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Abstract

The increasing use of natural gas and biogas as an energy source has fostered the interest in
understanding the chemical-kinetical part of the combustion process. Biogas mainly composes of
methane, hydrogen and carbon monoxide. As previous research of the combustion group at UC San
Diego was already done on hydrogen addition to methane flames, the interest of the research group
was now to further the knowledge on the combustion behavior of methane flames under the

influence of carbon monoxide.

The research was conducted on a counterflow apparatus in which two opposing, well balanced
streams, one being the fuel flux, the other one the oxidizer flux, created a stagnation plane at which

the stoichiometric conditions enabled the mixture to keep a stable flame.

Carbon monoxide was separately added to either the fuel or the oxidizer stream. The parameters
stoichiometric mixture fraction Z,; and adiabatic flame temperature T,,; were hereby kept constant.
The determining variable was the mass fraction of CO Y. The resulting variable was the extinction

strain rate of the oxidizer stream a, ;.

Unlike the results of the research done on hydrogen addition, which suggested that the influence of
hydrogen to methane diffusion flames affects the extinction strain rates in a way irrespective of
whether the hydrogen is added on the fuel or oxidizer side (provided that the stoichiometric mixture
fraction, the adiabatic flame temperature and the ratio r of the oxidizer flux that burns hydrogen to
the oxidizer flux that burns methane are constant), the methane flame under carbon monoxide

addition behaves very differently.

Adding carbon monoxide to the oxidizer stream doesn't influence the oxidizer extinction strain rate
whereas the CO-addition on the fuel side first increases the oxidizer extinction strain rate and then
sharply reduces it after peaking out. This experimental data is qualitatively backed by computational

simulations in ChemkinPro.
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Introduction

1 Introduction

As a consequence of the ever increasing need for mobility and the subsequent increase in total
emissions, emission regulations on vehicles are becoming stricter and stricter. One way car
manufacturers try to meet those requirements is to develop alternative/hybrid fuel systems which
are partly favored in the aforementioned emission regulations by e.g. longer transition phases or
later installment deadlines. One of those alternative fuels is natural gas respectively producer
gas/biogas. Natural Gas is currently available at attractive prices due to new drilling techniques and
new resource finds in the North American continent. At current low natural gas prices, costs per mile
are less than half of those using gasoline vehicles. This makes natural gas an attractive fuel for cars in
the U.S., and many buses, fleets, and personal cars have been either converted to accept CNG
(compressed natural gas), or been replaced with CNG vehicles. Natural gas has a reputation as clean-
burning fuel.

The main impact is that many gasoline-vehicles can be replaced with natural gas-fuelled vehicles. In a
next step, natural gas can be replaced by producer gas/biogas. Producer gas is an artificially
manufactured gas composed of mainly methane, carbon monoxide, hydrogen and carbon dioxide. It
can be produced through gasification of organic materials. Very often producer gas as well as gas

obtained from fermentation is described by the umbrella term biogas.

The main purpose of this research work was to further develop the understanding of how the flame
structure and extinction behavior of a methane flame changes over varying the point of addition of
carbon monoxide as well as varying the mixtures composition. Similar research was already done in a
recent study conducted by the Combustion Research Group at the University of California San Diego.
The effects on extinction when adding hydrogen (H,) to a stream of methane (CH,) were examined.
The research was conducted on a counterflow apparatus in which two opposing, well balanced
streams, one being the fuel flux, the other one the oxidizer flux, created a stagnation plane at which

the stoichiometric conditions enabled the mixture to keep a stable flame.

In the course of the experiment hydrogen was added sequentially to either of the two streams
varying the mass fraction of the hydrogen Yy, . The criterion was to measure at which set level of
mass fractions the flame would extinct by varying the strain rate of the fluxes. These measurements
were conducted for both adding the hydrogen on the oxidizer side and on the fuel side.

The result of this study suggested that the influence of hydrogen addition to methane diffusion
flames affects the extinction strain rates in a way irrespective of whether the hydrogen is added on
the fuel or oxidizer side, provided that the stoichiometric mixture fraction, the adiabatic flame

temperature and the ratio r of the oxidizer flux that burns hydrogen to the oxidizer flux that burns
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methane are constant. In other words, the three parameters stoichiometric mixture fraction Z;,
adiabatic stoichiometric temperature T,; and R determine the extinction strain rate uniquely,
whether the hydrogen is added to the fuel or oxidizer stream. [1]

In methane flames the methane usually gets consumed in a very narrow area, called the fuel-
consumption zone where at the same time hydrogen and carbon monoxide originate. Both
intermediate species hydrogen and carbon monoxide get subsequently consumed in the oxygen-
consumption zone. Because of the two-layer structure of the reaction zone it is unclear in advance
whether addition of the intermediate to one stream will have the same effect as its addition to the

other. [1]

In that sense both hydrogen and carbon monoxide prove to be of special interest which leads to the
purpose of this diploma thesis: The detailed analysis of the influence of carbon monoxide on the

extinction behavior of an Equidiffusional Diffusion Flame. [1]

The practical relevance of this study can easily be found when having a closer look on producer gas
combustion. Even though the composition of producer gases can vary in a wide range,
measurements at the pilot-gasification plant at the Woodland Biomass Research Center (WBRC) have
shown that the mole fraction of CO can make up for 30,5% of the gas composition whereas that of
CH, accounts for 17%. The potentially strong influence on the combustion process is obvious. The
present work aims to improve the basic knowledge of the associated trade-offs between fuel-side
and oxidizer-side addition of the reactant carbon monoxide participating in the original diffusion

flame.

