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ABSTRACT

Development of non-conventional combustion technologh witra-low emissions and safe operation
of combustion systems require a thorough understandinigeofitechanisms of combustion instabili-
ties. The objective of the present work is to investigaterthe of unmixedness and chemical kinetics
in driving combustion instabilities. The reaction-ratspenses of different species to inlet flow vari-
ations have been studied using a perfectly stirred reacbolein Transient simulations of combustion
of methane and propane with air, using both global singdg-sind detailed chemical kinetic mech-
anisms, have been conducted with imposed oscillations fbtowirmass flow rate, temperature and
mixture equivalence ratio. The detailed mechanisms piredlituel reaction-rate oscillations with
amplitudes proportional to the imposed oscillations. Heeveincreased amplitudes of the reaction
rates of CQ and OH where observed when the combustion became leande tivbireaction-rate
amplitudes of CO and #decreased. The single-step mechanisms predicted to s@reedesimilar
reaction-rate behavior as the detailed mechanisms. Howawar stoichiometric conditions the fuel
reaction rate of propane showed little influence by the imdasscillations. When the mean equiv-
alence ratio was lowered below a certain value, the fuelti@macate oscillations grew stronger and
became larger than seen with the detailed mechanism. Thigssthat simple mechanisms can by
themselves introduce instabilities not seen with detaieghanisms.



1 INTRODUCTION

More stringent emission regulations drive the new geramati gas turbines to leaner premixed op-
eration in order to lower the combustion temperature andgtbyethe NQ formation. However, lean
premixed combustors are susceptible to thermoacoustilatisnis and other instabilities. These
combustion instabilities are characterized by oscilliof one or more natural acoustic modes of
the combustor. The driving mechanism behind these inttabiln gas turbine combustors is a result
of complex feedback-type interactions between a periodig field, chemical kinetics, heat release
and pressure fluctuations. However, the details of the nméming leading to amplification, self-
sustenance and damping of the oscillations are not veryumelkérstood. These combustion instabil-
ities produce system vibrations, enhanced heat transtethemmal stresses to the combustor walls
and flame blowoff or flashback (Poinsot and Veynante, 200%7 and Lieuwen, 2005).

In the present study an in-house code using an unsteadyciherétirred reactor (PSR) model has
been developed to investigate the role of unmixedness aghichl kinetics in driving combustion
instabilities of lean premixed combustion. This work fal® up the work reported by Lieuwen et
al. (1998), who studied the transient development of rengatite oscillations produced by periodic
flow rate, temperature and equivalence ratio variationsiéncombustor inlet flow at different mean
equivalence ratios. In an experimental study on the infle@ficeactant unmixedness on combustion
stability, Shih et al. (1996) found that instabilities omedi near stoichiometric conditions, whereas
for lean mixtures the combustor was stable. On the other,hexmkriments by Cohen and Ander-
son (1996) have shown that the amplitude of the pressuriabisris increased as the combustor was
operated at leaner mixtures. Using a global single-steptikirmechanism for propane, Lieuwen et
al. (1998) concluded that periodic variations in equivateratio play a key role in driving combustion
instabilities for lean premixed conditions. Prior to thegent study, some preliminary investigations
on combustion instabilities were performed by Myhrvold &miber (2006).

In the present work the responses of the model to variatiofisw rate, temperature and equivalence
ratio have been tested. Moreover, a global chemical kimagchanism for propane and a detailed
kinetic mechanism for propane are compared, and the sanoaésfdr methane.

