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Dilution Effects on the Combustion and Extinction of

Opposed-jet Syngas Diffusion Flames
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Abstract

The dilution effects on the combustion, emissions, and extinction characteristics of
opposed-jet syngas diffusion flames were studied in this paper. A model of
one-dimensional counterflow syngas diffusion flames was constructed with constant
strain-rate formulations, which used detailed chemical kinetics and thermal and
transport properties with flame radiation calculated by statistic narrow band radiation
model. The dilution effects from three diluents (CO,, H,O, N,) on flame structures,
NO emission, and extinction limits of H,/CO synthetic mixture flames were discussed.
It was found that the maximum flame temperature is decreased the most with CO, as
the diluents, which leads to a significant reduction of NO formation from Zeldovich
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route. However, CO-rich syngas flame with H,O dilution has the lowest NO
production rate, due to a reduced reaction rate of NNH+O—NH+NO, but highest
flame temperature at extinction due to the competition between chemical effect and
radiation effect. The flammability maps were also constructed with strain rates and
dilution gases percentages as the coordinates. By adding dilution gases to make the
syngas non-flammable, besides the inert effect from of diluents, the chemical effect of
H,O contributes to higher flame temperature, while the radiation effect of H,O and
CO; plays an important role in the flame extinction at low strain rates.

Keywords: syngas flames, opposed-jet diffusion flames, dilution effect, flame
extinction.

1. Introduction

Syngas or synthetic gas, which generally contains H, and CO as the main fuel
components, has drawn a lot of attention recently, particularly for stationary power
generation with IGCC (Integrated Gasification Combined Cycle) technology [1, 2].
The syngas can be formed through gasification processes [3, 4], and can be produced
from many kinds of fossil fuels and solid combustibles, such as coal, biomass,
refinery residual and even municipal waste. As the energy demand and environmental
concerns continue to grow, syngas is expected to be one of the promising fuels prior
to a complete hydrogen-economy society. However, there is a considerable variation
of H,/CO ratio with the rest being primarily N2, CO,, and H,0O. These three diluents
may be present or introduced in the syngas mixture during the gasification and
refining processes. Regardless of the definition differences in the study of dilution
effects in the past, here the possible dilution effects on the flames are categorized as:
(1) inert effect, (2) thermal/diffusion effect, (3) chemical effect and (4) radiation
effect. First, the inert effect means the addition of the diluents serves as an inert gas
that simply reduces the concentrations of the reactants relatively, so that the overall
reaction rate decreases. Second, the thermal/diffusion effect indicates the changes of
the thermal and transport properties of the syngas mixture due to the presence of the
diluents. The flame temperature and species distribution are then altered. Third, the
dilution gas is not completely chemically inert and it is involved in the chemical
reaction itself. Fourth, H,O and CO; are strong radiation-participating gases compared
to N, and radiation is one of the important heat transfer modes involved in the
diffusion flames, especially for the flames at low stretch rates or under low-speed
convective flows.

There is a fair amount of research dealing with the dilution effects of H,/CO
syngas fuels. For the premixed syngas/air combustion, the dilution influence on
laminar flame speed (or mass burning rate), flame stability and flammability are the
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primary concerns [5-8]. Some previous research works have investigated H,/CO
syngas diffusion flames with dilution gases, but they may or may not focus on the
dilution effects. For example, Drake and Blint [9] numerically examined the effect of
flame stretch on the NOy formation in opposed-flow diffusion flames with CO/H2/N,
fuel. Park et al. [10] numerically studied the addition effects of CO/CO; in Hy/Ar fuel
on the flame structure and NO emission in counterflow diffusion flames. More
concentrated on the study of dilution effects, Giles et al. [11] investigated NOy
emission characteristics of syngas diffusion flames with air-stream dilution. Two
representative syngas mixtures with equal molar percentage of H,/CO were simulated
and three diluents, N, H,0O, and CO; in air were considered. Considerable research
efforts have been made in studying the flame characteristics of H,/CO syngas
diffusion flames diluted with CO, by Park et al. [12-14]. The preferential diffusion
effects of H, on flame behavior were examined for two representative Hy-enriched
and CO-enriched H,/CO syngas diffusion flames. The radiative heat loss effects and
the chemical effects of added CO, as diluents on the flame extinction of H,/CO
syngas diffusion flames were also studied. Recently, a numerical model of opposed-jet
diffusion flames coupled with narrowband radiation model was used to study the
combustion, flame extinction, and NOy emission characteristics of counterflow syngas
diffusion flames by Shih and Hsu [15, 16]. Besides the effects of syngas compositions
and pressures, the dilution effects from three diluents of CO,, H,O, and N, were also
examined. All these previous studies indicate the dilution effects could be so complex
that involves in the combustion system with various contributing effects from inert
effect, thermal/diffusion effect, chemical effect, and radiation effect. Therefore, in this
work, we attempt to investigate the dilution effects on the combustion extinction, and
NOx emission of H,/CO syngas diffusion flames.