To better understand the theoretical principles underlying this research a short introduction into
producer gases and syngases, the extinction and autoignition behavior of flames described by the so
called “S-Shaped Curve”, and the Arrhenius equation describing the reactive behavior are given in

this chapter.
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1.1 Producer Gas/Syngas

Producer Gas respectively Syngas is basically the result of directed incomplete combustion of
carbonaceous fuels. The process of gasification involves converting organic fuels (i.e. biomass) into
the producer gas/syngas in an oxygen-lean environment. This lack of oxygen described by the

equivalence ration leads to the incomplete combustion. The following reaction describes the process:

Biomass + Limited Air —» Carbon Monoxide + Hydrogen + Methane

+ Carbon Dioxide + Water Vapor + Nitrogen

The difference between Producer Gas and Syngas is the composition respectively the path of
production. Producer Gas is composed of carbon monoxide, hydrogen, carbon dioxide, nitrogen and
several hydrocarbons such as methane. Syngas on the other side is mainly a mixture of carbon
monoxide and hydrogen as a result of high-temperature gasification of organic material. Through the
Fischer-Tropsch synthesis as well as previously necessary clean-ups of the syngas to remove

impurities, synthetic Diesel can be produced. [2]

The gasification of producer gases occurs at temperatures in between 1110°F and 2730°F depending
on the process type and general conditions (e.g. pressure, equivalence ratio, fluidization speed) and
yields low to medium-energy content gases. While gasification, the biomass resource (i.e. the fuel) is
heated up to high temperatures where decomposition in volatile compounds (gases) and solid
residues (char) takes place. The exact composition hereby depends on the reactor temperature and

type. The major and most commonly used type hereby is the Fixed Bed Gasification Reactor. [3], [4]

Fixed bed reactors are usually very durable due to their low level of erosion of the reactor materials
and comparably simple to operate. The fuels in fixed bed reactors move either antiparallel or parallel
to the stream of the gasification medium (Air, steam, or O,) as the fuel is converted to fuel gas. There

are three basic fixed bed designs — updraft, downdraft and cross-draft gasifiers. [5]
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Biomass Feed

Air

Figure 1.1: An updraft Fixed Bed Gasifier has an antiparallel flow of the gas and the fuel to each
other. The gasification medium (Air, Steam or O;) is added at the bottom of the reactor and
ascends to the top. The fuel is descends from the top to the bottom through zones of progressively
increasing temperatures. [5]

Updraft gasification is a widely used system to gasify biomass resources by the use of steam as the
reactive agent. Certain attention has to be paid to slagging if high ash fuels are used.

By rising heat from the combustion zone upward, energy is provided for the pyrolysis and drying
zones. Gases, tar and other aerosols are skimmed at the top of the reactor while ash is removed at
the bottom. The produced gas typically contains high levels of tar, which must be removed or further

converted to syngas for use in applications other than direct heating. [3], [4]
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2 Experimental Parameters

Measuring the influence of CO addition to different fluxes and comparing the results required certain
parameters to be fixed. Since reaction rates prove to have a strong temperature dependency it was
advantageous to keep the adiabatic flame temperature T, fixed. Not doing this would have caused
different reaction-zone temperatures to dominate the results.

The second parameter to keep fixed was the stoichiometric mixture fraction Z;.. Making
comparisons at fixed values of Z,; is desirable as the variations in structure of reaction zones can be

eliminated. [1]

The variable parameters were the CO mass fraction Y, respectively the strain rate of the oxidizer
stream a,. By choosing the CO mass fraction Y5 the remaining components’ mass fractions could be
defined. The asymptotical approach for defining the the components’ mass fractions is based on the
mathematical model developed for the corresponding research on hydrogen addition. It was adopted
to the addition of carbon monoxide.

The variable parameter strain rate a, finally defined the exact fluxes of the mixture components at
the oxidizer duct exit. Through the constraint of the momentum balance at the stagnation plane it

also defined the strain rate and the fluxes at the fuel duct exit.

The approach used throughout this work is that of non-premixed combustion in a laminar
counterflow apparatus. The counterflow burner in use is a well established instrument and based on
the principles of the one described in [6]. In practical applications like diesel engines, the fuel and the
oxidizer are mixed to a burnable regimen through diffusion. By applying Prandtl’s boundary layer
approximation on the counterflow setup this originally three-dimensional problem can be reduced to
a one-dimensional. The assumption of Prandtl’s theory is that the diffusion into the direction
orthogonal to the stream line can be neglected. This leaves the axis orthogonal to the stagnation

plane as the single spatial variable.

By further using the assumptions that
- the temperature and mass fractions are functions only dependent on the x-axis normal to
the stagnation plane
- the velocity v, is a function of the x-axis only
- the tangential velocity v, is proportional to the coordinate y tangential to the flame level,
vy, = Ky

the system can be further reduced and simplified to be of steady state (% = 0). [7]
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2.1 Fixed Parameters

2.1.1 Stoichiometric Mixture Fraction Zg
The Mixture Fraction Z is a very useful variable when it comes to diffusion flame combustion. The
equations presented in this paragraph describe the conditions in a homogeneous system. By
postulating perfect combustion in this diffusional counterflow setup, a homogeneous mixture can be
assumed in the reaction zone and hence this mathematical definition applied. The fuel flux (index 1)
with the mass flow m, is mixed with an oxidizer flux (index 2) with the mass flow m,. The mixture
fraction represents the mass fraction of the fuel flux of the gas mixture. This can be calculated by
Z= L (24)

my +m,
Both the fuel and the oxidizer flux can hereby contain inert gases like for example nitrogen. The mass
fraction of the fuel in the mixture is proportional to the mass fraction of the fuel in the fuel stream

given by
Yeu =YpaZ (2.2)

The mass fraction of the oxidizer in the mixture can be similarly calculated by applying its mass

fraction (1 — Z) in the equation

Yo,u = Yp,2(1—-2) (2.3)
Yp, 2 is the mass fraction of the oxygen in the oxidizer stream (Yp, , = 0.232 resp Xy, , = 0.21in air).
Combining equations (2.2) and (2.3) and inserting them in the equation for a stoichiometric fuel-
oxidizer mixture

VYF s YOZ = VYF,u T Yozju (2.4}

with v¥p =Y, the following definition for the stoichiometric mixture fraction can be obtained

V|
foe [1 ¥ “] (2.5)
Yo,z

The mixture fraction Z,; was chosen to be 0.055 according to previous studies [8] and [9].
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unburnt mixture burning mixture

Yea,h
- -~

Figure 2.1: Profiles of Y, Yoz and Yy in the unburnt and burning gas mixture.

