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Industrial Trent Combustor—
Combustion Noise Characteristics

Thermoacoustic resonance is a difficult technical problem that is experienced by almost
all lean-premixed combustors. The Industrial Trent combustor is a novel dry-low-
emissions (DLE) combustor design, which incorporates three stages of lean premixed fuel

Th Scarinci injection in series. The three stages in series allow independent control of two stages—the
omas ocarinci . . . :
John L. Halpi third stage receives the balance of fuel to maintain the desired power level—at all power
ohn L. Railpin conditions. Thus, primary zone and secondary zone temperatures can be independently
Rolls-Royce Canada, controlled. This paper examines how the flexibility offered by a 3-stage lean premixed
9545 Cote-de-Liesse, combustion system permits the implementation of a successful combustion noise avoid-
Dorval, Quebec, ance strategy at all power conditions and at all ambient conditions. This is because at a
Canada HOP 1AS given engine condition (power level and day temperature) a characteristic “noise map”

can be generated on the engine, independently of the engine running condition. The
variable distribution of heat release along the length of the combustor provides an effec-
tive mechanism to control the amplitude of longitudinal resonance modes of the combus-
tor. This approach has allowed the Industrial Trent combustion engineers to thoroughly
“map out” all longitudinal combustor acoustic modes and design a fuel schedule that
can navigate around regions of combustor thermoacoustic resonance. Noise mapping
results are presented in detail, together with the development of noise prediction methods
(frequency and amplitude) that have allowed the noise characteristics of the engine to be
established over the entire operating envelope of the enf8042-4798)0)00802-4

1 Introduction conditiong, a linear stability analysis will predict more than one
unstable mode in the combustor. In these circumstances, the result
®55f no immediate practical value since it will fail to identify
hich of the unstable modes will be selected by the combustion
Psystem.

. Work on liquid rocket motor instability has long established
#at, at first order, the frequency of the resonance always corre-

Recent years have seen the emergence of combustion n
resonance as a central technical problem in the design of Dry L
Emissions(DLE) combustors. Despite the variety of technical a
proaches used in the design of DLE combust@arsnular versus
can combustors, parallel versus series staging of fuel and/or

variou_s flame stabilization strategit_es, etihie problem has been sponds to a natural acoustic mode of the combU&pfThus, the

experienced by almost all gas turbine manufacturers. ossible frequencies of the unstable modes are easily predicted
The practical combustion noise problem can be summarized i, reasonable accuracy. On the other hand, Zhestablished

the following fundamental question: given a set of combustor Ogse relationship between a fluctuation in the rate of heat release

erating conditions, will the combustor exhibit a resonant acousti,q the amplitude of the resulting pressure wave. Considering a

mode and if so, what will be the frequency and amplitude of thesnirol volume that encloses a region of heat release inside an

pressure oscillations? infinite tube, and a perturbation in the rate of energy release inside

Most theoretical attempts at answering the above question haMg control volume, Ch{i4] obtained the following result:
focused on the identification of the unstable modes of the com-

bustor, using linear stability analysis. The recent work of Hubbard Cy Apy)\[Ap:

et al.[1] is a good example. Typically, the conservation equations AW 1 1+ C_1 1+ E E

are linearized for small amplitudes, so that a dispersion relation ¢q'=—= 1)
that predicts the linear growth of the unstable modes can be ob- wo yMp [T, y+1/[Ap;

tained. The result of this type of analysis is a prediction of the T_l_l Z_y E +1

frequencies of the unstable mdde but nothing is obtained in
terms of the resulting limit-cycle amplitude, or the effect of thevhereq’ is a fluctuation in the rate of heat relegpercent, w is
engine cycle on the onset of the instability. Furthermore, linegte rate of energy released per unit arka is a finite perturba-
stability models provide limited predictive capability, since a keyion in the rate of heat releasi,; is the incoming Mach number,
ingredient to the approach is some information about the dynamjds the ratio of specific heatd\ p is the amplitude of the gener-
response of the flame when subjected to acoustic perturbationsat&d pressure wave amgd T, andp denote the sound speed, tem-
so-called “flame model” is necessary and usually needs to Iperature, and pressure, respectively. The indices 1 and 2 refer to
obtained experimentalli2]. the unburned and burned states, respectively.

