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Introduction 

The flame stretch concept provides us with great understanding of the phenomena of premixed 

combustion.  Especially, the flame stretch concept may be useful for understanding the structure of a 

wrinkled laminar premixed flame in a turbulent flow or a thermal-diffusive unstable flame.  In many past 

studies, however, such concept was discussed in the case that the effects of flame stretch and preferential 

diffusion are assumed not to change along the flame surface.  Therefore, traditional theoretical predictions 

will not accurately estimate the changes in the burning intensities of a wrinkled laminar flame or a 

thermal-diffusive unstable flame, since adjacent flame segments with different burning intensities may 

interact with each other and thus vary the burning intensities.  

In the present study, we investigated the variation in the flame temperature, which has the spatially 

non-uniform stretch rate along the flame surface.  We made a multiple-slit burner to stabilize the 

corrugated laminar premixed flame.  The flame temperature and the flame stretch rate (designating both 

flame curvature and flow field strain) were measured, and then we examined the relationship between them 

theoretically. 

Experimental Procedure 

The essential feature of the burner and the orientation of the coordinates used in the present study are 

shown in Fig. 1.  Three thin plates, each 0.3 mm thick, were placed on the burner so as to divide a 

rectangular channel into four equal slits of 4.0 mm × 35.0 mm cross-section.  This burner allowed a 

corrugated stable flame (3V-type) or a Inverted flame (V-type) to form.  Lean propane/air premixed 

mixtures were provided, and the Lewis numbers were greater than unity. 

To estimate the stretch rate , we adopted the laser tomographic 

visualization technique to measure the flame front shape, and 

particle image velocimetry (PIV) to measure the velocity 

distribution.  The detailed features of the burner and measurement 

techniques are addressed in Ref.1 

The temperature was measured by a thermocouple, which Fig.1  Schematic of the burner 
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consisted of Pt80%/Rh20%- Pt60%/Rh40% with 100 mm diameter wires.  The wires were coated in silica 

to prevent catalytic heating on the surface, and our temperature measurements corrected for radiative heat 

loss. 

Result and Discussion 

For the 3V-types, the average velocity of the mixture was 

set near the blowoff limit in order to minimize the heat loss 

from the flame to the thin plate.  For the V-types, the convex 

flame segment was stabilized at the mean velocity where the 

curvature of the convex was equal to that of the center convex 

of the 3V-type in each equivalence ratio.  The equivalence 

ratios and the mean velocities used in this investigation are shown in Table1. 

Figure 2 shows the typical temperature distribution measured using the thermocouple on the burned 

gas side. For each equivalence ratio we extracted the flame temperature Tb from the burned gas temperature 

distribution like Fig.2 (the procedure is described in Ref.2, 3), the results are shown in Fig.3.  The flame 

temperature is made dimensionless θ=(Tb-Tu)/(Tad-Tu) using the unburned gas temperature Tu(298K), and 

the adiabatic temperature Tad is estimated from the equilibrium calculation.  On the other hand, The circle 

plots in Fig 4 show temperature profiles estimated from the stretch rate, using the following expression 

proposed by Sun et al[4]: 

 �
�

�
�
�

� −+=
−
−= 11~1 0

LeTT
TT

uad

ub καθ        ( 1 ) 

where α0= �
T du

δ
ηρρ

0
)/(  =1 + ln[Tu/Tad +(1-Tu/Tad )e-1], κδκ )/(~ 00

uT S= , κ is the flame stretch rate, δT
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the flame thickness[4], and Su
0 is the laminar burning velocity[5].  κ were measured using the laser 

tomographic visualization technique and PIV[2,3].  Here, in order to compare this estimated flame 

temperature with the measured one (Fig.3), the position of x was corrected by moving it from the flame 

front where κ was obtained to the burned side boundary where the flame temperature was measured by the 

Table 1  Parameters of mixtures  
Equivalence 

ratio φ 
Flame 
type 

Average velocity 
( m/s ) 

Le 

0.76 3V 0.77 1.73
0.76 V 0.91 1.73
0.72 3V 0.32 1.74
0.72 V 0.43 1.74
0.68 3V 0.24 1.75
0.68 V 0.30 1.75
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Fig.3  Nondimensional flame temperature measured by thermocouple along flame surface 
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thermocouple.  Comparing Fig. 3 with Fig. 4, it seems that the tendencies of the 3V-type flames do not 

agree with the estimates, while those of the V-types agree well.  In the 3V-type, especially, it is notable 

that the estimated flame temperature is much higher at the concave tip and is smaller at the neighbor of the 

concave (ex. for φ=0.72, x=1.5~2.5mm) than the measured temperature.  The reason why these 

differences appear is that the heat transfer along the flame surface and to the burned gas is not considered in 

Eq.(1), although the temperature gradients exist in such directions as shown in Fig. 2. 

