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Industrial Trent Combustor—
Combustion Noise Characteristics
Thermoacoustic resonance is a difficult technical problem that is experienced by a
all lean-premixed combustors. The Industrial Trent combustor is a novel dry-
emissions (DLE) combustor design, which incorporates three stages of lean premixe
injection in series. The three stages in series allow independent control of two stages
third stage receives the balance of fuel to maintain the desired power level—at all p
conditions. Thus, primary zone and secondary zone temperatures can be indepen
controlled. This paper examines how the flexibility offered by a 3-stage lean prem
combustion system permits the implementation of a successful combustion noise
ance strategy at all power conditions and at all ambient conditions. This is because
given engine condition (power level and day temperature) a characteristic ‘‘noise m
can be generated on the engine, independently of the engine running condition
variable distribution of heat release along the length of the combustor provides an e
tive mechanism to control the amplitude of longitudinal resonance modes of the com
tor. This approach has allowed the Industrial Trent combustion engineers to thorou
‘‘map out’’ all longitudinal combustor acoustic modes and design a fuel schedule
can navigate around regions of combustor thermoacoustic resonance. Noise ma
results are presented in detail, together with the development of noise prediction me
(frequency and amplitude) that have allowed the noise characteristics of the engine
established over the entire operating envelope of the engine.@S0742-4795~00!00802-4#
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1 Introduction
Recent years have seen the emergence of combustion

resonance as a central technical problem in the design of Dry
Emissions~DLE! combustors. Despite the variety of technical a
proaches used in the design of DLE combustors~annular versus
can combustors, parallel versus series staging of fuel and/or
various flame stabilization strategies, etc.! the problem has been
experienced by almost all gas turbine manufacturers.

The practical combustion noise problem can be summarize
the following fundamental question: given a set of combustor
erating conditions, will the combustor exhibit a resonant acou
mode and if so, what will be the frequency and amplitude of
pressure oscillations?

Most theoretical attempts at answering the above question h
focused on the identification of the unstable modes of the c
bustor, using linear stability analysis. The recent work of Hubb
et al.@1# is a good example. Typically, the conservation equatio
are linearized for small amplitudes, so that a dispersion rela
that predicts the linear growth of the unstable modes can be
tained. The result of this type of analysis is a prediction of
frequencies of the unstable mode~s!, but nothing is obtained in
terms of the resulting limit-cycle amplitude, or the effect of t
engine cycle on the onset of the instability. Furthermore, lin
stability models provide limited predictive capability, since a k
ingredient to the approach is some information about the dyna
response of the flame when subjected to acoustic perturbation
so-called ‘‘flame model’’ is necessary and usually needs to
obtained experimentally@2#.

Yet, to the development engineer, the maximum amplitude
the instability is a key parameter that needs to be quantified
gether with a reliable prediction of the engine conditions at wh
the resonance will occur. Under certain conditions~if not most

Contributed by the International Gas Turbine Institute~IGTI! of THE AMERICAN
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME JOURNAL OF
ENGINEERING FOR GAS TURBINES AND POWER. Paper presented at the Intern
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Manuscript received by IGTI March 9, 1999; final revision received by the ASM
Headquarters January 3, 2000. Associate Technical Editor: D. Wisler.
280 Õ Vol. 122, APRIL 2000 Copyright © 2

: https://gasturbinespower.asmedigitalcollection.asme.org on 06/29/2019 Terms 
oise
ow
p-

air,

by
p-
tic
he

ave
m-
rd
ns
ion
ob-
he

e
ar
y

mic
s. A
be

of
to-
ch

conditions!, a linear stability analysis will predict more than on
unstable mode in the combustor. In these circumstances, the r
is of no immediate practical value since it will fail to identif
which of the unstable modes will be selected by the combus
system.