Yet, to the development engineer, the maximum amplitude of Clearly, Chu’s result has no link whatsoever to any of the pos-
the instability is a key parameter that needs to be quantified, &jble resonant frequencies associated to a tabmbustoy of fi-
gether with a reliable prediction of the engine conditions at whidhite dimensions. Interestingly enoughnd contrary to what is
the resonance will occur. Under certain conditidifsnot most sometimes observed in DLE combusjotise above relationship

predicts that the pressure amplitudecreasess the temperature

Contributed by the International Gas Turbine Instit0@TI) of THE AvErican ~ 1atio is decreased. The above relationship, although rigorously
SOCIETY OF MECHANICAL ENGINEERSfor publication in the ASME QURNAL OF  correct, does not incorporate the feedback mechanism necessary
ENGINEERING FORGAS TURBINES AND POWER Paper presented at the Interna-for the prediction of an unstable condition.

tional Gas Turbine and Aeroengine Congress and Exhibition, Indianapolis, IN, June-l-he necessary condition for combustion instability is of course
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tion of heat release along the length of the tube is therefore :
important consideration on whether or not instability will occur.

One key difference between lean, premixed combustors ai
conventional combustors is the distribution of heat release withi
the combustor volume. In DLE combustdrssing lean premixed
technology, heat release occurs abruptly across a flame frol
whereas in traditional combustors the heat releassnigared
across a much wider region. The abrupt heat release at the fla
front in a premix system allows for the occurrence of a narrov
range of time delays between fuel injection and heat release. Tt
makes it possible for a large fraction of the heat release to satis
Rayleigh’s criterion. In a diffusion flame type combustor, there it
a large collection of time delays between heat release and fu
injection and only a small fraction of the heat release can satis
Rayleigh’s criterion.

It is interesting to note that thermoacoustic oscillations are rot
tinely observed in cryogenic systeif& where they are the result
of large temperature gradients along the length of tubes of fini
length. Theoretical analysis of this phenomenon shows that tl
thermoacoustic instability in this case is strongly affected by th
distribution of temperature along the length of the tube.

In this paper, it will be shown that the frequency and amplitud
of the resonant axial modes in a DLE combustor are strong!
affected by the axial distribution of heat release and temperatu
inside the combustor. The Industrial Trent combustor is a 3-sta(
lean premixed combustor. This design has allowed us to identiy
the frequencies and amplitudes of all the resonant modes of the
combustor, independently of engine running conditions.

After a brief introduction to the 3 axial stage concept, noise-
mapping results are presented. Correlations for each of the un-
stable modes are then presented, followed by a discussion of tbmperature for any of the three stages due to NOx reasons, and a
predictive capabilities of the approach. minimum temperature of the last stagertiary) due to CO re-

quirements. The secondary stage does not really have a minimum
2 Axial Staging of Heat Release temperature, provided the tertiary stage i§ h_ot _enough to accom-
s ) ) plish CO burnout. There are no practical limits imposed by com-

A cross-section of the Industrial Trent combustor is shown iBystor metal temperatures or by limitations on the combustor tem-
Fig. 1. The combustor consists of three premixing channels, whigrature exit profile.
are respectively referred to as the primary, secondary, and tertianyt a given power level, the ensemble of possible ways to allo-
premixers. The primary premix system is the only premix systegate the fuel inside the combustor actually defines an operating
that is self-stabilized. That is, the primary system can be Ope‘ra]\@Q\/e|ope7 whose axes are best defined in terms of prerf[ixer
alone, whereas the secondary and tertiary systems cannot. 78fg temperatures. For instance, once a primary temperature is
secondary and tertiary premixed streams are ignited by the Whosen(say, 1750 K, a secondary temperatufgay, from 1200 K
stream stages, as they mix inside the combustor. If the primagy2000 K) can then be chosen. The amount of fuel to be allocated
stage flames out, the whole combustor flames out. to the tertiary then falls out from the total amount of fuel required

