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Temperatures of Positively and Negatively
Stretched Flames*

Kazuhiro YAMAMOTO** and Sator\i ISHIZUKA***

Both tubular flame temperature and Bunsen flame temperature have been mea-
sured for lean methane, hydrogen and propane/air mixtures. These temperatures have
_ been compared with the adiabatic flame temperature, which is the typical temperature
with no stretch. Results show that, the temperature of the tubular flame is almost the
same as the adiabatic flame temperature for a lean methane/air mixture, considerably
higher for a lean hydrogen/air mixture, and lower for a lean propane/air mixture. For
the temperature around the Bunsen flame tip, this response is opposite to that of the
tubular flame. To examine radiation effect, numerical simulation has been conducted.
It is found that the radiative heat loss only reduces the flame temperature by 30 to 80°C.
Thus, the different dependency of flame temperature on the mixtures is explained by
stretch effect with the Lewis number considerations, and the response of these flames
exhibits opposite behavior.
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ling, characterized by high levels of fluctuating vor-

1. Introduction . . N
ticity. The vortex plays an important role in the

Turbulent combustion has been widely used in
practical combustion devices including jet engines to
industrial power plants. Since it is very complex
phenomenon, fundamental studies for modeling of
turbulent combustion are useful to design and improve
combustion devices. In these studies, we usually focus
on vortex flowV-®_ This is because, in turbulent flow,
eddies move randomly back-and-forth across the
adjacent fluid layers, and the flow no longer remains
smooth and orderly. The diffusivity of turbulence
causes rapid mixing and increased rates of momen-
tum, heat, and mass transfer, which is important
feature of turbulent combustion. Turbulence is swir-
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turbulent combustion. Thus, the studies on flames in
the vortex flow are very important to understand the
turbulent combustion phenomena.

We have focused on a tubular flame to investigate
the behavior of premixed flames in a vortex flow.
Since the tubular flame is formed in a stretched,
rotating flow field, the study on this flame yields useful
information for turbulent combustion. So far, its
extinction limit and flame structure have been
examined® ™. From these studies, it has been found
that its characteristics depend on the Lewis number,
Le, which is defined as the ratio of the thermal
diffusivity and the diffusion coefficient of the deficient
reactant. For example, the extinction limits depend
on Lewis number®®: for a lean mixture whose
Lewis number is less than unity, its flammable range
becomes wider, whereas for a mixture whose Lewis
number is larger than unity, its flammable range
becomes narrower. This is because the stream tube
across the flame zone is divergent in a stagnation-
point flow, so that a part of the heat generated in the

reaction zone and a part of each component of the
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mixture pass through the boundary of the stream tube
by conduction and diffusion, respectively. Thus, when
the flame is formed in a stretched flow, the stretch
effect should be taken into account.

Recently, it has been found that radiation effect is
also important for flame stability®®. The heat loss
caused by the radiation reduces the flame tempera-
ture. Since the flame temperature is largely related
with the flame stability, it is necessary to investigate
the stretch effect and radiation effect on flames in
different mixtures, for discussion on the stability of
stretched flames with Lewis number. However, the
tubular flame temperature has not yet been measured
except for a methane/air mixture”.

In this study, from the measurement of tubular
flame temperatures with various Lewis numbers, we
systematically discuss the stretch effect on flame tem-
perature. Lean hydrogen, methane, and propane/air
mixtures are used. To examine the radiation effect,
we simulate tubular flames with a Planck mean
absorption coefficient model®. We also measure the
temperatures of Bunsen flames. These temperatures
are compared with an adiabatic flame temperature by
a chemical-equilibrium calculation program devel-
oped by the NASA Lewis Center’®. Since the
adiabatic flame temperature is considered to be the

typical temperature with no stretch, it is possible to

clarify the stretch effect based of the Lewis number
consideration.

