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Abstract

A detailed experimental analysis of laminar premixed methane/air flames sub-

ject to equivalence ratio oscillations is presented. The equivalence ratio of methane/

air flames was periodically modulated by the addition of methane into the sta-

tionary fuel/air flow of a lean premixed flame. The reaction of the flame as a

function of amplitude and frequency of the modulation was investigated in a para-

metric study. The flames were operated at reduced pressure (70 mbar) in order

to increase the spatial resolution across and within the flame front and to approx-

imate the time and length scales of the flame and the induced equivalence ratio

oscillations in an order of magnitude of 10 Hz. The detection and evaluation of

OH*-chemiluminescence revealed the shape and position of the flame front. One-

dimensional laser Raman scattering was applied in order to simultaneously and

quantitatively determine the concentration profiles of the major species and the

temperature along the symmetry axis of the flame. The results show that several

interacting effects occur, which have different dependencies on the oscillation fre-

quency: first, a “macroscopic” reaction of the flame arises from the variation of
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the laminar flame speed and the flow velocity and, hence, its location. Second, the

structure of the flame front is affected by the diffusional transport processes and

the influence of the oscillation on the species concentrations. At low frequencies,

the flame can follow the oscillations reaching temporarily quasi-steady states at

the minimum and maximum fuel fraction levels. At sufficiently high frequencies,

the flame tip location remains virtually unchanged. However, the species profiles

across the flame front show a significant phase shift relatively to each other and

cannot be described by steady states throughout the oscillation period.

Keywords: equivalence ratio oscillations, laser Raman scattering, laminar

flames, reduced pressure

1. Introduction

Gas turbines have great potential to cope with the increasing requirements

of high efficiency in combination with low emissions and high flexibility regard-

ing both fuels and the operational range. A promising and proven combustion

concept is the lean premixed combustion. However, the coupling of pressure pul-

sations and heat release may lead to self-sustained thermo-acoustic instabilities

in the combustion chamber which can diminish the gas turbine’s performance or

even cause structural damages [1, 2]. Equivalence ratio oscillations have been

identified to play a key role in the thermo-acoustic feedback-loop. Caused by

pressure pulsations due to altered inflow conditions they lead to heat release vari-

ations and, thus, significantly contribute to the sustainment of instabilities [3–6].

Equivalence ratio oscillations are therefore of particular interest of the gas turbine

manufacturers and the scientific community and have been studied in numerous

investigations, both experimentally and theoretically. In most studies, equivalence
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ratio oscillations have been detected and investigated during and as part of thermo-

acoustic instabilities [4–10]. Only a few studies so far have focused on the effect

of equivalence ratio oscillations on the flame behavior in particular.

Lieuwen and Zinn [3] and Sattelmayer [11] showed the importance of equiv-

alence ratio oscillations by numerical investigations of their effect on the flame

transfer function. The numerical model of Lieuwen was extended by Cho and

Lieuwen [12, 13] in order to account for several effects of equivalence ratio os-

cillations on the heat release. A further extension of the model was published

by Shreekrishna and Lieuwen [14] that included effects of flame stretch and non-

linear effects at higher oscillation amplitudes. Additionally, they investigated the

response of the flame front structure to equivalence ratio oscillations at high fre-

quencies with wavelengths of the disturbance in the same order of magnitude as

the flame thickness. The findings indicated that beyond certain frequencies the

flame front structures cannot be described by sequential steady states anymore due

to the interaction and phase delay of convective and diffusional transport within

the flame front. The limit frequencies for the non-quasi-steady behavior were

given with 400 Hz at 1 atm and 4 kHz at 10 atm.

If this pressure dependency was extended to reduced pressure in order to ap-

proach the conditions that were investigated in the present study, a flame would

become non-quasi-steady at 40 Hz at 100 mbar.

The effect of equivalence ratio oscillations on the lean blow out limit was

numerically investigated on a methane/air stagnation flame [15], on a propane/air

stagnation flame [16] and on a methane/air counter flow flame [17]. All studies re-

vealed a quasi-steady flame behavior at low frequencies. However, at sufficiently

high frequencies, i.e. if the gradients of the equivalence ratio variations were
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similar to the time and length scales of the flame, the flames continued burning

at equivalence ratios in the fresh gas below the lean blow out limit of according

steady flames due to the flame history. The heat and radicals that are produced in

the reaction zone at locally higher equivalence ratios diffuse towards the fresh gas

with locally lower equivalence ratios where they support the stabilization of the

flame. Further numerical studies on equivalence ratio oscillations investigated the

progression of oscillation amplitudes in the fresh gas and their effect on reaction

kinetics [18], the impact on the heat release [19] or the effect of high amplitudes

near the lean blow off limit [20].

The applied measurement techniques for the detection of equivalence ratio os-

cillations during thermo-acoustic instabilities include laser absorption spectrosco-

py [6, 9, 10], chemiluminescence ratios [21–25] and laser-Raman scattering [5].

Equivalence ratio variations induced by external acoustic excitation have been

experimentally investigated by Kang et al. [26] with planar laser-induced fluo-

rescence (PLIF) on tracer particles and by Schwarz et al. [27] with both laser-

absorption and Rayleigh scattering. However, quantitative analyses could not be

done in both studies due to a low signal to noise ratio and a dominant effect of the

induced acoustic pressure oscillations on the flame.

Another approach to investigate the effect of an inhomogeneous equivalence

ratio distribution on laminar and weak turbulent flames was made by Sweeney

and Barlow [28] on stratified flames that were generated by two adjacent slot

burners with different equivalence ratios. Detailed multi-species and temperature

profiles were obtained by the application of both Rayleigh and one-dimensional

laser Raman scattering, laser-induced fluorescence (LIF) on CO and crossed OH

PLIF.
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In a previous paper we described the experimental setup for the investigation

of equivalence ratio oscillations by periodically added fuel [29]. This work and the

works by Meier et al. [5] and Sweeney and Barlow [28] demonstrated the applica-

bility of laser-Raman scattering in order to quantitatively investigate equivalence

ratio oscillations with high spatial and temporal resolution. A unique advantage

of laser-Raman scattering is the possibility to determine the temperature and the

local mixture fraction by simultaneous multi-species measurements independent

from the reaction progress of the combustion.