2. Mathematical and Numerical Models

2.1. Opposed-jet diffusion flames

The physical model considered here is a counterflow, axisymmetric laminar
diffusion flame stabilized near the stagnation plane of two opposing jet flows, as
shown schematically in figure 1. Two equivalent formulations of the problem exist in
the literature [17]: one specifying the flame strain rate (or stretch rate) and the other
the jet exit velocity and the distance between two nozzles. The constant strain rate
formulation is utilized in this paper, and a constant strain rate, defined as the radial
gradient of the radial velocity at the fuel boundary is assumed. The detailed
mathematical formulations and governing equations can be found in [18]. Fuel and
oxidizer jets are located at negative and positive sides in the axial coordinate,
respectively. The fuel is the CO/H, mixture as the syngas, and the oxidizer is air. The
dilution gases such as CO,, H,O and N are added at the fuel side for the discussion of
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the dilution effects.

Oxidizer

Stagnation /,"V_(;:-o_);o_'.. R X

plane

Figure 1. Schematic of opposed-jet diffusion flame

A comparison of different radiation treatments for one-dimensional diffusion flames
has been made in the past, indicating that optically thin and gray gas models are
inadequate for quantitative predictions [19]. In this work, a statistical narrowband
model with the exponential tailed inverse line strength distribution is used to calculate
the radiative properties of the participating gases assumed in the calculations (CO, CO,,
and H0). The combination of detailed kinetics with a narrowband radiation mode
provides more accurate prediction on the flame structures and extinction limits
quantitatively, which was also used by Daguse et al. [20] for N,-diluted Hy/air diffusion
flames at 1 atm pressure and by Shih et al. [21, 22] for H,/O, diffusion flames with CO,
dilution.

The narrowband model enables one to calculate spectrally averaged emissivity and
absorption coefficients within a small wavenumber range and it is the most accurate
other than line-by-line calculations. The nongray radiative transport equation for an
absorbing and emitting medium written in terms of the mean transmittance over a
narrowband is solved, where both collision and Doppler broadening are considered. The
collision half-width and the line spacing parameters are taken from Soufiani and Taine
[23]. More details on the narrowband model can be found in [24].

2.2. Numerical methods

The opposed-jet constant-stretch diffusion flame equations were solved and
coupled with the narrowband radiative transfer equations. The calculations were carried
out with a code revised from OPPDIF program by Lutz et al. [25] for opposed-jet
diffusion flame configuration. This program was converted from the constant velocity
formulation to the constant strain rate formulation, and radiation heat transfer is
accounted for by statistical narrowband solver. In the code, upwind and central
difference schemes are used for the convective and diffusion terms, respectively. The

nongray narrowband radiative transfer equation was solved with the Sg discrete
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ordinates method [24]. A 20-direction Gaussian quadrature set was used. The radiation
participating gaseous species included are CO, CO,, and H,0.

The solution of the governing equations also requires the knowledge of transport
coefficients (A, ) and the thermodynamic properties (Cp, Cpk, hi). These data were
determined using the CHEMKIN and TRANSPORT package [26, 27]. Both ordinary
and thermal diffusion were considered. The detailed kinetics was taken from GRI 3.0
[28]. The Variable grid distribution was used and the grid sizes were adaptable, which
are controlled by specifying the acceptable first and second gradients in the solution.
The difference between the present results and the ones with much more stringent
gradient specifications is minimal. A grid independence check has been performed.

3. Results and Discussions

3.1. Dilution Effects on Flame Structures

In the model calculations, detailed flame structures and net reaction rates at
different dilution gas percentages are examined for CO-rich (20% H,, 80% CO) and
Hy-rich (80% H,, 20% CO) syngas flames at normal atmosphere. Figure 2 presents
the variations of maximum flame temperatures with three dilution gases (CO,, H,O
and N,) for CO-rich syngas flames at strain rates of 10 and 1000 s, which represents
the cases of low-stretch and high-stretch flames respectively. Results show the
maximum flame temperatures continually decrease when the mole fractions of
dilution gases increase.

2500

——— strainrate, a = 10 (1/s) P=1atm

- - strain rate, a = 1000 (1/s) Temperature = 300 K

Syngas + Dilution / Air

Syngas : 20% H, + 80% CO

2100

m CO,
® H,0

A N,

17004~ ..

Tmax (K)

1300

extinction

extinction

900 i —_—
0 0.25 05 0.75 1

Mole fraction of dilution

Figure 2. Variations of maximum flame temperature with dilution for CO-rich syngas
flames at strain rates of 10 s™ and 1000 s,

At the same dilution percentage, the maximum flame temperature of the low
stretch flame decreases the most by adding CO,, followed by H,O and N,. However,
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at the high strain rate, the maximum flame temperature of CO,-diluted syngas flame
still drops the most, but it decreases much less with H,O as the diluents. In addition,
the flame extinction limits in terms of the dilution gas percentage, where the
minimum mole fraction of dilution needed to extinguish the syngas flames, can be
reached with less CO, compared to the others. The highest dilution percentage for
flame extinction is obtained by N, dilution at both high and low strain rates, but
H,O-diluted syngas flame has the highest maximum flame temperature when flame
extinction occurs, which has also been found for lean-premixed syngas flames in
recent study [29].

