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Abstract 

 

In this paper the laminar flame speed of methanol and methanol-formaldehyde solutions 

have been determined by the heat flux method. The flame speed of the methanol shows a 

satisfying agreement with previous and modelled results. The methanol-formaldehyde 

solutions have previously not been investigated and therefore the result was solely 

compared to modelled flame speeds.  There is a relative good correlation between the 

results and those predicted by the model, but further experiments and model development 

is required to validate the results. To get a broader understanding of the chemistry involved 

a sensitivity analysis of the kinetic mechanism was performed. The analysis was in good 

agreement with previous studies. A small experiment of the atmospheric chemistry of 

formaldehyde was also performed. 
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Chapter 1 Introduction 

1.1 Background 

The laminar flame speed is an important parameter in combustion. It can provide fundamental 

information about heat release rates, propagation rates and emission characteristics (Saeed et al. 

2004). This information is vital for engine design and the experimentally determined values are often 

used for chemical kinetic validation.  

There are several methods to determine the adiabatic flame speed such as the closed bomb 

method, counter flow technique and the heat flux method (Davis et al. 1998; Bosschaart et al. 2003; 

Saeed et al. 2004). The two former techniques will generate a stretched flame and extrapolation to 

zero stretch is necessary to obtain the stretch free adiabatic flame speed. The heat flux method on 

the other hand will generate a flat stretch free flame and the adiabatic flame speed can be 

determined directly.  

In this thesis the laminar flame speed of methanol and methanol-formaldehyde mixtures will be 

determined by the heat flux method at temperatures 298, 318 and 338 K. In the past the adiabatic 

flame speed of methanol has been investigated by several groups (Gülder 1982; Metghalchi et al. 

1982; Saeed et al. 2004; Liao et al. 2006; Liao et al. 2007; Veloo et al. 2010) but not with the heat flux 

method. The previous results show some inconsistency; this is further discussed in Section 3.2.  

Methanol-formaldehyde mixtures have previously not been investigated, to the best of the authors’ 

knowledge.  

The interest in methanol combustion characteristics is due to its potential as a more 

environmental friendly fuel than compared to conventional ones. There is a strong ambition to 

reduce the negative effects on the environment associated with combustion of oil and coal.  The 

most prominent one is global warming that is linked to the increasing emissions of carbon dioxide. 

Biomass is a term for organic material made from plants and animals and is thus a renewable 

energy source. During their lifespan plants will bind carbon dioxide from the atmosphere and emit 

the same amount during combustion. This will generate a net emission of zero carbon dioxide into 

the atmosphere, and biomass is therefore referred to as being carbon neutral. In this regard the 

combustion of biomass is favourable to fossil fuel.  

With the increasing interest of utilizing biofuels, their combustion efficiency and the generation of 

by-products benefit from being investigated in detail. Methanol is the simplest alcohol and is often 

employed as an alternative to gasoline or diesel. The combustion of methanol will generate 

hazardous pollutants species as NOx, formaldehyde, CO and unburned methanol (Gautam et al. 

1997). 

The formaldehyde is produced when larger hydrocarbon fragments in the fuel are oxidized and 

decompose. Formaldehyde itself can either undergo thermal decomposition, or react with a wide 

range of other species produced during combustion. Thus it is an important component in several 

reaction paths (Vandooren et al. 1986; Li et al. 2007). Understanding the combustion chemistry of 

formaldehyde is essential in the development of chemical kinetics mechanisms for hydrocarbon 

combustion. Kinetic experiments on formaldehyde can be challenging, due to experimental 

difficulties with keeping the compound at a stable concentration in the gas phase. 

The major goal of the present study is to investigate the influence of formaldehyde on the laminar 

flame speed of methanol. Studying the influence of elevated formaldehyde concentrations on 

methanol combustion can improve our understanding of the chemical reactions of formaldehyde, 
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and its role in methanol combustion. The experimentally determined values are compared to 

modelled data and previous literature values. 

In addition to the combustion studies a smaller project concerning the atmospheric chemistry of 

formaldehyde has been performed as a part of this master thesis. The reactivity of formaldehyde 

towards ground state oxygen atoms at ambient temperature and pressure has been investigated. 

1.2 Structure of the report 

Chapter 2 will provide the reader with a general description of basic combustion physics; concepts 

as flame speed and equivalence ratio will be introduced here. The previous work of methanol-air 

combustion will be presented in chapter 3 as well as a description of various methods to determine 

the flame speed.  This will be followed by a more detailed analysis of the heat flux method; Chapter 4 

will address the various components and uncertainties connected with the method. Chapter 5 will 

discuss a smaller experiment regarding the temperature of the unburned gas. In Chapter 6 the 

chemical kinetics involved in methanol combustion will be discussed as well as a more general 

description about how and why modelling is performed. As the thesis is built on determining the 

laminar flame speed of methanol and formaldehyde mixtures, chapter 7 will describe how these 

solutions where prepared. Chapter 8 will summarize the errors associated with the heat flux method 

and the preparation of the solutions. This chapter will be followed by the flame speed and modelling 

results in chapter 9 and a general discussion about these can be found in chapter 10.  Finally in 

chapter 11 the atmospheric chemistry of formaldehyde will be discussed.  
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Chapter 2 Basic combustion physics 

2.1 Methanol 

The reduction of the fossil fuel reserves and the negative effects on the climate associated with 

their combustion has led to an increasing popularity of alternative fuels. For the motor vehicle 

section bio-alcohols such as methanol and ethanol are an alternative to diesel or gasoline.  

Methanol, the simplest alcohol, can be generated both from conventional fuels as natural gas or 

coal but also from biomass. Today it is mainly derived from natural gas but the technique of 

retrieving it from agriculture, forest and industrial waste is developing continuously ( Biomass Energy 

Center, 2008). Biomethanol is preferable to methanol produced from conventional fuels as plants 

will continuously absorb carbon dioxide from the atmosphere, storing the carbon in its tissue. During 

combustion the carbon will react with oxygen and form carbon dioxide, thus in theory generating a 

net emission of zero carbon dioxide into the atmosphere (Biomass Energy Center, 2008). This is 

obviously dependent of the process of growing and deriving the fuel. Today there are methanol 

plants that emit as little as 0.54 tons of CO2 for every ton methanol produced,  this can be compared 

to the production of biodiesel that roughly emit 0.9 ton CO2 for every ton generated (Methanol 

Institute, 2009).  

With the increasing utilization of methanol more extensive knowledge on its combustion 

chemistry is desired. During combustion it will mainly produce; nitrogen oxides (NOx), formaldehyde 

(CH2O), carbon monoxide (CO) and unburned methanol (Gautam et al. 1997; United States 

Environmental Protection Agency, 2011). These species can in turn react with other compounds, 

generating a hazardous environment. By improving the combustion efficiency of methanol these 

pollutions can be reduced. 
 

2.2 Formaldehyde 

Formaldehyde, CH2O, is the simplest aldehyde and it is naturally created in the atmosphere or 

produced when larger hydrocarbon fragments in a fuel are oxidized and/or decompose (Vandooren 

et al. 1986). The compound is highly toxic to humans and animals and is known for causing 

respiratory disease, skin irritation and is believed to be carcinogenic (United States Environmental 

Protection Agency, 2011). Formaldehyde can also be found indoors where it usually can be traced 

back to pressed wood, tobacco smoke and various textiles. The main production of anthropogenic 

formaldehyde is generated in combustion. During these conditions it can either undergo thermal 

decomposition, or react with a wide range of other species produced. It is therefore an important 

component in several reaction paths (Vandooren et al. 1986; Li et al. 2007).  

Understanding the combustion chemistry of formaldehyde is essential in the development of 

chemical kinetics mechanisms for hydrocarbon combustion. Kinetic experiments on formaldehyde 

can be challenging, due to experimental difficulties with keeping the compound at a stable 

concentration in the gas phase. This can be somewhat circumvented by mixing it with various species 

and investigate how intrinsic parameters as the flame speed are affected at various concentrations. 

For combustion experiments methanol is a good mixing agent as formaldehyde is readily soluble in 

alcohol. Often paraformaldehyde, OH(CH2O)H, is used as the formaldehyde source in experiments; 

this is a white powder that is the precipitate of a pure high concentrated formaldehyde solution 
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(Walker 1931; 2000). The solubility of paraformaldehyde is highly affected by temperature and unlike 

formaldehyde it is not completely soluble in alcohol. It is however readily soluble in water.   

