
1 
 

Simultaneous measurements of burning velocity and temperature 

distribution of combustion using UV laser Rayleigh scattering 
 

 

Seong-Ho Jin* 
School of Engineering 
University of Lincoln 

Lincoln, LN6 7TS, UK 
 

Gyung-Soo Kim 
Korea Institute of Industrial Technology 

Chonan, 330-825, Korea 

 

 

Abstract 
Planar temperature images using laser Rayleigh scattering have been obtained to determine 

the spatial distribution of temperature in a constant volume combustion chamber.  Burning 

velocities were also measured from measured pressures and calculated flame surface area 

from Rayleigh scattering images.  A high power KrF excimer laser was used as a light source 

and a high gain ICCD camera was used to obtain temperature images.  Methane/air premixed 

combustion at different equivalence ratios and initial pressures were tested.  Since the 

thermodynamics are well known, a constant volume chamber can be used as a reference 

device for diagnostics in high temperatures and pressures combustion.  With the Rayleigh 

scattering technique, temperature and burning velocity can be measured simultaneously using 

a single-shot laser light.  An additional laser Rayleigh experiment is described which yields 

scattering cross sections at the wavelength of 248nm.  The experimental results show an 

excellent agreement with previous data. 
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NOMENCLATURE 

Roman 

Af : surface area of the flame front 
k, k’ : optical constant 
Io : laser energy 
m : mass 
M : molecular weight 
n : molecular number density 
P : pressure 
R : gas constant or radius 
S : Rayleigh scattering signal intensity 
SL : laminar burning velocity 
SF : flame propagation speed 
t : time 
T : temperature 
v : specific volume 
V : volume 
x : mole fraction or Cartesian coordinate 
y : mass fraction or Cartesian coordinate 
z : volume fraction or Cartesian coordinate 

 

Greek 

α : molecule polarizability 
σ : Rayleigh scattering cross section 
φ : equivalence ratio (actual fuel/air ratio over ideal fuel/air ratio) 
λ : wavelength 

 

Subscripts 

b : burned 
i : species 
eff : effective 
u : unburned 

 

Abbreviations 

a.u. : arbitrary unit 
EQ : equivalence ratio 
int. : initial 
press. : pressure 
RS : Rayleigh scattering 
UV : ultra violet 
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1. INTRODUCTION 

The species density, combustion temperature, pressures and burning velocity are the 

most fundamental thermodynamic properties which characterise combustion with different 

fuel/air mixtures.  Knowledge of these parameters has practical importance in the design and 

analysis of practical combustion devices, such as automotive engines, gas turbines and 

industrial burners.  Basic chemical kinetic models have been developed for predicting the end 

result of the combustion process, as have computer simulations.  Although they play an 

increasingly important role in design and optimisation procedures, such models and their 

calculations are complex and should be validated. 

The thermodynamic phenomena inside the combustion chambers have been discussed 

in the previous researches, and burning velocities were measured using the laser diffraction 

method by schlieren photography in a spherical chamber that was ignited at its centre [1-6]. 

Laser-based Rayleigh scattering technique has been developed for temperature 

measurements.  It has been applied to thermometry in combustion and is excellent method for 

this purpose.  It does not require any seeding materials and can provide two dimensional 

information in all regions of the flame, while other techniques measure temperature at a 

single point [7,8].  The signal intensity of Rayleigh scattering is relatively low but usually 

sufficient for measurements in high temperature environments, and the data evaluation is 

straightforward [9-11]. 

However, both the laser diffraction and laser-based Rayleigh scattering techniques are 

only for single parameter measurement such as burning velocity or temperature.  This paper 

discusses an application of the laser-based Rayleigh scattering technique to a constant volume 

combustion chamber.  Simultaneous measurements of several laminar burning velocities and 

two dimensional temperature images of the burned and unburned zones inside the chamber at 
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different equivalence ratios and initial pressures are presented using single-shot UV laser 

Rayleigh scattering. 

In this research, methane was used as a fuel.  The chamber deals with laminar 

combustion and is a simplified version of practical combustion apparatus.  The results can 

help to verify the experimental method and evaluate how it might be used in practical 

combustion devices.  In addition to the quantitative calculation, quantitative visualisation 

gives direct information of the temperature distribution and the rate of flame propagation.  

The results can be also used in practical applications to verify theoretical models and 

computer simulations. 