  Therefore, we take those conductive heat transfer 

effects into consideration by remodeling the theory of 

Sun et al [4], which is derived in the case of a uniform 

stretch rate along a flame surface.  The flame and flow 

configuration is shown in Fig. 5.  The thin reaction zone 

has an area Af. The surface of the upstream boundary of 

the preheat zone at the distance δT from the reaction zone 

is intercepted by the streamtube, which corresponds to Af, 

thus defining the area of streamtube AT,st.  Projecting AT,st onto the reaction zone surface yields AT,f, which 

differs from AT,st because of the flame curvature.  Moreover, a curvilinear orthogonal system of 

coordinates is introduced, in which the η axis is perpendicular to the flame surface, ξ and ζ are parallel 

with the flame surface, and ζ is at a right angle to ξ.  If we assume that the flame is stationary and if we 

take the control volume as shown in Fig.5, the mass, the energy and the species conservation are as follows. 
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Fig.4  Nondimensional flame temperature estimated using Eq.(1) and Eq.(6) 

Fig.5  Schematic diagram of control volume 
composed of curved flame zone and nonuniform 
flow. 
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where T : temperature, Y : concentration of the reactant, U : the flow velocity, cp : specific heat, ρ : density, 

λ : thermal conductivity, D : mass diffusivity, q : heat release rate, 
−
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reaction rate, qL : heat loss.  Subscript T or M designates the upstream boundaries of the heat or mass 

diffusion zone, respectively, and subscript u or b designates the unburned or burned state, respectively.  In 

the energy conservation, the conductive heat transfer along the flame surface is taken into consideration.  

The areas constituting the control volume have the following relations: 
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Approximating that the temperature profile is linear across the flame zone, it is described as 

uTub TTTT +−= )/)(( δη .  The definition of the adiabatic temperature is given by 
uuadp qY)TT(c =− .  

Substituting Eq.(4) into Eq.(3) and applying the relations mentioned above, we obtain the flame 

temperature for the stretched flame, 
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where ∇ t
2 is the tangential second-order differential operator of the flame surface.  δT is the stretched 

flame thickness ( δT/δT
0=(kb

0/kb)1/2=exp(Ze(1-θ)/2 ), Ze is Zeldovich number ).  In this investigation it is 

considered that the heat conducts from the flame to the downstream (burned side), it is taken into account 

as the heat loss term (qL= qdw=-λdw(dT/dη)).  Since Eq.(6) is the nonlinear differential equation on θ, we 

tried to obtain the solution using the tridiagonal matrix algorithm.  For the boundary conditions, dθ/dξ =0 

at both the convex and the concave tip in the 3V-type.  In the V-type, on the other hand, dθ/dξ =0 at the 

convex tip, while d2θ /dξ2=0 at x=4.2mm.  The results are shown as the triangle plots in Fig.4. 

We can see that the temperatures estimated using Eq.(6) agree well with the measured temperature.  

Particularly, these temperatures at the concave tips of the 3V-type are much lower than the temperatures 

estimated using Eq.(1).  In concave segments the gradients of the stretch rate change dramatically, so that    

the gradient of the flame temperature changes spatially as a result of the flame stretch and the preferential 

diffusion.  Hence, the heat conducts out around the concave, and the heat transfers which we noticed have 

a large effect on the flame temperature.  In addition, the estimated flame temperature with such heat 

transfers at the segment neighboring the concave tip is higher than that without heat transfers, and the 

former agrees more with the measured temperature than the latter does.  This is attributed to the heat 

received from the concave.  Therefore, the feature of Fig.4 verifies the importance of such heat transfers. 
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