well have resulted from this factor. It may also be pointed out
that Siegenthaler’s experiments were carried out at SL 40 dB and it is well
known that near threshold levels the reaction time is substantially greater.

6. Conclusion

Results of this experiment determine the normal initial transients observed
in threshold tracing in automatic andiometry at high rates of test signal level
control.

The observed transients seem to result from the specific conditions of the
experiment, particularly from the experimental procedure used and high raté
of signal control. With regard to the procedure, the presentation of the signals
in a semi-random manner over the frequency scale seems to be of importance.
The occurrence of these transients can be explained by assuming a «scanning»
mechanism in the detection of the test signal embedded in the physiological
noise, and the reaction time of the subject (0.2 8), according to SIEGENTHALER.
The results presented illustrate well the features of the new audiometer,
particularly with respect to the accuracy of the threshold level determination.
This is easily achieved by the use of interchangeable recording potentiometers
of different ranges and the selection of the suitable rate of signal level control.
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THERMAL EFFECTS IN SOFT TISSUES DEVELOPED UNDER THE INFLUENCE OF
FOCUSED ULTRASONIC FIELDS OF SHORT DURATION

LESZEK FILIPCZYNSKI

Institute of Fundamental Technological Research (Warszawa)

Temperature increases in soft tissues developing under the influence of
a concentrated ultrasonic beam, as used in ultrasonography, have been analytically
determined. By solving the heat conductivity equation and subsequent use of
the Laplace transformation, formulae have been obtained (30), (38) which permlt
the caleulation of the approximate value and distribution of the temperature in
the focus of the beam, perpendicular to the direction of propagation, as a func-
tion of time.

In the case of an ultrasonic impulse with a duration of 1 ps, the intensity
of 20 W /em?, in soft tissue with an attenuation of 3 dB/em and simplified shape
of ultrasonic beam (Fig. 2); a maximum temperature inerease equal barely to
3.3-10-%°C has been obtained. The temperature increase calculated for an
ultrasonic impulse of 1 s duration gives a value of the same order as that obtained
by other authors. In the case of an ultrasonic exposure of an intensity of
200 W/em? and a duration of 1s, which corresponds to the threshold from cur-
ves for irreversible changes in the brain published in the literature, a value of
temperature increase in the tissue of 33°C has been obtained.

1. Introduction

In pulse-echo ultrasonography, used for the visualisation of internal organs
of the human body, focused ultrasonic beams are used, the intensity of which,
in the focus, may attain a value of 20 W/em? for the short duration of the
impulse about 1 ps.

In investigations concerning the influence of ultrasounds on biological
structure this value may reach 1000 W/em? [5]. No temperature increases
are observed in tissues ultrasonically irradiated in this manner, because
of the impulse character of radiating fields; the interruption between impulses
is about 1 ms and is thus 1000 times as long as the duration of the pulse.

In such a situation the question arises as to whether, in the course of the
impulse duration, the tissue region confined by the focus is not temporarily



310 L. FILIPCZYNSKI

overheated. This question is important because it is known that even at a tem-
perature of 50°C a permanent damage to the tissues can oceur. For instance,
we can consider the situation that, in the course of the impulse duration, the
temperature has increased by 20°C, but after the longer pause between impulses
it has decreased to the original temperature. The high inertia thermometer
will, however, in this case indicate only a mean temperature increase three
orders of magnitude smaller, and the overheating of the tissues may be not
noticed.

We have, therefore, set ourselves the task of estimating the magnitude
of the temperature effect arising in the soft tissue under the influence of a focu-
sed ultrasonic field of short duration. To simplify the problem we have made
some assumptions which will be dealt with in the sequel.

2. Assumptions

“Two measurements madé of the spatial distribution of the focused ultra-
sonic field used in ultrasonography of the abdominal cavity at a frequency
of 2.5 MHz gave the results shown in Fig. 1. The region of the focus defined
by a 3 dB decrease of acoustic pressure relative to the maximum value can,
with a good approximation, be described by a cylinder 0.25 em in diameter
and 6.2 em in length (Fig. 2). :

We assume that in the focal region thus defined sources of heat are located

with a rate of heat generation per unit volume equal to Q,, cal/s-em? The size
of these sources depends on the intensity of the incident ultrasonic wave as
well as on the absorption properties of the tissue. Another simplifying assum-
ption is that of an even distribution of these sources throughout the whole
focal region. : _

In this situation it is convenient to consider the problem in a cylindrical
coordinate system. By assuming that the focal region under consideration
has a cylindrical shape of infinite lenght the problem is reduced to a two-dimen-
sional one.

In view of the axial symmetry the phenomena considered are solely a fune-
tion of one coordinate, the radius ». Fig. 3 shows the case considered for the
focal region formed in an unlimited biological medium in the shape of an infi-
nite cylinder with the radius R. The temperature of the medium outside the
focus is T,, whereas inside the focus it is 7,. We assume that at the initial
moment ¢ = 0 the temperatures are equal, i.e. T, = T, = 0.