Figure 3 then shows the variations of maximum flame temperatures with dilution
gases for H-rich syngas flames at strain rates of 10 and 1000 s™. Similar trends have
been found that the maximum flame temperatures decrease with increasing mole
fractions of dilution gases, and the temperature drops the most for CO, dilution. In
addition, adding the same amount of dilution gases, the maximum flame temperature
decreases much less with H,O as the diluents at the high strain rate, although not as
obvious as that for CO-rich syngas flames in figure 2. There are two possible reasons
for H,O-diluted syngas flames to behave so interesting. First, the existence of CO may
inhibit the most important chain branching reaction of H+O,—0O+OH [30]. With H,O
addition, the reaction of OH+CO—H+CO, increases, which then promotes the chain
branching reaction and overall reactions. Consequently, the maximum temperatures
decrease less with H,O addition, and the extinction limit is now extended closer to that
of N-diluted gas.

2500

P =1atm
Temperature = 300 K

Syngas + Dilution / Air

Syngas : 80% H, +20% CO

2100

= Co,

o

)

s
"

® HoO

AN,

Tmax (K)

1300

extinction

strain rate, a = 10 (1/s)

...... strain rate, a = 1000 (1/s) extinction

1700 |-

oo b
0.25 0.5 0.75 1

Mole fraction of dilution

o

Figure 3. Variations of maximum flame temperature with dilution for H,-rich syngas
flames at strain rates of 10 s and 1000 s™.



Second, CO, and H,0O are radiation-participating media. Radiation heat loss from
those species would cause the flame temperature to drop, and the decrease of
temperature is more pronounced for flames at low strain rates. Therefore, the chemical
effect of H,O dilution enhances the overall reactions, especially for the CO-rich syngas
flame, which increases flame temperature and extend the extinction limit. But the flame
temperature of H,O-diluted syngas flame become lower than that of No-diluted flame at
lower strain rate due to the radiation effect from H,O dilution.

Evidence can be seen in figure 4, where the chemical heat generations and the
ratios of radiation heat loss to the chemical heat generations (R/C ratio) for CO-rich
syngas flames with dilutions are shown. Results indicate the heat generations are
larger for high-stretch flames, and it decreases with increasing dilution percentage due
to the inert gas effect. At the same percentage of dilution, the heat generation is the
largest with H,O as the diluents, attributed to the chemical effect from H,O. On the
other hand, the R/C ratios demonstrate the radiation heat loss has a more significant
role at low strain rate. With N, dilution, the R/C ratio gradually decreases with
increasing the percentage of dilution. However, for H,O and CO; dilution, it exhibits
some non-monotonic behaviors. The ratios could slightly increase at intermediate
dilution percentages and then drop quickly before flame extinction. Although CO, gas
IS a stronger radiation-participating media than H,O, both the production rates of H,O
and CO, are beneficial from the addition of H,O. Therefore, with H,O addition, the
ratio of radiation heat loss over the chemical heat generation is the largest rather than
that from CO; dilution.

15 150 0.12 0.0025

Syngas + Dilution / Air

Syngas : 20% H, + 80% CO | a=10(1s)
T B kS
| I

- a=10(s)
- m co,

o Ho ||
AN,

0.1 ¢
=1 0.002

=] 0.0015

F~
\:\ i
NI

&

X

a=1000 (1/s)

R/C ratio

=1 0.001

Chemical heat generation (W/cm?)

extinction
=] 0.0005

extinction |

extinction

LA B N L R N L B o B L N B Y BB B

extinction (@)

\\\\'\\\\'\\\\'\\\\50 0 i IR BRI R
0 0.25 0.5 0.75 1 0.25 0.5 0.75 1

Mole fraction of dilution Mole fraction of dilution

=)

Figure 4. The comparisons of chemical heat generation and R/C ratiofor CO-rich
syngas flames with dilution gases at strain rates of 10 and 1000 s™.
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3.2. Dilution Effects on NOy emissions

Figure 5 and figure 6 show the variations of NO production rates from the main
reactions with different mole fractions of dilutions for H,-lean and Hy-rich syngas,
respectively. Four categories of reactions are discussed, which includes the NO
formations from N, directly (reversed R178: N,+O—NO+N), through N,O-,
NNH-intermediate and N species (R179: N+O,—NO+0O, R180: N+OH—NO+H). In
figure 5, even with dilution, NO is produced mainly through R179 and R180, and all
the NO production rates from these reactions for H,-lean syngas decrease with
increasing the dilution percentages. At the same dilution percentages, the NO
production rates for these reactions discussed are still the highest with N-dilution, but
when using H,O as the diluent, it shows a significant decrease for the reaction
sequences from NNH to NO. The reduced reaction rate of R208 (NNH+O—NH+NO)
is believed to be the reason why NO mole fraction decreases the most with
H,O-dilution despite the flame temperature and thermal NO production from the
reversed reaction of R178 (N, +O—NO+O) are decreased the most with CO,-dilution.