Figure 2.1 graphically shows the idea, that at the stoichiometric mixture fraction Z; all of the oxygen
Yo,z and all of the added fuel Yy ; gets consumed and reacts to its products carbon monoxide Yco,

and hydrogen Y, 0 b-

2.1.2 Adiabatic Flame Temperature Taq

The adiabatic flame temperature T,,; describes the theoretical flame temperature of the mixture
that can be reached when being combusted. In this research work two adiabatic flame temperatures
were being investigated: 2000K and 2100K. Assuming a constant adiabatic flame temperature means
that all the heat evolved is used to raise the temperature of the product gases. This equals to a
constant enthalpy of the system (AH = 0) and no heat transfer in and out of the system (Q,, = 0).
Since the adiabatic flame temperature of the mixture as well as the enthalpy of the system is directly
determined by the mixture components, its mass fractions and its specific heat capacities, the mass
fractions for the two cases of T,; = 2000K and T,; = 2100K differ considerably as can be seen in
Table 2.1 - Table 2.4.

-10-
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2.2 Variable Parameters

2.2.1 Strain Rate
The strain rate is defined as the normal gradient of the normal component of the flow velocity and is

calculated by the equation

o, = 2% (1+ IVllJE) -
L 21{/p2

V; and V;, are both the normal components of the flow velocities from the fuel stream (index 1) and
the oxidizer stream (index 2). The variables p; and p, refer to the densities of the two streams
accordingly. L represents the distance between the exits of the two ducts. The equation is obtained
from an asymptotic approach where the Reynolds numbers of the fluxes at the duct exists are
presumed to be large. [10]

Further applying the constraint of momentum balance (as described in 3.2.4 Counterflow Burner) on

the previous equation, the following simplification can be obtained.

_ 4|v;|
L

a, (2.7)

The strain rate in general is an appropriate parameter to describe the flame behavior especially in
the field of diffusion flame combustion. In a pure diffusion flame the strain rate can be defined by
calculating the velocity gradients in the flow field. In regions of high strain rates fluid shear, mixing
rates and bulk transport rates are faster than chemical reaction rates, thus local reactions are not
allowed to go to completion before the flow carries the combustion radicals away from the reaction
zone. The net result of this process is a reduction in peak flame temperature of a highly strained
flame, which in return e.g. reduces thermal NO, production. This points to increased strain rates as a
possible path to reducing or effectively eliminating thermal NO, in a diluted diffusion flame for

example.

-11-
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2.22 Asymptotical Model for Calculating the Mass Fractions

2.2.2.1 Chemical Reaction

The chemical reaction between CH, and 0, is described by the simple one-step process
CH,+20,—C0, +2H,0

The reaction rate wp is
wp = CpCozkp (2.8)

where k is the rate constant, Cy is the molar concentration of fuel and €y, the molar concentration

of oxygen. The chemical reaction between CO and 02 is
1
cCoO + (E)O2 - CO,

The reaction rate w¢g is
wco = CeoCozkco (2.9)

where k. is the rate constant, C, is the molar concentration of carbon monoxide. It follows that

Yy
C = —
F=P Wy
Yeo
Ceo = Pw—m (2.10)
Yo2
Coz = p—Woz

Here p is the density of the mixture, Yy, Y-g and Yy, are the mass fractions of CH4, CO and 02

respectively, and Wy, W, and Wy, are the molecular weights.

M
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2.2.2.2 Formulation

Consider two counterflowing streams flowing toward a stagnation plane. One stream called fuel
stream is made up of CH4 and N2 and the other stream, called the oxidizer stream, is made up of 0,
and N,. Carbon Monoxide is added to the fuel stream or to the oxidizer stream. The mass fraction of
CH, in the fuel stream is Yy ; and that of O, in the oxidizer stream is Yy, ,. When CO is added to the
fuel stream its mass fraction in the fuel stream is Y.y, and it is Yo, when added to the oxidizer
stream. For inviscid flow, with equal velocity and density of the counterflowing streams, the axial
component of the flow velocity is v = —a * X, where a is the strain rate, and X the axial coordinate

measured from the stagnation plane. The species balance equations are

Yy 42,
pax— —= tPDr—— %2 = Wrwp
- aYco d*Yzo
PEE =5 +pDco——5— 132 = Weowco (2.11)
L dYpy d*Yp,
P —= % +pDoy—=— a2z = 2Wpwp +( )Wozwco

Here Dy, Do and Dy, are the coefficients of diffusion of CHy, CO and O, respectively. The energy

conservation equation is

ZT dy; dT
Py ax Z(P iCpi o dz dA) —Qrwp — Qco@Wco (2.12)

Here Ais the coefficient of thermal conductivity, ¢, is the heat capacity of the mixture, c,; is the
heat capacity of species i, D; is the coefficient of diffusion of species i, Qg is the heat released per
mole of CH, consumed and Q. is the heat released per mole of CO consumed. Defining the

independent variable
., al
x = %(pC, 32 (2.13)

where C,, is the heat capacity and A the thermal conductivity, the normalized mass fractions are

2YpWo2
y T e——
F Yo2,2Wr
Yoo Wo2
Ve —mmr—— (2.14)
€0 2Yp,,Weo
Vo = Yo,
22" You,

-13-
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The non-dimensional temperature, 8, is

_ 26, Wor (T —T)
QrYo22

(2.15)

Here T, is the temperature of the reactant streams at +co.

