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10.1

INTRODUCTION

Combustion systems have the potential to be very noisy. The noise may come from a
variety of sources. The turbulent combustion process itself may generate a loud
roaring sound. The high-velocity jets of fuel and oxidizer may cause jet noise. The
ﬂuid ﬂow through the piping system usually makes some noise. Most combustion
systems have fans and blowers that also generate noise. The combustion system may
also cause vibrations. While in many cases, these vibrations may be very small and
nearly undetectable without the aid of sophisticated sensors, there are some
occasions where the vibration may be signiﬁcant. This vibration may be caused by
ﬂame instability or by some acoustic resonance between the combustion process and
the combustion chamber.
Noise and vibration are considered to be ‘‘pollutants’’ in the broad sense of
the word because they disturb the environment, particularly for the workers in the
vicinity. Vibration may also damage equipment in the surrounding area and has
the potential for catastrophic damage if the vibration persists over a long enough
time without being mitigated or eliminated. Both noise and vibration from
combustion processes have received relatively little attention compared to other
pollutants like NOx, SOx, and particulates. For both noise and vibration in
industrial combustion systems, further research is recommended to understand what
causes them and how to control them.
There are a number of good general references on the subjects of noise and
vibration. Barber [1] has edited the sixth edition of a comprehensive handbook on
noise and vibration control. While it has sections on engine and gas turbine noise,
there are no sections specifically dedicated to industrial combustion noise and
vibration. However, it has much useful information for the interested reader. Liu
and Roberts [2] have written a useful chapter on noise pollution in an environmental
engineering handbook. While the material does not specifically address combustiongenerated noise, it does cover a wide range of issues including characterizing noise
sources, reactions to noise, acoustic trauma, psychological effects of noise, noise
assessment, and noise control among other things. Harris [3] has edited a very large
handbook on acoustical measurements and noise control, which includes the subject
of vibration. A number of books are available on the general subject of noise [4–13]
and the subjects of noise and vibration [14,15].
Copyright © 2004 Marcel Dekker, Inc.

455

456

10.2

Chapter 10

NOISE

Sound is a physical disturbance, measured in a frequency unit, known as hertz (Hz),
that can be detected by the human ear, which is normally capable of hearing from
approximately 20 Hz to 20 kHz. The human ear is most sensitive to sound between 2
and 5 kHz and is less sensitive at higher and lower frequencies. Frequencies that are
too low to be heard by humans are referred to as infrasound while those too high to
be heard are referred to as ultrasound. Table 10.1 lists the 10 octave bands that cover
the human range of hearing and the center frequencies that represent each octave
band. Each octave band extends over seven fundamental musical notes. Acoustics is
the science of sound, including its production, transmission, and eﬀects [16].
Sound is to be distinguished from noise, which is often thought of as disagreeable or unwanted sound [17]. Figure 10.1 shows a comparison of the thresholds
Table 10.1

Ten Octave Bands for Human Hearing

Octave
band (Hz)
22–44
44–88
88–177
177–355
355–710
710–1420
1420–2840
2840–5680
5680–11,360
11,360–22,720

‘‘Center’’
frequency (Hz)
31.5
63
125
250
500
1000
2000
4000
8000
16,000

Source: Ref. 42.

Figure 10.1 Threshold of hearing compared to the threshold of pain in humans. (From
Ref. 42. Courtesy of John Zink Co., Tulsa, OK.)
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of hearing and pain for humans as a function of frequency and sound pressure level.
These two curves nearly intersect at the lowest and highest frequencies. The
threshold of pain is relatively flat at about 120 dB. Noise is a common agent in most
industrial facilities that can often be mitigated if addressed in the design phase [18]. It
is a very complex phenomenon that is not fully understood, but has the potential to
cause permanent hearing loss to personnel working around noisy equipment if
adequate hearing protection is not used. Reed [19] has written a book on furnace
operations in the petrochemical industry, which starts out with a chapter on noise.
Interestingly, there is very little discussion of NOx in that book as there was much
less emphasis at that time on that pollutant. Harris [20] defines noise control,
separate and distinct from noise reduction, as
‘‘the technology of obtaining an acceptable noise environment, consistent
with economic and operational considerations.’’
The main source of noise from combustion processes is typically combustion
roar, which is considered in this section. Other sources, also considered briefly here,
may play important roles, depending on the specific installation.
10.2.1 Basics
Noise is the transfer of energy without transfer of mass [21].
The speed of sound in a gas is given by:
 0:5 

P
RT 0:5
c¼
¼

M

ð10:1Þ

where  is the ratio of speciﬁc heats, P is the ambient absolute pressure,  is the gas
density, R is the universal gas constant, T is the absolute gas temperature, and M is
the gas molecular weight.
Example 10.1
The temperature of air is 70 F.
The speed of sound in air at that temperature.
For air at ambient conditions at sea level,  ¼ 1.4, P ¼ 14.7 lb/in2, and
 ¼ 0.074 lb/ft3; substituting into the equation above:


0:5
 0:5 
ð1:4Þ 14:7 lb=in:2 144 in:2
P
lb m  ft
c¼
¼
32:2

lb ft  sec2
ft2
0:074ðlb=ft3 Þ

0:5
ft2
ft
¼ 1:290  106 2
¼ 1136
sec
sec

Given:
Find:
Solution:

where the appropriate conversion factors have been used.
Therefore, mach one for air under the above conditions is
1136 ft/sec.
Sound is dependent on the wavelength of the waves, which is measured in
meters. Wavelength is related to frequency as follows:
¼

c
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where  is the wavelength (m or ft), c is the velocity of sound in the given medium
(m/sec or ft/sec), and  is the frequency (cycles/sec or hertz).
Example 10.2
Given:
Find:
Solution:

The primary sound frequency is 10 kHz.
The wavelength in ft for the conditions from the previous example.
From the previous example, c ¼ 1136 ft/sec; substitute into equation:
¼

c
1136 ft=sec
¼
¼ 0:1136 ft
 10,000 cycles=sec

Sound intensity level (LI) is measured in decibels (dB) as
 
I
ILb ¼ log10
I0

ð10:3Þ

where I is the sound intensity (1012 W/m2), and I0 is the intensity of least audible
sound, usually given as 1012 W/m2.
Sound pressure level (Lp) is measured in dB as
 
P
Lp ¼ 20 log10
ð10:4Þ
P0
where P is the pressure of the sound wave (N/m2), and P0 is the reference pressure,
usually chosen as the threshold of hearing, 2  105 N/m2.
Table 10.2 shows a comparison of sound pressure levels for a variety of
sources [1]. Figure 10.2 shows the relationship between decibels and watts, and
Figure 10.3 shows the effect of distance r from the source on sound pressure level.