2 REACTOR MODELING

2.1 Unsteady perfectly stirred reactor

The perfectly stirred reactor regime for turbulent prerdix®mbustion is characterized by fast tur-
bulent mixing where the characteristic times of the turbul@otions are shorter than the chemical
reaction time (Williams, 1985; Borghi, 1988). In an unsteaérfectly stirred reactor (PSR) model,
perfect mixing is achieved instantaneously inside the amtds, and the properties inside the com-
bustor are uniform. That is, spatial gradients are disdEgh(Turns, 2000). Details of convection
and mixing processes are also neglected. The advantagagfauBSR-model for premixed turbulent
combustion is that effects of chemical kinetics are isolated in detail. The governing equations for



the PSR model can be expressed as
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and the mass densigyand the species volumetric reaction r&gare function of temperature, pres-
sure and composition. Herg,Y;, h, p andQ refer to time, species mass fraction, specific enthalpy,
pressure and heat transfer rate, respectively. The ihdefers to chemical specied/s is the number

of species and the subscript “in” refers to conditions ar#aetor inlet.r is the reactor residence time
andri,, mgr andVg are the mass flow rate into the reactor, the mass inside th®remnd the reactor
volume, respectively. The perfectly stirred reactor igaked in Fig. 1. Equations (1)-(3) of the PSR
model are the same as those used in the Eddy Dissipation @tdocéurbulent combustion (Gran and
Magnussen, 1996) for detailed chemistry calculationsuwen et al. (1998) also used an unsteady
PSR model similar to Egs. (1)-(3) expressing the energynisaléEq. (2)), in terms of the temperature,
T. In the present work, an equation for the mixture enthalpysisd, and the mixture temperature is
found from the mixture enthalpy and composition by Newtengtion. In order to obtain results that
are independent of geometry-specific system dynamics,aabéek was included in the PSR model.
This open-loop response of the combustor to inlet flow vianat makes the results more general.

Regarding the reactor residence timethere are different combinations of what could be held con-
stant, see Table 1. Here, we have chosen to restrict thetigisn to Mode |, as in the work of
Lieuwen et al. (1998).

2.2 Chemical models

The chemistry of methane-air and propane-air combustioe baen modeled by global single-step
and detailed finite-rate chemical mechanisms. The reacditenfor a single-step global reaction can
be written (Turns, 2000) as

Rfyet = —A - Pm+n : qumel : Ygg : eXP(_Ta/T) (5)

where A, m, n andT}, are parameters given by curve fitting to experimental datqrdssions like
Eq. (5) are valid within certain ranges of equivalence ratid temperature.

A detailed mechanism for simple hydrocarbons comprisesya lsumber of elementary reactions and
chemical species, where each reaction is modeled simiagtgs).



3 PRESENT CALCULATIONS

3.1 General assumptions and chemical mechanisms

The integration of Egs. (1)-(3) was done with the Runge-&attheme RADAUS (Hairer and Wanner,
1996, 2002). The constant pressure in the PSR was ded &dm, and the reactor was regarded as
adiabatic.

For the detailed chemistry calculations, GRI-Mech 3.0 (&ret al., 1999) was used for the methane-
air (21% G, and 79% N) combustion. This mechanism, comprising 325 elementaagtiens and

53 species, is designed to model a variety of natural gas asitigns in industrial combustors. For
the propane-air (21% £and 79% N) combustion, the San-Diego mechanism (2005) with 235 ele-
mentary reactions and 46 species was used. CHEMKIN subesutKee et al., 1996) were applied
for the calculation of the chemical reaction rates from teégaied mechanisms. Thermophysical data
were evaluated using CHEMKIN subroutines and data digtibwvith the respective mechanisms.
For the simulations with the global single-step mechanjshesmophysical data distributed with the
GRI-Mech 3.0 mechanism were used.

The constants applied in the global single-step chemicahar@sms, are given in Table 2. West-
brook (1981) computed the flammability limits for the singtep propane mechanismdg@a, = 0.5

3.2 Validation of the reactor model

For initial testing of the numerical simulation code witlethnsteady PSR model, the inlet flow prop-
erties were specified. The inlet flow temperature was gradummreased until ignition of the mixture,
letting the inlet flow temperature drop back 360K, and then integrating in time until a steady-
state solution was reached. Details of the ignition prooedue explained in the next section. The
equivalence ratio of the mixture was varied between 1.0 andThis was conducted for the detailed
and single-step mechanisms for both propane and methanendtbane, the mechanism with unity
exponents (Table 2) was used.

