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Abstract 

An increased spatial resolution is always desirable when performing 
line of sight measurements. In this work enhancement of the spatial 
resolution has been made by placing an obscuration disk covering the 
central portions of a lens. Both two dimensional and point 
measurements have been investigated in this thesis. The results 
indicate that the spatial resolution with this technique can be 
enhanced for point measurements, but harder to implement in two 
dimensions. Measurements of the OH*/CH* ratio of a hydrocarbon 
flame indicates a linear relationship [1] between the concentration 
and the equivalence ratio. A mathematical expression for this 
relationship makes it possible to acquire a two-dimensional map of 
the equivalence ratio. 
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1 Introduction 

“I believe there is no philosophical high-road in science, with 
epistemological signposts. No, we are in a jungle and find our way by trial 
and error, building our road behind us as we proceed.” 

 

Max Born (1882-1970)  
German Physicist 

 
Although optical laser techniques provide accurate data, are spatially precise and 
instantaneous concentration measurements are possible, they are not without 
disadvantages. A major limitation is the requirement for optical access. One often needs 
three optical windows; two for the laser beam insertion and one for detection. 
 Another method to observe and measure the concentration of a certain species or 
radical in a flame front is to look at its chemiluminescence, i.e. radiation emitted from 
electronically excited molecules when these return to a lower energy state, since the 
amount of radiation observed in the flame at a particular wavelength is proportional to 
the concentration of the associated excited molecule. Measurements of the OH*/CH* 
ratio indicates a linear relationship [1] between the concentration and the equivalence 

ratio, Φ and can thus be used as calibration for determining the equivalence ratio in 
different combustion processes. There have also been measurements indicating an 
exponential decay of the OH*/CH* ratio [2][3].  
 Dealing with flame emission requires a spectral investigation. The flame spectrum in 
engine combustion was first investigated by Rassweiler and Withrow in the early 1930’s 
[4][5]. They showed that the spectrum in the flame front obtained from spark-ignition 
engines running on regular gasoline was similar to those of the inner cone of a premixed 
Bunsen burner flame, which used hydrocarbon fuel. The flame front showed strong CH 
and C2 emissions. 
 In a combustion flow, it is desirable to measure the fuel/air ratio of the reacting 
mixture, and thus provide measurements conditional on occurrence of chemical reaction 
between fuel and air, since this quantity determines the physics of pollutant formation, 
ignition and combustion process. Monitoring and control of the flame heat release rate, 
local equivalence ratio and degree of premixedness is of great interest for industry. It is 
therefore important to have a reliable method to measure these parameters in combustion 
systems. 
 Probes can be applied to measure concentrations of various species in flames, which 
can be used to estimate the fuel/air ratio. However, probes cannot identify the presence 
of reactions at the measurement location, nor can it obtain time-dependent 
measurements. Combustion processes, despite their hostility, are easily perturbed. 
Physical probes, due to their intrusion, can markedly alter the fundamental flame 
behavior. This leads to large uncertainties, especially in regions with large concentration 
gradients.  
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 Because of the disadvantage with probes, several nonintrusive optical techniques have 
been developed, e.g. Laser Induced Fluorescence and Raman scattering. These techniques 
can measure fuel/air ratio without being able to differentiate between reacting and non-
reacting mixtures. However, in a combustion flow, it is desirable to measure the fuel/air 
ratio of the reacting mixture, which is why flame spectra analysis has been applied in 
attempts to provide qualitative measurements of air/fuel ratio. Chemiluminescence 
intensity from excited radicals, like OH*, CH* and C2

*, formed within the reaction zone, 
is considered as good indicators of heat release [6]. The application of flame spectra 
analysis to detect the fuel-air ratio of mixtures was studied by Yamazaki and coworkers 
[1] which, as described above, showed a linear relationship between the intensities of CH* 
and OH* radicals and the equivalence ratio. 
 I will in this thesis try to confirm the linear relationship between the OH* and CH* 
ratio, and to see if it can be used to produce a two-dimensional image of the equivalence 
ratio. All experiments were performed in the line of sight, so the first part of this thesis 
will discuss a method to increase the spatial resolution with an obscuration disk placed in 
the central regions of a collection lens. My hope was to be able to use this enhancement 
of the spatial resolution for my line of sight measurements, but turned out to be harder to 
implement than expected. 
 This report will basically be divided into two parts; obscuration and flame emission. 
Section 2 discusses the theory behind the obscuration technique and also gives some 
basics about flame emission. Section 3 describes the experimental setup used to 
investigate the spatial resolution with and without obscuration, and the setup for 
measuring the emission of the OH*- and the CH* radical. The result of respective setup is 
presented in section 4. Section 5 discusses the results and all the sources of error that was 
encountered. And finally section 6 is a summary of the results of this thesis and some 
conclusions. 
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2 Theory 

2.1 Theory of optics 

2.1.1 Depth of field (DOF) 

When light is focused with a lens, 
there is some distance in front of the 
object and some behind which will 
also appear sharp. The human eye 
cannot distinguish very small 
differences in sharpness; some objects 
that are in front of and behind the in-
focus objects can still appear sharp. 
This zone of sharpness that includes 
the object is called the depth of field, 
see fig. 2.1. 