The present investigation focuses on the effects of equivalence ratio oscilla-

tions on the flame front by elimination or minimization of other effects. Flame

phenomena of different time and length scales are considered in detail and re-

lated to one another. Experimental access to phenomena on small time and length

scales was enabled by the operation of the flame at reduced pressure. The resulting

broadening of the flame front has two useful effects for the experimental investi-

gation: first, it allows spatially resolved measurements within the flame front and,

second, it facilitates the approximation and overlap of the length scales of the

flame thickness and the wavelength of the induced equivalence ratio oscillations.

In order to maximize the significance of the observations, other effects were

eliminated as far as possible. By use of a perfectly premixed laminar flame, effects

of unmixedness and flame/vortex interactions could be excluded. Flame/wall in-

teractions were eliminated by use of a wide combustion chamber with a diameter

eight times the diameter of the burner exit. Pressure pulsations were minimized

by several means: the mass flow of the premixed flame was small compared to the

total mass flow through the combustion chamber (∼20%). An additional air mass

flow convectively cooled the combustion chamber and damped pressure fluctua-

5



tions from the flame. The outflow of the total mass flow was forced through the

suction line (diameter ∼50 mm, length ∼3 m) of the low pressure pump. Thus,

there was no typical bottle neck for a Helmholtz resonator.

Though the flame does not meet conditions that are relevant to technical appli-

cations, it provides a unique insight into the reactions of the flame front to equiv-

alence ratio oscillations. Complementary optical and laser based techniques were

applied in order to gain comprehensive results of the flame behavior and to avoid

perturbations by sensor probes. The shape and position of the flame front were im-

aged by the detection of the OH*-chemiluminescence. The rotational symmetry

of the flame allowed the deconvolution of the signal to a two-dimensional section

through the flame.

A detailed characterization of the flame front structure was enabled by one-

dimensional laser Raman scattering. Simultaneously measured profiles of the ma-

jor species and the temperature were determined along the symmetry axis from

the burner exit to the exhaust gas region of the flame. This was done by imaging a

section of 7 mm along the laser beam and a vertical translation of the burner. The

capability of the chosen measurement techniques for a comprehensive investiga-

tion of the flame front has been demonstrated in Ax et. al [29].

The present paper deals with the measurements and the analysis of a paramet-

ric study on flames subject to equivalence ratio oscillations. The aim of the study

was a detailed analysis of the flame front structure in dependence of the modu-

lation frequency and amplitude. Of particular interest was the identification of

unsteady effects at higher frequencies by approximation and overlap of the length

scales of the oscillation and the flame front as they were predicted by several nu-

merical simulations [14–17].
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The results shall serve as a comprehensive data set for the validation of nu-

merical simulation models since there are hardly any experimental data available

under such special conditions.

2. Experimental Setup

The experimental setup is only briefly described here since a detailed descrip-

tion of the general setup has been given in [29] and [30]. Changes and improve-

ments are mentioned which have been made for the parametric study that is pre-

sented here. All new information are given at the end of each paragraph. A

schematic illustration of the setup is shown in Fig. 1.

A special burner configuration had been designed that enables the operation

of stable and perfectly premixed Bunsen flames at reduced pressure as well as the

variation of the equivalence ratio. The diameter of the burner exit was 40 mm.

The flames were stabilized by a surrounding flat flame, which was operated with

a stoichiometric mixture of methane and oxygen [29]. The total mass flow of the

stabilization flame was 1.79 g/min.

The equivalence ratio was varied by the pulsed addition of methane into the

stationary premixed methane/air flow of a Bunsen flame through 48 tubes inside

the burner with an exit diameter of 1 mm each. The pulsation was triggered by a

magnetic 3/2-way valve (Staiger, model VA 304-715) that was located below the

burner outside the combustion chamber [29]. The distance from the valve to the

tubes’ exit was around 250 mm. The pull-in- and drop-out-times of the valve are

not exactly known but well below 1 ms. The opening and closing times could still

be varied during operation tests of the valve at 500 Hz. The effects of undefined

flow and mixture conditions during opening and closing of the valve are therefore
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Figure 1: Schematic drawing of the experimental setup.

neglected. The tubes’ exits were located 10 mm below the burner exit. This

position was chosen based on an estimation during the design process in order to

provide for a homogeneous fuel distribution in horizontal direction by diffusional

transport within the distance to the burner exit. A thermocouple measured the

fresh gas temperature at the same location.

The burner was pressure tight mounted into a combustion chamber with an

inner diameter of 320 mm and a height of 318 mm. A constant volume pump

evacuated the combustion chamber through the exhaust gas pipe. The pressure

inside the combustion chamber was measured by two sensor probes and automat-

ically regulated by a software controlled orifice valve. The adjustable pressure

range was defined by an additional air flow that entered the combustion chamber

through a circular diffuser around the burner [29]. The mass flow was constantly

set to 23.9 g/min allowing an adjustable pressure range from 30 to 110 mbar. This

co-flow also convectively cooled the combustion chamber wall.
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The mass flows for the Bunsen flame, the stabilization flame, the pulsed meth-

ane and the co-flow were separately controlled (Brooks 5850S and 5851S) and

fed from pressurized gas bottles or in-house lines.

2.1. OH*-Chemiluminescence

The shape and position of the flame front were determined by the detection

of the chemiluminescence of the electronically excited OH radical. Since OH*

is formed in the region of the highest heat release it is a good marker for the

reaction zone [31, 32]. All information of the experimental setup for the detection

of the OH*-signal have been described in [29], only a short summary will be given

here: The signal of the spontaneous emission of the (A-X) transition of OH*

around 310 nm was detected perpendicularly to the flame axis by an intensified

CCD-camera equipped with a bandpass filter (314 nm ± 20 nm FWHM) as shown

in Fig. 1. The gate width of 250 µs was still short compared to the observed

effects as will be shown later. Due to the rotational symmetry of the flame, an

Abel inversion could be applied in order to deconvolve the projection of a two-

dimensional section through the flame [33].