2. Experimental

Figure 1 shows swirl-type burners used in this
study, which are called type A and type B burners.
Type A in Fig. 1(a) is the so-called swirl-type burner
used in previous studies® . Combustible mixtures
are introduced tangentially from the center slit of 3
mm width into a glass tube of 19 mm inner diameter,
and the burned gas exits from both ends of the
burner ; a rotating, stretched flow field is obtained
inside the burner tube. The glass tube is 120 mm long,
and the center slit is 80 mm long. Nitrogen is
introduced from the right and left slits of 20 mm long
each in order to prevent a diffusion flame of rich

mixtures from damaging the burner. Although only

lean mixtures are used in this experiment, nitrogen is
also introduced at the same mean tangential ejection
velocity of combustible mixtures, V:, to obtain a
uniform flow field. In most measurements, only type A
is used, unless stated otherwise. Type B is the
axisymmetric swirl-type burner (Fig.1(b)), which
has been developed in Ref.(11) to examine the flame
characteristics in symmetric flow, compared -with
those by type A. The center slits for premixed
mixtures are 1 mm width and 30 mm length. Mixtures
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(b) Axisymmetric swirl-type burner (Type B)

Fig. 1 Swirl-type burners used in this study

are introduced through 8 slits to form the axisym-
metric flow. Nitrogen is introduced from the right and
left slits of 15 mm length. The diameter of the tube is
19 mm, which is the same as that of type A.

For comparison, a Bunsen-type burner is used.
This burner has a nozzle giving a uniform velocity
distribution at the exit, whose diameter is the same as
those of swirl-type burners. A pilot flame is used to
stabilize the flame, which is formed on a circular
nozzle around the burner exit.

Temperature is measured with a silica coated Pt/
Pt-13%Rh thermocouple (wire diameter ; 50 pm and
100 pm), which is inserted along the flame front to
obtain the flame temperature correctly. In this experi-
ment, since the flame is stable with small turbulence,
the temperature fluctuation is very small, except for a
polyhedral flame of a lean hydrogen/air mixture. A
correction is made for radiative heat loss. The tem-
perature reduction, 47, due to the radiation is esti-
mated by considering heat transfer around the bead of
the thermocouple by the following equation ;

eoT*

ar =510 4 (1)
where ¢ is the emissivity, ¢ is the Stefan-Boltzmann
constant, T is the measured temperature, D is the
bead diameter, A is the thermal conductivity, and Nu
is the Nusselt number. If we put Nu=0.8 X (Re)** we
obtain the Kaskan’s relation®?,
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AT = 1.25ecT'D*™( 7 )"-25

A \eU (2)
where Re is the Reynolds number, given by oUD/7, 7
is the viscosity, o is the density, and U is the velocity
around the bead of thermocouple. If we take T=
927°C, D=010X10"°m, U=2.2m/s, and 0=0.239
kg/m?® for lean methane/air mixture, and further e=
0.23, 0=5.670x10"*W/m-K*, 1=8.85%10*W/m-K,
and 7=4.73x107° kg/m-s, and put them into Eq.(2),
then yielding 47"=37°C, Since the Reynolds number is
very small (Re=1.11 in the present case), we assume
Nu=2.0 (sphere) in Eq.(1), then yielding 47 =33.
2°C. The difference between two values is small, and
hence, the correlation is made using Kaskan’s rela-
tion. Only corrected temperatures are shown in the
results, unless stated otherwise.

3. Numerical Simulation

In this study, the tubular flame is numerically
simulated 'to examine the radiation effect. Only a
methane/air mixture is considered. This effect
always exists due to the thermal radiation in combus-
tion, which is different from the radiation loss needed
in the temperature measurement by thermocouples.
Figure 2 shows the schematic of a tubular flame, with
cylindrical coordinates ; z and #» represent, respective-
ly, longitudinal and radial distance from the center, 6
represents azimuthal angle; vr, vs, and v: represent,
respectively, 7, 8, and z components of the velocity
vector v. For simplicity of boundary conditions, the
wall is rotating to give axially symmetric flow in an
infinitely long tube of radius K. Then, a similarity
solution for the compressible flow can be adopt-
ed"®t9. A combustible mixture is injected through
the rotating porous wall, resulting in a uniform veloc-
ity vector vo(—vr,e, veo, 0) at » =R. The component of
mixture and the flow velocity at the wall are set to be
the experimental values.

Detailed transport coefficients and ther-
modynamic properties for each species are taken into
account. As reaction scheme for a methane/air

Porous Wall

Fig. 2 Axially symmetric flow field in an infinitely long
rotating porous tube with uniform injection
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mixture, we use skeletal mechanism®®. It consists of
35 elementary reactions and 15 reactive species, CH,,
0,, CO,, H,0, CO, H,, H, OH, O, HO,, CH,, CHO,
CH,0, CH;O, H,0,, which are shown in Table 1.
Nitrogen is taken as inert. The assumptions and
equations in this calculation are identical with those
of previous studies"®4 except that we consider the
radiative heat loss by an optically thin radiation
model for CH,, CO,, H,0, CO®. The tube radius, R,
is 9.5 mm, which corresponds to burner radius in the
experiment. The number of mesh points is 201, and
the mesh size is about 0.05 mm, so as to represent the
flame structure accurately.