 

2. EXPERIMENT 

The constant volume combustion chamber had a circular cylinder shape and consisted 

of stainless steel.  The chamber is 100mm long with an 80mm bore.  There were four fused 

quartz windows for optical access.  Two of them were used for transmitting the laser beam 

through the chamber and were located on the cylinder wall while the other two for detecting 

the emitted light and were on the two ends of the cylinder.  The total inner volume of the 

chamber was 559cm3.  A spark plug was placed on the bottom wall to initiate the combustion.  

A piezoelectric pressure transducer (Kistler, 6051B, error ±1%) measured the pressure 

change during combustion.  The transducer was calibrated by a dead weight tester.  The 

pressure was recorded via a charge amplifier (Kistler, 5011) to an oscilloscope (LeCroy, 

9354A) which was interfaced to a computer.  The schematic of the chamber set-up is shown 

in Fig. 1. 

A KrF excimer laser (Lambda Physik, COMPex 205) which had an output energy of 

450mJ and a wavelength of 248nm was used as a light source.  A sheet beam of 0.1mm × 
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20mm is formed using two cylindrical lenses.  The shot-to-shot fluctuation of the laser light 

was measured and recorded using a laser energy meter (Coherent, J-50MUV-248) before the 

chamber.  The Rayleigh scattering images were then normalised by laser energy in order to 

eliminate error from the fluctuations.  The optical system is aligned to minimise unwanted 

stray light such as Mie scattering and reflections from the chamber wall. 

The scattered light emitting from combustion is imaged onto an ICCD camera 

(Princeton Instruments, 576G/RB-E).  This camera has an intensity resolution of 16 bits per 

pixel.  It operates in standard video mode.  The gate on the intensifier is synchronised with 

the laser and the spark plug.  The image is taken through a macro lens (UV-Nikkor 105 mm, 

f/# 4.5) which places to the laser sheet perpendicularly.  The spatial resolution of the images 

is 0.3mm per pixel.  The intensifier gate with a width of 100ns suppresses almost all 

spontaneous emission from the combustion. 

A single pulse laser beam with high power generates a two dimensional image.  The 

image is recorded and digitised on a computer.  It is presented in real time, either in false 

colours or in grey scales, on a monitor.  Some inter-image operations, such as background 

subtraction, normalisation and density/temperature calculation, can be done directly on the 

computer. 

The chamber is evacuated with a vacuum pump after combustion completed.  The 

initial temperature inside the chamber is maintained at room temperature before ignition.  The 

fresh fuel/air mixture is then injected to the chamber until the pressure reaches the initial 

pressure.  The fuel/air mixture equilibrates in a separate premixing chamber and becomes a 

quiescent homogeneous state in advance.  The timing of the system, spark plug ignition 

timing, laser trigger and ICCD camera gate synchronous timing are controlled by a time-

delay pulse generator (Stanford Research Systems, Inc., DG-535). 
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3. RESULTS AND DISCUSSION 

3.1  Burning velocity in constant volume combustion chamber 

The burning velocities were measured directly from measured pressures and RS images 

in a previous study [12].  Two different burning velocities are presented in this study.  The 

first is the laminar burning velocity SL.  It is the speed at which unburned gas moves normally 

into the flame front and is changed to the products.  Let Af be the surface area of the flame 

front, then SL = vu(dm/dt)/Af.  This expression can be transformed to 

 

( )
1

/ 1
L

f b u

dP VS
dt P A v v

 = ⋅ ⋅  ⋅ − 
     (1) 

 

The detail expression of the laminar burning velocity can be found in a reference book 

[13].  SL is evaluated using measured values of V, P, dP/dt and using the expansion ratio 

vb/vu.  The expansion ratio is vb/vu = (Tb/Mb)/(Tu/Mu) which is calculated by the chemical 

equilibrium program, STANJAN [14].  Table 1 shows the calculated data using the 

STANJAN program. 

Af is calculated by solving a geometric problem considering a hemisphere and a right-

circular cylinder.  The base of the hemisphere and the curved wall are intersected.  They are 

placed so that the line formed by the plane and the cylinder wall passes through the centre of 

the hemisphere’s base.  Details are presented in the appendix. 

Then the top of the hemisphere is on the cylinder’s axis and Af is proportional to the 

hemisphere’s area that lies inside the cylinder.  The analytic solution produces an elliptic 
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integral that is evaluated numerically.  The flame surface boundary is determined by image 

processing, by finding the maximum temperature gradient in the RS images. 

