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Characteristics of the reaction zone in a combustor

operating at mild combustion

I. B. Ozdemir, N. Peters

Abstract The aerodynamic, chemical and thermal aspects
of the mild combustion process have been studied with
emphasis on mixing rates, flue gas recirculation and
strong shear produced by reactants supplied from discrete
jets. Time-averaged and instantaneous structures of tur-
bulent flow were examined by visualization and local
measurements within a 5400 W burner operating with
methane with an overall equivalence ratio varying from
0.8 to 1.2 and at non-premixed and premixed modes. The
results showed that the entrainment of the flue gases into
the fresh mixture was very important for the initiation and
progress of the reaction, and occurred in two successive
mechanisms. Initially, the flue gases were driven with the
reverse flow towards the annular exit where, by Biot-
Savart induction, they acquired some momentum from
the supply streams provided at the center. The resulting
mixing process in the close vicinity of the burner was less
intermittent and this was evident in relatively lower values
of the second order moments of the residence time dis-
tribution. Slightly downstream, the second order moments
were, however, increased by large-scale turbulent fluctu-
ations and this led to the enhancement of the mixing
process and introduced some further intermittency. The
latter entrainment mechanism caused the flue gases to
partially encapsulate the discrete jets, which resulted in
islands of flammable mixture surrounded by the inert
gases. Hence, as the instantaneous OH radical visualiza-
tions revealed, the reaction was only initiated away from
the burner and in disconnected regions where the Ray-
leigh pictures showed strong temperature gradients. As
the distance from the nozzle increased further, the reac-
tion seemed to follow local flow patterns in that it pro-
gressed radially outwards with large structures, which
resulted in an increased space-averaged temperature.
Furthermore, the residence time decreased away from the
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burner and the flame came close to extinction due to the
high stretching rates of the large structures. However,

the flue gases entrained up to this point increased the inert
content of the fresh mixture with chemical time scales
comparable to the time scales of the flow. This allowed the
reactants to attain temperatures near to those of the flue
gases and to ignite with a small temperature rise, which led
to a much lower thermal NO formation. The results also
showed that when the equivalence ratio of the non-
premixed mixtures was increased, the region where the
combustion took place was shifted away from the burner
and extended further downstream towards the roof. In the
case of premixed combustion, however, the reaction started
and terminated earlier and was confined to regions in close
proximity to the axis. The emissions of OH radical occurred
rather patchily and in relatively high concentrations.

1
Introduction
With the advent of environmental regulations, there has
been a greater awareness of use of fossil fuels and the
performance of combustion systems, in particular burners
and enclosures (Bowman 1992; Chomiak et al. 1992).
Within the last two decades improved combustion has been
redefined with the purpose of limiting pollutant emissions
and noise by introducing systems that are economically
feasible to build and operate. Nevertheless, thermal effi-
ciency is still of primary concern and, hence, preheating is
used in many applications with high temperatures to re-
gain the energy lost by exhaust gases (Hanby 1994; Tanaka
1995). However, the immediate drawback in these pro-
cesses is the increased peak flame temperatures and re-
lated NO, emissions (Flamme 1994; Milani 1994).
Among the mechanisms (Miller and Bowman 1989;
Hayhurst and Lawrence 1992) used to form NO, the most
prominent high temperature process for an oxygen and
nitrogen reaction in a combustible air mixture is that of
Zeldovich (1946). For this process, it may be sufficient for
the reactants to remain for a few seconds at temperatures
of around 1600 °C and this could be as low as a few mil-
liseconds when temperatures reach 2000 °C or above
(Wiinning and Wiinning 1997). Since these are the typical
peak flame temperatures seen when there is preheating,
the time duration of residence at points of high tempera-
ture is of particular importance. The methods to reduce
NO emission are, therefore, based on schemes to reduce
either peak flame temperature or the residence time and
oxygen concentration in zones with high temperature
(Garg 1994; Wood 1994). The extraction of heat by the
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injection of steam or using cooling rods can achieve lower
peak flame temperatures, but this results in incomplete
reaction and increases the emission of CO (Teng and
Huang 1996). It has become evident that increasing effi-
ciency and at the same time decreasing the NO formation
are contradicting requirements which prove to be difficult
to overcome with classical approaches (Bell and Warren
1983). The main means of compliance remains through
radical measures in the aerodynamics of burners and
enclosures with control over mixing mechanisms and
residence time. Towards this end, an attractive scheme is
the staged combustion with staging performed on either
the fuel (Smart and Morgan 1994) or air introduction
(Spliethoff et al. 1996), but it requires sophisticated de-
signs with increased capital investment. However recent
studies, such as Mastorakos et al. (1993), have shown that
flue gas recirculation is indeed the most successful scheme
to reduce peak flame temperature and NO emission. In
this method, instead of mixing inert exhaust gases directly
into a flame, flue gases are introduced upstream as a third
component and dilute the fresh fuel/air mixture. When the
combustion flow in the enclosure is arranged as in a
reverse flow reactor (Mansour et al. 1989), the flue gas
recirculation is achieved with the interior aerodynamics
and this is called internal flue gas recirculation. The
scheme can be applied with very high rates of flue gas
recirculation and without costing efficiency.