Table 10.2

Comparison of Sound Pressure Levels for Different Sources

Sound pressure
level (dB)
120
110
100
90
80
70
60
50
40
30
20
10
0

Condition

Sound
pressure (N/m2)

Threshold of plain
Thunder, artillery
Steel riveter at 4.5 m
Noisy factory
Tube train (open window)
Average factory
Loud conversation
Average oﬃce
Average living room
Private oﬃce
Whisper
Soundproof room
Threshold of audibility

2 000 000

Adapted from Ref. 1.
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Figure 10.2 Relationship between decibels and watts. (From Ref. 42. Courtesy of John
Zink Co., Tulsa, OK).

Figure 10.3

Sound pressure level at a distance r. (From Ref. 42. Courtesy of John Zink Co.,

Tulsa, OK.).

Sound power level (Lw) is measured in dB as

Lw ¼ 10 log10

W
W0


ð10:5Þ

where W is the sound power of the source (1012 W), and W0 is the reference sound
power, usually chosen as 1012 W. Figure 10.4 shows a comparison of sound power
levels for various noise sources [1].
Since humans do not hear equally well at all frequencies, correction factors are
normally used to modify noise measurements to quantify sounds that really affect
Copyright © 2004 Marcel Dekker, Inc.
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Comparison of different sound power levels for various sources. (Adapted from

Ref. 1.)

Figure 10.5

Correction scales for noise measurements. (From Ref. 42. Courtesy of John
Zink Co., Tulsa, OK.)

humans. The four correction scales commonly used are shown in Figure 10.5. The
most common correction is the A scale which represents an idealized inverse, except
for level, of the threshold of the hearing curve (see Figure 10.6). The A-weighted
sound level correlates reasonably well with hearing damage risk. Figure 10.7 shows a
comparison of the raw and corrected noise data from a burner.
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Figure 10.6 Comparison of human threshold of hearing with A-weighted correction scale.
(Adapted from Ref. 42.)

Figure 10.7

Raw noise data for a burner compared to the A-weighted noise curve. (From
Ref. 42. Courtesy of John Zink Co., Tulsa, OK.)

The thermoacoustic efficiency of a process is a measure of the fraction of the
thermal input energy that is converted into sound power. For turbulent flames, a
general rule of thumb is that the thermoacoustic efficiency is approximately 1  107
times the energy input.

10.2.2 Sources
Noise from industrial combustion processes may come from a variety of sources that
are brieﬂy discussed below. As an example, Figure 10.8 shows a noise spectrum
produced by shock waves and by mixing noise. There are three pronounced peaks in
Copyright © 2004 Marcel Dekker, Inc.

462

Chapter 10

Figure 10.8

Noise spectrum from a high pressure flare. (Courtesy of John Zink Co.,

Tulsa, OK.)

the noise signature, caused by diﬀerent sources: combustion roar, valve noise, and
gas jet noise. The presence and relative magnitude of each type of noise varies by the
type of combustion process.
Lee et al. [22] discuss the formation of pulsations through the use of externally
applied tones that were used to study their effects on flames. While these tones were
artificially generated and applied, they demonstrate what can happen in a
combustion system that has some type of harmonic resonance. The study showed
that flames can be made unstable with the addition of an excited tone.

10.2.2.1

Blowers and Fans

Blowers are commonly used to supply the combustion air required by the burners in
the heating system. Fans are commonly used to move exhaust gas streams through
the exhaust duct system. In many cases, the pressure drop through pollution control
equipment requires additional fan power. Both blowers and fans generate noise
primarily from the high-speed rotation of the blades and impellors [23]. There are a
number of factors that impact the noise produced by fans and blowers. Some of
these include how the equipment is mounted and to what, the type of enclosure (e.g.,
room size and insulation material) where the equipment is located, the gas ﬂow rate
and pressure, and the downstream ducting system [24]. The noise emitted by
industrial fans typically consists of two noise components: broadband and discrete
tones. The broadband noise comes from the interaction of turbulence with the solid
construction parts of the fan. The discrete tones are created by the periodic
interactions of the rotating blades and both upstream and downstream surfaces.
Copyright © 2004 Marcel Dekker, Inc.
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Fan noise can emanate from both the intake and exhaust. The noise can also radiate
downstream through the ductwork.
One major source of noise in a conventional air/fuel combustion system is the
air-handling system [25]. The blower, which moves the air, is typically noisy and may
need to be located outside the building or acoustically insulated in order to meet
noise regulations. Alternatively, workers may need to wear hearing protection when
in the vicinity of the blowers. This source of noise can be completely eliminated if the
air is replaced by pure oxygen since a blower is not typically required for oxygen. If a
low-pressure oxygen source like a vacuum swing adsorption (VSA) unit [26] is used,
an oxygen blower, used to boost the supply pressure, may be a source of noise.
10.2.2.2