3. Initial equations

The absorption of ultrasonic waves will release heat in the focus, thus
causing a rise of temperature followed by a flow of heat from the focus into the
surrounding biological medium by thermal conduction.
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Fig. 1. Measured and calculated distributions of the focused ultrasonic field produced in
water by the ultrasonograph UG-4 used for diagnostic examination of the abdominal ca-
: vity [2]
a — measured isoecho curves, b — computed (7) and measured (E) intensity distribution along the z-axis of
ultrasonic beam
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Fig. 2. Approximated shape of the focus region of ultrasonic beam in water deseribed by
the 3 dB curve relative to the maximum pressure
 — direction of ultrasonic wave propagation, P — transducer radiating the ultrasonic wave
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Fig. 3. Dotted focal region with temperature T'; in which heat sources with thermal effect (:).,
are evenly distributed, and the surrounding region of the medium, » > R, with temperature T
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Thus the problem will involve solving (with given initial and boundary
conditions) the differential equation of thermal conductivity [8],

-Qg = al2T + —Q"—, (1)
at : 0Cyw
where, generally, T = T'(r, y, ®,t) denotes the temperature a = 1/pc,, i —
coefficient of thermal conduetivity [cal-em™-s7'-°C™'], o — density, ¢, —
specific heat [cal-g~'-°C~'], @, [cal-s~'-em™*];r, y, # — coordinates of the
cylindrical system, and ¢ — time.
The equation, with the assumed rotational symmetry of the problem,
takes the following form in a ecylindrical coordinate system:

or(r,t) _ [9T0,) 10T Q,
B ore r or 00w

Applying to equation (2) the Laplace transformation described by the
formula

(2)

(r, t)] X

LIf(] = [ fyeat, (3)
0 .
we obtain
L dzT "y 1 dT "y .ﬂ
eT(r, 8)—T(r, i = 0) :a[%ﬂ i ;: 8)]+8§c ; (4)

where T is the transform T'(r, 8) = L[T(r,t)].
Let us assume that the initial temperature is equal to zero. Then the other

component of the left-hand side of equation (4) disappears.
Equation (4) is reduced by the substitution of 2 = ir¥s/a in the equation
aT 1 E T — Q.

Eik = : 5
dz2 Z ae - 8% pe,, (%)

The solution of this equation will comprise the general homogeneous:
solution in the form ;

——+T =0 6
dz‘-’+zdz+ 2 (6)

which is a Bessel equation whose solution [6] is

4 s s
T, = AJ, (@ 'l/— r) +A'N, (i ]/— 1‘); (7)
a a

and also a particular solution of the heterogeneous equation whose solution
is the expression
T(Ti t =0) Qu

Ty, = &
k s s2pc,,

(8)
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where J, and N, are, respectively, Bessel and Neuman functions of zero order,

A and A" — constants, and Q,,,/ch is an assumed magnitude.

For r tending to zero (in the middle of the focus) the temperature has
to assume limited values. However, since the function N, tends to infinity
for r—0, the constant 4" = 0. : -

A general form for the solution of equation (4), taking into consideration
the zero initial condition, is the following:

Ti=AJo(@'l/~§-f)+ et ()
a $2p0,,

Beyond the focal region, i.e. for r > R, there are no sources of heat, so

that @, = 0 and equation (4) becomes homogeneous. A general solution of the
homogeneous equation (4) will take the form

T, — BH (z' ]/fi r) + B HP (i ]/i r), (10)
a a
v (i]/f- r)—Je(i]/i r)+iN.,(i]/i 1'), (11)
a a a
HY —J, ('z ]/i r)—z’No (,, ]/i r). (12)
a a
The functions H{" and H{» are Hankel’s functions of the first and second

kind, respectively. The subscript 0 denotes the zero order of the function.
Asymptotic expressions for Hankel functions have [6] the form

where

RS 4011 (40°—12)(40®—32)
HY(2) ~ ]/ — gMe-nli—wnit) | - ‘ T 13
v (@ =) — 11805 21(820) e A
SE 4o —1  (40*—12)(40% —32)
H® (2 _W_]/ 2 gite—mi—vm) | | | 14
S o ) [ YT R ) e A

LY
for |z| > 1, [2| > |v]® as well as —1ix < phase z < ix.
, Phasg 3

If we substitute 2 = i¥Vs/ar in (13) and (14), it can be seen that H{"—0
for r—oo, whereas H{)—>co. Since at distances very remote from the focus
the temperature 7T should tend to zero, it is necessary to assume that B = 0.

Lastly, in the region outside the focus we shall try to solve the homogeneous

equation (4) in the form :
= BTN
Ty = BH},”(z ]/— 'r). (15)
a
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The constants A4 and B which occurin equations (9) and (15) are deter-
mined from two boundary conditions which should be satisfied on the boundary
surface that divides the considered tissue into the focal region and the outer
region.

—
The first condition of the continuity of the heat flux ¢,

"; = — gradT, (16)
takes the form
"y al

et { i
ir r or-¢.— kL (17)

Substituting in (17) the expressions for 7'; from (9) and 7T, from (15) we

obtain
O -l/iR
- B8 : (z a
F- F ol
a

In this relation Bessel and Hankel functions of the first order occur as
a result of the differentiation of the funections of zero order.

The other condition is the equality of temperatures on each side of the
“boundary surface, thus

(18)

T.=7, forr=0R. (19)

Inserting into (19) expressions (9) and (15), we obtain

YT /T

From relations (18) and (20) we determine the constant A, namely

sl H{(iVs|aR) iah
806y Jy(iVs[a R)H{(iVs[aR) —J(iVs]a R)H (iVs/aR)

Now we can finally calculate the transform of the required temperature
T; of the focus from relations (9) and (21) and obtain

e e
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4. The temperature in the focal region of the ultrasonic field

The inverse transform of expression (22) can be determined by virtue
of the theorem of the homology between the transformed function and its
transform [8]:

;i
nfan = 7(5) (23)

From the foregoing it can be concluded that high values of the argument
iVsJaR will correspond to small values of at|R®. Small values of at/R* are the
subject of our interest since the heat conductivity of soft tissues is insignificant.
Furthermore, we are interested in ultrasonic impulse of short duration.