The steady-state reactor temperatdreand the mixture compositiory;, were compared to results
from an STANJAN-based Chemical Equilibrium Calculator@2p The equilibrium calculations of
the various mixtures of air and fuel were done with constathapy and pressuré.Q atm), as in the
PSR numerical code. The additional species in the calgulsce CQ and H,O for the global single-
step mechanisms. For comparison with the detailed meahariige species from the PSR calculations
were sorted from largest to smallest mole fraction and oetlin the equilibrium calculations until
the maximum number of allowed species in the equilibriuncuator was reached, that is, 30 species
in addition to the input species (fuel;@nd N,).



3.3 Ignition and extinction

The transient performance of the numerical code was testaihtulating ignition and extinction of
the reactor. A time-dependent inlet flow temperature wasdéf{Lieuwen et al., 1998) as

oo [ 30+a (0.025t —t2)K  for 0< t<0.011s ©)
™7 300K for t>0.011s

where the different values used for the constaate given in Table 3. Furthermore, a time-dependent
inlet equivalence ratio was stated (Lieuwen et al., 1998) as

1.0 for 0< t<0.025s
din = { @)

1.4—-16-¢ for t>0.025s

For these simulations the ratioy, /Vr were kept constant a00 kg/(m?®s), cf. Eq. (4).

3.4 Periodic variations of the PSR inlet conditions

Following the investigations by Lieuwen et al. (1998), slations with periodic variations of the PSR
inlet were performed. In each case, either the equivaleata® the temperature or the mass flow rate
was periodically varied as

din = Omean (1 + Qg - cos(2m - f - 1)) (8)
Tin = Tmean (1 + a7 -cos(2m- f-t)) 9)
77."Lin/VR = (min/VR)mean‘ (1 + am - COS(27T - f- t)) (10)

For all these simulations, a stoichiometric mixture wag fggeited and then the mean equivalence
ratio was linearly reduced fro@nean= 1.0 (att = 0.05S) t0pmean= 0.73 (att = 0.4 s) to allow the
PSR to respond in a quasi-steady manner and the freqyeacy00 Hz (Lieuwen et al., 1998).

Simulations were conducted with inlet mean temperatur@d0f 600 and00 K and inlet mean flow
rates of 300, 500 anti000 kg/(m?s). The amplitudes of the oscillating inlet equivalencéorat,
were 1%, 2.5%, 5% and 7.5%, the amplitudes of the oscillatiled temperatureg, were 5%, 10%,
15% and 20%, and the amplitudes of the inlet flow ratg, were 3%, 5%, 7% and 10%. This made a
total of 108 cases for each of the chemical mechanisms. Tdmlgsingle-step methane mechanism
with non-unity exponents (Methane (2) in Table 2) was ongjed for some of these amplitudes. The
other four mechanisms were tested for all 108 cases.

In addition the frequency dependence of the normalizedtioracate response (i.e., normalized by
the response &Hz) to equivalence ratio oscillations was studied.

4 RESULTS

4.1 Validation of the reactor model

In the initial reactor tests of the propane-air and mettainaiixtures with respective mechanisms, the
equilibrium solution obtained with the unsteady PSR nuoariode (setting = 1.0 s) showed very
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good agreement with the results from the STANJAN-based @aquilibrium Calculator (2007).
The maximum temperature difference between the equitibgalculations and the PSR calculations
was 5.6 K. However, the global single-step propane mechanismdaiework for ¢ < 1.0 with

7 = 1.0s. Forg = 0.90, the residence time had to be set to approximatefy- 10~* s in order to
avoid integrator failure.