Gas Flow and Jet Noise

There are two common types of noise caused by gas ﬂow. The ﬁrst is from the high
volumetric ﬂow of gas through the piping system. The actual ﬂow of gas through a
pipe is commonly given as ‘‘acfh’’ or actual cubic feet of gas per hour. This is the
ﬂow rate of gas at the pressure and temperature in the pipe. This actual ﬂow is
usually corrected to a standard temperature and pressure (STP) level and reported as
‘‘scfh’’ or standard cubic feet of gas per hour. Although there are various deﬁnitions
for STP, they are usually at or about 70 F (21 C) and atmospheric pressure
(14.7 psia or 760 mmHg). Since air is typically supplied at a low pressure, the actual
ﬂow of gas through the piping is high, which may produce a signiﬁcant amount of
noise. Lower gas velocities generate less noise.
The second type of noise caused by gas flow is from gas-jet mixing from highspeed gases exiting a nozzle, sometimes referred to as jet noise. The noise source
begins at the nozzle exit and extends several diameters downstream. Near the nozzle
exit, the scale of the turbulent eddies is small and is responsible for producing
the higher frequency component of the noise. The lower frequency component of
the noise is produced predominantly further downstream from the nozzle exit by the
larger scale eddies. While this noise source is often easily reduced by reducing the jet
exit velocity, that solution may radically alter the performance of the combustion
system especially in terms of other pollutant emissions such as NOx. High-velocity
jets are often used in burner designs to entrain furnace gases and control mixing to
reduce NOx emissions. Reducing the gas velocities may reduce the noise but
simultaneously increase NOx.
There are several factors that affect the noise produced by gas-jet mixing.
These include the diameter and smoothness of the nozzle exit, the gas exit velocity,
the angle of the observer’s position relative to the exit plane of the nozzle, and the
temperature ratio of the fully expanded jet to the ambient conditions. Figure 10.9
shows a comparison of noise produced by shock waves and by mixing noise.
10.2.2.3

Combustion Roar

Another source of noise in a combustion system comes from the burner and is
sometimes referred to as ‘‘combustion roar’’ [27]. This noise is a combination of the
gas ﬂow through the burner nozzles and also from the combustion process itself. It is
broadband noise (noise distributed over a wide range of frequencies with no
pronounced peaks) generated by the combustion processes in the ﬂame and can be a
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Figure 10.9

Shock vs. mixing noise. (Courtesy of John Zink Co., Tulsa, OK.)

dominant noise source for high-velocity burners. It is present in essentially all
turbulent combustion processes, which are the predominant type in industrial
combustion systems. There are many factors that aﬀect the noise level produced by
the combustion system. These include the ﬁring rate, oxidizer-to-fuel ratio,
turbulence intensity of the gas ﬂows, combustion or mixing intensity, amount of
swirl, preheat of the oxidizer or fuel, type of fuel and oxidizer, number of burners,
geometry of the combustion chamber, insulation used in the combustor, and even
the dampening eﬀects of the material being heated. High-hydrogen fuels, for
example, can increase noise levels due to the increased intensity of the combustion
process [28].
It is difficult to generalize a comparison of the noise between air/fuel and oxy/
fuel burners, because of the wide variety of designs that are available. The older style
oxy/fuel burners that were used in the steel industry in the 1970s and 1980s typically
had flames that were of very high intensity and high momentum, which made them
very noisy. One study reported noise levels up to 125 dB for one such high-intensity
oxy/fuel burner [29]. The same study also reported noise levels as low as 85 dB for a
lower intensity oxy/fuel burner at the lower end of the firing rate range for the
burner. Many of the burners commonly used today for OEC are lower momentum
and lower intensity and therefore significantly quieter than the older style highmomentum burners. In many cases, new design oxy/fuel burners can be significantly
quieter than most air/fuel burners.
10.2.2.4

Combustion Instability

Combustion instability is characterized by a high-amplitude, low-frequency noise
resembling the puﬃng sound of a steam locomotive, which is sometimes referred to
Copyright © 2004 Marcel Dekker, Inc.
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Figure 10.10

Sound pressure level for a burner operated normally and with instability.
(From Ref. 42. Courtesy of John Zink Co., Tulsa, OK.)

as huﬃng. This type of noise can create signiﬁcant pressure ﬂuctuations in a furnace,
which can cause equipment damage. Figure 10.10 shows how the noise levels for the
same burner can increase signiﬁcantly when it is operated unstably.
Combustion-driven oscillations occur when there is a match between a
characteristic frequency of the flame and of the combustion chamber. This can
produce very high noise levels, combustion instability, and vibration. Higher
frequencies tend to produce undesirable noise while lower frequencies can cause
equipment damage.

10.2.3 Environmental Concerns
There are two groups that are aﬀected by noise: those working in and around the
equipment and those outside the so-called fenceline of the plant often referred to as
the local community. The workers may routinely wear protective equipment such as
earplugs and earphones while working around noisy equipment. However, the local
community will not normally have hearing protection and, therefore, the noise levels
at the fenceline must be below levels that would cause injury or disturbance. It is
assumed here that noise levels heard by the surrounding community are below
harmful levels so that the primary focus is on the workers in the plant. Two of the
primary concerns are hearing loss and performance reduction, which are both
discussed next. There are other concerns including sleep disturbance and possible
mental health problems that are not discussed here. There is also another important
concern, which is communication impairment that can have serious safety
consequences. If workers have diﬃculty communicating with each other due to
high noise levels, then operation mistakes could be made that may lead to dangerous
situations.
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Hearing Loss

The principle environmental concern related to high noise levels is possible hearing
loss up to and including permanent deafness [30]. Hearing loss can be divided into
three categories: acoustic trauma, noise-induced temporary threshold shift, and
noise-induced permanent threshold shift. Acoustic trauma usually results from a
single exposure that causes permanent hearing damage, as in the case of an
explosion, which causes parts of the ear, for example, the eardrum, to break down.
Noise-induced temporary threshold shift is a temporary loss of hearing sensitivity
following noise exposure where the loss is reversible. This might occur at a rock
concert, for example, where the audience has diﬃculty hearing lower tones
immediately after leaving the concert but regains all hearing by the next day.
Noise-induced permanent threshold shift is a permanent and nonreversible hearing
loss that could result from a single traumatic noise event or from repeated exposure
to excessive noise conditions. The latter is particularly dangerous as the loss is very
gradual and often undetectable until it is too late. Older factory workers often now
have permanent hearing loss due to repeated exposure to high-noise conditions prior
to the days of the U.S. Occupational Safety and Health Administration (OSHA)
noise limits for workers.
In the case of a single traumatic noise exposure, the degree of hearing loss is
determined more by the noise level. In the case of repeated noise exposure, the degree
of hearing loss is determined by a combination of noise level and exposure time. In
this case, hearing damage is cumulative and may occur over a period of many years.
This points to the need to use appropriate noise control measures even if noise levels
do not ‘‘seem to be that bad,’’ especially for those used to attending raucous sporting
events or rock concerts. In certain types of jobs, for example, flagmen for jet aircraft,
regular hearing checks may be required to check for threshold shifts and hearing
loss. These checks are done by qualified personnel using specific equipment and
under guidelines and standards developed for this purpose [31].
10.2.3.2

