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FLAME STABILIZATION OVER ATSUJI BURNER
BY FOUR-STEP CHEMICAL REACTION

SHIN-SHEN TSA AND CHIUN-HSUN CHEN*

Department of Mechanical Engineering,
National ChiaoTung University,
Hsinchu, Taiwan

This investigation applies a four-step chemical kinetics mechanism to imple-
ment the original combustion model developed by Chen and Weng (Com-
bustion Science and Technology, Vol. 73, pp. 427-446, 1990). Comparing the
blowoff curve of Tsuji (Progress in Energy and Combustion Science, Vol. 8,
p- 93, 1982) with that of Chen and Weng reveals that this study yields a much
better prediction than that in the latter reference. Also, the data in this study
has an excellent agreement with the measured data of Dreier et al. (Berichtc
der Bunsen—Gesellschaft— Physical Chemistry, Vol. 90, pp. 1010-1015, 1986).
The interested parameter is the inflow velocity Uj,. As U, increases, the
envelope diffusion flame, wake flame, liftoff flame, and another wake flame
appear in that order before complete extinction. The formal wake flame is
transformed from the envelope diffusion flame and the other is from the liftoff
flame. The existence of a liftoff flame is verified by a corresponding experi-
mental observation (Tsa et al., 2003). The maximal liftoff height is 1.7D when
Ui, is 1.05m/s, and this height is maintained up to Uy, =1.09m/s. Then the
height declines gradually as the inflow velocity increases, which is a process
that can be regarded as flashback. No recirculation flow exists behind the
cylindrical burner for these liftoff flames. A transition from liftoff to wake
flame occurs between 1.13 to 1.15m/s. The wake flame reappears at
Upn=1.16m/s. Finally, the flame is extinguished completely when
Uin >2.12m/s. The flame’s lifting and dropping back is explained.
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INTRODUCTION

This work is motivated by the findings on the appearance of a liftoff
flame over a Tsuji burner within a certain range of incoming flow velocity
in the recent experimental works of Wang (1998) and Tsa et al. (2003).
The former work concentrated mainly on elucidating the flame struc-
tures as a function of distance between a pair of Tsuji burners (dual
porous cylindrical burners). To the authors’ knowledge, these are the
only two experiments in which a liftoff flame was observed over a
porous cylindrical burner. Although Gollahalli and Brzustowski’s
experiments (1973) also determined a liftoff flame, the burner was a
porous sphere rather than a cylindrical one. Chen (1993), Jiang et al.
(1995), Huang (1995), Chiu and Huang (1996), and Huang and Chiu
(1997) numerically addressed droplet gasification and combustion
problems in a forced convection environment. All of them identified
the flame liftoff phenomena above a fuel droplet. These phenomena
suggest the possibility of the existence of a liftoff flame over a Tsuji
burner.

The two-dimensional combustion model developed by Chen and
Weng (1990) simulates the stabilization and extinction of a flame over a
porous cylindrical burner. Their model employs a one-step overall chem-
ical reaction mechanism. According to their results, the envelope, side,
and wake flames appear in order as the incoming flow velocity is grad-
ually increased. When a limiting value is reached, the flame is completely
blown off from the porous cylinder without the appearance of any liftoff
flame. Apparently, this prediction contradicts the experimental observa-
tions of Wang (1998) and Tsa et al. (personal communication, 2000)
mentioned previously, perhaps because of simplified combustion chem-
istry. Therefore, this study presents a multistep chemical reaction
mechanism to incorporate the original combustion model and further
examine the corresponding flame behaviors over a Tsuji burner. To
compromise with the complexity of multidimensional and irregular flow
field, four-step methane oxidation chemical kinetics (Paczko et al. 1986;
Peters and Kee, 1987; Rogg, 1991, 1993; Seshadri and Peters, 1990) is
adopted here without loss of the important role of the chemistry in this
reacting flow.
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Tsuji and Yamaoka (1967, 1969, 1971) and Tsuji (1982) conducted a
series of experiments on the counterflow diffusion flame in the forward
stagnation region of a porous cylinder. The corresponding extinction
limits, aerodynamic effects, as well as temperature and stable-species
concentration fields of this flame were studied in detail. They identified
two flame extinction limits. The blowoff, caused by a large velocity
gradient (flame stretch), occurs because of chemical limits on the com-
bustion rate in the flame zone. Substantial heat losses cause thermal
quenching at a low fuel-ejection rate. However, no liftoff flame phe-
nomenon was reported.

The primary configuration in Chen and Weng’s numerical study
(1990) included a flame over a porous cylinder. That study used the two-
dimensional, complete Navier—Stokes momentum, energy, and species
equations with one-step finite-rate chemical kinetics. Their parametric
studies were based on the Damkohler number (Da), a function of flow
velocity, and the dimensionless fuel-ejection rate (—f,), respectively. As
Da was decreased, the envelope, side, and wake flames appeared in order.
However, reducing —f,, caused the envelope flame to directly become a
wake flame, and no side flame was observed.