4.2 Ignition and extinction

Figure 2 shows the results of the ignition and extinctionwations. It is observed that the PSR
temperature’, follows the inlet flow temperature until ignition, reachesteady-state and then is
reduced according to the subsequent reduction in the iglav&ence ratiogi,. When the mixture
reaches the lean limit, the reactor extinguishes Ardtops towardd;,. Figure 2 (solid line) shows
the PSR temperature predicted by the San-Diego and GRI-8€cimechanisms. The development
in time when using the detailed mechanisms is quite similar extinction occurs at approximately
0.055s.

When using the global single-step kinetic mechanisms fopgne and methane, the temperature
predicted was higher than the temperature predicted usinddtailed mechanisms, see Fig. 2. The
two global single-step kinetic mechanisms for methane gealy the same time-development and
only the result for the mechanism with unity mass-fractigpanents is shown.

The present results from using the global single-step pr@paechanism were in qualitatively good
agreement with the corresponding simulations by Lieuweal.€t1998). However, they reported a
predicted steady-state temperature of approximat@dy K for ¢i, = 1.0, whereas the corresponding
temperature found here was approximaty0 K. The reason for the lower temperature by Lieuwen
et al. (1998) is not known although incomplete combustiom lva a possible explanation. The dif-
ference in predicted temperatures also affects the eixiintimes, as a higher temperature delays the
extinction.

Furthermore, a small increase in temperature was obseoretid single-step propane mechanism
betweerD.025s and0.035 s in Fig. 2a. This was a result of delayed combustion of urdmipropane

in the reactor. Aftef.035s, almost all the propane was consumed and the burned mixageooled
by the excess air. The results of the San-Diego mechanismadishow this increase in temperature.
For the simulation with the single-step kinetic mechanisorsmethane, there was no increase in
temperature as the mixture was made leaner. Almost all ttthane was consumed at the steady-
state stage. Similar to the simulations with propane, thaukition of methane combustion with
GRI-Mech 3.0 gave extinction earlier than with the singlepsmechanism, but the difference in the
equivalence ratio at extinction was larger than for the pngpcases.

The calculations with the Chemical Equilibrium Calcula@®07) for propane-air combustion gave
a maximum adiabatic flame temperaturepat 1.05 (rich mixture). This is shown by Turns (2000)
(p. 46), as well. Calculations with the San-Diego mecharagsn showed a peak in temperature at
¢in = 1.05 when g, was increased from 1.0 to 1.1 (with= 1.0s). On the other hand, the global
single-step propane mechanism showed a decreaséanall ¢i, larger than unity.



4.3 Variations of the inflow equivalence ratio,¢in

The results of the simulations presented here are bas&g en300K, i, /Vk = 500 kg/(m?s) and a
2.5% or a 5.0% oscillation of the inflow equivalence ratiggufe 3 shows how the PSR responded to a
2.5% variation in the equivalence ratio. The reaction-ragponse for propane combustion predicted
by the San-Diego mechanism is shown in Fig. 3a. The resulhithane combustion with the GRI-
Mech 3.0 mechanism is not shown here since the reactiorregpmnse was very similar to that seen
in Fig. 3b. As Fig. 3 shows, the oscillations of the propané methane consumption rates had an
almost constant amplitude for the whole time-range. Figdi@c show graphs of CO, G@nd OH
reaction-rate oscillations due to a 5% variation abfdan (also shown in the graphs) using the San-
Diego mechanism. The results for the two detailed mechanismowed the same trends for each
species. For both mechanisms the oscillations in the mwractites of CQ and OH increased with
decreasin@mean While the oscillations in the reaction rate of CO angldécreased. CO and,Hhad

the same evolution in time. For< 0.1s, the oscillations in the reaction rate of OH were somewhat
damped. As for HO, the amplitude of the reaction-rate oscillations was Igeanstant (not shown
here, approximately 80% of the mean reaction rate of)C@ompared to the oscillating reaction
rate of the fuel, the reaction-rate amplitude of the othexcss varied much more from rich to lean
mixtures.