2.1.2 Large depth of field 

A larger depth of field can be achieved by using a smaller diaphragm or a wide-angle lens, 
which will make almost everything in a picture look sharp. The focal length of the lens 
and the distance to the object also affects the depth of field; a shorter focal length and a 
larger distance to the object increase the depth of field. 

2.1.3 Small depth of field 

With a small depth of field a much smaller part of the picture will be sharp. This can be 
achieved by using a telephoto lens, i.e. a long focal length or by a larger diaphragm. 
Figure 2.2 shows how the depth of field is affected when an aperture is placed in front of 
the lens. This thesis will investigate if the depth of field can be decreased, and thus 
increasing the spatial resolution, by covering the central parts of the lens instead.  

Ideal focal point

Rear depth 
of field 

Front depth 
of field 

Depth 

of field
Permissable circle

of confusion

Lens

Fig. 2.1. The relationship between the ideal focal point, 

the permissable circle of confusion and the depth of field. 

DOF 

DOF 

Circle of 
confusion 

Circle of 
confusion 

Fig. 2.2. A larger depth of field can be achieved by placing an aperture by the lens to block the large-angle 

contributions.  
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2.1.4 Circle of confusion 

All lenses contain a certain amount of spherical abberation and astigmatism. That means 
that they can not perfectly converge rays from a subject point to an image point, i.e., an 
infinitely small dot with zero area. Images are instead formed from a composite of dots 
having a certain area, or size. The image becomes less sharp as the size of these dots 
increases, and are thus called circles of confusion, see fig 2.2.  

2.1.5 Spatial resolution 

The common definition of spatial resolution is often simply stated as the smallest size of 
an object that can be picked out from its surrounding objects or features. In low spatial 
resolution, it is possible to see large structures in a larger area, but impossible to see the 
fine details of these features. With high spatial resolution, smaller details of the features 
can be seen, but with higher resolution, less of the total area can be seen. 

2.1.6 Coaxial light scattering 

Many studies employ right- or large-angle scattering geometries. In these situations, 

where the scattering is observed at 90° or some other large angle to the incident laser 
beam, the spatial resolution is well defined, and spurious light collection is minimized. 
However, such geometries require a minimum of two optical ports, one for beam 
insertion and one for observation.  
 A way to avoid the requirement of two optical ports is to examine the scattering of 
coaxial light, i.e. the backscattering. Coaxial geometries require a minimum of only one 
optical port, but typically possess poorer spurious light rejection relative to right-angle 
viewing. More importantly, the spatial resolution with coaxial light collection is generally 
poor and ill-defined [7]. 

 Figure 2.3 shows a typical laser light scattering optical transfer system. Two identical 
lenses are used to collect the scattering and focus it upon aperture A. The scattering 
passing through the aperture is recollimated by the cylindrical lens (CL). The optical 
volume V is approximately cylindrical with diameter A, and a length equal to the depth 
of field 

D

f
A2  

D

f 

A 

//
⊥ CL 

Fig. 2.3. Schematic of a typical laser light scattering optical transfer system. The dotted line represents the laser 

source orientation, ⊥ for right-angle scattering, // for coaxial or backscattering. 

M
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which indicates that much larger sampling volumes are subtended by right-angle viewing 
geometries. For example, with f# = 5, this ratio is three orders of magnitude less than that 
using right-angle viewing for equivalent spatial resolution. 

2.1.7 Enhancement of spatial resolution by obscuration 

Coaxial light collection geometries are advantageous relative to right-angle viewing for 
background luminosity suppression, and the requirement for only one optical port. Since 
the depth of field with this technique is rather large it provides a poor spatial resolution 
since there is not a sharp cutoff at the focal plane as there is in right-angle viewing.  
 The spatial resolution or depth of field, 2f#A is actually the spatial extent over which 
the light at the full solid angle of the field lens passes through the system. Beyond that 

extent, light is still collected from along the optical axis from ∞ to f/2 in the context of a 
pair of field lenses of focal length f. In fact, 50% of the total light collected originates 
from these ”tail” regions beyond and in front of the centred collecting region of interest. 
These tail contributions can be greatly reduced by placing an obscuration disk in front of 

Convex mirror 
Concave mirror 

Fig. 2.4. Higher spatial resolution can be achieved by placing an obscuration disk in front of the lens (a). The 
Cassegrain optical system (b) achieves higher spatial resolution by minimizing spherical and chromatic 
abberation.

a) b)
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the light collecting lens to block its central area which was suggested by Eckbreth and 
Davies [7].  
 A disk, termed an obscuration disk blocks low-angle contribution, see figure 2.4 (a), 
which results in that angles less than those subtended by the obscuration disk, are 
completely blocked.  
 In this case, the total axial sampling extent is well-defined and equal to  
 

