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Abstract
Fuel-rich to fuel-lean biogas–air mixtures were ignited by a Nd:YAG laser at initial pressures of up to 3 MPa and compared
to the ignition of methane–air mixtures. The investigations were performed in a constant volume vessel heatable up to 473 K.
An InGaAsSb/AlGaAsSb quantum well ridge diode laser operating at 2:55 m was used to track the generation of water in
the vicinity of the laser spark in a semi-quantitative manner. Additionally, the =ame emissions during the ignition process
were recorded and a gas inhomogeneity index was deduced. Laser-induced ignition and its accompanying e>ects could be
characterized on a time scale spanning four orders of magnitude.
The presence of CO2 in the biogas reduces the burning velocity. The =ame emissions result in a much higher intensity for
methane than it was the case during biogas ignition. This knowledge concludes that engines fuelled with biogas ultimately
a>ect the performance of the process in a di>erent way than with methane. Methane–air mixtures can be utilized in internal
combustion engines with a higher air–fuel ratio than biogas. Comparing failed laser-induced ignition of methane–air and
biogas–air mixtures similar results were obtained.
The three parameters water absorbance, =ame emission and the gas inhomogeneity index constitute a suitable tool for judging
the quality of laser-induced ignition of hydrocarbon–air mixtures at elevated pressures and temperatures as encountered in
internal combustion engines.
? 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
In view of the limitation of conventional fossil fuel
reserves intensive search for alternative fuels for use
in internal combustion engines is going on. Several
reports dealing with the utilization of renewable fuels
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for energy generation are presented in [1–9]. Biogas
is CO2 -neutral and can act as a promising alternative
fuel having a high availability. The two most common sources of biogas are digester gas and landGll
gas. Bacteria form biogas during anaerobic fermentation of organic matters. The degradation is a very
complex process and requires certain environmental
conditions. Biogas is primarily composed of CH4
(50–70%) and CO2 (25–50%). Digester gas is produced at sewage plants during treatment of munic-
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ipal and industrial sewage. LandGll gas is obtained
during decomposition of organic waste in sanitary
landGlls. In Vienna, such a sanitary landGll is situated at Rautenweg. The obtained biogas is stored
and serves as fuel in gas engines to drive a generator
producing electricity which is fed into the municipal
power supply network. Additionally, thermal energy
is generated which is used for heating purposes.
Electric spark plugs are common ignition sources in
internal combustion engines. Though spark plug technology is being improved continuously, one can not
get rid of some intrinsic drawbacks. Laser sources for
initiating combustion have encountered increased interest recently [10–14] because of its many potential
beneGts over conventional ignition systems. In general, laser ignition is capable of providing multi-point
ignition sites [15,16], that can be controlled to ignite
a gaseous combustible mixture either sequentially or
simultaneously. One of the main advantages is the
choice of optimal ignition location which is not easy
in conventional ignition systems. Further, precise ignition timing as well as the ignition energy and the deposition rate can be controlled easily. Laser ignition is
non-intrusive so that quenching e>ects on electrodes
and walls can be prevented.
In internal combustion engines the air–fuel ratio  shows a great in=uence on NOx -formation in
the exhaust gas, leading to reduced NOx emissions
with increasing -values due to lower combustion
temperatures. On the other side unburned (hydrocarbon) HC-concentration in the exhaust gas have to
be considered as well as the thermal eLciency and
the power output of the engine when operating in
fuel-lean regimes. Too lean fuel–air mixtures cause
harsh and irregular running of the engine due to incomplete combustion processes and slow burning velocities, respectively. When using biogas as fuel one
must also pay attention to several harmful ingredients
such as H2 S polluting the catalytic converter of the
engine.
Biogas used for the ignition measurements is
provided from the municipal sewage plant in Bad
Voeslau, Lower Austria. The composition of biogas
varies, depending on the origin. The composition of
the biogas used in this work is given in Table 1.
In this work laser ignition of biogas–air mixtures
is compared to methane–air mixtures using a spectroscopic technique called tunable diode laser absorption

Table 1
Composition of the biogas used for the investigation of
laser-induced ignition (all values ±5%). Nitrogen is the balance
Compounds