Flame temperatures associated to each of the premix stagesigaihe engine. Note that no fuel at all to the tertiary is also an
be calculated on the basis of “cold flow” effective are@ghich option.
prOVide combustor air Spll)sand measured fuel flows to each of Figure 3 shows typ|ca| possib|e Operating enve|0pes for the
the fuel stages. Trent combustor at different power levels. The temperatures of the

The praCtiCﬁl implication of the design is that the Secondary alydaxis andx-axis are the primary and Secondary flame tempera-
tertiary stages can be operated at much lower flame temperatu{ggs, from which a reference temperature was subtracted. Hence,

than what is normally required for flame stabilization. The resulhe bias of the primary and secondary temperatures from a refer-
is a large turndown ratio in the achievable fuel-air ratios of thence temperature is used to represent the resuilts.

secondary and tertiary premixers.
Part of the secondary fuel-air mixture is entrained into the pri-
mary zone, to mix with the primary premix stream. Once the
flame temperature associated with the secondary premix streamx 30
reaches a certain level, this entrainment effect will result in an
improvement in the weak extinction limit of the primary system.
This is because it is the average temperature resulting from the
mixing of the two streams that governs the weak extinction of the
primary zone. The improvement in primary zone stability result-
ing from secondary stream entrainment is shown in Fig. 2. The
amount of secondary fuel-air mixture entrained into the primary ¥ -5 \
zone of the combustor can be estimated from the slope of the line 200
above 1400 K in Fig. 2. | ; ~
At a given power level, the total amount of fuel inside the & i :

Fig. 1 Industrial Trent combustor

/

-100 \

Primary weak extinction improvement,

0
combustor is prescribed. The combustion engineer is left with the 1000 1200 1400 1600 1800 2000
choice of the allocation of the total fuel between the three premix Secondary Flame Temperature, K
stages. The possible fuel splits are limited by a series of con-
straints: the primary weak extinction temperature, the maximum Fig. 2 Primary weak extinction characteristics
Journal of Engineering for Gas Turbines and Power APRIL 2000, Vol. 122 / 281
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Fig. 5 Noise amplitude contour map near 80 percent power

3  “Noise Mapping”
In order to assess the noise and emissions characteristics of)ik@what is seen from the contour maps is that at any power con-

engine, a detailed mapping exercise was undertaken at a variet pn it is always possible to find regions of high noise an_d IOV‘.’

power levels and ambient conditions, and on different engines. oise. In other words, th? RMS.Iev_eI of pressure fluctgat!ons IS
Depending on the ambient conditions, the relationship betwegt’?arly affecte_d by the aX|_aI distribution O.f heat release |n_5|de _the

combustor inlet and outlet temperatures can vary quite signiﬁgmbuswr(th's is assuming that changing the fuel splits will

cantly. Thus, at different engine operating conditions, the auocgt]ange the distribution OT heat rel_e}asm general, the_ noise am-
tude appears to scale linearly with the combustor inlet pressure.

tion of fuel between primary, secondary, and tertiary that gives t%us’ the potential for structural damage is a lot higher at high

best combination of NOx, CO, and noise will vary. The objectiv ; . : o

of the development testing of the combustion system was the d \gine pressure ratios. This represents a difficult challenge for the

nition of a combustor fuel schedule. Theel schedulds essen- | NG Since the inlet pressure can reach a level O.f up to 4(.) atm.
d Depending on the power level and on the ambient conditions,

tially a look-up table, which is a function of power level an . £ hiah noi ill be located | diff t reqi f
ambient temperature that the control system can use to split & regions ot high noise will be located in a ditfferent region o
€ operating envelope. In Fig. 6, there are two regions of high

total fuel between the three stages. - ot ! : .
Shown in Figs. 4, 5, and 6 are the results of measurementsgﬂse' both located in the region of low primary temperatures.

the observed noise amplitude at various power levels. Again, at . wetve]r:z %S the s?.condary tedrlrgpera:';]urte |s.“var.|e.d, It b?ﬁomes pos-
given power level, the primary and secondary temperatures can € 10 lind an optimum condition that will minimize the noise

X ' : plitude.
;:ﬁerwttggtla(?uler}dependently, while the tertiary takes the balance %Frt turns out that the two distinct regions of high noise in Fig. 6