The results for the global propane mechanism were quatigtin excellent accordance with those
reported by Lieuwen et al. (1998) and showed that the reactite oscillations increased significantly
as the equivalence ratio decreased. As can be seen in Fthe3anplitude of the oscillating reaction
rate of propane went to zero &tz 0.15s when using the global single-step mechanism. From the
mass fractions of ¢Hg and G, temperature and density, it was observed that there wasssxaf
propane leaving the reactor betweges 0.05s andt =~ 0.15s. This incomplete combustion was due
to the short residence time. The reaction-rate oscillatimare in phase with thesEls mass fraction
and the density oscillations, and out of phase with thenfass fraction and temperature oscilla-
tions. The temperature reached its maximum @&t 0.15 s when most of the fuel was consumed. At
t =~ 0.15s, the GHg and G, mass-fraction oscillations started competing (being ipagjiite phases),
and hence the resulting reaction-rate amplitude went . z&fter ¢t ~ 0.15 s, the incoming mixture
was so fuel-lean that almost algBs was consumed, and the resulting reaction-rate oscillaticgre

in phase with the @ mass fraction and the density In this time-range# > 0.15s), the tempera-
ture decreased because the mixture was diluted with ex@easdaless fuel flowed into the reactor.
Investigating Eq. (5) (cf. Table 2) for the global propanectraism, the variation iffc,H, and tem-
perature appeared to neutralize each other giving a neanistant reaction rate for the time interval
0.05st00.15s. Yo, andp were nearly constant for the same time interval. After thisjost all the
fuel was consumed, the mass fraction gfi@creased, the temperature decreased, density increased
and the reaction rate decreased more or less linearly with tFrromt ~ 0.25 s, the amplitude of the
reaction-rate oscillation was constant.

Because of the nature of the global single-step kinetic m@sims for methane (unity or near-unity
exponents foltp, andYch,) and some excess methane in the reactor far0.1s, the reaction rate
was a little damped due to lack of,Osee Fig. 3b. For the remaining time-range, both the global
and the detailed mechanism gave a methane reaction ratehfoh whe oscillations had an almost
constant amplitude. When running the same test with theaglmlethane mechanism with non-unity
exponents, the equivalence ratio had to be kept below un#yta numerical limitations.

When Figs. 3 and 4 are compared, it is observed that the egtpibpane mechanism did not pre-



dict the large increase in reaction-rate oscillations sgih the global propane mechanism. The
increase in the reaction-rate oscillations for £L8ee Figs. 4b and d, was not as fast as predicted by
the global propane mechanism. The@reaction-rate amplitude predicted by the detailed mecha-
nism was constant. The global propane mechanism is cleatlyeproducing all the features of the
detailed mechanism. Adjusting the exponents to the mastdns in the expression for the global
propane mechanism towards unity, the reaction-rate resgpoecame more and more like the response
predicted by the other mechanisms. Similarly, when the ffrastion exponent for oxygen in the
non-unity global methane mechanism was adjusted from @artis 2.0, the reaction-rate response
became more and more like the response of the global propackeamism.

Simulations with other imposed oscillation amplitudes (8kc. 3.4) showed that the magnitude of
the reaction-rate amplitude varied linearly with the amople of the imposed oscillation. However,
using the global propane mechanism with,/Vk = 300kg/(m?s) andT}, = 600K, 1hin/Vr =
300kg/(m?s) andT}, = 900K, andrni,/Vk = 500kg/(m’s) andT}, = 900K, led to numerical
problems and integrator failure.

4.4 Frequency dependence of the reaction-rate response

Figure 5 shows the frequency dependence of the normalizstioa-rate response (i.e., normalized
by the response dtHz) for C3Hg and HO to equivalence ratio oscillations using the San-Diego
mechanism (2005). As in the simulations reported by Lieuetal. (1998), the simulations pre-
sented here are based B = 300K, 71in/Vk = 400kg/(m?s) and@meanequal to 0.95 or 0.7 with
5.0% oscillation of the inflow equivalence ratio. When thegftencies are larger than the inverse of
the reactors residence time the normalized reaction-esfgonse asymptotically approach a constant
value. Simulations were also done using the single-stepam® mechanism and the results were
similar to what Lieuwen et al. (1998) reported.