2.3 Flame speed  

The flame speed of a flame is an important parameter in combustion physics, it is used in various 

areas such as burner and engine design and chemical kinetic validation (Bosschaart et al. 2003; Saeed 

et al. 2004) 

The flame speed can be described as the rate at which the plane combustion wave will propagate 

through a gaseous mixture (Lefebvre 1998). The parameter is affected by many variables such as, 

flame radiation, flame temperature, ambient pressure and temperature and air/fuel ratio, φ. The 

flame speed is characteristic for a certain fuel at specified variables and accurate determination is 

important as it provides information on heat release rates, propagation rates and emission 

characteristics of the fuel (Saeed et al. 2004). The maximum velocity is usually obtained at air/fuel 

ratio 1.0-1.1 and an increase of the pressure or temperature of the unburned gas will lead to an 

decrease or increase of the flame speed respectively (Metghalchi et al. 1982; Liao et al. 2007).  

The adiabatic laminar flame speed, SL, is achieved when the velocity of the unburned gas matches 

that of the flame front, creating a stationary flame. To determine the flame speed several methods 

have been developed. The most prominent ones are the heat flux method, the constant volume 

method and the counter flow burner technique (Davis et al. 1998; Bosschaart et al. 2003; Saeed et al. 

2004). These methods will be discussed in Section 3.1. In this thesis flame speeds were obtained 

through the heat flux method. 

2.4 Premixed laminar flames 

To determine the laminar flame speed, measurements have been performed on a premixed flat 

flame. Here the fuel and oxidizer, most commonly air, is mixed prior to combustion. This will 

generate a thin flame front with good possibility for complete combustion. This type of flame is often 

employed in laboratory work. 

The relationship between the fuel and oxidizer in the flame is called the equivalence ratio, φ. To 

calculate this, the chemical reaction for complete combustion must be derived. For methanol the 

unbalanced reaction can be written as 2.1   

 

                   (2.1) 
 

To obtain complete combustion, there must be 1.5 more oxygen than methanol, (reaction 2.2) 

 

                        (2.2) 
 

  The equivalence ratio can now be calculated via equation 2.3-2.5 (Warnatz et al. 2006) 

 

             (
     

         
) (2.3) 

 

Smass is the mass fraction; this can be calculated via the molar stoichiometric factor, equations 

2.4-2.5. n is the number of moles, and m the mass of the fuel and oxidizer.  
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 (2.4) 

                   

         

      
 (2.5) 

A complete combustion is achieved when the equivalence ratio equals to 1. The only products 

generated then are energy, water and carbon dioxide. This is however an ideal case as combustion 

always generates by-products. A flame with equivalence ratio larger than 1 is called fuel rich, the 

flame will then have an excess amount of fuel. A flame with equivalence ratio smaller than 1 is called 

fuel lean, having shortage of fuel. 
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Chapter 3 Flame speed 
 

In this section the different methods for determining flame speed will briefly be discussed and 

previously determined results for methanol will be reviewed.  

Several techniques have been developed to determine the flame speed. Some of these are the 

flat flame burner, heat flux method, closed bomb technique and the counter flow burner.  For flame 

speed determination of methanol the counter flow burner and the closed bomb method have 

previously been employed (Gülder 1982; Metghalchi et al. 1982; Saeed et al. 2004; Liao et al. 2006; 

Liao et al. 2007). No flame speed has been determined for formaldehyde; a reason for this can be 

experimental difficulties of keeping the compound at a stable concentration in the gas phase.  

It does not seem that there have been any experiments performed on methanol-formaldehyde 

mixtures. Fells and Rutherford (1969) did however investigate the influence of different additives on 

laminar flame speeds of methane-air flames. Three oxygenated hydrocarbon additives were used, 

acetaldehyde, formaldehyde and methanol. These will produce the same reaction products as are 

produced in methane combustion. In the paper it is concluded that these additives do not seem to 

affect the flame speed of methane; the addition only result in changes that can be expected when 

adding another fuel to the mixture. 

3.1 Experimental methods 

The heat flux method can be applied at ambient pressure and temperature (Bosschaart et al. 

2003). The method is based on measuring a temperature distribution of the burner head that arises 

due to heat loss of the flame to the burner. The generated flame is stretch free and a heating ring on 

the burner head will compensate for the heat loss and no extrapolation to zero stretch or heat loss is 

necessary. By varying the gas velocity until a constant temperature distribution is achieved the 

laminar flame speed can be obtained directly. This method will be further explained in Chapter 4.  

The closed bomb method provides the possibility for flame speed calculations at high pressure 

and temperature (Saeed et al. 2004; Liao et al. 2006; Liao et al. 2007). The method is based on 

measuring the flame growth during combustion and then employs the relationship between the 

flame speed and stretch rate. The fuel is injected into the bomb and ignited by electrodes in the 

centre. This will create a spherical, stretched flame moving towards the walls.  

The closed bomb method is as all techniques connected to certain uncertainties, most of which 

can be corrected for. The early work of flame speed calculation by the combustion bomb shows that 

heat transfer to the walls is negligible apart from the final stages of combustion. This stage can be 

spotted in the experimental data and the measurements can be avoided, minimizing the risk for 

erroneous results. The growing flame in the combustion bomb is strongly associated with a stretch 

effect. These are mainly present in the early stages of combustion and as these values are often not 

used it can therefore be neglected. Another problem with the method is the formation of a cellular 

flame or wrinkling of the flame. The cellular flames will increase the surface area causing the flame 

speed to rapidly increase.  

To obtain the flame speed different approaches can be used. Liao (2006; 2007) uses a CCD camera 

to register the flame growth at various equivalence ratios and temperature conditions. These images 

are used to estimate flame size and the flame speed can then be obtained from the variations of size 

versus time elapsed. The linear relation between flame speed and stretch provide the possibility for 

extrapolation to zero stretch and the laminar flame speed. Saeed and Stone (2004) use another 
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approach. By assuming various conditions of the system a multi zone model was designed to derive 

the flame speed. The model uses data obtained from the experiment and the BOMB program that 

contains necessary equations. Metghalchi and Keck (1982) measured the dynamic pressure rise 

inside the bomb during the combustion. This combined with the mass of burned gas, the area of the 

reaction front Sand the radius of the combustion bomb was used to calculate the laminar flame 

speed.  

The counter flow method is used at ambient temperature and pressure and is based on finding a 

relation between the flame speed and strain/stretch rate (Davis et al. 1998; Veloo et al. 2010). Two 

nozzles will induce two opposite, premixed, symmetrical, planar and nearly-adiabatic flames. These 

are protected from the surrounding environment by a small seal of nitrogen flow. The opposite 

flames will generate a symmetry plane which will occur as a stagnation plane with two identical flat 

flames on each side. As there is no interaction between the flames and the burner there is no heat 

loss and no need for extrapolation. The flames are stretched due to straining flows of the gases. By 

varying the jet velocity or the distance between the nozzles the stretch/strain rate can be controlled. 

Eventually a relation can be found between the flame speed and the stretch/strain rate.  By 

extrapolating to zero stretch/strain rates the laminar flame speed can be found. The method is 

slightly controversial as it is not fully determined if the extrapolation should be linear or non-linear, 

providing inconsistencies the results. Previous counter flow experiments have overestimated the 

flame speed by using a linear extrapolation technique to determine the flame speed (Wu et al. 1985; 

Davis et al. 1998). It was later discovered that non-linear extrapolation was more suited (Davis et al. 

1998; Veloo et al. 2010).  

3.2 Methanol flame speed 

Previous measurements on the laminar flame speed of methanol and air have been performed by 

several groups among them Metghalchi and Keck (1982), Gülder (1982), Saeed and Stone (2004), Liao 

(2006; 2007) and Veloo et al. (2010).  The previous groups have used the closed bomb method or the 

counter flow burner. The former technique provides possibilities for measurements in high 

temperature and pressure range and the latter for measurements at ambient conditions. A summary 

of the results can be found in table 1. 
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In Figure 1 the laminar flame speed of methanol and air at 298 K and 1 atm can be seen.