Therefore, when evaluating the inverse transform, we expand expression
(22) into a series by taking advantage of the asymptotic expressions (13) and
(14) for Hankel functions of large arguments, and the following expressions [8]
for Bessel functions:

ez 12 12.32 12.32.52
i g g l - e
N ( e T2 T BIE ) (24)
7. (i2) 4¢” Il 1:3 1-3-5 Jo: AR5 -
Z) = — s e lap=—"00 13
1) = =1~ T18s ~ 2182 ~ ~ 31(82)* 5)

Substituting (13), (14), (24) and (25)7 into (22) we obtain

7 & {l_exp[—u/;%ue—m‘/_?[“ 1 (1 3)+

r Voa \8E ' 3E

+1(9+3_15+](26)
sja \ 1282 = 64RF  128R?] 7 }

Having taken advantage of the relations (see [8])

L—l[ﬂ____. Isfam]] o fintterfo i (27)
8% 2@
! fexpl— l{ﬂa L5 it 8tV atint3erfe = . (28)
l/ 3 oat
32 TS
% i
[-V3]
exp| -1/ — = »
T a
L h = | = 1682 int*erfc ——, (29)
s 2Vat
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where
e o]
erfca =1 —erfa = —i— f e du (29a)
Va o
as well as
00
interfca = f erfeudu, (29b)

we can calculate the inverse transformation of expression (26). As result we
obtain an expression for the temperature T; at focal region (r < £B):

0t { l/ [ (B—7) (B—7) (1 3)
I = 1—— 1}/ — |4 int?erfe + Vat int3erfe + =]+
0Cy 2V at 2Vat R

oo B0 818y,
! (atlnt erfe o e -+ o 35 + ...1. (30)

This formula is not valid for very small values of r, since in this case the
expansion (24) is not valid.

When the heat conductivity of a biological medium tends to zero (a—0),
and the boundary surface (r + R) is neglected, square bracket of expression (29)
disappears, since then we have erfecoo = 0 whence likewise

int"erfcoo = 0. (31)

A similar result is obtained from expression (30) at a finite value of heat
conductivity (a # 0), when the time tends to zero. In this case the tempera.ture

of the medium is ’
* ‘
T;= L (& =0) (32)
0Cy,
and
dTi Q'v
anal CY 0,¢=0).
7 o (a #0, ) (33)

When we substitute the magnitude of Q,, from (37) into (33), we get the
expression quoted by FRrEY [4].

On the boundary surface of the focus (r = R) we obtain from formula
(30) a value of temperature equal to

ol e
T =5 -z V2] (34

In view of the fact that water accounts for 759 of soft tissue content,
we may approximate by assuming such parameters for soft tissue as are encoun-
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tered in water. Thus, we have at a temperature of 30°C the value of the heat
conductivity factor equal to A2 = 0.00038 cal/em.s °C [7]. In this case the
value of the coefficient a is

A

0Cy

6= = 0.00038 cm?[s. (35)

Fig. 4 shows the temperature distribution in the region of the focus, as
evaluated from formula (30), as a funetion of radius r(r < R = 1.25 mm)
for various durations of the impulse ¢ and also with the assumption of @ zero
value of the coefficient a, using expression (32).

To determine the value of the temperature T, in the case of impulse ultra-
sonography considered by us, we calculate the rate of heat generation per unit
volume Q, in the foeal region. Let us consider an infinitesimal focal region in
the form of a cylinder of length Az (Fig. 5). The intensity of a plane ultrasonic
wave I, [W/em?] propagating along the z-axis decreases exponentially accor-
ding to the relation

Iz+d:c a5 Ime_zudx! : : (36)

where a denotes the pressure coefficient of the attenuation of ultrasound.

The quantity @, is defined as the ratio of the amount of heat released per
unit time to the volume of the region A4 Ax

2 Ea:_Ez+A$ Ix_Ix+Az ;
]

Qﬂzk =k

At A Az Az 40

where A denotes the cross-section of the focus, E, — the energy of the pro-
gressive wave, and k = 0.24 cal /W,. :
Substituting (36) into (37) we finally obtain

= (1 =ty 6—21:4::)

Qo= kel 7 = 2kal, for Aw—0. (38)
@

From this it can be seen that the thermal effect of the heat source is de-
pendent on I,. We will thus consider the end of the focal region closest to the
transducer shown in Fig. 2, where the value of the intensity of ultrasound
is assumed to be equal to 20 W/em?2. Assuming an attenuation coefficient in
soft tissues of 3 dB/cm, we have a = (3 dB/crﬁ)(S.ﬁ’Z dB)~! = 0.34 em™". Hence
we obtain the maximum value é,, = 14k W/em? and also Q,,/gcw =
= 3.3°C/s.

For ultrasonic impulses of duration 1 ps we obtain, from formula (32),
a maximum temperature increase in the focus barely equal to T; = 3.3-107° °C.
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Fig. 4. The temperature distribution in the focal region r < 1.25 mm and beyond the focus

r > 1.26 mm computed from formulae (30) and (41) as a function of the radius r at various

durations ¢ of ultrasonic irradiation for ¢ = 0.00038 ¢m?2/s (continuous curve) and for ¢ = 0
(broken curves)
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Fig. 5. The intensity of the wave passing through an element the focal region, with length
Az and cross-sectional area A
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5. The temperature beyond the region of the ultrasonic focus
V4

This temperature is determined on the basis of formula (15) by evaluating
the constant B from expressions (18) and (30). Then we have

e e T e R

The inverse transform of this expression is determined in a similar manner
as before by using series expansions (13), (14), (24), (25) of Bessel and Hankel
functions and relations (27)-(29). Then we have

S R et

9 3 15)

1
- — En 7 4
e (128r2 T ShR  198R: ]’ )
a

whence we obtain the final temperature beyond the region of the focus (r > R)
equal to

gL SR 1788 o
1 —— |/ —|}4 int2erf — + —}Vatint}erfec ——
0 chz 2 1ntelc2_ ¢'+R)I/am erczatf
9 6 15
— — — — | — itterf f i
- +(w TR R2)8 s s “—21/— ] e

It can be easily seen that on the boundary surface of the focal region (r = R)
we obtain from formula (41), as expected, the same value as expressed already
by formula (34).

