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Abstracts — The present work determined the flame structure characteristics of coal syngas combusted
inside swirl burners with various nozzle types. Fuel nozzle types are largely classified into two groups of
axial and tangential. Experiments were carried out for investigating the effects of fuel nozzle geometry, fuel
composition ratio, heating rate, excess air, and degree of swirl on the turbulent diffusion flame structure. To
determine the characteristics of the flame structure, axial type fuel nozzle diameter of laboratory-scale com-
bustor is varied to 1.23, 1.96, and 2.95 mm and the direction of tangential type nozzles are varied to radial,
clockwise, and counter-clockwise. The comparison of the experimental results was performed to understand
functional parameters relating the flame structure. Data analysis showed that the vertical straight flame height
generally decreased with increasing swirl number and decreasing axial type nozzle diameter. Flame height
established with tangential type nozzle is 3 times shorter than that with vertical type. The flame structures
among the 3 different tangential fuel nozzles relatively showed no particular difference. By increasing the
heating rate, the width of flame increased generally in both vertical and tangential flame. Within the present
experimental parameters of the investigation, flame structure is mainly depends on the nozzle type of the
combustor. The visually investigated flame lengths are confirmed through the analysis of temperature profile

of each flame.

1. Introduction

Flames with swirl are often used in practical com-
bustion systems because the swirl-induced recircula-
tion zone stabilizes the flame. Many researchers have
been concerned with the swirling flame, flow without
flame, with flame, flame configuration, flame stability,
and noise emission. For the formation/emission behav-
ior of air pollutants such as NO,, CO, and hydrocar-
bons in swirling flames, studies showed that the swirl
has inconsistent effects of increasing or decreasing
NO, emission probably because of different flames
structure. As a result, detailed measurements of gas
species and temperature in swirling flames are neces-
sary to reveal the interrelation between the flame
structure and the formation and emission characteris-
tics of air pollutants. For the case of coal syngas,
emission behavior is hardly understandable because of
complicated nature of mixture combustion, especially
CO and H,.
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The H,-CO mixtures that are mainly constituents in
the coal syngas are encountered often in various
industrial processes, for example, gasification process
of various fuels and the steam reforming of fossil
fuels for the production of hydrogen. Today, trend of
the gas turbine combustor study is focused on a pre-
mixed flame with decreasing flame temperature to
minimize NO, emission rate'"™. However, modifica-
tion of combustion parameter for NO, reduction often
results in increase of CO concentration™. Also, little
attention has been paid to the processes of the emis-
sion of NO and flame temperature in relation to the
flame structure of coal syngas. In the present study,
detailed measurements of NO concentration and tem-
perature were made in six different types of flames
formed around a fuel jet surrounded by swirling air
flow, and effects of a wide range of combustion pa-
rameters on pollutant emissions were examined in or-
der to interpret the characteristics and processes of
pollutant formation and emissions as they relate to
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Fig, 1. Schematic diagram of the laboratory scale burmer apparatus.
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Fig. 2. Laboratery scale burner configuration.

diffusion burner apparatus is shown in Fig. 1. The
burner specific configuration is shown Fig 2. Cylinder
tank is used for producing predeiermined composition
of fuel gas and compressor is used for the delivery of
air. Bottled coal syngas from 3 ton/day gasifier will
be also fired for the comparison study with actual
gas, Flashback safety device is installed upstream of
fuel gas inlet point. Once the flame is established,
temperature is monitored by thermocouples. Concen-
trations of NO, and unbumed hydrocarbon are also
measured with chemiluminescent NO, analyzer and
FTIR. The shape of each flame is also recorded with
Image Capture Device.

The swirl generator consists of four tangential air
infets that mix tangential air with axial air upstream
of the burner™. The swirling coaxial airflow surrounds
a central fuel tube that injects fuel in the axial or tan-
gential direction. However, axial fuel injection is pre-
ferred to study flame stability limit because when the
tangential fuel injection is really complicated to ana-
lyze characteristics of flame with coal syngas. Also
the swirl is gradually reduced to zero, one recovers
the important case of a jet flame with coaxial air that
is documented in the literature; thus the swirl and no-
swirl cases can be properly compared. Six different
shaped fuel nozzies were used; their shapes and
dimensions are given in Fig. 3.

In these cases the ratio of the fuel tube inner diam-
eter, denoted d, to the air tube diameter d, at the
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Table 1. Physical properties on different composition fuels.

