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1. General aspects

Environmental protection and energy saving are becoming the key issues that drive the further 
development of combustion technology. In this path the adoption of lean premixed or partially 
premixed  (LPP)  combustion  appears  an  obliged  route  to  reduce  the  emissions  from gas 
turbine  combustors.  The  shift  from  the  diffusion  to  the  LPP  combustion  regime  is  not 
straightforward:  the  possibility  of  occurrence  of  combustion  instability  has  been  widely 
reported in the literature [1] and promoted many studies to understand the mechanism of their 
generation.  Both  theoretical  and  experimental  studies  highlighted  the  role  of  different 
mechanisms, like unmixedness of reactants,  flame dynamics response to perturbations and 
thermo-acoustic  instabilities.  Nevertheless,  quantitative  predictions  on  the  role  of  single 
mechanism often lack a satisfactorily agreement.
Almost all studies share an incomplete knowledge of the effective behavior of the combustion 
kinetic under the action of perturbations of finite amplitude and frequency. This lackness is 
surprising in view of the fact that the possibility of a steadily oscillating combustion behavior 
sustained by the sole kinetic is known from long time [2] and that in almost any medium and 
large scale combustor, the combustion process is proficiency conducted in a turbulent, and 
therefore “noisy”, environment.
Numerical simulation is a very useful approach for this problem because helps to isolate the 
possible causes for the occurrence of the instabilities while greatly reducing the cost of the 
study  [3;  4].  3D CFD (Computational  Fluid  Dynamics)  simulations  able  to  describe  the 
unsteady  structure  of  the  flow  (Large  Eddy  Simulation)  can  give  clear  insights  in  the 
phenomenon.  However  the  necessity  to  include  the  full  geometry  of  the  combustor  from 
feeding lines to the stack obliges to adopt reduced or simplified kinetic  schemes to make 
affordable  the computational  effort.  Usually,  reduced kinetic  schemes are  selected  on the 
basis of the ability to reproduce global parameters like the global burning rate or the laminar 
flame velocity, without any assessment of the ability to reproduce dynamical properties too.
The  inability  to  reproduce  dynamical  behavior  is  taken  into  consideration  in  the  several 
numerical studies of flame ignition and quenching where the adoption of special tuning of the 
global reaction kinetic is usual [5] .
These observations promoted the present study. Two main objectives are pursued: firstly, to 
gain a better understanding of the chemical combustion process subject to perturbation of the 
unburnt  mixture  parameters;  secondly,  to  furnish an  assessment  of  the  ability  of  a  given 
simplified chemical kinetic scheme to reproduce the behavior of a reference kinetic scheme 
(like the well-established GRI-Mech 3.0 scheme [6] for methane combustion) under dynamic 
perturbations of the main working parameters. In this work the response of a perfectly stirred 
reactor model to perturbations of inlet flow conditions is presented. Transient simulations of 
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combustion of methane with air, using both global single-step and detailed chemical kinetic 
mechanisms, have been conducted with imposed oscillation of mixture equivalence ratio and 
residence time around average values.

2. Numerical Model and Problem Setup

2.1. Unsteady perfectly stirred reactor
The perfectly stirred reactor (PSR) model is characterized by infinitely fast mixing and the 
characteristic times of motions are shorter than the chemical ones  [7]. Therefore, in a PSR 
model perfect mixing is obtained instantaneously and the properties inside the combustor are 
uniform. The main advantage  of  using this  kind of model  is  that  the effects  of  chemical 
kinetics are isolated and can be considered in full detail. Of course it is far to represent a real 
system but useful general results can be derived by identifying the range of parameter values 
that mostly affect the dynamical response. 
The governing equations for the PSR model are expressed in the form suggested in [8]:

 

A nominal and an effective residence time   and  can be defined respectively as:

Here , , , , , , P, U refer to time, species mass fraction, density, specific enthalpy, 
heat transfer rate, species volumetric reaction rate, pressure and internal energy. The subscript 

 refers to conditions at the reactor inlet and  is the mass inside the reactor. 
No feedback was included in the PSR model: this open-loop response of the combustor to 
inlet  flow variations  implies  that  results  are  independent  of  the  geometry-specific  system 
dynamics.
Numerical  integration  of  these  equations  has  been  performed  adopting  the  open-source 
CANTERA software library [8]. This library provides both routines for the efficient solution 
of large system of stiff ODEs and several interfaces that allows to setup the specific problem 
at handle in different programming environment ranging from low level languages (C++ and 
FORTRAN)  to  high  level  programming  environments  (Python  and  Matlab).  The  Python 
interface was used in this study.