Reduced Performance

While some types of sound, for example, relaxing music, can have a positive eﬀect on
humans, noise can create some other problems, especially related to worker
performance, which can be signiﬁcantly reduced by either excessive noise levels or by
erratic changes in noise level [32]. Reduced performance can range from a slight
temporary decline to a substantial and longer-lasting reduction, depending on the
noise level and how it changes over time. Under certain conditions, it is even possible
to enhance worker performance temporarily through the appropriate use of sound.
For example, so-called white background noise has been shown to slightly increase
heart rate and blood pressure, which is often only temporary [33]. This may occur
when the sounds serve to stimulate workers to be more attentive, which often
improves their eﬃciency and productivity, although the eﬀects are usually relatively
short-lived. However, noise generally increases worker stress and therefore is usually
undesirable.
Noise can interfere with communications between workers where understanding speech is impaired. It can cause stress among workers, lower morale, reduce
efficiency and productivity, and cause fatigue among other things.
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10.2.4 Regulations
The American National Standards Institute (ANSI) has some standards regarding
noise:
S1.4
S1.13
S1.23
S3.19
S12.6

Specification for sound level meters.
Methods for the measurement of sound pressure levels.
Method for the designation of sound power emitted by machinery and
equipment.
Methods for the measurement of real-ear protection of hearing
protectors.
Methods for the measurement of real-ear attenuation of hearing
protectors.

The American Society of Testing & Materials (ASTM) also has some standards
regarding noise:
C384

Test method for impedance and absorption of acoustical materials by
the impedance tube method.
E413
Classification for rating sound insulation.
E1124 Standard test method for free-field measurement of sound power level
by the two-surface method.
In most industrialized nations, noise is a ‘‘pollutant’’ that is regulated in the
work environment. The U.S. OSHA has set maximum permissible industrial noise
levels, as shown in Table 10.3 [34]. The table shows that as the length of exposure
increases, the permitted sound level decreases. Noise is commonly measured with
a sound-level meter, which is an instrument designed to respond to sound in
approximately the same way as the human ear. The meter is designed to give
objective, repeatable measurements compared to the human ear. Human hearing
varies from person to person and even varies for the same person as they age.
Different weighting systems are used over the frequency spectrum to closely match
the frequency response of a typical human ear. The A-weighting network is the most

Table 10.3

U.S. Occupational Safety and Health Administration
Maximum Permissible Industrial Noise Levels
Duration
per day (h)
8
6
4
3
2
1½
1
½
¼ or less

Source: Ref. 34.
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widely used in noise work so that sound measured with the A-weighting is given as
dB(A) or sometimes simply as dBA. Zegel [35] has written a helpful overview of noise
standards.
10.2.5

Measurement Techniques

Figure 10.11 shows a commonly used device for measuring industrial noise. A noise
measurement system consists primarily of some type of microphone to receive the
sound, some type of transducer to convert the sound waves into a usable signal,
typically digital, and a meter to convert the signals into the proper weighting system
and to display and record the signals. Figure 10.12 shows an engineer measuring
sound from a ﬂare.
American Petroleum Institute Recommended Practice 531M gives information
on measuring noise from process heaters [36]. Recommendations are given for

Figure 10.11

Typical noise meter. (Courtesy of Bruel & Kjaer, Naerum, Denmark.)
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Measuring sound from a flare. (From Ref. 42. Courtesy of John Zink Co.,

Tulsa, OK.)

making field measurements, and procedures for sound-level measurement including
correcting for background noise. Measurements are suggested to be made at 1 m
(3.3 ft) from the outside heater walls at various locations, depending on the
configuration.
Hassall [37] lists the following procedural steps when making noise
measurements:
1.
2.
3.

4.

Determine what quantities are to be measured.
Select the instruments including the type of microphone to be used.
Determine the minimum number of microphone positions and their
locations including a diagram of the arrangement (multiple microphones
are necessary to measure the sound field).
Check the system sensitivity.
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5.
6.
7.
8.

Measure the acoustical and electrical noise level.
Measure the source sound levels.
Correct the measurements as appropriate (e.g., subtracting background
noise).
Record the data.

Lang [38] discusses how to make sound power level (typically used as a
descriptor for stationary equipment) measurements. These measurements can be used
to calculate the sound pressure level at a given distance from equipment, compare the
noise radiated by equipment of the same type and size, compare the noise radiated by
equipment of different types and sizes, determine whether equipment complies with a
specified upper sound emission limit, determine the amount of noise reduction
required for a particular circumstance, and develop quieter equipment. This type of
measurement requires a three-dimensional array of microphones and is, therefore,
not commonly used when measuring combustion noise.
Measuring sound intensity can be challenging as multiple types of probes are
required to measure both the sound pressure and the particle velocity [39]. This is
often done using two microphones and performing appropriate calculations to
determine the particle velocity. This type of measurement is also not commonly done
for industrial combustion systems.
There are a number of factors that can affect noise measurements and
instrument performance including temperature, humidity, atmospheric pressure,
wind or dust, and even magnetic fields [40]. Instruments should be calibrated
according to manufacturer’s instructions before and after each day of use and
whenever temperature or relative humidity changes significantly. Zahringer et al. [41]
experimentally demonstrated the effectiveness of using microphones combined with
an intensified camera system to measure acoustic oscillations in a boiler.