Purity/

Dynamic viscosity,

Maximum burning Mass fraction in

Gas Composition, Molgcu]ar M, at 0°C, velocity in air, stoichiometric
%oV weight micropoises S,, m/s mixture with air, 0,
Methane 99 16 102.7 0.39 0.055
Hydrogen 99 2 84.2 3.06 0.028
Carbon monoxide 99 28 166 0.136 0.289
H, : CO (1:10,99 15 182.5% 1.66" 0.179
H,: CO (F:1.5),99 17.6 184.8 1.41 0.204
H, : CO (1:2),99 19.42 185.7 1.23 0.220
H, : CO (1.5: 1,99 12.4 178.7 2.02 0.153
H, : CO 2:1,99 10.58 174.7 2.20 0.133

throat was different on the fuel nozzle shapes; the
ratio of the fuel tube inner diameter to the outer
diameter denoted d¢/ds. Eights different fuel compo-
sitions were used in the experiment and their trans-
port properties are given in Table 1, which is used
in the theoretical investigation of flame length. Pure
methane, pure hydrogen, pure carbon monoxide, a
mixture of 0.5 hydrogen and 0.5 carbon monoxide by
volume, a mixture of 0.4 hydrogen and 0.6 carbon
monoxide by volume, a mixture of 0.34 hydrogen
and 0.66 carbon monoxide by volume, a mixture of
0.6 hydrogen and 0.4 carbon monoxide by volume,
and a mixture of 0.66 hydrogen and 0.34 carbon
monoxide by volume, as listed in Table 1.

Flow rates were metered using a system of cali-
brated gas meter and 4 rotameters. Flow rates were
metered within the accuracy of 10%. Control of fuel
velocity was calculated for experimental conditions
and compressibility effects on system are considered.
That is, for most cases fuel velocity U; is determined

ofluixizet H113 M4z 200294 118

by dividing measured fuel mass flow by the fuel tube
area and by the standard density of the fuel gas. For
the data, the exit Mach number of the fuel that was
used was determined from standard compressible flow
tables and the known stagnation pressure and temper-
ature. To obtain recirculation vortex on combustion
environmental, a diverging metal quarl section is placed
downstream of the cylindrical throat. Upstream of the
tangential air inlets, the axial air profile was assumed
uniform flow. The principal experimental parameters
are fuel heating rate, swirl number, fuel composition,
nozzle type, primary air, and secondary air. The pri-
mary air is defined by subtracted secondary air flow
rate from the total air flow rate, respectively. Total air
flow rate is the sum of the primary and secondary air
flow rate. Detailed profiles of concentrations of NO
and temperature in typical flames and exhausted gas
species concentrations are measured. The combusted
gases are sampled with a quartz probe (I mm in inner
diameter). The probe is made as thin as possible to
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be 6 mm in outer diameter, in order to minimize the
disturbance of the flow, especially in the recirculation
zone. The sampled gases are cooled with the condens-
ing unit before analyzing concentration measurement
unit. NO and NO, are detected by a chemilunines-
cence detector equipped with an NO,-NO converter.
Other gas species noted above are analyzed by a FI-
IR. Gas temperature is measured by a thermocouple
(Pt.-Pt. Rh. 13%, 0.3 mm in diameter) coated with
MgO. Radiation loss is not considered in the temper-
ature measurement.

3. Results and Discussions

3-1. Flame Configuration of Axial Type Nozzle

The flame characteristics of axial nozzle type are
investigated while the swirl numbers and nozzle type
are varied and keeping the fuel heating rate, the fuel
composition and total air flow rate constant®. The
flame shape images are shown in Figs. 4~6. The
experimental conditions of Figs. 4~6 are constant fuel
heating rate (1,000 kcal/hr), fuel volume compositions
(CO:H,=1:1), and total air flow rate (13 I/min: stoichi-
ometric condition). The varied combustion parameters
are noted in the figure caption. The decrease of the
flame length is notified with increasing input fuel
bulk velocity.

Because of the relatively rapid fuel bulk velocity
contributed to fuel mixing with air. The right side
images of the Figs. 4~6 are flames with higher pri-

Fig. 4. Photographs of the axial type 1 (Left Side:
Swirl number=0, Right Side: Swirl number=1).

Fig. 5. Photographs of the axial type 2 (Left Side:
Swirl number=0, Right Side: Swirl number=1).

Fig. 6. Photographs of the axial type 3 (Left Side:
Swirl number=0, Right Side: Swirl number=1).

mary air flow rate than that of the left side. Gener-
ally, the recirculation bubble plays an important role
in flame stabilization by providing a hot flow of re-
circulated combustion products and a reduced velocity
region where flame speed and flow velocity can be
matched. Toshimi et al reported that the swirling pri-
mary air serves to form a recirculation zone and the
position and the size of the recirculation zone of the
reversed cone shape is drawn back into the primary
air nozzle and extends downstream from the primary

air nozzle tip for the flame".

