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(&) ABSTRACT

A device for silencing a flow includes at least one acoustic
chamber through-flowed by gas, e.g., exhaust gas, at least
one inlet pipe and at least one pipe or passage interconnect-
ing two chambers or a chamber and an exterior environment
or chamber and is designed with such cross-sectional area
transitions, between passages and the chambers that the
sound attenuation achieved by the device is high while the
pressure drop across the silencer is low and that high
attenuation at low characteristic frequencies of flow systems
are obtained. The device may contain at least one of
diffusers, monolithic bodies and catalysts. The passages may
be curved or helical so as to allow for a low natural
frequency. Embodiments with resonance chambers attenu-
ating at selected frequencies are disclosed. A method for
operating a vehicle including a combustion engine and a
silencing system is disclosed. The engine may be a spark
ignited combustion engine or a gas turbine engine, and the
method may include controlling at least one of fuel injection,
excess air ration and spark timing, or adjusting vane guides
in a turbine or a turbo charger.
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SILENCER AND A METHOD OF
OPERATING A VEHICLE

This application is a Continuation of PCT International
Application No. PCT/DK99/00192 filed on Mar. 30, 1999
and a Continuation-in-Part of U.S. Ser. No. 09/147,883 filed
May 24, 1999, now U.S. Pat. No. 6,332,510 which is a
Continuation of PCT. International Application No. PCT/
DK97/00417 filed Sep. 30, 1997 both of which International
Applications designated the United States and on which
priority is under 35 U.S.C. §120, the entire contents of all of
these applications are hereby incorporated by reference.

The present invention relates to devices for silencing a
flow of gas such as exhaust gasses originating from a
combustion device, a method for silencing such a flow, a
vehicle comprising one or more such devices and a station-
ary power generating installation comprising one or more
such devices. The invention also relates to a system com-
prising an engine and a silencer, as well as a method for
operating such a system, in which method the combination
of an efficient sound attenuation and a low back pressure is
used to achieve hitherto unattainable advantages with
respect to engine performance and economy.

While a number of silencer designs are known, most of
these are not particularly beneficial with respect to flow
dynamic properties. As a result of intensive studies of the
flow dynamic behaviour and requirements of silencer
systems, the invention provides both basic physical prin-
ciples to be complied with by silencer designs in order to
obtain hitherto unattainable combinations of effective noise
damping, low back pressure (pressure drop across the
silencer device) and small size—and specific novel
mechanical design features, such as physical conformations
of the passages or bodies involved in the flow path—which
co-operate with a suitable overall design to provide superior
combinations of performance results.

It is well known within the art to silence a flow of gas by
directing the flow into an inlet passage to a container,
through one or more chambers in said container intercom-
municating by means of passages, through a diffuser asso-
ciated with one of said passages and into an outlet passage
from said container.

In the case of tailor-made solutions for one-off installa-
tions or very small production series, application of the
traditional method has not been able to provide optimal
solutions except in exceptional cases where the element of
luck has been a factor. This is due to the fact that the
economical and practical possibilities for carrying out
experiments and consequent design and/or dimensioning
modifications and changes are not at hand.

Furthermore, the large number of parameters and con-
siderations having implications for the sound attenuation in
a silencing device have in the past prevented those skilled in
the art from designing and dimensioning such a device
simply and reliably in such a manner that a desired sound
attenuation with an acceptable loss of pressure through the
device and acceptable overall dimension were consistently
achieved.

One aspect of the present invention, to be discussed in
greater detail in the following, relates to a device having a
curved passage for interconnecting an acoustic chamber
with another acoustic chamber or with an exterior volume.
A number of devices having curved passages are known.
Thus, U.S. Pat. No. 4,317,502, U.S. Pat. No. 4,635,753, DE
463 156, DE 467 515, DE 570 630, DE 614 930, U.S. Pat.
No. 4,579,195, U.S. Pat. No. 3,692,142, DE 26 12 421, DE
27 15 053, U.S. Pat. No. 4,126,205, CH 313 645, U.S. Pat.
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No. 4,046,219, DE 736 635, SU 165 634, DE 557 140 and
DE 469 259 disclose various types of devices having one or
more curved passages.