The second velocity is SF, the expansion speed of the burned gas, which differs from SL 

because the large ratio vb/vu pushes the flame front outward.  Here SF = (dVb/dt)/Af, where Vb 

= zbV = mybvb, and zb = 1/[(vu/vb)(yb-1) + 1], the volume fraction of the burned gases.  By 

suitable manipulation of the equations, it can be shown that 

 

( )1F b
b b

L u

S v z z
S v

= − +      (2) 

 

so SF ≈ SL(vb/vu) and SF ≈ SL for zb ≈ 0 and zb ≈ 1, respectively. 

SL is determined through Eq. (1).  The results are plotted in Fig. 2 and Fig. 3.  The solid 

and dashed curves are the calculated burning velocities using the GRI chemical reaction 

mechanism, version 2.1 and 3.0 [15,16] at different pressures.  The results show that the 

experimental laminar burning velocities agree with the calculated results using CHEMKIN-II 

and PREMIX simulation code [17-19] and the other experimental results [20] within the error 

range of ±3%.  The errors occur due to the asymmetric flame surface, uncertainty in 

determining the flame front etc. 

SL is obtained in the chamber at various equivalence ratios.  The measured values of 

dP/dt and P are 68.360bar/s and 2.311bar, respectively, at φ = 1.0.  The calculated vb = 

3.430m3/kg and vu = 0.424m3/kg.  Then, from Eq. (1), SL ≈ 31.2cm/s.  For the other φ in Table 

1, P is 2.186 ± 0.13bar, Tu is 325 ± 7K, and Tb ranges from 2211K to 2615K. 
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Alternatively, Eq. (2) can be applied after direct measurement of SF via flame front 

observation from RS images for different times.  This is presented in Fig. 4.  The results show 

that flame propagation speed, SF, is within the range between SL and SL(vb/vu). 

 

3.2  Temperature images in constant volume combustion chamber 

The RS signal intensity S from laser light at a given wavelength, distance and angle of 

observation, is Io⋅n⋅σeff.  Here, σeff is an effective normalised RS cross section defined as Σ 

xiσiN, where σiN(≡ σi/σN2), is a RS cross section for species i that is normalised to that of N2.  

The strong wavelength dependence of the RS (λ−4) means that shorter wavelengths (UV) are 

scattered more strongly than longer wavelengths (visible light).  It enables single-shot 

measurement using UV laser light.  

The total number density distribution n(x, y) is determined by 

 

( , )( , )
( , ) ( , )o eff

S x yn x y
k I x y x yσ

=
⋅ ⋅

     (3) 

 

in which S(x, y) is the two dimensional RS signal intensity from the images.  For an 

ideal gas at uniform pressure, the temperature distribution is 

 

' ( , ) ( , )( , )
( , )

o effk I x y x yT x y
S x y

σ⋅ ⋅
=      (4) 

 

Then, the burned and unburned regions in the image are compared.  For example, the 

unburned CH4/air region in the chamber at Tu serves as a reference.  Let σu and σb represent 
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σeff in the regions containing the unburned fuel/air mixture and the burned products, 

respectively.  Then 

 

( , ) ( , )( , )
( , ) ( , )

b u
b u

u b

x y S x yT x y T
x y S x y

σ
σ
   

=    
   

    (5) 

 

The values of σeff for the burned gas are calculated from the xi obtained from 

thermodynamic equilibrium software, STANJAN [14].  Table 1 shows actual xi calculated.  

The mole fraction xi of major species (N2, O2, CO2, H2O and CH4) was only used for the 

values of σeff due to unavailability of RS cross section of minor species such as H, NO, O, 

OH etc. It leads some degree of uncertainty for actual values of σeff.  The σeff at 248nm 

obtained from σiN listed in Table 2, were used in comparison with data from Kock et. al. [21].  

The σiN of each gas was measured in a separate experiment.  In this experiment, the pure 

gases were filled in the chamber at various pressures, and RS scattering images were acquired 

for each gas. Then, 50 images of RS scattering were ensemble averaged.  Finally, the 

averaged RS image for each gas was divided by the averaged RS image of nitrogen (N2) in 

order to obtain σiN. 