 
DO

Af
ltot /

2 #=         (2.5) 

 
where O is the diameter of the obscuration disk and D the diameter of the lens. 
 Furthermore, the signal contribution emanating from the central sampling extent, 

2f#A, increases from 50% with no obscuration, to (0.50)⋅(1+O/D) with obscuration. For 
example, with an obscuration ratio, O/D of 0.50, the total signal collected will decrease 
with 25%, while the procentage of scattering collected from 2f#A increases to 75% and 
the total scattering extent  reduces to 4f#A. 
 An obscuration disk placed in front of a lens is quite similar to the Cassegrain optics 
system [8], see fig. 2.4 (b). Cassegrain optics allows high spatial resolution by minimizing 
the spherical abberation of the pair of mirrors and not allowing chromatic abberation 
since no lenses are used. 
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2.2 Theory – Flame emission 

2.2.1 Premixed and diffusion flames 

Spectroscopic observations are usually made on stationary flames or burners. Such flames 
fall into two classes, diffusion flames and premixed flames. In a premixed flame the fuel 
and the oxidant is mixed on a molecular level before the combustion occurs. In a 
diffusion flame, the fuel and the oxidant is initially separated and does not mix until the 
moment of combustion. 
 Flames can also be characterized as turbulent and laminar flames. A turbulent flame is 
unstable and the combustion process must be captured instantaneously with single-shot 
measurements. A laminar flame is stationary and burns at a fixed place on some kind of 
flame holder, and diagnostics can be averaged over a long time. Fundamental combustion 
research is normally done in laminar flames because the volume elements of the gas have 
constant flow direction in time. 

2.2.2 Equivalence ratio 

In a premixed flame the relation between the amount of fuel and air/oxygen can be 
regulated. The relationship between the constituents is called the stoichiometry of the 
flame. Assume complete combustion to water and carbon dioxide for a certain fuel, e.g. 
methane. From the reaction formula it can be seen that there are 2 moles of oxygen for 
each mole of methane, i.e. 
 

 OHCOOCH 2224 22 +→+  

 
When the mixture is prepared with a molar ratio of 1:2 between methane and oxygen, it 

is called a stoichiometric mixture, or an equivalence ratio of one (Φ=1). The equivalence 
ratio is defined as 
 

 
mixturetricstoichiomeinoxygenmolesfuelmoles

mixturerealinoxygenmolesfuelmoles
)/#(#

)/#(#
=Φ    

 

A flame with an equivalence ratio larger than one (Φ>1) is called a fuel-rich, while a 

flame with an equivalence ratio smaller than one (Φ<1) is called a fuel-lean. 

2.2.3 Flame chemistry 

The above mentioned reaction, where methane reacts with oxygen to produce carbon 
dioxide and water, is a so-called global reaction that has no connection to a real reaction. 
The actual reaction process involves several hundreds of elementary reaction, i.e. 
reactions that occur in reality between the colliding partners. Combustion of hydrogen 
with oxygen to form water also includes formation of intermediate products such as O 
and H atoms, OH, H2O2 and HO2 molecules. One of the most important reactions for 
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premixed flames is the reaction H + O2 → OH + O. This reaction dominates the flame 
propagation of premixed flames. 

2.2.4 Chemiluminescence 

Chemiluminescence is radiation emitted from electronically excited molecules or radicals 
returning to a lower energy state. The emitted wavelength is characteristic of the 
particular molecule and the particular transition involved. For simple molecules, e.g. 
diatomic molecules, the spectrum usually only exhibits one major peak. For more 
complicated molecules, the radiation spectrum observed appears continuous. OH*, CH* 
and C2

* are molecules exhibiting a simple spectrum with major peaks at 309nm, 431 and 
513nm respectively [6]. 
 
 Flame chemiluminescence is especially interesting because the concentrations of 
excited molecules seen in flames exceed the equilibrium concentrations expected at the 
same temperature without chemical reactions by several orders of magnitude. Excited 
molecules are not only produced by thermal excitation but are also produced as products 
of reactions. Since the amount of radiation observed in the flame at a particular 
wavelength is proportional to the concentration of the associated excited molecule, a 
measurement of the radiation can be directly related to the concentration of the excited 
molecule.  

2.2.6 Reactions forming excited species 

As mentioned above, the hydroxyl radical, OH*, is one of the most important radicals in 
high temperature flames using a hydrocarbon fuel. It is a product of the dominating 
reaction between oxygen and hydrogen atoms and it is an important component in 
several flame reactions. The emission from this radical, together with CH* and C2

*, from 
the reaction zone of a premixed flame is often much stronger than would be the case in 
thermal and chemical equilibrium. This could be due to three possible causes [6]: 
 

• Chemical disequilibrium, which excess concentrations of the radicals 

• Thermal disequilibrium, with failure of the Maxwell-Boltzmann distribution law, 
leading to an abnormally high proportion of electronically excited species. 

• True chemiluminescence in which the radicals are formed in electronically excited 
states as the results of the chemical reactions. 