The requirements for a stable flame for both non-
premixed and premixed flames are closely associated
with local flow and burning velocities, and mixture prep-
aration. When flames are stabilized only by the flow
conditions set by the burner, high peak flame tempera-
tures in the combustion chamber cannot be avoided,

particularly in the vicinity of the burner, which obviously
increases the thermal NO formation. Furthermore, the
combustion in natural gas burners becomes very unstable
and noisy when chamber temperatures drop locally below
750 °C (Lang et al. 1987; McManus et al. 1993). However,
if process temperatures can be raised above the self-igni-
tion temperatures, the rate of flue gas recirculation that
previously reached only 30% due to flammability limits
(Zabetakis 1965) can be pushed up to a value as high as
100%. It is interesting to observe in these cases, as for
example Fig. 1, that a stable combustion reaction can still
occur even without a flame attached or stabilized in the
vicinity of the burner (Flamme and Kremer 1995). The
flame appears to lift off but the combustion reaction still
continues further downstream with a quite diminished
visibility that stems from a decrease in the radiation
extending up to the ultraviolet range (Telger and Roth
1995). Apart from a change in the physical description of
the flame, an immediate outcome is the reduction of
burning intensity, resulting in a temperature rise limited to
a few hundred degrees Kelvin. With the elimination of the
adverse effects of preheating on the peak flame tempera-
tures, the thermal NO formation is no longer a proviso for
improving the thermal efficiency. Indeed, NO, emission of
the combustion without a visible flame can be as low as one-
tenth of that with a visible flame (Wiinning and Wiinning
1997) and the noise is reduced by at least 10 dB. This mode
of combustion has been called “mild combustion” by de
Joannon et al. (1999). Plessing et al. (1998) have performed
simultaneous laser-optical measurements of temperature
and OH radicals in the reverse flow burner described by
Wiinning and Wiinning (1997). Evaluating local events,
they demonstrated that because of the small local heat

Fig. 1a, b. Visual observation of the region
in the vicinity of the burner: a when the
flames are visible and attached; b when the
reaction occurs away from the burner so
that the burner itself becomes relatively
cooled



release the temperature difference between the highly pre-
heated unburnt mixture and the burnt gas was so small that
instead of the well-known S-shaped curve of temperature
versus Damkohler number (Peters 2000), a monotonic
dependence of the temperature on the Damkéhler number
existed. As a consequence, ignition and extinction phe-
nomena cannot occur. This seems to be the most important
physical characteristic of mild combustion and also
explains the extremely silent operation of the burner.

The object of the present investigation was to study the
mild combustion mode for both non-premixed and pre-
mixed mixture preparations. Aerodynamic, chemical and
thermal descriptions of the mild combustion process were
sought in a reverse flow type combustion chamber. The
following section describes the flow configuration and
measurement techniques, and results and discussion are
presented in Sect. 3. The paper ends with concluding
remarks and an appraisal of the physical interpretations to
be used in engineering designs.