2.2. Raman scattering

For the laser Raman measurements, the beams of six frequency doubled Nd:YAG

lasers (3× Spectra Physics PIV 400) were spatially overlaid, focused by a spher-

ical lens with a focal length of 2 m and directed vertically through the combus-

tion chamber and the burner along their central axis. A total energy of around

1.2 J/pulse with a repetition rate of 10 Hz was available at the measurement loca-

tion. By means of a pulse stretcher and an appropriate trigger timing of the laser

pulses, the laser energy was distributed over a pulse duration of about 350 ns in
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order to avoid optical breakdown at the focus. The laser energy of each pulse was

measured before and after the combustion chamber by two power meters.

A section of 7 mm length along the laser beam was imaged by a custom-

designed achromatic lens system (Linos, aperture 150 mm), spectrally resolved by

a spectrometer (Acton Research, SpectraPro 300i, 490 grooves/mm) and relayed

onto the chip of an image intensified CCD-camera (Princeton Instruments PI-

MAX, Gen III intensifier, 1340×700 pixels used) with a magnification of 2. The

imaged spectral range of 163 nm covered the vibrational Stokes-Raman (∆v=1)

signal of the major species CO2, O2, CO, N2, CH4, H2O and H2. The spatial res-

olution was given by the beam waist at the focus of around 400 µm and a binning

of the CCD pixels to 28 superpixels in the spatial dimension corresponding to a

length of 0.25 mm each. The elastically scattered Rayleigh scattering and reflec-

tions from the combustion chamber walls were minimized by a holographic notch

filter in front of the spectrograph.

All measured spectra were averaged over 300 single shots phase locked at

specific phase angles of the equivalence ratio oscillations. The detected Raman

signals were integrated over species specific spectral ranges and corrected for

background luminosity, spectral overlap, laser intensity and a calibration factor

that accounts for daily fluctuations of the signal intensity due to minor changes of

the beam alignment or the optical imaging. The corrected signals Ic,i were then

evaluated in order to determine the species number densities ni based on a calibra-

tion data set by the relation ni = Ic,i / (IL fi (T ) Gi(T )), with the calibration factor

Gi, the laser pulse energy IL and the molecular Boltzmann population distribution

fi. The calibration data set had been established beforehand on electrically heated

pure gases and in the equilibrium region of both CH4/air and H2/air flat flames.
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The signal calibration, reduction and evaluation are described in more detail in

[29], [30] and [34].

The temperature evaluation was based on the ideal gas law using the total

number density that was derived from the evaluated major species concentrations

and the measured pressure inside the combustion chamber. The mixture fraction

f as proposed by Bilger [35] was used to express the ratio of fuel to air. The ad-

vantage of this definition is a constant value of the stoichiometric mixture fraction

( fst = 0.055 for CH4 in air) in the occurrence of preferential diffusion.

The uncertainties of the deduced species concentrations, the temperature and

the mixture fraction were estimated by use of the law of error propagation con-

sidering possible sources of systematic and statistical errors from mass flow con-

trollers, laser power meters, pressure probes and calibration temperature measure-

ments with thermocouples and coherent anti-Stokes Raman scattering (CARS)

[29, 36–38]. Typical relative errors in the fresh gas region were 3.3% for N2, 4%

for O2, 3.8% for CH4 and 5% for the temperature. In the hot gas region, typical

relative errors were 4.7% for N2, 9% for O2, 6.8% for CO2, 5.4% for H2O, 7.2%

for H2, 17.4% for CO and 6.8% for the temperature.

3. Results

3.1. Stationary Flame

Prior to the findings that were obtained from the parametric study on equiva-

lence ratio variations, the stationary reference flame without additional CH4 will

be presented for a better understanding of the effects of equivalence ratio oscilla-

tions on that flame. The flame settings of the stationary flame were kept constant at

a CH4 mass flow of ṁCH4 = 0.217 g/min and an air mass flow of ṁair = 5.56 g/min,
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Figure 2: OH*-chemiluminescence of the stationary flame.

resulting in an equivalence ratio of Φstat = 0.67. The fresh gas at the burner exit

reached the thermal equilibrium at around 315 K approximately 20 minutes af-

ter the ignition. All reported results were obtained at 70 mbar. The mean flow

velocity at the burner exit was consequently 1.018 m/s.

Figure 2 shows a picture of the deconvolved OH*-chemiluminescence of the

stationary flame. For a better impression of the dimension and position of the

flame, a scale on the right and a schematic drawing of the burner exit at its actual

position relatively to the flame are also shown. The flame has the typical shape

of a Bunsen flame with nearly straight cone flanks. The OH*-signal is lifted from

the burner by around 3 mm due to heat loss at the burner rim. The thickness of

the OH*-signal normally to the flame surface is around 2 mm, which indicates

the widening of the flame front at reduced pressure. The dots with high signal

intensity along the vertical central axis are artifacts from the Abel-inversion. The

OH*-signal from the surrounding flat flame has been subtracted as an additional

background luminosity.

The results of the 1D-Raman measurements along the central axis in this flame
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Figure 3: Species concentration profiles and OH*-chemiluminescence in a stationary flame.

are shown in Fig. 3. The profiles of the species concentrations are composed from

measurements at three different heights above the burner on three different days,

overlapping by about 1 mm. One should note the discontinuity of the left scale that

was inserted to show the concentration of all species in one graph. Additionally

to the species concentrations, the profile of the OH*-signal along the central axis

is also included in order to set the results of the two measurement techniques in

a spatial relation. The OH*-signal intensity is normalized to its maximum since

it is not evaluated quantitatively. The results are plotted from a height above the

burner (HAB) of 13.75 mm on; upstream, the concentrations and temperature are

constant. For the sake of clarity, the error bars are plotted only once per species in

both the fresh gas region and the hot gas region.

The profiles reveal the typical structure of a premixed flame front. In the fresh

gas region up to a height of around 23 mm, the concentrations of CH4, O2 and

N2 are nearly constant. In the preheat zone, the concentrations decrease due to

the diffusional transport to the reaction zone at around 27 mm, where CH4 and
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Figure 4: Selected species concentration and temperature across the flame front.

partly O2 are consumed. The reaction zone is marked by the peak of the OH*-

signal. The maximum of the intermediate product CO is found close to the OH*

maximum. The maximum of the H2 concentration is about 1 mm upstream of

the OH* maximum. Subsequent to the reaction zone, the oxidation zone is clearly

visible where slower combustion processes such as the oxidation of CO take place

and the mixture slowly approaches the thermodynamic equilibrium. However, the

measurements do not extent up to the thermodynamic equilibrium.