 
Figure. 1. Previous experimentally determined flame speeds of methanol-air flames at 298 K and 1 

atm. It can be seen that all groups have presented the highest velocity at φ =1.1. 

 

As seen in Figure 1, Metghalchi and Keck have presented velocities that are somewhat lower 

compared to Saeed and Stone and Gülder. This is probably due to a combination of no stretch or 

cellular flame correction. The maximum velocity presented by Metghalchi and Keck is 44.5 cm/s at 

φ=1.1. In the article presented by Gülder cellular flames were not mentioned;s this might have 

produced errors in the flame speed results. It is also been suggested after the publication that the 

exponential form used to correlate the fitted data was flawed. The coefficient for the exponential 

term allegedly varies erratically with equivalence ratio (Saeed et al. 2004). The maximum velocity 

determined by Gülder is 49.5 cm/s at φ=1.1. Saeed and Stone present a maximum velocity of 49.5 

cm/s at equivalence ratio 1.1, which is close to that presented by Gülder. Saeed and Stone present an 

extensive discussion about the errors associated with the laminar flame speed but do not mention 

the size of the total error. It should be noted however that they have accounted for stretch and 

cellular flames.   

In Figure 2 a comparison between the velocities at 343 and 358 K determined by Veloo et al. and 

Liao et al. can be seen. 
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Figure. 2. Previous experimentally determined flame speeds of methanol-air flames at 343 and 358 K 

at 1 atm. Both groups have presented the highest velocity at φ=1.1. 

 

        Veloo et al. have used the counter flow burner to determine the flame speed of methanol 

and air at 343 K and 1 atm. They have developed the non-linear extrapolation technique even 

further, see Section3.1, and use simulation to obtain the flame speed. The experimental determined 

flame speed has been compared to a modelled velocity derived by the Li et al. mechanism  (2007)). 

There is a good correlation between the experimentally determined values and those of the Li et al 

mechanism at equivalence ratios below 1.1. The experimentally derived velocities peak at 

equivalence ratio 1.1 at 57.1 cm/s while the Li et al mechanism suggests that the maximum velocity 

occurs at φ=1.2 at 60cm/s.  Liao et al. have used the closed bomb method to determine the flame 

speed at elevated temperatures; in Figure 2 the results for 358 K and 1 atm can be seen.  There is a 

good correlation between the experimentally determined values and those presented by Veloo et al. 

below equivalence ratio 1.1. The highest velocity is presented at equivalence ratio 1.1 at 57 cm/s. On 

the rich side the velocities of Liao et al start to decrease compared to those of Veloo et al. This is 

somewhat surprising as the temperature of Liao et al is slightly higher and an increase of the flame 

speed is expected. In their article Liao et al state that they have accounted for stretch effects but do 

not mention formation of cellular flames. 

To summarize it can be seen that the previous results all present the highest velocity at 

equivalence ratio 1.1. There are however some discrepancy between the determined velocities. This 

might be due to experimental errors of the previously discussed methods, (Section 3.1) as the stretch 

and cellular flame influence of the flame speed. To reduce the uncertainty of the methanol-air flame 

speed new measurements are therefore required. The previous results are summarized in table 1. 
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Table 1. Summary of methanol-air flame speeds.  

Author Year φ T (K) P (MPa) Max v (cm/s) Total Error 

Gülder  1982 0.7-1.4 298 0.1  50 SL=  ±2 cm/s, φ=±0.015 

Metghalchi and 
Keck 

1982 0.8-1.4 298 0.1 44.5 SL=±3% ≈1.3 cm/s 
φ=0.01% 

Saeed and Stone 2004 1.1 298 0.1 49.6 There is an extensive 
discussion about the error 
of SL but no quantification 
is given.  
φ=0.5 % 

Liao et al. 2006 0.7-1.4 358 0.1 56.2 SL=5% ≈2.8 cm/s 
 

Veloo et al. 2011 0.7-1.5 343 0.1 57.1 SL error bars: 
rich side≈5cm/s 
lean side≈2cm/s 
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Chapter 4 The heat flux method 
 

As previously discussed in section 3.1, the laminar flame speed is mainly determined by 3 

different techniques, the closed bomb, the counter flow and the heat flux method. The first two 

methods have certain experimental uncertainties connected with their flame speed determination. 

These uncertainties arise mainly from stretch or heat corrections that require extrapolation to zero 

stretch or heat loss. The heat flux method can circumvent these problems by measuring the 

temperature distribution in the burner head by the use of thermocouples. This will allow for a direct 

measurement of the laminar flame speed. The uncertainties associated with the heat flux method 

are due to some experimental errors which are discussed in this Chapter and summarized Chapter 8. 

4.1 Principle of the heat flux method  

The temperature distribution of the burner head corresponds to the net heat loss of the flame to 

the burner. By varying the velocity of the unburned gas until a constant temperature distribution is 

reached the adiabatic state can be found. The constant temperature distribution represents zero 

heat loss in a stretch free flame and no extrapolation is needed.  For the method to give accurate 

results the flame must be flat and stable,which can be difficult to achieve on traditionally used 

burners. De Goey and Van Maaren (1993) have therefore developed a new type of perforated burner 

where the holes in the burner plate are arranged in a hexagonal pattern to generate a stable uniform 

flow. The burner has also been equipped with a heating ring around the burner plate. This will heat 

the unburned gas during passage compensating the heat loss needed for flame stabilization.  

4.2 Experimental setup 

A schematic overview of the heat flux method can be seen in Figure 3. The main parts of the 

present setup are: 

Fuel reservoir 

Mass Flow Controllers, MFC, Bronkhorst  

Controlled Evaporator Mixer, CEM, Bronkhorst 

Burner (thermocouples) 

Data acquisition unit, National instrument 

Water baths 
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Figure. 3. A schematic overview of the heat flux method (Konnov et al. 2011). 
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4.2.1 The Burner 

The core of the method is the perforated burner plate, Figure 4 (Bosschaart et al. 2003). It is here 

that thermocouples are used to measure the temperature distribution, indicating when the adiabatic 

state has been reached.  

 
Figure. 4. An overview of the heat flux burner. Left: The heat flux burner, Right: the perforated burner 

plate (Bosschaart et al. 2003). 

 

The lower part of the plenum chamber consists of a grid that will generate a uniform distribution 

of the unburned premixed gas. As the mixture encounters the burner plate small remaining 

deviations in the distribution will be smoothed out. The flow can be assumed to be uniform in the 

centre of the burner head, approaching the edges however large deviations can occur. These are 

mainly created by flow divergence and mixing with the ambient air (Bosschaart et al. 2003).  

The boundary conditions were investigated by Van Maaren (1994) and it was established that a 

burner plate of 30 mm will be able to generate a one-dimensional area of 20 mm. It is in this region 

that the flame can be assumed to be flat and the temperature distribution measured. The boundary 

layer effects can be minimized by reducing the heat transfer from the burner head to the unburned 

gas. 

The heat flux method can be used to investigate flame speed at elevated temperatures as there is 

a linear relation between the temperature of the plenum chamber and the unburned gas (Bosschaart 

et al. 2003). 

Figure 5 (Bosschaart et al. 2003) shows a schematic overview of the burner head and the various 

heat fluxes. The method is based on the balance between heat flux 1 and 2 seen in the Figure. These 

arise from the heat transfer of the flame to the burner plate and the heat transfer of the burner plate 

to the unburned gas. The remaining fluxes (3-5) can cause disturbances in the flow and should be 

minimized.  
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Figure. 5. A schematic overview of the burner head and the heat fluxes. Flux 1 is the heat transfer 

from the flame to the burner plate, flux 2 is the heat transfer of the burner plate to the unburned gas, 

flux 3 is the heat transfer between the hot and the cold part of the burner, flux 4 is the heat transfer 

between burner head to unburned gas mixture, flux 5 is heat transfer  from the burner head to the 

holder (Bosschaart et al. 2003) 

4.2.2 Thermocouples 

Across the burner plate thermocouples are positioned to measure the temperature profile. To 

improve the temperature reading, the thermocouples are attached with silver glue into small brass 

cylinders. The silver glue will improve the thermal and electrical conductivity and the cylinder is then 

placed in the holes of the burner plate at 0 2.1 4.2 6.3 8.4 10.5 12.6 14.7 mm, see Figure 6 

(Bosschaart et al. 2003). The thermocouples are of type T and have a diameter of 0.1 mm.  

