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Abstract

Temperature oscillations for Methane and Ethylenel f
mixtures oxidation at reduced temperatures wereutated

using the transient perfectly stirred reactor modelwas

found that the oscillations are controlled by tleatloss to the
surroundings and are independent of inlet tempestiAlso

found that the recombination channel route is mevgent in

lean and stoichiometric mixtures and that therglénty of

evidence that a simple radical scavenging by tre ifu the

controlling mechanism.

1 Introduction

Many practical applications employ low temperatuegher
for a chemical processes [1], in cool flames [2]tlmough
exhaust gas recirculation [3,4,5]. At these cond&i
temperature oscillation may ensue through two iffe
mechanisms. The first oscillation is caused byrtieekinetic
effects which has been the subject of few studiethé past
[1,6,7,8]. While the second naturally occurringitbattons are
those found in the combustion of high hydrocarbairere
negative temperature gradients have been identifepart of
the two stage ignition process [9,10]. This procespurely
driven by kinetic effects and is independent of amysical
parameters especially heat loss.

At a temperature range of 1000 K to 1300 K andafeariety
of equivalence ratios it was found that the oxwmtatf simple
hydrocarbon fuels can go through a cyclic oscilatdriven
by a combination of heat loss and kinetic effebts.Joannon
et al, [6,7] have reported on measurements and limafef
these oscillations for methane oxidation under Sttred
Reactor, JSR, conditions. They classified the hielavof
these oscillations, at atmospheric pressure, basetie inlet
temperature, C/O ratios and residence time. Theerafguch
behaviour was found to exist at inlet temperatuie$000K-
1300 K, C/O ratios between 0.05 and 0.55 and reseléme
between 0.35 and 0.5. Using a transient PSR moasl th
reported on the chemistry path which may prevaditierent
conditions and highlighted the effect of thg,Gpecies, and in
particular the recombination path, on the oscdlatiln their
work they ignored the effect of heat loss magnitodethese
oscillations and seem to have operated at ambient
temperatures similar to those at the inlet. As firiscess is
highly affected by heat loss such parameter ouglatiso be
investigated.

Sabia et al[8] extended this work to investigate éffect of
hydrogen enrichment. They found that addition of H
increased the reactivity of the system and redubedrange
where oscillation can occur.
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In this paper we examine, computationally, the iapbility of
the recombination analysis, as a source of thdlatson for
lean and stoichiometric conditions of methane fuéttures.
We also extend this analysis to Ethylene fuel asean to
identify the driving mechanism of the oscillation.

2 Computational M odel

The transient Perfectly Stirred Reactor model of the
Chemkin4.1 package was used in this study along with
detailed chemical kinetic mechanism (GRI3.0[11]) aad
skeletal mechanism (Updated Smooke[12,13]). Thiso ze
dimensional model which assumes homogeneous miatsce
allows for heat loss from the reactor. The reaig@ssumed to

be infinitely thin and the linear heat convectioquation is
used, with constant coefficient, to calculate tkatHoss term

in the gas energy equation. The reactor size uséus study
match that of De Joannon et al [6] which has amelwf 110
cn®, an internal surface area of 113°cand an external
surface area of 128 émThe heat transfer coefficient was
fixed at 0.01 cal/cAKs. The pressure was set to 1 atmosphere.
For a specific fuel type the C/O ratio, residenaoeetit), and
inlet and ambient temperatures were investigatee Tuels
were used is this study namely: Methane and Etleylen
Nitrogen was added to the fuel and air mixture rdeo to
keep the temperature inside the reactor at theedksange. In

all runs presented here the mole fraction gfwds fixed at
85%.

3 Resultsand Discussion

3.1 Recombination versus Oxidation Path

De Joannon et al, [6,7] argues that at low tempegaf in the
range of 1000-1300 K, and at least for methane, the
recombination route is more prevalent and the nhetuical
CH; recombines to form £lg> CHs> CH;»> GCHi>
C,H,. As acetylene is a relatively stable species,
temperatures higher than1200K, it is argued thiatéixpected
to dramatically reduce the reactivity of the systenu to be
responsible for the oscillations. De Joannon et[@&]l,also
showed that by reducing the activation energy fbe t
recombination reactions the oscillations stoped.

at

In order to test this observation further we haesfgrmed
computations using the Transient PSR code for/G}N,
mixtures at conditions similar to those quoted bg tbove
study. The computations were performed using bo¢hGRI

3.0 mechanism as well as the updated Smooke skeleta
mechanism, SMK. The latter only containg,Gpecies and
was used to examine the role of the recombinatiamoel.



Figure 1 shows one cycle of the oscillations ushugh
mechanisms. The top plot shows the SMK results enttie
bottom plot shows the GRI 3.0 results. The operating
conditions are those described in Table 1. It ésucfrom this
figure that oscillation of similar magnitude exishen using
both mechanisms. Also apparent is the mechanisnashaisi
triggering these oscillations. Here methane consuaiethe
radicals which are produced at these temperatunéb the
fuel is fully consumed while at the same time CO &hdas
intermediates, are being produced.
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Figure 1 Calculated temperature and species Mole
fraction for one cycle using SMK (top) and GRI 3.0
(bottom). Operating conditions as listed in table 1.