Work on liquid rocket motor instability has long establishe
that, at first order, the frequency of the resonance always co
sponds to a natural acoustic mode of the combustor@3#. Thus, the
possible frequencies of the unstable modes are easily pred
with reasonable accuracy. On the other hand, Chu@4# established
the relationship between a fluctuation in the rate of heat rele
and the amplitude of the resulting pressure wave. Considerin
control volume that encloses a region of heat release inside
infinite tube, and a perturbation in the rate of energy release in
the control volume, Chu@4# obtained the following result:
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whereq8 is a fluctuation in the rate of heat release~percent!, w is
the rate of energy released per unit area,Dw is a finite perturba-
tion in the rate of heat release,M1 is the incoming Mach number
g is the ratio of specific heats,Dp is the amplitude of the gener
ated pressure wave andc, T, andp denote the sound speed, tem
perature, and pressure, respectively. The indices 1 and 2 ref
the unburned and burned states, respectively.

Clearly, Chu’s result has no link whatsoever to any of the p
sible resonant frequencies associated to a tube~combustor! of fi-
nite dimensions. Interestingly enough~and contrary to what is
sometimes observed in DLE combustors! the above relationship
predicts that the pressure amplitudedecreasesas the temperature
ratio is decreased. The above relationship, although rigoro
correct, does not incorporate the feedback mechanism nece
for the prediction of an unstable condition.

The necessary condition for combustion instability is of cou
the well-known Rayleigh criterion, which says that the press
waves need to be in phase with the heat release@5#. The distribu-
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tion of heat release along the length of the tube is therefore
important consideration on whether or not instability will occu

One key difference between lean, premixed combustors
conventional combustors is the distribution of heat release wi
the combustor volume. In DLE combustors~using lean premixed
technology!, heat release occurs abruptly across a flame fr
whereas in traditional combustors the heat release issmeared
across a much wider region. The abrupt heat release at the fl
front in a premix system allows for the occurrence of a narr
range of time delays between fuel injection and heat release.
makes it possible for a large fraction of the heat release to sa
Rayleigh’s criterion. In a diffusion flame type combustor, there
a large collection of time delays between heat release and
injection and only a small fraction of the heat release can sat
Rayleigh’s criterion.

It is interesting to note that thermoacoustic oscillations are r
tinely observed in cryogenic systems@6# where they are the resu
of large temperature gradients along the length of tubes of fi
length. Theoretical analysis of this phenomenon shows that
thermoacoustic instability in this case is strongly affected by
distribution of temperature along the length of the tube.

In this paper, it will be shown that the frequency and amplitu
of the resonant axial modes in a DLE combustor are stron
affected by the axial distribution of heat release and tempera
inside the combustor. The Industrial Trent combustor is a 3-st
lean premixed combustor. This design has allowed us to iden
the frequencies and amplitudes of all the resonant modes o
combustor, independently of engine running conditions.

After a brief introduction to the 3 axial stage concept, nois
mapping results are presented. Correlations for each of the
stable modes are then presented, followed by a discussion o
predictive capabilities of the approach.

2 Axial Staging of Heat Release
A cross-section of the Industrial Trent combustor is shown

Fig. 1. The combustor consists of three premixing channels, wh
are respectively referred to as the primary, secondary, and ter
premixers. The primary premix system is the only premix syst
that is self-stabilized. That is, the primary system can be oper
alone, whereas the secondary and tertiary systems cannot.
secondary and tertiary premixed streams are ignited by the
stream stages, as they mix inside the combustor. If the prim
stage flames out, the whole combustor flames out.

Flame temperatures associated to each of the premix stage
be calculated on the basis of ‘‘cold flow’’ effective areas~which
provide combustor air splits! and measured fuel flows to each
the fuel stages.

The practical implication of the design is that the secondary
tertiary stages can be operated at much lower flame tempera
than what is normally required for flame stabilization. The res
is a large turndown ratio in the achievable fuel-air ratios of
secondary and tertiary premixers.

Part of the secondary fuel-air mixture is entrained into the p
mary zone, to mix with the primary premix stream. Once t
flame temperature associated with the secondary premix str
reaches a certain level, this entrainment effect will result in
improvement in the weak extinction limit of the primary syste
This is because it is the average temperature resulting from
mixing of the two streams that governs the weak extinction of
primary zone. The improvement in primary zone stability resu
ing from secondary stream entrainment is shown in Fig. 2. T
amount of secondary fuel-air mixture entrained into the prim
zone of the combustor can be estimated from the slope of the
above 1400 K in Fig. 2.