It is characteristic of the devices according to the present
invention that they are based on design principles which are
aimed at obtaining desired sound attenuation characteristics
and at the same time low or very low back pressures. The
design principles involve observing certain general physical/
mathematical principles in connection with the particular
given parameters relating to at least space constraints and
the design, the design including of one or more passages
leading the flow into and/or out of one or more chambers of
the device, as well as one or more diffusers diffusing at least
a part of the gas flow through one or more of the passages.
Important parameters in this regard are the number and
extent of changes of geometric configuration and arrange-
ment and the relative dimensions of one ore more chambers
and the passage or passages connecting the chambers or
connecting chambers with an exterior volume. as well as the
number of changes of cross-sectional are of the gas flow and
the values of the individual changes in cross-sectional area.
Hereby, very interesting silencer designs have been obtained
which combine small size with effective sound attenuation
and low back pressure.

One aspect of the invention relates to a device for
silencing a gas flow directed therethrough and being adapted
for installation in a flow system, said device comprising:

a casing,
at least one acoustic chamber and contained in the casing,
said chamber being through-flowed by gas,
at least one inlet pipe for leading gas into one of said at
least one acoustic chamber,
at least one passage of a length L and of a representative
cross-sectional area a for leading gas from each one of
the at least one acoustic chamber to another of the at
least one acoustic chamber or to an exterior environ-
ment or an exterior chamber,
optionally one or more monolithic bodies comprised in
each of one or more of said at least one acoustic
chamber,
said device showing at least two through-flowed transitions
of cross-sectional area for the flow of the gas between a
relatively lower cross-sectional area a, and a relatively
higher cross-sectional area A,,
the device fulfilling the following criteria:
(i) the average sound attenuation AdB conferred by each
transition of cross-sectional area, approximated by the
following expression:

I G Ai (6]
AdB = Ek;logwa—i,

n being the total number of transitions of cross-
sectional area of the device, A; being the relatively
higher cross-sectional area at the i'th transition of
cross-sectional area of the gas flow, a, being the
relatively lower cross-sectional area at the i'th
change of cross-sectional area of the gas flow, k
being a constant of the value 6.25 dB,
is at least
8.0 dB when the device comprises no more than two
acoustic chambers,

6.0 dB when the device comprises three acoustic
chambers,

5.0 dB when the device comprises 4 or more acoustic
chambers,
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(ii) the pressure loss across each acoustic chamber
expressed as the dimensionless parameter /', defined as
the ratio between the static pressure loss over the
chamber and the dynamic pressure at a location in said

passage:
,_ Ap; 2)
g_/' = 1 L B
3P

Ap; being the static pressure loss over the j'th chamber,
exclusive of the static pressure loss over a monolith
optionally comprised in the j'th chamber, p being the
density of the gas at said location, u being a velocity
of the gas at said location, preferably the mean gas
velocity,

is at the most 1.0.

Another aspect of the invention is the above-mentioned
aspect comprising a curved passage connecting two acoustic
chambers or connecting an acoustic chamber with an exte-
rior environment. This aspect can be defined as a device for
silencing a gas flow directed therethrough and being adapted
for installation in a flow system, said device comprising:

a casing,

at least one acoustic chamber contained in the casing, said
chamber being through-flowed by gas,
at least one inlet pipe for leading gas into one of said at
least one acoustic chamber,
at least one passage of a length L and of a representative
cross-sectional area a for leading gas from each one of
the at least one acoustic chamber to another of the at
least one acoustic chamber or to an exterior environ-
ment or an exterior chamber,
optionally one or more monolithic bodies comprised in
each of one or more of said at least one acoustic
chamber,
said device showing at least two transitions of cross-
sectional area for the flow of the gas between a relatively
lower cross-sectional area a; and a relatively higher cross-
sectional area A,;,
at least one passage selected from said at least one passage
being curved,
wherein the following applies to at least one selected cham-
ber selected from said at least one acoustic chamber:

the mean cross-sectional area A; of each of said selected
chamber is at least four times the largest of:
the sum of all cross-sectional areas of passages leading
gas to the selected chamber, a,, and
the sum of all cross-sectional areas of passages leading
gas from the selected chamber, a,,
the mean cross-sectional area, A;, being defined as the
mean value of all cross-sectional areas along a mean
trajectory for sound waves travelling from across the
selected chamber,
the volume of the at least one selected chamber, V,, is at
least 8(vV{a;+a,)/2)°, a, and a, being defined as stated
above,
the cross-sectional area, A;, and the volume, V,, including
any elements belonging to sound absorptive material inside
the selected chamber and any other parts which are in
acoustic communication with the selected chamber,
said at least one passage being curved having an acoustically
effective length L which is at least 1.50 times the direct and
straight distance in space between passage inlet and passage
outlet, such as at least 1.75 times, such as at least 2 times or
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more, such as at least 3 times, at least 4 times, at least 5 times
or at least 6 times, the direct and straight distance in space
between passage inlet and passage outlet.