2.2.7 The OH radical 

In order to evaluate the formation of excited radicals, one needs to know the chemical 
kinetics leading to the measured chemiluminescence signal. Experimental determination 
of all the reaction rate constants involved to achieve such an understanding is very 
difficult. The currently accepted formation path of OH* was proposed in 1961 [9]: 
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 *
2 OHCOOCH +→+       

λ
+→

hc
OHOH *  where λ = 310nm 

 
Several researchers have found supporting evidence for the reaction above. Reactions of 
CH with O and HCO with O2 was rejected as formation paths due to lack of energy 
release in these reaction paths to produce the excited OH* radical. 

2.2.8 The CH radical 

The formation of CH* has received more attention than the OH* formation, because of 
the difficulty to reliably measure the involved radicals. Reactions proposed include 
combinations of C2

* with OH* [6] and C2H with molecular oxygen [10]. It was later 
shown that although the reaction of C2H with molecular oxygen may contribute to CH* 
formation, the dominant source of CH* appears to be the reaction of C2H with atomic 
oxygen. 
 

 *
2 CHCOOHC +→+       

λ
+→

hc
CHCH *   where λ = 430nm 

 
The reactions for CH* are similar to those of OH*, i.e. CH* deexcites to its ground state 
in the same way as described for OH*. However, quenching of CH*, is not nearly as well 
understood as it is for OH*, and experiments showed quenching that was extremely 
temperature dependent [11]. If sufficient consistent experimental data were available the 
quenching of CH* could be modelled in the context of a reaction mechanism. 
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3 Experimental arrangements 

3.1 Experimental equipment 

3.1.1 Charge-coupled devices (CCDs) 

In 1969 F. Sangster and K. Teer of the Philips Research Labs invented the Bucket-
Brigade Device or BBD. This device basically transfers charge packets from one transistor 
to another. One year later, W. Boyle and G. Smith of the Bell Laboratories extended this 
concept by inventing a transport mechanism from one capacitor to another one. This 
new device got the name Charge Coupled Device or simply CCD. The advantages with 
CCDs are its high sensitivity, dynamic range, low noise, speed and ruggedness. CCD 
devices dominate both spectroscopic and two-dimensional spatial imaging applications in 
combustion research today. 
 The CCD chip is an array of Metal-Oxide-Semiconductor capacitors (MOS 
capacitors), each capacitor represents a pixel. By applying an external voltage to the top 
plates of the MOS structure, charges can be stored in the resulting potential well. The 
stored charges, corresponding to the image, are read out by transferring the charge from 
pixel to pixel by properly changing the gate potentials which causes the potential wells to 
migrate, and with them the charge. This is done by moving each row of horizontal pixels 
vertically upward, one row at a time. At the top of the detector, there is a linear array 
called the serial register that then reads off the charge along the horizontal direction.  
 Different pixel array sizes are available depending on which semiconductor house the 
manufacturer selects. The CCD used for the experiments in this thesis is a Princeton 

TRY-1024 with 576 × 384 pixels, where each pixel is 23 x 23µm. 
 

3.1.2 Interference filters 

Different species or radicals in a flame emit light at specific wavelengths. In order to 
study the concentration of a certain radical, one can use an interference filter, or more 
precisely a Fabry-Perot filter, that allows only a certain wavelength band to get through, 
see fig. 2.4. An interference filter consists of a thin transparent spacer placed between two 
semireflective coatings. Multiple reflections and interference are then used to select a 
narrow frequency band, producing the filter. If the spacer is a half wavelength for the 
desired wavelength, the other wavelengths will be attenuated by destructive interference. 
If the back layer is totally reflective, then the arrangement is called a dichroic mirror, 
reflecting only the selected wavelength. Two different interference filters, centred at the 
wavelength peak of the measured radical were used during the experimental work; 
310nm for OH*- and 430nm for the CH*-radical. 
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Objective

Filter Slots

Prism

45° Mirror

Fig. 2.5. Schematic of the stereoscope used to 
produce two images. 

 

3.1.3 Stereoscope 

In order to image the chemiluminescence of OH* and CH* simultaneously one can use a 
stereoscope, see fig. 2.5. The stereoscope is mounted directly on the camera objective and 
can be equipped with two different interference filters, allowing two images of the same 
object, (one with the concentration of OH* and the other one of CH*) to be recorded. 
 

 

3.1.4 McKenna burner 

The burner used to make the calibration measurement for the OH*/CH* ratio is a 
Holthius flat flame burner manufactured by McKenna products. A schematic of the 
burner is presented in figure 2.6. The burner has a cylindrical construction with a 6 cm 
diameter flame area. The flame produced is stabilized above a sintered, stainless-steel plug 

Spacer at half wavelength 
for the desired wavelength 

or a multiple of that. 

Semireflective 
coatings

Fig. 2.4. Schematics of an interference filter. Multiple reflections and interference are used to select a narrow 
frequency band. 
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with heating/cooling coils embedded in it. Water is used as cooling medium to facilitate 
rapid flame stabilization and to prevent condensation. 