Concentration

CH4
CO2
O2
CO
H2 S

50:5 vol%
31:7 vol%
0:5 vol%
375 vppm
80 vppm

spectroscopy (TDLAS). This technique does not in=uence the system to be explored and provides in situ
data, that is right at the spot. As a consequence, time
delays and sampling errors can be avoided.
2. Theory
Generally, laser radiation interacts with the gas
molecules of a combustible mixture via (1) thermal
ignition, (2) photochemical ignition, (3) resonant
breakdown and (4) non-resonant breakdown [17].
In the laser-induced thermal ignition there is no
electrical breakdown. The laser radiation is used to
heat up and increase the temperature of the gas.
In photochemical ignition laser photons generally in
the UV are absorbed by the target molecules and cause
them to dissociate into reactive radicals. If the radical production rate surpasses the recombination rate
chain branching reactions lead to ignition and Gnally
to combustion.
In resonant breakdown a target molecule is dissociated by a non-resonant multiphoton dissociation process. The produced atoms are then ionized by a resonant multiphoton ionization process. The electrons
generated in this way absorb photons leading to a
plasma breakdown.
Non-resonant breakdown is most similar to conventional spark ignition. In laser spark ignition a focused
laser beam of irradiance in the order of 1010 W=cm2
is suLcient to generate a plasma spark either by multiphoton ionization or electron cascade process. This
ignition mechanism leads to a plasma breakdown and
Gnally to combustion.
Fig. 1 depicts a time scale of the major processes
involved in laser-induced ignition which covers several orders of magnitude in time. The ignition process
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Fig. 1. Time scale of the major processes involved in laser-induced ignition.

starts with the energy deposition of the laser pulse
with an irradiance in the order of 1010 W=cm2 . Several photons are simultaneously absorbed by a gas
molecule or atom leading to ionization if the energy of
the photons exceeds the ionization potential. This so
called multiphoton ionization generates seed electrons
necessary for the following electron cascade process,
leading to a plasma formation with high temperature
(about 106 K) and high pressure (about 103 atm) [11].
The high pressure region of the plasma develops to a
spherical shock wave. Pressure gradients lead to complex =ow patterns and Gnally vortical motions are developed. These vortical motions are the reason for the
development of two distinct =ame kernel segments: a
torus-like shape propagating radially and a front lobe
propagating back toward the laser source. The front
lobe formation can be attributed to the asymmetric
deposition of laser energy in the direction of the
laser [18].
The following ignition delay can be in the order of
hundreds of ms depending on the composition of the
combustible mixture. During induction time and already during =ame kernel development radical chain
reactions may take place leading to combustion if the
radical production rate surpasses the recombination
rate. The combustion process of a fuel-rich mixture
lasts about one second for complete combustion in the
pressure vessel. Spectroscopic measurements provide
information including ignition delay and the combustion process (see Fig. 1). Ignition processes are