2

Flow configuration, measurement techniques and accuracy
The experimental arrangement of Fig. 2 comprised a
multi-nozzle burner blowing vertically into an enclosure of
250 X 250 mm” cross-section and 485 mm length. The
burner consisted of a central nozzle of 4.7 mm diameter,
conically-elevated 25 mm from the six peripheral nozzles
of 5 mm diameter located 40 mm away from the center. A
15.5-mm wide annular exit of 93 mm i.d. was located at the
same side as the burner. The burner front surface was
made of heat-resistant ceramic, and the steel enclosure was
insulated internally by 50-mm thick material. The flow was
optically accessible from three sides with five fused-silica
glass windows of 100 x 85 mm” aperture with centers lo-
cated at z = 12.5, 112.5, 212.5, 312.5, and 412.5 mm from
the central nozzle at the bottom. The fuel was methane
(CH,) with a density of 0.668 kg/m3 (at 20 °C and 1 atm),
and the burner was run at 5,400 W with overall equiva-
lence ratio, ¢, varying from 0.8 to 1.2. The corresponding
flow rates are listed in Table 1. In the non-premixed mode,
the six peripheral nozzles supplied only the air with the
fuel introduced from the central nozzle, whereas in pre-
mixed combustion, the central nozzle was unused with the
air and fuel mixture being introduced peripherally. The
wall temperature measured at a distance of z = 112.5 mm
was around 1,040 °C and the temperature of the exhaust
gases after exchanging heat with the incoming components
was around 680 °C.

The axial and radial components of mean velocity, U,,
and the auto- and cross-correlations of the corresponding
fluctuations, u), v, and uu,, were measured with a laser
Doppler velocimeter in the non-premixed combustion of
¢@ = 1. The LDV system of Fig. 3a comprised a 800 mW
argon-ion laser (Coherent Model Innova 300) with fiber
optically coupled (Aerometrics FBD 140B) transmitting
(Aerometrics XRV108) and receiving optics (Aerometrics
RCV2108, RCM 2100LP). The flow was seeded with TiO,
particles introduced into the burner from the air supply
line. The particles were small enough (diameter < 3 pm)
to follow the fluctuation of interest typically found in this
kind of flows. The forward-scattered light was collected

485 mm
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Fig. 2. The experimental arrangement comprising the multi-
nozzle burner and the enclosure

Table 1. Fuel and air mass flow rates

F Mair (kg/h) n’lCH4 (kg/h)
0.8 8.4 0.39
1 6.5 0.38
1.2 6.7 0.47

within a solid angle with axis 10 degrees to the transmitted
laser beam to ensure high signal-to-noise ratio. With an
effective frequency shift of 40 MHz, the signals were pro-
cessed by an autocorrelation-based processor (Aeromet-
rics RSA1000P) interfaced to a microcomputer. For each
point, measurements were made with the beam plane
oriented at —45, 0 and +45 degrees to the main flow
direction. All velocity values were based on 2,500 indi-
vidual measurements and, as a consequence, the average
uncertainties in the mean and rms values of the velocity
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fluctuations (Yanta 1973) did not exceed 3% and 4% of the
local values, respectively.

Information on local residence time within the enclo-
sure was obtained from time-variations of the concentra-
tion of the passive tracer and was used to assess the
efficiency of mixing in the non-premixed combustion of
¢ = 1. For this purpose, introduction of the tracer was
suddenly stopped following a loading process, and rem-
nants of passive tracer accumulated to that point were
allowed to purge from steady state values. The unsteady
sequence is called step-down procedure (Ozdemir et al.
1996) and always produces smoother signals with contin-
uous derivatives. The closure time of the passive tracer
supply line was less than 0.1 s, which is considerably
smaller than the time scales of the flow (3 s or more) so
that a sharp fall in the concentration was assumed at the
inlet. The local concentration values were inferred from
the intensity of the light scattered by TiO, particles from a
point on a 800 mW argon-ion laser beam (see Fig. 3b).
Mie-scattered light, collected by a plano convex fused-
silica lens of aperture 50 mm and focal length 120 mm,
was filtered at the laser line by an interference filter
(514IFS10) and focused onto a photomultiplier tube
(Hamamatsu R1477). The receiving optics were aligned at
10 degrees to the transmitted laser beam. The measure-
ment volume, truncated by a pin hole (600 pm), was
around 0.8 mm long. Since no significant spatial variation
of the distribution of particle size was expected, marker
shot noise due to poly-dispersed particles, with larger
particles scattering light more efficiently than small ones,
would have only a negligible effect on the proportionality
of concentration with light intensity. It has been known for
some time (Long et al. 1981) that for large-scale mixing the
difference in the mobility of the molecules and seed par-
ticles has only a minor effect on the concentration infor-
mation inferred from scattered light. But it should also be
pointed out that particles were still large enough for
Brownian diffusion to be negligible.

