tL Y T EiGUS

Thermal Engineering & Combustion Laboratory

WORK IN PROGRESS

Development of stability diagrams of
flame in diluted combustion

SEZGIN Erding

Research Assistant
Erdinc.Sezgin@fpms.ac.be

ACADEMIE
UNIVERSITAIRE

| , b
3171072007 FACULIE POLYTECHNIQUEDE MONS /‘ e



OUTLINE

L Introduction

 Objective

L The experimental apparatus

d Experimental study

d Numerical study

L Conclusions and perspectives

[DEME
TAIR

FACULTE POLYTECHI\IIQUE DE MONS . /_...- e



INTRODUCTION

M recirculation gas

Ky =

New rapidly developing combustion technology : . .
M et + M Air

- High-temperature air combustion HTAC

- MILD combustion

- Flameless oxidation

Generally, the dilution is characterized by a number that is the recirculation ratio

2 fundamental requirements :
- The process temperature must be above the mixture autoignition temperature

- The recirculation ratio must be higher than a threshold
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- Diagrams are often built for the couple methane-air or propane-air

Lack of information with other gases blends, namely gases containing CO and
H,.

-The temperature to be considered in the diagrams is not always clearly defined

-The influence of the nature of the dilutant can also be interesting to study in
order to be able to classify the most favorable dilutant in the diluted combustion.
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OBJECTIVE

Recall

—>Develop a methodology for building stability diagrams in diluted combustion for
various fuel/oxidiser couples

—> Design an experimental apparatus
S f : : : el

—> for various combustion regime for a range of operating conditions

—> Experiment with methane as fuel and nitrogen or carbon dioxide as
dilutant

—> Compare with the numerical study
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THE EXPERIMENTAL APPARATUS

In practice, the dilution is obtained

aerodynamically by internal AIR+INERT GAS)
Lic:rzg:g;?tlon In the combustion UL Combustion
Chamber
e | |

recirculation K, (1->8)

The recirculation will be figured, in the new experimental setup, by vitiating
the combustion air by inert gases (N,, CO,) at high temperature
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- Oz : :
Combustion R We had got the following design
chamber

- with a coflow configuration for the
_ fuel injection
Electric Pre-
heater

- a cylindrical combustion chamber
of 1200 mm height and 50 mm
diameter

- two optical accesses

& ~ Combustion 1 - electric pre-heater : to preheat the
|@ \ chamber diluted combustive till 1100°C
N v K
metal tube — N - panel of mixture to prepare the
L = combustive and the fuel gas
(N
_— -,
2 glass 5 /% / 5
Insulator// 2 !
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Regulator
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= - xture for the fuel
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chamber

% 1-‘L CO)

= Regulator for the
' combustive gas

N (02-N2-CO2)

Electric
4 preheater N
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Chimney

Combustion
chamber
Square metal tube

Black panel

Preheater
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The measured data

The installation equipped with various sensors and measuring devices to
determine:

- Temperature at the inlet of the combustion chamber

- Flows of the reactants entering in the chamber thanks to the regulators

- Imagery of chimiluminescence of radical OH, CH and C2 :

- The composition of combustion gases
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EXPERIMENTAL STUDY
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Preliminary test

- Combustible: CH4 - P = 3kW
- Choice of the combustive: air — E = 0%
- Temperature of pre-heating: 1050°C

- Nature of the dilutant: N2
- Dilution: K, =2-4-6-8
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Experimental study

For easily comparison = define dilution by the O, concentration in the
diluted combustive.

We will vary the oxygen concentration in a range corresponding to the
variation of Kv from 0 to 6 with air like combustive

- Combustible: CH, — P = 3 kW

- Choice of the combustive: oxygen

- Excess of oxygen: 5%

- Temperature of preheating: 950°C - 1000°C - 1050°C
- Nature of the dilutant: N, or CO,

- Dilution: from 3% to 15% of oxygen in the diluted combustive
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Correspondence Kv- O2 concentration

Volumic O2 concentration (%)