 

 
Figure 6. The thermocouple is placed inside a brass cylinder that is placed in the holes of the burner 

plate (Meuwissen 2009).  

 

In the present setup the thermocouples are made from a single thermocouple wire. This will 

provide two advantages; reducing the number of wires and the possibility to measure the 
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temperature difference directly.  Reducing the number of wires will result in less flow disturbance as 

well as reducing the total heat loss from the burner plate to the thermocouples. 

To avoid erroneous results the thermocouples must be positioned at equal vertical height in the 

burner plate as difference in position may cause systematic temperature deviations of a few K. The 

thermocouples should also be small enough not to cause deviations in the flow.  

4.2.3 Controlled evaporator mixer, CEM 

To use the heat flux method the liquid fuel must be gasified and mixed with the oxidizer. This is 

achieved by employing a controlled evaporator mixer. To obtain the required flow of fuel towards 

the CEM, carrier gas, most often air, is used. The flow is also pressurized by the use of nitrogen 

injection into the closed fuel tank. As the liquid fuel enters a CEM via the small orifice, it will 

encounter the carrier gas that will divide the fuel into small droplets. By controlling both the mass 

flow of the liquid fuel and the carrier gas (Section 4.3.4) an accurate mixture can be produced. The 

mixture is then heated by a metal spiral forcing the liquid to vaporize generating a homogenous 

gaseous mixture. The CEM can be heated to 473 K. To avoid condensation of the fuel the partial 

pressure of the liquid must be lower than the vapour pressure at the present temperature (Boer 

1996; Meuwissen 2009). 

One of the uncertainties of the controlled evaporator mixer is that its temperature can affect the 

temperature of the unburned gas and subsequently the laminar flame speed. Konnov (2011) 

demonstrated however that the temperature of the CEM will only affect the flame speed  by 0.05 

cm/s which is negligible. The only temperature affecting the burner velocity is thus that of the 

plenum chamber; this will be further discussed in Chapter 5. 

4.2.4 Mass flow controller, MFC  

To obtain the desired equivalence ratio the mass flow of both the air and liquid fuel must be 

determined. For the liquid fuel the mass flow can be measured by a cori-flow (MFC77) that uses the 

coriolis forces to determine the mass flow .  The oxidizer flow is measured by a mass flow controller 

that is based on measuring a temperature difference between two flows. 

For the air supply, two controllers were used, MFC74 and MFC76. The range of the two MFC´s can 

be seen in table 2. 

 

Table 2. The range of the two MFC controlling the air flow 

 Min g/min Max g/min 

MFC74 0 12.93 

MFC76 0 19.40 
 

The fuel is transported to the evaporator by air from MFC74, after the mixing and heating more 

air is added from MFC76 to get the desired equivalence ratio. The MFC provides a mass flow rate 

that does not depend on small variation of pressure or temperature. 

The mass flow is one of the most prominent error sources of the heat flux method. Dyakov ( 2001) 

demonstrated that the best accuracy of the MFC is obtained if the calibration is performed shortly 

before the experiment. A correct calibration will then provide an uncertainty of 1 % if the flow rate is 

10 % above or below the minimum or maximum flow rate. The equivalence ratio will have a 

corresponding uncertainty associated with the mass flow controllers. Boschaart et al. have estimated 

that for equivalence ratios close to 1.0 the uncertainty is roughly 1 %; this will however increase as φ 

increases or decreases. The error of the flame speed is mainly caused by the uncertainties of the 
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mass flow of air as this flow is roughly 5-10 times larger than that of the fuel but bad calibration of 

the MFCs is also a factor (Bosschaart et al. 2003).  

4.3 Flame speed determination 

When the energy equation is applied to the burner plate and a uniform heat flux, q, is assumed it 

can be shown that the temperature, Tp, as a function of radius, r,  in the burner plate can be written 

as a parabolic function, equation 4.1 (Bosschaart et al. 2003) 

 

   ( )          
 

   
   (4.1) 

 

Tcenter is the temperature in the centre of the burner plate, λ is the burner plate thermal 

conductivity, h is the burner plate thickness, and q is the net heat transfer from the gas to the burner 

plate. From this expression it can be seen that the temperature distribution has a parabolic shape 

with a peak value in the centre of the burner plate. By employing the thermocouples the profile can 

be approximated by a second order polynomial, equation 4.2 
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 Where α, the parabolic coefficient, can be written as 
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In Section 4.1 it was discussed that the adiabatic flame speed has been achieved when the 

temperature profile is flat i.e. when the parabolic coefficient is equal to zero. Seen in figure 7 is the 

temperature profile of 4 different velocities at equivalence ratio 1.0 and 298 K for pure methanol. As 

the velocity approaches 45 cm/s the profile flattens out as this is close to the adiabatic state.  

 
Figure. 7. The temperature profiles in the burner plate of a stabilized methanol-air flame at φ=1.0. 
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There is a linear relation between α and the gas velocity and via interpolation the laminar flame 

speed can be found at  ( ). It can be seen in Figure 8 that α equals zero at 44.63 cm/s, this is thus 

the laminar flame speed. 

 
 

Figure. 8.  The adiabatic flame speed can be derived by the linear relation between the α coefficient 

of the temperature distributions and the corresponding velocity. 





32 

 





34 

Chapter 5 Temperature calibration 
 

To determine the flame speed at elevated temperatures the plenum chamber walls are heated by 

a water bath.  It is important that the temperature of the plenum chamber is equal to that of the 

water bath.  It is presumed that the temperature of the unburned gas mixture is defined by the 

temperature of the plenum chamber (Bosschaart et al. 2003).  If there is heat loss between the water 

bath and the chamber the unburned gas will not be heated to the desired temperature. An 

experiment was designed to investigate the relation between the temperature of the water bath and 

the unburned gas mixture. The results will also indicate how the temperature is affected by various 

flows.  

5.1 Experimental procedure  

To measure the temperature of the unburned gas a thermocouple was placed approximately 5 

mm above the burner plate. This will measure the temperature of the unburned gas mixture at 

various flows between 10-32 g/min while the two water baths were set to temperatures between 

25-80 ᵒC. This will ensure that both the plenum chamber and the burner head will have the same 

temperature.  If the gas temperature is defined by the plenum chamber; the two temperatures 

should be equal. However this is also dependent on zero heat loss between the water bath and the 

plenum chamber, the biggest risk for this arises if the water tube is not sufficiently isolated.  This is 

not the case in the present experimental setup but some additional heat loss may still occur.   

5.2 Results 

The measurements are presented in two figures. Figure 9 shows the gas temperature dependence 

of the water baths temperature and Figure 10 shows the temperature change for various flows. 

 
Figure. 9. The gas temperature dependence of water bath temperature. 
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It can be seen in figure 9 that for lower temperatures the gas temperature follows that of the 

water baths closely. For higher temperatures however the unburned gas does not match the 

temperatures of the water bath. At the highest temperature, 80ᵒC, the unburned gas has a mean 

temperature of 73 ᵒC. 

 

 
Figure. 10.  The temperature change of the unburned gas mixture for various flows. 

 

In figure 10 the temperature as a function of flow rate for several temperatures can be seen. It 

does not appear as the flow significantly affects the temperature as the largest deviation is roughly 

1ᵒC. 

5.3 Discussion 

From the above Figures 9-10 it seems that the temperature of the plenum chamber is what defines 

the temperature of the unburned gas and that there is no significant heat loss for lower 

temperatures between the water bath and the burner. The lower temperature seen in Figures 9 and 

10 at higher temperatures is likely due to cooling of the ambient air as the gas enters out of the 

plenum chamber It can therefore be concluded that this will not affect the experimental 

measurements in a significant way. It can also be seen that the temperature is somewhat unaffected 

by various flows.  

  

 



36 

Chapter 6 Chemical kinetics 

6.1 Combustion chemistry 

Combustion can be defined as chemical reactions that occurs between a fuel and oxidizing agent 

that releases energy, usually as heat or light (Brittanica online Encyclopedia). The combustion of a 

simple fuel involves a few hundred reactions between various compounds. As mentioned in Section 

2.2, formaldehyde is one of the main products produced in methanol combustion. 