Temperatures and OH radical concentrations were
measured simultaneously by two-dimensional Rayleigh
and laser induced predissociative fluorescence (LIPF)
techniques, respectively. Figure 4 shows the general
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Fig. 3. Optical set-up for a LDV mea-
surements; b Mie scattering

arrangement of the multi-point OH-LIPF and Rayleigh
experiments. The illumination and excitation system
comprised a pulsed KrF-excimer laser (Lambda Physics
EMG 150 TMSC) with 250 m] per pulse of 30 ns dura-
tion. The system was tuned between 247.9 nm and
248.9 nm with a line width of around 0.0001 nm. The
output beam of rectangular cross-section (22 x 4 mm?)
was reflected by a mirror (DLHS UV248) into a polarizer
plate (MgF,) and then passed through a cylindrical lens
of 1,200 mm focal length and a slit aperture to form a
collimated vertical light sheet which crossed the burner
through two opposing slit apertures of 2 x 40 mm” upon
probing the combustion zone centrally. The windows
were made with fused-silica glass to ensure maximum
ultraviolet transmission, and the light reflected and
emitted was collected at 90 degrees from the incident
laser sheet in the region of interest of 30 mm wide and a
fairly uniform thickness of 0.25 *+ 0.03 mm.

A long-pass mirror (FLP2) positioned at an angle of 45
degrees reflected the scattering light at the excitation
wavelength 248 nm towards camera 1 while letting the
rest, including the OH emission, pass through in the di-
rection of camera 2. The light collected by two plano
convex fused-silica lenses of aperture 50 mm and equiv-
alent focal length 81.8 mm was filtered at the Rayleigh line
by an interference filter (250IFS10) and focused onto a
25 mm diameter DEP image intensifier of 30 lp/mm res-
olution, connected with an enhanced fiber optical coupling
to a 16-bit 512 x 512 pixel CCD camera (LaVision). The
temperatures were inferred from the distribution of light
intensity recorded on Rayleigh images that were corrected
for light intensity and detector non-uniformities and
background noise. Since the emissivity of the insulating
material inside the chamber walls was temperature de-
pendent, the correction applied to the calibration frames
(Long 1992) was different for the room temperature
(23 °C) and higher temperatures. Background images were
constructed at each location using the images of He and air
with the chamber at room temperature and at a temper-
ature depicting those typically found during the combus-
tion. In order to obtain best estimate of the background
during the combustion process, an iterative correction was



applied on the images taken at a temperature of about
950 °C. Once the images were corrected for background
noise, then the intensity values were converted to tem-
peratures using the relation (Stepowski 1992; Zhao and
Hiroyasu 1993)

T = To(P/Po)(0e/0e0)(Io — Ipo) /(Ir — Ipr) ,

where T, and Py are the standard ambient temperature and
pressure, respectively (23 °C and 760 mmHg). The only
unknown parameter in the above equation is the effective
Rayleigh cross-section of the burning mixture defined as
g, = XX,0;, where X; is the mole fraction of species i and g;
is its Rayleigh cross-section. The mole fraction of the
mixture is not known a priori due to the strong dilution
with exhaust gases. The best estimate for g, would be
obtained from the mole fraction of the reactants, assuming
0. is changed negligibly between unburnt and burnt gases.
The error introduced due to this assumption has been
reported as less than 5% (Namer and Schefer 1985).