For a deeper insight into the flame front structure, some selected species con-

centration profiles (CH4, H2O, CO2 and H2) and the temperature are shown in

Fig. 4. The H2-concentration is enhanced by a factor of five for a better visualiza-

tion. The concentration of the product CO2 increases significantly later than the

H2O concentration. The slope of CO2 also shows a different behavior compared

to the profiles of H2O and the temperature. While the profiles of H2O and tem-

perature increase strongly in the preheat zone and only slightly in the following

oxidation zone, the increase rate of CO2 is similar in both zones. The profiles of
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Figure 5: Correlation of CH4 and H2O with the temperature.

the H2O concentration and the temperature are rather congruent across the whole

flame front if suitably scaled. The similarities of the profiles of CH4, H2O and the

temperature become obvious when plotted against each other. The correlations of

CH4 and H2O with the temperature are shown in Fig. 5. For the sake of clarity,

the results were conditionally averaged in temperature steps of 10 K if applicable.

The correlation of the species concentrations with the temperature is rather linear

in both cases. This means, that the lengths of mass diffusion and thermal diffusion

are similar and, hence, the Lewis-number Le, being the ratio of the diffusional

length of the limiting species (CH4) and the thermal diffusion length, is equal to

Le = 1 within the accuracy of the measurements.

The effects of preferential diffusion in the flame front become obvious in the

case of H2 in Fig. 4. The diffusion coefficient of H2 is about three times higher

than the diffusion coefficient of CH4 in air since H2 is much smaller and lighter

than the other major species. The H2 concentration reaches its maximum of 1.5%

at around 26 mm and decreases towards the preheat zone and the oxidation zone.
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In the imaged section of the oxidation zone, H2 can still be found in a significant

amount of 0.8% at HAB = 32.5 mm. Upstream from the maximum, one can see

that H2 diffuses far into the fresh gas region up to HAB = 14 mm.

The complex effects of preferential diffusion inside the flame front also lead to

variations of the local fuel to air ratio. Figure 6 shows the mixture fraction across

the flame front in dependence of the HAB. The results are averaged over two

adjacent measurement volumes. One can see that the mixture fraction is almost

constant in the fresh gas region. The values are close to the expected value of

0.0372 as deduced from the mass flows of air and fuel. With the beginning of the

preheat zone, the mixture fraction decreases and reaches a minimum at around

HAB = 24 mm. Subsequently, the mixture fraction increases until it reaches a

rather constant level at around HAB = 27 mm, which is close to the maximum of

the OH*-chemiluminescence. In the imaged section of the following oxidation

layer, the mixture fraction remains on a level that is slightly higher than in the

fresh gas due to effects of differential diffusion and minor species that could not be

measured and quantified by Raman scattering. The results qualitatively agree well

with the findings of Barlow et al. [39]. One should note that the indicated error

bars in the fresh and hot gas region mark the absolute possible errors calculated

by the law of error propagation. However, the relative error of the plotted samples

is smaller which allows the analysis of the mixture fraction across the flame front.

3.2. Oscillating flame

The effects of equivalence ratio oscillations were investigated by the pulsed

addition of CH4 to the previously presented stationary flame. The amount and

frequency of the additional CH4 were varied in a parametric study. The variations

are summarized in table 1. For each frequency from 5 Hz to 40 Hz, the additional
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Figure 6: Mixture fraction across the flame front in dependence on the height above the burner.

CH4 was varied in three different amounts. The pulse strengths in table 1 are

given relatively to the CH4 mass flow of the stationary flame. In the case of 50%

additional CH4, the stoichiometric mixture is just reached. The opening time of

the magnetic pulse valve was always set to the half period duration of the given

frequency. While the valve was closed, the additional methane flow was bypassed

into the outer region of the combustion chamber where it did not affect the flame.

Thus, the pressure inside the additional fuel line was kept constant and the same

as in the combustion chamber.

OH*-chemiluminescence and 1D-laser Raman measurements were taken at

several phase angles of a period. At each phase angle, 300 single shot Raman

measurements and 50 OH* images were taken and averaged for the evaluation.

The time steps ∆t and according phase intervals ∆ϕ at the different frequencies

are given in the column on the right hand side in table 1.

The homogeneous distribution of the additional methane in the stationary flow

in horizontal direction was provided for by the 48 shower head like arranged tubes
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frequency pulse strength
(

ṁCH4 ,puls

ṁCH4 ,stat

)
∆t / ∆ϕ

5 Hz 10 %, 25 %, 50 % 10 ms / 18°

10 Hz 10 %, 25 %, 50 % 5 ms / 18°

20 Hz 10 %, 25 %, 50 % 2.5 ms / 18°

30 Hz 10 %, 25 %, 50 % 2 ms / 21.6°

40 Hz 10 %, 25 %, 50 % 2.5 ms / 36°

Table 1: Summary of parametric variations for the present study. See section 3.2 for explanations.

inside the burner and the effect of diffusional transport in horizontal direction. The

distribution of the methane pulse in the surrounding main flow was investigated

by 2D-laser-Raman scattering [29]. The results showed a homogeneous distri-

bution within a few millimeters, which confirmed the assumption in the design

process of a homogeneous methane distribution in horizontal direction by diffu-

sional transport within the distance of 10 mm from the tubes’ exit to the burner

exit.

The effects of enhanced momentum and mass diffusion on the homogenization

of the axial velocity profile and the mixture, respectively, at reduced pressure have

also been shown by Ombrello and Carter [40] on a Hencken burner configuration

at 125 Torr. Diffusional effects in the shear layer between the CH4/O2-flame were

not investigated since the focus of this study was on the central flame axis in

approximation of a one-dimensional flame.