10.2.6

Abatement Strategies

There are several strategies that can be used to reduce combustion noise. One
strategy is either to move the source of the undesirable sound away from the people
or to move the people away from the sound. However, this may not be practical for
many industrial applications. Another strategy is to put some type of sound barrier
between the noise and the people. The barrier can be either reﬂective or absorptive to
minimize the noise. The noise source might be surrounded by an enclosure or the
operators may be located inside a sound-proofed enclosure. In some cases, it may be
possible to use a silencer, which would act as a barrier, to reduce the noise. For
example, the exhaust from a car is reduced by the muﬄer, which acts like a silencer.
The barrier could also be in the form of earplugs, ear phones, or some other soundreducing safety device worn by people in the vicinity of the noise. Another technique
is to reduce the exposure time to the noise since noise has a cumulative eﬀect on
human hearing. In some cases, it may be possible to replace noisy equipment with
new equipment that has been speciﬁcally designed to produce less noise, or to retroﬁt
existing equipment to produce less noise. For example, old combustion air blowers
and fans could be replaced by new, quieter blowers and fans. Another way to reduce
noise is to increase the pipe size and reduce the number of bends in the pipe to reduce
the jet noise of the ﬂuids ﬂowing through the pipe. Resonance and instabilities can
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usually be designed out of a system if they are a problem. Noisy burners can be
replaced by quieter burners. The burner noise is a function of the burner design, fuel,
ﬁring rate, stoichiometry, combustion intensity, and aerodynamics of the combustion chamber. These strategies are discussed in some detail next.
10.2.6.1

Source Reduction

The primary source of noise in most industrial combustion systems is from the
burner(s). The design of the burner nozzle and the burner tile or quarl are important
factors in noise generation in combustion processes. One method to reduce noise
from a burner is to use larger exit ports that produce lower gas velocities. However,
there are limits to how low gas velocities can be, depending on the fuels used and the
burner type. For example, the exit gas velocities in a premix burner must be greater
than the ﬂame speed of the fuel or else ﬂashback will result. Fuels containing high
concentrations of hydrogen will necessarily require higher exit velocities because of
the high ﬂame speed of hydrogen.
Another method for reducing the sound from a combustion process is to add a
pipe or tube, often referred to as a quarter-wave tube, to the resonance system to
cancel out the harmonics causing the noise. In this technique, a specially designed
tube is attached to the chamber where sound of a predominant frequency is causing
resonance. The quarter-wave tube is designed to cancel out this resonance and
therefore reduce the noise levels. Figure 10.13 shows a quarter-wave tube installed on
the side of an exhaust stack for a gas-fired propylene vaporizer that previously
exhibited a low-frequency rumble during operation, producing excessive noise levels.
The quarter-wave tube was built with some adjustability to determine the best
geometry to maximize noise reduction. Figure 10.14 shows the noise octave bands
for the vaporizer with and without the quarter-wave tube. The total noise level for
the vaporizer without the tube was 95.3 dBA. The total noise level with the tube
dropped to 83.8 dBA for a noise reduction of more than 10 dBA. This brought the
noise levels within acceptable limits. Note that adding a quarter-wave tube is not
always a practical option because, depending on the combustion chamber geometry
and the frequency of the harmonic, the tube diameter and length may be excessive.
Other techniques to mitigate noise caused by combustion instability include
modifying the [42]:
.
.
.
.
.
.

Furnace stack height
Internal volume of the furnace
Acoustical properties of the furnace lining
Pressure drop through the burner by varying the damper positions
Location of the pilot
Flame-stabilization techniques

Figure 10.15 shows some of the common silencers used to reduce the source of noise
from industrial processes [43]. Figure 10.16 shows a natural draft burner without an
air inlet muﬄer. Figure 10.17 shows a common type of muﬄer used on a natural
draft burner used in the ﬂoor of reﬁnery heaters where the air inlet has a baﬄe lined
with sound-deadening insulation. Figure 10.18 shows a comparable standard muﬄer
for a radiant wall burner used in the side of ethylene cracking furnaces. Figure 10.19
shows a nonstandard muﬄer used on a ﬂoor-ﬁred natural draft burner where the
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Figure 10.13 Quarter-wave tube installed on the exhaust stack of a propylene vaporizer:
(top) front view; (bottom) back view. (Courtesy of John Zink Co., Tulsa, OK.)
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Figure 10.14 Noise octave bands for the propylene vaporizer with and without the quarterwave tube. (Courtesy of John Zink Co., Tulsa, OK.)

Figure 10.15

Silencers. (From Ref. 43. Courtesy of Lewis Publishers.)

muﬄer is larger than the burner because of the very low noise requirements for the
particular application. Figure 10.20 shows a nonstandard muﬄer for low noise
requirements on wall-ﬁred burners.
10.2.6.2

Sound Transmission Mitigation

This technique involves mitigating the transmission of the sound from the source to
the receiver. This can be done in a variety of ways. One rather simple but not always
practical method is simply to increase the distance between the source and the
receiver, which reduces the sound levels at the receiver. Another strategy is to put
some type of barrier between the source and the receiver. For example, a concrete
wall could be built around the source. People commonly plant trees and shrubs on
their property to mitigate some of the sound from their neighbors and from road
traﬃc noise. Figure 10.21 shows enclosed ﬂares with walls around the enclosures to
help mitigate the sound produced by the ﬂares. Some type of sound-absorptive
material could be placed between the source and the receiver. Figure 10.22 shows an
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Burner with no muffler. (Courtesy of John Zink Co., Tulsa, OK.)

Figure 10.17 Typical muffler for a floor-fired natural draft burner. (Courtesy of John Zink
Co., Tulsa, OK.)
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Figure 10.18 Typical muffler for a radiant wall-fired natural draft burner. (Courtesy of
John Zink Co., Tulsa, OK.)

