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Abstract 
Combined OH-LIF and Raman spectra were recorded in a turbulent, premixed atmospheric pressure natural 
gas/air flame with equivalence ratio Φ = 0.75. Concentrations of stable species (N2, O2, CH4, CO2, H2O), the OH 
radical and temperature were measured at four different heights above the burner surface. At each height the 
instantaneous measurements were repeated for 40000 shots. Each shot containing 25 spatially resolved spectra, 
thus resulting in one million data-points to be subject for statistical analysis. 
 
Introduction 
In many technical applications, turbulent premixed or partially premixed combustion under lean conditions is a 
desired operation mode, e.g., in gasoline engines, HCCI/CAI engines or in gas turbines. Under lean conditions, 
chemical react ions are slower than in stoichiometric combustion, and effects associated with ext inction and 
highly unsteady combustion phenomena can therefore become important. This makes these systems attractive 
candidates for studying effects that are not captured well by established combustion models [1]. For the 
development of improved combustion models that also cover the regime of ext inction, empirical informat ion 
about lean, premixed flames is still needed. Several experimental studies on turbulent non-premixed combustion 
have been performed using combined Raman-OH-LIF techniques, [2-5]. However, detailed experimental 
investigations on premixed flames only recently seen increased interest, especially, in context with partially  
premixed combustion and stratified combustion [6]. 
In this work, an  experiment fo r combined measurements of concentrations of major species, temperature and OH 
radical concentration in turbulent premixed flames was designed. The combustor is designed to allow flame 
operation in a wide range of equivalence ratios and turbulence intensities. In this paper, results of a piloted jet  
flame, fired with a natural gas air mixture, are shown. The flame allows stable operation in the partially  
extinguishing regime.  
For detailed, instantaneous investigations in the flame, 1D Raman scattering and OH LIF are  used. The full cycle 
of excitation and collection set to be 300ns, which can be considered quasi-simultaneous.  
In this paper, results from the experiments are presented and discussed. A natural gas/air flame with equivalence 
ratio Φ = 0.75 is studied. 
  
Approach 
The schematics of the experimental setup are shown at figure 1.  
 
Burner configuration 
The piloted jet burner has a central diameter of 30 mm. The p ilot ring around the centre has a slit width of 2 mm. 
The burner is fired with a premixture of natural gas (90 % methane) and ambient air with a total volume flow of 
60 m³/h. A flame with equivalence ratio Φ = 0.75 is investigated. The stoichiometric pilot flame is operated with 
a volume flow of 0.66 m³/h. An air co-flow (200 mm diameter) with a flow velocity of ~0.6 m/sec is used to 
envelope the flame. The flow field surrounding the flame is monitored using hot wire anemometer (Prosser sci. 
instr. AVM500). The burner is moveable along the vertical direct ion, to allow investigation in different heights 
above the burner surface.  
 
Raman spectra 
Raman scattering is excited by the radiation from two frequency-doubled Nd:YAG Lasers (B.M. industries 
5022DNS10), emitting pulses (width ~5 ns) near 532 nm, with an energy of ~600 mJ, and repetition rate of 
10Hz. To prevent optical breakdown in the beam focus, laser pulses are stretched using an optical delay line. The 
laser beams were overlapped by a cylindrical lens (f=250 mm) to form a nearly cylindrical focus with a diameter 
of 250 µm and 3.2 mm length. The Raman signal emitted from the probe volume is collected by a spectrograph 
(ARC 300i) equipped with a diffract ion grating (300/mm) via an achromat ic lens system (Linos Photonics, 



diameter 150 mm). The resulting spatially resolved spectra are recorded by an ICCD camera (PI-MAX4, 
Princeton Instruments). The image intensifier is activated for 200 ns at each double laser shot.  
 
OH LIF setup 
The OH radical is excited using a tunable “Rhodamine special” (mixture of Rhodamine 6G and DCM dyes) dye 
laser (RadientDye Narrowscan), pumped by the second harmonic of a Nd:YAG laser (Surelite II, Continuum). 
The dye laser radiation is frequency-doubled by a KDP crystal. Using spectral line at 306.705 nm, the OH 
radical transitions related to the R1(4) of the A2Σ+ ← X2Π (0, 0) band is exited. The emitted fluorescence is 
collected at a right angle to the laser beam by an intensified CCD (ICCD) camera (PI-MAX3, Princeton 
Instruments. The ICCD intensifier is opened only for 20 ns in the beginning of a 100 ms interval between the 
laser pulses, thus avoiding the majority of constantly present light emitted from the flame.  
 