Each of the noise maps shown below is the result of an int orrespond to two different acoustic modes of the combustor. For
polation of 25 to 35 measurement points. More than 10 noi?%e specific geometry of the Industrial Tréne.,L/D is relatively

maps were obtainetifferent power level, different day condi-
tion, different engingsduring development. Thus, more than 30
test cases were obtained. In all cases it was found that the reso

Igelqaucir:]csyzigfnp])g(ajsésgﬁgleutét(;,lr?]ttl)%r;?oflways corresponded to an ength L/\). That is, the single sided RMS noise amplituip

The amplitudes measured in the noise maps are the RMS Vaia@og-dimer;sior;;li_zed by éhe combusi_tor(ijnlbet Fr:eslwee?ﬁ t??h
of the signal from piezoelectric transducers, filtered from 10 Hz pund wavelengtir 1s non-dimensionalized by the length of the

2000 Hz. The detailed frequencies corresponding to the regic}%ghbeuzgg_'frgmsgiz.s;]c;\;\len()igtgiir?é;from two different engines, at

high noise will be discussed below. five different power levels, and from a range of ambient condi-

arge the modes that can be excited in the range of 10-2000 Hz

Gre only longitudinal modes. The noise mapping results presented

I@‘.pr?[ve can be somewhat condensed when plotted in terms of a
gp-dimensional amplitudeA(p/P) and a non-dimensional wave-
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Fig. 4 Noise amplitude contour map near 50 percent power Fig. 6 Noise amplitude contour map near 100 percent power
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Fig. 7 Non-dimensional representation of the measured com-
bustion noise amplitudes and frequencies
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tions and combustor fuel splits. Yet, all results are clearly grouped
into three well-defined acoustic modes. At a given condition, there
may not be any resonant mode, although there will always be a
dominant frequency. In such a case, the level of pressure fluctua-
tions is of the order of 0.1-0.2 percent of the reference pressure.
This represents the “no noise” cases. When resonance sets in, it
will always select the frequency of one of the natural acoustic
modes. Depending on the operating conditions, the fuel split at
which resonance appears and the frequency and amplitude of the
selected mode will vary.

Each of the resonant modes identified in Fig. 7 appears to cor-
respond to a specific pattern of heat release and temperature dis-
tribution along the length of the combustor. This is illustrated in
Fig. 8. Because the Industrial Trent incorporates three fuel stages
in series, the choice of fuel splits will in principle affect the axial
distribution in heat release and gas temperature along the length of
the combustor. These distributions were not experimentally mea-
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Fig. 8 Typical (calculated ) heat release and temperature distribution along the length of the combustor for each of the unstable

longitudinal acoustic modes.
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Xx/L=1 corresponds to the combustor exit.
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Fig. 10 Amplitude characteristics of the 2nd unstable mode
(L/N=0.5). The data in this figure are obtained at engine power
levels ranging from 50 percent to 100 percent power.

Fig. 9 Change in acoustic mode and noise amplitude as the
combustor fuel split is varied at a steady engine operating
condition

The behavior of each of the unstable modes was quite different.
sured but were instead calculated, with the assumption that ther instance, the dependence of the amplitude of the second lon-
combustor air splits are not changed as the fuel split is varied.gitudinal mode [/\=0.5) on combustor fueling conditions and