3.1.5 Bunsen burner 

In a Bunsen burner the fuel is in excess, i.e. the primary flame front leads to partial 
combustion in which all the oxygen is used. The products from this partial primary 
combustion which contain hydrogen and carbon 
monoxide, will burn as a secondary diffusion flame in the 
surrounding air. This is what gives the Bunsen burner its 
basic structure. The bluish-green inner cone is the primary 
reaction zone which forms a roughly conical surface. The 
outer blue or blue-violet cone is the secondary diffusion 
flame of the excess carbon monoxide and hydrogen 
burning in air, see fig. 2.7. 
 The burners used during the experiments in this thesis 
are very similar to the Bunsen burner. The only difference 
is that the air and the fuel are mixed before it reaches the 
burner. In a Bunsen burner, the stream of gas passes a 
valve at the side of the tube, and is then mixed if the valve 
is open.  

Reactant

gases 

Guard

gas 

Water 
cooling tube 

Surge cavities

Sintered burner
Sintered

guard ring 

6.6 cm

6.0 cm

Fig. 2.6. Schematic of the McKenna flat flame 
burner [13]. 

Fig. 2.7. The Bunsen burner 
is a typical premixed flame. 
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3.2 Obscuration experiments 

3.2.1 Experimental setup 

In an attempt to increase the spatial resolution when focusing on an object, an 
experimental setup similar to figure 3.1 was used. A white light emitting diode mounted 
on a translation stage served to simulate an isotropic scattering source. The top of the 
diode was cut to make the light more isotropic. The light collection optics was a UV-
objective with 100mm focal length (UV lens for CCD cameras by Bernard Halle Nachfl.). 
 The detection system was a CCD camera (Princeton - TRY-1024), with a 430nm 
interference filter in front of the CCD-chip to suppress the impact of chromatic 
abberations. 
 

 
Several different lenses and light sources were also tested. The first light source was the 
end of a fiber optic cable. However, this light source was not isotropic enough, giving the 
light a directionality that affected the alignment. Other lenses were also tested but 
suffered from high chromatic aberrations, which made it hard to find the focus. 
 The distance between the light source and the detection system for the experiment 
described above was approximately 50 cm. Experiments were also performed for a larger 
distance, approximately 3 m, because of the commercial interest of high spatially resolved 
point measurements. For this measurement, the collecting optics was replaced with a 
much larger lens to compensate for the much smaller detection angle. 
 

Obscuration disk 

Diode 

Fig. 3.1. The experimental setup for enhancement of the spatial resolution with an obscuration disk. The diode 

is placed on a translation stage and can be moved in and out of focus. 
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3.3 Flame emission experiments 

3.3.1 Calibration setup 

In order to produce a two-dimensional picture of the equivalence ratio, one has to do a 
calibration measurement and find a mathematical relationship between the equivalence 
ratio and the OH*/CH* ratio. The calibration was performed with a McKenna burner 

using a premixed methane/air mixture between Φ=0.7 and Φ=1.2. 
 The experimental setup is illustrated in fig 3.2. A UV optimized lens is focused along 
the line of sight of a McKenna burner. The lens is focused at the opening of an aperture 
placed between the lens and the detector, i.e. the aperture is placed in the focal plane of 
the lens. The CCD camera was equipped with a stereoscope in order to produce two 
identical images of the same object. The aperture has to be used to avoid that the two 
images overlap each other. The stereoscope was equipped with two different narrowband 
interference filters, a 310 nm and a 430 nm filter, to observe simultaneous 
chemiluminescence from OH* and CH*. 

This setup was chosen for the purpose to place an obscuration disk in front of the 
collecting lens in an attempt to increase the spatial resolution, and because of the 
difficulty to image the same area with the stereoscope. However, the picture produced at 
the aperture opening is not depicted onto anything, but is focused upon by the CCD 
camera. The problem with this setup is that the camera will not only see the image at the 
aperture, but will also get contributions from the actual flame, making the detected signal 
much higher. This is quite obvious since the setup involves two line of sight 
measurements, the UV lens focusing on the McKenna burner on one hand and the CCD 
camera focusing on the aperture opening on the other.  
 The incorrectness with this setup was not discovered until the obscuration disk was 
placed in front of the collecting lens. The picture produced at the aperture opening does 
not image the obscuration disk; it only suffers from a weaker signal. However, the CCD 

Fig 3.2. Experimental setup for chemiluminescence emission detection. The optical system was later removed 
because of the additional line of sight measurement. 