4. Results

4.1 Tubular flame temperature
In our previous study™, there is a maximum

Table 1 Specific reaction-rate constants for the reaction

scheme

No | Reaction A a E

01 [ H+O,—~OH+O 2.00E14 0.00 | 7030
02 | OH+O—H+0, 1.57E13 000| 289
03 | H,+0—OH+H 1.80E10 1.001 3693
04 | OH+H—H;O 8.00E09 1.00| 2829
05 [ HAOH—H,0+H 1.17E09 1.30| 1517
06 | H,O+H—H,+OH 5.09E09 1.30| 77.78
07 | OH+OH—H,0+0 6.00E08 1.30| 0.00
08 | H,0+O—OH+OH 5.90E09 1.30| 7126
09 | H+O,+M—HOM 2.30E18 | -080| 0.00
10 | H+HO,—OH+OH 1.50E14 000| 420
11 | HHHO,—~H,+O; 2.50E13 000 | 293
12 | OH+HO,—H,0+0, 2.00E13 000 4.18
13 | CO+HOH—CO+H 1.51E07 130 -3.17
14 | CO+H—CO+OH 1.57E09 130 93.74
15 | CH#M—CH,;+H+M 6.30E14 0.00 | 435.19

16 | CHi#H+M—CH+M S20E12 | 000 -548
17 | CH+H—CHs+H, 220E04 | 3.00| 3661
18 | CH,#H,—CH~H 957E02 | 3.00] 3661
19 [ CH+OH—CH5+H,0 1.60E06 | 2.10] 1029
20 | CH;#+H,0—~CH+OH 3.02E05 | 2.10] 7290
21 | CH#O—CH,0+H 680E13 | 0.00| 000
2 | CH,0+H—CHO+H, 250E13 | 0.00| 1670
23 | CH,0+OH—CHOHL,O | 3.00E13 | 0.00| 500
24 | CHO+H—CO+H, 400E13 | 000 000
25 | CHOM—CO+HM 1.60E14 | 000 6151
26 | CH#0,~CH;0+0 700E1Z | 000 107.34
27 | CH,0+H—CH,0+H, 200E13 | 000] 000
28 | CH;0+M—CH,O+H+M | 2.40E13 | 0.00] 12056
29 | HOAHO,—H,0+0; 200E12 | 000] 000
30 | H,0,M—OH+OHM 130E17 | 0.00 | 19039
31 | OH+OH+M—H,0M 986E14 | 000]-2122

1.00E13 000| 753
2.86E13 0.00 | 137.21
2.20E22 -201 0.00
1.80E18 -1.0] 000

32 | H,O,#*OH—H,0+HO,
33 | H;O+HO,—H, O+OH
34 | HHOH+M—H,0+M
35 | BH+H+M—H;+M

The reaction constants are written as A=AT*
exp (— E/R.T), with the individual quantities ex-
pressed in cm, mol, s, k] and K units.

The third-body efficiencies are 0.40 for O,, 6.50 for
H,0, 0.40 for N, and 1.00. for all other species.
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temperature around the luminous flame region in the
radial temperature distribution. This maximum tem-
perature has been defined as the flame temperature.
Figure 3 shows the tubular flame temperature for a
methane/air mixture using type A, as functions of fuel
concentration, 2 (9 volume). For comparison, the
flame temperature using type B is shown, which has
been already measured®?. For both cases, the mean
tangential ejection velocity, V%, is 3.8 m/s. The tem-
peratures before correlation by Eq.(2) are also
shown. '

As seen in this figure, the flame temperature
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Fig. 3 Variations of flame temperature with fuel
concentration, V;=3.8m/s
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monotonically decreases with-a decrease of the fuel
concentration. The flame extinction occurs when the
fuel concentration is 4.849 for type A, and 4.809% for
type B. It is interesting to note that both tempera-
tures are almost the same, although type A has only
one slit for mixture ejection. Hence, the symmetric
assumption adopted in the simulation is valid to dis-
cuss the flame characteristics based on numerical
results.

