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Introduction 

Laminar counterflow diffusion flames constitute 
an important basis set for the simulation of turbu- 
lent combustion processes. Use of a library of pre- 
calculated "'flamelets" at different strain rates and 
fuel/oxidizer mixture compostions, allows the nu- 
merical treatment of turbulent flame structures to 
be reduced-e.g, with a "flamelet model"l-3-to a 
problem that can be solved within a reasonable 
amount of time on existing computers. Therefore, 
there is renewed interest in the study of diffusion 
flames under a variety of different burning condi- 
tions to test and refine the validit T of chemistrv and 
transport properties used in modelling these flame 
structures. Among different types of counterflow 
diffusion flames the configuration where the flame 
is established in the forward stagnation region of a 
cylindrical porous burner offers some inherent ad- 
vantages. 4 This type of diffusion flame was studied 
extensively by Tsuji and coworkers, 5-s who also 
presented an excellent review article covering this 
topic. 4 The Tsuji-burner is ideally suited for ex- 
perimental work for several reasons: strain rate and 
mixture composition can be adjusted easily, heat 
conduction problems are minimized because no rigid 
structures are in contact with the flame, and the 
flame front can be easily accessed by intrusive and 
non-intrusive probing techniques. A comparison of 
data collected by intrusive methods 7 with numeri- 

cal modelling results of several groups was pre- 
sented at the 20th Symposium. ~ 

In previous papers, l~ we presented some com- 
parisons between CARS temperature and concen- 
tration measurements and numerical modelling re- 
sults. The disagreement between these results in 
the low strain rate regime stimulated us to improve 
and more closely match both the experimental and 
modelling approaches to this special flame struc- 
ture. 

For a realistic numerical treatment of the flamc 
structure of counterflow diffusion flames, a correct 
description of the flow field is essential. Earlier 
models assumed an outer potential flow surround- 
ing the boundary layer. 9 The pressure gradient 
within the boundary layer was stated to be con- 
stant, and identical with that of the outer flow. 
Moreover, a single parameter, the velocity gradient 
a, was used for characterization of the strain field, 
to which the flame is exposed. Application of ex- 
perimental boun 'dary conditions for both gas streams 
was not possible. 

The new formulation presented in this paper es- 
timates the pressure gradient within the boundary, 
layer as an eigenvalue. No a priori assumptions are 
made for the outer flow. Different types of bound- 
ary conditions can be specified at the free stream 
edge of the boundary, layer. This allows for proper 
application of experimental boundary conditions to 
the calculations. As a result, calculated and mea- 
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sured position and structure of the flame within the 
boundary layer shows a better agreement compared 
with the traditional approach. 

Various laser-based measurements of velocities, 
temperatures and concentrations in a methane/air 
counterflow diffusion flame will be described and 
compared with calculations. Improved CARS mea- 
surements provided temperature profiles deduced 
from N2-Q-branch spectra. Two-dimensional con- 
centration distributions of OH radicals were deter- 
mined by 2D-LIF using a tunable KrF excimer-laser. 
These distributions were calibrated to absolute con- 
centrations with UV-absorption measurements in the 
A-X system of OH. OH concentrations are espe- 
cially important for comparison with reduced re- 
action schemes. 12 Laser Doppler velocimetry with 
a two-color equipment was used to simultaneously 
determine the two components of the flow field. 

Experimental 

Burn~F.- 

The burner used in the experiments is similar in 
construction to the counterflow configuration used 
by Tsuji and coworkers. Compared to our set-up 
described previously 1~ this burner allows higher 
strain rates. Methane--regulated by flow control- 
lers-was ejected from a porous brass cylinder (pore 
size =20 Ixm) glued to a water cooled cylindrical 
copper support of 40 mm diameter and a length of 
100 mm. The burner was installed in a vertically 
mounted wind tunnel with a square cross section 
at the burner head of 100 x 100 ram. Air was blown 
up the tunnel by four small fans. 