Introducing equations (2.8), (2.9), (2.10), (2.13) and (2.14) into Equation (3.4) gives

dyp 1 dz}’F

g s

dx = Lep dx?

dyco 1 d*yco
X =

dx Lecp dx?

dyo> 4 1 d*yp
dx  Ley, dx?

= ARYrYo2

= AcoYcoYoz (2.16)

= ApYrYoz + AcoYcoYoz

where

LeOZ e (2'17}

are the respectively Lewis numbers of CHy4, CO and 0,. The values of these quantities are presumed

to be constant. The Damkdéhler numbers Ap and A¢q are defined as

_ pkrYoz2
o
aW,
0z (2.18)
_ PkcoYoz,2
co _—ﬂwoz
For simplicity the approximation
LeF —= Leoz = Lecg =1 (2.19}

is introduced because the values of these quantities are very close to unity.

-
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2.2. Variable Parameters

Introducing equations (2.8), (2.9), (2.10), (2.13), (2.14) and (2.15) into equation (2.12) and using

Equation (2.18), the following equation is obtained for 6

The quantity a is defined as

Equation (2.20) is constrained to satisfy the condition
8=0 at x=+to0
The conserved scalar quantities Z is defined by the equation

dz d*z
xdx +dx2

Equation (2.23) is constrained to satisfy the conditions
Z=0 at x=o

Integration of equation (2.23) together with equation (2.24) gives

5 1 7 1
=—erfc| x |=
2 2

Introducing equation (2.23) into equations (2.16) and (2.20) gives

d2yp AN
a7z Ap (E) YrYoz

d*yco dz\™
a7z Aco (E) YcoYoz
d%y, A7y "2 dz\ 2
—7z = O (E) YeYoz + Aco (E) YcoYoz
426 dZnN"2 AN
= —Ag (a) VrYoz — @co (a) YcoYoz

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

-15-
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2.2

Variable Parameters

2.2.2.3 Outer Structure

Let the flame be located at Z = Z . At the reaction zone,

Yr =Yco = Y02 =0
chWOZ (Tst = Tu)

0= Bae= QxYoz22

Here the quantity T; is the adiabatic temperature. The gradients at Z;, are

dyp  2Yp Wo, 1
dZ  YopWp (1—Zg)
dyco  Ye0,1Woz 1
dZ  2YpyoWeo (1~ Zgt)
ﬁ e 2c,Wo, T — ) 1

dz Y02,20F (1—2Zg)

The gradients at Z;_ are

dyo> _ 1

dz Zg
d}’co: Ye0,2Woz 1

dz 2Yp22Weo Zst
df  2c,Wpy(Tse —T,,) 1

dz Yo2,20r Zgt

The following coupling relations are obtained

dz
ﬁ(ﬂ" +Yco —Yo2) =0
2

ﬁ[(l —a)yp +ayo, +0]=10

(2.27)

(2.28)

(2.29)

(2.30)

These coupling relations are applied in the reaction zone atZ = Z;. Integrating these coupling

relations once and matching with the slopes in the regionZ < Z, and Z > Z, given by equations

(2.28) and (2.29) the following two relations are obtained.

2Vp 1 i Yoo, _ [Yoz,z B Yoo, ] (1—Zy)
Wp  2Weo Wy, 2Weel  Zg

(2.31)

-16-
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2c, (T —T,) 2Y, Y, 2¢, (T — T, Yoo (1 -2
_ p( st u) 4 F1 e co1 _ p( st u) —a 0,2 ( st) (2.32)
Qr Wy 2Weo Qr 2Weo| Zgt

Equation (2.32) can be further simplified to give

Vp1QpZst N Qco
Wy Weo

Cp (Tst - Tu) = [YCO,lzst + YCO,Z (1 - Zst)] {2-33}

Enthalpies of formation at 298K for CHy4, CO, CO, and H,0 are -74,873kJ/mol, -110,527kJ/mol, -
393,522kJ/mol, -241,826kJ/mol respectively as stated in 3.1 Chemical Components.

The Released Heat Qp is calculated by Qp = (393,52 + 2 * 241,83 — 74,9) » 1000 = 802280/ /mol.

Hence Qo = (393,52 — 110,53) » 1000 = 282990] /mol. It follows that @ = 4%& = 1,41.

e

2.2.2.4 Coupling Relations

For convenience the quantity X; is defined as

_ YWy,
7

X; (2.34)

Conservation of the element carbon, hydrogen and oxygen give
Xp + Xcoz + Xco = Xco2(1 —Z) + (Xp 1 + Xco1)Z
ZXF +XH20 — ZXF,IZ {2.35}

2X02 + Xco + 2Xco2 + Xpoo = (2Xp22 + Xc02)(1 —Z) + X 12

and energy conservation gives
ZX::HI' — [Xp1Hp Ty + Xco,1HeoTy |Z — [X02,2Ho2 Ty + Xco 2HeoTu](1 —2) = 0 (2.36)
i

Here H; is the molar enthalpy of speciesiand T, =T, + (T, — T,). At Z = Z, Xp = Xg2 = Xco = 0.