For OH-LIPF, the P,(8) line was chosen to excite from
the A%0T«(X)*n(3, 0) state as reported by Kohse-Héing-
haus (1994). Behind the long-pass mirror, two plano-
convex fused-silica lenses of aperture 50 mm and equiv-
alent focal length 87.7 mm were used to image an area of
about 25 X 35 mm”. The light emitted by the excited OH
radicals was separated at around 298 nm from broadband
emissions by a glass filter (UG11) and focused onto an 18-
mm diameter Varo image intensifier with a resolution of
20 Ip/mm, which was a tandem lens coupled to a 12-bit
384 x 576-pixel CCD camera (Photometrics). The expo-
sure time was 350 ns in order to suppress natural flame
luminescence. No calibration attempt was made and,
therefore, the results based on OH-LIPF images are only
qualitative.

1-  Excimer laser
2-  Mirror

3-  Polarizer

4- Cylindrical lens
5- Beam Dump

6-  Spatial filters
7-  Mirror

8- Lens

9- Filter

10- Image intensifier
11- CCD camera
12- Lens
13- Filter
14- Image intensifier
15- CCD camera
16- Burner
17- Master computer
18- Camera controller
19- Image intensifier
controller
20- Pulse-delay
generator
21- Slave computer
22- Camera controller
23- Image intensifier
controller
Fig. 4. General arrangement of the multi-

point OH-LIPF and Rayleigh experiments

3

Discussion of results

In the following, the aerodynamic results are presented
first for the non-premixed combustion with ¢ = 1, fol-
lowed by those for OH concentration and temperature for
the premixed and non-premixed combustion.

3.1

Velocity field

First- and second-order moments of two velocity compo-
nents were examined to identify the streamlines trans-
porting passive scalars and the effect of turbulent
fluctuations on the kinematics of mixing within the region
where the reaction was mainly taking place. Axial and
radial components of the mean velocity, U, and U,, were
presented in Fig. 5 where the cylindrical coordinate system
is aligned with the axis of the central jet. Just downstream
the burner (z = 12.5 mm), the maximum axial velocity
was as large as 32 m/s with the corresponding shear layer
extending up to a distance of 10 mm on both sides of the
exit. At large radial distances from the center, positive
velocities were replaced with small negative velocities of
the reverse flow. Since the flow was seeded with particles
introduced from the air inlets, the fuel jet and the flow set
in the neighborhood had not received enough passive
markers up to this distance to be represented in the LDV
measurements. At a slightly higher distance from the
burner, the flow patterns of the fuel and five peripheral air
jets quickly combined into a single jet of bell-cone shape
with width extending up to 40 mm away from the cen-
terline. It will become clear in the following that away from
the burner, particularly in the region where the reaction
was mainly taking place (z = 312.5 mm), the axial mo-
mentum was convected laterally with the expansion of hot
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Fig. 5a, b. Time-averaged mean velocities in the vicinity of the
burner axis: a axial component; b radial component

gases. This, however, occurred at the expense of maximum
velocity, which was reduced to one-third with smoother
gradients in the radial direction. As can be seen in Fig. 5b,
the outward momentum of the peripheral air jets was
opposed at large radial distances by the exhaust gases
driven back to the vicinity of the burner. Therefore, low
velocity values predominated in this region. On the other
hand, the inward spreading of the air jets was prohibited
around the centerline by the flow set by the fuel jet so that
negative radial velocities appeared to be confined between
r =16 and 26 mm. The influence of the fuel jet decreased
with the distance along the burner axis (z = 112.5 mm)
and disappeared completely at z = 212.5 mm where the
heat release due to the progress of the chemical reaction
became dominant. Radial momentum at these axial loca-
tions, which seemed relatively small compared to the axial

r (mm)

momentum, was generated by the thermal expansion of
the hot gases rather than the spreading of the jets. The hot
gases produced along the centerline pushed the peripheral
air jets further away so that zero radial velocity was no
longer located at the axis of the air jets and was displaced
inwards. The peak values of the radial mean velocities at
z = 212.5 mm gradually decreased and finally evolved into
negative velocities of z = 412.5 mm, indicating a stagna-
tion bubble for the flow decelerating against the roof the
chamber.