CARS Spectroscopy: 

A broadband CARS spectrometer has been in- 
stalled which reduced the acquisition time by a fac- 
tor of 30 compared to our previously used scanning 
CARS apparatus. H The dye-laser and part of the 
532 nm pump beam were collinearly combined in 
a USED-CARS phase matching geometry. The 
CARS signal was dispersed in a 1.3 m-monochro- 
mator (McPherson Mod. 209) equipped with a 2400 
1/mm grating. The linear dispersion in the plane 
of the intensified diode array camera (SI, IRY 512) 
was measured to be 0.14 cm -1 per diode pixel. Av- 
eraged spectra (typically 300 laser shots) were stored 
and processed in a laboratory computer (SI, MfR 
III) or transferred to a larger computer (IBM 3090- 
180) for further analysis. 

Temperatures were deduced from computer gen- 
erated least-squares-fitting spectral shapes of nitro- 
gen vibrational-rotational Q-branch CARS spectra 
to measured spectra with temperature as a variable 
parameter. The distortion of the spectrum by the 

detector and spectrograph instrument functions, as 
well as the pump laser linewidth, had to be in- 
cluded in the simulation program by appropriate 
convolutions. Best results have been obtained by a 
priori fitting of these parameters to a CARS spec- 
trum taken at room temperature. 13 Concentration 
measurements of Nz, O2 and CH4 were described 
elsewhere. 14 

Two-Dimensional Laser-Induced Fluorescence: 

A tunable KrF-excimer laser (Lambda Physik 
EMG 150 TMSC) was used to excite single rota- 
tional lines of the (v' = 3, v" = 0) band in the 
A2Z + ~ X2II system of OH. Because of the rapid 
predissociation of the upper state the LIF-intensity 
is not affected by collisional quenching, xs The laser 
beam was focused to a light sheet with a cross sec- 
tion of 10 x 1 mm and was sent through the flame 
along the stagnation line. A Nikon objective was used 
to image the fluorescence perpendicular to the light 
sheet onto a CCD-camera (Proxitrnnic Nanocam II). 
Gate times of 20 ns completely suppressed flame 
emission and daylight. I6A7 Independent of the ex- 
citation wavelength, fluorescence of hydrocarbons 
was detected and could not be suppressed with fil- 
ters (Schott UG 11, WG 295). Fluorescence images 
obtained from excitation on and off resonance with 
an OH transition were subtracted to obtain pure 
OH images. 100 single images were averaged to in- 
crease the signal-to-noise ratio. The population of 
the N" = 8 rotational state has only a small tem- 
perature dependence (<10%) in the range under 
study. Therefore, 2D-LIF images obtained with P18 
excitation directly show relative OH concentration 
distributions. 2D-temperature fields were deter- 
mined by dividing the fluorescence intensities from 
successive P18 and Q l l l  excitation and calibrating 
one temperature point of the 2D-field with a tem- 
perature determined with CARS. 17 

UV-Laser-Absorption Spectroscopy: 

Absolute OH radical concentrations have been 
determined with UV-Laser absorption measure- 
ments. Is As shown in Fig. 1, a pulsed, frequency 
doubled dye laser (Lambda Physik FL 2002) pumped 
by an XeCl-exicimer laser (Lambda Physik EMG 
201 MSC) was used to measure absorption spectra 
in the AZE + ~ XZII; (v" = 0, v' = 0) band of the 
OH radical. To achieve the spatial resolution nec- 
essary to resolve the flame structure, two pinholes 
(dia. 50 Ixm) were used. Straylight and flame emis- 
sion were suppressed by Schott filters (UG 11) and 
short gate times of the boxcar integrator. Lines of 
the R-bandhead near 307 nm were recorded and 
synthetic spectra using published molecular data ~~176 
were fitted to these spectra to obtain rotational 
temperatures and absolute concentrations of OH 
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FIG. 1. Experimental arrangement for UV ab- 
sorption spectroscopy of OH radicals with high spa- 
tial resolution in counterflow diffusion flames. (KDP: 
Frequency doubling crystal; PMT: Photomultiplier 
tube; PD: Photo diode). 

radicals. The OH lineshapes were well described 
by a Voigt profile. Since the Voigt parameter a de- 
pends on the unknown gas composition, the Lor- 
entzian contribution to the profile was evaluated by 
the fitting routine. Changes of • 15% in the Voigt 
parameter resulted in temperature and concentra- 
tion changes smaller than 2%. The laser profile was 
determined with a high resolution Fabry-Perot-in- 
terferometer (Burleigh RC 140) and was taken into 
account in the calculations. 