Figure 10.19 Nonstandard mufflers for low-noise requirements for a floor-fired natural
draft burner. (Courtesy of John Zink Co., Tulsa, OK.)

example of soundproof curtains used to shield workers from noisy equipment and
machinery. Diﬀerent materials have diﬀerent sound-absorbing characteristics,
depending on both the composition and conﬁguration [44]. Another way could be
to use a medium that is less transmissive for sound. For example, water is less
transmissive than air.
Noise generated by the burners in a combustion system may be greatly
mitigated by the combustion chamber, which is usually a furnace of some type.
The refractory linings in most furnaces generally significantly reduce any noise
emitted from the burners. Noise is not commonly considered in many industrial
Copyright © 2004 Marcel Dekker, Inc.

476

Chapter 10

Figure 10.20

Nonstandard mufflers for low-noise requirements for a radiant wall-fired
natural draft burner. (Courtesy of John Zink Co., Tulsa, OK.).

heating applications for a variety of reasons. This is evidenced by the general
lack of information available on the subject. It is difficult to predict the noise
levels before installing the equipment due to the wide variety of factors that
influence noise. Often, there are many other pieces of machinery that are much
noisier than the combustion system so that the workers are already required to
wear hearing protection. In the future, noise reduction may become more
important and OEC may be one way to minimize the noise produced by the
combustion system.
Mufflers are commonly used on burners to reduce noise levels (see Figure 10.23).
Figure 10.24 shows how effective a muffler is at mitigating the noise produced
by a burner. These mufflers typically go on the combustion air inlet to the
burner and usually have some type of noise-reducing insulation on one or more
sides. Reed gives an example of a natural draft burner producing 107 dB of
noise before any mitigation [19]. The addition of a primary muffler reduced the
noise to 93 dB and the addition of a secondary muffler further reduced the noise
to 84 dB.
Figure 10.25 shows a custom-made cylindrical muffler on the air outlet of a
velocity thermocouple, often called a suction pyrometer, used to measure higher
temperatures. These type of temperature-measuring devices rely on high air flow
rates across a venturi to induce furnace gases to flow through the pyrometer and
across a shielded thermocouple. This minimizes the effects of thermal radiation on
the thermocouple and produces a more accurate measure of the true temperature.
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Figure 10.21

Two enclosed flares with a wall around the bottom helps to reduce noise
(Courtesy of John Zink Co. LLC) [42].

Figure 10.22

Soundproof curtains. (Courtesy of Kinetics Noise Control, Dublin, OH.)
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Figure 10.23

Typical muffler used on a natural draft burner. (Courtesy of John Zink Co.,

Tulsa, OK.)

Figure 10.24 Sound pressure level for a burner with and without a muffler. (From Ref. 42.
Courtesy of John Zink Co., Tulsa, OK.)
Measurements using bare-wire thermocouples can be as much as 200 F or more too
low. Compressed air is often used as the motive gas to induce furnace gas inspiration.
The high exit gas flow rates into the atmosphere can produce relatively high noise
levels that are a concern for workers in the vicinity. The cylindrical muffler shown in
Figure 10.25 reduced noise levels by more than 10 dBA down to an acceptable level.
10.2.6.3

Personnel Protection

There are two levels of protection commonly used by industrial workers to reduce
noise levels [45]: plugs (see Figure 10.26) and muﬀs (see Figure 10.27). One or both
types may be used, depending on the noise levels. A third type of protection device is
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Figure 10.25 Muffler on a velocity thermocouple used to measure furnace temperatures
(Courtesy of John Zink Co., Tulsa, OK.).

Figure 10.26

Typical ear plugs.

a helmet, used commonly by motorcycle drivers, which provides relatively little
hearing protection and is rarely used in industry for hearing protection. Therefore,
this is not considered further here.
Plugs can reduce noise levels by 5–45 dB, depending on the plug type and
sound frequency. They come in a variety of forms including disposable and
reusable. Disposable plugs are typically made of some type of moldable material
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Figure 10.27

Typical ear muffs.

(e.g., foam) that can be inserted into a variety of ear sizes and shapes. These are
very inexpensive and are typically bought in large quantities. They are especially
convenient for visitors who do not have their own ear plugs. Reusable ear plugs
can be cleaned and used multiple times. Custom-molded ear plugs are available
that are made to fit exactly in a specific person’s ears and are designed to be reusable.
Ear muffs are designed to cover the entire ear and typically reduce levels by
5–50 dB depending on the muff type and sound frequency. These can be used in lieu
of or in addition to ear plugs. When both plugs and muffs are worn, noise protection
is greater than either individually but is not additive. They may be more comfortable
to some compared to ear plugs. However, they may also interfere with other
personal protective equipment such as hard hats. Special muffs are made to attach
to certain types of hard hats where the muffs can be folded down or up as needed
(see Figure 10.28).
Convenience and comfort are important factors when choosing appropriate
noise protection for a given environment. If too much effort is required to use or
maintain the hearing-protection devices, or if they are uncomfortable, then they are
less likely to be used. Proper training and education is essential to maximize the
effectiveness of any hearing-conservation program [46].
While not possible in many cases, a simple way to protect workers is either to
increase their distance from the sound source or to put them in a sound-proofed
enclosure such as a control room or building. However, it is almost impossible to
keep all workers away from high-noise sources all the time so hearing protection will
probably be necessary.

10.3

VIBRATION

Harris [17] deﬁnes vibration as ‘‘an oscillation wherein the quantity is a parameter
that deﬁnes the motion of a mechanical system.’’ Vibrations caused by combustion
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Ear muffs designed to be used with hard hats.

processes have been given many names including: combustion-driven oscillations,
combustion resonance, pulsations, and combustion hum to name a few. These
combustion-induced vibrations can be even more diﬃcult to analyze compared to
noise sources because the vibrations result from a coupling between the ﬂame and
the combustor. Therefore, both must be considered when reducing these vibrations
which are typically low frequency.
To show how specialized combustion-induced vibration is, a recent threevolume encyclopedia of vibration contains nothing on this topic [47]. Shabana [48]
has written a general text on vibration that does not mention combustion-induced
vibration. Fuller et al. [49] have written a book on the active control of vibration.
Although it does not consider combustion-induced vibration, it gives a good
introduction to control techniques such as feedforward control, distributed
transducers for active control, and active isolation of vibrations. de Silva [50] has
written an extensive handbook on vibration that is primarily focused on controlling
vibration rather than on eliminating vibration sources. It does not include any
discussions on combustion-induced vibration.
The American National Standards Institute (ANSI) has some standards
regarding vibration:
S2.8
S2.61
S3.40

Guide for describing the characteristics of resilient mountings.
Guide to the mechanical mounting of accelerometers.
Guide for the measurement and evaluation of gloves which are used to
reduce exposure to vibration transmitted to the hand.