Formaldehyde, CH2O, is an intermediate species generated in hydrocarbon oxidation (Friedrichs 

et al. 2002) as seen in reaction 5.1. It can decompose or react with several different components 

creating high reactive species and dangerous products.  It is therefore important to have a good 

understanding about its chemical reaction scheme. It can further react with many species but 

primarily H, OH, O and CH3 producing formyl radicals (HCO).  The formyl radical can decompose or 

react with H and OH to generate carbon monoxide, CO, that in turn is transformed into carbon 

dioxide, CO2. Formaldehyde is thus referred to as the last stable hydrocarbon intermediate in the 

oxidation of hydrocarbons.  

 

                                (5.1) 
 

In methanol kinetics the main reactions involving formaldehyde production are accordingly to 

reactions 5.2-5.7. The first step is hydrogen abstraction from the methanol molecule, resulting in the 

production of the hydroxymethyl radical, CH2OH, or the methoxy radical, CH3O.  

 

                   (5.2) 
                  (5.3) 
                          
 

Both the hydroxymethyl or methoxy radicals can either decompose to formaldehyde upon 

collision, (5.4, 5.6) or another hydrogen can be abstracted to yield formaldehyde (5.5, 5.7) 

 

                   (5.4) 
                  (5.5) 
                            
   
                  (5.6) 
                 (5.7) 
                  

 

The formaldehyde chemistry in methanol combustion is complicated, when adding excess amount 

of formaldehyde there will be an equilibrium change and the result might not be easy to predict. 

From the above discussion it is clear that the methanol reaction mechanism will lead to chain 

branching reactions and hydrogen production thus increasing the flame speed.  
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6.2 Modeling 

In combustion detailed kinetic mechanisms are often used to describe the interactions between 

species at a molecular level.  By using differential equations describing the rate of formation and 

destruction of species involved, the products, reactants and intermediates concentration can be 

compared to real life experiments (Simmie, 2003). The modeling is thus an important tool to 

understand the chemical reactions involved in the combustion and verify results. The chemical 

kinetic mechanisms are continuously developed and upgraded as more information on the species 

involved are obtained from experiments.  

For this thesis the laminar flame speed in one dimensional premixed flames corresponding to all 

the experimental results were modeled using Chemkin Pro (Reaction Design, San Diego). 

Multicomponent diffusion and thermal diffusion were taken into account. The modeling was 

performed using the chemical kinetics model by Li ( 2007) without modifications. The model consists 

of 84 reversible elementary reactions among 18 species. The model is newly updated and widely 

used in combustion modeling. 
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Chapter 7 Formaldehyde and methanol solution 
 

Formaldehyde has previously been successfully dissolved in methanol at elevated temperatures;  

a small residual sometimes remained which was filtered out (Hasse et al. 1990).  Walker et al (Walker 

1931) demonstrated that dissolving formaldehyde in  organic solvents as ether or chloroform at 

room temperature will cause the formaldehyde to boil of. When mixing formaldehyde with methanol 

however the boiling point will increase with increasing concentration.   

7.1 Preparation of solutions 

Formaldehyde is commercially available as solid paraformaldehyde, a white powder.  The 

Paraformaldehyde used in these experiments was provided by Merck, with a purity of 95%. The 

powder dissolves slowly in methanol at room temperature; therefore the solutions were prepared at 

elevated temperatures during continuous stirring. Each batch of solution that was prepared had a 

total volume of 500 ml with 10 to 30 mass percent (m%) formaldehyde. The mixture was placed in a 

round bottomed flask and left in a 55 ᵒC water bath for about 6 - 8 hours under continuous stirring. 

As formaldehyde started to dissolve the boiling temperature of the mixture increased, and the 

temperature of the water bath was raised gradually. The temperature was raised 5 ᵒC every hour, 

until 80 - 85 ᵒC was reached. At this temperature most of the formaldehyde had dissolved and 

possible residuals were filtrated out. The mass of the filtrate was determined to accurately calculate 

the mass fraction of formaldehyde in the solution. During the different steps in preparation of the 

solutions methanol might evaporate.  This was more likely during the filtration step. The mixtures 

originate from the previously made high concentration solutions that were diluted with methanol. 

This part of the experiment for deriving the flame speed is connected to some uncertainties.  The 

purity of the fresh methanol, provided by Merck, is estimated to be > 99% and assumed to be free 

from water contamination. There is a small nitrogen seal protecting the fuel as it is poured into the 

fuel tank,  minimizing the risk for pollution or hygroscopy. The methanol is poured fast minimizing 

the risk for water absorption, however one bottle was used several times and some contamination is 

expected. The paraformaldehyde was provided by Merck with a high purity. The canister was 

however used several times and some water contamination and pollution is inevitable. There is also 

a high risk for water absorption during the heating process. Care was however taken to minimize 

exposure of the methanol and formaldehyde solutions to air at all times. One of the larger 

uncertainties in the mixture itself is the many steps involved in the measuring and handling the two 

compounds creating an uncertainty of the true formaldehyde concentration.    
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Chapter 8 Sources of errors 
 

The reproducibility of the results has been good; experiments on pure methanol have been 

performed several times at the three temperatures 298, 318 and 338 K. The methanol flame speeds 

have been repeated 5 times and the methanol- formaldehyde results have been repeated 2-3 times 

and a good correlation can be found. The accuracy of the methanol flame speeds depend on errors 

associated with the heat flux burner and impurity of the fuel. The flame speeds determined for 

methanol-formaldehyde will be affected by the same uncertainties as methanol but also by errors 

associated with the preparation of the solutions.   

As mentioned in Chapter 4 the following components of the heat flux method will contribute the 

most to the uncertainties of the flame speed; thermocouples, controlled evaporator mixer and mass 

flow controllers. In table 3, an overview of the errors is presented. 

Figure 11 will have error bars associated with the experimental data; these are based on 

uncertainties of the MFCs and scattering of the thermocouples. The errors are calculated via 

equation 8.1-8.3 
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Table 3. Error summary and estimation 

Source Uncertainty 

Thermocouples Residual scattering of the thermocouples will provide an 
uncertainty of the flame speed. Meuwissen ( 2009) and Boschaart 
(2003) determined that the error will be smallest around 
equivalence ratio 1.1 

Mass flow controller 
 
MFC74 
MFC76 
MFC77 

Uncertainty of the mass flow will have the largest effect on the 
laminar flame speed (Meuwissen 2009). 
0.8 % of setpoint, including 0.2% deviation of maximum flow 
0.8 % of setpoint, including 0.2% deviation of maximum flow 
0.2 % deviation of setpoint 

Controlled evaporator mixer 
CEM 

The controlled evaporator mixer can affect the temperature of 
the unburned gas and subsequently the flame speed. Konnov 
(2011) demonstrated however that the temperature of the CEM 
will only affect the flame speed by     0.05 cm/s and is thus 
negligible  

Fuel purity  Pressurized nitrogen is used to protect the methanol from the 
surrounding air. The amount of nitrogen that can be dissolved in 
methanol at the experimental temperatures is negligible  and can 
therefore be excluded as an error source (Konnov et al. 2011).  
The pure methanol is handled in such a way that hygroscopy is 
not considered to be a problem.  
During preparation and heating of the methanol-formaldehyde 
mixtures there is a high risk for pollution and water absorption. 
The Paraformaldehyde is kept in a large canister that was opened 
and used several times.   
 

Temperature of unburned gas In Chapter 5 it was concluded that heat loss between the water 
bath and the plenum chamber is unlikely to occur.     

Flame structure  The flame speed resulting from a non-flat flame is unreliable. This 
problem is more likely to occur at high and low φ and at high 
concentrated CH2O mixtures. The erroneous measurement is easy 
to spot in the results and can so be disregarded.   

Equivalence ratio The uncertainty of the equivalence ratio is due to the errors of 
the MFCs and those that arise during preparation of the solutions. 
It is presumed that φ of the methanol-formaldehyde mixture will 
have a bigger uncertainty that of pure methanol.  

Preparation of the solution There are four main areas of uncertainty here, weighing the 
paraformaldehyde, the measuring of the methanol, pollution of 
the methanol and formaldehyde and water absorption during the 
preparation process.  
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Chapter 9 Results and discussion 
 

The heat flux method has been used to derive the flame speed of pure methanol and various 

concentrations of methanol-formaldehyde mixtures. The measurements have been performed at 

1atm at 298, 318 and 338 K.  To validate the results comparisons with previous work as well as 

modelling have been performed.   