4.5 Variations in inlet flow rate, mi, /Vkr

Next, the reaction-rate responses to periodic inlet flow-variations were tested. Here, the results
for (11in/VR)mean= 500 kg/(m?s) andT}, = 300 K with a 5.0% variation inh, / Vg will be presented.
The reaction-rate oscillations forz8g, CO,, OH obtained from the detailed San-Diego mechanism
are shown in Figs. 6a-c. The different species oscillatgagtion rates have the same transient trends
as shown in Figs. 3a and 4b-c, and described in the previat®isebut the amplitudes are almost
constant. Only a minor decrease was observed as the meamleque ratio decreased. The same
was observed for amplitudes of the oscillations of metham @opane, with respective detailed
mechanisms. Near stoichiometric conditions, the propaee,Fig. 6d, and methane reaction-rate
amplitudes were 1.3 and 1.4 times larger than in Fig. 3.

Results for the propane reaction rate with the global sistge mechanism shown in Fig. 6d were
in good agreement with the simulations reported by Lieuweal.g(1998). The transient develop-
ment of the GHg reaction rate showed a flat profile in the beginning. The medsothis was the
same as described in Sec. 4.3. Figure 6d shows that the ad®plif the reaction-rate oscillations
was nearly constant when the single step mechanism was Qsé&da minor decrease is observed at
lean conditions. On the other hand, Lieuwen et al. (1998)nted a small increase in the amplitude
when making the mixture leaner. The simulations with thévglanethane mechanisms and the de-



tailed mechanisms showed that the oscillating fuel consiampate amplitudes had a magnitude very
similar to the global single-step propane mechanism. Timsuwmption rate of methane was almost
equally well predicted by the global mechanisms also fa $ifnulation.

When simulating variations in the inlet flow rate with other@itudes (cf. section 3.4), the magnitude
of the reaction-rate amplitude varied linearly with the ditnde of the variation.

4.6 Variations of inflowing temperature, Ti,

In the final test series, the responses of the reaction ratpsrtodic variations in the reactor inlet
temperature were simulated. Such temperature oscilatonld be due to, for example, acoustic
disturbances or other pressure fluctuations (Lieuwen £1888). The results presented here were
due to a 5% variation in the inlet temperaturgy, /Vr = 500 kg/(m®s) andTiean = 300K. The
reaction-rate responses of g@nd OH obtained from the detailed San-Diego mechanism angrsh
in Fig. 7. The amplitudes of the reaction-rate oscillatidog to an oscillating inlet temperature were
for all species small and constant. For CO,CB, and HO the reaction-rate amplitudes were almost
zero. Only the reaction-rate amplitude of OH differed. Whies San-Diego mechanism for propane
and the GRI-Mech 3.0 mechanism for methane were appliechrtt@itude of the fuel reaction-rate
oscillations was one-fourth of the reaction-rate ampbtstiown in Fig. 3.

The global propane mechanism showed qualitatively the sshavior as in the work of Lieuwen et

al. (1998), that is, a flat profile in the beginning. For thebgllopropane mechanism the variation of
the inlet temperature gave a decrease in amplitude of tHedaetion-rate oscillations as the mean
equivalence ratio was decreased. The amplitude were abétiioB the amplitude shown in Fig. 4d.

The reaction rate of methane, using the global mechanisaaspscillations with small and constant
amplitude. This amplitude was one-fourth of the reactiat@ramplitude shown in Fig. 3b. Unlike

the global propane mechanism, there was no decrease intadepbf the oscillations as the mean
equivalence ratio was decreased.