8E-09 2E-09
[ | @ N, > NO P=1lam [ | ®)N,0 5 NO —e— CO,
g - Temperature = 300 K g - — e - HO
Qo 9 , K
= x - train rate, a = 10 (1/s) ° n \* .
S 6E-09 strain rate. R S 1.5E-09 |- Ny — e - N,
oS A Syngas + Dilution / air S .
g ) - —‘ Syngas: 20% H, + 80% CO g > B
(S 4E-09 1= —e— CO, 9 1E0o |
e 3 B — o - HO o - [
2 B e -
S He.00 = - @ =N ° B
8 E 2E-09 |- . 2 .% E sE10 -
§ B exlt‘lnct‘\on H B
< B < B
S or S o
L 1 I | I | . L . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Mole fraction of dilution Mole fraction of dilution
6E-09 2.5E-08 =
- : (c) NNH - NO ——e— CO, - - | (d)N—>NO —e— CO,
2 | - & =-H,0 2 2E-08 = - @ = H,0
S - - e -N, £ 3 - e =N,
5 4E-09 |- K F\
S % | S @ 15608
ol B O -
z 5 i z 5 B
o= Qe E 1E-08 —
=z % 2E-09 c 2 s
2 e S e [
5 <= 5 <= 5E-09 =
2 = =
< < -
8 0 8 =
- 1 1 1 L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Mole fraction of dilution Mole fraction of dilution

Figure 5. The contribution to NO production from main reactions at different dilution
percentages for H,-lean syngas flames.

Figure 6 then compares the variations of the NO production rates from these
particular reactions for Hp-rich syngas at different mole fractions of dilution gases.
Except the NO production from N,O-intermediate, where the production rates exhibit a
non-monotonic behavior over the dilution percentages, the production rates of NO from
other reactions continually decrease with increasing mole fraction of dilutions. Since
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the thermal NO route (reversed R178, R179, R180) is dominant, the Hy-rich syngas
with N, dilution has the highest temperature and NO production rate. The interesting
responses of the N,O-intermediate route to the dilution gases are due to the competition
between forward and backward reactions of R199 (NH+NO=N,O+H). When forward
reaction prevails, NO is converted to N,O for H,-rich syngas flame, however, when
backward reaction rate is larger, NO is produced through the N,O-intermediate route as
that for H,-lean syngas. Therefore, at a small amount of dilution gases, the backward
reaction rate of R199 is larger than that of forward reaction rate, consequently, NO
production rates increase with the percentage of dilution.
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Figure 6. The contribution to NO production from main reactions at different dilution
percentages for H,-rich syngas flames.

The phenomenon is then reversed when the dilution percentage becomes large,
that is, NO production rates decrease with increasing dilution percentage. However,
the non-monotonic changes of NO production rates from N2O-intermediate are
different with the type of dilution gases. At smaller amount of dilution, CO2-diluted
syngas produces more NO through N20O-intermediated than other dilutions, but at
higher dilution percentage, N2-diluted syngas creates more NO instead. The
differences may come from several aspects though. First, when adding a small amount
of CO2, the CO2 gas is not totally chemically inert, and it can be converted to CO
near high temperature region through one of the primary CO reaction mechanism in
backward direction: reversed R99 (CO2+H—CO+OH). The H2-rich syngas actually
becomes leaner, and for leaner-H2 syngas, NO is produced more through
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N20-intermediate, therefore NO production rate from N20-intermediate increases the
most with CO2 as the diluent. On the other hand, at higher dilution percentages with
N2, N20 is then produced more with enhanced reaction rate of reversed R185
(N2+O(+M)—N20(+M)) compared to that with CO2 and H20O diluents. The NO
production rate with N2 dilution is then the highest among these three diluents.
Overall speaking, the NO production rate drops the most with CO2 as the dilution. It
is attributed to the reduced flame temperature and NO formation from thermal route
(reserved R178, R179 and R180).
3.3. Dilution Effects on the Flame Extinction