Temperature images using Rayleigh scattering have been acquired from the chamber at 

different fuel/air equivalence ratios and initial pressures.  Representative images are shown in 

Fig. 5 and Fig. 6.  In these images, the top of the almost hemispheric burned gas regions has 

moved about half-way through the laser sheet.  The burned gas region is at the bottom and the 

unburned gas region is at the top of each image.  The image processing shows that most 

combustion fronts have a small dip caused by flame wrinkle.  It could be thought that the dip 

occurs because the CH4 burning velocity is relatively low so the spark plug geometry affects 
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the flame profile and combustion-driven instabilities such as hydrodynamic instability and 

diffusive thermal instability occur in the premixed combustion. 

In order to increase the precision of temperature measurement, small rectangles are 

selected that lie within uniform intensity regions of unburned and burned gases in Fig. 5 (c).  

Intensities inside these rectangles are averaged, respectively.  Finally, RS image analysis 

using Eq. (5) yields Tb ≈ 2200K. 

The determined temperature T values for the burned gas have a certain uncertainty.  

The RS signal intensity of air in the whole unburned region is about 40,000 (a.u.).  However, 

the Rayleigh intensity of burned region is about 150 (a.u.) and fluctuation of background 

noise level is about ±8 (a.u.).  Therefore, the error range is (±8/150) × 100 = ±5%.  This error 

range will be larger when the temperature is increased, as RS intensity is inversely 

proportional to the temperature.  In order to measure the temperature precisely in the burned 

region, the experimental system should have a high signal-to-noise ratio.  Table 3 shows a 

summary of the measured parameters, measuring devices, measuring ranges and 

measurement errors in this study. 

 

4. CONCLUDING REMARKS 

UV Rayleigh scattering can be used to measure burning velocity and temperature 

distribution quantitatively and simultaneously.  Laser-based RS technique with UV improves 

the signal-to-noise ratio compared with the longer wavelength light. 

The laminar burning velocities have been calculated using pressure data through a 

pressure transducer and flame surface area from RS images.  The flame front velocity is also 

measured using RS images.  The constant volume combustion chamber can be a reference 

device for the quantitative measurements of temperature distributions via RS. 
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This work has been done at a relatively low pressure with a laminar flame inside the 

chamber.  Although none of the chamber experimental results presented here are in the range 

of pressure and temperature in a practical combustor, the information on laminar combustion 

properties is useful and is essential in the design and analysis of internal combustion engines, 

gas turbines and industrial burners. 
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APPENDIX 

The appendix presents a calculation of the flame front surface in the constant volume 

combustion chamber. 

 

 

Fig. A.  Geometry of the flame front surface. 

 

Define: 

RT = Radius of the constant volume combustion chamber, 

Rf = Radius of the flame 

Equations: 

From the left side of Fig. A, we have 

2 2 2: fx z plane x z R− + =      (A.1) 

2 2 2: fy z plane y z R− + =      (A.2) 

( )2 2 2
T Tz R y R− + =       (A.3) 

 

x

y

z

dzdl

x2 + z2 = Rf
2

y2 + z2 = Rf
2 , (z - RT)2 + y2 = RT

2

Rf Rf

RT RT

r

θ

π/2 - θ

dx
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From the right side of the figure, we have 

2 sinTr R θ=       (A.4) 

The integration element: 

( ) ( )
2

2 2 1 dzdl dz dx dx
dx

 = + = + ⋅ 
 

   (A.5) 

then 

( )2 2

2 2f

f

dz d xR x
dx dx R x

−
= − =

−
    (A.6) 

Since 

2 sinTr R zθ= =      (A.7) 

we have 

( )22 22 sinT fx R Rθ+ =     (A.8) 

and 

2 2

sin
2

f

T

R x
R

θ
−

=      (A.9) 

and 

2 2
1sin

2
f

T

R x
R

θ −
 −
 =
 
 

     (A.10) 

The boundary conditions are 

1

, 0

0, sin
2

f

f

T

x R

R
x

R

θ

θ −

= =

 
= =  

 

    (A.11) 

The integration element for the surface is 

ds L dl= ⋅       (A.12) 
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where 

2 2
1 2 2sin

2 2 2
f

f
T

R x
L z R x

R
π πθ −

  −    = − ⋅ = − ⋅ −        

   (A.13) 

Thus 

2 2 2
1 2 2

2 2

2 2
1

sin 1
2 2

sin
2 2

f
f

T f

f
f

T

R x xds R x dx
R R x

R x
R dx

R

π

π

−

−

  −  = − ⋅ − ⋅ + ⋅
   −

  
  −  = − ⋅ ⋅
  

  

  (A.14) 

Finally, the surface area of the flame front is 

2 2
1sin

2 2
f

f

R f
f fR

T

R x
A ds R dx

R
π −

−

  −  = = − ⋅ ⋅
  

  
∫ ∫    (A.15) 
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TABLE & FIGURE CAPTIONS 

Table 1.  Mole fraction of the burned gases at different equivalence ratios and pressures. 