Fig. 4 also shows the temperature distribution calculated beyond the focal
region (r > R = 1.25 mm) as a function of the radius r for various durations ¢
of the ultrasonie impulse.

6. Conclusions

In the range of impulse ultrasonography, in which the impulse duration
is about 1 ps, the temperature increase of the medium during the pulse duration
is of the order of 107°°C. For an intensity I = 20 W/em? the temperature cal-
culated by us was barely 3.3-107%°C. This increase is entirely negligible.

§ — Archives of Acoustics 4/76
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At the intensities assumed and times of ultrasonic radiation equal to 1 s the
temperature increases can attain a value of 3.3°C, thus at the times of this order
they may cause irreversible changes in the tissues irradiated by the ultrasound.

The temperature increase in the middle of the focus does not depend on
the thermal conduetivity for short duration of ultrasonication (in our case for
t < 5 s, Fig. 4a). The thermal conduectivity then influences only the temperature
distribution in the proximity of the focal boundary.

The temperature distribution in the focus shown in Fig. 4is an approxi-
mated distribution by virtue of the assumed stability of the intensity of ultra-
sound in the focus for 0 <r < R. In reality, because of decreasing intensity
in the focus along the coordinate r, the temperature will decrease for conside-
rably smaller values of » and this decrease will occur more evenly. The distri-
bution can also be modified by heat flow along the x-axis of the focus and this
has not been considered in this paper.

In the case of tissues well supplied with blood one should consider the
additional factor of heat transfer by the blood causing a temperature decrease
of the tissues. This problem was also not considered in this paper.

A number of simplifications assumed in the paper, chiefly in the range
of the field distribution, is not of any great importance in view of the purpose
of the paper, namely the evaluation of the thermal effect encountered in tis-
sues.

The estimates obtained are approximately in agreement with the experi-
mental results obtained in the tissues of mammalian museles by FruyY [3],
where, with the aid of thermocouple probes, a temperature increase of 2.9°C
has been measured at an intensity of 64 W/em? for 1 s _

It is also of interest to compare the results obtained with the threshold
curves for ultrasonic doses causing irreversible structural changes in mammalian
brain [1]. From the curves presented in the cited paper, there is, at a frequency
of 3 MHz, a threshold value at an intensity of 200 W/em? with ultrasonie
impulses of duration 1 s. On the basis of formulae (32) and (38) we would then
obtain a temperature increase in the focus of 33°C, a temperature that would
doubtless cause damage to the tissues.

References

[1] F. Duxn, J. E. Loexgs, F. J. FrY, Frequency dependence of threshold ulirasonie
dosages for irreversible structural changes in mammalian brain, JASA, 58, 2, 512-514 (1975).

[2] L. FiLipczyXskr, G. Lypacewicz, J. SALKOWSKI, Intensity determination of focused
ultrasonic beams by means of electrodynamic and capacitance methods, Proe. Vibration Problems,
15, 4, 297-3056 (1974).

[3] W. J. Fry, R. B. FrY, Temperature changes produced in tissue dwmg ultmsomc
radiation, JASA, 25, 6-11 (1953).

[4] W. J. FrY, R. B. FrY, Determination of absolute sound levels and acoustic absorptmn
coefficients by thermocouple probes. Theory, JASA, 26, 3, 294-310 (1954).



THERMAL EFFECTS IN SOFT TISSUES 321

[6] R. C. HiLL, G. P. Josur, 8. H. REVELL, A search for chromosome damage followin,
exposure of Chinese hamster cells to high intensity pulsed wltrasound, British Journ. of Radiology,
45, 333 (1972).

[6] N. W. McLACHLAN, Bessel funclions for engineers [in Polish], PWN, Warszawa
64.

[7] Physico-chemical handbook [in Polish], WNT, Warszawa 1974.
[8] H. Taurz, Warmeleitung wnd Temperalurausgleich, Akademie-Verlag, Berlin 1971.
|

Received on 28th November 1975



ARCHIVES OF ACOUSTICS
1, 4, 323-335 (1976)

THE RELATION OF THE SPECIFIC ACOUSTIC IMPEDANCE OF LIQUIDS AND THE
SURFACE TENSION

BOGDAN NIEMCZEWSKI

Tele- and Radio Research Institute (Warszawa)

Theorems for the dependence of the specific acoustic impedance (ge) of organie
liquids on the surface tension (o) are proposed and substantiated. It was found that
for a given liquid the quotient N = ge/o is constant at\different temperatures.
For liquids with similar chemical structure N = ge/d a const.

Formulae for the sound propagation velocity and its temperature coeffi-
cient which permit the evaluation of the said parameters from the density and
surface tension of a liquid are given. An analysis of the accuracy of the values of
sound velocities has been made and the temperature coefficients Ae/At, caleu-
lated for ten liquids, have been compared with the coefficients obtained by
experiment. A reversal of the relationship for N permits calculation of the sur-
face tension with an accuracy that is sufficient for practical purposes.

It has long been known that there exists an intimate relationship between
the sound velocity in a liquid and the surface tension of this liquid, and at-
tempts have been made to express this relationship in a mathematical form.
K. ALTENBURG has calculated the velocity of elastic waves in a liquid to be

equal to
6. 024 1.0
¢ = 5.663Vo ]/ . X
01— @y

where o denotes the surface tension in dynes/cm, g, — the liquid density in
g/em?® g, — the density of gas adjoining the liquid in g/cm?, and M. — the
molecular weight of the liquid.

Calculations made using this formula are, however, arduous, and the results
are not always confirmed by experiment.