To determine the dilution extinction boundary in this study, an equal-molar
H2/CO syngas (50%H2, 50%CO) are computed with various diluents on the fuel side
of the opposed jet. The dilution extinction boundary is constructed in figure 7 with
strain rate and dilution gases percentage as the coordinates. Two groups of inversely
U-shaped curves are obtained. One is for fuel-side diluted syngas combustion in air,
and the other is CO2 dilution on both fuel and oxidizer sides, just for reference.
Apparently, with dilution gas on both sides, the flammable range is narrower. In
addition, the dilution percentages drop drastically for quenching limits at lower strain
rates compared to those for blowoff limits at higher strain rates, indicating the
significance of radiation effect than chemical effect from the diluents for
low-stretched flames. More importantly, the limiting dilution percentages for
quenching extinction drop the most with H,O dilution, but it decreases the most with
CO,, dilution for blowoff extinction. A crossover of extinction boundaries between
CO; and H,0 dilutions are found and the reasons require further investigations.
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Figure 7. Flammability boundary constructed with strain rates and dilution gas
percentages for equal-molar syngas.
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The dilution effects analyses are made to explain the crossover and the same
approaches are applied as described in Ref. [31], where the dilution effect were
categorized as four individual effects: inert effect, thermal/diffusion effect, chemical
effect, and radiation effect. Figure 8 plots the variations of maximum flame
temperature versus dilution percentage of three dilution gases (N,, CO, and H,0) for
equal-molar H,/CO syngas fuel at low strain rate of 0.1 s™. Results show the
maximum flame temperature continually decreases with increasing dilution
percentage until flame extinction by quenching. The peak flame temperature drops the
most for H,O-diluted flames, followed by CO, and then N, dilution. The extinction
dilution percentage with N»-diluted syngas fuel is the highest, and it is least with H,O
dilution. To distinguish the individual effects on the extinction limit, first we assume
that CO,, H,0, and N are inert gases with the same thermal and transport properties
as the syngas fuel. Therefore, at the strain rate of 0.1 s™, 89.3% dilution is needed to
extinguish syngas flames regardless the types of diluents. The differences in the
extinction dilution percentages then come from the thermal/diffusion, chemical, and
radiation effects, and the radiation effect contributes to flame extinction significantly
among them. Normally, CO, gases are more active in radiation participation than H,0.
However, adding H,O can produce more OH radicals through the reactions of
H,O+H—H,+OH and H,O+O—OH+OH. This actually leads to the promotion of CO,
production rate through CO+OH—H+CO,. Therefore, the H,O-diluted flame has
larger amounts of radiatively species including CO,, CO and H-,0O, despite CO, gases
is more radiative and less reactive than H,O. With H,O addition, the flame
temperature before extinction is highest due to chemical effect, but the lowest
extinction dilution percentage at lower strain rates attributes to the radiation effect.
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Figure 8. The dilution effects analysis for equal-molar syngas at strain rate of 0.1
(1/s).
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Further dilution analysis was made for the flame at high strain rate of 1000 s™ to
provide the comparisons and better understanding of the crossover. The results are
shown in figure 9, where the peak flame temperature drops the most for CO,-diluted
flames, followed by N, and then H,O dilution. N,-diluted syngas fuel has the highest
extinction dilution percentage, and CO; dilution has the least. Results indicate 62.5%
dilution is required for syngas flame extinction from the inert effects. For CO;
dilution, the thermal/diffusion, chemical and radiation effects all favour flame
extinction, and thermal/diffusion effect actually contributes the most with higher heat
capacity. Flame goes out earlier due to lower flame temperature at very high CO,
dilution percentage. On the other hand, although H,O dilution assists flame extinction
with chemical and radiation effects, especially from chemical effect, the
thermal/diffusion effect can extend the extinction dilution percentage. As for
No-diluted syngas flames, the flammability is extended mainly by the
thermal/diffusion effect. Consequently, the maximum extinction dilution percentage
for syngas flames at high strain rates is the highest for N dilution, followed by H,0O
and CO,. This is quite different from the flames at low strain rate and the crossover of
H,0O and CO; extinction boundaries are then well explained.
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Figure 9. The dilution effects analysis for equal-molar syngas at strain rate of 1000
(1/s).

4. Conclusions
The dilution effects on the combustion and extinction of H,/CO syngas mixture
indicate the overall chemical reactions are inhibited due to inert gas effect of dilution
gases. At a low strain rate, the flame temperature is lower and the dilution percentage
for flame extinction is higher with CO, and H,0O as the dilution gases. However at a
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high strain rate, the flame temperature of H,O-diluted syngas flame is the highest and
its dilution percentage for flame extinction is then close to that of N,-diluted flame,
because the chemical effects of H,O are more conspicuous than radiation effects. The
dilution effect analysis indicated the shift of the lowest extinction dilution percentage
from CO, to H,0 dilutions at lower strain rate is attributed to the radiation effect. The
dilution effects on NO production rates indicate, for Hy-lean syngas flame, the NO
production rate for CO,-dilution is slightly higher than that with H,O-dilution. It is
because the H,O-diluted syngas reduces the reaction rate of R208
(NNH+O—NH+NO), which causes a significant decrease in NO production from
NNH route, despite a higher flame temperature and thermal NO production for
H,O-diluted syngas flame.
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Abstract

In this study, combustion characteristics of inverse methane jet diffusion flames
were investigated using a coaxial Jet burner. The results showed that as the fuel
(methane) stream velocity (V) are fixed, the gradual increase in the center stream (air)
velocity (Va) will result in the transition of inverse diffusion flame from a single
cone-shaped flame (Type A) to a double cone-shaped flame (Type B) to a M-shaped
flame with inner and outer open tips, so-called Type C flame, to a Type D flame with
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lifted inner flame. When V¢ is kept constant, flame height decreases with increasing
Va. As Ve was fixed, the critical velocities of center air stream (V) corresponding to
the occurrence of Type B, Type C and Type D flames increased with the hydrogen
concentration in the methane/ hydrogen mixture.