Combination of LIF and Raman  
All lasers and acquisition systems are controlled by an ensemble of multichannel signal generators (Stanford sci. 
instr. DG535) allowing the collection of both Raman and LIF data within 300 ns. This allows collect ing the OH 
and Raman data (stable species and temperature) from same probe volume and same time point, thus making it  
possible obtaining absolute concentrations of OH by calculat ing the signal quenching for each time point using 
the Raman data. Raman cross section for each of the species was determined experimentally using the set of 
standard flat flames (McKenna burner) from DLR Stuttgart [7]. The calibration of OH-LIF signal was done 
using equilibrium calcu lation of OH concentrations in the same flat flames. 

 
  

Figure 1. The experimental 
setup. L1 is the focusing lens 
for the laser beams, L2 is an 
achromatic collecting lens 
for the Raman signal and L3 
is the collecting lens for the 
LIF signal. 

 
 
 
 
 
 
 

 
Results and discussion 
The experimental data is recorded at four heights above the burner surface representing the regimes of 
combustion.  
Lowest, height above the burner (HAB) equals 65mm, consists entirely of unburned gases at temperature only 
slightly elevated from the room temperature. Thus, no OH radical is detected at this height and Raman spectrum 
consists of the supplied gases, nitrogen, oxygen and trace of water from air and methane.  
Second region, HAB = 165mm, still shows, mainly, the presence of unburned gases, however with clearly  
noticeable insertions of burned gases (carbon dioxide, water).  
At the third position, HAB = 315mm, almost equal distribution between unburned and burned (or partially  
burned) points is observed and thus clear and accurate OH concentration measurements accompany the major 
specie concentrations.  
The fourth height, HAB = 395mm, composed mostly of burned gases and nitrogen, however noticeable residue 
of methane and oxygen is clearly detectable.  
Figure 2 presents averaged Raman spectra recorded at different heights above the burner.  
 



Figure 2. 
Experimentally obtained 
Raman spectra at 
different heights above 
the burner surface. 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 presents a 2-dimensional h it point distribution of OH radical absolute concentration as a function of 
temperature at two heights above the burner (315mm – upper panel, 395mm lower panel). 
 
 

 

 

Figure 3. OH radical absolute concentration as a function of temperature 
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This result can be seen as summary of the whole experiment, as the transformation of LIF signal into OH 
concentration involves temperature and major species concentration (in signal quenching calculations) obtained 
from corresponding Raman spectra.  
After normalizat ion, this data will represent an empirical joint probability density function (PDF) FT,[OH]. The 
two histograms taken at different HABs show how the system evolves in direction of the burner’s main flow, 
with more and more points reaching high temperatures (about 1900 K, close to adiabatic equilibrium for an 
atmospheric Φ=0.75 methane/air flame).  At HAB=315 mm, a significant share of points reside near T=1500 K, 
featuring quite large amounts of OH (up to 2⋅1017 mole/cm3). It is known that such large amounts of OH can 
form under unsteady conditions with respect to the strength of scalar dissipation processes [8]. The large OH 
values occurring at HAB=315 mm, therefore, likely represent zones of strong reaction intensity which are 
affected by unsteady conditions of the flow field (strongly varying strength of scalar transport due to unsteady 
development of gradients).  
Further upstream, at HAB=395 mm, OH concentrations in the high-temperature zone are overall smaller (mostly 
below 1⋅1017 mole/cm3). This indicates the reactive-diffusive system now evolves under more steady flow 
conditions, proceeding towards a fully burned state approaching chemical equilib rium.  
Also, the whole space under the diagonal line leading from unreacted states (the lower-left corner in T/[OH] 
diagram) to high T/ high OH points (upper-right corner in the diagram) is filled with points. Neither the effect of 
chemical reaction or the effect of mixing alone could cause this. Existence of many points in the sub-diagonal 
region indicates that strong interaction of mixing processes and chemical react ion occurs between the unburned 
and burned zone. 

Conclusions 
Simultaneous 1D-Raman/OH LIF measurements were conducted in a lean turbulent premixed natural-gas/air 
flame. The Raman/OH LIF combination allows for simultaneous quantitative measurements of 7 scalars (6 
species and temperature). The large data set obtained yields joint statistics of scalars, which can be used as input 
for statistical computational models. Further analysis will include also 1D gradient statistics, allowing more 
insight into the interaction of chemical reaction and transport processes.  
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