particularly diLcult to investigate, and not yet fully
understood because they occur on a short time scale
with harsh experimental conditions. Ignition processes
are important to understand because slight di>erences
in the early stages of combustion might lead to a
signiGcantly di>erent Gnal combustion result. It
is therefore of big interest to determine the main
characteristics of laser ignition by deploying diagnostic methods working in di>erent time domains. Laser ignition of gases, predominantly
methane–air mixtures, has been studied previously
[19–23].
In this work, a spectroscopic method is demonstrated tracking the ignition for almost four orders
of magnitude in time, starting with ignition and ending after approximately one second with total conversion. Laser spectroscopy is a powerful tool to conduct
in situ measurements under harsh environmental conditions (high pressure and temperature) such as in internal combustion engines. The attenuation of the laser
light is directly proportional to the concentration of
the absorbing species in the limit of uniform temperature and pressure (which poses severe constraints to
the interpretation of the spectroscopic signals in these
experiments). With I being the intensity of the transmitted light and I0 being the incident light intensity,
one can calculate the absorbance A according to Lambert Beer’s law A=ln(I0 =I ). The laser emission wavelength can be tuned by changing the temperature or
by varying the injection current. In this work, the laser
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frequency was matched to a chosen transition by Gxing the temperature and tuning was done by current
modulation. This behaviour allows selecting a single
rovibrational line of the molecule under investigation
that is free from interferences from other species. The
laser wavelength was tuned over an entire strong absorption line of water around 2:55 m. Since water
is formed during the early stages of combustion it
was chosen as an indicator for the ignition process.
In this way one does not only obtain the value of the
absorbance at the peak, but also the intensities at its
boundaries. Compared to Gxed-wavelength methods,
this technique known as tunable diode laser absorption
spectroscopy (TDLAS) allows to discern resonant absorption from unspeciGc e>ects like partial blocking
of the beam, scattering or beam steering.
The characterization of laser-induced ignition with
various fuel–air ratios was examined evaluating three
parameters. These parameters were obtained from
spectroscopic measurements of water vapor formed
during combustion and are water absorbance, =ame
emission and gas inhomogeneity index. For further
information on the parameters referred to [24].
At 2:55 m water shows strong absorption lines.
The strongest absorption feature is a double peak of
water which is situated around 2:55 m. A calculated
reference spectrum of this double peak can be found
in [24]. Parameters necessary for this calculation were
obtained from the spectroscopic data base HITRAN
[25].
The selected absorption feature near 2:55 m is situated in a continuous tuning range where no mode
hops occur.
The evaluation principle of water absorbance is illustrated in Fig. 2. As mentioned above, diode laser
can be frequency tuned either by changing the temperature or injection current. The latter was done during the investigations. In Fig. 2a, a linearly increasing
current ramp is applied to the semiconductor laser. At
the “bend” the laser reaches its threshold and the output power starts to rise linearly with the current. Note
that with linearly increasing current simultaneously
the emission wavelength changes too. In Fig. 2b, an
absorbing species is present in the beam path forming
a “dip” in the transmitted detector signal. The trace
in Fig. 2a is called baseline or initial laser intensity
I0 and the curve in Fig. 2b is termed transmitted laser
intensity I . The absorbance A is obtained by dividing

the initial laser intensity I0 by the transmitted laser intensity I and taking the natural logarithm according to
Lambert Beer’s law. The absorbance is linearly proportional to the column density (concentration times
path length) of the absorbing species. The absorbance
is depicted in Fig. 2c.
The second parameter investigating laser-induced
ignition was the =ame irradiation. This =ame emission
is the reason for the o>set in the recorded detector signal during the measurements. Besides the transmitted
laser light additional electromagnetic radiation (visible and infrared) caused by the =ame is tracked by
the detector. With a detector response from approximately 1–10 m most of the radiation contributes to
the signal.
The third parameter judging the quality of
laser-induced ignition is called gas inhomogeneity index. The intensity of laser radiation hitting the detector
=uctuates over time which is caused by non-resonant
absorption and non-speciGc beam attenuation, respectively. These unspeciGc e>ects result from partial
blocking (e.g. due to soot) of the beam, scattering
and beam steering due to refractive index gradients.
Additionally, the de=ections are caused by the plasma
and the shock wave in=uencing the beam path. The
variations of the laser intensity were expressed in
terms of a frequency [Hz] and the derivation thereof.
The reciprocal of the time duration Rti times 0.5 was
calculated to obtain a frequency f fi = (1=Rti ) ∗ 0:5.
The time duration Rti is the time span between the
ascending ith peak and the descending ith peak. The
received frequency was assigned to the mean time
ti; m = (ti + ti+1 )=2. The =uctuations themselves one
is not interested in. The aim is to obtain alterations
of the transmitted signal. Therefore, the derivation
D of the frequency f was carried out according to
D = df=dt ∼ Rf=Rt = (fi+1 − fi )=(ti+1; m − ti; m ).
The result is the introduction of the third parameter
called gas inhomogeneity index [s−2 ].
In Fig. 3, one can see schematically how information on ignition is obtained.
In Fig. 3a, the original data of an ignition test run
are shown. Each of the consecutive triangles, as highlighted in Fig. 2, is a single measurement. In Fig. 3b,
the o>set has been subtracted. The o>set is caused
by thermal radiation of the heated reactor walls (constant part) and the infrared emissions of the =ame
(convex part). One can see that the triangles do not
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Fig. 2. Determination of the absorbance in tunable diode laser absorption spectroscopy: (a) The laser output power as a function of current.
The injection current linearly increases, simultaneously the emission wavelength changes. The trace represents the baseline I0 when no
absorber is present. (b) The same situation with an absorbing species in the beam path, resulting in a dip of the signal I is depicted.
(c) The absorbance calculated as ln(I0 =I ). The absorbance is directly proportional to the concentration of absorbing species.