Figure 4 shows the variations of the tubular flame
temperature with the fuel concentration for hydrogen,
methane, and propane/air mixtures. The adiabatic
flame temperature, 7eq, is also shown using the solid
line. Although the flame temperature monotonically
decreases with a decrease of fuel concentration for all
cases, the different response to the adiabatic flame
temperature is observed. That is, for a methane/air
mixture, the measured flame temperature is almost
the same as Tuws. However, for a hydrogen/air mix-
ture, the flame temperatures are much higher than
Tws. This temperature difference is about 400°C,
which is unexpectedly large. On the contrary, for a
propane/air mixture, the flame temperatures are
lower than 7Tua by 50 - 100°C.

4.2 Bunsen flame temperature

For comparison, a Bunsen flame is also examined
for each mixture. The temperature measurement is
conducted about 5 mm downstream from the flame
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Comparison between temperature around Bunsen
flame tip and adiabatic flame temperature for (a)
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tures, (c) propane/air mixtures
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tip. Figure 5 shows the Bunsen flame temperature
when the mean exit velocity is set to be 2.2 m/s. The
adiabatic flame temperature is also shown. Results
show that, for a methane/air mixture, the flame tem-
perature is slightly lower than T.e. For a hydrogen/
air mixture, as is different from the behavior of the
tubular flame, the flame temperature is lower than 7«
by 100°C. For a propane/air mixture, the flame tem-
perature is slightly higher than 7T.s. These results are
in accordance with the previous experiments!6»(17,
Therefore, it is found that the Bunsen flame shows
different behavior from that of the tubular flame.

For a hydrogen/air mixture, the flame is wrin-
kling to form a polyhedral flame especially for 2=
10.6 - 17.5%, which has been reported in Ref.(18).
Here, both luminous and dark regions are observed
along the cellular flame front. Then, we traverse the
thermocouple at half height of the flame, and measure
the temperatures in these regions. Results are shown
in Fig.6. For comparison, the temperature at the
flame tip is also obtained, together with adiabatic
flame temperature. As seen in this figure, it is found
that the temperature in the luminous region is higher
than that at the flame tip, while the temperature in the
dark region is lower. It is interesting to note that the
temperature in the luminous region slightly exceeds
the adiabatic flame temperature, which is the same
tendency of tubular flames in Fig. 4(b).

5. Discussion

Using two swirl-type burners of type A and B, the
temperature of the tubular flame in a stretched, rotat-
ing flow has been measured for lean methane, hydro-
gen and propane/air mixtures. The flame tempera-
ture on the Bunsen burner has been also measured.
These temperatures have been compared with the
adiabatic flame temperature.

1400 T T T T T T T
- A L : 4
OL) 1300+ o) T};)mmous Tad -
= 100 * Dk \
1100
1000
900
800 . ! ) ! A B
11 12 13 14 15

Q, %

Fig. 6 Comparison between temperature of polyhedral
burner flame (luminous, dark and tip regions) and
adiabatic flame temperature for hydrogen/air
mixtures
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From these results, it is found that the tubular
flame temperature is almost the same as the adiabatic
flame temperature for a lean methane/air mixture,
considerably higher for a lean hydrogen/air mixture,
and lower for a lean propane/air mixture. It is also
found that this response is different from that of the
Bunsen flame ; the temperature around the flame tip
becomes lower than the adiabatic flame temperature
by 50°C for a lean methane/air mixture, lower by
100°C for a lean hydrogen/air mixture, and slightly
higher for a lean propane/air mixture.

Before discussing these results, we focus on two
effects, radiation effect and stretch effect. The radia-
tion effect is discussed first, followed by the stretch
effect.

5.1 Radiation effect

To estimate the radiation effect quantitatively,
we simulate the tubular flame with and without radia-
tion term in the conservation equation of energy.
Figure 7 shows the radial distribution of temperature
for a methane/air mixture. The fuel concentration is
5.29% and the mean tangential velocity is 3.8 m/s,
which corresponds to the experimental condition.
The rotating porous wall is located at »=9.5mm.
When radiative heat loss is not considered, shown by
solid line, the temperature starts to increase at » =5
mm, and steeply increases in the reaction zone, which
is located at »=2 -4 mm. The temperature takes its
maximum at » =0 mm. With radiative heat loss, the
temperature profile is similar, but the maximum tem-
perature is lower by 60°C. The maximum tempera-
ture is located around the reaction region, which
corresponds to the experiments!™.