The first mode is usually observed at low power when the tegngine power is shown in Fig. 10. The noise amplit(itepsi-
tiary is not lit and hence it corresponds to a heat release distritRMS) is non-dimensionalized by the maximum noise amplitude
tion concentrated near the “head” of the combustor. For the seseceptable to the requirements of durability of the hardware.
ond and third mode, all three stages are in operation and theThe amplitude of the second mode always decreases as the
energy release is distributed along a wider region of the combysimary bias is increased. What appears to be large scatter at a
tor. The heat release distribution of the second and third mode gieen primary bias is actually the effect of the secondary bias
of a similar “topology,” i.e., most of the energy is released withirbeing changed. Even though the noise amplitude is non-
the secondary zone. However, the resulting temperature distrillimensionalized by the combustor reference pressure, all the
tions are different, as clearly seen from Fig. 8. curves do not collapse into one. Thus, the 2nd mode depends to a
What is the relationship between the information shown in Figertain degree on the total energy being released inside the com-
7 and the noise maps of Figs. 4—6? A partial answer is presentagstor.
in Fig. 9. This is effectively the equivalent of a slice through the The 3rd unstable mode_(\ =0.75) has amplitude characteris-
noise map of Fig. 6. As the secondary bias is increased, the naiigg which are completely different from what was observed with
amplitude decreases until it reaches a minimum. Once the mitite 2nd mode. As seen from Fig. 11, whenever the dominant
mum is reached, the frequency of the resonance switches from fieuency of the spectrum was that of the 3rd mode, it was pos-
second to the third acoustic mode. It can also be seen that #ilsle to collapse all of the observations onto a single curve. It
overall noise levels can be reduced if the primary bias is imppears that a necessary condition for the appearance of the 3rd
creased. mode is that the secondary zone temperature must exceed the
Figure 9 is a good illustration of the flexibility offered by theprimary zone temperature. This condition can be achieved in a
3-stage design. At a fixed engine running condition, a smalumber of ways, and at different power levels.
change in the primary and/or secondary temperature can reduc&nder most combustor operating conditions, the primary zone
the combustion noise amplitude by 50 percent and/or select tlgnperature is slightly above the secondary zone temperature.
frequency at which resonance takes place. This is because the primary zone needs to keep a small margin
The ability to “select” the frequency of the resonance is above weak extinction, whereas the secondary doesn’t. However,
unique feature of the system, which offers a significant advantagehigh power the primary does have a large margin above weak
to reduce the vulnerability of the combustor against combusti@xtinction (see Fig. 2 so it becomes possible to have a condition
noise. The combustor hardware will usually be more susceptibihere the secondary zone temperature exceeds the primary zone
to certain frequencies, depending on the structural modes of the
mechanical design. It is usually possible to “design out” some of
the natural structural modes, but not all. Being able to also select 120%

the frequency of the resonance offers additional margins for me-
chanical integrity. 100% 4
/
. .. . 8 F 80% 7
4 Correlations and Predictions of Noise 2z /
[
The objective of the noise mapping test was to allow the defi- § g 0% 7 o
nition of a fuel schedule for the engine. In other words, what is the £ 3% )
best fuel split between primary, secondary, and tertiary for a given €< 40% NP4
power level(on a given ambient conditiornvhich will avoid com- p
bustion noise? 20% 3
To answer this question it was necessary to develop an empiri- R ettt il °
cal correlation for each of the possible resonant modes of the 0%

-100 -80 -60 -40 -20 0 20 40 60 80 100

combustor. This way, not only the amplitude, but also the fre- Secondary minus Primary Zone Temperature (K)

qguency of the combustion resonance could be predicted. The as-

sumption that was made was thataprinciple of superposition rig. 11 Amplitude characteristics of the 3rd unstable mode
That is, the unstable mode selected by the combustor is simply 3¢\ =0.75). The data in this figure are obtained at engine
one that is predicted to have the highest amplitude. power levels ranging from 30 percent to 100 percent power.
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temperature. Although this is a necessary condition for the exis- ~ 100% i
tence of the 3rd mode, it is not a sufficient one. Note that the data £
points shown in Fig. 11 all correspond to engine conditions where 80% gﬂf‘i ] /.
the dominant frequency in the frequency spectrum corresponded
to that of the 3rd mode.

Depending on the power level and day temperature, an unstable
mode may or may not manifest itself. It is quite possitdlepend-
ing on combustor operating condition® have situations where ‘
neither the 2nd nor the 3rd modeor the 1st modeare present. j
In these cases, the background noise level in the combustor is 20% !
comparable to what would be measured in say, a diffusion flame
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Having obtained some indications of the behavior of the un- ' ’ 'combusm”'me‘mssur‘e ; ’
stable modes, an attempt was made to predict the amplitude of (Pa/ Prai)

each of the unstable modes using empirical correlations. As men-

tioned in the Introduction, the work by Chi#], although not Fig. 12 Comparison between predictions and engine results
linked to any mechanism of resonance, is “exact” in terms ofuring slow engine acceleration to baseload, at two different
establishing a nonlinear relationship between heat release fluct@@bient conditions. The lines represent the prediction,
tions and the amplitude of the resulting pressure waves. This'{gereas the symbols represent the engine data.

because the conservation equations for a control volume enclosing

a region of heat release are solved analytically.