Sung et al. (1995) utilized a nonintrusive laser-based technique to
elucidate the extinction of a laminar diffusion flame over a Tsuji burner.
A laminar diffusion flame, unlike a premixed flame, is sensitive to var-
iation in the imposed strain rate. It becomes thinner with an increasing
rate, leading to an increase of reactant leakage, progressively reducing
flame temperature, and eventually causing extinction of the laminar
diffusion flame. Zhao et al. (1997) utilized USED CARS to measure the
temperature distribution in the forward stagnation and wake regions of a
methane/air counterflow diffusion flame. A pyrolysis zone of methane is
observed on the fuel-rich side of the stagnation region. The temperature
of the flame in the wake region was found to exceed that in the stagnation
region, implying that some intermediate products were not completely
burned in the latter region.

Considerable progress has been made during the past two decades in
predicting the structure of steady counterflow diffusion flames using
complicated mechanisms reaction. The GAMM at Heidelberg was the
most famous workshop, and it included five different groups. Dixon-
Lewis et al. (1984) used one-dimensional complex chemical reaction
mechanisms, with detailed transport properties, to predict the structure
of the counterflow diffusion flame in the front stagnation region of a
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Tsuji burner. Their computed results did not fully match Tsuji and
Yamaoka’s measurements (1971). They claimed that the reason for the
discrepancies was the system’s overall failure to behave as a straight-
forward boundary-layer flow, and that a full solution requires a two-
dimensional flow treatment.

Dreier et al. (1986) and Sick et al. (1990) made CARS measurements
and one-dimensional calculations to elucidate the counterflow diffusion
flame over a porous cylinder. Their chemical reaction mechanism
involved 250 elementary steps (including reverse reactions) and 39 species.
As in the last reference, they found that discrepancies between experi-
mental and computational results followed from applying boundary-
layer approximations. Apparently, the flow field must be completely
represented in two dimensions.

Bilger et al. (1991) derived a four-step methane oxidation mechan-
ism. This mechanism improves modeling of the O atom and CHj:

CH,4 + H,0 + 2H — CO + 4H, (1)
CO + H,0 « CO, + H, (2)
2H, + 0, — 2H,0 (3)
3H, + 0, < 2H,0 + 2H )

Bilger et al. (1991) carried out a comparison between their own
mechanism and the one used in this study for counterflow diffusion
flames in the forward stagnation region of a porous cylinder. They
found that the results obtained by these two mechanisms are very
similar. Moreover, the other widely used reduced four-step mechanism is
still being developed by Bilger. Chen and Dibble (1991) detailed the
reduction strategy and the related coefficients. The mechanism is
described as follows:

CH4 + H,O + 2H — CO +4H,

(

CO + H,0 «~ CO, + Hy (6
2H; + Oy + M1 — 2H,0 + Mt (
(

3H, + O, <« 2H,0 + 2H
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Chen and Dibble (1991) also made a comparison between their own
mechanism and the present one for Tsuji-type counterflow flame. In
general, their own mechanism gives higher (about 50 K) peak tempera-
tures compared to the current mechanism, which matches well with the
skeletal mechanism. The predicted extinction limits are a = 460 /s for both
mechanisms, where « is the magnitude of velocity gradient in the vicinity
of a stagnation point. Likewise, the predicted temperature and major
species profiles also show good agreement between the two mechanisms.

Wohl et al. (1949) stated that, as the burning velocity of the premixed
flame equals the speed of the local fluid at which the laminar flame
velocity is a maximum, the diffusion flame can be lifted. Vanquick-
enborne and Van Tiggelen (1966) developed this idea further. This theory
is fundamentally based on complete molecular-scale mixing, which
occurred in the unburned flow upstream from the flame stabilization
point. Kalghatgi (1984) introduced the following relationship to explain
the occurrence of liftoff flames:

P SLmax/ - Ve Pe -
PerLmax® _ 54 Fe
He SL,max P

St max 18 the maximum laminar flame velocity, occurring near stoichio-
metric conditions for hydrocarbons. The flame structure in the stabili-
zation region was fully premixed fuel/air.

This study modifies the combustion model of Chen and Weng (1990).
The modification involves adopting a four-step chemical reaction
mechanism and a finer distribution of grid size to catch the flame liftoff
phenomenon over a Tsuji burner immersed in a uniform airstream by
ejecting methane uniformly from the surface of a cylinder. This config-
uration is similar to that employed in the experiments of Tsuji and
Yamaoka (1967, 1969, 1971). The parameter of interest is the inflow air
velocity (Uy,) of the cylindrical burner. This theoretical work aims to
determine under which conditions the liftoff flame can exist and then to
analyze the detail of the structure of such a flame. A physical inter-
pretation is presented to clarify the mechanisms of the flame’s lifting and
dropping back. This preliminary work also provides a conceptual design
for the experimental setup of Tsa et al. (2003). The proposed design
enables flow visualization of the flame behaviors over a Tsuji burner for
various inflow velocities and for various fuel-ejection areas.
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MATHEMATICAL MODEL

The proposed mathematical model, including assumptions, normal-
ization procedure, and the corresponding solution methodology,
including a grid generation technique and algorithm, are similar to those
developed by Chen and Weng (1990). The major improvements are that
the chemical kinetics adopts a four-step mechanism rather than a one-
step mechanism, and the grid cell is much smaller due to the current
availability of far superior computational tools. Consequently, this sec-
tion emphasizes the description of the four-step chemical kinetics
mechanism, the corresponding formulas, and the boundary conditions.