Then, we compare the calculated temperature
with temperatures obtained by type A and B burners.
Figure 8 shows the variations of flame temperature
with fuel concentration. As seen in this figure, it is
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= 1500+ .
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''''''' 1300 |

1000 1200
I 11000
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Fig.7 Temperature distribution for methane/air mix-

tures obtained by numerical simulation, £2=5.2%,
V:=3.8m/s
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Fig. 8 Comparison between tubular flame temperature
and calculated flame temperature with and with-
out radiative heat loss for methane/air mixtures

found that the flame temperature with radiation loss is
always lower than that without radiation by 30 - 80°C.
The temperature difference is smaller as the fuel
concentration is decreased. This is explained by the
fact that the radiative heat loss is proportional to the
fourth power of the temperature. As the fuel concen-
tration is smaller, the radiation effect is reduced with
the lower flame temperature. It is also due to the fact
that the mole fraction of radiating species such as CO,
and H,O is smaller with an decrease of the fuel
concentration.

It should be noted that the calculated flame tem-
perature with radiation loss is almost the same as the
experimentally obtained flame temperature. Then,
radiation loss must be included to predict the flame
temperature accurately. However, in Fig. 4, even if
the radiation loss is taken into account, the tubular
flame temperature is much higher than 7w for a
hydrogen/air mixture, whereas the tubular flame tem-
perature is lower than 7. for a propane/air mixture.

Since the tubular flame is formed in stretched
flow, the flame characteristics including the flame
temperature could be explained with Lewis number
considerations, focusing on the mass and heat transfer
through flow-divergence. The typical Lewis numbers
are 0.31 for 5% hydrogen, 1.7 for 2.8% propane, and
0.95 for 5% methane. Comparing with the Bunsen
flame, the dependence of the flame temperature on the
Lewis number is clearly observed in Table 2, taking
the radiation loss into account. It should be noted that
the tubular flame exhibits qualitatively opposite
behavior to that of Bunsen flame. Therefore, we
estimate the stretch rate of these flames for further
discussion.

5.2 Stretch effect

In general, the stretch rate, x, is given by the

following equation®® 9,
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Table 2 Flame temperature, 7y, and adiabatic
temperature, Tas

Mixture Tubular Flame | Bunsen Flame
(IL{;/ flr) T > T T/<Ty
?Ifi‘?; I €Ty Tr> T
~ n
Vﬂuid

(a) Tubular flame

[i

(b) Bunsen flame

Fig. 9 Flame and flow configuration

__1 d(A)
¥T0A  dr
:*{VX( Vﬂuidx ﬁ)}' ﬁ"’(f_))' ﬁ)(V' ﬁ)
=~ (VX (Vawa X 7))+ A+(Se+ Vaua #)(V+ )
(3)

Then, the stretch rate is described by two terms. In
Eq.(3), the first is the strain term, and the second is
the curvature term. For the tubular flame in Fig. 9
(a), by assuming that the flame is rigorously cylindri-
cal®V, the velocity vector of the flow and the normal
vector of the flame front are roughly expressed as:

Vawsa=(vr, ve, Uz):< —%a- 7,0, a-z>

#=(1,0,0)
Here, a is the axial velocity gradient. If the flame
is located at »=7y, the burning velocity becomes
(a/2)+7s. With these values,

(}C)Tubular: —#n: vV Vﬂuld+v' Vﬂuid+SLV' 7

_a 1
=5 +0+SL_7,f
=5 to=a (4)

Resultantly, the stretch rate is ¢, and the flame is
formed in positively stretched flow. The estimated
value of a in this experiment is about 40 1/s.
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In case of the Bunsen flame, for simplicity, it is
assumed that the flame is formed in uniform flow (Fig.
9(b)). When the flow velocity is U and the crossing
angle between flame and flow is @, the velocity vector
of the flow and the normal vector of the flame front
are:

I7ﬂuid:(l)r, Ve, Uz):(o, (), U)

#=(—cos a, 0, —sin @)

Then, the burning velocity is considered to be U-
sin . With these values, the stretch rate for the
Bunsen flame is:

(%)Bunsen=0+0+ S, V+ 77

={U sin af—i—%{r(—cos @)}

__Usinacosa (5)

r

Hence, the Bunsen flame receives negative stretch.
For typical case, the estimated stretch rate is about
—201/s. Therefore, the different characteristics of
temperatures between the tubular flame and the Bun-
sen flame are attributed to the stretch effect.

