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Primary Pollutant Prediction from Integrated
Thermofluid–Kinetic Pulse Combustor Models
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A phenomenological model for pulsating combustion by predicting characteristics of primary pollutants NOx

and CO, as well as minor combustion species via integration with a detailed kinetic mechanism (GRI-Mech2.11)
and a reduced kinetic model, both derived from the CHEMKIN suite is studied with the aim of improvement.
Homogeneous methane–air mixtures have been modeled across a range of practical, fuel-lean operating conditions,
and predictions of primary pollutants from both models have been compared with available data. The use of a more
realistic oscillatory Nusselt number is necessary to provide agreement with the experimental finding of relative
insensitivity of primary pollutant emissions to input power. Oscillatory characteristics of combustion species are
generated and are consistent with published data. Optimum operating conditions of the combustor are predicted
to be around an equivalence ratio of 0.74, where NOx and CO emissions of only a few parts per million occur.
NOx and CO predictions using the reduced mechanism provide better agreement with experimental data than
those using GRI-Mech2.11. This probably results from the construction of the reduced model from the detailed
mechanisms in GRI Mech3.

Nomenclature
Ae = tailpipe cross-sectional area, m2

As = combustor surface area, m2

A′ = kinetic constant for fuel reaction rate, s
Cp = specific heat for constant pressure, J/kg · K
Dtp = diameter of the tailpipe, m
d 0 = diameter of the combustion chamber, m
f = friction factor
f ∗ = frequency of oscillation, Hz
h = heat transfer coefficient, W/m2 · K
Lc2 = ratio of combustion zone volume to Ae, m
L tp = ratio of combustion zone volume to As , m
Nu = Nusselt number for oscillatory flow
Nu0 = Nusselt number for steady flow
R = gas constant, J/mol · K
Sr = stoichiometric mass ratio
Te = temperature at the tailpipe entrance, K
Tw = wall temperature, K
T0 = ambient temperature, K
T̃ = temperature normalized with ambient
T̃a = dimensionless activation temperature
t = time, s
ũ = normalized gas velocity in the tailpipe
V = combustion chamber volume, m3

Y f = fuel mass fraction in combustion chamber
Y f,i = inlet fuel mass fraction
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Y0 = O2 mass fraction in combustion chamber
Y0,e = exit oxygen mass fraction
Y0,i = inlet oxygen mass fraction
Ze = exit mass flow per combustion zone volume
γ = ratio of specific heats
�H f = heat of reaction, J/kg
λ = wavelength of oscillation, m
µ = dynamic viscosity of gas, kg/ms
ρ0 = ambient density, kg/m3

τc = combustion time, s
τ f = flow time, s
τHT = heat transfer time, s
φ = equivalence ratio

I. Introduction

F LAMES are sensitive to excitation from sound waves, with their
response dependent on the amplitude, frequency, and nature of

acoustic wave impingement. In the Helmholtz pulse combustor, the
response to this excitation leads to an increased rate of combustion
and thermal efficiency, with associated high rates of heat transfer and
reduced pollutant emissions under suitable operating conditions.1−5

The aim of this research program is to further develop an integrated
phenomenological thermofluid/chemical kinetic model,6−10 by ex-
ploring the effect of detailed chemical kinetic schemes employed
ranging from a reduced mechanism (17 reactions)9 to the developed
GRI-Mech2.11 scheme (279 reactions)11 and appraising predictions
against published experimental data.

The type of pulse combustor considered belongs to the aerovalved
family, the generic operation of which is nonpremixed but has the
added practical attraction of providing self-sustaining operation
with no mechanical moving parts. Whereas predictions of NOx pro-
duction due to forced oscillations of the pressure, velocity, and heat
release within the combustor have been presented previously,4 the
novelty of the current approach is that no pulsations are presumed
a priori; transient oscillations have been shown to be a natural solu-
tion of the simplified first-order coupled time-dependent problem.6

Hence the time-dependent NOx predictions are governed simply by
the boundary conditions of the model. A simplified model facilitates
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numerical experiments capable of isolating and investigating the
mechanisms that contribute to reduced NOx and CO performance
in pulse combustors compared to experimental combustors.