Fig. 3. (a)–(d)Scheme of obtaining the absorbance of water vapor generated close to the location of the laser spark. Additional information
was obtained from the =ame emission and the =uctuations of the transmission.
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possess the same signal height. This =uctuation is due
to non-speciGc beam attenuation. In Fig. 3c, this was
compensated. Finally in Fig. 3d, the absorbance deduced from the absorption peak (compare Fig. 2) is
shown. The core information is in the increasing water
concentration (the absorbance at the resonance wavelength). The o>set, viz. the emissions of the =ame,
was used to gain additional information. So were the
=uctuations of the transmission as shown in Fig. 3b
in terms of the height of the triangular curves. As a
result the gas inhomogeneity index was introduced.
Note that in Fig. 3, there are only a few triangular
current ramps. In order to correctly probe the system,
the time scale of these ramps must be shorter than the
time scale of the experimental noise.
The spectroscopic measurements were performed
with a repetition rate of 5 kHz, corresponding to a
time resolution of 0:2 ms. In other words, the applied
laser ramps scanning over an entire absorption feature
of water vapor around 2:55 m had a time span of
0:2 ms each.
Processes involved in laser-induced ignition occur
on di>erent time scales (see Fig. 1). The energy deposition happens within 5–10 ns, plasma generation and
the following shock wave formation lasts about 1 s.
The ignition delay is situated in the ms regime, approximately 10–100 ms, combustion itself lasts about
several 100 ms to seconds, depending on the air–
fuel ratio of the mixture. The spectroscopic technique
used for the investigation of laser-induced ignition is
able to track the ignition process over more than four
orders of magnitude in time.
3. Experimental
The experimental setup used for the research experiments is shown in Fig. 4. Detailed information concerning the ignition laser and the optical setup can be
found in [22]. The pressure vessel is constructed to
withstand pressures up to 30 MPa. Since there is a
factor of about 7 between the initial pressure and maximum combustion pressure, the ignition of gas mixtures can be investigated up to 4 MPa Glling pressure.
This is particularly important because in stationary gas
engines, pressures are in the order of this magnitude.
The cylindrical combustion chamber of 9×10−4 m3
volume is composed of a metallic tube made of re-

Fig. 4. Schematic diagram of the experimental setup. The
laser-induced ignition tests were performed in a constant volume
vessel equipped with 4 windows. The spectroscopic laser device
was sent through the pressurized combustion vessel perpendicularly to the igniting laser beam (Nd:YAG laser, 5 ns pulse duration) close to the ignition spark. 1: diode laser at 2:55 m; 2: laser
driver; 3: function generator; 4: temperature controller; 5: 15 V
power supply; 6: ampliGer; 7: PC with data acquisition card; 8:
detector; 9: mirror; 10: pressurized combustion vessel; 11: pulsed
Nd:YAG laser; 12: N2 -purged boxes.