On the other hand, there is no information in the literature on attempts
to relate the surface tension with the acoustic impedance although the esta-
blishment of such a dependence seems obvious. This problem, particularly
for organic liquids, has been the subject of the investigations which are Tepor-
ted in the sequel.



324 B. NIEMCZEWSKI

On the basis of calculations made for over one hundred organic liquids
(the initial data and the results for some of these liquids are given in the sub-
sequent tables) we have come to the following coneclusions:

1. The quotient of the specifics acoustic impedance (p¢) and the surface
tension (¢) for a given organic liquid have a constant value which is in-
dependent of temperature, i.e. p¢/e = const.

2. The quotient of the specific acoustic impedance and the surface tension
for organic liquids of similar chemical structure, which do not contain in their
molecules atoms other than C, H, O and N, are approximately constant, i.e.
ocje ~ const.

3. The quotient of the specific acoustic impedance and the surface tension
for organic liquids, which contain in their molecules, in addition to atoms of C
and, eventually, H, O and N, other atoms but of the same element for all of these
liguids, are functions of the weight content of this element in the molecule, i.e.

oc nm

gk (E)
where n denotes the number of atoms of the element other than C, H, O and N
in the molecule, m the atomic weight of this element, and M the molecular
weight of the liquid.

Denoting by the letter N the wvalue of the expression pe¢/o, in which
we will substitute values of ¢ in m/s (for the sake of simplicity), ¢ in g/em?
and ¢ in dynes/em, we obtain:

N a 38.5 for unbranched chain hydrocarbons (Table 1),

N ~ 39.6 for ketones,

N =~ 40.0 for cyclic substances and branched chain hydrocarbons (Tabl 2),

N a 40.7 for unbranched alcohols,

N ~ 42.7 for branched alcohols,

N ~ 42.9 for unbranched carboxylic acids,

N ~ 43.7 for esters (Table 3).

The presence of trivalent nitrogen or unsaturated bonds in a chain or
ring in a liquid molecule in most cases reduces the numerical value N, while
the presence of more than two atoms of oxygen in the molecule increases it.

The value of N for organic liquids, that contain in their molecules atoms
of elements other than C, H, O and N, increases exponentially with the weight
content of this element in the molecule. This is shown in Tables 4 and 5 and
in Fig. 1. The constancy of the numerical value of N with changing temperature
has been proved in a sample of twelve organic liquids in Fig. 2. Small and in-
gsignificant differences are probably caused by insufficient accuracy of values
of parameters taken from the tables.

The values of the parameter N at various temperatures for water have
also been calculated. The results are shown in Fig. 2. It was found that within
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a range from 0 to 100°C the value of N for water increases from 18.55 to
25.13.

Liquid gases H,, O, and N, exhibit a similar dependence of N on the
temperature. Lack of sufficient data does not permit the investigation of this
problem in as many cases as would be needed to draw universal conclusions
about the function N = f(¢) for inorganie liquids. However, it does not seem
that all of them should behave in a similar manner to water and the liquid gases.
For example, Table 6 gives the results of
a calculation made for mercury. Within
the temperature range from 0 to 200°C, 84 .
the value of N for mercury is perfectly

N A

: 82 | n-J
constant (the deviation from the mean .| =%
does not exceed 0.08 %). At temperatures- 78 L A=l

no lower than about 250°C N shows a 76
gradual which rise in the proximity of the .,
boiling point (357°C) reaches about 5 9%. wl
However, it is not clear if there is a real .|
deviation of the value of N from a constant 68
value or whether the values of sound velo-

city used for the calculation were already gi:
overstated. They were calculated on the ba- sob
sis of the coefficient do/At = 0.464 m/s-deg, . |
cited after HuUBBARD and Loomis by sk
SOHAAFFS, and measured in the tempera- s
ture range from 0 to 70°C. The extrapola- sl
tion for the value of ¢ above 200°C is thus 52k
risky. sol :
The rules presented in this paper -l ;
provide a simple method to evaluate %l
4}
42}
Fig. 1. N as a function of the percentage content e n’;'m - 100%
of Br, Cl and J in molecules of organic liquids 70 20 30 40 50 6070 85 90 0"

any of the parameters involved in the formula g¢ = No from the other parame-
ters, if they are known for a given temperature. Furthermore, this relation
can be useful in investigating the properties of various organic liquids, and
also permits a new look at the essence of the acoustic impedance of a liquid.
On the basis of the relations presented we may write, at a temperature {°0O,

the equality . :
¢="2, | M

0 :
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Fig. 2. N as a function of temperature for 12 organic liguids, mercury and water

where ¢ is the sound velocity for a given organic liquid at a temperature ¢°C
in m/s, ¢ — the surface tension in dynes/em at temperature t°C, o — the density
of liquid in g/em? at a temperature ¢°C.

The values of ¢ at 20°C for 70 organic liquids have been calculated accor-
ding to this formula. The magnitudes of the surface tension and density have
been taken from [1, 2, 3] while the values of the parameter N, substituted in
the formula, were equal to the figures given above. The results obtained have
been compared with sound velocities as stated in a standard reference book [4].
The differences between the calculated and measured values of ¢ as follows:

Difference m/s 0-10 11-20 21-30 31-40 41-50 over 50
Number
of liquids 36 17 9 5 2 1
% 51.4 24.3 12.9 T.1 2.9 1.4
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The mean difference of the calculated and measured sound velocities for
seventy organic liquids is 15 m/s and this corresponds to 1-29%, of the mean
sound velocity of these liquids.

The formula for the temperature coefficient Adc/A¢ of the sound velocity
can be derived by simple transformations of formula (1) for the sound velocity.

For temperatures ¢, and t,:

¢,

Ng,
€1

and

02:

No,

92.