The interrelation between the physics and chemistry that govern
the operation of pulse combustors is complex and involves com-
plex fluid flows with associated mixing issues, chemical kinetics,
turbulent combustion, heat transfer, thermoacoustic coupling, etc.
Although three-dimensional transient computational fluid dynam-
ics (CFD) combustion models are under development, they are at
the moment too cumbersome and slow for most practical purposes.
The role of the simplified phenomenological model is in provid-
ing relatively fast predictions and a transparency that allows sci-
entific interpretation of predictions. Here the transient nature of
operation is afforded higher priority than spatial variations; hence,
this model provides spatially averaged, time-based predictions. The
construction of a premixed version of the model has been described
elsewhere.7 This basic model was first improved to facilitate non-
premixed operation, more representative of aerovalved operation,8

and then recently integrated with a reduced chemical kinetic scheme
(using the CHEMKIN suite)9 to provide the first predictions of pri-
mary pollutants NOx and CO from this type of phenomenological
model.10 Here, the sensitivity of these predictions to the type of
chemical kinetic scheme used are explored by generating and us-
ing a pulse-combustor model integrated with the GRI-Mech2.11
(Ref. 11) scheme for methane.

II. Previous Experimental Studies
There is a noticeable dearth of experimental data in the literature

concerning the emissions performance of well-tuned, efficient pulse
combustors. There are also many contradicting reports regarding the
influence of various geometrical parameters and loading on pollu-
tant levels. As such, it is difficult to attribute general trends with
either aerovalved or mechanically valved combustors or their types.
The results reported in Refs. 2 and 12 were carried out with a pre-
mixed, mechanically valved Helmholtz-type pulse combustor and
are currently the best available benchmark results. Other reports by
Corliss et al.13 and Barham et al.14 have identified similar trends to
the work of Keller and Hongo2 and Keller et al.12

Keller and Hongo2 derived NOx generation rates operating with
φ near to stoichiometric via cycle and spatially resolved tempera-
tures and pressures. For φ near unity, the thermal NOx mechanism
dominates over prompt NOx routes. In comparison with a compa-
rable nonoscillatory combustor, a reduction in the average rates of
NOx formation was demonstrated. Lower average temperatures and
residence times at high temperatures were considered to be the main
mechanisms for this. Relevant subprocesses were considered to be:
1) recycling of previously exhausted products; 2) rapid mixing of the
cooler fresh charge with hot combustion products, hence reducing
residence time at high temperature; and 3) enhanced heat transfer
at the combustor walls, considered the main effect.2

Further investigations12 analyzed the effect of varying equiva-
lence ratio and microscale mixing on CO and NOx emissions; this
was found to be independent of the microscale mixing processes em-
ployed for all equivalence ratios and also independent of fuel flow
rate (power), which is contrary to previous predictions.6−8 NOx in-

Fig. 1 Model control volume geometry.

creased monotonically from a few parts per million at φ = 0.6 to
35 ppm at φ ∼ 1. The CO trace showed a characteristic U shape,
plateauing at φ ∼ 0.75, for NOx < 5 ppm, before increasing again
for φ ∼ 1. Prompt NOx was considered the dominant production
route under lean conditions, with thermal NOx effectively switch-
ing off at φ = 0.76.

Phase locked velocity measurements in the fuel and air inlet sup-
ply of a propane fired aerovalved pulse combustor operating at the
lean limits15 were shown to oscillate at the limit-cycle frequency.
Thus, the instantaneous equivalence ratio varies throughout the limit
cycle, though hovering for a significant part of the acoustic period
between φ = 0.5 and 0.6. Steady NOx levels less than 30 ppm were
measured during limit-cycle operation in the exhaust acoustic de-
coupler box. Modulation of the pressure time series was a notable
feature, which induced cycle-to-cycle modulations.