9.1 Pure methanol 

In figure 11 the experimentally determined flame speed of pure methanol is compared to the Li 

mechanism (2007). All three temperatures 298, 318 and 338 K show a good correlation between the 

modelled data and the experimentally determined results. The highest experimentally determined 

flame speed is at equivalence ratio 1.0 at 44.39, 47.75 and 53.26 cm/s at 298, 318 and 338 K 

respectively. It was not possible to obtain the flame speed at higher equivalence ratios due to 

limitations of the fuel MFC.  The results can be compared to the modelled velocity at the 

corresponding φ, 45.09, 49.65 and 54.58 cm/s. 

 
Figure. 11. The experimentally determined flame speeds (symbols) for a methanol-air flame at 298, 

318 and 338 K at 1 atm. The results have been compared to that of the Li et al. mechanism (solid line) 

The error bars indicate that there is a bigger uncertainty for the lower equivalence ratios.  

 

Figure 12 shows the experimentally determined flame speeds compared to that of the literature 

at 298 K. At lower equivalence ratios, 0.7-0.8, there is a good correlation between the present 

velocities and those presented by Gülder ( 1982). Equivalence ratios 0.9-1.0 is a close match to those 

of Saeed and Stone (2004). The derived results are slightly higher from those presented by 

Metghalchi and Keck (1982).   
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Figure. 12. The experimentally determined flame speeds for a methanol-air flame at 298 K and 1 atm. 

The results have been compared to that of previous work (Gülder 1982; Metghalchi et al. 1982; Saeed 

et al. 2004) 

 

Figure 13 presents the derived flame speeds at 338 K compared to that of Veloo et al.  (2010) at 

343 K. There is also a comparison between the modelled results of the Li et al. mechanism derived by 

both Veloo et al and the present paper. There is a satisfying agreement between the modelled 

results.  This is not surprising as the use of the same mechanism should result in similar outcome. 

There is also a good correlation between the experimentally derived velocities except for that of 

φ=0.9. The present experimentally determined values seem however to fit the model better.  

The above Figures, 11-13, show an important inconsistency between the modelled and the 

previously determined flame speeds. The modelled velocities all have the highest velocity at 

equivalence ratio 1.2 while the experimental values all peak at equivalence ratio 1.1. This suggests 

that further modelling development is needed to obtain more accurate predictions of the rich side. 
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Figure. 13. The experimentally determined flame speed for a methanol-air flame at 338 K and 1 atm 

compared to that of  Veloo et al.  ( 2010) at 343 K  and 1 atm (circles). Solid line is modelled velocities 

by the Li mechanism (2007). 

 

9.2 Methanol-formaldehyde mixtures 

The figures below present the flame speed of methanol-formaldehyde mixtures of 0, 5.5, 8.0, 8.4, 

11, 15.5, 20 mass percent, m%. In figure 14 the results at 298 K can be seen. For φ=0.7-0.9 there is a 

trend of increasing flame speed with increasing formaldehyde concentration until 11 m% CH2O. That 

the velocity obtained for 15.5 and 20 m% CH2O is decreasing is possibly due to experimental errors as 

non-flat flame structure and uncertainties of the mass flow.   

The flame speed of 0 and 5.5 m% show a good agreement to the modelled results of all 

equivalence ratios, the higher concentrations of 11-15.5 m% show an increasing deviation from the 

modelled results with increasing equivalence ratio; this might be due to uncertainties of the MFCs. It 

should be noted however that equivalence ratio 0.7 shows a good agreement between the modelled 

results and the flame speed for all concentrations. As the concentration increases the flame structure 

of the flame will be increasingly difficult to obtain in a flat state, creating uncertainty in the result.  
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Figure. 14. The experimentally determined flame speed of various methanol-formaldehyde mixtures 

(symbols) compared to that of the modelled velocities by the Li et al mechanism (solid line) at 298 K 

and 1 atm. 

 

In figure 15 the results at 318 K can be seen. Again the positive trend of the flame speed can be 

seen for equivalence ratios 0.7-0.9. There is a good agreement between the modelled results and 

those experimentally derived for concentrations 0 and 5.5 m% at all equivalence ratios. 8-15 m% has 

a good fit between φ=0.7-0.9. The values obtained for 20 m% is a good fit at 0.8-0.9 while 0.7 is 

above that predicted by the model. 

 
Figure. 15. The experimentally determined flame speed of various methanol-formaldehyde mixtures 

(symbols) compared to that of the modelled velocities by the Li et al mechanism (solid line) at 318 K 

and 1 atm 
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In Figure 16 the results at 338 K can be seen. The positive trend of the flame speed can be seen 

here as well for equivalence ratios 0.7-0.9. The slightly decreasing velocity at φ=1.0 has roughly the 

same appearance as that of Figure 15, 318 K.  There is a decent correlation between the modelled 

results and the derived values at equivalence ratios between 0.7-0.9. For 0 and 5.5 m% the 

correlation is good for all values. 

 
Figure. 16. The experimentally determined flame speed of various methanol-formaldehyde mixtures 

(symbols) compared to that of the modelled velocities by the Li et al mechanism (solid line) at 338 K 

and 1 atm. 

 

Figure 14-16 indicate that the flame speed determined at equivalence ratio 1.0 and high m% 

CH2O, does not match the modeling results. This is probably due to experimental errors, see Chapter 

8. It should also be noted that Liao (2011) mention that the Li et al. mechanism has previously shown 

an increasing discrepancy between experimentally derived results and modeling at higher 

temperatures.  

9.3 Sensitivity study 

The flame speed is dependent on individual reaction rates of the species involved. To understand 

which reactions that play the most important parts a sensitivity analysis was performed of the Li  

mechanism (2007). The analysis will indicate which reactions that affect the flame speed the most. 

This can then be used for model development, as perfecting the chemical kinetics of these reactions 

should have a large impact on the model results.  
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Figure. 17. The sensitivity analysis of the Li et al mechanism at φ= 0.7, 1 atm and 298 K. The 

formaldehyde concentration is 0, 11, 20 m %  

 

Figure 17 shows a sensitivity analysis of a methanol-formaldehyde mixture of 0, 11, 20 m% 

formaldehyde at 298 K, 1 atm and equivalence ratio 0.7. In lean conditions it does not appear that 

the addition of formaldehyde affects the sensitivity of the reactions in a large way. The most 

influential reactions are CO+OH=CO2+H, H+O2=O+OH, HCO+M=H+CO+M, HCO+O2=CO+HO2, 

HO2+OH=H2O+O, HO2+H=OH+OH. 

It can be seen that for the two most dominating reactions CO+OH and H+O2 the increasing 

concentration of formaldehyde will slightly increase and decrease the sensitivity.         

For the stoichiometric situation, φ=1.0, there has been a small shift in the reactions as seen in 

Figure 18. The most sensitive reactions are H+O2=O+OH, CO+OH=CO2+H, HCO+M=H+CO+M, 

HO2+H=OH+OH, HO2+OH=H2O+O, H+OH+M=H2O+M  

It seems that the chain branching reaction H+O2 and its reaction rate have now a bigger influence 

of the flame speed than CO+OH compared to the lean case, Figure 17.  The sensitivity of the 

reactions has also decreased for all reactions.  The increasing amount of formaldehyde will decrease 

and increase the two most dominating reactions H+O2 and CO+OH. 
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Figure. 18. The sensitivity analysis of the Li et al mechanism at φ= 1.0, 1 atm and 298 K. The 

formaldehyde concentration is 0, 11, 20 m %  

 

For φ=1.1 Li  et al. (2007) have performed a sensitivity analysis of a methanol/air flame at 1 atm 

and 340 K. They found that the dominating reactions where H+O2=O+OH, HCO+M=H+CO+M, 

CO+OH=CO2+H, CH3OH+OH=CH3O+H2O, CH2O+OH=HCO+H2O 

This can be compared to a present sensitivity analysis of the same variables, Figure 19. Here the 

dominating reactions are H+O2=O+OH, HCO+M=H+CO+M, CO+OH=CO2+H, HO2+H=OH+OH, 

HO2+OH=H2O+O2, H+OH+M=H2O+M, CH3OH+OH=CH3O+H2O. The flame speed is thus more sensitive 

to reactions with HO2 in the present modeling.   