Nondimensional Conservation Equations

Table 1 summarizes the nondimensional continuity, x momentum, y
momentum, and energy conservation equations used in this work. For
the details of the normalization procedure, please refer to Chen and
Weng (1990). The dimensional energy and species equations and the
representations of corresponding properties are as follows.

Energy equation:

9T 9T 1 (0 [;0T) 0 [-0T 1K

Table 1. Transformed governing equations

% <P“</’ - Faﬁ%) +% <m‘¢> - Faﬁ%f) = Sp(x,»)

Equation ¢ Iy Sy
Continuity 1 0 0
x-Momentum u Ill;e - L,;%g + %’?75 + SPU
y-Momentum v % 7‘674%;+%(;§+ SPV
Energy T R;uPr 0

o u —x,(0U OV u [ u x:(0U oV u
py=2 | T (02 9V B Radh I
s 0¢ {3Re J (86 + 8)1) + Re'" + on [3Re J \ 0¢ + on Re'"
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Species equation:

Y: ) B ; B ) _
0 ’+pvmj’:i p ,-a—li’ 4 ﬁDi% +o i=1,2,...,N—1
ay Ox 0x

Iy
(10)

where i represents CHy, O,, CO,, H,O, CO, H,, and H, and the mass
fraction of nitrogen, an inert gas, is given by the following expression at
the region away from the cylinder:

N-1
Yszl—ZYi (11)
i1

However, at the zone adjacent to the cylinder, the mass fraction of
nitrogen is calculated from the species equation. Then a normalization
procedure is performed for all species to confirm the mass conservation.
The equation of state of an ideal gas is used to close Egs. (9) and (10):

Pox

9y

_ Ny
S:ROTZL (12)

The diffusion flux is expressed by Rogg’s approximation (1993), and
Seshadri and Peters (1990) and Rogg (1991) introduce a new correlation
to express A/ C, in this approximation. Moreover, the Lewis numbers
used in this numerical calculation are adopted from Seshadri and Peters
(1990) and Bilger et al. (1991). The mean specific heat at constant pres-
sure C,, utilizes Kee et al.’s expression (1999a) and NASA thermo-
chemical polynomials (Andrews and Biblarz, 1981; Kee et al., 1999b) are
used to estimate the specific heat C, and the specific enthalpy h; for each
species. Then, the Prandtl number is defined as
Pr= Lq = = ﬁ,
A A / C,

(14)
Thus, the dynamic viscosity can be expressed as

n=Pr

S ‘| ol
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In this work, Pr=0.75 is selected following Smooke and Giovangigli
(1991), and the correlation that Seshadri and Peters (1990) use to express
4/C, is introduced as follows:

— 0.7
T
_ =5
g=0.75%x258x%x10 (—298> (16)

The dynamic viscosity can thus be expressed as

0.7

[l =3.586985197 x 1077 x T (17)

Chemical Kinetics

The four-step chemical reaction mechanism used in this study is reduced
from a 58-step C; mechanism that was used by Miller et al. (1984).
Moreover, the related thermodynamic data are mainly adopted from the
CHEMKIN Thermodynamic Database (Kee et al., 1999b) and another
source includes Andrews and Biblarz (1981). The four-step reaction
(Paczko et al., 1986; Peters and Kee, 1987; Rogg, 1993), involving seven
reacting species and nitrogen, is presented as follows:

CHy4 + H,0 + 2H — CO + 4H, (18)
CO + H,0 « CO, + H, (19)
2H + Mt — Hy + M7 (20)
3H, 4+ 0, < 2H,0 + 2H (21)

The mass production rate for each species, shown in Table 2, can be
found in Rogg (1991), and the rates of reactions (18)—(21) are derived
from Peters and Kee (1987). Other related kinetic data, such as the rate
constants, equilibrium constants, and the third-body coefficients, are
adopted from Warnatz (1984) and Peters and Kee (1987).

Finally, all @; are divided by p*U;,/R to yield the nondimensional
value w; for each species.
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Nondimensional Boundary Conditions

The domain of interest can be reduced to a half-plane because the two-
dimensional flame is assumed to be symmetric with respect to the y=0
line, and Figure 1 illustrates the boundary conditions.

The surface temperature of the cylindrical burner is maintained
constant. The fuel is uniformly ejected from the front half surface of the
porous cylinder. Thus, the boundary conditions along the surface are

v =0 Uy = —fW(Z/Re)O'5 Ty = given Hly = Unpy (22)
1 0Y¢
Y i L 0Y; )
Mo Lt mW+RePrLeM on |, (23)
1 oY,
Ny Yow = ——— 24
M tow = Re PrLe! om w 24
or oY,
Y=Y ,u=v=0 —=—=0
dy 0oy

Xmm
\, u=1 max
jv=0 ou 0|
T=024 F
Y('H4 =0 v=20

Y, =0.233 oT

Y, =0.767 0
\YH:():Y('()Z:YFO:YHJ:YH:O v %ho‘
f ’ Ox
[ -

7N
! | VX

Y:O,a—u:O v=0 ﬂzgﬁ:o
oy dy dy

Figure 1. Boundary conditions of the physical domain.
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_ 1 0Y,
B RePrLe,"u on |,

My Yiw (25)

where i=CO,, H,0, H,, N, H, and CO. If the surface is nonblowing,
then the boundary conditions become

v, =0 vn =0 Ty = given ny =0 (26)
0Y¢ oY, oY;|
on w on |, on W_ 0 (27)

Numerical Algorithm

The configuration of the flow field, as depicted in Figure 1, is irregular.
Therefore, a body-fitted coordinate system, generated by a grid genera-
tion approach, is employed. Accordingly, the physical domain is trans-
formed into a computational domain that consists of the equally spaced
square grids. Weng (1989) detailed the procedure, which is not presented
here.