Table 1. N for unbranched paraffin hydrt;ca.rbona (at 20°C)

c

a

\ e
Hydrocarbon [m/s] [g/em3] |[dynes/cm] N

C;Hys
n-pentane 1030 0.626 16.63 38.77
CgHyy
n-hexane 1083 0.659 18.41 38.77
CyHyg
n-heptane 1154 0.684 20.29 38.90
CsHyq
n-octane 1192 0.702 21.78 _ 38.42
CoHyg
n-nonane 1234 0.718 22.96 38.59
CyoHas
n-decane 1255 0.731 23.89 38.40
CyoHyg 4
n-dodecane 1300 0.750 25.48 38.26
CiyHy g
n-tetradecane 1331 0.763 26.66 38.09
CieHagy
n-hexadecane 1363 0.776 27.64 38.27

Mean N: 38.50+0.4 (0.4 ~ 1.0%)

Subtracting both sides of these formulae we obtain

€;— 04 = N(

0,

&

0y

Q2

)
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Table 2. N of branched hydrocarbons and cyclic substances (at 20°C)

Substance i e - N
[m/s] [g/em?] | [dynes/em]
1 iy 3 4 5
CeHyo . 1305 0.811 26.55 39.9
cyclohexane
CeHyp 1277 0.779 24.95 39.9
eyclohexane
CeHg 1324 0.879 28.87 40.3
benzene
CyHy 1328 0.867 28.53 40.4
toluene ;
CgHyg 1343 0.864 28.9 40.1
m-xylene
CgHyo 1334 0.861 28.37 40.5
p-xylene
CgH,yo 1364 0.880 30.03 40.0
o-xylene
CgHyy 1338 0.868 29.2 39.8
ethylobenzene ;
CoHya 1342 0.878 29.10 40.5
proplylobenzene
CoHyy 1372 0.894 31.27 39.2
1,2,3-trimethylobenzene
CyoHy, 1351 0.862 29.38 39.6
butylobenzene ; . .
CFH5N02 1475 1.206 43.9 40.5
nitrobenzene
CeH,N 659 1.022 42.9 5
anilino~ ; : ' =
C,H,N
1594 0.989 38.3 41.2
m-toluidine
C,H,N
1618 0.999 40.8 30.6
¢-toluidine
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Table 2, ctd.

1 2 3 4 5
CHN - 1586 0.984 39.6 39.4
methylaniline
C,H,NO, 1473 1.163 41.67 41.1
o-nitrotoluene
CHuyN 1509 0.956 36.6 39.4
dimethylaniline -
CsHyy N 1400 0.860 30.64 39.3
piperidine
CoH,N 1600 1.098 45 39.0
chinoline
CeHyN 1143 0.730 20.9 39.9
triethylamine
CyoHyg 1403 0.873 29.89 41.0
trans-decaline
CooHis 1451 0.895 32.18 40.3
cis-decaline
CroHyp 1484 0.969 36.2 39.7
tetraline
CoHye 1101.5 0.6901 18.86 40.3
2,2,3-trimethylbutane
CrHye 1135.5 0.687 19.56 39.9
3-methylhexane
CrHyg 1120 0.6789 19.21 39.6
2-methylhexane
CaHyg 1083.5 0.6745 18.12 40.3
2,4-dimethylpentane
CpHyg 1148.5 0.6942 19.82 40.2
2,3-dimethylpentane
CyHyg 1169.5 0.6982 20.46 39.9
3-ethylpentane
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Table 3. N of esters (at 20°C)

¢ E e o :
Ester e [g/em®] |[dynes/em] N

C3HgOy

ethyl formate 1160 0.917 23.84 "44.6

CaHgOp

methyl acetate 1182 0.934 24.49 45.1

CyHgO, s

propyl formate 1192 0.906 24.5 44.1

CyHgOy

ethyl acetate 1177 0.9005 23.9 44.3

CsH 104

propyl acetate 1198 0.887 24.3 43.7

CgHy0, .

ethyl propionate 1183 0.890 24.27 43.4

CeHy30,

ethyl butyrate 1197 0.879 24.58 42.8

CgHy0,

methyl benzoate 1472 1.088 37.6 42.6
..,anmOa

ethyl benzoate 1463 1.047 35.5 43.1

Table 4. N of organie liquids containing bromine in the molecule (m = 79.9) at 20°C

% by ¢ e a
weight [m/s] | [g/em?®] |[dynesfem]

Substance of bromine N

N in the
molecule

CHBry
bromoform 94.8 931 2.890 31.68 84.9
C,H,Br,
1,1,2,2-tetrabromethane 92.5 1041 2.967 49.6 62.3
C,H,Br,
ethylene bromide 85.1 1009 2.178 38.37 57.3
C,H;Br
ethyl bromide 73.3 900 1.461 24.15 54.4
C,HyBr
n-butyl bromide 58.3 1019 1.274 26.33 49.3
CgH;Br
bromobenzene 50.9 1170 1.495 36.5 47.9
CgH,,Br
n-octyl bromide 41.4 1182 1.166 28.89 47.7
CyoH,Br
bromonaphthalene 38.6 1372 1.487 44.64 45.7
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Table 5. N of organic liquids containing chlorine in the molecule (m = 35.4) at 20°C

% by ,
weight ¢ o a
Substance of chlorine | [m/s] | [g/em?] | [dynes/em]| N

in the

molecule
CCl,
carbon tetrachloride 92.2 938 1.594 356.68 58.2
CHCl,
chloroform 89.1 1001 1.487 27.1 54.9
C,HCIL,
pentachloroethane 87.6 1113 1.672 34.6 53.8
CyCl,
tetrachloroethylene 85.5 1063%) | 1.618%) 32.32 53.2
C,H,Cl, !
tetrachloroethane 84.5 1170 1.595 35.2 53.0
CH,CI,
methylene chloride 83.5 1093 1.318 217.1 53.1
C,HCl,
trichloroethylene 810 1055%) | 1.464%) 29.5 52.4
CoH,Cly
1,1,1-trichloroethane 79.7 992%) | 1.333%) 25.56 51.7
C,H,Cl,
1,2-dichloroethane 71.56 1216 1.282 32.23 47.2
C,HCl, "
1,2-dichloropropane 62.8 1162 1.155 28.65 46.8
CyH,Cl
1-chloropropane 45.1 1091 0.890 22.0 44.1
C,H,Cl
chlorobutane 38.3 1140 0.885 " 23.66 42.6
CeH;Cl1
chlorobenzene 31.5 1289 1.104 33.2 42.9