3.2.1. 5 Hz, +25% CH4

Due to the limited space, only two representative flames out of the fifteen in-

vestigated flames will be discussed here in detail in order to show the effects and

the underlying mechanisms. First, a flame with 25% additional CH4 at a frequency
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Figure 7: Periodical CH4 concentrations in the fresh gas at two different HAB.

of 5 Hz is presented. Figure 7 shows the phase resolved CH4 mole fractions in one

period at two different HAB. The samples shown as black squares were measured

close to the burner exit at HAB = 3 mm; the samples shown as red dots were mea-

sured at a HAB of 13 mm just upstream of the preheat zone. For a better clarity,

only one error bar is representatively indicated for all measurements at the phase

angle 126°. The definition of the phase angles has experimental reasons and is

arbitrary regarding the oscillation. At the phase angle 18°, the concentrations at

both heights are close to the value of the undisturbed flame of X(CH4) = 0.0652.

At 36°, the concentration is significantly increased at HAB = 3 mm due to the be-

ginning of the CH4 pulse, whereas at the HAB of 13 mm, no significant increase is

detected until a phase angle of 54°. Between the phase angles 108° and 198° the

concentrations at both heights have reached a maximum level of around 0.08. Af-

ter the CH4 pulse, the concentrations decrease and remain at the minimum level

between the phase angles 252° and 18° .

The deviation of the maximum concentrations at the two different HAB might
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be explained by the signal reduction and post processing of the measured Raman

spectra. Two specific factors were applied to these measurements. One factor is

the afore mentioned daily calibration factor that was applied to all measurements

of one day. Minor drifts of the fresh gas temperature due to the warming of the

burner after ignition or the laser alignment over one day might lead to minor devi-

ations from this factor. A second scaling factor was applied to the measurements

just above the burner. Since the 1D-signals were partially blocked by the burner

rim, the recorded spectra close to the burner rim were each scaled with a differ-

ent factor in order to match the measured reference temperature. These factors

can induce changes in the evaluated species concentrations due to the different

dependencies of the Raman signals of the different species on the temperature.

A possible physical reason of this deviation might be the uncertainty of the

mass flow controllers of around 1.5%. The observerd difference is, however, still

within the error limits.

The delays at the rising and falling edges of the pulse at HAB = 13 mm com-

pared to HAB = 3 mm by approximately one phase interval correspond well with

the time of 10 ms that it takes the flow to cover the distance of 10 mm at a velocity

of around 1000 mm/s. In the case of 25% additional CH4, the mean flow veloc-

ity increases by only 1.6%, which has no significant effect on the concentration

profiles. The durations of both the increase and the decrease of the CH4 concentra-

tion between the constant minimum and maximum concentration levels are about

30 ms due to the diffusional transport that results from the induced concentration

gradient. There is no difference in the gradients of the pulse detectable at the two

heights.

An increasing fuel ratio in a premixed lean flame leads to enhanced heat re-
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lease and, thus, to increased flame propagation speed [41]. In the range of low

equivalence ratios up to Φ = 0.9, this effect on the flame position is stronger than

the increase in the flow velocity due to the additional fuel mass flow. As a result,

the flame front moves towards the burner until it reaches a stable position again.

The displacement of the flame due to the equivalence ratio variation can be

seen in the OH*-chemiluminescence measurements. Figure 8 shows the detected

OH* signals at two different phase angles. For a better comparison, the image is

composed of two half images that are opposed along the central flame axis. The

OH* signals of all measurements were normalized to the overall minimum value

and can therefore be qualitatively compared. At the phase angle 36° the flame tip

has the maximum distance of around 26 mm from the burner. This phase angle

is just before the CH4 pulse reaches the flame front as it was seen in Fig. 7. The

minimum distance from the burner is found 180° later at 216° which is at the end

of the CH4 pulse. The total displacement of the flame tip is 6.5 mm. The OH*

signal at 216° is stronger compared to the signal at 36° as a result of the increased

equivalence ratio.

A more detailed insight into the flame front behavior is provided by the re-

sults from the 1D-Raman measurements. Figure 9 shows the CH4 concentration

profiles along the central axis at six different phase angles. Note that the time in-

tervals between these phase angles vary. The position of the preheat zone at each

phase angle can be identified by the steep gradient of the CH4 concentration.

The periodical flame front behavior can be described by the analysis of the dif-

ferent CH4 concentration profiles. At 36°, when the flame tip is at the maximum

distance from the burner, the CH4 concentration is at the minimum level of around

6.5% across and upstream from the flame front. However, between HAB = 2 and
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Figure 8: OH* signal at two different phase angles.

HAB = 14 mm a slight increase can be found which indicates the beginning of the

CH4 pulse. At 72°, the CH4 pulse has reached the flame front causing a displace-

ment of the flame tip towards the burner, even though the CH4 concentration has

not yet reached the maximum level at the beginning of the preheat zone. The flame

tip moves further towards the burner between the phase angles 72° and 144° when

the CH4 concentration is at the maximum of around 8%. At 216°, one can see that

the CH4 concentration is still at the maximum at the beginning of the preheat zone

and is therefore also across the flame front. The concentration further upstream

towards the burner decreases as the CH4 pulse has passed. At this phase angle,

the flame tip is at the minimum distance from the burner. With the subsequent

decrease of the CH4 concentration across the flame front and the resulting lower

flame propagation speed, the flame tip moves downstream until it reaches a steady

state again at the maximum distance from the burner.

The effects of the equivalence ratio oscillations can also be found in the pro-
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Figure 9: CH4 concentration profiles at different phase angles at a frequency of 5 Hz and 25%

additional fuel.

files of other species. As a representative example, the H2 concentrations profiles

along the central axis are plotted in Fig. 10 at the phase angles 36° and 216° to-

gether with the according CH4 profiles. The maximum H2 concentration is found

close before the methane is completely consumed in the reaction zone. As ex-

pected, more H2 is formed in the case with the higher equivalence ratio at 216°.

The consumption and formation mechanisms of CH4 and H2 are rather different.

The gradient of the CH4 concentration in the preheat zone is caused by the diffu-

sional transport of CH4 from the fresh gas to the reaction zone. H2, on the other

hand, is formed close to the reaction zone as an intermediate species during the

combustion of CH4 [42]. Due to the resulting concentration gradient, H2 diffuses

towards the fresh gas against the convective flow direction and towards the burned

gas in flow direction. The question is, if the different effects of convective and

diffusional transport during equivalence ratio oscillations have an impact on the

structure of the flame front.
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Figure 10: CH4 and H2 concentration profiles at two phase angles at a frequency of 5 Hz and 25%

additional fuel.