Keyword: Inverse diffusion flame, Flame appearances, Coaxial jet burner, Hydrogen
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Abstract

The objective of this study is to compare the spray characteristics of aged
injectors using diesel/bio-diesel with a new one based on the spray pattern and
performance of the injectors r. The experiments are conducted using a 6-holes injector
manufactured by BOSCH. The fuel is injected into the chamber and is measured using
laser-based imaging technique. The measured spray characteristics in environments of
different pressures can suitably provide bases for diesel engine modifications and
fesibility verification for bio-diesel applition.

Keywords: Bio-diesel, laser diagnostics, PIV, spray
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Abstract

Kinetic mechanisms for biodiesel are of great interest for both fundamental
research and industrial development. Understand how to reduce detailed mechanisms
without losing the prediction accuracy is the main challenge to develop computational
fluid dynamics and multi-zone models with detailed chemical kinetics for simulations
of reacting flow and internal combustion engines. The aim of this paper is to present a
novel reduced pyrolysis mechanism for methyl butanoate (MB), the smallest ester
with a structure similar to the ones of biodiesel fuels. Based on the Principal on the
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Principal Component Analysis (PCA), the original mechanism composed of 267
species and 2054 reactions has been reduced to various levels for proper
understanding the trade-off between the mechanism size and its prediction capability.
The PCA, which uses a sensitivity analysis for each reaction, is able to eliminate
unimportant species and reactions from the original mechanism based on the criteria
that weight the contribution of each reaction to selected reactor operating conditions.
From a pool of reduced MB mechanisms, we have been able to identify a
computationally economical reduced mechanism that is able to well reproduce shock
tube experimental data over a wide temperature range of 1200 to 1700 K.

Keywords: Principle component analysis, Mechanism reduction, Methyl butanoate,
Pyrolysis.

1. Introduction

The great concerns over the disadvantages of fossil fuels, including diminishing
resources, greenhouse gases and other pollutants, have raised the strong interest in the
application of alternative fuels as a renewable source of energy for road transport,
aviation, and electricity generation. One potential solution as an alternative fuel is
biodiesel, which is considered as CO, neutral. Most commonly, biodiesel produced
from local crops, such as soybeans, rapeseed, palms, olives, or sunflowers is
comprised primarily of fatty acid methyl esters (FAMEs, -C(=0)-O-CHj3) [1, 2]. In
terms of power system costs, biodiesel has the advantage of being generally
compatible with current combustion technologies and fuel infrastructure [3, 4].

Chemical kinetic modeling, which enables detailed chemical analyses on
pyrolysis and oxidation characteristics of fuels, is one way to greatly increase the
efficiency of studying a variety of biodiesel-powered combustors. Because of the
biodiesel complexity and molecular size, direct kinetic modeling of its combustion
has been historically unfeasible. Alternatively, a common practice is the use of
surrogate molecules or blends that match the characteristics of real fuel but have
much lower computational requirements [5]. For the past decade, biodiesel surrogate
mechanisms have been widely used to model fuel reactions in simplified reactors such
as, jet stirred reactors, shock tubes and rapid compression machines [6]. For the past
several years, methyl butanoate (MB), as shown in Fig. 1, is the most commonly used
surrogate for studies of biodiesel fuel combustion [7]. However, species and reaction
numbers in developed biodiesel surrogate mechanisms are generally too large to be
numerically embedded into computational fluid dynamics engine models that provide
detailed description of in-cylinder gas motion and detailed reactions on a local level.
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Fig. 1. Structure of methyl butanoate

One way to address the issue of size and computational cost is the mechanism
reduction. Skeletal reduction, which is typically the first step in a comprehensive
scheme, is to remove unimportant species and reactions in achieving certain
computational targets, such as species concentrations, temperatures or pressures. The
methods based on the strategy of skeletal reduction include sensitivity analysis [8, 9],
principle component analysis (PCA) [10, 11], Jacobian analysis [12], direct relation
graph (DRG) and other DRG-based methods[13, 14]. These advantages and
disadvantages of the reduction processes have been described and summarized in the
review article of Lu and Law [13]. Among the methods above, PCA is easier to
apply, because principle components offer an effective means for extracting useful
kinetic information from derived sensitivity tables.

Although reduced mechanisms for biodiesel surrogates have been extensively
proposed in the past years [15-17], relatively little is known about how reduced
mechanisms produced by skeletal reduction are influenced by the selected targets such
as, initial temperature, pressure, and concentrations. In the present study, we attempt
to develop a reduced mechanism for MB pyrolysis mechanism using principle
component analysis with difference initial temperatures in a shock tube study. The
findings of this study extend the applicability of the PCA to reduction for the
mechanisms of oxygenated fuel pyrolysis.