 
Figure. 19. The sensitivity analysis for a methanol flame of the Li et al mechanism at φ= 1.1, 1 atm 

and 340 K.  
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Liao (2011) have used a reduced Li et al. mechanism. They have performed a sensitivity analysis of 

a methanol/air flame at 318 K and 1 atm and equivalence ratio 0.6, 1.0 and 1.5. The analysis suggests 

that the most influential reactions on the flame speed is H + O2 = O+OH,  

HO2 + H = OH + OH, CO + OH = CO2 + H, HCO + M = H + CO + M and CH3OH+ OH = CH3O + H2O. 

These reactions are similar to those of the complete Li et al. mechanism.  The three reactions H+O2, 

CO + OH and HCO + M are still dominating in both analyses. 

From the above Figures, 17-19 and the previous performed analyses it is clear that regarding the 

sensitivity of the flame speed there are three reactions that dominate irrespective of temperature 

and equivalence ratio, H+O2=O+OH, HCO+M=H+CO+M and CO+OH=CO2+H.  

The CO + OH = CO2 + H reaction is the main contributor to H-atoms and releases a large amount of 

heat doing so thus enhancing the chain branching H + O2 reaction. In lean flames the CO + OH = 

CO2+H, reaction will dominate over the H+O2 reaction as there is enough O2 to oxidize CO to CO2 via 

OH. As the flame approaches φ=1.0 the oxygen will decrease and the reaction will decline in 

importance.  H atoms are also obtained via the HCO + M = H + CO + M reaction, again enhancing the 

H + O2 reaction. 

In Figure 17, there are two HCO reactions, HCO + M and HCO + O2 reactions, at φ=1.0 only the 

HCO + M reaction remains. That the O2 reaction is less sensitive in the lean case is due to the 

abundance of oxygen. This will enhance H + O2 reaction that will generate more OH that can oxidize 

CO to CO2.   

Adding excess amount of formaldehyde to methanol will not bring a big change to the chemistry. 

This can be seen in the above discussion. While there is a small change in the sensitivity of the 

reactions the pure methanol has the same dominating reactions as the mixture. A more direct way to 

understand this is by viewing Figures 20-21, showing the species profiles of methanol and 

methanol/formaldehyde determined by the Li et al mechanism.  These results have not been 

experimentally validated by the present study. The Li et al. mechanism (2007) is however the most 

commonly mechanism used and have provided reliable results, it is therefore believed that the 

species concentration is correct. 

For pure methanol there is a strong difference between the two equivalence ratios, Figures 20-21. 

HCO has a much stronger concentration in the rich case and has also been shifted towards lower x, 

which is height above the burner. There is also a difference of the shape of the reaction zone of the 

methanol, for the rich case it is sharper. The general trend is a concentration increase of all the 

species for φ=1. Veloo et al. ( 2010) have determined the HCO concentration of methanol/air flame 

by using the Li et al mechanism. As with the present results they also predict an increase of the HCO 

with increasing equivalence ratio. Methanol will upon combustion produce a high amount of CH2O 

that nearly all will be converted into HCO. The HCO will in turn generate more H atoms that will 

enhance the H + O2 reaction.  

For the methanol/formaldehyde species, Figure 22-23, there is a strong similarity to the species 

profiles of the methanol flames, thus indicating that there is no major change in chemistry. It is clear 

however that some small shift occurs suggesting that some reaction have been enhanced. There has 

however been a small increase of the HCO; this is expected as CH2O is almost entirely converted into 

HCO.  

Figure 24 is portraying the temperature over the burner; that there is little difference between 

the formaldehyde mixtures and the pure methanol flame validates the presumption of only a small 

change of the chemistry.  
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Figure. 20. Species profiles from the Li mechanism (2007) in a premixed methanol-air flame at φ=0.7, 

298 K and 1 atm. The numbers in the figure caption are multipliable factors.  

 
Figure. 21. Species profiles from the Li mechanism (2007) in a premixed methanol-air flame at φ=1.0, 

298 K and 1 atm. The numbers in the figure caption are multipliable factor. 
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Figure. 22. Species profiles from the Li mechanism (2007) in a premixed methanol-formaldehyde 

flame at φ=0.7, 298 K and 1 atm. The numbers in the figure caption are multipliable factors. 

 

 
Figure. 23. Species profiles from the Li mechanism (2007) in a premixed methanol-formaldehyde 

flame at φ=1.0, 298 K and 1 atm. The numbers in the figure caption are multipliable factors. 
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Figure. 24. The temperature profile as a function of height above the burner for a premixed methanol 

and methanol-formaldehyde (11 m%) flame 
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Chapter 10 Summary and conclusion 

10.1 Summary 

In this project the heat flux method has been used to determine the flame speed of premixed 

methanol and methanol-formaldehyde flames.  The measurements have been performed at 298, 318 

and 338 K in the equivalence ratio range 0.7-1.0. The results have been validated with modelling 

using the Li mechanism (2007). The flame speed of methanol has shown a satisfying agreement with 

previous results. The flame speeds of methanol-formaldehyde mixture have previously not been 

determined. The results indicated however increasing flames speed with increasing formaldehyde 

concentration at all three temperatures. A sensitivity analysis of the Li et al. mechanism indicated 

that the three most influential reactions on the flame speed are H+O2=O+OH, HCO+M=H+CO+M and 

CO+OH=CO2+H regardless of the concentration, equivalence ratio and temperature range. Species 

profiles of the methanol and methanol-formaldehyde flame was also performed. They indicated that 

there is no new chemistry introduced by the adding of formaldehyde but that merely some reactions 

are enhanced. 

10.2 Conclusion 

The flame speed determined for pure methanol at 298 and 338 K has been validated, both 

towards previous work and modelled results, Figure 11-13. There is a good agreement between the 

results presented by Veloo et al. and the determined velocities at 338 K. The modelled velocities of 

the Li et al. mechanism presented by Veloo et al. and the present study are especially satisfying. The 

previous determinations in conclusion with the present results of the methanol-air flame speed 

suggest that the velocity at 298 K for equivalence ratio 1.1 is roughly 50cm/s.  

The flame speed of the methanol-formaldehyde mixtures are presented in Figures 14-16. Clearly 

there is a trend of increasing flame speed with increasing formaldehyde concentration. The trend is 

more evident for equivalence ratios below 1.0. The dramatic decrease of the 15.5 and 20m% CH2O 

velocities is probably due to experimental errors. The inconsistency of the velocities determined at 

equivalence ratio 1.0 is possibly due to the difficulties of retrieving a stable flame and uncertainties 

connected to the mass flow. The modelled results are also showing the increasing flame speed trend. 

It is a fairly good match between the modelled velocities and the present result. It should be noted 

that the model is designed for pure methanol. However taking a look at Figure 18-19, it is clear that 

the sensitivity of the mechanism was not strongly affected by the seeding of formaldehyde. The 

experimentally determined velocities are a good fit to the model at lower equivalence ratios and 

concentrations.  

Figure 11 indicate that there is a discrepancy between the model and experimentally determined 

results at higher temperatures. It could also be seen in Figures 11 and 12 that the maximum velocity 

of the model is presented at φ=1.2 while previous experimentally determined results indicate a 

maximum velocity at φ =1.1. This suggests that further model development is required especially at 

the rich side. 

When dissolving formaldehyde in methanol the mixture will have new properties as vapor 

pressure, flame speed and boiling point. A good example of this is using salt on the ice to lower its 

melting point during winter. It can be difficult if not impossible to predict these new quantities of a 

solution. Each formaldehyde-methanol concentration will have its own intrinsic parameters. Seen in 
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Figures 14-16 at equivalence ratio 1.0 for concentrations above 5.5 m%, is a somewhat erratically 

behavior of the flame speed. This might be due to changes of the vapor pressure of the mixtures.   

To avoid condensation of the fuel in the system the partial pressure of the liquid must be lower 

than the vapour pressure at the temperature. This is usually a problem at lower temperature, 298 K 

as an increase of temperature increases the partial pressure and the risk for condensation decreases. 

The deviating flame speeds of 15.5 and 20 m% CH2O mixtures might be due to non-flat flames and 

mass flow uncertainties. 