The variation of the equivalence ratio in the fresh gas can be well observed

by the profile of the methane concentration up to the preheat zone. However, an

analysis of the mixture and its variation across the flame front is difficult due to

the decrease of the methane concentration in the preheat zone and the following

consumption in the reaction zone. A spatial and temporal analysis of the mixture

can be made by the mixture fraction as a measure for the ratio of fuel to air. Figure

11 shows the mixture fraction in dependence on the height above the burner for

the phase angles 36°, 54° and 72°. The two representative error bars for the fresh

gas and the burned gas at the phase angle 36° are relatively high as mentioned

before in the case of the stationary flame. The analysis of the results is supported

by the profile of the methane concentration in Figs. 7 and 9 since the mixture

fraction is proportional to the methane concentration.

In Fig. 9, it was seen that the methane concentration was already slightly

increased up to HAB = 14 mm due to the beginning of the methane pulse. This
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Figure 11: Profiles of the mixture fraction for three different phase angles at a frequency of 5 Hz

and 25% additional fuel.

increase can also be observed in the profile of the mixture fraction in Fig. 11.

From 14 mm onwards the profile represents the mixture fraction in the case of the

stationary flame front as shown in Fig. 6. The mixture fraction remains constant

up to around HAB = 21 mm, decreases in the following to the minimum in the

preheat zone at around HAB = 24 mm and increases again up to an almost constant

value in the oxidation layer from HAB = 27 mm on.

At the phase angle 54° an increase of the mixture fraction can already be seen

within the preheat zone up to around HAB = 23 mm. The time delay between the

phase angles 36° and 54° is 10 ms in which the fresh gas covers a distance of

about 10 mm. This is in agreement to the observation of the advancing methane

pulse from HAB = 14 to 24 mm. Only one phase angle later, at 72°, an increased

mixture fraction can be observed across the whole flame front.

In order to investigate the temporal relation of the equivalence ratio oscilla-

tions and the reaction kinetics in the reaction zone, the progression of the mixture
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Figure 12: phase correlation of the mixture fraction and the OH* signal at a frequency of 5 Hz and

25% additional fuel.

fraction f and the OH* signal are plotted in Fig. 12 over one period. The value of

the mixture fraction in this case is the local minimum in the preheat zone as it was

seen in Fig. 6 because it can be well identified and is in vicinity of the reaction

zone. The OH* signal is normalized to the minimum detected signal. The general

appearance of both plots is similar to the periodical progression of the CH4 con-

centration that was found in Fig. 9. Both values alternate between a maximum

and a minimum level during one period, though there is no phase delay between

the rising and falling edges within the limits of the measurement accuracy. We

therefore assume that the underlying reaction kinetics for the formation of OH*,

i.e. the heat release, instantaneously follow the equivalence ratio oscillations.

The formation of H2 is shown in Fig. 13 in comparison with the OH* signal.

The H2 value is the maximum that is found in the flame front in vicinity of the

reaction zone. The progression of the two values is also congruent within the

limits of the measurement accuracy as it was the case in Fig. 12. The observations
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Figure 13: Phase correlation of the OH* signal and the maximum H2 concentration at a frequency

of 5 Hz and 25% additional fuel.

of Figs. 12 and 13 lead to the assumption that there is no significant phase or time

delay between the mixture fraction oscillations and the formation of H2.

To investigate the effects of mass diffusion on the flame front, the concentra-

tions of CH4 (left scale) and H2 (right scale) are shown in Fig. 14 over one period

at the same position at the beginning of the preheat zone. The measurement loca-

tion is virtually fixed in relation to the moving flame front about 4 mm upstream

of the OH* maximum. The position was chosen as a compromise between a

large distance from the reaction zone and a significantly high H2 concentration.

The values were obtained by averaging four adjacent measurement volumes corre-

sponding to a length of 1 mm. In terms of the flame history, the CH4 is transported

from that location to the reaction zone and the H2 subsequently diffuses from the

reaction zone to that position. One can clearly see that there is a time delay of

around 30 ms between the rising edges of the concentrations due to the combined

effects of flame propagation and diffusion. The H2 concentration profile cannot
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Figure 14: CH4 and H2 concentrations at the beginning of the preheat zone at a frequency of 5 Hz

and 25% additional fuel.

follow the disturbance instantaneously while the flame is moving upstream but

reaches a quasi-steady maximum level between the phase angles 144° and 216°.

At the falling edge, after the CH4 pulse, no significant phase delay is visible.

A comparison of the velocities of the different transport mechanisms shall give

a clue about the concurrent phenomena in the flame front. For a detailed analysis,

however, complex numerical simulation would be needed, which were not part

and goal of this work. Therefore, only rough estimations of the velocities will be

given here. The mean velocity of the convective transport of the fresh gas vu can

be calculated based on the volume flow and the burner dimensions to vu = 1.018

m/s for the stationary flame. In the case of a pulsation with 25% additional CH4,

the mean fresh gas flow velocity increases by 1.6%.

The velocity of the flame propagation can be estimated from the geometric

relations of the vectors of the fresh gas velocity and the laminar flame speed that

is directed normally to the flame surface [43]. Thus, the laminar flame speed of the
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stationary flame was determined to sl = 0.613 m/s. In the case of 25% additional

CH4, the laminar flame speed increases to 0.77 m/s, which is equal to a relative

increase by about 20% and higher than the increase of the flow velocity of the

fresh gas. Consequently, the flame moves towards the burner.

An estimation of the diffusive transport of mass and heat is more difficult since

the diffusion velocity coefficients are non-linearly dependent on the temperature,

which strongly varies across the flame front. For a rough estimation we assume a

constant mean temperature of 700 K in the preheat zone and calculate the thermal

conductivity λ in air as proposed by Lemmon and Jacobsen [44] for a dilute gas.

A formula for the required viscosity µ is also given in [44]. If we further neglect

the fuel contained in the fresh gas, the calculation yields λ = 0.051 W/(m K). The

thermal diffusivity is given by α = λ/(ρcp), which yields α = 15 cm2/s with the

assumption of a constant density ρ and heat capacity cp.