3. Chemical models

The chemistry of methane-air has been modeled by a global single-step and a detailed finite-
rate mechanism. The global  single step has been proposed by  [9] to study the dynamical 
behavior of a PSR working in conditions representative of a gas turbine combustion chamber. 
For the latter, the GRI-Mech 3.0  [6] was used. This mechanism comprises 325 elementary 
reactions and 53 species.
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3.1. Periodic variations of the PSR inlet condition
Following the studies of [10] and [9] , simulations with periodic variations of the PSR inlet 
were performed. In particular, the attention has been focused on the response of the system to 
a sinusoidal  perturbation of the equivalence ratio   and of the residence time.  When the 
equivalence ratio is varied, the total inlet mass flow is not changed, in order to keep constant 
the residence time. The free parameters are the average value of the perturbed variable, the 
amplitude  and the frequency  of the perturbation. The equivalence ratio  has been varied 
according to the expression:

The  free  parameters  are  varied  according  to 
the values  reported in  table  1.  Attention  has 
been  focused on  the  range  of  lean  mixtures 
(0.5  1) .

4. Effect of Equivalence ratio variation

4.1. Frequency and Amplitude of Perturbation
The following results have been obtained considering first the detailed chemical kinetics. 

      

Fig. 1. Temperature amplitude response with the GRI_Mech 3.0 mechanism.

Figure 1 (left)  shows the amplitude of the temperature variation   as a function of the 
amplitude of the inlet perturbation at different frequencies and for an average equivalence 
ratio  of  0.7 .  It  can be seen that  the response increases  linearly  with the increase of  the 
perturbation amplitude, while it decreases with the increase of the frequency. Figure 1 (right) 
shows the variation of the amplitude of the average temperature as a function of the average 
equivalence ratio, for various frequencies. The response of the temperature increases with , 
it reaches a maximum at  = 0.7 and then decreases. This result shows that the system has an 
increased  response  to  the  perturbation  in  the  lean  range  far  from  limiting  conditions. 
Correspondingly, three type of dynamic behavior can be identified: the first, in the very lean 
limit,  is  characterized by small  amplitude response to perturbations but extinction and re-

0.5 0.7 1.0

 (%) 2 4 8

1 <  < 1000

Table  1.  Value  adopted  for  the  free  
parameters.
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ignition mechanisms can easily couple raising the amplitude of the response. The second, far 
from limiting values of lean stoichiometry, are characterized by the highest amplitude of the 
response: in this range both the minimum and maximum value of the perturbation correspond 
to value of minimum and maximum of the burning rate.  The third, close to stoichiometric 
conditions,  is  characterized  by  a  one-side  response  of  the  burning  rate,  already  at  its 
maximum value for the average condition. 

Fig. 2. Normalized temperature amplitude response vs. perturbation frequency (  = 4%).

Figure 2 shows the temperature  amplitude variation with frequency for all  the average   
considered. Note that in this picture the amplitude has been normalized with its maximum. A 
first  observation  is  that  the  system  behaves  like  a  low-pass  filter,  and  that  the  cut-off 
frequency is below 100 Hz (considering a decay of 1/e in the temperature amplitude). This 
value  is  well  comparable  with  the  characteristic  values  of  thermoacoustic  oscillations 
experimentally observed in real gas turbine combustor [1] , raising the issue of a possible role 
of the kinetic in their occurrence and stabilization. As a matter of fact, the addition of small 
quantities of hydrogen in the blend of reactant species, that leads to a change of the reaction  
path, greatly impact on the stability characteristic of LPP combustors [11]. Furthermore it is 
interesting  to  note  the  similar  behavior  of  amplitude  decay  with  frequency  observed  in 
experimentally measured flame transfer function by  [12].  In order to correctly capture the 
flame dynamics by means of Computational Fluid Dynamics simulations, it is necessary that 
the described response to perturbations is correctly reproduced by adopting a reduced kinetic 
scheme. The same analysis has been therefore conducted with a global single-step reaction 
mechanism by [9]. Results both in terms of amplitude of temperature and effective residence 
time oscillations are qualitatively unchanged when using the global single-step mechanism 
(not  shown) far  from limiting  equivalence  ratio.  The two mechanisms  behave differently 
when their response to perturbations are compared close to limiting conditions. In Figure 3 
the two responses are  compared varying the frequency at   = 1 and   = 4%. While  the 
temperature pattern remains similar, significant discrepancies are observed for the effective 
residence time (nominal residence time being obviously coincident). The observed inversion 
of the behavior is really significant being the residence time one of the parameters mostly 
influencing the dynamic response of real combustors. 
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Fig. 3. Amplitude of temperature (left) and effective residence time (right) response versus  
frequency: blu line GriMech 3.0, green line global one-step.