The computational domain is selected to be xj, = —7, xou = 13, and
VYwall = 4. The upstream and downstream positions are determined via
several numerical experiments to meet the requirement that applying
boundary conditions at these positions should not impact the flame

Table 2. Rate coefficient parameters for methane oxidation reactions

No. Reaction B i E
1 CH4+H —CH;+H, 2.2 %10 3.0 36,676.4
2 CH,+ OH — CH; + H,0O 1.6 x 103 2.1 10,257.7
6 CHO+H —CO+H, 2.0 x 10! 0.0 0.0
7 CHO +Mt1—CO+H+Mrq 7.14 x 101 0.0 70,338.2
8 CHO +0,— CO +HO, 3.0 x 10° 0.0 0.0
9 CO+OH- CO,+H 44 %103 1.5 —3098.2
10 H+0, - OH+O0 1.2 x 10' —091 69,165.9
14 H+0,+ Mt —HO,+Mr 2.0 x 101 —0.80 0.0
15 H+OH +Mt—H,O+ My 2.15 x 10 —2.0 0.0
16 H+HO,—20H 1.5 x 10! 0.0 4186.8
17 H+HO, —H,+0, 2.5 x 1010 0.0 2888.9
18 OH + HO, — H,0+ 0, 2.0 x 1010 0.0 0.0

E:Bflexp(fR‘—?T)A
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Table 3. Grid test results: The peak temperature in the whole computational domain (in K)

Grid
Case 62 x 27 164 x 85 218 x 115 402 x 221 864 x 501
Bl 1989 1992 1948 1947 1947
B2 1899 1918 1902 1899 1900
B3 1870 1877 1895 1894 1895
B4 1872 1861 1888 1890 1885
B5 1859 1862 1867 1867 1867
B6 1858 1850 1863 1854 1853
B7 1884 1844 1856 1851 1850
B8 1877 1822 1849 1851 1848
B9 1875 1822 1837 1843 1844

structures. Then, a set of numerical tests is conducted to ensure further
that the resultant solutions are grid independent. Table 3 presents test
results. The cases shown in the first column will be discussed later. If the
number of cells exceeds 218 x 115, then the variation of resultant peak
temperature, the variable most sensitive to the size of the grid, over the
entire computational domain becomes insignificant by the increasing
number of grid cells. Therefore, this work used 218 x 115 grid cells. The
grid is much finer than 112 x 51, which was used in the earlier study
(Chen and Weng, 1990). Moreover, the computations were performed on
a Pentium 4, 1.5GHz PC with 512 MB SDRAM. A typical case took
about five days to get a converged solution.

RESULTS AND DISCUSSION

The gaseous fluid used is methane (CH,4) and the ambient oxidizer is air.
The basic thermodynamic and transport property data, summarized in
Table 4, are taken from Chen and Weng (1990) to enable a fair com-
parison later.

Comparison with Related Experiments and Simulations

The present combustion model is first validated by comparing the pre-
dicted results with the pertinent measurements of Tsuji (1982) and
the simulation results of Chen and Weng (1990). Then the predictions are
compared with the measurements and calculations of Dreier et al. (1986).
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Table 4. Property values

Name Symbol Value Unit
Ambient temperature T. 300 K
Reference temperature T* 1250 K
Density (reference) P 0.2835 kg/m’
Kinematic viscosity (reference) v* 1.69E-4 m?/s
Thermal diffusivity (reference) ot 2.36E-4 m? /s
Specific heat (reference) (' 1.351 kJ/(kg x K)
Cylinder surface temperature T, 400 K
Oxidizer velocity Uin Variable m/s
Fuel-ejection velocity Uy 0.065 m/s
Cylinder radius R 0.015 m
Air molecular weight M ir 28.97 kg/K mole
(reference)
Atmospheric pressure at STP P 101,325 Pa
condition

Figure 2 presents the comparison, by plotting the blowoff limit as
functions of —f, and 2U;, /R (flame stretch rate, k). Notably, this line in
Tsuji’s experiment (1982) represents a demarcation line at which the
flame is transformed from an envelope flame to a wake flame instead of
being extinguished. The predictions of this article are quite close to
Tsuji’s experiments (1982) in the regions of high fuel-ejection rate and
low stretch rate. Generally, the prediction is much better than that of
Chen and Weng (1990), implying that the prediction that is based on a
four-step chemical mechanism is indeed better than the one that uses a
one-step overall chemical mechanism. However, in the domain of
0.2 < —fy < 0.77 and 91 < 2U;,/ R < 376, a significant discrepancy exists
between the present predictions and Tsuji’s measurements (1982).
Notably, this domain is located at a transition from the very small fuel-
ejection rate to the large flame stretch rate. The discrepancy may be
attributable to two factors stated by Chen and Weng (1990): the first is
the three-dimensional effect in the experimental configuration and the
other one is a chemical effect. The blowoff that results from a low fuel-
ejection rate is very close to that obtained experimentally because it is
governed mainly by the thermal quenching of the cylinder surface. The
geometric effect should be minor in this branch. However, aerodynamic
and chemical limitations greatly affect the blowoff mechanism due to
flame stretch. For a given 2U;,/R (~376), in the higher —f, regime
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Figure 2. Flame blowoff curves for counterflow diffusion flame in the forward stagnation
region of a porous cylinder (R=1.5cm, fuel is methane).