The mass diffusivity D of CH4 is expected to be similar to the thermal diffu-

sivity as it was seen in the correlation shown in Fig. 5. A rough estimation of

the diffusivity of CH4 in air at 700 K can be made using the formula proposed

by Fairbanks and Wilke [45]. The binary diffusion coefficients for CH4 in O2

and CH4 in N2 can be calculated by the definition given in Hirschfelder et al.

[46] based on Lennard-Jones potential calculations. This results in a diffusivity of

DCH4,air = 14.5 cm2/s which is indeed similar to the estimated thermal diffusivity.

The calculation of the diffusivity of H2 in air under the same conditions yields

DH2,air = 47.3 cm2/s. The H2 diffusion is therefore around three times faster than

the CH4 diffusion. The mean squared displacement s =
√

2Dt [47] of H2 in

one direction is s = 97.3 mm per second. Thus, the H2 diffusion and the flame

displacement run parallel to each other with similar velocities, with the flame
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displacement being slightly faster, until the diffusion can catch up when the flame

has reached a stable position again.

The wavelength l of the oscillation at 5 Hz with a flow velocity of around

v = 1000 mm/s is equal to l = 200 mm which is much longer than the flame

height of around L = 20 mm and the flame thickness of around δ = 10 mm.

Due to the relatively long duration of the opened and closed states of the valve

in comparison to the time scales of flame propagation and diffusional transport

processes, the flow reaches stationary conditions for about five phase intervals

according to 50 ms from 108° to 198° in the case of the opened valve and for

about 70 ms from 252° to 18° in the case of the closed valve (see Fig. 7). However,

the flame front structure only reaches quasi-steady states for about three phase

intervals (or 30 ms) from 144° to 198° while the valve is open and for about

70 ms without additional methane.

3.2.2. 20 Hz, +25% CH4

In a further step, a flame with the same additional amount of fuel of 25 % as

described before but with a higher oscillation frequency of 20 Hz is analyzed. The

periodical variation of CH4 along the central axis is shown in Fig. 15 at four phase

angles. A representative error bar is only shown for one phase angle at a height

above the burner of 10 mm for the sake of clarity. The concentration profiles at

36° and 216° represent the phase angles with the minimum and maximum distance

from the burner, respectively. The CH4 mole fraction varies between 6.6 and 8%

as it was also observed in the 5 Hz case.

The effect of the additional fuel on the flame displacement as already observed

in the case of 5 Hz can be clearly seen. The flame reaches the minimum position

at 36° at the end of the pulse and the maximum position at 216° just before the

30



0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

 36°
 126°
 216°
 306°

X
(C

H
4)

HAB [mm]

Figure 15: CH4 concentration profiles at different phase angles at a frequency of 20 Hz and 25%

additional fuel.

next pulse reaches the flame front. The phase angle at 126° represents a state

without additional fuel across the flame front between two pulses. The flame is

moving from the position at 36° towards the maximum distance at 216°. The next

incoming pulse can already be seen in the increasing CH4 concentration from the

flame front to the burner exit. The flame at 306°, on the other hand, represents a

state with a higher mixture fraction across the flame front and is moving towards

the minimum HAB at 36°.

The recorded OH* chemiluminescence signal at the flame tip was used to

quantitatively determine the flame displacement. The results are shown in Fig. 16

as blue triangles showing the HAB of the maximum OH* signal over one period

(scale on the right side). The profile is almost sinusoidal with the minimum at

36° and the maximum at 234°. The difference in the maximum HAB that was

observed in the CH4 profiles and the maximum in the OH* signal is due to dif-

ferent criteria for the determination. In the case of the CH4 profiles, the slope of
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Figure 16: Phase correlation of the maximum H2 concentration, the maximum OH* signal and the

position of maximum OH* signal at a frequency of 20 Hz and 25% additional fuel.

the decreasing CH4 concentration in the preheat zone was used as a marker for

the HAB. The OH*, however, is formed in the reaction zone close to the complete

consumption of the CH4. The total flame displacement is 4.1 mm, which is sig-

nificantly less than at 5 Hz, though the pulse strength reaching the flame front is

similar.

The maximum H2 concentration in the flame front and the normalized max-

imum OH* signal are also shown in Fig. 16. The two profiles are also almost

sinusoidal and are in phase throughout the period. However, a phase shift of

around 90° is observed in comparison to the flame displacement, represented by

the HAB of the OH* signal, which demonstrates the complex interaction of ki-

netic processes and flame propagation.
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3.2.3. 40 Hz, +50% CH4

At higher frequencies, several effects occur that alter the form of the pulsation

and the flame response. The CH4 concentration gradients at the rising and falling

edges converge due to shorter wavelengths of the pulsation with higher frequen-

cies. However, the effect of diffusion in and against the flow direction leads to a

sinusoidal pulse form with a reduced effective pulse strength. This effect is rep-

resentatively shown in Fig. 17 for the case of 50% additional fuel in dependence

on the frequency. The curves show the variation of the CH4 concentration in one

period at HAB = 13 mm just upstream of the preheat zone. The data of the middle

curve (black squares) are the mean CH4 concentration values that were measured

at the different oscillation frequencies. They are constant at around 0.08 within

the limits of the measurement accuracy. The lower and upper traces mark the

minimum and maximum CH4 concentrations. There is a trend in both curves to

approach the mean value with increasing frequency. However, there is still a sig-

nificant variation in the CH4 concentration that reaches the flame front at 40 Hz.

If the oscillation frequency is sufficiently increased, the wavelength approx-

imates the length scales of the flame height and the flame front thickness. At

40 Hz, for example, the wavelength is 25 mm (at a flow velocity of 1 m/s), which

is similar to the flame height. Thus, equivalence ratio gradients are induced in the

flame front in vertical direction as in a stratified flame. Consequently, the laminar

flame speed varies along the flame cone resulting in a non-uniform flame prop-

agation in or against the direction of the flame displacement that arises from the

varying volume flow, depending on the phase angle. The effect of the non-uniform

flame propagation can be seen in the OH* images composed to a video as a slight

periodically changing curvature along the cone. However, it is difficult to see it in
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Figure 17: Effective CH4 variation in dependence on the frequency for the case of 50% additional

CH4.

images next to each other and therefore not shown in this paper. In addition to this

non-uniformity, the time for the flame to adjust to the disturbance by a changed

flame speed diminishes with increasing frequency. All these effects affect the to-

tal displacement of the flame. Figure 18 shows the maximum flame displacement

for three different amounts of additional CH4 in dependence on the frequency. At

5 Hz, there is a significant displacement of the flame tip even with a pulsation of

only 10% additional CH4. The displacement of around 7 mm in the case of 25%

additional CH4 was already observed in Figs. 8 and 9. With 50% additional CH4,

however, the displacement is only slightly higher than with 25%. Two effects gain

weight in this case. First, the fresh gas velocity increases by about 3.2% and is

directed contrary to the flame propagation, and, second, the laminar flame speed

increases less approaching stoichiometry.