 3.2. Phase Shift Analysis

Another important aspect to analyze is the phase shift of the various species with respect to 
the equivalence ratio variation as a function of the frequency. This aspect is indeed important 
in the analysis of the formation of pollutant species by means of numerical simulation with 
the reduced chemical mechanisms usually adopted in CFD simulations. 

    

Fig. 4. Temperature amplitude phase vs. frequencies of the equivalence ratio perturbation.

Results are reported  for three selected frequencies: 5 Hz, 50 Hz, 400 Hz. Attention is focused 
on CH4 (reactant),  CO2 (product)  and OH (intermediate).  Also the temperature  has been 
reported.  Figure  4  shows  the  phase  shift  for  the  various  species  and  temperature  for 
equivalence ratio of 0.7 (left) and 1.0 (right). Let's us first consider the case for  = 0.7. The 
reactant CH4 is in opposite phase at low frequency, while increasing   it reduces its phase 
shift until it is in phase at high frequency. The product CO2 and the temperature have an 
opposite behavior with respect to methane: they are in phase at low frequencies and becomes 
delayed at  high  frequencies.  Therefore  when the  temperature  is  higher,  also  the  methane 
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consumption is higher. The intermediate species OH instead has a little phase shift for all the 
frequencies analyzed. At the equivalence ratio of 1 the behavior of the system changes. The 
methane is always in phase with the mixture fraction variation. CO2 and temperature have no 
more the same behavior. CO2 is in opposite phase at low frequencies and reduces its phase 
shift at higher frequencies. The temperature instead is in phase at low frequencies and then 
increases  its  phase  shift.  Finally  OH  species  is  now  nearly  in  opposite  phase  for  the 
frequencies analyzed.
When using the global one step mechanism at an equivalence ratio of 1 the species behavior 
change:  the temperature,  CO2 and CH4 have the same phase shift,  which is  zero at  low 
frequencies  and  then  increases  at  higher  frequencies.  Therefore  the  global  one  step 
mechanism is not able to capture the correct response of the system. 

4. Conclusions

Several other effects have been analyzed but here not reported for brevity: they include the 
effect of the residence time oscillations and the behavior in limiting conditions.  All these 
results show that in many conditions the adopted global mechanism is not able at reproducing 
the behavior obtained with the GriMech detailed mechanism. The comparison of the behavior 
of several global mechanism and a deeper analysis of the observed behavior will be conducted 
to identify the minimum requirements that simplified mechanism have to satisfy in order to 
successfully substitute detailed mechanisms without compromising the accuracy of results.

Acknowledgements
The authors acknowledge the contribution of Vincenzo D'Antonio e Pasquale Felago in the 
programming and execution of the numerical Cantera model and the Python interface.

5. References

1. Lieuwen  T.,  Yang  V.  (Ed.),  Combustion  Instabilities  in  Gas  Turbine  Engines:  
Operational Experience, Fundamental Mechanisms, and Modeling. AIAA (2006).

2. Gray P., Scott, S. K.: Phil. Trans.: Physical Sciences and Engineering, 332:69 (1990).

3. Di Sarli V., Marra F.S., Di Benedetto A.: Comb. Science and Tech., 179:2335 (2007).

4. Di Sarli V., Di Benedetto A., Marra, F.S.: Comb. Theory and Modelling, 12:1109 (2008).

5. Lacaze G., Richardson E., Poinsot T.: Comb. and Flame, 156:1993 (2009).

6. Smith G. P., Golden D. M., Frenklach M., Moriarty N. W., Eiteneer B., Goldenberg M., 
Bowman C. T., Hanson R. K., Song S., Gardiner W. C., Qin Z., Gri-Mech 3.0, Available 
from: http://me.berkeley.edu/gri_mech/ .

7. Williams F. A., Combustion Theory. Benjamin Cummings, Menlo Park, CA,  (1985).

8. Goodwin D. G.: An Open-Source, Extensible Software Suite for CVD Process Simulation, 
2003-08 : 155-162 (2003).

9. Lilleberg B., Ertesvåg I., Rian K. E.: Comb. Science and Technology, 181:1107 (2009).

10. Lieuwen T., Neumeier Y., Zinn B. T.: Comb. Science and Technology, 135:193 (1998).

11. Schefer R., Wicksall D., Agrawal A.: Proceedings of the Comb. Institute, 29:843 (2002).

12. Balachandran R., Ayoola B. O., Kaminski C. F., Dowling A. P., Mastorakos E.:  Comb.  
and Flame, 143:37-55 (2005).

6

http://me.berkeley.edu/gri_mech/