Intensity of axial velocity fluctuations (u,’), Fig. 6a,
exhibited very high turbulence with peak values varying
from 28% near the burner to 52% at the uppermost
measuring location. Turbulent fluctuations were, however,
higher in the absolute sense near the burner where the
mixing effects were localized within the shear layers of the
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air jets. It should also be pointed out that the measurement
grid in the radial direction was not sufficient to resolve
sharp gradients existing within the air jets so that the peak
of the fluctuations in the shear layer might appear slightly
outside the area where it was actually located. Further
away from the burner, with the disappearance of the low
velocities between the fuel and air jets, the flow developed
a more uniform distribution of u,. The magnitudes of the
radial velocity fluctuations (i), Fig. 6b, were considerably
higher than the corresponding mean values, and the pro-
files exhibited more structure that remained even far away
from the burner. It was interesting that although the
components of mean velocity in two orthogonal directions
were quite different in magnitude and structure, their
fluctuations had very close values and exhibited similar
trends. Near the burner, cross-correlations of the velocity
fluctuations, u;u,, had large positive values within the air
jets and were effectively zero elsewhere (see Fig. 6¢). As
the distance from the burner increased, the profile with a
localized peak broadened with the tail extending radially
outwards from the centerline. Although the correlation
was in general positive, at the elevation z = 212.5 mm
where a strong gradient of radial velocity existed, it at-
tained relatively small negative values far away from the
centerline. The trend of Reynolds stresses, which could be
obtained from these profiles, generally agrees with the
radial gradient of the axial velocity, as the momentum
transport theorem would indicate.

The aerodynamic results presented so far describe high
turbulent mixing rates and, thus, the fast chemistry as-
sumption cannot be applied. This means that finite rate
chemistry effects need to be considered. This has been
done in a companion paper by Coelho and Peters (2001),
where the Eulerian particle flamelet model was used to
calculate combustion in this burner, in that residence time
effects were found to control NO, emissions. In an attempt
to further discuss this matter, residence time scales are
given in the next section, followed by OH emission and
temperature results for different equivalence ratios.

3.2

Characteristics of the residence time

The probability density functions (pdf) of the residence
time obtained from local concentration values of the
passive marker exhibited a positively skewed distribution
with tails extending towards large values of time, indi-
cating that the population of passive scalar introduced at
earlier times predominated. It is evident that the mixing
between the fresh air and the flue gases recirculated back
to the inlet plane broadens the pdf in the close vicinity of
the burner. When the air jets combined into a single
structure, the pdf became narrower at the locations be-
tween z = 112.5 and 212.5 mm. However, as the distance
from the burner was further increased, the pdf again
became wider particularly near the axis, revealing a re-
circulating motion set by the stagnation bubble of the
flow approaching the roof of the chamber. Time scales
associated with these distributions were quantified with
the moments of Fig. 7. Mean values of the residence time
(t1) immediately above the burner, Fig. 7a, were observed
to be very high with a peak value of 11.3 s located be-

| 2 B
t=412.5 mm
9 f
L] ig. " N
B —-.---]"'. T T m “m
1* L] 7
|2 B — - -
£=312.35mm
[} fi
O cm-m g W e G-
] b |
3 i
12 e
=2125mm
iy 9 = il
L = 4 - ’.F
S e - T e o
% a &
;T s 2 =
12 b
z=112.5mm
q f
i} - | o
= Mo T_ L R ]
R WL g g ._ 1
|2 - B
. z=12.5mm
9t . b e
[ ] | S SR " % o
b 4 -
{l 0 40 610 1] 20 40 6l

r{mm) r{mm)

Fig. 7. Time scales associated with the residence time

tween the fuel and air jets. It is evident that there exists a
dead zone between the fuel and peripheral air jets
wherein, when a passive scalar was introduced, it was
trapped and stayed longer than anywhere in the flow
domain. As the discrete air jets were combined (z =
112.5 mm), t; decreased along the burner axis nearly to
one-third, though slightly larger values were still ob-
served off-axis before eventually attaining a decreasing
trend at large radial distances. Since flammability limits
become closer by decreasing the residence time (Mansour
et al. 1989), the flame is likely to be nearly extinct in this
region. At slightly greater distances (z = 212.5 and
312.5 mm), the mean residence time stayed low within
the mainstream near the axis and in the return flow far
away, and was relatively higher elsewhere. Near the roof
of the chamber, the mean residence time remained nearly
constant with some scatter.