UV lens 

McKenna 

burner 

Aperture 

Stereoscope 
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camera will, as mentioned earlier, image both the picture at the aperture and the 
obscuration disk at the collecting lens, resulting in pictures almost completely covered by 
the obscuration disk. We can therefore draw the conclusion that even if the obscuration 
disk is omitted, the camera will still detect signal from both the picture at the aperture 
and the actual flame. 
 The most obvious way to avoid the additional line of sight problem is to remove the 
optical system and let the camera focus directly at the flame. Removal of the optical 
system has the disadvantage that is takes away the possibility to increase the spatial 
resolution with an obscuration disk, and it also makes it harder to image the same area 
with the stereoscope.  
 Another possible setup could be to use dichroics mirrors, see fig. 3.3. This setup was 
not tested, but is included as a future possible arrangement. A collection lens is placed 
between the flame of interest and two narrowband dichroics mirrors. The two mirrors are 
positioned close to each other to minimize the difference of their respective focus points. 
This setup can replace the stereoscope and makes is possible to place an obscuration disk 
at the collection lens to increase the spatial resolution. 

 

Fig. 3.3. The stereoscope can be replaced with dichroics mirrors to avoid the overlap problem. This setup also 
makes it possible to place an obscuration disk at the lens. 

Dichroics 

mirrors 

Lens 

Aperture 
McKenna 

burner 



 21

3.3.2 Two dimensional equivalence ratio imaging 

The experimental setup is illustrated in figure 3.4. Two burners are placed close to each 
other at an angle and the flow can be regulated separately with a flow controller. This 
makes it possible to have two different equivalence ratios in the respective flame. The 
reason for using two burners is to get a somewhat turbulent flame, since a single burner is 
proportionately laminar. A single flame was also recorded and the result is presented in 
section 4.2.3. 
 By using a stereoscope, simultaneous imaging of the OH* and CH* emission can be 
obtained. The stereoscope was as before equipped with a 310 nm and a 430 nm 
interference filter to visualize the concentration of OH* and CH*. By “warping” the two 
images a pixel-to-pixel comparison can be made and a map of the OH*/CH* ratio is 
produced. 

 
Warping is a technique that has to 
be applied when the stereoscope is 
used. That is because the stereoscope 
has a tendency to slightly rotate the 
images, and a pixel-to-pixel 
comparison is needed for two 
dimensional ratio images. Before the 
flames are lit, a grid is placed over 
the nozzle of the burners, see fig. 3.5. 
This grid is then used as reference 
for the pixel-to-pixel comparison for 
the actual flame measurements. 

Figure 3.4. Experimental setup to make two dimensional images of the equivalence ratio. The two flames can 

be regulated separately and the stereoscope produces two images of the flames. 

Fig. 3.5. Using a grid as reference makes it possible to do a 
pixel-to-pixel comparison. 
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4 Results 

4.1 Obscuration experiments 

4.1.1 Two dimensional measurements  

Experiments were first performed in two dimensions, i.e., the light source was considered 
to be approximately the same size as the detector. Several different approaches were made 
for this particular experiment, since the results did not agree with theoretical 
considerations. The problem was that the FWHM did not decrease as much as expected. 
Several different lenses and light sources were tested, an interference filter was introduced 
to avoid chromatic aberrations, and a lot of efforts were put in the alignment of the 
experimental setup.  

 It turns out that the problem originates from the fact that the measurement is done in 
two dimensions. Figure 4.1 (a) illustrates the light diode when it is positioned in focus, 
and (b) when it is approximately 20 mm out of focus. There is little or no signal in the 
central parts of figure 4.1 (b) because of the obscuration disk. If the CCD camera had 
been replaced with a photomultiplier tube, i.e. a point detection system, and the 
measurements were made in the central part of the image, the intensity would drop 
rapidly since the obscuration disk appears as soon as the diode is moved out of focus. 
However, for two dimensional measurements, the detection system will also collect signal 
from the outer regions, making the intensity decrease as one over the squared distance.  
 
 Figure 4.2 presents a comparison of the spatial resolution obtained with and without 
an obscuration disk. The ratio is the diameter of the obscuration disk divided by the 
diameter of the lens, i.e., if the ratio is 0.50 the obscuration disk covers 25% of the lens, 
which also results in a 25% lower signal. 

Fig 4.1. Image of the diod in focus with obscuration disk placed in front of the lens (left). Image of the diod 
approximately 20 mm out of focus with obscuration disk present (right). 
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 Figure 4.2 (a) shows a comparison of the spatial resolution with and without an 
obscuration disk in two dimensions. There is a slight improvement with the obscuration 
disk present. The FWHM is approximately 33% smaller for a ratio of 0.50. You would 
expect the width to decrease for higher ratios, but a ratio of 0.75 does not affect the 
width considerably. 
 It should be noted that a lot of effort was put into making the two dimensional 
measurements work, and even though the results above indicate an enhancement of the 
spatial resolution, most of the measurements showed no enhancement at all.  