10.3.1 Sources
The primary sources of vibration related to industrial combustion systems are due to
instability and thermoacoustic coupling of the combustion processes with the
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furnace. Here, it is assumed that vibration caused by, for example, combustion air
blowers can be easily mitigated with proper vibration-dampening mounts and is,
therefore, not considered here. Blevins [51] has written a book on ﬂow-induced
vibrations that could be present in the auxiliary equipment in a combustion system.
Some of the topics discussed include vortex-induced vibration, galloping and ﬂutter,
vibrations caused by oscillating ﬂow, and vibration induced by turbulence and
sound. As an example of techniques used to mitigate a speciﬁc type of ﬂow-induced
vibration, vortex-suppression devices may be used to minimize or eliminate vibration
caused by vortices. These devices include helical strakes, perforated shrouds, axial
slats, streamlined fairings, splitters, ribbon or hair cables, guiding vanes, spoiler
plates, and stepped cylinders.
Combustion-induced vibration is very undesirable as it poses safety and
equipment issues. Furnace vibrations caused by combustion instability could lead to
temporary flame extinguishment and then reignition, possibly causing an explosion.
This should not be a concern on a properly designed system unless the equipment is
operated outside the normal design regime. For example, if certain burners are
turned down below their lowest design firing rate, they could become unstable.
Another possibility is that a change in fuel composition could cause flame instability.
Therefore, it is important to check with the burner equipment supplier when
operating burners outside their design operating conditions.
Thermoacoustic coupling occurs when the acoustics of the flame couple with
the geometry and characteristics of the combustion chamber to cause resonance.
This occurs when a fundamental frequency of the combustion system matches a
fundamental frequency of the combustion chamber, causing a harmonic resonance.
This is a difficult and challenging problem to model and determine a priori because
of the complications of modeling transient-combustion physics and the geometry of
the combustion chamber. This resonance may only occur under certain conditions,
for example, at a particular firing rate. This resonance can also be violent enough to
cause equipment damage.
Buoyant jet diffusion flames in the open air are known to produce a constant
low-frequency (10–20 Hz) oscillation under certain conditions [52]. While these
flames are not common in industrial combustion applications where the flames are
usually highly turbulent, buoyant diffusion flames are often studied to gain further
insight into combustion instability. The coherent flow structure produced by these
buoyant flames is attributed to a modified Kelvin–Helmholtz instability.
Froud et al. [53] studied Helmholtz resonance in swirl burners. Experimental
results in pilot-scale tests showed that the air/fuel ratio, the mode of fuel entry, and
the length of the exhaust pipe attached to the exit of the furnace were all important
variables. The experiments showed that the resonance can become severe enough
virtually to extinguish the flame from the burner and cause highly complex transient
flows in the furnace.
Excessive heat loss from a flame and/or a large Lewis number (ratio of the
thermal diffusivity to the mass diffusivity) can induce spontaneous oscillations and
instability [54]. For premixed flames, pulsations occur for Lewis numbers sufficiently
greater than one. For diffusion flames, instability may occur for large Lewis
numbers, and also for Lewis numbers near unity with large heat losses. The resulting
oscillations may lead to flame extinction.
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Füri et al. [55] experimentally studied the regular axisymmetric flame
pulsations at the anchoring base of diluted propane and methane jet diffusion
flames operating near the extinction limit. They found that Lewis numbers and
mixture strengths are both important factors in predicting flame pulsations.

10.3.2 Environmental Concerns
While there are safety and equipment damage concerns with vibration caused by the
combustion system, the primary environmental concern is for the eﬀects on humans
around the equipment. These eﬀects can range from mild discomfort to motion
sickness. Prolonged vibration can produce fatigue, and reduced eﬃciency and
perception.

10.3.2.1

Thermoacoustic Instability

Cammarata et al. [56] experimentally studied combustion instabilities in a lean
premixed combustion system. These systems have the promise of low NOx emissions,
but are more susceptible to instabilities because of constraints like preventing
ﬂashback and autoignition. While other studies have examined this phenomenon
intrusively, the goal of their study was to study it nonintrusively with external
microphones. The measurement technique may be applicable for controlling
instabilities in industrial combustors.

10.3.2.2

Combustion-Induced Vibration

Combustion-induced vibration occurs when the combustion system causes the
combustor, supporting structure, and nearby equipment to vibrate, typically at a low
frequency. Depending on the frequency and amplitude of the vibration, this is
usually a problem that is cumulative over time. The longer the vibration, the more
likely equipment damage will occur. Most industrial combustion systems are not
speciﬁcally designed for high-amplitude vibration. Besides the obvious movement of
the equipment, one early sign of damage is often the hard ceramic refractory inside
the combustor, which begins to fracture and fall to the ﬂoor. This can result in
overheating in those spots where there is insuﬃcient insulation due to damaged
refractory. Combustion-induced vibration can be an insidious problem in that there
is often no immediate damage. Equipment problems may not show up for some time,
which may cause personnel to ignore the vibration. However, catastrophic damage
could occur after continued equipment vibration. This could result in ﬁres,
explosion, furnace collapse, or other signiﬁcant damage.
Besides the damage to equipment, there is likely to be some harmful effects on
personnel working in the vicinity of the vibrating equipment for long periods. This is
somewhat akin to the ‘‘jackhammer’’ affect. One may not realize how violent a
jackhammer is until after using it for a while and then stopping. It feels like the body
is still vibrating. Continuous excessive vibration usually reduces worker performance
and increases fatigue.
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Measurement Systems

A typical vibration-measurement system consists of an accelerometer, which is a
transducer (see Figure 10.29) that converts the mechanical motion to an electrical
signal, a preampliﬁer to increase the signal level, a signal conditioner, a detector to
perform appropriate calculations (e.g., RMS), and a meter for displaying and
recording results [57]. The transducer can be aﬀected by temperature, humidity and
acoustic noise [58]. Figure 10.30 shows an example of a vibration data-acquisition
system.