At a given power level, the total amount of fuel inside th
combustor is prescribed. The combustion engineer is left with
choice of the allocation of the total fuel between the three pre
stages. The possible fuel splits are limited by a series of c
straints: the primary weak extinction temperature, the maxim
Journal of Engineering for Gas Turbines and Power
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temperature for any of the three stages due to NOx reasons, a
minimum temperature of the last stage~tertiary! due to CO re-
quirements. The secondary stage does not really have a minim
temperature, provided the tertiary stage is hot enough to acc
plish CO burnout. There are no practical limits imposed by co
bustor metal temperatures or by limitations on the combustor t
perature exit profile.

At a given power level, the ensemble of possible ways to a
cate the fuel inside the combustor actually defines an opera
envelope, whose axes are best defined in terms of premixe~or
zone! temperatures. For instance, once a primary temperatur
chosen~say, 1750 K!, a secondary temperature~say, from 1200 K
to 2000 K! can then be chosen. The amount of fuel to be alloca
to the tertiary then falls out from the total amount of fuel requir
by the engine. Note that no fuel at all to the tertiary is also
option.

Figure 3 shows typical possible operating envelopes for
Trent combustor at different power levels. The temperatures of
y-axis andx-axis are the primary and secondary flame tempe
tures, from which a reference temperature was subtracted. He
the bias of the primary and secondary temperatures from a re
ence temperature is used to represent the results.

Fig. 1 Industrial Trent combustor

Fig. 2 Primary weak extinction characteristics
APRIL 2000, Vol. 122 Õ 281
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3 ‘‘Noise Mapping’’
In order to assess the noise and emissions characteristics o

engine, a detailed mapping exercise was undertaken at a varie
power levels and ambient conditions, and on different engine

Depending on the ambient conditions, the relationship betw
combustor inlet and outlet temperatures can vary quite sig
cantly. Thus, at different engine operating conditions, the allo
tion of fuel between primary, secondary, and tertiary that gives
best combination of NOx, CO, and noise will vary. The objecti
of the development testing of the combustion system was the
nition of a combustor fuel schedule. Thefuel scheduleis essen-
tially a look-up table, which is a function of power level an
ambient temperature that the control system can use to spli
total fuel between the three stages.

Shown in Figs. 4, 5, and 6 are the results of measuremen
the observed noise amplitude at various power levels. Again,
given power level, the primary and secondary temperatures ca
controlled independently, while the tertiary takes the balance
the total fuel.

Each of the noise maps shown below is the result of an in
polation of 25 to 35 measurement points. More than 10 no
maps were obtained~different power level, different day condi
tion, different engines! during development. Thus, more than 30
test cases were obtained. In all cases it was found that the reso
frequency of pressure fluctuations always corresponded to a n
ral acoustic mode of the combustor.

The amplitudes measured in the noise maps are the RMS v
of the signal from piezoelectric transducers, filtered from 10 Hz
2000 Hz. The detailed frequencies corresponding to the reg
high noise will be discussed below.

Fig. 3 Typical operating envelopes for the industrial Trent
combustor „ISO day …

Fig. 4 Noise amplitude contour map near 50 percent power
282 Õ Vol. 122, APRIL 2000
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What is seen from the contour maps is that at any power c
dition it is always possible to find regions of high noise and lo
noise. In other words, the RMS level of pressure fluctuations
clearly affected by the axial distribution of heat release inside
combustor~this is assuming that changing the fuel splits w
change the distribution of heat release!. In general, the noise am
plitude appears to scale linearly with the combustor inlet press
Thus, the potential for structural damage is a lot higher at h
engine pressure ratios. This represents a difficult challenge for
Trent, since the inlet pressure can reach a level of up to 40 a

Depending on the power level and on the ambient conditio
the regions of high noise will be located in a different region
the operating envelope. In Fig. 6, there are two regions of h
noise; both located in the region of low primary temperatur
However, as the secondary temperature is varied, it becomes
sible to find an optimum condition that will minimize the nois
amplitude.