fractory steel (internal length 0:223 m, internal diameter 0:0716 m). The combustion vessel is heated by
heating rods situated outside the metal cylinder able to
operate between room temperature and up to 473 K.
To allow surpassing either the ignition laser beam and
the semiconductor laser the chamber is mounted with
4 windows of sapphire glass. Two windows located
on the transverse opposite sides of the chamber admit
the laser beam for the ignition process, while the other
two, situated in the longitudinal direction on opposite sides, serve as the entrance and exit windows for
the laser beam of the spectroscopic device. The cell
has several ports around its periphery. As mentioned
before 4 ports were equipped with entrance and exit
windows. The other ports were used for gas inlets, gas
outlet and for mounting a pressure sensor. This piezoelectric pressure sensor is utilized in combination with
a charge ampliGer to determine the pressure inside the
chamber. The pressure trace was recorded on an oscilloscope (100 MHz, 1GS/s) and read from an interface into a personal computer. A Q-switched Nd-YAG
laser (Quantel Brilliant) operating at 1064 nm and a
pulse duration of 5 ns is focused into the combustion
chamber to initiate ignition. The laser energy can be
attenuated using a polarizer from 50 to 1 mJ per pulse.
An InGaAsSb/AlGaAsSb quantum well ridge diode
laser tunable around 2:55 m was employed to track
the generation of water close to the ignition spark. The
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spectroscopic device was thermo-stated at 289 K using a laser diode temperature controller in conjunction
with a peltier element and a NTC temperature sensor. The laser was frequency tuned utilizing a laser
driver. A voltage ramp of 0–4 V with a repetition rate
of 5 kHz was applied to the laser driver utilizing a
function generator. There is a slow rise from 0 to 4 V
and a steep decrease to 0 again. One entire sweep
is achieved in 1=5000 s, accordingly one scan takes
0:2 ms, thus a time resolution of 0:2 ms can be obtained. Corresponding to the voltage function the laser
driver tuned the laser by varying the injection current
between 0 and 176 mA while keeping the temperature
of the heat sink constant at 289 K.
The laser driver and temperature controller were
fed by a 15 V current source protected against the
line voltage. An anti-re=ection coated plano-convex
lens (focal length 5 mm) was utilized to collimate the
laser beam. The two boxes containing the semiconductor laser and the spectroscopic setup situated on
both sides of the combustion reactor had to be purged
with nitrogen to remove the water vapor of the ambient atmosphere (0.5–1 vol%) along the path length to
detect the very small amount of water comparatively
generated during the combustion process. An infrared
photo detector cooled by liquid nitrogen was utilized
to track the transmitted laser radiation. The signal of
the detector was ampliGed and visualized on the oscilloscope. The detector signal was transferred to a personal computer and digitized using a high speed data
acquisition board.
All experiments were carried out at elevated pressures up to 3 MPa and temperatures up to 473 K to
prevent condensation of water on the inner surface of
the chamber and especially windows. Fuel (methane,
biogas) and pressurized air (standard technical purity)
from pressurized gas bottles were delivered automatically to the ignition cell using a gas handling system.
Before each ignition event, the combustion cell was
Grst evacuated and purged with air to remove all residual products of the previous combustions. For achieving the desired fuel to air ratio the partial pressure
method was used. To prevent spacial inhomogeneity
the calculated partial pressure of the fuel was Glled Grst
and the fuel pressure inside the ignition cell was monitored using a high resolution pressure meter. Next,
air was injected and in this way, the homogeneity was
achieved easily by the turbulence of the incoming air
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stream. The mixture inside the cell was left to stabilize before igniting. The trigger signal provided by the
=ash lamps of the Nd:YAG laser was used to start the
data acquisition.
The investigated methane–air and biogas–air mixtures contained similar methane concentrations but in
the case of biogas additionally CO2 was present.
4. Results and discussion
4.1. Fuel-rich ignition
In this work a tunable diode laser was utilized to
characterize laser-induced ignition of biogas–air and
methane–air mixtures by evaluating three parameters.
The laser beam traversed the combustion vessel in the
vicinity of the plasma spark which was generated by a
Nd:YAG-laser to ignite the hydrocarbon–air mixtures.
The spectroscopic data of water vapor were used to
judge the quality of ignited hydrocarbon–air mixtures
by a laser source. In Fig. 5, a typical detector signal
of a fuel-rich biogas–air mixture is depicted with a
recording time of 261 ms. Due to the e>ects of severe
pressure broadening at high pressures and the ignorance of the exact temperature distribution after ignition, water absorbance could only be determined in a

Fig. 5. Original data (detector signal) obtained during laser-induced
ignition of a fuel-rich biogas–air mixture (air–fuel ratio  0.76;
initial Glling pressure 3 MPa; temperature 473 K) with a 5 kHz
repetition rate, corresponding to a time resolution of 0:2 ms. The
transmitted laser light intensity =uctuates over time.
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Fig. 6. Evaluated water absorbance and =ame emission of the fuel-rich biogas–air mixture depicted in Fig. 5. Comparison with a methane
–air mixture of similar composition (air–fuel ratio 0.82; initial Glling pressure 3 MPa; temperature 473 K): (a) the water absorbance
of methane rises faster than biogas due to CO2 decelerating the combustion process; (b) the =ame emission intensity of a methane–air
mixture is by a factor 3 higher compared to biogas.