Figure 10.29

Vibration transducer on a furnace. (Courtesy of John Zink Co., Tulsa, OK.)

Figure 10.30

Vibration data-acquisition system. (Courtesy of John Zink Co., Tulsa, OK.)
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American Petroleum Institute Recommended Practice 531 M gives information
on measuring vibration from process heaters [36]. Harris [59] recommends the
following procedure for making vibration measurements:
.
.
.
.
.

Select the appropriate transducer (e.g., acceleration, velocity, or displacement)
Select the proper mounting arrangement
Determine field calibrations
Select appropriate wire and cabling
Choose appropriate noise suppression techniques

10.3.4 Abatement Strategies
There are three common strategies for mitigating vibration: source reduction,
transmission path modiﬁcation, and receiver protection [60]. However, in reality, for
most industrial combustion installations it is not practical to modify the
transmission path. Therefore, only source reduction and receiver protection are
considered here.
10.3.4.1

Source Reduction

There are two strategies for reducing the source of vibration. One is to modify the
equipment so that there is little or no vibration. The other is to control the vibrating
equipment using some type of isolator, for example, a special vibration isolation
mount under a blower, to prevent it from aﬀecting other equipment or personnel in
the vicinity. The latter is commonly used, for example, to isolate rotating equipment.
However, this is not usually the type of vibration problem caused by industrial
combustion systems, which are typically more diﬃcult to identify and then control.
Vibration isolators are, therefore, not considered further here and are discussed in
detail elsewhere for the interested reader [61,62].
The first source reduction strategy involves modifying the equipment to
minimize vibration generation. This is often the most desirable vibration control
strategy as substantial combustion-induced vibration is often an indicator of other
problems, such as combustion instability, that need to be addressed anyway. Some of
the techniques to reduce vibration generation may be relatively simple such as
changing the overall firing rate or adjusting the firing rates of individual burners.
Some strategies are more complicated such as modifying the combustor geometry,
modifying the burner design especially the mixing, or using some advanced control
technique discussed below. The nature of this problem usually means that one
solution does not fit all problems, and sometimes multiple solutions may need to be
applied.
10.3.4.2

Receiver Protection

This refers to protecting equipment and personnel subject to vibration. It does not
seek to reduce the source of the vibration, but rather its eﬀects. This is not generally
preferred except if it is only a temporary solution until a more permanent solution
can be found. It may also be used when the vibration is either relatively mild (which
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is somewhat subjective) or only occurs under limited circumstances that only happen
very infrequently. One example might be separating the vibrating equipment from
other equipment and personnel. If the furnace is shaking, then elevated walkways
and platforms can be built in such a way that they do not attach to the vibrating
furnace. Flexible hoses can be used close to the furnace so that downstream piping
and ﬂow control equipment is not signiﬁcantly impacted by the vibrations. There is
not really any personal protective equipment that can be worn to mitigate substantial
equipment vibration.
10.3.4.3

Advanced Controls

One of the means of controlling vibration caused by combustion instability is by the
use of advanced control techniques. The primary purpose is to eliminate the
combustion instability, which then in turn eliminates the combustion-induced
vibration. Advanced control techniques have received more attention in recent years.
The combustion system is continuously monitored and adjusted according to
feedback from sensors such as microphones or vibration transducers. Kemal and
Bowman [63] describe a real-time adaptive feedback control system for controlling
combustion instability. The primary elements of the system include sensors,
actuators, and a control strategy using a least-mean-square algorithm. The damping
of the pressure oscillations is acoustically driven. The system was shown
experimentally to reduce the normalized oscillations by 15%. Neumeier and
Zinn [64] experimentally and theoretically demonstrated control of combustion
instabilities using an active control technique and secondary fuel injection. The
system consists of an electronic ‘‘observer’’ to determine the characteristics of the
instabilities, an injector to control the ﬂow of secondary fuel into the combustor, and
a control strategy. The observer determines the frequency, amplitude, and phase
of the oscillations while the fuel injector compensates for the oscillations over a
0–1000 Hz frequency range. Hantschk et al. [65] describe an active control system for
controlling combustion instabilities in liquid-fuel ﬁred systems using direct-drive
servo motors. The servo motors drive valves that control the fuel-injection ﬂow rate
to dampen oscillations.
Hathout et al. [66] developed a low-order heat-release model that accounts for
the impact of flame surface area and equivalence rate oscillations in conjunction with
system acoustics to design control strategies to mitigate combustion instabilities. The
model results compared well with those of practical and experimental results of other
researchers. Blonbou et al. [67] discuss the use of neural networks in a closed-loop
system to control combustion instabilities in Rijke-tube combustion. The authors
note the importance of control systems as the a priori prediction of combustion
instability is currently not possible. Johnson et al. [68] describe a technique to
estimate experimentally the stability margin in an actual combustor based on the
response to artificially imposed oscillations and to fuel-injector actuation.
Hong et al. [69] describe an advanced robust system for controlling combustion
instabilities. The system has a slow-time supervisory controller and a fast-time flame
controller. The slow-time controller is used to optimize overall combustor
performance including minimizing pollutant emissions. The fast-time controller is
used to suppress combustion instabilities. Kulsheimer and Buchner [70] describe the
development of predictive methods for studying combustion instabilities in turbulent
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swirl flames. These instabilities may result from advanced burner and combustion
designs attempting to minimize pollution emissions. The model can be used to
develop suppression techniques.
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