Table 2.  Normalized RS cross-sections at 248nm. 

Table 3.  Summary of the measured parameters, measuring devices, measuring ranges and 
measurement errors in this study. 

Figure 1.  Schematic of the constant volume combustion chamber and flame propagation in 
the chamber. 

Figure 2.  Laminar burning velocity of CH4/air flames at different equivalence ratios and 
initial pressures. 

Figure 3.  Laminar burning velocity of CH4/air flames compared with the calculated and 
measured values from the literature [18] at different pressures at φ =1.0. 

Figure 4.  Flame propagation speed of CH4/air flames at different equivalence ratios and 
initial pressures. 

Figure 5.  Temperature images at different equivalence ratios (initial press. = 1.5bar). 

Figure 6.  Temperature images at different equivalence ratios (initial press. = 2.5bar). 
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Table 1.  Mole fraction of the burned gases at different equivalence ratios and pressures. 

 

Equiv. 

Ratio 

P 

[bar] 

T 

[K] 

CO CO2 H OH H2 H2O NO N2 O O2 

Mole fraction (xi) 

0.7 2.291 2211 1.22E-3 6.71E-2 8.52E-5 3.49E-3 4.64E-4 1.34E-1 6.74E-3 7.31E-1 4.47E-4 5.50E-2 

0.8 2.154 2382 4.89E-3 7.22E-2 4.15E-4 6.33E-3 1.75E-3 1.49E-1 7.71E-3 7.21E-1 1.01E-3 3.60E-2 

0.9 2.213 2518 1.32E-2 7.20E-2 1.26E-3 8.95E-3 4.80E-3 1.61E-1 7.55E-3 7.09E-1 1.55E-3 2.15E-2 

1.0 2.311 2603 2.52E-2 6.76E-2 2.54E-3 1.01E-2 9.94E-3 1.69E-1 6.35E-3 6.95E-1 1.66E-3 1.17E-2 

1.1 2.154 2615 3.80E-2 6.21E-2 3.60E-3 8.85E-3 1.70E-2 1.77E-1 4.28E-3 6.83E-1 1.22E-3 5.22E-3 

1.2 2.057 2565 5.12E-2 5.59E-2 3.77E-3 5.75E-3 2.67E-2 1.83E-1 2.10E-3 6.70E-1 5.30E-4 1.50E-3 

1.3 2.123 2487 6.52E-2 4.81E-2 3.29E-3 3.00E-3 4.09E-2 1.83E-1 8.08E-4 6.56E-1 1.59E-4 2.96E-4 
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Table 2.  Normalized RS cross-sections at 248nm. 

 

Gases i αai σaiN σiN 

N2 1.94 1.00 1.00 

O2 1.80 0.89 0.84 

H2O 1.69 0.75  

CO2 2.91 2.25 2.36 

CH4   2.29 

a: [21]. The difference between authors’ and previous 
publication is mainly due to the optical setup. 
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Table 3.  Summary of the measured parameters, measuring devices, measuring ranges and 
measurement errors in this study. 

 

Measurement 
parameters 

Measurement 
devices/technique 

Measurement 
range 

Measurement   
error 

Pressure Piezoelectric 
transducer 

0-7 bars ±1% 

Burning velocity RS up to a few km/s ±3% 

Temperature RS up to several 
thousand degrees K 

±5% 
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Figure 1.  Schematic of the constant volume combustion chamber and flame propagation in 
the chamber. 
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Figure 2.  Laminar burning velocity of CH4/air flames at different equivalence ratios and 
initial pressures. 
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Figure 3.  Laminar burning velocity of CH4/air flames compared with the calculated and 
measured values from the literature [18] at different pressures at φ =1.0. 
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Figure 4.  Flame propagation speed of CH4/air flames at different equivalence ratios and 
initial pressures. 
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Figure 5.  Temperature images at different equivalence ratios (initial press. = 1.5 bar).  
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Figure 6.  Temperature images at different equivalence ratios (initial press. = 2.5 bar). 
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Fig. A.  Geometry of the flame front surface. 
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