A sensitivity analysis of the flame speed for a methanol and methanol-formaldehyde flame was 

performed.  It could be seen that the laminar flame speed is strongly affected by the H atom. This 

plays an important role for the radical production and has a large diffusivity. The sensitivity analysis, 

Figures 17-19, have been validated against previous results and indicate that the three most 

influential reactions on the flame speed are H+O2=O+OH, HCO+M=H+CO+M and CO+OH=CO2+H. The 

two latter are the main source of hydrogen.  

It was mentioned in Chapter 9 that the introduction of excess amount of CH2O does not lead to 

new chemistry of the flame. This could be seen in Figures 20-23 as the species profiles of the 

methanol and methanol-formaldehyde flame are very similar suggesting a similar reaction scheme. 

Figure 24 supported the presumption by showing an almost identical temperature profile for the two 

flames.  

 

10.3 Outlook 

 Anti-detonant injection is when water is in injected into an engine to lower the temperature of 

the combustion chamber eliminating the risk for engine knocking.  This is usually performed with 

alcoholic fuels, as methanol. It could therefore be of interest to investigate the effect of increasing 

water concentration on the flame speed as well as the combustion of methanol mixed with 

formalin1. The flame speed of methanol-formaldehyde mixtures should also be repeated to establish 

more reliable results.   

 

 

 

 

 

 

 

                                                           
1
 Formalin is a saturated water solution of 37 m% CH2O, some methanol is often added as a stabilizer. 
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Chapter 11 The Copenhagen experiment 
The experiments where performed at the Copenhagen Centre for Atmospheric Research where a 

photo chemical reactor was used to investigate the reactivity of formaldehyde under atmospheric 

conditions.  

11.1 Introduction 

Figure 25 displays the concentration of oxygen and hydrogen species in the atmosphere as a 

function height. The figure clearly demonstrates that the ground state of oxygen (3P) increases with 

altitude while the concentration of OH is fairly constant between 0-50 km. Hydrocarbons existing at 

these heights will be subjected to hydrogen abstraction by these radicals or by excited oxygen O(1D) 

as seen in reaction 11.1, R being the hydrocarbon. 

            (11.1) 

 

 
Figure. 25. Species concentration of the atmosphere as a function height at mid-day (Dibble 2006). 

The radical concentration in the stratosphere will vary depending on parameters such as height, 

season and time of day. 

 

Methane, CH4, is the most abundant hydrocarbon in the stratosphere. During oxidation 

formaldehyde is produced thus making CH2O an important species in this region as well. The radical 

concentration in the stratosphere will vary depending on parameters such as height and season; 

therefore formaldehyde will mainly react with OH in the lower part while reactions with oxygen are 

of importance else-where. In the troposphere (<10km) formaldehyde will mainly react with OH and 

O(3P) with the rates kOH=8.5∙10-12 and kO=1.6∙10-13 cm/molecule∙s (DeMore et al. 1997; Sivakumaran 

et al. 2003). The CH2O + O reaction is also important in combustion of hydrocarbon fuels and is a 

major depletion source for formaldehyde in both combustion and the atmosphere. The ground state 

of oxygen can be generated via ozone photolysis 11.2 or via then the excited oxygen state, O(1D) as 

seen in reaction 11.3-11.4.  
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→             (   ) (11.2) 

   

      
→          (   ) (11.3) 

 
 (   )      (   ) 

(11.4) 

   
As the species, O3, OH and various states of oxygen, O(3P), O(1D), are important in many 

atmospheric reactions cycles, the chemistry of these need to be understood and incorporated in 

atmospheric models.   

The aim of the present study was initially to determine the reaction rate of formaldehyde with 

ground state oxygen. As a precursor for oxygen, ozone was used accordingly to reaction 11.4. It 

became evident that formaldehyde also reacts with ozone itself and the project were thus extended 

to improve the understanding of the ozone chemistry in the reaction chamber.  

By investigating the water concentration one can determine if reaction 11.5 plays a part in the 

experiment. This reaction will increase the water concentration and lower the concentration of O(1D) 

subsequently lowering the concentration of O(3P). 

 

 
 (   )           

(11.5) 

 

The reaction CH2O+O(3P) has previously been determined by a few different groups (Chang 1979; 

Klemm 1980; Dupuis et al. 1984) by various methods. The reaction CH2O + O3 has only been 

determined once by Braslavsky and Heicklen in 1976 (Braslavsky 1976).  

11.2  Experimental setup 

The experimental setup will be shortly described below,. Amore detailed description can be found 

in Nilsson (2009).  In Figure 26 a general overview of the photochemical reactor can be seen. 
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Figure. 26. A general overview of the photochemical reactor 

 

The reaction chamber is a 2 m long quarz tube. UV-A (325-380 nm), UV-C (254 nm) and 

broadband lamps (300 nm to IR) are employed to photochemically initiate specific reactions. The use 

of the quartz and UV-C lamps will provide higher concentrations of OH and O(1D) compared to other 

reactors. The reactor can be used in a temperature and pressure range of 240-330 K and 10-3-103 

mbar. A Fourier Transform InfraRed spectrometer, FTIR, is used to register the production and 

consumption of the species. The species concentrations are then obtained by subtracting scaled 

reference spectra from the experimentally derived spectra.  

The relative rate method can be used to obtain the reactivity of formaldehyde. This is achieved by 

comparing the loss of the formaldehyde to a reference compound with well-known reaction rate. 

Since many of the commonly used reference compounds can create formaldehyde upon reaction 

they are not suitable to use. This problem can be circumvented by first determining the reaction rate 

of CH2O to its deuterated isotope CD2O. The rate of reaction of CD2O is then determined relative to a 

known compound, this was however not achieved in the present experiments. For the relative rate 

method to apply the reactant must only disappears via reactions with O(3P). The method is based on 

equation 11.6 (Javadi 2008) 
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  (

   

    
)  

  

  
  (

   

    
) 

11.6 

 

where X, Y, X0, and Y0 are the concentrations at time t and t=0, and kx and ky are the rate constants of 

x and y. By plotting   (
   

    
) versus   (

   

    
)  a linear relation with slope 

  

  
 should appear.  

The present experiment had the initial concentrations of O3, CH2O, CD2O and N2 at atmospheric 

pressure and 298 K, O3 being the oxidant provider. 

11.3  Results and discussion 

Figurers 27-29 illustrate the decreasing and increasing concentration of CH2O, CD2O, H2O, DHO 

and O3 as a function of photolysis time. The Figures display results of two experiments and the strong 

similarity between them suggest that there is a good reproducibility of the experiment. It can be 

seen in figure 27 that the water concentration quickly increases and then stabilizes after a few 

minutes. In Figure 28 it can be seen there is a fast decrease of the formaldehyde and the deuterated 

formaldehyde concentrations. Figure 29 displays the decreasing concentration of O3, the 

reproducibility of the experiment is not as good here as in Figures 27-28. This might be due to 

difficulties in quantifying the ozone concentration in FTIR spectra. 

By using the relative rate method, Figure 30-31, the reaction rate of CH2O compared to CD2O can 

be found, for both experiment I and II,  
  

  
=0.49.  

 
Figure. 27. The concentration changes of H2O and DHO as a function of photolysis time.   
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Figure. 28. The concentration changes of CH2O and CD2O as a function of photolysis time.   

 
Figure. 29. The concentration changes of O3 as a function of photolysis time.   
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Figure. 30. The ln concentration of CH2O and CD2O of experiment I. A linear regression have been 

made to obtain 
  

  
 

 
Figure. 31. The ln concentration of CH2O and CD2O of experiment II. A linear regression have been 

made to obtain 
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11.4 Conclusion and further work 

From these preliminary results we can conclude that the CH2O react about twice as fast as CD2O. 

Hydrogen abstraction from CH2O occurs via a tunnelling mechanism. The tunnelling probability is 

lower for the heavier atom, D. This might partly explain why the CD2O have a lower reactivity than 

CH2O.  

To obtain the value of k (CH2O+O) it is necessary however to conduct experiments with CD2O and 

a reference compound with a well-known reaction rate with oxygen atoms. Since it was realized that 

the formaldehyde also reacts with ozone, it will also be necessary to conduct experiments where the 

rate of this loss process is investigated. 
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