4.1.2 Point measurements 

As mentioned above, the intensity in the middle of the light source will decrease rapidly 
since the obscuration disk appears as soon as the diode is moved out of focus, see fig. 4.1. 
Eckbreth and Davis performed similar experiments as above in 1977, and showed that 
the coaxial spatial resolution, i.e., in the backscattering, increases with an obscuration 
disk present [7]. They used a photomultiplier tube and could therefore not investigate 
two dimensional measurements, but their point measurements coincide well with the 
results presented here. 
 Figure 4.2 (b) presents a comparison of the spatial resolution with and without an 
obscuration disk for a point measurement. The FWHM in this case is approximately 
40% smaller for a ratio of 0.50. As in the case with two dimensional measurements, there 
is no considerable improvement for higher ratios compared to the loss of signal.  

4.1.3 Increased distance 

Achieving point measurements with high spatial resolution is of great interest for 
industrial applications. A point measurement was therefore performed to investigate how 
the distance affects the spatial resolution. It is quite obvious that the distance will affect 
the measurements because of the much smaller space angle and the difficulty to align. 
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Since the diameter of the lens decides the space angle and affects the light gathering 
capacity, a larger lens was used for this experiment. 
 Figure 4.3 shows a comparison of the spatial resolution at a larger distance. The 
FWHM is approximately 17% smaller for a ratio of 0.50 and increases to 30% for a ratio 
of 0.75. In this case, the resolution increases when the ratio is higher then 0.50, but the 
signal strength will decrease.  
 

Fig 4.3. Point measurement performed at a larger distance. The distance was approximately 3m between the 

CCD camera and the light source.  
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4.2 Flame emission experiments 

4.2.1 Calibration measurements 

Figure 4.4 shows the relation between the OH* (a) and CH* (b) emission and the 
equivalence ratio. The peak intensity was maximal for an equivalence ratio of 1.1 for 
OH*, and 1.2 for CH*. It has been suggested that the relationship between the emission 
intensity ratio of OH* to CH* or C2

* to CH* and the equivalence ratio in hydrocarbon 
flames are nearly linear [1]. The reason for this is that the chemiluminescence intensity is 
very sensitive to the equivalence ratio and the possibilities that the effects of temperature, 
pressure and the size of the flame on the emission intensity could be cancelled to detect 
the equivalence ratio [12]. 

Fig. 4.4. Relationship between the chemiluminescence emission intensities and the equivalence ratio, for CH 
(a) and OH (b). 
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Fig. 4.5. The chemiluminescence emission intensity ratio of OH/CH. The solid line represents linear fit. 
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Figure 4.5 shows the OH*/CH* intensity ratio as a function of the equivalence ratio. The 

results indicate that the ratio decreases approximately from 0.575 to 0.375 as Φ increases 
from 0.7 to 1.15. The dependence of the OH*/CH* ratio on the equivalence ratio can be 
approximated by a linear fit: 
 

 0.730380.38908*

*

+Φ⋅−=
CH
OH

     (4.1) 

 
Similar experiments on the OH*/CH* ratio suggests both linear [8] and exponential decay 
[2][3] approximations of the fitting formula. This formula will be used in section 4.2.3 
to acquire a two-dimensional image of the equivalence ratio. 
 The fitting formula (eq. 4.1) will be used for measurement where the stereoscope is 
used. In section 4.2.3 the OH* and CH* emission is recorded without the stereoscope in a 
single Bunsen flame. For this reason, a second calibration curve was also recorded 
without the stereoscope and can also be approximated by a linear fit: 
 

044.163265.0*

*

+Φ⋅−=
CH
OH

      (4.2) 

 

4.2.2 McKenna spectrum  

In order to verify that it really is the chemiluminescence from OH* and CH* that is 
observed, a spectrum was recorded from the McKenna burner. As seen in figure 4.6, 
there is a strong emission peak at 309nm for OH and at 430nm for CH as expected. The 
emission of CH* increases for fuel-rich flames and there is also signs of C2 emission at 
513nm. 
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Fig. 4.6. Spectrum from the McKenna burner.  
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4.2.3 Two dimensional imaging – Single burner 

A measurement of the OH* and CH* emission was first conducted for a single Bunsen 
flame burning with equivalence ratio 1.0 and 1.2. The flame was assumed to be laminar, 
so the stereoscope was left out and the interference filters were instead shifted in front of 
the camera objective. The image of the OH*/CH* ratio can then be put into equation 
(4.1) to acquire a two dimensional image of the equivalence ratio. Figure 4.7 depicts the 

equivalence ratio for a flame burning with approximately Φ=1.0 (left) and Φ=1.2 (right). 

 The measured values of the equivalence ratio show good agreement with the actual 
running conditions. The left figure has approximately an average value of 1.1 in the 
reaction zone, and the right an average value of 1.3. This is a good result, since the 
calibration curve determines the appearance of the two-dimensional equivalence ratio 
image, and a small variation of this curve will cause large variation of the equivalence 
ratio.   
 As mentioned above, the stereoscope was left out and the interference filters were 
instead shifted in front of the camera objective. This is a rather rough approach because 
both the flow rate and the equivalence ratio may change between the measurements. 
However, using the stereoscope also has its disadvantages. For instance, one has to 
compensate for the fact that the CCD chip is not equally sensitive over the whole chip. 
The stereoscope also has a tendency to rotate one of the images, which requires the 
images to be warped and compared pixel-to-pixel. The mirrors in the stereoscope also 
have different reflection for different wavelengths. 
 