The temperature during this process remains love fitel
totally disappears at 1055 ms for SMK and 1136 s f
GRI 3.0 and at the same time the OH radical inceeesgidly
and with it the temperature. This increase happetise same
time as CO and Hare being consumed. It is well established
that the oxidation of these intermediates are nesipte for the
temperature increase. At the time when maximum é&satpre

is reached there is no source of energy to sudfais
temperature and due to the difference with amkgentitions

heat loss to the surroundings is at its maximunis Tause the
temperature to drop to its initial conditions armé tprocess
repeats itself once there is sufficient fuel in thactor.

Note worthy is that the difference in the time whéne cycle
starts for both runs is due to the ignition phenoomeand is
not related to the oscillation itself.

Fuel clO (5 Tin (K) | Tamp (K)

CH4 0.25 0.3 1200 1200

Table 1 Operating Conditions for Transient PSR
Calculations. C/O is the ratio of carbon to oxygen, T is
the residence time in the reactor, Ti, is the temperature
of the reactants at the inlet and Tamp IS the surrounds
temperature.

Figure 2 shows the & chain species plotted versus time for
the same cycle analysed in Figure 1. It is cleat gome
recombination takes place during this cycle exdbpt the
mole fraction of these species as compared withather
intermediates does not seem to be of significanaatuse the
oscillations described earlier. In addition the amtoof GH,
and that of CHCHO is also miniscule to contribute to the
oscillation.

Similar runs where also performed using reducedtep s
mechanism and similar oscillation were found. Ithisnce
evident that oscillations are triggered by a simptechanism

of radical scavenging rather than a recombinatibanaoel.
This does not however role out the existence of a
recombination route. It just shows that it is notnejor
contributor to the oscillations. Note worthy, isathwe were
not able to get any oscillations with C/0>0.25 whexreess
fuel may activate this recombination channel.
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Figure 2 Calculated temperature and mole fraction of
C(2) species plotted against time for the same cycle in
Figure 1 using the GRI 3.0 mechanism.

Figure 3 shows the effect of addingHz; to the fuel mixture
while maintaining all operating conditions the satdere the
inlet temperature was set to 300 K, the ambieniptrature
was 1150 K and C/O ratio is 0.23. The top plot is gare
methane, the middle plot is for an equal volumetrigture of
CH, and GH, while the bottom plot is for pure,B,. It is



clear that there are some differences in the pofif H and
CO while the overall behaviour remained the samee Th
addition of GH, is supposed to enhance the recombination
channel substantially but no increase yH&Eproduction was
noticed in any of the calculations (not shown).

3.2 Effect of Inlet and Ambient Temperatures

Here we examine the dependency of the oscillatmmghe
inlet and ambient temperatures. The ambient teryreran
particular has direct relation to heat loss whistbélieved to
be essential for the oscillations to happen. Dendoa et al,
[6,7] reported on conditions where the surrounding
temperature was the same as the inlet temperdthes. then
classified the oscillations using the inlet tempam as a
parameter. Our previous observations have shown hibat
loss to the surrounding plays an important role tfre
oscillations. Hence we set out to isolate the effefcthe
surrounding temperature from that of the inlet terafure.
Many runs were performed for different C/O ratiosd an
residence times using the GRI 3.0 mechanism. It feasd
that the ambient temperature is the dominant pamantbat
controls the oscillation, consistent with the rofeheat loss.
Worth noting that the heat transfer coefficient waantained
constant for all computed cases. At the same timas found
that the oscillation is independent of the inlemnperature
contrary to previous findings [6,7].

Figure 4 shows the oscillations pattern for thrases with
similar operating conditions as those reported abl& 1,
except that the inlet temperature was set to 3005Q,K and
1200 K. From the figure it is clear that the infetnperature
has little effect on the oscillation pattern andgmitude. It
also does not have any influence on the differemtperature
regimes identified by others [6,7]. For the 300 id&50 K
cases the minimum temperature is slightly lowemthie
ambient temperature. This is an effect of introdganto the
reactor a mixture of reactants at a low temperatarthis case
there is a small heat transfer into the reactogatiee heat
loss. In fact the heat loss profile versus timeegy similar to
that of the reactor temperature which further poitd the
importance of heat transfer on the oscillation.

It is important to note that this independence fé inlet

temperature only apply to this case where the easiel time is
relatively long and mass flow rate of the reactasmtsmall as
compared to the thermal mass of the reactor itddhis ratio

changes the inlet temperature may have more infien the
oscillations and temperature response. Such conditi
however, are not dissimilar to those found in an&ee

environment.

Figure 5 shows the effects of the ambient tempezatn the
temperature oscillation for the same cases as admapt that
the inlet temperature was fixed at 300K. It is cl&#am this
figure that the ambient temperature, and the hesd, lhas
direct effect on the magnitude and frequency of the
oscillations.

4 Conclusions

Transient calculations of a perfectly stirred reactvere
performed for methane and ethylene fuels at lowptature
conditions in the range of 1000 K to 1300 K. It vimsnd that
oscillations are independent of the inlet tempeestland are
most controlled by the heat loss from the reacMso found
that for lean and stoichiometric conditions a sinphdical
scavenging by the fuel is the prevalent mechanismtlie
initiation of the oscillations followed by heat g0 the

surrounds. No evidence was found to support
recombination channel route suggested by others.
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Figure 3 Calculated temperature and mole fractions of
species for one cycle using the GRI 3.0 mechanism
plotted versus time. Top plot is for pure CH4, middle plot
for an equal mixture (vol.) of CHs and CyHs and the
bottom plot for pure CoHa.
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Figure 4 Calculated temperature response versus time
for the same conditions as listed in Table 1 except for
the different inlet temperatures.
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