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In this chapter the gas handling system and the low-pressure chamber are 

described that are used for studying low-pressure flames examined in this 

thesis. 

2.1 Gas handling system 

 

The gas handling system including the low-pressure chamber is 

schematically shown in Figure 2. 1: 

 

 

Figure 2. 1: Overview of experimental setup for transporting, mixing and analyzing the 

cold gases 

 

For the experiments described in this work, all gases are supplied in cylinders. 

Methane is used as fuel and either ‘normal’ air or ‘artificial’ air are used as 
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oxidizer.  The ‘artificial’ air is composed of oxygen and nitrogen delivered 

from individual cylinders.  

The fuel and oxidizer gas flows are mixed in a tube of sufficiently large 

volume for homogenous mixing at pressure 2.5-3 bars. For calibration purposes 

(see also chapter 3) the mixture can be seeded with N2 containing 5023 ppm 

NO (~ 2% relative uncertainty in NO mole fraction). For experiments on flue 

gas recirculation (see Chapter 5) the mixture can be diluted by N2 and CO2. A 

small portion of the mixture, less than 1%, is pumped to a Maihak Unior 610 

infrared analyzer to measure the methane concentration in the mixture, while 

the rest of the flow is directed to the burner system.  

A bypass burner at atmospheric pressure is installed in order to vary the 

flow rate to the burner in the low-pressure chamber, without having to change 

the individual gas flows. All gas flows are measured by calibrated Brooks mass 

flow meters. The analog signals from the Brooks mass flow meters and the 

Maihak Unior 610 infrared analyzer are digitized using Agilent 34970A data 

acquisition switch unit and subsequently stored on a PC. The calibrated Brooks 

mass flow meters have an accuracy of better than 3% full scale, and are 

therefore always used at least at 50% of full scale. The mass flow meters 

provide the volumetric flow rate under “standard” conditions (at 273 K and 1 

atm). For convenience, the volumetric flow rates in this thesis will be expressed 

as mass flux, ρv, see also Chapter 1. 

The composition of the unburned mixture with equivalence ratio φ can be 

written formally as:  

  

NOCONOCH γβαφ ++++ 2224 2     (2.1) 

 

where α, β and γ are the number of moles N2, CO2 and NO, respectively. 

The oxygen fractions in the oxidizer used for experiments are 0.2095 (Air), 

0.30, 0.35 and 0.40.The composition of the artificial air is set using the 

individual flow rates of oxygen and nitrogen.  

When calibrating the NO measurements, part of the “neat” N2 is replaced 

by N2 doped with NO, as mentioned above, until a concentration of 40-50 ppm 

NO in the cold gas mixture is reached. The influence of flue-gas recirculation 

on NO formation is studied by diluting the unburned fuel/oxidizer mixture with 
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nitrogen and carbon dioxide from bottles with a fixed ratio of
12

880 =
−

β

αα
, 

where α0 is the number of moles N2 in the mixture without FGR. (Using dry 

gases from bottles avoids the complications of using real flue gases). The ratio 

of 88/12 corresponds to the ratio of N2 and CO2 in dry stoichiometric flue-gases 

in premixed methane/air flames [1] and changes only modestly with O2/N2 ratio 

in oxidizer: for example, the ratio changes approximately 8% when the oxygen 

fraction changes from 0.2095 to 0.40.  

The values of β and γ can be determined from measured mass flow rates. 

Accurate knowledge of the equivalence ratio is essential for the reproducibility 

and interpretation of the experimental results. The equivalence ratio can be 

determined either from the individual flow rates of gases or from the measured 

concentrations. For ‘normal’ air (α=7.55), the most accurate way of 

determining the equivalence ratio is through the measured methane 

concentration in the unburned gas mixture: 

 

( )
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CH
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X

−

+++
=

γβα
φ ,     (2.2) 

 

where 
4CHX  is the methane concentration in the unburned gas mixture. The 

accuracy of this method for determining the equivalence ratio for methane/air 

mixtures is better than 2% [2]. For ‘artificial’ air, the parameter α is determined 

from measured mass flows.  In this case, the accuracy of the equivalence ratio 

deteriorates to 5.4 %, which is of the same level (6%) as determining the 

equivalence ratio using measured mass flows [2]. However, for convenience 

we determined the equivalence ratio throughout this work based on measured 

methane concentration. 

 

2.2 Low-pressure combustion chamber 

 

The low-pressure combustion chamber has been designed and constructed 

in collaboration with Demaco BV. The design is based on the low-pressure cell 

used at the University of Heidelberg [3], which is compact and capable of 
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sustaining flames at pressures down to 10 mbar. Figure 2.2 shows a drawing of 

the top and side view of the vacuum chamber. 

 

 

Figure 2. 2 Top view (A) and side view (B) of low-pressure chamber where 1= MKS 

Baratron 722A pressure transducer, 2=quartz view port, 3=ignitor, 4=water-cooled 

McKenna Products burner inside chamber, 5 = in let for fuel/air mixture and water-

cooling for McKenna Products burner and 6 is the bursting disc
1
. 