As a consequence the following relations are obtained from the first two relations in Equation (2.35)

Xcozst = Xcoz + (Xr:o,1 — Xco,z)Zsr + Xp1Zgt
Xnzo,st = 2Xp1Zst

(2.37)

P
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It follows from Equation (2.37) that

_ XcozstWeoz  Xuz0,5tWhzo

Xnost = Yot = 1 W W (2.38)
N2 NZ

Here X, 5+ and Xp,0 5 are the values of X¢p, and Xy, at Z = Z,. The value of Zg, is obtained

from the last relation in Equation (2.35)
Xcoz + (Xco1 — Xco2)Zst + 4Xp1Zst = 2X022(1— Zgt) (2.39)
where use is made of Equation (2.37) and Equation (2.39) is rewritten as

_ 2X022 —Xcopz2
. 2X022 —Xcoz ¥ Xcoa + M

7 (2.40)
The caloric equation H;(T) = H;(Ty) + W, fTT cp,idT, where c,,; is the heat capacity per unit mass of

species i and Ty is the reference temperature. In the present formulationT, =T, =T, =T,. It

follows from Equation (2.36) that

Tst
[ (YCOZ,sth,COZ + Y20,5tCp 20 + YNZ,sthJVZ)dT
i (2.41)
_ Qr¥raZs " QcoYco1Zst © QcoYeo2(1— Zgt)
Wg Weo Weo
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2.2.2.5 Summary
In the course of this experiment the variables Z;; = 0,055, Tsry = 2100K, Ts, = 2100K and
T,, = 298K were pre-selected. With Z;; = 0,055 a relation between Yz ;. and Yy, ,-f is given by

-1

4Y,

Zy= (1 g2l ) (2.42)
YOZ,}'ef

The stoichiometric relation for the basic reaction is
CH,+20,+ay;N, > CO; +2H,0 + ay,No

Here

Anz = Apnz + Qox N2 (2.43)
By defining the variables
v 16
BYEL ™ 16 4-28dg o
64 '

Y . I e—
027ef ™ 64 + 28ag v,

and choosing the number of moles ag n; and ag N2 in @ way that the criteria Tg,; = 2100K,
Tst2 = 2100K and Zs; = 0,055 are met, an initial guess for ¢, (T,Y;) can be calculated by using the

relation

- YF,Te f Z st QF

€, =—F T (2.45)
% WF(TS.‘: - Tu)

where Qr = 802570] /mol is the heat release per mole of CH, consumed. Molecular weights are
Wr = 0,016kg/mol , Wy, = 0,032kg/mol and W, = 0,028kg/mol. The unit of ¢, in this

calculation is J/(kg*K).
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2.2.3 Calculated Mass Fractions

2.2.3.1 (O addition on air side

Avalue is being selected for Y ,. The value of ¥} ; is obtained from

% Y, 1-Z2
Yy s = {3 [Cp (T —T,) — QcoYco2( st)] (2.46)
QrZst Weo
The value of Yy, , is obtained from
2Yp1 Ly Yeo2
Visaz =W [ ' - ] (2.47)
022 = T2 Wy (1-Zy)  2Wgo

This leads to the following mass fractions:

Y(CO,2) = Y(022) @ Y(N22) Y(Air,2) | Y(F,1)  Y(N2,21)
0,000 0,187 0,813 0,804 | 0,806 0,194
0,010 0,184 0,806 0,790 0,768 0,232
0,020 0,181 0,799 0,777 0,731 0,269
0,030 0,178 0,792 0,764 0,693 0,307
0,040 0,175 0,785 0,751 0,655 0,345
0,050 0,172 0,778 0,737 0,617 0,383
0,060 0,169 0,771 0,724 0,579 0,421
0,070 0,166 0,764 0,711 0,541 0,459
0,080 0,162 0,758 0,697 0,503 0,497
0,090 0,159 0,751 0,684 0,465 0,535
0,100 0,156 0,744 0,671 0,427 0,573
0,110 0,153 0,737 0,657 0,389 0,611
0,120 0,150 0,730 0,644 0,351 0,649
0,130 0,147 0,723 0,631 0,313 0,687
0,140 0,144 0,716 0,618 0,275 0,725
0,150 0,141 0,709 0,604 0,237 0,763
0,160 0,138 0,702 0,591 0,199 0,801
0,170 0,135 0,695 0,578 0,161 0,839
0,180 0,131 0,689 0,564 0,123 0,877
0,190 0,128 0,682 0,551 0,086 0,914
0,200 0,125 0,675 0,538 0,048 0,952
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0,210

0,122

0,668

0,524

0,010

0,990

Table 2.1: Mass Fractions at Duct Exit; CO addition on Oxidizer Side;
Adiabatic Flame Temperature: 2000K

Y(CO,2) = Y(02,2) Y(N2,2) Y(Air,2) Y(F,1)
0,000 0,201 0,799 0,863 0,866 0,134
0,010 0,198 0,792 0,849 0,827 0,173
0,020 0,195 0,785 0,836 0,789 0,211
0,030 0,192 0,778 0,822 0,751 0,249
0,040 0,188 0,772 0,808 0,713 0,287
0,050 0,185 0,765 0,795 0,674 0,326
0,060 0,182 0,758 0,781 0,636 0,364
0,070 0,179 0,751 0,768 0,598 0,402
0,080 0,176 0,744 0,754 0,560 0,440
0,090 0,173 0,737 0,740 0,522 0,478
0,100 0,169 0,731 0,727 0,483 0,517
0,110 0,166 0,724 0,713 0,445 0,555
0,120 0,163 0,717 0,700 0,407 0,593
0,130 0,160 0,710 0,686 0,369 0,631
0,140 0,157 0,703 0,673 0,330 0,670
0,150 0,154 0,696 0,659 0,292 0,708
0,160 0,150 0,690 0,645 0,254 0,746
0,170 0,147 0,683 0,632 0,216 0,784
0,180 0,144 0,676 0,618 0,178 0,822
0,190 0,141 0,669 0,605 0,139 0,861
0,200 0,138 0,662 0,591 0,101 0,899
0,210 0,135 0,655 0,578 0,063 0,937
0,220 0,131 0,649 0,564 0,025 0,975