Laser-Doppler-Velocimeter and Data-Processing 
System: 

Laser-Doppler-Velocimeter measurements were 
performed with a two-channel dual beam LDV. The 
system arrangement is specially designed for the 
nonintrusive measurement in flames and two-phase 
flows. 21'22 The use of MgO powder as seeding par- 
ticles is most convenient in this flow situation, as 
discovered in earlier work. z3 The particles were 
added into the lower part of the wind tunnel with 
a controlled air flow (Tylan flowmeter). The 514.5 
nm and the 488.0 nm lines of an Ar-Ion laser (Co- 
herent Innova 90) are reflected separately into two 
parallel-mounted optical modules. To minimize the 
influence of refraction index fluctuation, the LDV 
system operates in the backscatter mode. With this 
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arrangement single signals could be detected, which 
made it possible to detect the stagnation point. To 
distinguish counterflow direction and zero velocity, 
both channels are equipped with acousto-optie 
modulators (Bragg cells) to be able to downshift the 
signal frequency. The signals obtained, were con- 
vetted and validated in Dantec counters and pro- 
cessed via a Dostek acquisition interface on a Com- 
paq 286. Within the flame region and the stagnation 
point, comparison measurements were performed 
with a Dantec burst spectrum analyzer (BSA). Good 
agreement with both processing systems confirmed 
that distorted signals, originating from zones of low 
data rate, i.e. the flame front, did not affect the 
measured velocities. 

Model 

Governing Equations: 

For a quantitative treatment of the flame struc- 
ture the governing two-dimensional equations for 
overall-continuity, momentum, enthalpy, and mass 
of species i are simplified traditionally by applying 
the boundary layer assumptions and by assuming 
an outer potential flow. In this way the problem is 
reduced spatially to one dimension, and the strain 
field to which the flame is exposed can be specified 
by the potential flow velocity gradient a. The pres- 
sure gradient within the boundary layer is assumed 
to be constant and is derived from the outer po- 
tential flow. 9 

To overcome certain deficiencies of the assump- 
tion of an outer potential flow, an alternative for- 
mulation is used. This formulation is based on ideas 
of Chapman and Bauer 24 and Seshadri and Wil- 
liams, z5 

To reduce the spatial order of the problem a 
stream function 

t~(x, y) ~ xF(y) (1) 

identically satisfying the continuity equation is in- 
troduced. The boundary layer assumption allows one 
to treat density p, mass fractions of species i w~, 
temperature T, and the transport coefficients as 
functions of the radial coordinate y only. The tan- 
gential velocity u varies linearly with x, and the ra- 
dial velocity v is a function of y only, too. The ther- 
modynamic pressure p is assumed to be constant 
within the flow field, with the pressure gradient still 
appearing in the momentum equations (small Mach 
number approximation). 

Introduction of the stream function, application 
of the above assumptions to the two-dimensional 
governing equations, and resolving for the pressure 
gradients shows that the gradients dp/dx and dp/ 
dy are functions of y only. Pressure p is a state 
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variable which implies that the mixed second de- 
rivatives being equal. Because both gradients are 
functions of y only, the mixed second derivatives 
must be equal to zero. dp/dy must be a constant, 
and can be estimated as an eigenvalue of the sys- 
tem. In the following this eigenvalue is abbreviated 
by H and G = dF/dg is introduced. 

The modified boundary layer equations used for 
the description to the Tsuji counterflow configura- 
tion are: 
Continuity 

f0 y OV = (pv)w - pGdy (2) 

Momentum: 

0G 1 0 (Ix0G  0G G z _ H  (3) 

Temperature: 

0T 1 0 (kOT~ - v 0 3 "  

OT 1 
1 E c p . d ,  E h : ,  (4) 

pcp ~ Oy p% i 

Mass of species i: 

Owil Owi Dm : - v -  
Ot p #y Oy 

+ _ m  
l O (D/T OlnT~ ri 

p 0y ~ -~-y/+ -o (~> 

(t = time, v = flow velocity in y-direction, y = 
cartesian space coordinates, p = pressure, p~ = dy- 
namic viscosity, c o = specific heat capacity, h = 
heat conductivity, r = mass scale chemical rate of 
f o r m a t i o n ,  Ji = diffusive mass flux, D~ = modified 
binary diffusion coefficient, D T = thermodiffusion, 
index i stands for the ith chemical species of the 
system). 