semi-quantitative manner. For further information the
reader is referred to [24]. In this way, one obtains the
Grst characterizing parameter the water absorbance.
The =ame emission was also evaluated, obtaining the
second parameter. A third parameter called gas inhomogeneity index was also introduced.
Fig. 6 depicts the absorbance and the =ame emission evaluated from the original data in Fig. 5. Additionally the parameters for the methane–air mixture
are included. For the fuel-rich combustion process of
biogas the water absorbance rises due to water production during the combustion process and reaches an
absorbance of four within 250 ms (Fig. 6a). In this
work the absorbance of water vapor was evaluated up
to four. Without any sophisticated detection schemes,
absorbance above four becomes diLcult to measure,
since the transmission approaches zero (an absorbance
of four corresponds to a transmission of approximately
1.8%). The =ame emission rises after approximately
15 ms and reaches a maximum after 100 ms and falls
o> again (Fig. 6b). The time span of 15 ms at the beginning of ignition is the ignition delay which can be
easily deducted from the =ame emission parameter.

In a fuel-rich methane–air mixture the water absorbance at 2:55 m increases faster with time. After approximately 70 ms, it reached already a value
of four (1.8% transmittance) which imply an accelerated combustion process compared to biogas–
air mixtures (Fig. 6a). The maximum of the =ame
emission intensity in the rich methane mixture is
by factor of 3 higher than for fuel-rich biogas ignition and there is no signiGcant ignition delay
(Fig. 6b). The reason for these results could be the
presence of CO2 , an incombustible diluent gas in
the biogas which reduces the burning velocity due
to obstructing the =ame propagation during combustion. In comparison to a pure nitrogen diluent, CO2
is a heat sink, on the basis of its signiGcantly larger
heat capacity [Nitrogen: 29:12 J K −1 mol−1 (298 K);
Oxygen: 29:38 J K −1 mol−1 (298 K); Carbon
dioxide: 37:13 J K −1 mol−1 (298 K); Methane:
35:65 J K −1 mol−1 (298 K)]. Consequently, the biogas–air =ames are cooler and propagate more slowly
than the corresponding methane–air =ames.
As mentioned before the gas inhomogeneity index
was obtained by evaluating the =uctuations of the
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Fig. 7. Gas inhomogeneity index and pressure trace of the fuel–rich biogas–air mixture: (a) depicts the inhomogeneity index of biogas
and methane; (b) the corresponding pressure trace of the fuel-rich biogas–air mixture is shown.

Fig. 8. Original data (detector signal) obtained during laser-induced
ignition of a fuel-lean biogas–air mixture (air–fuel ratio  1.21;
initial Glling pressure 3 MPa; temperature 473 K). The inset (b)
shows the magniGcation of the applied laser ramps with a time
resolution of 0:2 ms.

transmitted signal. After the ignition delay strong =uctuations are obtained during the whole combustion
process as shown in Fig. 7a. The plasma spark ignites
the fuel-rich biogas–air mixture and the =ame front
starts to expand with a high velocity causing irregu-

lar transmission variations. The =ame front generates
temperature gradients which further lead to refractive
index gradients inside the pressure vessel. These refractive index gradients partly prevent the laser light
falling onto the detector due to de=ection and beam
steering. The beam can also be partially blocked, e.g.
by soot particles but the e>ect of the refractive index gradients is dominant. The gas inhomogeneity index of biogas does not depict signiGcant di>erences
to a methane–air mixture. In Fig. 7b the pressure rise
in the vessel after ignition of a biogas–air mixture
is illustrated. The maximum pressure rise is reached
after approximately 300 ms and decreases again due to
heat losses at the chamber walls. In fuel-rich methane
–air mixtures with similar air–fuel ratio the pressure
trace rises faster and reaches higher pressures because
of the absence of CO2 resulting in a higher eLciency
and power output.
4.2. Fuel-lean ignition
Comparing a fuel-rich biogas–air mixture with a
fuel-lean one several di>erences can be observed.
Fig. 8 shows the raw data obtained from a fuel-lean