2. Methodology

2.1 Numerical Details

In this study, the principle component analysis is performed using KINTECUS
and ATROPOS [18]. The details of the numerical method is given in references [10,
11]. In the first step, the original mechanism is used in KINTECUS to obtain each
species concentration as a function of time under isothermal and isobaric conditions.
The systematic ordinary differential equations for each species concentration are
numerically solved with given initial conditions. In each time step, where
concentrations are solved, a matrix of Normalized Sensitivity Coefficients (NSC) is
generated by the equation:
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NSC = (%[RA]]) (1)
where [A] is the concentration of each species (mol/cm®) and k; is the rate
coefficients for reaction each reaction j.

Each calculated NSC matrix (S) is used to determine the degree of influence of

reactions on each species. The produced NSC matrices, Si;, Sp, Ss...Sp are
concatenated to form a big matrix, BS. The removal of each reaction requires the
satisfaction of the inequality constrains:
A < m X q X safe values (2)
where 1 is the eigenvalues of BST x BS (the superscript T is transpose), m is the
species number and q is the time points. The safe values are the threshold numbers
that we use to generate different levels of skeletal mechanisms.

2.2 Parameter Selections for Mechanism Reduction

The MB mechanism of the University of Michigan [19] that is composed of 267
species and 2054 reactions is reduced by eliminating reactions and species that have
less influence on MB pyrolysis in a shock tube [20].The initial conditions used for
calculating NSC matrices are 0.5% mole fraction of MB in Ar. at The pressure of 1.5
atm is selected for two temperatures (T =1200 and 1600 K) based on the experimental
conditions used in the study of Farooq et al [20]. The safe number(threshold number)
employed in this study is in the range of 10-14 to 17.

3. Results and Discussion

In the present study, we attempt to identify a reduced mechanism that achieves
the best trade-off among the mechanism complexity, mechanism accuracy and the
range of temperature applicability. We first analyze the relationship between the size
of skeletal mechanisms and safe numbers. Then, these generated skeletal mechanisms
are employed to reproduce existing experimental results for MB pyrolysis in a shock
tube. The discrepancies between experimental and predicted valves for different
skeletal mechanism are presented accordingly.

Fig. 2 and 3 show the presence of reaction and species numbers, respectively, in
different skeletal mechanism generated by a wide range of safe numbers. As expected,
the increase of safe number results in the decrease of mechanism complexity. It is
seen that the complexity of the mechanism against safe values drops faster at T =
1200 K when compared to that at T = 1600 K. This observation indicates that the
reaction connectivity is strongly reduced at relatively low reaction temperatures. At
safe value of 108 where the mechanism complexity is seen to be reduced
significantly, approximately 75% reactions and 33% species in the original
mechanism are removed. This result implies that the 25% reactions remained are
strongly bound with about 67% of the total species in the original mechanism. In the
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range, where the safe value is increased from 10 to 10, the removal of unimportant
species and reactions becomes less effective. Although the species numbers are
further significantly reduced at the safe number greater than 102, the accuracy to
predict MB pyrolysis (produced at safe number > 10”%) may dramatically drop in these
skeletal mechanisms.
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Fig. 3. Species number of each reduced mechanism derived from different safe values.
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In order to test the mechanism accuracy and range of temperature applicability,
ten skeletal mechanisms selected (five from each temperature in Fig. 2-3) are
employed in KINTECUS to reproduce transient CO formation from MB pyrolysis in a
shock tube experiment. These skeletal mechanisms are chosen by the safe numbers of
104,10, 10, 0.5 and 17, respectively. The predicted results for CO formation at T
of 1700 K are shown in Fig. 4 and 5. In Fig.4, where the mechanisms are reduced at
the condition of T = 1600 K, the most computationally economic and acceptable
skeletal mechanisms is the case with the safe number of 10”°. This skeletal mechanism
has 152 species and 321 reactions. Unlike the results in Fig. 4, the skeletal
mechanisms which are produced at T = 1200 K (Fig. 5) indicate that favored
mechanism is seen in the case with the safe number of 10°. The complexity of this
skeletal mechanism, however, is not efficiently reduced. Further, the mechanisms in
Fig 4 and 5 are used to predict CO formation from MB pyrolysis at T of 1250 K and
the results are presented in Fig. 6 and 7, respectively. As seen in Fig. 6, the predicted
results from the skeletal mechanisms (created at T = 1600 K) reveal that the case with
the safe number of 107 is consistently reliable for predicting CO formation at low
temperature. In Fig. 7, where the mechanisms are reduced at the condition of T =
1200 K, the most favored skeletal mechanism is the  case with the safe value of
10-5. This mechanism that is composed of 145 species and 254 reactions shows a
significant discrepancy when used to predict the CO formation at T = 1700 K. In this
study, we observe that safe values need to be reduced to obtain reliable skeletal
mechanisms created at relatively low temperature.

6000
—>000F “At t
g 7, 4= e
Q o e
24000 | -
g —A—— Original
S3000F W .g- - 10T
"% - -B-- 107
B 10°
% 2000 —e— 10
= k ——— 17
o i 0
3 1000
of
| \ I
0 0.0005 0,001

Time (s)

Fig. 4. CO mole fraction versus time in shock tube simulation at T = 1700 K using
reduced mechanisms derived from different safe values at T = 1600 K.
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Fig. 5. CO mole fraction versus time in shock tube simulation at T = 1700 K using
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Fig. 7. CO mole fraction versus time in shock tube simulation at T = 1250 K using
reduced mechanisms derived from different safe values at T = 1200 K.