The boundary conditions at y = 0 are given by 

ov = (ov)~ (~) 

G = 0 (7) 

T = Tw (8) 

wi = w i ,  u - j i , w / ( p v ) w  (9) 

Because of the recombination of H-atoms at the 
cylinder wall surface, mass fractions for these atoms 
are handled differently: 

wrt = 0 and (10) 

WH~ = wrI2., -- jH2,w/(pv)w -- JH,w/(pV)w 

(index w denotes conditions at the cylinder, index 
u denotes conditions of the unburnt gas). The re- 
spective boundary conditions at the outer edge of 
the flame Ye are 

OG/Oy = 0 (11) 

T = Te (12) 

wi=Wi,e i =  1 ,2  . . . . .  N (13) 

(index e denotes conditions of the free up-streaming 
gas). 

Equations (3) to (5) are transformed into finite 
difference expressions by a parabolic discretization 
in space and a linear one in time. ~ At the begin- 
ning of the integration, 40 grid points are non-uni- 
formly spread across the flame front, with a distri- 
bution adapted to the temperature profile gradient. 
For educts, cubic polynomials, for temperature, in- 
termediate species, and for products, Gaussian pro- 
files are chosen as starting estimates. 

Due to stiffness of the system considered, an im- 
plicit solution method is u s e d Y  During the inte- 
gration, the grid point system is statically adapted 
according to a weighted norm of gradients of tem- 
perature and some species profiles. 2s Interpolation 
onto the new mesh is performed by piecewise 
monotonic cubic hermite interpolation. 2a 

Transport Processes, Reaction Mechanism and 
Thermochemistry: 

For the calculation of diffusion coefficients D M, 
thermal diffusion coefficients D/T, heat conductivi- 
ties k, and dynamic viscosities Ix, data are taken 
from molecular parameters. To calculate the trans- 
port parameters, formulae given by Kee et al, are 
used.a~ 

A simplified transport model is used, because 
comparison with multicomponent transport models 
leads to errors that are relatively small compared 
to those caused by uncertainties in the reaction 
mechanism. 31 

The reaction mechanism consists of 250 elemen- 
tary steps (including reverse reactions), and of 39 
chemical species. The H2-Oz-system, CO oxidation, 
degradation of methane to CO, alkyl recombination 
to ethane, and its consumption reactions are in- 
cluded. 9 Kinetic data are taken as in 1~ with minor 
revisions due to results of a new evaluation of data. a2 

Results and Discussions 

Each of the experimental methods had a spatial 
resolution of better than 60 ~m, thus the flame zone 
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was well resolved. The resolution of the CARS 
measurements (60 Ixm) 1~ and the absorption mea- 
surements (50 Ixm) was verified with a knife edge 
moved perpendicular to the laser beam while ob- 
serving the signal intensity. The 2D-LIF measure- 
ments have a transversel resolution of approxi- 
mately 10 Ixm, depending on the magnification of 
the lens. A millimeter scale was recorded with the 
CCD-camera and gave the length scale for the 2D 
images. The resolution achieved with the LDV-sys- 
tem is about 30 txm. 

One-dimensional LDV measurements in the 
symmetry plane of the flame yielded velocity pro- 
files up to the stagnation point with the typical shape 
reported by Tsuji et al. 13 As the burner geometry 
does not allow optical access up to the burner head 
with the two channel LDV arrangement, the ab- 
solute y position of the 2D flow field was scaled 
with the position of one-dimensional velocity pro- 
files. The calculations performed earlier n used the 
velocity gradient a for the characterization of the 
strain field. This implies that the flow field can be 
described as an outer potential flow surrounding the 
boundary layer. However, the measured flow field 
in Fig. 2 shows that the divergence of the stream 
lines can not be described as a parallel or potential 
flow. So the assumption of a potential flow is not 
valid for the description of this flame. In the new 
model, the input of experimental velocity data al- 
lows a better treatment of the real flow situation. 
Comparisons with calculations show that the theo- 
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FIG. 2. Flow field in the forward stagnation re- 
gion of a counterflow diffusion flame (a = 125 s -l, 
v<~. = 11, 4 cm/s) measured with a two-channel dual 
beam Laser Doppler Velocimeter. 