With increasing frequency, the flame displacement decreases as it was ob-

served for the 20 Hz case in comparison to 5 Hz. The decline is relatively weak
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Figure 18: Flame displacement in dependence on the frequency for three different amounts of

additional CH4.

between 5 Hz and 10 Hz, but gets stronger with increasing frequency. From 40 Hz

on, no displacement of the flame tip could be detected anymore independently

of the pulse strength. The remaining value at 40 Hz is due to the scatter of the

measurements.

To investigate the impact of oscillations with higher frequencies on the flame

front structure, we take a closer look at the flame with a frequency of 40 Hz and

50% additional CH4. Figure 19 shows the CH4 concentration profiles from the

burner to the flame tip at five different phase angles. One can clearly see the

variation of the equivalence ratio along the central burner axis up to the flame

front. The estimated wavelength of around 25 mm at these conditions can also

be found if the run of the profiles in the fresh gas region is extended theoreti-

cally across the flame front from 16 mm onwards. The reaction zone is located

at around HAB = 21 mm and does not change its position throughout the period.

The gradients in the preheat zone are steeper the higher the fuel concentration at
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Figure 19: CH4 concentration profiles at 40 Hz and 50% additional fuel.

the beginning of the preheat zone at around HAB = 16 mm.

The correlation of the mixture fraction inside the flame front and the formation

of OH* is shown in Fig. 20 in comparison the 5 Hz case that was shown before

in Fig. 12. The value of the mixture fraction is taken at the local minimum

in the preheat zone. The two profiles are in phase throughout the period within

the limits of accuracy. This underlines the evidence that the heat release and,

thus, the formation of OH* instantaneously follow the induced equivalence ratio

oscillations as it was already observed in the 5 Hz case.

The times scale of the chemical kinetics in the flame front is still much faster

than the induced equivalence ratio oscillation. This is also valid for the formation

of H2, which is found almost at the same position as the OH* (see Figs. 3 and

4). The correlation of both species is plotted in Fig. 21 over one period. The

H2 mole fraction was averaged over four adjacent measurement values between

19<HAB< 20 mm in order to reduce the scatter. The two profiles are also in

phase throughout the period.
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Figure 20: phase correlation of the mixture fraction and the OH* signal at a frequency of 40 Hz

and 50% additional fuel.
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Figure 21: Phase correlation of the maximum OH* signal and the maximum H2 concentration at

a frequency of 40 Hz and 50% additional fuel.
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With the absence of flame propagation and the kinetics on a much shorter time

scale, this leaves the investigation of the diffusional transport processes within

the flame front during equivalence ratio oscillations. The effects of diffusion is

demonstrated by the comparison of the profiles of CH4 and H2 in the preheat

zone as it was already shown in Fig. 14 for the case of 5 Hz and 25% additional

fuel. Figure 22 shows the concentrations of CH4 (left scale) and H2 (rights scale)

4 mm upstream of the maximum OH* signal in dependence on the phase angle.

One can see that the two profiles are out of phase throughout the period. The H2

concentration follows the CH4 concentration with a significant delay both at the

rising and falling edge of the methane pulse. The flame front structure, which is

mainly determined by diffusion and convection, cannot adjust to the equivalence

ratio oscillation fast enough.

These observations confirm by trend the findings of numerical simulations

that focused on the effects of equivalence ratio oscillations in particular as carried

out by Shreekrishna and Lieuwen [14]. Based on their numerical results, they

stated that a flame can no longer be described by sequential steady flames beyond

a certain frequency of equivalence ratio oscillations with period durations in the

order of the diffusional time scales within the flame front.

4. Summary and Conclusions

The response of a perfectly premixed lean laminar CH4/air-flame to modu-

lated equivalence ratio oscillations was experimentally investigated in detail by

complementary optical and laser based measurement techniques. The flame was

operated at a pressure of 70 mbar in order to enable measurements with a spatial

resolution of the flame front structure and at oscillation wavelengths in the or-
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Figure 22: CH4 and H2 concentrations at the beginning of the preheat zone at a frequency of 40 Hz

and 50% additional fuel.

der of magnitude of the flame thickness. OH*-chemiluminescence was detected

for the visualization of the shape and position of the flame front. One-dimensional

laser Raman scattering was applied for the quantitative determination of the major

species concentrations, the mixture fraction and the temperature along the central

burner and flame axis. The flame behavior was extensively investigated in a para-

metric study by variation of the frequency and amplitude of the oscillation.

The results reveal a complex interaction of the effects of flame propagation

and diffusional transport processes on the flame front structure in dependence on

the frequency of the equivalence ratio modulation. For low frequencies it was

observed that the superposition of flame displacement and diffusion has a strong

impact on the flame front structure as both processes take place on similar time

scales. The flame cannot be described by quasi-steady states while the flame is

changing its position due to enhanced flame propagation. With increasing fre-

quency, the effective pulse amplitude is reduced due to the diffusional transport in
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and against the flow direction. Also, the flame displacement decreases because of

the reduced time that is left for the flame to adjust to the oscillating laminar flame

speed. For sufficiently high frequencies it was found that the flame tip does not

change its position anymore even with significant equivalence ratio oscillations

reaching the flame front. However, the species profiles reveal an unsteady phase

dependent flame front structure throughout the oscillation period. The flame can-

not be described by quasi-steady flame profiles at any phase.

The results provide a detailed insight into the flame structure and behavior and

form a unique data set for the validation of numerical simulation models.
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