III. Physical and Chemical Model Integration
The thermofluid model of the combustion chamber was originally

based on the thermal model proposed by Richards et al.6 and was
previously modified to include separate oscillating air and fuel inlet
characteristics.8,16 A schematic of the model geometry is shown in
Fig. 1. The model geometry, which determines the frequency charac-
teristics, is based on an experimental aerovalved pulse combustor.15

The transient, spatially averaged thermodynamic model is based on
the energy equation within the combustor chamber control volume,
coupled with a simple fluid dynamic submodel for the tail pipe. The
model is described in detail elsewhere.8,16 The model is akin to a
perfectly stirred reactor, because a mixing timescale has not been
incorporated, being dominated by chemical kinetics, though the im-
portance mixing timescales is fully appreciated within the limits of
aerovalved operation. The formulation of the original model,6 devel-
oped from the energy balance, rendered it incapable of nonpremixed
operation, also being only valid for near-stoichiometric conditions.
For the improved model, equations for fuel and oxidant species as
functions of time within the combustor are treated independently
within the Runge–Kutta numerical solution scheme. Although not
used here mixing timescales can be added to more accurately reflect
the aerovalved process.

The main focus of this research has been to compare predictions,
particularly predictions of primary pollutants, from the pulse com-
bustor model integrated with a reduced chemical kinetic scheme,
compared with those from a detailed kinetic mechanism. This is
perceived to be one advantage of the phenomenological model over
more detailed CFD models, in that its relative simplicity facilitates
integration with chemical kinetic schemes of greater detail than
is usually possible. The chemistry modeling has been undertaken
using the commercially available CHEMKIN II (Ref. 17) package,
more specifically, the SENKIN program. SENKIN predicts the time-
dependent chemical kinetic behavior of a homogeneous gas-phase
mixture in a closed system. This code is linked to the pulse com-
bustor model at each time step to predict the mole fractions of the
species, the flow chart is shown in Fig. 2. The reduced mechanism
was based on the work of Sung et al.9 and describes the methane
oxidation chemistry in terms of 17 elementary reactions involving 21
species. The detailed mechanism employed via the GRI-Mech2.11
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Fig. 2 Flow chart of integrated model linking of pulse combustor with
CHEMKIN.

(Ref. 11) by comparison employs 49 species and 279 reactions.
Thermodynamic properties used in this study were obtained from
the CHEMKIN thermodynamic database.

The transient thermofluid results are presented in terms of the
combustor pressure and temperature, and the chemical species pre-
dictions are presented in terms of primary reactants, CH4 and O2,
primary combustion products, H2O and CO2, various influential mi-
nor chemical species, and the primary combustion pollutants, CO
and NOx. Results are presented for both the constant and oscillatory
heat transfer, and the predictions are appraised against the time-
averaged CO and NOx predictions of Keller and Hongo2 and Keller
et al.12

A simple aerovalved pulse combustor can be modeled8,16 via
five normalized ordinary differential equations. The first differen-
tial equation describes the normalized temperature (thermal energy
balance) over the combustion chamber,

dT̃

dt
= γ

{
1

τ f
+ 1

τHT
+ 1

τc

}
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where Zc is the ratio of exit mass flow rate to the combustion cham-
ber volume, τ f is the characteristic flow time, τHT is the charac-
teristic heat transfer time, and τc is the characteristic combustion
time. Combining a mass balance with Eq. (1) results in an equa-
tion describing the time variation of the normalized pressure in the
combustion chamber,
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To solve Eqs. (1) and (2), the characteristic combustion time in terms
of instantaneous heat release per unit volume needs to be defined.
Therefore, in addition to the total mass balance equations, one can
write equations for the rate of change of the fuel and oxygen in the
combustion chamber, respectively,
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The momentum equation for the tailpipe in terms of the rate of
tailpipe gas velocity (normalized to the cold flow tailpipe velocity)
is required and defined as

dũ

dt
= (P̃e − 1)