(>0.77), the four-step chemical effect seems appropriate even if the fluid
flow dominates, whereas it does not suffice to describe the reactions in the
regime of lower —fy, such as 0.2 < —f;, < 0.77. Better agreement with
measurements initiates from —f,, = 0.5 and 2U;,/ R = 128, which occurs
much earlier than those of Chen and Weng (1990) and continuously
improves thereafter.

Figure 3 compares the predictions in this study to the measurements
and calculations of Dreier et al. (1986). This figure depicts the tempera-
ture distribution along the forward stagnation streamline. The x-axis
represents the distance along the x-axis of Figure 4 from the
(x,y) = (—1,0) point of Figure 4 in the negative x-direction. The pre-
sented combustion model reproduces the data measured in the experi-
ment, and the agreement is much better than that of their own numerical
computation. The temperature profile on the oxidizer side predicted in
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Figure 3. Temperature distribution through the flame front of a Tsuji burner with
R=0.02m, Uj, = 1.15m/s, and —f,, = 0.318. The solid line and its corresponding squares
are the CARS measurements of Dreier et al. (1986), the dash-dot-dot line and its corre-
sponding triangles are the numerical results of Dreier et al. (1986), and the dashed line
and its corresponding circles are the numerical results of the current study.

this study shifts to the left of the experimental data by around 0.2 mm;
the shift is approximately 0.5mm on the fuel side. Considering the
experimental uncertainties, the agreement can be regarded as excellent.
Now, Table 5 and Figure 4 directly compare with the results of Chen
and Weng’s simulations (1990). Table 5 depicts the inflow velocity range
for flames with different appearances. Notably, no side flame exists in this
study, whereas neither liftoff nor subsequent late wake flames appeared
in Chen and Weng’s study (1990). Apparently, the application of a four-
step mechanism shows its influences on flame structures. This table
reveals that applying a one-step overall chemical reaction can yield a
stronger flame if it still survives, implying that the corresponding gross
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Figure 4. (Continued.)

reaction rate is higher. However, the velocity range of flame that exists in
this work can be sustained to a higher inflow velocity, indicating that the
intermediate species generated in the multistep reactions may play impor-
tant roles near the extinction limit.

A case in the envelope flame is selected to demonstrate flame struc-
tures using different chemical mechanisms, because finding the same type
of flame in both cases simultaneously at the same inflow velocity and
blowing rate is difficult (see Table 5). The inflow velocity and —f,, are
fixed at 0.75m/s and 0.5, respectively.

Figure 4, cases Al and BI1, are the combinations of resultant iso-
therms and streamlines for Chen and Weng’s (1990) and the present
experiments respectively. The flame is seen to be smaller and the flame

Table 5. Comparison of inflow velocity regions for various flame appearances (in m/s)

Present study Chen and Weng (1990)
Envelope flame <0.9 <1.07
Side flame — 1.07-1.30
Wake flame 0.9-1.04 1.31-1.99
Liftoff flame 1.05-1.15 —
Late wake flame 1.16-2.12 —

Extinction 2.13 2.00
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temperature is lower in this study. The maximum temperature is
approximately 1860 K, but it is about 2300 K in the last reference. As
mentioned previously, if an envelope flame can exist, the net reaction rate
is made lower by using a multistep chemical kinetics.

The streamline patterns in both studies (Figure 4, cases Al and B1)
are very similar because the flame, but not chemistry, directly influences
fluid flow. The recirculation flow region behind the cylinder in Chen and
Weng’s study (1990) is smaller than that in this study because the stronger
flame in their work generated a higher pressure due to thermal expansion,
which depresses the recirculation zone behind the cylinder further.

Figure 6, cases Al and BI, presents the methane and oxygen mass
fraction distributions. Since the reaction rate is slower in this study, the
amount of unreacted fuel (CHy) is expected to be greater, and this fuel
can be carried farther downstream by convection and diffusion. Again,
this study involves seven reacting species, whereas Chen and Weng (1990)
considered only two. Accordingly, the mass fraction of fuel in this work is
further diluted because more species are used.

The aforementioned three comparisons indicate that the proposed
combustion model, which considers a four-step chemical mechanism, can
generate a satisfactory solution for the various structures of flames over a
single Tsuji burner. A parametric study is presented after these com-
parative works.

Parametric Study

The varying parameter is the oxidizer flow velocity (Uy,) at —f, = 0.5
and R=15cm (or D =3.0cm). Increasing Ui, augments the flame
stretch rate ks, defined as 2Uj,/R. The inflow velocity varies from 0.75 to
2.12m/s, and Figures 4, 5, and 6 are used to illustrate the variations and
structures of the corresponding flame. Figure 4 displays a series of
combinations of isotherms and streamline distributions as a function of
Uiy or kg. Figure 5 plots the fuel reactivity distributions, and Figure 6
presents the combinations of fuel and oxidizer mass fractions. In Figure
5, this work adopts the &)CH4 = lO"‘g/cm3 -s contour line as a flame
boundary, as presented by Nakabe et al. (1994).