If one makes the assumption that a given level of pressurengnetheless, Fig. 12 indicates that the correlations are able to
fluctuations have a one-to-one correspondence with a level in heghre relatively well the effects of engine cycle, ambient condi-
release fluctuations, then it is expected from Bg.that the non- tions and changes in fuel schedute equivalently, variations in
dimensional amplitude of the noise is predominantly a function @mpustor fuel splits The correlations were able to reproduce the
the temperature ratio across the region of heat release. In the ¢gsge mapping resultée.g., Figs. 4, 5, and)6within approxi-
of a three-stagéaxially stagedi combustor there are three regiongnately 10 percent accuracie. the standard error of the estimate
of heat release, and hence there are at least three important tgs 10 percent of the maximum allowable pressure amplitude
perature ratios that will affect noise amplitude. It might also bgsige the combustr
argued that the overall heat release in the combusiod the  one of the most difficult tasks in DLE combustor design, par-
corres_pon_dlng temperature ratio from combustor inlet to comb%ma”y for the entry-in-service of the engine, is to be able to
tor exi) might also be a controlling parameter. _predict the conditions under which the combustor will experience

For these reasons, the assumed functional form of the empirigad;moacoustic resonance. The empirical correlations developed
correlations that were used for each of the unstable modes Wagyring development of the Industrial Trent allowed such predic-

Ap N (Ti—Ty) tion_s to b_e made_so that the _fuel s_chedule could be_designeo! to
=Kyt szlgz e (2) avoid regions of high combustion noise across the entire operating
p =1 Ki range of the engine.

Qi

where K, Ky, A, k;, and «; are all arbitrary constants. The
summation index, which runs from 1 toN, refer to each of the 5 Conclusions
three combustion zones of the combustor, in addition to the over- . . L .
all heat release inside the combustor. The arbitrary constants weréXial staging of the heat release inside the Industrial Trent
obtained from linear regression of engine data for each of tk@mPustor allows a wide turndown of flame temperatures for the
unstable modes. purpose of emissions control, but this also permits a direct influ-
What were obtained then are three independent empirical c§RC€ On the amplitudes and frequency of combustion thermoa-
relations for each of the longitudinal resonant modes. The ﬁgustlc.resonance. At a fixed engine cqndltlon, the variation in
sumption that was then made was that the mode observed woliif)! SPits among the three stages effectively allows a direct con-
be the one having the highest amplitude of the three, given tal of c_ombustlon noise. The Iarge flexibility of the three aX|aI.
combustor operating conditions. Note that this approach permif&d®s is such that the noise avoidance strategy for the Industrial
prediction of not only the amplitude but also the frequency of therent is really one of amdaptive fuel schedulg.e., variation of
combustion resonance. combustor fuel spllts_ in response to measured noise ar_npl)tudes
The capabilities of the correlations were tested on developmé@ther than one oéctive noise controle.g., fast modulation of
engines, where fuel schedule changes were made so as to délipsmall amount of the combustor fuel flow to suppress the
erately create noise during engine acceleration to baseload. TW/PIlity). . . _
sets of results from two different engines at two different ambient '€ “Noise mapping” capability of the three axial stages made
conditions(+20°C and—5°C) are shown in Fig. 12. it possible to obtain reliable z_emplrlcal correlations for the occur-
When a combustion resonance sets in, it sets in abruptly. Thid§81c€ of the unstable acoustic modes of the combustor. Today, it
manifested by a sharp “kink” in the curves in Fig. 12. Note thaS POssible to predict how a fuel schedule change will affect com-
the empirical correlations capture this feature quite well. In oth&Ustion noise on the engine from30°C to +30°C. Both the
words, the empirical correlations developed are able to pred|fgduency and the limit-cycle amplitude of the resonance can be
relatively well the boundaries beyond which combustion noigddicted with reasonable accuracy.
will be encountered.
The occurrence of combustion noise is dependent on the amﬁi-
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