(
RT0τ f

L tp Lc2

)
T̃e

P̃e

− Lc2 f

2Dtpτ f

ũ3

|ũ| (5)

where

τ f = ρ0/Zi (6)

is a characteristic flow time,

τHT = Lc1ρ0CpT0/hTw (7)

is a characteristic heat transfer time, and

τc = ρ0CpT0/Q̇ (8)

is a characteristic combustion time.
Finally, the following equation to express the combustion time is

derived by combining Eq. (7) with the heat release rate per unit area
and fuel reaction rate for a single step reaction mechanism to solve
Eqs. (3) and (4),

1/τc = A′(�H f /CpT0)(P̃ 2/T̃
3
2 )Y f (Y0/Sr ) exp(−T̃a/T̃ ) (9)

More detail and discussion of the model and its assumptions may be
found elsewhere in the quoted Refs. 16 and 17. Another limitation
of the previous model has been addressed by improving modeling of
the heat transfer process in the oscillatory flowfield. Previous work
employed a constant heat transfer coefficient h = 120 W/m2 · K to
solve the characteristic heat transfer time in the combustion cham-
ber control volume and was explored over a series of parametric
studies.6−8,16 An oscillatory Nusselt number is more appropriate
when considering the physics underlying pulse combustor opera-
tion. An equation for expressing Nusselt number for a combustion
chamber with lateral oscillations has been proposed previously18

and has been incorporated into the pulse combustor model,

Nu/Nu0 = 1 + 0.563 · Nu−1
0 · [�P0

/
2µ f ∗]0.65 · [d0/λ] (10)

Some trends, for example, the insensitivity of primary pollutant
emissions to mass loading, can only be successfully modeled with
the oscillatory Nusselt number. This is considered an important find-
ing with regard to future pulse combustor model development.

IV. Results and Discussion
The extended system of equations is solved using the Runge–

Kutta scheme for steady inlet conditions to determine whether the
NOx species balance results in a plausible limit-cycle solution within
the combustor. Figures 3–5 show the time series of pressure and tem-
perature oscillations and the pollutant mole fractions in the combus-
tor section during transient startup and after steady conditions are
established. In Figs. 3–5, the reduced mechanism is employed, the
fuel supply is fixed at 0.57 g/s, φ = 0.85, the Nusselt number is con-
stant, and all pollutant predictions are corrected to 3% O2. Figure
3 shows that the limit-cycle oscillations stabilize 100 ms after igni-
tion, consistent with the previous models.6−8 In this representative
example, the resulting oscillation frequency is 71.5 Hz and shows
good agreement with the operational frequency of the aerovalved
combustor test facility on which the model dimensions are based.15

The resulting pressure amplitudes are 12.2 kPa with a mean oper-
ating temperature of 1600 K. Comparison with Fig. 4 shows that
pressure and temperature stabilize before the NOx concentrations.
This is due to the artificial conditions introduced at t = 0 s to in-
voke the reaction, resulting in unrealistically high NOx production
at these early stages. However, the NOx species equation gradually

Fig. 3 Pressure and temperature for φ= 0.85 using reduced scheme.
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Fig. 4 NOx mole fractions for φ= 0.85 using reduced scheme.

Fig. 5 CO and CO2 mole fractions for φ= 0.85 using reduced scheme
in the combustor.

Fig. 6 NOx and CO mole fractions for φ= 0.85 near end of tailpipe
using reduced mechanism.

purges the combustor, until limit-cycle oscillations are reached, with
amplitudes about 20% of the mean. For this case, the mean concen-
tration of NO and NO2 is 11.7 and 0.07 ppm, respectively. NO2

levels are, thus, negligible, and hereafter NO is used to represent the
predicted NOx value.