Table 2.2: Mass Fractions at Duct Exit; CO addition on Oxidizer Side;
Adiabatic Flame Temperature: 2100K
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2.2.3.2 (O addition on fuel side

Avalue is being selected for Y ;. The value of Y ; is obtained from

F QcoYco,1Zst
g = i G (Toe = Ty)) — =0 LA
QrZst Weo
The value of Yy, , is obtained from
2Yp1  Yeoa Zst

Yo = W, [ 2 ]
2202wy T 2Weol (1 —Zy)

This leads to the following mass fractions:

(2.48)

(2.49)

Y(N2,1) ‘ Y(02,2) Y(N2,2) Y(Air,2)
0,000 0,806 0,194 0,187 0,813 0,804
0,010 0,804 0,186 0,187 0,813 0,803
0,020 0,802 0,178 0,187 0,813 0,802
0,030 0,800 0,170 0,187 0,813 0,801
0,040 0,798 0,162 0,187 0,813 0,801
0,050 0,795 0,155 0,186 0,814 0,800
0,060 0,793 0,147 0,186 0,814 0,799
0,070 0,791 0,139 0,186 0,814 0,798
0,080 0,789 0,131 0,186 0,814 0,798
0,090 0,787 0,123 0,186 0,814 0,797
0,100 0,784 0,116 0,185 0,815 0,796
0,110 0,782 0,108 0,185 0,815 0,795
0,120 0,780 0,100 0,185 0,815 0,794
0,130 0,778 0,092 0,185 0,815 0,794
0,140 0,775 0,085 0,185 0,815 0,793
0,150 0,773 0,077 0,185 0,815 0,792
0,160 0,771 0,069 0,184 0,816 0,791
0,170 0,769 0,061 0,184 0,816 0,791
0,180 0,767 0,053 0,184 0,816 0,790
0,190 0,764 0,046 0,184 0,816 0,789
0,200 0,762 0,038 0,184 0,816 0,788
0,210 0,760 0,030 0,183 0,817 0,787
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0,220 0,758 0,022 0,183 0,817 0,787
0,230 0,756 0,014 0,183 0,817 0,786
0,240 0,753 0,007 0,183 0,817 0,785

Table 2.3: Mass Fractions at Duct Exit; CO addition on Fuel Side;
Adiabatic Flame Temperature: 2000K

Y(F1) | Y(N2,) Y(02,2) Y(N2,2) Y(Air,2)
0,000 0,86 0134 0,201 0,799 0,863
0,010 0,863 0,127 0,201 0,799 0,862
0,020 0,861 0,119 0,201 0,799 0,861
0,030 0,859 0,111 0,200 0,800 0,860
0,040 0,857 0,103 0,200 0,800 0,859
0,050 0,854 0,096 0,200 0,800 0,859
0,060 0,852 0,088 0,200 0,800 0,858
0,070 0,850 0,080 0,200 0,800 0,857
0,080 0,848 0,072 0,200 0,800 0,856
0,090 0,846 0,064 0,199 0,801 0,856
0,100 0,843 0,057 0,199 0,801 0,855
0,110 0,841 0,049 0,199 0,801 0,854
0,120 0,839 0,041 0,199 0,801 0,853
0,130 0,837 0,033 0,199 0,801 0,852
0,140 0,834 0,026 0,198 0,802 0,852
0,150 0,832 0,018 0,198 0,802 0,851
0,160 0,830 0,010 0,198 0,802 0,850
0,170 0,828 0,002 0,198 0,802 0,849

Table 2.4: Mass Fractions at Duct Exit; CO addition on Fuel Side;
Adiabatic Flame Temperature: 2100K
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2.2.3.3 Calculation of c,

The quantities Yrg, o and Yo o are

Yooz (Yeor Yeo:z Yr1
Yeoz,st = Weoz [ + ( - )Zst +_'Zst]

Weo Weo  Weo Wy

Yr1 (2.50)
Y205t = Whzo [Zry_zst]
F
Ynzst =1 —Yeoz,st — Yuzo,st
The initial guess of ¢, obtained from equation (2.45) is then iteratively improved by
Tst

B J:ru (YCOZ,sth,COZ + Yy20,5¢Cp, 20 + YNz,sth,Nz)dT (2.51)

C 3 =
pmix
Tst - Tu

giving an averaged ¢, ,;, over the temperature range for set mass fractions of the components. The
results indicate that the average c,, ;. of the mixture cannot be assumed to be constant especially

when carbon monoxide is added on the oxidizer side.

CO addition on CO additionon | CO addition on CO addition on

Air Side Air Side Fuel Side Fuel Side
Yeo1/2

Cpmix @ Cpmix @ Cpmix @ Cpmix @

T 44 2000k T aa2100K T w2000k T aaz2100K
0,000 1304 | 1322 | 1304 | 1322
0,010 1299 1316 1304 1321
0,020 1293 1311 1303 1321
0,030 1288 1306 1303 1321
0,040 1283 1300 1303 1321
0,050 1278 1295 1302 1320
0,060 1272 1290 1302 1320
0,070 1267 1284 1302 1320
0,080 1262 1279 1301 1319
0,090 1257 1273 1301 1319
0,100 1251 1268 1301 1319
0,110 1246 1263 1301 1318
0,120 1241 1257 1300 1318
0,130 1236 1252 1300 1318
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0,140 1230 1246 1300 1317
0,150 1225 1241 1299 1317
0,160 1220 1236 1299 1317
0,170 1215 1230 1299 1316
0,180 1209 1225 1298 -
0,190 1204 1220 1298 :
0,200 1199 1214 1298 -
0,210 1194 1209 1297 =
0,220 - 1203 1297 -
0,230 2 S 1297 =
0,240 - - 1297 -

Table 2.5: Variable average c, ., for the two different Adiabatic Flame Temperatures

and CO addition on both Fuel and Air Side. ¢, mi=J/kg*K.