Figures 4 and 5 show that as the inflow velocity increases, the
envelope flame (Figure 4, case B1), wake flame (Figure 4, cases B2 and
B3), liftoff flame (Figure 4, cases B4-B9), and wake flame (Figure 4, cases
B10 and B11) appear in order before the flame is completely extinguished.
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Three types of flames exists in the flow field; they are envelope, wake, and
liftoff flames. However, the wake flames can be further classified into two
categories, either transformed from envelope flame or transformed from
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the liftoff flame. Notably, no side flame, which was identified by Chen
and Weng (1990), appears in the flow field. This work emphasizes the
transition from wake to liftoff and then to wake fame.

Envelope Diffusion Flame. An envelope flame surrounds the porous cyl-
inder in the low-speed flow regime. Its velocity is under 0.9 m/s (see Table
5). Case Bl in Figure 4 belongs to this category.

As shown in Figure 4, case B1, an envelope flame seems to be situated
around the front porous cylinder and spreads downstream. The active
reaction zone in Figure 5, case B1, also exhibits this feature. Such a flame
is identified as a diffusion flame, whose fuel side can be distinguished
from the oxidizer one, as shown Figure 6, case BI.

In Figure 4, case BI, the maximum temperature along the stagnation
streamline (y = 0) is about 1860 K at x = —1.455. The isotherms above
660K (indicated by dark blue lines) in front of the burner are almost
parallel to the cylindrical surface because of the uniform fuel-ejection
rate. The fact is also confirmed by Figure 5, case B1. Therefore, the flame
standoff distance can be regarded as constant along the fuel supply
surface. This uniform fuel supply, in an opposite direction to the flow of
the oxidizer, makes the concentration of isotherms on the oxidizer side
denser than that on the fuel side in front of the cylinder. Just behind the
fuel supply surface, the isotherms are no longer parallel to the surface but
are dispersed. The isotherms on the fuel side shift inward at the back of
the cylinder and reach the line of symmetry to form a closed loop because
no blowing is applied there. The recirculation flow in the wake region
somewhat distorts the intermediate isotherms near the rear stagnation
area, such as those of =900, 1200, and 1500 K, as depicted in Figure 4,
case Bl. The isotherms on the oxidizer side initially move outward and
then spread to the wake. Far downstream, where the influence of the flow
recirculation is negligible, the temperature gradient in the cross-stream
direction is found to greatly exceed that in the direction of the stream.

Wake Flame. Increasing the inflow velocity up to 0.9 m/s (case B2) breaks
the flame front away from the front stagnation region. The flame front
retreats along the surface until a certain condition is met in that it can be
stabilized on the rear part of the cylinder (see Figure 4, cases B2 and B3,
and Figure 5, cases B2 and B3). This kind of flame is defined as a wake
flame. The wake flames in cases B2 and B3 are generated by the breakup
of the envelope flame due to the flame stretch effect, as described later.
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Such a wake flame exists for between 0.9 and 1.04m/s (see Table 5).
Town other cases, B10 and B11, are also categorized as a wake flame but
with a different formation procedure. These will be discussed after the
liftoff flame is described.

As shown in Figure 4, cases B2 and B3, and Figure 5, cases B2 and
B3, the wake flame front does not touch the cylinder surface and it is
positioned in front of the rear stagnation point; instead, the quenching
effect of a cold wall produces a reaction-frozen zone between the flame
and the surface. The breakup of the envelope flame in the porous section
of the cylinder causes a fuel-air mixture to exist in that region. The
mixture is generated from the impingement of fuel and oxidizer streams.
Then the mixture moves downstream by convection and is ignited by the
reversed hot combustion gas products in the vortex region, as shown in
Figure 6, cases B2 and B3. The location of the flame front is near the top
of the recirculation flow. The recirculation flow not only brings hot gases
from downstream to upstream to ignite the mixture but also stabilizes the
flame. This behavior resembles that of the bluff-body flame holder in
afterburner and ramjet systems.

Figure 6, cases B2 and B3, indicates that the air and fuel are well
mixed before entering the reaction zone, since the flame front is away
from the porous section and no fuel is ejected from the rear surface. The
mixture also has time to diffuse to some extent. Consequently, the wake
flame front is flat and broadened and presents a premixed flame feature.

Liftoff Flame. Unlike that described by Chen and Weng (1990), the wake
flame is observed to lift rather than blow off when the inflow velocity is
further increased. When the inflow velocity is raised from 1.04 m/s
(Figure 4, case B3) slightly to 1.05m/s (Figure 4, case B4), the wake flame
is suddenly transformed into a liftoff flame, which exists between 1.05
and 1.15m/s.