0 1 2 3 4
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T =1050°C

02 concentration 15% 10% 8% 7% 4% 3%
Dilutant 2 COZ 2 CoZ M2 cCoZ 2 Co2 2 Coz M2 Coz
Zo * * g1 213 82 467 * 10000 1282 NO C. 2040 MO C.
MO * " 103 25 72 236 * 2.2 19 NO C. 13,89 NO C,
T =1000°C

02 concentration 15% 10% 2% %% 4% 2%
Drilutant 2 o2 42 co2 M2 co2 2 o2 2 co2 M2 Co2
ZO * * 21 494 25 NO . * MO C. 592 NO C. [NO C. NO C.
MO * * 53 1,71 41 MO C. * MO C. 638 NO C. NO C. NO C.
T =950°C

02 concentration 15% 10% 2% 7% 4% 2%
Dilutant 2 COZ 2 CoZ M2 cCoZ 2 Co2 2 Coz M2 Coz
ZO * 160 89 NO . 86 MO . * MO C, MO C. NOC.INOC. NO C.
O * 2.4 JO MNO 33 NO T * MO SN S0 NGO CO NGO S WO C

e
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NUMERICAL STUDY

The numerical study consists in carrying out simulations CFD on Fluent®
code in the combustion chamber while varying the dilution, the temperature of
Injection and the nature of the dilutant.

- excess of oxygen is fixed at 5%

-power injected by fuel (CH4) : 3 kW

For two dilutants, namely nitrogen and carbon dioxide, and for different molar
oxygen concentration (2% - 4% - 6%), the temperature of injection of diluted
combustive was modified.

The combustive is constituted by the quantity of oxygen required to have an
oxygen excess of 5% compared to stoichiometry and the dilutant (CO2 - N2)
required to have the wished dilution.
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CONCLUSIONS & PERSPECTIVES

It is more difficult to ensure a good combustion with carbon dioxide as
dilutant compared to nitrogen for the same molar oxygen concentration in
the experiment.

While in the numerical studies, there isn’t a big difference between the 2
S.

Al kAt
uriutal it

Others more detailed numerical studies are in progress: in the simulation of
this paper, the reaction is modelled by only one global reaction. It is
Interesting to simulate with a two step reaction with CO as an intermediate
species.

The experiment results are also in progress in order to have more points to
compare and an investigation is being made in order to limits the
measurement imprecision.
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Abstract

In the scientific literature, a few studies weralized to characterize the combustion diluted
with fuels containing hydrogen and CO and alsaudysthe influence of the inert gas
composition. So, the aim of this project is to eltéerize diluted combustion in a broader
way. But first of all, it is interesting to charadtze the experimental apparatus and the
numerical methods with methane like fuel. This waalates to the study of the behaviour of
combustion with methane and the influence of ngérognd CO2 like dilutant.

1. Introduction

This project concern the rapidly developing comimumstechnology that has been given
different name: - High-temperature air combusHbirAC

- Mild combustion

- Flameless oxidation
The essence of this technology is that fuel isiaed in an environment that contains a
substantial amount of inert gases and some, typicadre than 3-5% of oxygen [2].
The interest of this technology is that a mixturesactants diluted with combustion products,
at a temperature above autoignition, can achiex¢atgets of high process efficiency and low
pollutant emissions.
Generally, the dilution is characterized by a nuntbat is the recirculation ratio (i.e., the
ratio between the recirculation gases mass anthtioening mixture mass).

M recirculaton gas

Ky =— ;
M fuel + MAir

With M recircuiaion gas= Mass flow of recirculation gas
M re = mass flow of fuel

M air = mass flow of air

It is admitted that this ratio must be higher tlaathreshold (e.g., 4 for methane and 3.5 for
ethane [1]).



Figure 1 shows a schematic diagram of the stalbitrtits for different combustion modes.
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Figure 1: Stability diagram
Where Area ‘A’ corresponds to traditional stalgiembustion
Area ‘B’: corresponds to an unstable combustion
Area ‘C’; corresponds to the diluted combustion

This kind of diagram has been made for the cougthame-air or propane-air. There is a lack
of information about diluted combustion with exagi@ses containing CO and of.H

And it is not always very clear if the temperaturegicated on the diagram are for the furnace
or for the incoming gas or for combustion products.

The influence of the nature of the dilutant cam dis interesting to study in order to be able
to classify the most favorable dilutant in the tBldicombustion.