Table 2.5 doesn’t provide values for every ¢, mix up to CO mass fractions of 0.24 since this partially

led to negative mass fractions which is practically not feasible. Those values were truncated.

The ¢, for the product species C0O,, H,0, N, were calculated by refering to the NASA polynomials

cp =R T2+ a,T ™  +as+a,T +asT? +agT? + a,T*) (2.52)
with the gas constant R = 8,31451 mo’;K.
‘ Coefficient co, H,0 N,
a; 4,943650540E+04 -3,947960830E+04 2,210371497E+04
a, -6,264116010E+02 5,755731020E+02 -3,818461820E+02
as 5,301725240E+00 9,317826530E-01 6,082738360E+00
a, 2,503813816E-03 7,222712860E-03 -8,530914410E-03
as -2,127308728E-07 -7,342557370E-06 1,384646189E-05
ag -7,689988780E-10 4,955043490E-09 -9,625793620E-09
a, 2,849677801E-13 -1,336933246E-12 2,519705809E-12

Table 2.6: NASA Coefficients for calculating thermal properties of CO,, H,0, N, for a temperature
range from 200K to 1000K. [11]
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Due to reasons of mathematic accuracy of this approach the coefficients usually change at a

temperature of 1000K. This change is not only necessary for the calculation of ¢, but also for that of

Enthalpy H and Entropy S.

Coefficient
a 1,176962419E+05 1,034572096E+06 5,877124060E+05
a, -1,788791477E+03 -2,412698562E+03 -2,239249073E+03
as 8,291523190E+00 4,646110780E+00 6,066949220E+00
a, -9,223156780E-05 2,291998307E-03 -6,139685500E-04
as 4,863676880E-09 -6,836830480E-07 1,491806679E-07
ag -1,891053312E-12 9,426468930E-11 -1,923105485E-11
a; 6,330036590E-16 -4,822380530E-15 1,061954386E-15

Table 2.7: NASA Coefficients for calculating thermal properties of CO,, H,0, N, for a temperature
range from 1000K to 6000K. [11]
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3 Experimental Setup

The experiments were conducted at ambient pressure (1 atm) and ambient temperature (298K). The
necessary air on the oxidizer side was provided by locally compressed and dried air which was found
to offer a very accurate level of oxygen compared to bottled air according to previous experiments.
The amount of lubricant in the dried air remains on a negligible level and the oxygen mole fraction of
0.21 proofs to be constant with little fluctuation compared to compressed air in bottled containers.
Both the methane and nitrogen in use offered minimum purity levels of 99% to provide sufficient

accuracy throughout the experimental part of the research.

Carbon Monoxide posed a very critical aspect on the experiment especially considering its hazardous
capability. The piping containing CO was completely substituted by stainless steel piping to bar the
risk of having material hardening, eventually leading to brittle plastic and leakage in the system.
Moreover the system had to be extensively tested on leakages and other possible defects. To ensure
the identification of CO spills at the flame level itself two CO detection tools were put in place, set to

a lower detection level of 20ppm.

The experiments itself were conducted on a counterflow setup with two opposing burner parts. The

upper part was designed newly for the purposes of this experiment.

System control was realized through LabView and a specially designed GUI to direct the mass flow

controllers as well as their calibration and the temperature sensing units.
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3.1 Chemical Components

For calculation purposes the used compressed air was reduced to its two major chemical
components Nitrogen N, and Oxygen O,. In combination with the reactants methane CH, and
carbon monoxide CO and by applying the principles of one step chemistry and complete combustion

the chemical reaction

CH, + 2CO + 30, + ay,N; - 3CO; + 2H,0 + ay, N,
will form the products Water H,0, Carbon Dioxide CO, and Nitrogen N,.

Table 3.1 is showing the chemical components’ material properties relevant to the calculation

presented in 2. Experimental Parameters.

Chemical Mean Molecular Heat of Formation Latent Heat Latent Heat

Component Weight [g/mol] at 298K [kJ/mol] at 2000K [kJ/mol] | at 2100K [kil/mol]

it Al H‘°(%090K) H"(zﬁionx).

| — H"(298K) — H’(298K)
CHy 16,04276 -74,873 123,592 133,087
co 28,0104 -110,527 56,744 60,376
N, 28,0134 0 56,137 59,742
0, 31,9988 0 59,175 62,961
H20 18,01528 -241,826 72,79 77,941
co, 44,0098 -393,522 91,439 97,488

Table 3.1: Material properties of the molecules given in the basic, one-step chemical reaction and
€o. [12]
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3.2 Experimental Apparatus

3.2.1 Mass Flow Control

The mass flows of the up to seven streams are controlled by seven independently working Teledyne
Hastings Instruments mass flow controllers. Throughout the experiment two different types were
used: HFC-302 and HFC-303. They ranged from theoretically maximum flows of 5 SLM (HFC-302), 10
SLM (HFC-302), 30 SLM (HFC-303), 50 SLM (HFC-303) up to 100 SLM (HFC-303). SLM hereby stands
for Standard-Liters-Per-Minute. Standard-Liters-Per-Minute denominates the volumetric flow

normalized to ambient pressure and room temperature.