Simulations with other amplitudes (cf. Sec. 3.4) of thetiokgcillations showed that the magnitude of
the reaction-rate amplitudes varied linearly with the d@tage of the variation.

5 DISCUSSION

The perfectly stirred reactor (PSR) is idealized in the sghat the mixing processes are immediate,
complete and with no spatial effects. Therefore, the flowrandng inside the reactor is determined
by the residence time and the mass inflow rate, and no furtbeletimg is required. The differences
seen between different cases are then due to the inflow perarend the model of the chemical
kinetics. No feedback was included in the PSR model, so thetiom-rate oscillations presented here
are only a response of the chemical mechanisms to inlettiarsa and the reactor is stable.

Still being models or approximations, we regard the dedasteemical mechanisms as both more gen-
eral and considerably more accurate than global singjeestéew-step mechanisms. It is reasonable
to assume that even though detailed chemical mechanismecamproved, the qualitative results
obtained here will not be altered by such improvements. Elgihe behavior seen in simulations with
detailed mechanisms is regarded as the qualitatively ciooehavior of a PSR, while the differences



seen between detailed and simple mechanisms express nigésién the simple mechanisms.

When simulating variations of the inlet equivalence ratsing the detailed chemical mechanisms,
the reaction-rate oscillations for OH were dampedtfer 0.1s, see Fig. 4c. Near the stoichiometric
condition a variation of the inflowing equivalence ratio raakthe mixture alternatingly rich and lean.
For ¢ > 1 the reaction-rate oscillations will not get larger than tlue of the reaction rate at
¢ = 1.0. As the mixture became leaner, the amplitude of the reactits oscillations grew and
became constant. The reaction-rate response,afue to variations of the inlet equivalence ratio
was an amplitude that became smaller as the valug.ef, was lowered. The main species of the
hydrogen reactions is4D, for which the reaction-rate oscillations had a constamtlaude.

When imposing oscillations on the reactor inlet tempemtonly small oscillations in the reaction
rates were predicted. When oscillations were imposed oimteemass flow rate, oscillations with
larger, nearly constant amplitudes were predicted for@livalence ratios. Simulations with oscil-
lating inflow equivalence ratio gave reaction-rate ostitlas for species other than the fuel that had
larger relative differences in the magnitude between Bioietric and lean conditions. This indi-
cates that equivalence ratio oscillations can cause cdinhusstabilities under lean conditions. The
results from the cases with oscillating inlet flow rate arftbim temperature indicate that combustion
instabilities remain unchanged with a non-oscillatingrdase inpmean

The use of the global single-step mechanisms in this stuligwied up the work by Lieuwen et
al. (1998). Such global single-step kinetic mechanisme lzaxange of validity that is usually quite
limited (Westbrook and Dryer, 1981, 1984). Either temp@eatanges or equivalence ratios are spec-
ified, or both. The performance of a global mechanism in amapactor depends very much on its
parameters: the species concentration exponents, tlvatami energy and the pre-exponential colli-
sion frequency factor. As pointed out by Turns (2000), glabachanisms should be used with much
care and only for engineering purposes as approximationsthé global mechanisms used in this
study, different tests were performed in order to check rhealidity. The methane mechanism was
tested both with unity and non-unity exponents, while thgppne mechanism had exponents of 0.1
and 1.65 with respect to propane and oxygen. The methaneamieahwith unity exponents worked
for all the tests performed, whereas the propane mecharasergimerical problems for a wide range
of equivalence ratios and reactor residence times, raguhi negative mass fractions and failure of
the RADAUS integrator. When the exponents in the propanehar@sm were adjusted towards unity,
the resulting reaction-rate oscillations went from neadyo amplitude at stoichiometric conditions
(cf. Fig. 3a) to almost constant amplitude at both stoictatyio and lean conditions (cf. Fig. 3b). The
reaction-rate response to imposed oscillations was ttmaifasito that of the detailed mechanism.