 
 
 

Fig. 4.7. Two dimensional picture of the equivalence ratio for 1.0 (left) and 1.2 (right). The values are a bit 

higher than expected. 

0

0.2

0.4

0.6

0.8

1

1.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6



 28

4.2.3 Two dimensional imaging – Dual burner 

Figure 4.8 illustrates a picture taken by the stereoscope of the two slanted Bunsen flames 

burning with approximately the same  equivalence ratio, here Φ is equal to 1.3 (left) and 
1.2 (right). The two flames on the left hand side is the concentration of CH* and the 
flames to the right shows the concentration of OH*. Warping the picture makes it 
possible to do a pixel-to-pixel comparison and visualize the OH*/CH* ratio. This ratio 
can then (as in the case of the single flame), be put into equation (4.1) to produce a two 
dimensional image of the equivalence ratio. The two dimensional picture obtained from 
the ratio has, as in the case for the single flame, higher values than expected, see fig. 4.9.  

As mentioned earlier, the equivalence ratio is very dependent on the calibration curve 
which could account for the somewhat high values. The stereoscope’s reflection for 
different wavelengths and difficulties with the warping process are also factors that could 
cause a higher value of the equivalence ratio.  

Fig. 4.8. The two flames burning with Φ=1.3 (left) and Φ=1.2 (right). The CH* concentration is on the left 
hand side and the OH* concentration on the right hand side. 
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Fig. 4.9. A two dimensional image of the equivalence ratio with the two slanted Bunsen burners, Φ=1.3 (left) 

and Φ=1.2 (right). The equivalence ratio is a bit high as in the case with the single Bunsen flame. 
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4.2.4 Two dimensional imaging – Line of sight 

A measurement was also made on the two slanted Bunsen burners placed after one 
another at a distance of approximately 1 cm. This was conducted to investigate if the 
spatial resolution was high enough to resolve respective flame. The flame pointing left in 

figure 4.10 is placed behind the right flame and burns with approximately Φ=0.8 and the 

one pointing right with Φ=1.2. In (a) the camera is focused on the back flame and in (b) 
on the front flame. The two figures are almost identical and it is not possible to 
distinguish between them. There is a need for higher spatial resolution in this case. 

 

Vänster: 0.8 - Höger: 1.2
Höger flamma är placerad främst, Fokus är inställt på den bakra flamman.
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Fig. 4.10. In (a) the camera focus on the back flame and in (b) on the front flame. It is not possible to 
distinguish anything between the two flames. 
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5 Discussion 

 Line of sight measurements require a high and well-defined spatial resolution. It has 
been shown that an obscuration disk placed in the central regions of a lens will increase 
the spatial resolution with over 40% for point measurements. The result in two 
dimensions is not equally overwhelming, even though the result show signs of 
improvement. High resolution point measurements are nonetheless a very attractive 
feature and have great commercial interest. 
 Why are the OH* and CH* radicals and their ratio so interesting in combustion 
diagnostics? It has been shown that the OH*/CH* ratio and the equivalence ratio has a 

nearly linear relationship between Φ=0.7 and Φ=1.2 for a methane/air mixture. Since this 
relationship is well known and the result seems to be repeatable it might be possible in 
the future simply to apply a fibre optic cable to an engine and measure its equivalence 
ratio by just looking at the chemiluminescence from the OH*- and CH* radicals. This is 
advantageous compared to laser based techniques were often three optical windows are 
needed for beam insertion and detection. 
 The correlation of OH*/CH* is useful for determining the equivalence ratio in lean 
premixed flames, but it seems to be more difficult to predict the equivalence ratio for 
fuel-rich flame. There is a similar relationship between the C2

*/OH*- and the C2

*/CH* 

ratio [8] that is more sensitive when Φ>0.9, but the OH*/CH* can be used for a wider 
range of equivalence ratios. 
 As mentioned above, the values in the two dimensional equivalence ratios images are 
slightly higher than expected. These values are very dependant on the fitting formula, eq. 
4.1 (and 4.2) acquired by the use of a different burner and mass flow controllers. The 
mass flow controllers that were used to control the flow in the McKenna burner have not 
been calibrated for a long time, so there is a big uncertainty in the equivalence ratio for 
these measurements. If the calibration was performed in a leaner mixture than expected, 
it will have a great influence on the two dimensional images.  
 It is perhaps not only the CH*- and OH*-radical that can be used to measure the 
equivalence ratio. As mentioned above, there is also similar relationship between the 

C2

*/OH*- and the C2

*/CH* ratio [8] that is more sensitive when Φ>0.9. In the infrared 
spectral region it would also be possible to detect the emission from carbon monoxide 
(CO), carbon dioxide (CO2) and water (H2O). These species can perhaps be included in 
the investigation and be used to increase the sensitivity of the technique in terms of e.g. 
equivalence ratio range.  
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