It turns out that the two distinct regions of high noise in Fig.
correspond to two different acoustic modes of the combustor.
the specific geometry of the Industrial Trent~i.e.,L/D is relatively
large! the modes that can be excited in the range of 10–2000
are only longitudinal modes. The noise mapping results prese
above can be somewhat condensed when plotted in terms
non-dimensional amplitude (Dp/P) and a non-dimensional wave
length (L/l). That is, the single sided RMS noise amplitudeDp
is non-dimensionalized by the combustor inlet pressureP and the
sound wavelengthl is non-dimensionalized by the length of th
combustorL. This is shown in Fig. 7.

The data from Fig. 7 are obtained from two different engines
five different power levels, and from a range of ambient con

Fig. 5 Noise amplitude contour map near 80 percent power

Fig. 6 Noise amplitude contour map near 100 percent power
Transactions of the ASME
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Fig. 7 Non-dimensional representation of the measured com-
bustion noise amplitudes and frequencies
ea-

Journal of Engineering for Gas Turbines and Power
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tions and combustor fuel splits. Yet, all results are clearly grou
into three well-defined acoustic modes. At a given condition, th
may not be any resonant mode, although there will always b
dominant frequency. In such a case, the level of pressure fluc
tions is of the order of 0.1–0.2 percent of the reference press
This represents the ‘‘no noise’’ cases. When resonance sets
will always select the frequency of one of the natural acous
modes. Depending on the operating conditions, the fuel spli
which resonance appears and the frequency and amplitude o
selected mode will vary.

Each of the resonant modes identified in Fig. 7 appears to
respond to a specific pattern of heat release and temperature
tribution along the length of the combustor. This is illustrated
Fig. 8. Because the Industrial Trent incorporates three fuel sta
in series, the choice of fuel splits will in principle affect the axi
distribution in heat release and gas temperature along the leng
the combustor. These distributions were not experimentally m
Fig. 8 Typical „calculated … heat release and temperature distribution along the length of the combustor for each of the unstable
longitudinal acoustic modes. x ÕLÄ1 corresponds to the combustor exit.
APRIL 2000, Vol. 122 Õ 283

of Use: http://www.asme.org/about-asme/terms-of-use



t

i
r

n
h

t

d

t

f

m

e
t
v

r

ent.
lon-
d

de

the
at a
ias
on-
the
to a
om-

-
ith
ant
os-
. It

3rd
the

n a

ne
ture.
rgin
ver,
eak

on
zone

Downloaded From
sured but were instead calculated, with the assumption that
combustor air splits are not changed as the fuel split is varied

The first mode is usually observed at low power when the
tiary is not lit and hence it corresponds to a heat release distr
tion concentrated near the ‘‘head’’ of the combustor. For the s
ond and third mode, all three stages are in operation and
energy release is distributed along a wider region of the comb
tor. The heat release distribution of the second and third mode
of a similar ‘‘topology,’’ i.e., most of the energy is released with
the secondary zone. However, the resulting temperature dist
tions are different, as clearly seen from Fig. 8.

What is the relationship between the information shown in F
7 and the noise maps of Figs. 4–6? A partial answer is prese
in Fig. 9. This is effectively the equivalent of a slice through t
noise map of Fig. 6. As the secondary bias is increased, the n
amplitude decreases until it reaches a minimum. Once the m
mum is reached, the frequency of the resonance switches from
second to the third acoustic mode. It can also be seen tha
overall noise levels can be reduced if the primary bias is
creased.

Figure 9 is a good illustration of the flexibility offered by th
3-stage design. At a fixed engine running condition, a sm
change in the primary and/or secondary temperature can re
the combustion noise amplitude by 50 percent and/or select
frequency at which resonance takes place.