In a gas turbine combustion chamber, the inlet pressureeangdrature can, for example, deatm
and800 K, respectively. A simulation of methane combustion withl@/Rech 3.0, was conducted at
these conditions with an oscillating inlet equivalencéorand we found that the reaction-rate trends
were the same. However, the question remains of how welllBenical mechanism represents the
reactions at such high pressures.

6 CONCLUSIONS

A perfectly stirred reactor (PSR) model was used to studgti@arate responses to varying inlet
mass flow rate, temperature and mixture equivalence ratgindJs PSR, with its idealized mixing



processes and no spatial gradients, makes it possibleltteissffects of chemical kinetics. For all
simulations, the mixture was ignited at stoichiometricditions. Then the mixture was linearly made
more and more lean while an oscillation was imposed on onleedfilet variables. Detailed chemical
mechanisms were used to model the chemical kinetics. Fdranetair combustion, the GRI-Mech
3.0 (Smith et al., 1999) was applied, while for propanefar$an-Diego mechanism (2005) was used.
Also global, single-step mechanisms were studied.

When applying the detailed chemical mechanisms, a reduationean equivalence ratio led to a
reduction in mean fuel consumption rate. Imposed osaltation either the equivalence ratio, the
inflow temperature or the inflow mass flow rate led to oscolasi in fuel reaction rate. The amplitude
of the fuel reaction rate was virtually unchanged with dasieg mean equivalence ratio.

A gradually leaner mixture with an oscillation of constaatgentual amplitude imposed on the inflow
gave an increased amplitude of the reaction rate of @@ile those of CO and FHdecreased. The
amplitude of the HO reaction rate did not change much, whereas that of OH shawéttrease.

An linear change in the reaction-rate amplitude with imploaplitude was observed.

These results were found both for propane and methane, amtirsior imposed oscillations on
equivalence ratio, inflow temperature and mass flow rate.

Single-step chemical mechanisms gave different resufierdding on the exponents of the model.
With unity exponents for fuel and oxygen, the fuel reactiaterfollowed the behavior seen with
detailed mechanisms when oscillations were imposed.

Most simple chemical mechanisms proposed in the literdtaxe non-unity exponents, such as the
one applied by Liuewen et al. (1998). These appear to int@dustable behavior by themselves.
Near stoichiometric conditions, the fuel reaction rate Vitle affected when oscillations were im-
posed on the inflow. However, when the mean equivalence watolowered below a certain value,
the fuel reaction-rate oscillations grew stronger and tmeckarger than seen with the detailed mech-
anism. This adds to the tendency of giving numerical problabtertain inflow conditions and strict
limitations in their domain of use.
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Table 1: Various combinations of constants and variablésdm-expression (see Eg. (4)).

Mode Constants

Variables

Extra information neeg

led

Vi
Vi

VR, Min

Vry T

T, Min, MR = TMin
Min

r

mR

VR

mRr = pVR ~ p, T ~ MR ~ p

mgr = pVR ~ p, Min = MR/T ~ p
VR=mg/p~1/p

VR, mR, T

VR, mR, 1itin

VR, 7, Min

mR, 7, Min

No
No
No
dVr/dt
dVr/dt
dVr/dt

dVi/dt
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Table 2: Values for the constants in Eqg. (5) (Bradley, 197&sistook, 1981, 1984).

Fuel A[kg/m3)l=m=nis] m n Ta K]
Methane(1) 1.4704 - 10'? 11 17404
Methane(2) 3.0-10'3 0.7 0.8 23666
Propane  4.773-10% 0.1 1.65 15098
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Table 3: Values of in Eq. (6).

Mixture

Mechanism Constant

Propane-air
Propane-air
Methane-air
Methane-air

Methane-air

Single-step 4.5 - 106
San-Diego 6.8 - 106
Single-step(1) 3.2 - 106
Single-step(2) 3.9 - 106
GRI-Mech 3.0 8.2 - 10°
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