Figure 4, cases B4-B9, indicate that the liftoff flame fronts are not
attached to but are far from the rear surface of the cylindrical burner.
More explicitly, the flame front is behind the rear stagnation point (see
Figure 5, cases B4-B9). The liftoff height is defined as the streamwise
distance between the rear stagnation point of the cylinder and the flame
front, which is the lowest point of the @ CH, = 10~*g/cm? - s contour
line, as marked in Figure 5, case B4. The liftoff height is found to be 1.7D
when the inflow velocity (Ui,) is 1.05 m/s (Figure 5, case B4). Thus,
height is retained up to Ui, = 1.09m/s. The height then declines gradu-
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ally as the inflow velocity increases. At Ui, = 1.10m/s, the height is 1.5 D
(Figure 5, case B5). The height becomes 1D when Uy, = 1.12m/s (Figure 5,
case B6). Notably, no recirculation flow occurs behind the cylindrical
burner for these liftoff flames (see Figure 4, cases B4-B6. When Uj,
reaches 1.13m/s, as shown in Figure 4, case B7, the vortex begins to
reappear. However, the flame front remains behind the rear stagnation
point with a liftoff height of 0.6 D. Cases B8 and B9 involve similar flame
behaviors except that the liftoff height is reduced to 0.2 D. Strictly, the
flame in the last three cases (B7, B8, and B9) can be regarded as a
transition from the liftoff to the wake flames, Consequently, it exhibits
partial features of both of these flames, Finally, when the inflow velocity
reaches 1.16 m/s, the wake flame fully reappears (Figure 4, case B10, and
Figure 5, case B10).

Figure 5 reveals that the active chemical reaction zone of the enve-
lope or wake flame in the half-plane originates from the forward stag-
nation region or the rear surface of the cylinder, is concentrated in a strip,
and then extends downstream. A liftoff flame begins the reaction far from
the rear surface and exhibits a V-shaped reaction zone, where the inner
branch shifts inward and meets the symmetric line at y = 0 and the outer
one extends downstream. However, a reaction-frozen zone exists between
the burner and the flame front. During the transition stage from the
liftoff flame to the wake flame, shown in Figure 5, cases B7, B8, and B9,
the inner reaction zone retreats from the symmetrical line and shrinks
upstream. Meanwhile, the flame front moves upstream and toward the
rear surface of the cylindrical burner. Eventually, it disappears when
flame is formed again.

As shown in Figure 6, cases B4-B6, a fuel-air mixture exists between
the burner and the flame front for a liftoff flame, since the reaction ceases
due to the relatively low temperature there between 385 and 400 K.
However, the oxidizer still cannot penetrate into the area just behind the
rear surface of the cylinder. As expected, the bottom area of the V-shaped
reaction zone exhibits features of a premixed flame.

A transformation process from wake to liftoff flame is described as
follows. The balance between the local flow velocity and the flame speed
governs the position of the wake flame front, a premixed flame. Even near
the upper limit of the wake flame (Ui, = 1.04m/s), the flame front in
Figure 5, case B3, is not wholly hidden behind the rear surface of the
cylinder; in other words, it still can see the incoming cold airstream. As
soon as the inflow velocity exceeds the local flame speed, the flame front
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must retreat downstream to a new stable position. However, it cannot
move downward into the recirculation zone becuase it is full of com-
bustion products. Accordingly, the flame front must now leave the sur-
face and move farther downstream. At this moment, no recirculation
flow exists. In Chen and Weng’s study (1990), using a one-step overall
chemical reaction, it blew off directly. In this study, however, the inter-
mediate products generated in the four-step reactions apparently sustain
the combustion to stabilize the flame front behind the burner and form
the liftoff flame, as confirmed by the mass fraction distribution of species
H, and as shown in Figure 7. The first appearing liftoff flame has the
greatest liftoff height. As stated earlier, a reaction-frozen zone exists
between the flame front and the burner. The zone around the line of
symmetry is full of gas fuel brought upstream by convection. Increasing
the inflow velocity provides more oxidizer to mix with the unreacted fuel
in the reaction-frozen zone to form a flammable mixture in front of the
flame front. Therefore, the flame front can propagate upstream with a
higher flame speed. The reduction in the liftoff height is not so abrupt
because it results from a stronger opposed flow. The flashback process
continues as the inflow velocity increases until the liftoff flame front
reaches the rear surface of the burner to form a wake flame again. The
critical velocity for forming the wake flame from liftoff is 1.16 m/s. As
mentioned previously, a transition, illustrated by Figure 5, cases B7, B8,
and B9, occurs between these two flames. Finally, the wake flame can be
maintained up to Uj, = 2.12m/s, beyond which the flame is extinguished
completely.

The whole process from the envelope to wake, then liftoff, and wake
flame again is verified by a recent experimental observation (Tsa et al.,
2003) using a flow visualization technique. Figure 8 displays the

.
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Figure 7. The mass fraction contours of hydrogen for case B4.



Downloaded by [National Chiao Tung University | at 22:18 30 April 2014

FLAME STABILIZATION OVER TSUJI BURNER 2087

(C1) Envelope flame (Uj,=1.0m/sec) (C2) Wake flame (U;,=1.2m/sec)

(C3) Liftoff flame ([J;,=1.39 m/s) (C4) Late wake flame (U;,=1.43 m/s)

(Night shot photograph)

Figure 8. The flame configurations for the experimental visualization (—f, = 0.201). (See
Color Plate 1 at the end of this issue). (Tsa et al., 2003).

corresponding photographs. In the experiment, turbulence indeed exists
in the flow field as the liftoff flame occurs, and the transition from wake
flame to liftoff flame exhibits an oscillation phenomenon. However, other
flame transition processes, such as envelope wake and liftoff to wake, are
quite stable. Moreover, the experiment of Tsa et al. (2003) was per-
formed to reproduce the predicted flame features obtained by the present
combustion model and its results will be published later. Notably, the
rate of fuel supply used in the experiment cannot be as high as that
used in this simulation because of engineering limitations on the design.
Hence, prediction and observation follow exactly the same qualita-
tive trends. The quantitative comparison requires more intensive
investigation.
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CONCLUSIONS

This study modifies the combustion model developed by Chen and Weng
(1990), using a four-step chemical reaction mechanism instead of one-step
overall kinetics and a finer distribution of grid cells to catch the flame
liftoff phenomena over a Tsuji burner. The parameter of interest is the
inflow air velocity Uj,. This article emphasizes occurrence of the liftoff
flame, which was unidentified by Chen and Weng (1990) but observed in
the experiments of Wang (1998) and Tsa et al. (2003).