4. Conclusions

The objective of this study is to identify a skeletal mechanism that is able to
predict CO formation from methyl butanoate pyrolysis at temperatures in the range of
1250 K and 1700 K. This study is achieved by a Principle Component Analysis
applied to an existing mechanism in the literature. The most favorable skeletal
mechanism generated at 1600 K is able to well reproduce the CO formation at both
1250 and 1700 K, whereas the most preferable skeletal mechanism created at 1200 K
shows no consistency in terms of the accuracy for the prediction of CO formation at
different pyrolysis temperature. Future work will be dedicated to validating the
reduced mechanisms with different products formed in methyl butanoate pyrolysis.
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Abstract

In this study, the internal combustion engine cogeneration system is
experimented to produce thermal energy and electrical power. The energy retrieve
efficiency of this equipment will also be evaluated. The system studied consists of a
commercial motorcycle engine, an electric generator and a heat exchanger to recover
residual heat from the refrigeration water and exhaust gases. There are two objectives
in this research. The first topic is to improve the original gasoline used thermoelectric
devices. The second objective is the expanding of system's energy diversity, based on
this high-energy retrieve system.
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The multi-fuel device will be developed in this system for liquid and gaseous
fuels. The automotive fuels-liquefied Petroleum Gas (LPG) will be conducted through
the engine fuel system modification. The energy retrieve efficiency will also measured
for using gaseous fuel.

The experimental results showed that the prototype cogeneration device worked
in rotate speed 3600rpm, and load values 3.2 kW, the energy retrieve efficiency was
reached up to 59.8%. By the effect of exhaust gas heat loss at low load, energyretrieve
efficiency was reached up to 23.4%. In order to improve the energy retrieve efficiency,
the device packed with insulating material to reduce heat transfer loss. Then, it
showed that the cogeneration device worked twenty-seven minutes in rotate speed
3000rpm, and load values 3.2 kW, could provide one household use and energy
retrieve efficiency was reached up to 71.4%. By the effect of exhaust gas heat loss at
low load, energy retrieve efficiency was reached only 20%, At high load would rise to
about 71.4%, but still higher about 40% than generally gasoline heat recovery
efficiency. When the gaseous fuel LPG was conducted to this system, the energy
retrieve efficiency was reached 63.1% for working twenty-four minutes in rotate
speed 3600rpm, and load values 3.2 kW. It was about 30% higher than generally
gasoline heat recovery efficiency.

Keywords: Cogeneration System, Heat Exchanger, Energy Retrieve Efficiency,
Multi-Fuel Device
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The Technology of RH Vacuum Refining Process for
Producing Super-low C Steels in China Steel Corporation
LR SN I BT LN R NPE S S RN N
Yung-Chang Liu, Muh-Shuh Wang, Hung-Chang Chang, Jung-Chung Feng,
Ming-Yen Chien
ORGSR L P
China Steel Corporation, Kaohsiung, Taiwan.
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Abstract

The control ability of carbon and nitrogen of molten steel is an important
indicator of advanced steelmaking plants. The lowest specifications of carbon and
nitrogen content was less than 25ppm for the ultra-low carbon and nitrogen steels in
China Steel Corporation (CSC) before 2004. Recently, in order to enhance the
market demand for the high-deep drawing formability of ultra-low carbon and
nitrogen steel, the specifications of carbon and nitrogen being less than 18ppm of
steels were to be developed in mid 2004. Therefore, the steelmaking and continuous
casting technology for the super-low [C], [N] steels should be actively developed. The
refining technology of RH vacuum process making molten steel with [C]=10ppm
was established by experimenting on related steels. So, the high-grade and
high-deep drawing steels are stably produced to meet the customer demand.
Keywords: ultra-low carbon steel, IF steel, ultra-low nitrogen steel
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1 3444 ~ B 4w = > C,Mn, P, S, Al 4o #7757
C (ppm) | Mn (%) P (%) S (ppm) | N (ppm) | Sol Al (%)
30 0.10 0.015 50 ~15 0.01~0.03
2. 4B ARDE L 16007 b A i BRRATIL S > o
3. ity VAR BF ~ R fa4F R & 1600C -

4, B4prpE o E 2@ B4 3 Imbar 1T o

B, BHEBE L R4 A A B IR TR g £ (AN 10 A4S - 4k e
GERE (S P-fR AT > oo
Bk LR ot 2 T
22 E 2 HRRERE F RBLT RS

BEA | Eeid B A| TR AT R | A=4:[Clo | 10 min ¢ [Cly | ekt & ¥ dc
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R639 150mm 25 NL/min 25 14 0.058
R640 150mm 40 NL/min 33 15 0.079
R085 -- 0 35 21 0.051
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