However our experi-
mental quarl equipment in combustor diminished in
flame width expansion. In other words, the position

of recirculation zone is relatively smaller than that by

Energy Engg. J (2002), Vol. 11(4)
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Fig. 7. Temperature profiles for axial type nozzles
(1,000 kcal/hr, S: 0).

Toshimi e al’s experiment. Again, our flame recircu-
lation zone was located in the divergent quarl. The
recirculation zone is filled with high-temperature bumnt
gas to anchor the flame and the fuel flows mainly
around the recirculation zone forming a fuel. Consid-
ering swirl number effects in Figs. 4~6, increasing
swirl number affected decreasing flame length and
increasing flame width. Figures. 7~10 showed tem-
perature profile of the flames with equivalence ratio,
@, fuel heating rate, and swirl number, S variation for
axial type nozzle experiments. The radial position
was defined by the radial distance from the nozzle tip
centerline that was divided by the quarl radius, 16.1
mm. The temperature measurement for the axial type
3 was excluded. Because the flame of the axial type
3 nozzle was not formed stable flame within some
kinds of experimental conditions. But a tendency of
the axial type 3 temperature profile is nearly similar

ofiLiXISst 113 M4z 200244 118
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Fig. 8. Temperature profiles for axial type nozzles
(1,000 kcal/hr, S: 1).

to other axial type temperature profile. The variation
of equivalence ratio in Figs. 7~10 was cited on a
parenthesized passage in figures. Considering the equi-
valence ratio variations, change of the equivalence ratio
was relatively small affected the flame structure. Con-
sidering the swirl number, increasing the swirl num-
ber is accompanied with decreasing the flame height
and expanding the flame width. Increasing the fuel
bulk velocity, the flame domain gradually got small.
Considering radial temperature profiles, the fuel layer
burns to form flame around the recirculation zone
that causes the sudden drop of the flame temperature
in below radial position 1.

Comparing the radial position, 0 of Fig. 7 with Fig.
8, the centerline flame temperature profile not showed
specific difference regardless of the variation of swirl
intensity. Figures. 9 and 10 showed same temperature
profile. However, considering over the domain of
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Fig. 9. Temperature profiles for axial type nozzles
(2,000 kcal/hr, S: 0).

1,000°C on the radial position, 0 among the Figs. 7~
10, Figs. 8 and 10 that operated at 2,000 kcal/hr have
relatively Jarge flame width. Also the temperature pro-
files of the radial position, 1, showed the same ten-
dency except the Fig. 8. Because the heating rate of
Fig. 8 case is too small, the flame was located in the
quarl section. So the recirculation zone was strongly
formed in quarl section. For the reasons of these ten-
dencies, the fuel layer around the recirculation zone
in quarl section burns at the downstream section after
dilution by the excess air.

3-2. Flame Configuration of Tangential Type
Nozzle

The radial types of flame shape on the variation of
axial position in quarl section are shown in Fig. 11.
The radial nozzle tip was set quarl angle start posi-
tion, whose position value is 0. The position value is
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Fig. 10. Temperature profiles for axial type nozzles
(2,000 kcal/hr, S: 1).

Position value : 0 Position value : 0.5

Position value : 1.2

Position value : 0.9

Fig. 11. Flame shapes of radial type nozzles (equi-
valence ratio: 1, swirl number: 1).

defined by nozzle tip length from the angle start posi-
tion divided by the quarl vertical length, 15 mm. The
position value in Fig. 11 was cited below each figure.
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The nozzle tip position really affected flame structure.
The position values of 0.9 and 1.2 minimized flame
height but flame width suddenly expanded. So our
tangential type nozzle position was set position value
0.5. The tangential types of flame temperature pro-
files are formed when the swirl numbers, fuel heating
rate, and nozzle type are changed on keeping the fuel
composition and stoichiometric air flow rate. The
flame temperature profiles are shown in Figs. 12~15.
In Fig. 12, the symbols colors were classified nozzle
type: the white symbols are radial type, the black
symbols are clockwise type, and the gray symbols are
counter-clockwise type. Also symbol shapes were de-
scribed the radial position: the diamond shapes are

radial distance, Omm, the rectangular shapes are
radial distance, 5 mm, triangular shapes are radial dis-
tance, 8 mm, and circular shapes are radial distance,
16.1 mm. The changed other flame conditions are noted
in the figure caption. Considering flame temperature
profiles, the flame heights of the tangential type noz-
zles are about 3 times smaller than those of the axial
type. The flame heights deviations of CO/H, ratio on
the same fuel nozzles are not showed specific differ-
ence and the variation of tangential type nozzles show
the same tendency as before. The increasing swirl
numbers affected decreased flame height and broaden
the flame width. The increasing heating rates affected
increased flame height and broaden the flame width.
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Fig. 12. Temperature profiles for tangential type nozzles (1,000 kcal/hr, Swirl number: 0).