Therefore, this work falls under a broader proyelich consists of the construction of an
experimental apparatus (design and constructidr@xmeriments with different type of fuel
and dilutant and in the mean time of numericalissavhich is referred to it.

2. Objectives

The goal of this paper is to describe the expertalepparatus while referring to the
constraints and the plans explained in the prevaotisle [3]. We describe the results
obtained by the experiments with natural gas asafiu@ nitrogen or carbon dioxide as
dilutant. With these results, we obtain a data aseh allows the characterization of the
combustion chamber and the observation of therdiftecombustion mode.

A numerical study with the CFD Fluent® code wadizea and has been compared with the
experimental results.

3. The experimental apparatus

a. Overall view and recall
For recall [3], the experimental apparatus hasismar very specific constraint:
- allow a very broad range of recirculationoas well as a perfect control of the
incoming mixture composition
- provide a thermically controllable environmentile allowing an optical access for
the visualization of the combustion zone
- the installation has to allow the study of diéfiet couples fuel/combustive.



We had got the following design with a coflow cauifiation for the fuel injection and a
cylindrical combustion chamber of 1200 mm height &4 mm diameter (Figure 1 & 3). This

chamber has two optical accesses.
Oz

a

Combustion chamber

.

Electric Preheater

Figure 1: Design of the experimental apparatus

After the design work assisted by numerical CFRiistsi [b], the different elements of the
installation were ordered then gone up in our latmores.

On the figure 2, we can see some elements of Htalliation:

- The combustion chamber

- The electric preheater which allows the pre-meptif the diluted combustive at a
temperature varying from the ambient temperatutig amaximum of 1100°C

- The panel of mixture: this mixture station willoav obtaining the combustive and the fuel
at the desired proportions thanks to the regulators

=

A chimney [ #F¥" "

I\
AN

\

'l\ W
<

\

ixture panel
— Regulator for
the fuel gas

(CH4-H2-CO)

i

W
¢ Electric preheater

Regulator for the |
combustive gas S
(02-N2-CO2) &

Figure 2: Experimental apparatus



Combustion
) chamber

50 s P

metal tube

2 glass

Insulator/i '

200

Figure 3: Cross-section of the combustion chamber

b. The measured data

The installation will be equipped with various serssand measuring devices to determine:
- the temperature at the inlet of the combusticandber via a thermocouple of control on the
outlet side of the preheater

- the temperature at the exit of the combustiomd¥ex in the chimney. This temperature will
be measured via a fine thermocouple (Standard B@% Rh/Pt-6% Rh))

- the flows of the reactants entering in the chantifienks to the regulators

- the imagery of chimiluminescence of radical OH{ &d G :

The cartography of spontaneous emission of theaddin UV is possible with using an
intensified camera and thanks to the optical actethe chamber

- The composition of combustion gases

The gases will be extracted in the chimney, neateémperature measurement and will be
send towards the analyzers

4. Experimental study
a. Preliminary test

For these preliminary tests, the parameters are:
- Combustible: methane
- Combustible power: 3 kW
- Choice of the combustive: air
- Excess of oxygen: 0%
- Temperature of pre-heating: 1050°C
- Nature of the dilutant: nitrogen
- Dilution: Kv=2-4-6-8

The dilution is obtained by diluting the combustwieh inert gas according to this relation:

M piLuTanT

Ky == :
M fuel + M Air

The cartographies of spontaneous emission of risdizid in UV have been got. The rough
images obtained are treated in order to obtaiptbgle of the intensity of these emissions



according to the height of the combustion chamfigure 4). The H=0 in X-coordinate
corresponds to the base of the combustion chamber.

We can easily notice the extension of the zoneoflustion when the recirculation ratio
increases what is explained by:

- the dilution delays the mixture of fuel and tlmmbustive

- the dilution decreases the concentrations aralthisreaction speed of combustion

OH profil
400
.E
o
E —Kv=2
g —Kv=4
8 —Kv=6
2 —Kv=238
c
=
=]
o

D T T T _.' r
0 200 400 600 800

Height in the chamber(mm) Oz I I
Figure 4: OH profile this preliminary test

b. Experimental study

The experimental study will be done with methan&ak The power injected by fuel is fixed
to 3 kW.