*) according to measurements made by the author
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Table 6. N as function of temperature for mercury

°ocy ¢ ) it o N
[m/s] [g/em3] | [dynes/em]

0 1460.2 13.5955 479.5 41.40
10 1455.6 13.5708 477 41.41
20 1451.0 13.5462 475 41.38
25 1448.7 13.5340 473.5 41.41
30 1446.4 13.5212 472.5 41.39
40 1441.7 13.4967 470 41.40
50 1437.1 13.4729 467.5 41.42

100 " 1413.9 13.3522 456 41.40
150 1390.7 13.232 444 41.44
200 1367.5 13.1148 433 41.42
250 1344.3 12.994 416 41.99
300 1321.1 12.8806 400 42.54
350 1297.9 12.757 381 43.46

|

If both sides of this equation are divided by At = t,—1t,, we obtain a for-

mula from which A¢/At can be evaluated without any information about the
o und velocity of a given liquid:

Ae N (a1 0'2)

01 @2

AL

It is a common practice to quote the sound velocity in a given liquid at
a certain temperature (most tables state values at 20°C). Thus only the coef-
ficient Ade¢/At is unknown, and different sources state different values. Substi-
tuting the value of N = ¢,p0,/0, into formula (2), we get

ﬁ e (1_9102). (3)
At t,—1, 0207

Calculations have been made using formulae (2) and (3) for 10 typical
organic liquids. The results of these caleulations, and also the measured values
of Ae/At compiled -by SCHAAFFS are given in Table 7.

On the basis of the analysis of the data contained in Table 7 and other
data, not cited in this paper, it can be concluded that using the quoted formulae
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it is possible to calculate, with good accuracy, the temperature coefficient of
sound velocity in organic liquids, provided that:

— the numerical values from which the coefficient Aec/At is evaluated
must be extremely accurate (the accuracy of the surface tension in particular
should be at least 0.01 dynes/cm),

— the temperature range At is ag wide as possible.

Table 7. Comparison of caleulated and measured values of Ae/At for 10 organie liquids

Data used for caleulations AejAt Ao| At
Liquid [m/s- deg] ¢ [m/s - deg]
11°C]| ofgfem®] |o[dynesfem]| ¢[m/s] caleulated meagured
1 i Foroai e 100 6 | 7
Hexane 20 | 0.6594 18.41 1083 4.74 4.43)
C.Hi; 60 | 0.6221 14.33 - 4.72
Heptane 20 | 0.68276 20.29 1154 4.33 4.09°
C.Hyg 90 | 0.6236 13.64 — 4.29 4.143°
Octane 20 | 0.7022 21.78 1192 4.04 3.95100
CiHp 120 | 0.6168 12.64 4,223
Benzene 20 | 0.8790 28.87 1324 4.55 4.48%)
CeH, 80 | 0.8145 21.24 - 4.51 4.6079
4.7839
Toluene 20 | 0.8669 28.53 1328 4.24 4.3030
CgHCH,4 4 4.30,,
o-xylene 20 | 0.8801 30.03 1364 3.81 3.8010°
CH 4(CHy), 100 | 0.8029 21.27 - 3.81
Methanol 20 | 0.7915 22.55 1123 3.08 3.2388
CH,0C 50 | 0.7650 20.0 - 3.18 3.26%0
3.26°
8.3%
Ethanol 20 | 0.7894 22.55 | 1159 3.37 3.1533
C,H,0H 50 | 0.76315 19.9 - 3.38 3.1670
3.4}
3.503°
Methyl acetate 20 | 0.9338 24.49 1182 4.92 4.633
CH,C00.CH; 30 | 0.92065 23.14 - 4.77 4.7353
Ethyl acetate 20 | 0.9005 23.9 11717 4.65 4.5%
CH,C00.C,H, 50 | 0.8635 20.2 - 4.58 4.8830

1y the upper value has been calculated from formula (3), the lower value — from for-

/ mula (2).
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Table 8. Comparison of calculated and measured values of surface tension
at various temperatures for fifteen organic liquids
s -flj_:' [m/s-deg] 3 o ]
Liquid - measured | calculated
“SedI:;:;:’lcu' €l [dynes/em] | [dynes/em]
1 2 N R R T MRk

Hexane 4.4 60 14.33 14.556 .

CeH

I;epl:ane 4.143° 90 13.64 13.86

C,H

Olt;:e 3.9510 120 12.64 12.79

CH

BZn;:ne 4.6079 80 21.24 21.17

C.H

T:)h:ene 4.303° 40 26.13 26.10

CgH,-CH

. ?;zlcgl_?éi : 3.80300 100 21.27 21.29 :

]!;et;lanol = 3.2530 50 20.0 1990

CH,0H

Etl:a.nol ‘ 3.5030 50 19.9 19.82

C,H,0H

I\I:t:ayl acetate 4.7330 30 23.14 23.18

CH4CO00-CH

Eﬂjyl aceta.t: l4.88§3 50 20.2 20.07

CH3C00-C,Hj

Carbon tetrachloride 3.305° 100 16.48 16.60

£,

Chlorobenzene 3.90¢ 50 29.6 29.38 |

CgH,Cl |

Deicljloropropa.ne 3.80§° 60 23.8 23.80 |

CyH,Cl, ’