308

C. Forsich et al. / Biomass and Bioenergy 27 (2004) 299 – 312

Fig. 9. Evaluated water absorbance and =ame emission of the fuel-lean biogas–air mixture depicted in Fig. 8. Comparison with a methane
–air mixture of similar composition (air–fuel ratio  1.31; initial Glling pressure 3 MPa; temperature 473 K): (a) the water absorbance of
methane rises faster than biogas due to CO2 decelerating the combustion process; (b) the =ame emission intensity of a biogas–air mixture
is compared with a mixture of methane.

biogas–air mixture. In Fig. 8b an inset is shown where
one can see the individual ramps applied to the laser.
The corresponding characterization parameters are depicted in Figs. 9 and 10. Considering the absorbance
the combustion process is decelerated resulting in a
reduced water generation. In the fuel-rich mixture
water absorbance of 2 (corresponds to a transmission
of 13.5%) is reached after approximately 125 ms,
whereas in the fuel-lean case the same value is not
even obtained after 200 ms as shown in Fig. 9a. In a
fuel-lean methane–air mixture a steeper rise of the
water absorbance is obtained which corresponds to
a faster combustion process.
With regard to the =ame emission signal in Fig. 9b
an ignition delay time of about 130 ms is reached prior
the combustion process is initiated. The slow rise and
the lower intensity of the =ame emission compared to
methane–air mixtures concludes a slow and incomplete combustion of the biogas–air mixture which is
also consistent with the slight increase of the water
absorbance.
During the ignition delay initiation reactions take
place, generating mainly reactive methyl radicals,

followed by chain propagation, chain branching and
recombination processes. The main initiation steps
converting methane to methyl radicals are depicted
by the following reactions (R.1–R.3):
CH4 + H ↔ CH3 + H2 ;

(R.1)

CH4 + O ↔ CH3 + OH;

(R.2)

CH4 + OH ↔ CH3 + H2 O:

(R.3)

If the radical production rate surpasses the recombination rate chain branching reactions lead to ignition and
Gnally to combustion. During the long ignition delay
time of the fuel-lean biogas–air mixture no variations
of the transmitted laser signal are apparent because the
=ame kernel refracting the laser beam is generated at
the end of the induction time. The laser signal within
the induction time veriGes that the homogeneity of the
gas phase is ensured.
As shown in Fig. 10a, only slight =uctuations of
the gas inhomogeneity index are present because the
=ame front propagates with decelerated velocity into
the unburned mixture in=uencing the beam path of
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Fig. 10. Gas inhomogeneity index and pressure trace of the fuel-lean biogas–air mixture: (a) depicts the inhomogeneity index of biogas
and methane; (b) the corresponding pressure trace of the fuel-lean biogas–air mixture is shown. The peak pressure is lower and reached
later compared to the fuel-rich case.

the laser. In Fig. 10b, the recorded pressure trace of
the fuel-lean biogas–air mixture is shown. The pressure curve demonstrates a lower and later peak pressure compared to the fuel-rich case in Fig. 7b. During
laser-induced ignition of a fuel-lean methane–air mixture the corresponding pressure trace shows again an
accelerated combustion process and higher peak pressures and consequently higher temperatures.
Fuel-rich methane–air mixtures show a higher burning velocity than fuel-rich biogas–air mixtures due to
the incombustible gas CO2 . The same results are obtained for fuel-lean mixtures. The maximum burning
velocity of a mixture is slightly towards the rich side
of stoichiometric. By changing the mixture composition into fuel-rich or fuel-lean regions a decrease is
observed. Below a certain burning velocity the =ame
extinguishes and the ignition of the mixture is not possible. Methane–air mixtures are able to run an internal combustion engine (e.g. gas engine) with a higher
air–fuel ratio than biogas.
Fuel-lean combustion results in lower peak temperatures and hence reduced NOx emissions. In contrast,
the total unburned hydrocarbon emissions increase.