Combustor CO predictions approach 6000 ppm, reducing to ∼4
ppm at the end of the tailpipe (Figs. 5 and 6); clearly the added
fluid tailpipe residence time strongly influences predicted CO levels.
Combustion chamber and tailpipe exit NOx are very similar; thus,
NOx is unaffected by the tailpipe additional residence time. NOx

production is essentially constrained to the combustion chamber
and combustion process.

The stabilized mean NOx concentration of ∼11 ppm agrees well
with the literature2,12,14,15 and indicates that the NOx generation
source term and species balance are satisfactorily integrated within
the first-order coupled equation system and numerical scheme
(Figs. 3–6). The NOx levels generally oscillate in-phase with the
predicted pressure and temperature oscillations, although closer in-
spection reveals a small phase shift ≈10 deg between NOx and
temperature while being almost precisely in-phase with pressure at
this equivalence ratio.

With the ability of the integrated model to achieve stable NOx os-
cillations, it is now possible to explore the influence of equivalence
ratio on NOx production within the lean range where prompt NOx

Fig. 7 Mole fraction of primary combustion products: �, O2; �, H2O;
×, CO2; and �, N2 for φ= 0.7–0.95 (GRI-Mech2.11).

Fig. 8 Mole fraction of minor species: �, HCO; ×, HCN; �, N2O;
and �, NO2 for φ= 0.75–0.95 (GRI-Mech2.11).

Fig. 9 Mole Fraction of minor species H2, OH, and HO2 from detailed
kinetics.

becomes the dominant formation mechanism, that is, 0.5 < φ < 0.8.
To isolate the effect of equivalence ratio, parameters that have been
found to influence NOx production such as the heat transfer coeffi-
cient, wall temperature, and mass flow rate are kept constant.

The effects of changing the equivalence ratio on the primary
combustion products of O2, H2O, CO2, and N2 using the detailed
GRI-Mech2.11 (Ref. 11) scheme are shown in Fig. 7. Reassuringly,
increase in the equivalence ratio from φ = 0.7 toward stoichiomet-
ric conditions increases the production of CO2 and H2O and de-
creases the production of O2, as expected from elementary combus-
tion theory.

Figures 8 and 9 present the mean values of the oscillatory trends
for the minor species across the range of equivalence ratios using
the detailed kinetic scheme; they show a monotonic increase with
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Fig. 10 Comparison of NOx and CO predicted by the model and the results of Keller et al. (reduced mechanism): �, NOx; �, NOx (Keller); �, CO;
and ×, CO (Keller).

Fig. 11 Comparison of predictions vs data for CO using GRI-Mech.
and reduced kinetic mechanism; CO corrected to 3% O2.

Fig. 12 Comparison of predictions vs data for NOx using GRI-Mech
and reduced kinetic mechanism; NOx corrected to 3% O2.

equivalence ratio increase. As expected, the values of N2O increases
for decreasing equivalence ratio, also for the reduced model,16 with
reasonable agreement between the two schemes. Again consistent
for both models, H2 values increase for increasing equivalence ratio,
resulting from dissociation between the simultaneous presence of
O2, CO, and H2. By comparison, note, for the reduced scheme,9 that
the hydroxyl radical OH and HCN both peaked at φ = 0.9, before
reducing at φ = 0.95. This clearly has implications affecting NOx

and CO formation, especially for equivalence ratios >0.75, shown
in Figs. 10–12 and discussed later.

In Fig. 10, predicted time-averaged values of NOx and CO ob-
tained using the reduced mechanism are compared against the ex-
perimental data of Keller et al.12 CO predictions are in a good agree-
ment with the experimental results, apart from φ < 0.74, whereas

a)

b)

Fig. 13 NOx and CO (corrected to 3% O2) as function of equivalence
ratio using oscillatory heat transfer coefficient for total mass flow rates
of a) 9.1 g/s and b) 10.5 g/s.

NOx predictions differ from the experimental data by a few parts
per million.