 

The vacuum chamber is fabricated of stainless steel and all ports are sealed 

with copper gaskets to prevent leakages. All movable parts are placed outside 

the chamber to keep the chamber as compact as possible. The chamber is 

equipped with four quartz view ports for optical access, a pressure transducer 

(MKS Baratron 722A, 0-1000 mbar, accuracy of 0.5% of reading) and an 

electronic igniter (see Figure 2.2B). A TerraNova readout unit is used for 

monitoring the pressure. Inside the chamber a water-cooled McKenna Products 

burner is installed. A schematic illustration of a McKenna Products burner is 

shown in Figure 2.3: 

 

                                            
1
 Metal disk, which is part of safety device intended to burst at overpressure (>1.8 bar at 22°C) in the 

vacuum chamber to protect the quarts viewports. 
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Figure 2. 3 Overview of McKenna Products Burner 

 

This burner is a laboratory standard for combustion research, since the flames 

are stable and the flame structure can be regarded as one-dimensional, which 

facilitates the comparison with calculations. In the experiments reported in this 

thesis a McKenna Products burner with a 60 mm bronze (95 % Copper, 5 % 

Tin) porous disk is used. The disk is water cooled through a copper-cooling 

coil sintered into the disk. A coflow of nitrogen is used for stabilization and to 

isolate the flame from recirculating gases. In addition, the chamber surrounds 

the burner relatively tightly (7.5 mm distance between chamber wall and 

burner), minimizing the accumulation of burned gases inside the chamber. 

The burner is situated on a stainless steel disk (see also Figure 2.2B), 

which is connected through a stainless steel bar with a precision positioner 

(Parker corporation), allowing the burner to translate vertically with ~0.1 mm 

precision. The photo of the complete vacuum system is shown in Figure 2.4. 
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Figure 2. 4: Overview of the low-pressure setup where 1 = low-pressure chamber, 2 = 

Leybold SEPC 40 condenser, 3 = butterfly valve and 4 = roots pump combination. 

 

The vacuum chamber is connected through a stainless steel tube with a 

condenser and a butterfly valve (model TBV-IQA-250-NW-63-ISO) to the 

roots pump combination of RUVAC WAU 251 roots pump and Trivac D65B 

backing pump (Figure 2.4). The pressure inside the vacuum chamber can be 

adjusted and maintained by throttling butterfly valve and monitored with the 

pressure transducer located in the chamber in a feedback loop. The analogue 

signal from the pressure transducer is digitized with Agilent A34970A data 

acquisition switch unit and stored on a PC. 

After passing the condenser, where water is removed, the burnt gases are 

pumped away by the roots pump system, which is equipped with special PFPE 

(per fluorinated polyether) oil in order to pump aggressive gases. 

2.3 Testing the low-pressure setup 

 

The initial tests of the low-pressure setup indicate that premixed methane/air 

flames could be stabilized for very low pressures (~22 Torr) for stoichiometric 

flames or for rich flames (φ~1.5) at higher pressure (216 Torr). These results 

are an indication of the working area of this low-pressure setup, but more 

information is needed. To avoid the complications of multidimensional flames, 

and thus to be able to focus on NO formation chemistry (see Chapter 1), it is 

essential that flames are one-dimensional (i.e., flat). To find the region where 

the flames are flat, the flow rate of the unburned gases to the burner is varied at 

constant pressure and equivalence ratio. By varying the flow rate, the working 
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area for 1-D flames was determined: between the flow at which the flame was 

extinguished (limit at low flows) and that at which the flame front was no 

longer flat (high flow limit). Photos of a flat flame and a flame where the flow 

rate is too high (clearly multidimensional) are shown in Figure 2.5. 

 

 

Figure 2. 5 p=100 Torr flat premixed methane/air flame, A: φφφφ=1.0,    ρρρρv= 0.0039 g/cm
2
s, B: 

φφφφ=1.1, ρρρρv=0.013 g/cm
2
s with distinctly multidimensional character. 

 

The minimum (extinction) and maximum flow rates were determined for 

different equivalence ratios. The experiments are performed at 22 Torr and, for 

comparison, at 100 Torr. The results are shown in Figure 2.6. 

 

 

Figure 2. 6 Working area of premixed methane/air flame at 22 and 100 Torr.  
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Although the determination of the working area is subjective, it is 

instructive to compare the experimental results with calculations. Transition to 

the irregular structure occurs when the unburned gas velocity is higher than the 

free flame burning velocity (see also Chapter 1). Results of calculations of SL 

are performed using PREMIX [4] and GRI Mech 3.0 [5], and are also 

presented in Figure 2.6. The calculated free flame velocities show good 

agreement at 22 Torr, but overpredict the one-dimensional range at 100 Torr. 

Since methane/air flames at 100 Torr are stabilized closer to the burner then 22 

Torr flames, which seem to “float” a little further above the burner, it is more 

difficult to visually identify the irregular flame structure for 100 Torr flames 

shown in Figure 2.5b, which accounts for the discrepancies with calculations 

shown in Figure 2.6. At any rate, for the purposes of studying the effects of 

varying the degree of burner stabilization on NO formation, it is important to 

be able to stabilize flames at rich equivalence ratios over as wide a range of 

flow rate as possible. From Fig. 2.6 it is clear that this range is very limited, not 

even reaching φ=1.3 at 22 Torr.  

 

To investigate the possibility of enlarging the working area towards richer 

flames, the same experiments are performed for premixed methane/oxygen 

flames. The results of these experiments are shown in Figure 2.7. 

 

Figure 2. 7 Working area of premixed methane/oxygen flame at 22 and 100 Torr.
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In this Figure, the maximum flow rate was limited by the flow meters used for 

methane and oxygen to ~0.006 g/cm
2
s, and it was not possible to perform 

experiments beyond this point. Nevertheless, the results in Figure 2.7 indicate 

that very rich flames (φ~2-2.4) can be stabilized using premixed 

methane/oxygen flames. Although methane/oxygen flames were not chosen for 

the experiments presented later in this thesis, since they do not form NO, it is 

clear that using O2/N2 mixtures with higher oxygen content than that in air will 

increase the range of φ where flat premixed fuel-rich methane flames exist. For 

the experiments described in this work, we choose flames with O2/N2 ratios 

ranging from 
70.0

30.0
 to 

60.0

40.0
. 
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