As will be discussed in greater detail in the following, at
least part of the at least one curved passage will preferably
extend over an angle of more than 180 degrees. Whenever
extension of the curved passage over an angle is discussed
herein, it is to be understood as the total angular turn of the
curved passage, i.e. the sum of absolute turn angles which
the curved passage defines. The curved passage is preferably
closer to the envelope part of the silencer or of a chamber
than to the center part of the silencer or the chamber, i.¢., the
straight-line perpendicular distance from the center line of
the curved passage to the center axis of the silencer is
preferably longer than the straight-line distance from the
center line of the curved passage to the envelope.

The at least one passage being curved will often have an
acoustically effective length L which is at least 2 times the
direct and straight distance in space between passage inlet
and passage outlet.

At least part of the at least one curved passage may extend
over an angle of more than 180 degrees and closer to the
envelope part of the silencer or of a chamber than to the
center part of the silencer or the chamber, and in many
embodiments adjacent to the envelope part of the silencer or
of a chamber.

When the at least one curved passage connects a chamber
with the exterior environment, it preferably occupies a
volume which is smaller than the volume of said chamber,
and when the at least one curved passage connects two
chambers, it preferably occupies a volume which is smaller
than the volume of the smaller of the two chambers.

In all practical embodiments of this devise envisaged so
far, substantially all cross-sections of said at least one curved
passage are of such a shape that the cross-section in no
direction extends over the full extension of the silencer in the
particular direction, and substantially no cross-section of the
at least one curved passage is of such a shape that the ratio
between the smallest cross-section dimension and the largest
cross-section dimension is very small. Thus, substantially no
cross-section of the at least one curved passage is of such a
shape that the ratio between the smallest cross-section
dimension and the largest cross-section dimension is 1/50 or
less. The ratio between the smallest cross-section dimension
of the at least one curved passage and the largest cross-
section dimension of the passage is at least 0.1.

Another aspect of the invention relates to a device for
silencing a gas flow directed therethrough and being adapted
for installation in a flow system, said device comprising:

a casing,

at least two acoustic chambers contained in the casing,
said chambers being through-flowed by gas,
at least one inlet pipe for leading gas into one of said at
least two acoustic chambers,
at least one passage of a length L and of a representative
cross-sectional area a for leading gas from each one of
the at least two acoustic chambers to another of the at
least two acoustic chambers or to an exterior environ-
ment or an exterior chamber,
optionally one or more monolithic bodies comprised in
each of one or more of said at least two acoustic
chambers,
said device showing at least two through-flowed transitions
of cross-sectional area for the flow of the gas between a
relatively lower cross-sectional area a, and a relatively
higher cross-sectional area A,,
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said inlet pipe being continued by a flow deflecting element
causing the gas to flow with a radial component and for
causing pressure recovery to the flow upstream of a first one
of said at least two acoustic chambers, wherein said passage
comprises at least one diffuser for leading the gas flow into
a second one of said at least two acoustic chambers, the
diffuser of said passage being of a different type than a radial
diffuser,

wherein the average sound attenuation AdB conferred by
each transition of cross-sectional area, approximated by the
following expression:

1 A )
AdB = ;k;logwa—‘,

n being the total number of transitions of cross-sectional
arca of the device, A; being the relatively higher
cross-sectional area at the i'th transition of cross-
sectional area of the gas flow, a; being the relatively
lower cross-sectional area at the i'th change of cross-
sectional area of the gas flow, k being a constant of the
value 6.25 dB,
at least
6.0 dB when the device comprises no more than two
acoustic chambers,

5.0 dB when the device comprises three acoustic
chambers,

4.0 dB when the device comprises 4 or more acoustic
chambers.