1400

Flame Tem perature {('C)

—e— Radial (Radial position : D)
M Radiel (Rad:al position - 03)
4 Radial (Radwal positon QS)

--#-- Radiet (Radia) position 1)

—-— CW (Radial position . 0)

a W (Radial position - 03)
A CW (Radial position  0S)

400 --%-- CW (Radial pasition : 1)
— — CCW (Radial positan  0)
200 CCw (Radia! positon 03}
CCW {Radial posiban 08}
0 - -~ CCW (Radisi posibon 1)
Q 2 4 g 8 10 12 14

Axial Distance {cm)

Fig. 13. Temperature profiles for tangential type nozzles (1,000 kcal/hr, Swirl number: 1).
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But the swirl number variation effect on the flame
structure relatively lower than the fuel heating rate
variations. Considering the radial temperature profiles,
the radial temperature variations of .the tangential type
relatively lower changed than axial types. Because the
fuel layer burns to intersect the air stream, which was
formed by swirl number variation. Therefore the
flame structure mainly depends on the nozzle shape
and nozzle tip position. Also the fuel heating rate and
air flow rate can affected the flame structure within
same nozzle shape and tip position. The fuel compo-
sition and swirl number are relatively minor factor

on the flame structure limited in our experimental

conditions.

4. Conclusions

A study of flame structure was using conducted
simulated coal-derived syngas. The experiments were
performed using selected nozzles with different diam-
eters and shapes, and operation conditions. The fol-
lowing conclusions were made: 1) The structure of
the flame formed around a fuel jet surrounded by
swirling air is characterized by the mixing and com-
bustion of the fuel layer flowing around the high-tem-
perature recirculation zone. The flame configurations
arise according to the nozzle shapes. 2) In axial type
nozzles, the flame heights of smaller diameter nozzles
were longer and the flame widths relatively narrowed.

Energy Engg. J (2002), Vol. 11(4)
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Accordingly, the nozzle diameter would appear to be
the key parameter determining the flame structure. 3)
In tangential type nozzles, the flame structure is
depended on the fuel heating rate and air flow rate.
The swirl number variation affected the flame struc-
ture more or less. Accordingly, the fuel flow rate
would appear to be the key parameter determining the
flame structure. 4) Compared to nozzle types, the
flame heights of the tangential type nozzles are about
3 times smaller than those of the axial type. The
radial temperature profiles of the tangential type are
more uniform than the axial type. The swirl effects
on the flame structure are minor factor in our exper-
imental conditions.

Acknowledgements

The authors would like to express special thanks to
the researchers at the Plant Engineering Center, Insti-
tute for Advanced Engineering (IAE) for their helpful
comments during the course of this work. Financial
support was received from the R&D center of the
Korean Energy Management Corporation through the
Energy R&D program of the Korean Ministry of
Commerce, Industry, and Energy.

oxiSEr M1 M4z 20029 112

References

. Gore, I.P, Ph.D.: Thesis, Pennsylvania State Univer-

sity, USA (1986).

. Wohl, K., Gazley, C. and Kapp, N.: Third Sympo-

sium on Combustion and Flame and Explosion phe-
nomena, p. 288, Williams & Wilkins, Baltimore
(1946).

. Delichatsios, M.A.: Combustion and Flame. Sci., 92,

349 (1993).

. Turmns, S.R.: An Introduction to Combustion, 1" Edn.,

p. 421, McGraw-Hill, Singapore (1996).

. Miyasato, M.M.: MS. Thesis, University of Califor-

nia at Irvine, USA (1993).

. Robert, C.R., John, M.P. and Bruce, E.P.: The Prop-

erties of Gases and Liquids, 4" Edn., P. 388,
McGraw-Hill, New York (1987).

. Scholte, T.G. and Vaags, P.B.: Combustion and

Flame. Sci., 3, 495 (1959).

. Choi, B.C. and Kim, H.T.: Korean Society of Energy

Engineering, Fall Meeting, p. 37, Daejeon, Korea
(2001).

. Toshimi, T. and Tatsuyuki, O.: Combustion and

Flame. Sci., 43, 69 (1981).