The ability to ‘‘select’’ the frequency of the resonance is
unique feature of the system, which offers a significant advant
to reduce the vulnerability of the combustor against combus
noise. The combustor hardware will usually be more suscept
to certain frequencies, depending on the structural modes o
mechanical design. It is usually possible to ‘‘design out’’ some
the natural structural modes, but not all. Being able to also se
the frequency of the resonance offers additional margins for
chanical integrity.

4 Correlations and Predictions of Noise
The objective of the noise mapping test was to allow the d

nition of a fuel schedule for the engine. In other words, what is
best fuel split between primary, secondary, and tertiary for a gi
power level~on a given ambient condition! which will avoid com-
bustion noise?

To answer this question it was necessary to develop an em
cal correlation for each of the possible resonant modes of
combustor. This way, not only the amplitude, but also the f
quency of the combustion resonance could be predicted. The
sumption that was made was that ofa principle of superposition.
That is, the unstable mode selected by the combustor is simply
one that is predicted to have the highest amplitude.

Fig. 9 Change in acoustic mode and noise amplitude as the
combustor fuel split is varied at a steady engine operating
condition
284 Õ Vol. 122, APRIL 2000
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The behavior of each of the unstable modes was quite differ
For instance, the dependence of the amplitude of the second
gitudinal mode (L/l50.5) on combustor fueling conditions an
engine power is shown in Fig. 10. The noise amplitude~in psi-
RMS! is non-dimensionalized by the maximum noise amplitu
acceptable to the requirements of durability of the hardware.

The amplitude of the second mode always decreases as
primary bias is increased. What appears to be large scatter
given primary bias is actually the effect of the secondary b
being changed. Even though the noise amplitude is n
dimensionalized by the combustor reference pressure, all
curves do not collapse into one. Thus, the 2nd mode depends
certain degree on the total energy being released inside the c
bustor.

The 3rd unstable mode (L/l50.75) has amplitude characteris
tics which are completely different from what was observed w
the 2nd mode. As seen from Fig. 11, whenever the domin
frequency of the spectrum was that of the 3rd mode, it was p
sible to collapse all of the observations onto a single curve
appears that a necessary condition for the appearance of the
mode is that the secondary zone temperature must exceed
primary zone temperature. This condition can be achieved i
number of ways, and at different power levels.

Under most combustor operating conditions, the primary zo
temperature is slightly above the secondary zone tempera
This is because the primary zone needs to keep a small ma
above weak extinction, whereas the secondary doesn’t. Howe
at high power the primary does have a large margin above w
extinction~see Fig. 2! so it becomes possible to have a conditi
where the secondary zone temperature exceeds the primary

Fig. 10 Amplitude characteristics of the 2nd unstable mode
„L ÕlÄ0.5…. The data in this figure are obtained at engine power
levels ranging from 50 percent to 100 percent power.

Fig. 11 Amplitude characteristics of the 3rd unstable mode
„L ÕlÄ0.75…. The data in this figure are obtained at engine
power levels ranging from 30 percent to 100 percent power.
Transactions of the ASME
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temperature. Although this is a necessary condition for the e
tence of the 3rd mode, it is not a sufficient one. Note that the d
points shown in Fig. 11 all correspond to engine conditions wh
the dominant frequency in the frequency spectrum correspon
to that of the 3rd mode.

Depending on the power level and day temperature, an unst
mode may or may not manifest itself. It is quite possible~depend-
ing on combustor operating conditions! to have situations where
neither the 2nd nor the 3rd mode~nor the 1st mode! are present.
In these cases, the background noise level in the combust
comparable to what would be measured in say, a diffusion fla
combustor.

Having obtained some indications of the behavior of the
stable modes, an attempt was made to predict the amplitud
each of the unstable modes using empirical correlations. As m
tioned in the Introduction, the work by Chu@4#, although not
linked to any mechanism of resonance, is ‘‘exact’’ in terms
establishing a nonlinear relationship between heat release flu
tions and the amplitude of the resulting pressure waves. Th
because the conservation equations for a control volume enclo
a region of heat release are solved analytically.