A device of the above-mentioned type is particularly
advantageous with respect to low-frequent sound attenua-
tion as the pressure drop across the device is low in
comparison to prior art devices,

Preferably, the local natural frequency, f,, of at least one
system comprising the gas of two consecutive acoustic
chambers AC; and AC,,, and the gas of the passage inter-
connecting said two acoustic chambers, approximated by the
following expression:
P z(i . ;} @
oy L\V; T Vi )

V, and V,,, being the volumes of the chambers AC; and
AC,,, respectively (the volume V,,, being set to infi-
nite when the chamber AC; is connected to an exterior
environment or an exterior chamber in a downstream
direction), a being a representative cross-sectional area
of the passage interconnecting the two consecutive
acoustic chambers, L being the length of the passage,
and ¢ being the local sound velocity,

at the most 0.75 times a characteristic frequency of the
flow system. For many applications of the device, it is
preferred that the local natural frequency, £, is at the
most 0.5 times the characteristic frequency of the flow
system, such as 0.4 times or 0.3 times or even 0.25
times, such as 0,2 times, 0.15 or 0.1 or even lower.
However, also an interval between 0.75 and 0.95 may
be interesting.

Preferably the value ;' of each acoustic chamber is at the
most 1.0. The value of /' of at least one acoustic chamber
is preferably at the most 0.75, or even lower such as 0.5,
0.25, 0.2 or even lower. Special designs of the device allow
for a value less than or equal to 0, as will be discussed below.

Adevice according to the invention may comprise one or
more radial diffusers and/or one or more axial diffusers
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and/or one or more circular conical diffusers and/or one or
more annular diffusers and/or a plurality of conical diffusers
arranged on a substantially cylindrical surface and/or one or
more diffusers for reversing the direction of flow and/or one
or more double diversion diffusers, at least some of the
above-mentioned diffuser types being known per se. Any
other diffuser types known per se may be applied.

Each of the at least one acoustic chamber may be sub-
stantially cylindrical, and one or more outlets from said at
least one diffuser may be located substantially at the axial
centre of the chamber associated with said diffuser. When
the chamber is substantially cylindrical it defines a cylinder
axis. Preferably, one or more outlets from said at least one
diffuser are located at a distance from the cylinder axis of
approximately two thirds of the radius of the acoustic
chamber, so as to obtain fixation of pressure nodes. This
principle, known per se, is described in detail in European
patent 0 683 849.

It should be understood that the above performance
criteria may be fulfilled by all chambers and all passages of
the device by a device according to the invention.

The sound level of self-generated noise of each one of
said at least one acoustic chamber at maximum gas flow rate
is preferably less than 5 dB(A) higher than the self-
generated noise of a circular cylindrical reference chamber
through-flowed at said gas flow rate, the cross-sectional area
of the inlet passage leading gas into said acoustic chamber
being a,, the cross-sectional area of the passage leading gas
from said acoustic chamber being a,, said reference cham-
ber:

being of the same volume as each of said at least one

acoustic chamber,

having a length equal to its diameter,

having flat end caps,

being provided with centrally positioned holes in its flat

end caps,

having a first end cap which is connected to a cylindrical

inlet pipe of a cross-sectional area which is approxi-
mately equal to a,, the terminating surface of said
cylindrical inlet pipe being aligned with said first end
cap,

having a second end cap which is connected to a cylin-

drical outlet pipe of a cross-sectional area which is
approximately equal to a,, said cylindrical outlet pipe
having a rounded inner edge at its interconnection with
said second end cap and being aligned with said second
end cap.

The sound level of self-generated noise of each one of
said at least one acoustic chamber at maximum gas flow rate
may be less than 4 dB(A) higher than the self-generated
noise of the reference chamber, or even less than 3 dB(A),
such as 2 dB(A) or 1 dB(A). A sound level of self-generated
noise which is less than the self-generated noise of the
reference chamber may even be achieved with a device
according to the invention.

In a device according to the invention, the distance
between an inlet to a chamber and the inlet to a passage is
preferably so large that substantially no unstable flow occurs
in the chamber.

According to the invention, the generatrix of at least part
of at least one curved passage selected from said at least one
passage may be wound in a peripheral direction, at least part
of the curved passage having a plane spiral form. The
generatrix of at least a part of at least one curved passage
selected from said at least one passage may be wound in a
peripheral direction, said part of said curved passage extend-






































































