retical profiles are located too far on the air side of 
the flame. This is also observed for temperature and 
concentration profiles. The experimental tempera- 
ture profiles (CARS, Absorption and 2D-LIF) differ 
in location of their peaks. The difference is smaller 
than 0.5 mm and is due to a refractive index change 
across the flame. As observed experimentally, this 
effect is smaller for light beams perpendicular to 
the cylinder axis. Nevertheless, relative corrections 
of the positions as described earlier l~ are unaffected 
of this procedure. Therefore the absolute positions 
from 1D-LDV and 2D-LIF were used as standard. 
The absorption and CARS measurements have been 
shifted to the positions determined with 2D-LIF. 
Figure 3 shows calculated and measured tempera- 
tures for a flame with a = 125 s -1. The parameter 
a is used to give an approximate comparison with 
older measurements. CARS-Nz-temperatures are 
taken for comparison with calculations, because OH 
radicals are found in a small spatial region only, so 
N2 is the better temperature indicator in this case. 
The peak rotational temperature of OH was cal- 
culated from absorption spectra to be 1910 K, corn 
pared with 1919 K, measured with CARS. Each of 
these temperatures (+40 K) is lower than the 1969 
K predicted by the calculations. 

For the OH concentration measurements, the ef- 
fective absorption pathlength, which varies with 
distance from the burner head was determined with 
2D-LIF. Part of the OH distribution is shown in 
Fig. 4. Approaching the edges of the cylinder, the 
flame is bent slightly towards the cylinder surface. 
The bent zones are short and sharp, as observed 
by imaging OH concentrations and temperatures 
with 2D-LIF. Deviations from one-dimensionality 
can be neglected because the fits of the absorption 
spectra show no deviations from Boltzmann distri- 
butions and the rotational temperatures are con- 
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FIG. 3. Temperature profile in a counterflow dif- 
fusion flame (a = 125 s -1, v, = 11, 4 cm/s); O 
CARS measurement - -  Simulation 
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FIG. 5. Absolute O11 radical concentration profile 
in a eounterflow diffusion flame (a = 125 s ~, v~ = 
11, 4 cm/s); O Absorption & Light sheet measure- 
ments, - -  Simulation 

Fit;. 4. Two-dimensional distribution of the air- 
solute OH radical coneentration in a eounterflow 
diffusion flame (a = 12,5 s '], v~ = 11, 4 era/s), im- 
aged 'after excitation of the PtS-line of the 0:' = 3, 
v" = 0) band of the A-X-system with a tunable KrF 
exeimer laser, detected with an image-intensified 
CCD camera and calibrated with absorption mea- 
surements 

sistent with CARS temperatures, x~ The absolute 
concentration profile on Fig. 5 was obtained by cal- 
ibrating relative concentrations from 2D-LIF mea- 
surements with the peak cCmcentratiml of the ab- 
sorption measurements. Again, the peak position, 
predicted bv the model is too tar on the air side ,if 
the flame. 'i'he experimental OH radical concentra- 
tion is higher than the concentration calculated with 
the model. This discrepancy cannot he explained 
by experimental uncertainty (~-10%). 

Detailed measurements of temperatures, concen- 
trations and velocities in a cx)unterflow diffusion flame 
have yielded an important basis set of experimental 
data for comparison with mathematical flame models. 
Although the model has been improved, there are 
still differences between experiment and calcula- 
tions. Knowledge of Ol t  radical concentrations is 
espc'cially important  in optimizing mathematical  
flame models, because the measured temperature 
profile can I)e modeled very well, whereas diflk,r- 
ences still remain in the ( ) t l  concentrations. Ear- 
lier calculations ~ predicted Ot l  concentrations in 
good agreement with our measured values but as 
mentioned, the parameter a can not deseribe the 
flow situation, so the results are not cmnparable. 
Results of calculations by lh,ri et al., 31 which arc 
also close to our experimental values, describe a 

different flow situation and no experimental data m-e 
availahle for this flame.The differences between ex- 
periment and calculations may be due to shortcom- 
ings of the transport mtxlel, specially for small mol- 
ecules. From the experimental point of view the 
eountertlow flame arrangement is thought to be an 
appropriate tool for the development of two-dimen- 
sional diagnostic techniques because of the special 
flame s t ruc ture  and the variety of studies per-  
formed m~ the structure of this type of flame. 
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