The rms values of the residence time (+/7,) were shown in
Fig. 7b where immediately above the burner, they can be
seen as high as 6 s. This level first decreased with the dis-
tance from the burner, and then increased slightly towards
the roof, especially when the mainstream separated from the
burner axis to form a stagnation bubble. Considering the
mean values, these levels present fairly high relative inten-
sities, which reveal that the flow away from the burner
particularly near the roof exhibited more intermittent
characteristics (Perry et al. 1980) than anywhere else. Al-
though there seemed quite a scatter in the data for higher
order moments, non-zero values of the third order moments
quantified the skewed character of the distributions and it
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Fig. 8a—c. Instantaneous pictures of OH concentration for non-
premixed combustion with ¢ = 0.8. a 4th window centered at
z = 312.5 mm; b 3rd window centered at z = 212.5 mm; ¢ 2nd
window centered at z = 112.5 mm

was clear enough in the fourth order moments that the
distributions were very different from a Gaussian profile.

3.3

OH concentrations and temperature field

Figures 8-10 show samples of instantaneous pictures of
OH concentration and the corresponding temperature
distributions in non-premixed combustion for equiva-
lence ratios 0.8, 1, and 1.2, respectively. When the burner
was run lean, Fig. 8, no OH was detected at either the
first window just above the burner (z = 12.5 mm) or at
the last window below the roof. It is evident that com-
bustion occurred in a region from the upper part of the
second window to the lower part of the third window and
was confined to the close proximity of the axis. The re-
action in this region manifested itself with the rather
patchy appearance of OH radicals of high concentration.
Relatively lower but evenly distributed values of OH
concentration at the fourth window showed that the
process was nearly terminated, and that the values were
due to passively convected remnants of the combustion.
Indeed, concentrations of OH radical for the lean com-
bustion appeared lower than the values for higher
equivalence ratios and indicated a relatively less intense
reaction whose structures left no distinct thermal signa-
ture to be recognized by the Rayleigh process. When the
equivalence ratio was increased to ¢ = 1, the region
where the combustion took place was shifted axially
further downstream towards the roof. For this case, there
appeared no trace of OH radical in the first and second
windows and, as Fig. 9 shows, the reaction started at the
third window. As the distance increased, the reaction
seemed to follow the local flow patterns which occa-
sionally progressed radially outwards with large struc-
tures as for example the braid in Fig. 9b and, finally,
filled the whole fifth window. The corresponding Rayleigh
pictures revealed that in a small region near the burner
axis, where the reaction was confined initially, strong
temperature gradients prevailed. However, away from the
burner these were replaced by smaller variations in that
temperature rise due to reaction seemed limited to a few
hundred degrees. When ¢ = 1.2 (Fig. 10) a very similar
pattern as the ¢ =1 case was observed. It is evident that
for both ¢ =1 and 1.2, the location corresponding to the
fourth window appears to be the distance where the
temperature gradient became the smoothest. The space-
averaged temperature distribution, Fig. 11, revealed that
it was also this location where the peak temperature
occurred. The region was considered as the major reac-
tion zone up to which the reactants were continuously
heated by the mixing process with the flue gases.
Therefore, the temperature rise due to the combustion
was significantly lower than that of a typical combustion
with a visible flame. The fact that the peak temperature
occurred further downstream on the burner axis agrees
well with the thermocouple measurements of Plessing

et al. (1998). This can be attributed to the aerodynamics
of the burner, which introduced hot flue gases upstream
of the combustion region as a third component, sup-
pressing reaction kinetics and so reducing burning in-
tensity significantly. The combustion was sustained with
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Fig. 9a-c. Instantaneous pictures of OH concentration and temperature for non-premixed combustion with ¢ = 1.0. a 5th window
centered at z = 412.5 mm; b 4th window centered at z = 312.5 mm; ¢ 3rd window centered at z = 212.5 mm

a strong flue gas recirculation, because space-averaged
temperatures were still high for the reaction zone located
far downstream from the burner. However, this would
not be the case when a visible flame, stabilized near the
burner, was lifted off. An immediate outcome of the
smaller temperature difference between the reactants and

the products should have been the lower NO, emissions
(Wiinning and Wiinning 1997).