Tj'ic:ﬂoroethylene 8.658 60 24.4 24.36

C,HCI

Tzetraczlloroethylene 230 60 26.9 26.99

C,Cl,

Note. In the two last items de/4é according to the author’s measurements
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Attention should be drawn to the rather frequently occurring discrepancies
in the numerical data for the surface tension from different sources. It would
appear that formulae presented here can be used for the verification of these
data. Furthermore, it is possible to caleulate the surface tension of organic
liquids for cases where the value of ¢ for a given temperature is unknown.
For this purpose suitable transformations of formulae (1) and (3) are used:

o=2, (4)

Ac 1y —1
0,02 Y C by 1). (3)

0y —
; 91( At e

The values obtained with the aid of these formulae do not in most cases
differ by more than 0.3 dynes/em from measured values of the surface tension.
For practical purposes this accuracy is quite satisfactory. In Table 8 the results
of calculations according to formula (5) are compared with values of the sur-
face tension obtained by the direct measurement.

References

[1] J. A. TrEGHIER, I. F. PiMiENOV, J. A. GoLFanDp, Handbook on physico-chemical
properties of aliphatic chlorine bonds C;-0s [in Russian], Khimiia, Leningrad 1973.

[2] Physico-chemical handbook [in Polish], WNT, Warszawa 1974.

[3] Ohemist’s handbook [in Russian], vol. I and II, Goschimizdat, Leningrad-Moscow
1962 and 1963.

[4] W. ScHaAArFs, Atomic and molecular physics, Volume 5: Molecular Acoustics,
Landolt-Bornstein new series. Group II. Springer Verlag, Berlin-Heidelberg-New York
1967.

Received 4th February 1976

8 — Archives of Acoustics 4/76



IND SYMPOSIUM ON THE APPLICATION OF VIBRATION AND NOISE IN THE DIA-
GNOSTIC INVESTIGATION OF MACHINES

Porgbka near Zywiec, March 22-27, 1976

The promotor of the Symposium was the Institute of Transport and Communications
of Silesian Technical University in Katowice. Professor Ludwik MiLLer was responsible
for the scientifie programme. 13 lectures were delivered and discussed by the following
seientific centres: the Academy of Mining and Metallurgy, the Agricnltural Academy in
Lublin, the Technical Institute of the Air Foree, the Institute of Motor Transport, the R & D
Centre of the Katowice Metallurgical Plant, the R & D section of Zygmunt Mefallurgieal
Plant, R ‘& D section of a Small Capacity Car Factory, Silesian Technieal University, Swigto-
krzyski Technical University, Poznan Technical University, Warsaw Technical University,
the Naval College, the Engineering College in Zielona Gora, the Military College of Armour
and Automotive Engineering, the Higher Officer Automotive College, and Agromet in
Poznan.

The symposium was greatly appreciated by the participants. During the main debate
it was suggested that the Institute of Transport and Communications of the Silesian Technical
Vniversity should organize scientific meetings devoted to the problems discussed.

Jozef Praybylski (Katowice)

SIGNING OF AN AGREEMENT ON SCIENTIFIC COOPERATION BETWEEN THE POLISH
ACOUSTICAL SOCIETY (PTA) AND THE GROUPEMENT DES ACOUSTICIENS DE
LANGUE FRANCAISE (GALF)

On March 3rd, 1976, an agreement on seientific cooperation was signed befween the
Polish Acoustical Society (PTA) and the Groupement des Aeouslmivns de Langue Francaize
(GALT). The ceremony took place in Warsaw in the Palace of Culture and Science. The
authorities of the Polish Academy of Sciences were represented by Prof. Maciej \Tu £OZ,
Secretary of Division IV of the Polish Academy of Sciences (PAN).

Also the members of the Presidium of the Main Board of the PTA and the Presidium
of the Acoustics Committee on Acoustics of PAN and representatives of the Foreign Co
operation Bureau of the PAN and of the French Embassy in Warsaw were present. )

After a short welcome and address by Prof. Narrcz, the official signing of the agreement
took place. The agreement was signed on behalf of the Polish Acoustical Society by Halina
RyrrERT, President of the Society, and on behalf of the Groupement des Acousticiens de
Langue Francaise, by Paul Fraxco1s, President of GALY. The signatories to the agreement
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then delivered speeches. Both speeches included elements evidencing the dévelopment of
existing contacts, as well as the possibility of concrete cooperation between the societies.
To a great extent the promotor of the formalization of this cooperation was Leonid Prmoxov,
the former President of GALF who, three yvears ago, suggested the need for an advisability
of signing a formal agreement between our societies. Mr. Panl Fraxco1s was the continuator
of this idea and as a result of this consistent cooperation with the President of PTA the final
text of the agreement was been formulated to the satisfaction of both societies and, finally,
led to the signing of the agreement.

The letter from the Main Board of PTA was handed to the wife of Leonid PiMoxov,
Mrs. Eugene Pimoxov, with thanks for the initiative and assistance in establishing the

cooperation.

GREAT MEDAL OF GALF FOR PROFESSOR HALINA RYFFERT

On February 28th, 1976, the President of GALF — Paul Frangors, presented a great
medal of GALF to Halina RYFFERT, the President of the Polish Acoustical Society. Such
medals are awarded every year to two persons, one living outside French territory, for special
merits in the encouragement of seientifie cooperation with Franee in the field of acoustics.

The ceremony took place during the eonclusion of the scientifie session on the oceasion
of the 20th anniversary of Chair of Acousties at A. Mickiewicz University in Poznan.

Paul Francoig is presenting a great medal of GALT to Halina Ryffert

Presidyent of GALF -

A= o 1t 5
\ 5, A i
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