Therefore a kind of compromise has to be found. A
problem with fuel-lean mixtures is a reduced burning
velocity resulting in a harsh and irregular running of
the engine. Multi-point ignition becomes necessary to
compensate the loss in =ame speed. With multi-point
ignition, the distance over which the =ame must sweep
to complete the combustion process is shortened. The
combustion times are, therefore, reduced. Because the
combustion times are short, the =ame does not have
enough time to lose heat resulting in higher combustion temperature and pressure leading to a better thermal eLciency and increased power output.
4.3. Failed ignition
Besides characterizing ignited biogas–air mixtures
the evaluated parameters are also able to investigate
failed ignition processes. Fig. 11 shows a recorded
detector signal and Fig. 12 the corresponding evaluated parameters of a measurement without igniting the
mixture. A remarkable dip in the raw data signal at
the beginning of the failed ignition event is depicted
in Fig. 11. The transmission of the laser beam steeply
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decreases and increases again turning into uniform values after approximately 20 ms. Considering the corresponding gas inhomogeneity index in Fig. 12c this

Fig. 11. Original data (detector signal) obtained during failed
laser-induced ignition measurement. Parameters: air–fuel ratio 
1.82; initial Glling pressure 3 MPa; temperature 473 K (beyond
limit of =ammability).

e>ect results in a signiGcant variation in the transmitted laser signal. The remarkable =uctuation at the beginning of the ignition experiment occurs due to the
Gnite dissipation time of the strong thermal gradients
induced by the short-lived plasma. This plasma spark
[11] is a hot spot with temperatures in the order of
106 K and about 2 mm in diameter which serves as
a kind of lens refracting the optical beam path of the
laser source. Though the plasma spark has a lifetime of
several s it a>ects the laser beam up to the ms regime.
Due to an unsuccessful ignition no water absorbance
and =ame emission respectively were detected.
The characteristic dip in transmission of the laser
beam due to the e>ect of the plasma spark could also
be observed for a failed methane–air mixture with an
air–fuel ratio  of 2.5. The energy content of the laser
pulse was too low to set the mixture on Gre and further
the generated plasma extinguished. The temperature
gradient of the plasma spark de=ected the laser beam
from the detector causing the marked dip downwards
in the laser signal within the Grst 25 ms of the measurement. The detector signal and the parameters are
illustrated in [24].

Fig. 12. Characterization parameters obtained from the fuel-lean biogas–air mixture in Fig. 11, namely water absorbance (a), =ame emission
(b) and the gas inhomogeneity index (c) (derivation of the frequency of the =uctuating transmittance).
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A spectroscopic technique utilizing a semiconductor laser devise emitting at 2:55 m was employed
to characterize laser-induced ignition of hydrocarbon
–air mixtures including biogas and methane as fuels.
Three parameters were evaluated from the spectroscopic data, namely the water absorbance, =ame emission and the so called gas inhomogeneity index. The
in situ laser measurements were performed in a pressurized combustion vessel at initial pressures up to
3 MPa and 473 K.
For combustion processes in engines fuel-lean
mixtures are desirable due to lower combustion temperatures leading to reduced NOx emissions. It is
very important to know the lean ignition limit of the
fuel used. Biogas–air mixtures show a slower combustion process compared with methane–air mixtures.
Because of the lower burning velocity of biogas–air
mixtures methane–air mixtures are able to run an
internal combustion engine (e.g. gas engine) with a
higher air–fuel ratio.
In the fuel-rich case methane–air mixtures reached
a water absorbance of four within 70 ms whereas
the time for biogas–air mixtures reaching the same
value lasted approximately 3 times longer. The
maximum of the =ame emission intensity in the rich
methane mixture is by a factor of 3 higher than for
fuel-rich biogas ignition and there is no ignition delay.
Fuel-lean biogas–air mixtures exhibit a slower combustion process resulting in lower peak pressure and
=ame emission compared to methane–air mixtures of
similar air–fuel ratio.
The reason for these results could be due to the
presence of CO2 in the biogas which reduces the
burning velocity due to obstructing the =ame propagation during combustion. CO2 serves as a heat sink,
having a larger heat capacity than nitrogen. Consequently the biogas–air =ames are cooler and propagate more slowly than the corresponding methane
–air =ames. Comparing failed ignition measurements of biogas and methane similar results were
obtained. The plasma spark of the laser included insuLcient energy to ignite the mixture but generated
thermal gradients de=ecting the spectroscopic laser
beam causing =uctuations of the transmitted laser
signal.
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