Optimal operating conditions in terms of primary pollutant per-
formance can be determined from Figs. 10–12 for both models, as
well as the experimental data. At φ ∼ 0.74, both NOx and CO are
less than 10 ppm for both models and experiment. Further reduction
in equivalence ratio limits the performance in terms of CO, due to
the increase in CO emissions that occurs when φ > 0.7, although
this characteristic is least prominent for the detailed kinetic mecha-
nism. For φ between 0.73 and 0.8, both NOx and CO emissions are
under 10 ppm for all three cases.

The detailed mechanism compares less favorably with the ex-
perimental data of Keller et al.12 than the reduced scheme. GRI-
Mech2.11 significantly overpredicts CO for equivalence ratios >0.8
(Fig. 11), whereas the reduced mechanism performs well in the
same region. The model using GRI-Mech2.11 underpredicts NOx

(Fig. 12), for all equivalence ratios: The reduced mechanism gen-
erally performs better. There are many plausible reasons for this
finding, including differences between the experimental setup and



HERAVI ET AL. 1097

the model assumptions and limitations of the phenomenological ap-
proach; however, the most likely explanation arises from that the
reduced mechanism is constructed from GRI-Mech3, which con-
tains a more detailed reaction scheme compared to GRI-Mech2.11.
Further work is needed to investigate these influences.

Finally, in contrast with the data of Keller et al.,12 which show
that NOx and CO levels are relatively independent of mass load-
ing, dependency between mass flow and pollutant predictions is
observed using a constant Nusselt number, such that increasing the
mass loading increased the levels of NOx and CO levels for all
equivalence ratios tested. Figures 13a and 13b show the NOx and
CO concentrations predicted for two different mass flow rates as
function of equivalence ratio using the oscillatory Nusselt number
introduced earlier. The values of NOx for both mass flow rates show
a monotonically decreasing trend from 24 and 23 ppm, respectively,
at φ = 0.95 to 2 and 1 ppm, respectively, at φ = 0.7, that is, consis-
tent with the experimental findings of Keller et al.,12 CO predictions
are relatively insensitive to mass flow rate variation.

V. Conclusions
1) Primary pollutants NOx and CO have been predicted from a

phenomenological pulse combustor model for the first time. The
relative simplicity of the thermofluid model employed has the ad-
vantage over a more rigorous Navier–Stokes solution in that detailed
chemical kinetic models can be readily employed within the inte-
grated model.

2) A detailed kinetic mechanism (GRI-Mech2.11) and reduced
mechanism (using 21 species and 17 reactions) have each been cou-
pled with the thermofluid model at each time step, providing two
integrated thermal pulse combustor models. The usual oscillatory
behavior of pressure and temperature with the addition of combus-
tion species is predicted for both integrated models, hence, facili-
tating performance comparison.

3) Both integrated models predict pressure, temperature, and the
species inside combustor. The results from the combustor were taken
as initial conditions to run the model of the tailpipe.

4) Both integrated models predict the characteristic U-shaped CO
trend predicting CO < 5 ppm at about φ = 0.74 and increasing as φ
reduces below 0.7. Both models predict monotonically increasing
NOx with increase in equivalence ratio.

5) An oscillatory Nusselt number is necessary to decouple the
dependence of pollutant levels on mass loading found when using
a constant Nusselt number, hence, providing predictions consistent
with experimental findings.

6) Predictions using the reduced mechanism agree with the ex-
perimental data and show low concentrations of CO and NOx of
<10 ppm attained when φ = 0.74. Experimental studies and both
models presented now agree that this is the optimal operating
range in terms of pollutant performance. However, the CO con-
tribution is very sensitive to further reductions in equivalence ratio,
indicating that combustor control is critical in practical lean-burn
operation.

7) The results from the reduced mechanism provided better quan-
titative agreement than those from the detailed mechanism of GRI-
Mech2.11 for primary pollutants. The possible reason for this appar-

ent anomaly may arise from the derivation of the reduced mechanism
from GRI-Mech3 and mirrors the experiences of other researchers.
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