In Fig.10, we show the flame and flow
configurations to explain the transport of mass and
heat. As seen in Fig.10(a), the flow in the Bunsen
flame is uniform while its flame front is curved. Then,
there is transport of mass and heat across the flame
zone. Since it is a fuel lean mixture, around the flame
tip, the mass transport by diffusion increase the con-
centration of the fuel, the deficient reactant, to inten-
sify the combustion reaction. While, the heat trans-

Streamline Streamline
J \g [Flame
Heat | e—__
GD Mass Heat |Conduction
\' b~
Flame Ma§ ﬁffusion

(a) (b)

i |

Heat Flame

N/

Mass

\ Streamline

(c)

Fig. 10 Schematics illustrating the directions of heat
conduction and mass diffusion of limiting
reactant in various flames: (a) Bunsen flame,
(b) tubular flame, and (c) cellular flame
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port by conduction reduces the combustion reaction.
In Fig. 10(b), the flow in the tubular flame is diver-
gent while its flame front is flat. Then, the stream
tube across the flame zone is divergent, so that a part
of the heat generated in the reaction zone and a part
of each component of the mixture pass through the
boundary of the stream tube by conduction and
diffusion, respectively. In both cases, the flame char-
acteristics depend on the Lewis number. From the
simple estimation, the Bunsen flame receives negative
stretch, and the tubular flame receives positive
stretch. Therefore, the different dependency of flame
temperature on the mixtures is explained with the
Lewis number considerations. Since the stretch rate
for these flames is opposite, the tubular flame and the
Bunsen exhibit qualitatively opposite behavior.

In the polyhedral flame on the Bunsen burner for
a lean hydrogen/air mixture, the temperature in the
luminous region is higher than adiabatic flame temper-
ature. This result is also explained with the stretch
effect, because the cellular flame has a curved flame
front. Hydrogen, a deficient species for lean mixture,
diffuses preferentially into the luminous region and
the temperature increases, which is shown in Fig. 10
(c). Note that the luminous region is convex
towards the unburned mixture stream and hence
stretch is positive as in the tubular flame, while the
dark region is concave towards the unburned mixture
stream, resulting in negative stretched flame. Hence,
the temperature of the polyhedral flame in Fig. 6 is
also explained with the stretch effect.

In Fig. 11, the Bunsen flame temperatures for
luminous and dark regions are compared with that of
the tubular flame for a hydrogen/air mixture. As
shown by dashed line, the tubular flame temperature
and the Bunsen flame temperature in the luminous
region show the same linear dependence on the fuel

1400 ——

- O Tubular flame 1

OO 1200 +4 Bunsen flame (luminous)
" . A& Bunsen flame (dark)

= 1000
800!
600
400

200 L | L 1 s | L
3 6 9 12 15

Q,%

Fig. 11 Comparison between tubular flame temperature,
temperature of polyhedral burner flame (lumi-
nous, dark regions), and adiabatic flame tempera-

ture for hydrogen/air mixtures
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concentration. Thus, it appears that the tubular flame
corresponds to this intensified combustion region of
the polyhedral flame, and both are higher than the
adiabatic flame temperature. '

6. Conclusions

Both tubular flame temperature and Bunsen flame
temperature have been measured for lean methane,
hydrogen and propane/air mixtures. These tempera-
tures have been compared with the adiabatic flame
temperature, which is the typical temperature with no
stretch. Results show that, the temperature of the
tubular flame is almost the same as the adiabatic
flame temperature for a lean methane/air mixture,
considerably higher for a lean hydrogen/air mixture,
and lower for a lean propane/air mixture. For the
temperature around the Bunsen flame tip, this
response is opposite to that of the tubular flame.
Numerical simulation has been conducted to examine
the radiation effect, and the flame temperature is well
predicted if the radiation loss is taken into account. It
is found that the radiative heat loss only reduces the
flame temperature by 30 to 80°C. From the simple
consideration of the flame and flow conﬁgurvations, the
tubular flame receives a positive stretch, while the
Bunsen flame receives a negative stretch. Therefore,
the different dependency of flame temperature on the
mixtures is explained by the stretch effect with the
Lewis number considerations, and the response of
these flames exhibits qualitatively opposite behavior.
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