The flow described in this study with high mixing rates
and recirculation seems very suitable, for example, for gas
turbine combustors where lean blow-out is a problem of
great importance (Saul and Altemark 1991; McVey et al.
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Fig. 10a-c. Instantaneous pictures of OH concentration and temperature for non-premixed combustion with ¢ = 1.2. a 5th window
centered at z = 412.5 mm; b 4th window centered at z = 312.5 mm; ¢ 3rd window centered at z = 212.5 mm

1993; Débelling et al. 1996). Therefore, it is also of interest dows with the emission of OH radical in regions of high
to examine if the mild combustion can be sustained with concentration. The similarity is due to the discrete intro-
premixed mixtures. Figure 12 shows some sample pictures duction of the mixture from the six peripheral jets, which
of instantaneous OH concentration for the equivalence enhanced the mixing of the fresh fuel/air with the flue
ratio of 1. It is clear that there is a close resemblance to the gases long before the reaction was initiated. Hence, when
lean non-premixed combustion (Fig. 8), in that the reac- reaction started the local equivalence ratio was already
tion takes place only between the second and third win-  lower than that at the exit.



694

1600 T T T T ]
B~ ]
1550 = - -]
e ~ - ]
1500 ./, - 3
_ -‘. h
] .
= [=1]
o 1400 | =
1400 |- —
- =1 ]
1350 | = op=12 3
1300 [ 1 1 1 1 3
0 100 200 300 400 500
z (mm)

Fig. 11. Space-averaged temperature variation away from the
central nozzle

4

Concluding remarks

The particulars of the aerodynamic design of the mild
combustion burner such as the strong shear due to the
reactants supplied from discrete jets seem crucially im-
portant for recirculating the flue gases and generating
high mixing rates. In this arrangement, the entrainment
in the close vicinity of the burner occurs with a Biot-
Savart effect, in that the flue gases are simply inducted
into the mainstream at the center, which leads to a less
intermittent process and so relatively lower values of
\/12/71. Slightly downstream, mixing effects are enhanced
with the turbulent fluctuations, and the magnitudes of the
second order moments of the residence time pdf increase
with respect to the mean values, which indicates an en-
trainment of more intermittent nature. The entrainment
of this sort causes the flue gases to partially encapsulate
the jets introduced from the six peripheral nozzles. When
the flow attains a single-jet-like structure, the large-scale
turbulent fluctuations have already formed pockets of
flammable mixture surrounded by inert gases. The reac-
tion thus initiates only away from the burner and in
disconnected regions. This is confirmed in the Rayleigh
pictures in that, in a small region near the centerline
where the reaction initiates, strong temperature gradients
prevail within the structures.

As the distance from the burner further increases, the
reaction seems to follow local flow patterns, which occa-
sionally progresses radially outwards with large structures,
resulting in a clear increase in space-averaged tempera-
ture. At these locations, due to high stretching rates of the
large structures, the flame is likely to be nearly extinct.
However, the flue gases entrained so far increase the inert
content of the fresh mixture so that chemical kinetics has
also become slow enough with time scales comparable to
the time scales of the flow. This provides sufficient time for
mixing between the reactants and flue gases, and raises the
temperature of the reactants with competing effects on
ignition. As a result, the temperature rise due to mild
combustion occurs significantly lower than that of a typ-
ical combustion. Avoiding temperature peaks thus sup-
presses the thermal NO formation.

The results also show that when the equivalence
ratio is increased with non-premixed mixtures, the
combustion takes place further downstream towards the
roof. In the case of premixed combustion of equal
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Fig. 12a-c. Instantaneous pictures of OH concentration for
premixed combustion with ¢ = 1.0. a 4th window centered at
z = 312.5 mm; b 3rd window centered at z = 212.5 mm; ¢ 2nd
window centered at z = 112.5 mm

equivalence ratio, however, the reaction starts and ter-
minates earlier.
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