In order to have results which can easily be coeghanve will define dilution by the oxygen
concentration in the diluted combustive.

In that case, we will obtain graphs with any dihitdor example nitrogen or carbon dioxide
or a mixture of this 2 gas.

We will vary the oxygen concentration in a rangeesponding to the variation of Kv from O
to 8 with air like combustive.

The parameters of this study are:
- Combustible: methane
- Combustible power: 3 kW
- Choice of the combustive: oxygen
- Excess of oxygen: 5%
- Temperature of preheating: 950°C - 1000°C - 1050°
- Nature of the dilutant: nitrogen or carbon diaxid
- Dilution: from 3% to 15% of oxygen in the dilutedmbustive

Table 1 shows the experimental results; only thcentrations of CO and NO in the flue gas
are indicated.



T = 1050°C
02 concentration 15% 10% 8% T% 4% 3%
IDilutant M2 CO M2 CO M2 Co M2 CoO M2 CO 2 CO
CO * * 81 213 g2 467 * 1000 1282 NO C. 2040 NO C.
NO * * 103 25 72 2736 * 272 19 NO C. | 1383 NO C.
T = 1000°C
02 concentration 15% 10% 2% 7% 49 3%

M2 cCO M2 o M2 (8{0] M2 (0] M2 cCO 2 Co
CO * * 21 494 25 NO C. * NO C. 592 MO C. INO C. NO C.
o * * 63 1,71 41 NO C. * MNO C. 6,38 MO C. INO C. NO C.
T = 950°C
02 concentration 15% 10% 8% 7% 4% 30

N2 CO M2 CO N2 Co M2 CoO M2 CO [2 CO
CO ¥ 160 89 NO C. 86 NO C. * NCOC. INOC. NOC. INOC. NOC.
o ¥ 2.4 FONO C. 33 NO C. * NCOC. INOC. NOC. INOC. NOC.

Table 1: Experimental results : CO & NO values pnp
(* means that no experiment for this case — NO €ams that for this case, there isn’t combustiothin
chamber)

5. Numerical study

Figure 5 shows the modeling of the furnace (thetgueto make numerical studies.

Metal tube

Combustion
chamber

Output

Glass (Optical
access)

Combustiv

e input Fuel input

Figure 5: Furnace modeling

The numerical study consists in carrying out simaies CFD on Fluent® code in the
combustion chamber while varying the dilution, teperature of injection and the nature of
the dilutant. The excess of oxygen is fixed at 3% thhe power injected by fuel (GH

remains to 3 kW.



Fuel consumption is defined by this relation:

quH4|NPUT - q'TbH4OUTPUT

quH INPUT
4
100%
80% -
< —=— 205 - N2
S 60%- —— 4% - N2
3
2 ——6% - N2
S 40% -
o - m- 2% - CO2
(D)
>
L —e- 4% - CO2
20%
-4- 6% -C0O2
)
0% i

850 900 950 1000 1050 1100

temperature of pre-heating of the diluted air (C)

For two dilutants, namely nitrogen and carbon diexiand for different molar oxygen
concentration (2% - 4% - 6%), the temperature @cition of diluted combustive was
modified.

The combustive is constituted by the quantity ofgen required to have an oxygen excess of

5% compared to stoichiometry and the dilutant {€®,) required to have the wished
dilution.

The influence of the dilutant is different when thel consumption is weak or important.
For low fuel consumption, the dilution with G@ads to a little less unburned residues.
For important consumption, the N2 is better to emsuminimum of unburned residues.

6. Results and conclusions

As shown in table 1, it is more difficult to ensweyood combustion with carbon dioxide as
dilutant compared to nitrogen for the same molaigex concentration in the experiment.
While in the numerical studies, there isn’t a bijedence between the 2 dilutants.

Others more detailed numerical studies are in sxyrin the simulation of this paper, the
reaction is modelled by only one global reactidnis linteresting to simulate with a two step
reaction with CO as an intermediate species.

The experiment results are also in progress inrd&ave more points to compare and an
investigation is being made in order to limits theasurement imprecision.
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