If one makes the assumption that a given level of press
fluctuations have a one-to-one correspondence with a level in
release fluctuations, then it is expected from Eq.~1! that the non-
dimensional amplitude of the noise is predominantly a function
the temperature ratio across the region of heat release. In the
of a three-stage~axially staged! combustor there are three region
of heat release, and hence there are at least three important
perature ratios that will affect noise amplitude. It might also
argued that the overall heat release in the combustor~and the
corresponding temperature ratio from combustor inlet to comb
tor exit! might also be a controlling parameter.

For these reasons, the assumed functional form of the empi
correlations that were used for each of the unstable modes w

Dp

p
5K11K2P3

A(
i 51

N F ~Ti2T3!

ki
Ga i

, (2)

where K1 , K2 , A, ki , and a i are all arbitrary constants. Th
summation indexi, which runs from 1 toN, refer to each of the
three combustion zones of the combustor, in addition to the o
all heat release inside the combustor. The arbitrary constants
obtained from linear regression of engine data for each of
unstable modes.

What were obtained then are three independent empirical
relations for each of the longitudinal resonant modes. The
sumption that was then made was that the mode observed w
be the one having the highest amplitude of the three, given
combustor operating conditions. Note that this approach per
prediction of not only the amplitude but also the frequency of
combustion resonance.

The capabilities of the correlations were tested on developm
engines, where fuel schedule changes were made so as to d
erately create noise during engine acceleration to baseload.
sets of results from two different engines at two different ambi
conditions~120°C and25°C! are shown in Fig. 12.

When a combustion resonance sets in, it sets in abruptly. Th
manifested by a sharp ‘‘kink’’ in the curves in Fig. 12. Note th
the empirical correlations capture this feature quite well. In ot
words, the empirical correlations developed are able to pre
relatively well the boundaries beyond which combustion no
will be encountered.

The occurrence of combustion noise is dependent on the a
ent conditions. This is because a given power level on the en
is achieved quite differently depending on the day conditions. T
combustor inlet pressure and temperature and combustor exit
perature will be quite different at say, 40 MW, if the ambie
temperature is at 20°C or25°C. Furthermore, it should be kept i
mind that thefuel schedulewill also be different, depending on
power level and day conditions.
Journal of Engineering for Gas Turbines and Power
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Nonetheless, Fig. 12 indicates that the correlations are abl
capture relatively well the effects of engine cycle, ambient con
tions and changes in fuel schedule~or equivalently, variations in
combustor fuel splits!. The correlations were able to reproduce t
noise mapping results~e.g., Figs. 4, 5, and 6! within approxi-
mately 10 percent accuracy~i.e. the standard error of the estima
was 10 percent of the maximum allowable pressure amplit
inside the combustor!.

One of the most difficult tasks in DLE combustor design, p
ticularly for the entry-in-service of the engine, is to be able
predict the conditions under which the combustor will experien
thermoacoustic resonance. The empirical correlations develo
during development of the Industrial Trent allowed such pred
tions to be made so that the fuel schedule could be designe
avoid regions of high combustion noise across the entire opera
range of the engine.

5 Conclusions
Axial staging of the heat release inside the Industrial Tr

combustor allows a wide turndown of flame temperatures for
purpose of emissions control, but this also permits a direct in
ence on the amplitudes and frequency of combustion therm
coustic resonance. At a fixed engine condition, the variation
fuel splits among the three stages effectively allows a direct c
trol of combustion noise. The large flexibility of the three axi
stages is such that the noise avoidance strategy for the Indu
Trent is really one of anadaptive fuel schedule~i.e., variation of
combustor fuel splits in response to measured noise amplitu!
rather than one ofactive noise control~e.g., fast modulation of
a small amount of the combustor fuel flow to suppress
instability!.

The ‘‘noise mapping’’ capability of the three axial stages ma
it possible to obtain reliable empirical correlations for the occ
rence of the unstable acoustic modes of the combustor. Toda
is possible to predict how a fuel schedule change will affect co
bustion noise on the engine from230°C to 130°C. Both the
frequency and the limit-cycle amplitude of the resonance can
predicted with reasonable accuracy.
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