The modified combustion model is validated first by comparing the
predicted results with the corresponding measurements of Tsuji (1982)
and the simulation results of Chen and Weng (1990). Then, it is compared
with the related measurements and calculations of Dreier et al. (1986).
Generally, the present simulation yields a much better prediction than that
of Chen and Weng (1990), implying that the prediction obtained using a
four-step chemical mechanism is indeed better than that obtained using a
one-step overall chemical mechanism. Also, the proposed combustion
model can reproduce the data measured experimentally by Dreier et al.
(1986); the agreement is much better than that of their own numerical
results.

In the parametric study, as the inflow velocity increases, the envelope,
wake, liftoff, and wake flame appear in that order before the flame is
completely extinguished. The two wake flames have similar structures but
different transformation processes: one is transformation from the
envelope flame and the other is a transformation from the liftoff flame.
The envelope flame, which is a diffusion flame, exists when the inflow
velocity is less than 0.9 m/s. Above that velocity, the flame front breaks
away from the front stagnation region and retreats along the surface until
a certain condition is met where it can be stabilized on the rear part of the
cylinder. The flame then becomes a wake flame, whose flame front shows
the feature of a premixed flame and which is positioned ahead of the rear
stagnation point.

When the inflow velocity increases further to 1.05m/s, the wake
flame is abruptly transformed into a liftoff flame whose flame front is not
attached to but is far from the rear surface of the cylindrical burner. The
maximum liftoff height is found to be 1.7D when the inflow velocity Uy, is
1.05m/s. This height is maintained up to Ui, = 1.09 m/s; then, the height
declines gradually as the inflow velocity is increased. No recirculation
flow occurs behind the cylindrical burner for these liftoff flames, unlike
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for the envelope and wake flames. When Uj, reaches 1.13 m/s, the vortex
starts to reappear. However, the flame front remains behind the rear
stagnation point with a liftoff height of 0.6 D. The transition process from
the liftoff to the wake flame occurs from 1.13 to 1.15m/s. The flame
during the transition exhibits some of the features of both flames. Finally,
when the inflow velocity reaches 1.16 m/s, the wake flame fully reappears.
Eventually, the flame is completely extinguished at U;, > 2.12m/s. The
entire process from the envelope to wake, then liftoff, and back to wake
flame is verified by a recent experimental observation (Tsa et al., 2003)
made using a flow visualization technique.

The formation of a liftoff flame is described briefly. When the inflow
velocity exceeds the local flame speed, the wake flame front must retreat
downstream to a new stable position. However, it cannot move inward
into the recirculation zone since this zone is full of combustion products.
Consequently, the flame front must then leave the surface and shift far-
ther downstream. At this moment, no recirculation flow exists. A reac-
tion-frozen zone now exists between the burner and the flame front.
When the inflow velocity increases, more oxidizer is supplied to mix with
the unreacted fuel in the reaction-frozen zone to form a flammable
mixture in front of the flame front. Therefore, the flame front can prop-
agate upstream with a higher flame speed. The reduction of liftoff height,
or flashback, is not so abrupt because it results from a stronger opposed
flow. The flashback process continues as the inflow velocity increases
until the liftoff flame reaches the rear surface of the burner to form the
wake flame again.

NOMENCLATURE

B frequency factor for gas-phase reaction
C mole fraction

G, mean specific heat at constant pressure
D cylinder diameter

D dimensional species diffusivity

Da Damkohler number

E activation energy

—fw nondimensional fuel-ejection rate

h enthalpy
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flame stretch rate

equilibrium constant

rate constant

Lewis number, &/D

molecular weight

air molecular weight at standard temperature and pressure
condition

third body

number of chemical species
pressure

Prandtl number, v/a

cylinder radius

universal gas constant

Reynolds number

temperature

ambient temperature
nondimensional wall temperature
reference temperature

inflow (air) velocity

velocity in x-direction

diffusion velocity

velocity in y-direction
fuel-ejection velocity on cylinder surface
distance in x-direction

mass fraction of species

distance in y-direction
third-body efficiency

thermal diffusivity at 7+
thermal conductivity
thermal conductivity at 7%
dynamic viscosity
dynamic viscosity at T*
density

density at T*

reaction rate
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Superscript

* reference state
- dimensional quantities (overbar)

Subscript

CHy4 fuel

O, oxidizer

H,0 water vapor

CO, carbon dioxide

(€[0) carbon monoxide

N, nitrogen

H, hydrogen

H hydrogen radical

w surface of the porous cylinder

a ambient

rc reference

n, t normal and tangential to cylinder surface

i species, may represent CHy, O,, CO,, H,O, CO, H,, N,
or H
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