The Mass Flow Meter itself consists of a base, a shunt, a control valve, the electronic circuitry and a
sensor that is able to measure gas flow rates from 25-10.000 SLM. The shunt divides the overall gas
flow in two laminar flows, where the flow through the sensor is a precise fraction of the total flow
through the shunt. The control valve adjusts the flow so that the sensor’'s measurement matches the
setpoint input. The circuit board amplifies the sensor output from the two resistive temperature

detectors (RTD) and provides an analog output of either 0 -5VDC or 4 - 20 mA.

Figure 3.1: The left side of the picture is showing the Mass Flow Controllers (Teledyne HFC-303)
used to guarantee defined mass fractions of the streams. The right side of the picture depicts a
Ritter TG 5/5-ER — Drum-type Gas Meter, suitable for minimum flow rates of 10Itr/h up to
maximum flow rates of 2000ltr/h and used for calibration of the MFCs.

Every Mass Flow Controller has to be set up for the type of gas it controlled. Based on the
computational models and predicted extinction strain rates the MFCs were calibrated to the
expected range of use. The tool to guarantee accurate calibration was the Ritter TG 5/5-ER — Drum-

type Gas Meter. It measures the volumetric flow of a gas volume by the principle of positive
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displacement. The entering gas causes a rotation of the measuring drum, constantly filling and

emptying a rigid measuring chamber.

The calibration instrument was connected to the PC and the data read-out digitally. For each gas and
each Mass Flow Controller 5 flow rates in the relevant sector got selected and each of them
measured for at least 3 times. Necessary adaptations were implemented by either adapting the

maximum flow rate for the gas respectively shifting the zero point of the linear function.

Port 1-50 (CH4): Data Points MFC

16 /
12

10

% Data Points - MFC

Linear (Data Points - MFC)

Actual Flow Rate
[20]

y = 1,0034x - 0,0134

D T T T T T T T i

0 2 4 6 8 10 12 14 16
Nominal Flow Rate

1 1,001 41,1 41,1 0,10% 3
3 2,99 41,1 40,96 -0,33% 4

6,01 41,1 40,97 0,17% 3
10 10 41,1 41,1 0,00% 4
15 15,05 41,1 41,19 0,33% 3

Figure 3.2: Exemplary test record for the calibration of methane. The used MFC had a range of
50SLM whereat only the range of up to 185LM was relevant to this experiment.

The Ritter Gas Meter offered a + 0.5% accuracy over full measurement range. The calibration
certificate to the Ritter Gas Meter can be found in Fehler! Verweisquelle konnte nicht gefunden

werden. Fehler! Verweisquelle konnte nicht gefunden werden..
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3.2.2 Temperature Measurement

The temperature in the flame zone is being monitored by employing a thermocouple right in
between the upper and lower part of the counterflow burner. Thermoelectric Effect Sensors
(=Thermocouples) rely on the physical principle of two different metals connected together that
adhere to a function dependent on the temperature and generated at the junction between the
metals. Thermocouples can be manufactured from a wide variety of materials; in this case a type R
thermocouple was used. Platinum thermocouples (type R) have one wire made from pure platinum
and the other wire made from a platinum-rhodium alloy with 13% rhodium. Their quoted measuring
range is 0 to +1700°C, with a measurement sensitivity of 10 puV/°C and a quoted inaccuracy of £0.5%.
[13]

The wires both measuring 0,076 mm in diameter add up to a diameter of 0,21 mm at the bead of the
welding. To avoid short-circuiting the two conductors are separately routed through a ceramic tube

to the plug of the thermocouple.

Sl

Figure 3.3.: Thermocouple Type R, Platinum/13%-Rhodium-Platinum

The sensor is placed on a 3-dimensional-moveable mounting to get it in the required position. By
assuring that the thermocouple respectively the sensor wires are placed orthogonal to the flow (to
prevent from heat conduction along the wire) accurate measurements of the gaseous flow
temperatures can be expected. The temperature profile close to the duct exit proofed to be near to
constant both in the direction of its radial and axial axis. Also the bending of the bead wire occurring
under high strain rates proofed to have little influence on the accuracy of the measurements. [7]

The initially measured temperature has to be corrected by the influence of the thermocouple on the

flame temperature according to the equation

eodTH
21

Tc = th + (31}
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where T, is the corrected gas temperature, Ty, is the initially indicated temperature by the
thermocouple, € the emissivity, o the Boltzmann Constant, d the diameter of the bead, A the thermal
conductivity of the bead material and A the view factor, assumed to be 0,5 since it is only the lower
part of the bead that can emit radiation. The emissivity €is 0,128 following [14], the thermal

conductivity A is calculated in accordance with previous studies from [7] to

A=4,6942+ 1073 + 8,1225 » 10™°T,, — 1,4547 « 107°TZ (3.2)

3.2.3 System Control

The program in use to control, calculate and set the mass flows is NI LABVIEW. LABVIEW, an acronym
for Laboratory Virtual Instrument Engineering Workbench, uses the means of graphical programming
by applying a dataflow model. The graphical programming language is called G and allows the user to
model the structure of Virtual Instruments (VI). VIs hold the graphical block diagrams which are
determining the routines. They can be modeled according to the user’s needs an offer a lot of
flexibility by connecting function nodes through creating wires in between them. Vis are
independently executable and can easily be implemented in other Vls as sub-routines. The program

routine is displayed to the end user through an User Interface (Ul) offering a graphically appealing

design.

o, Rt hafm)

[Compute individual volurne flows

eam

po EEE|1 rmte=l wrd v Hives

v Fuc 1 Gaszous
v Fuse 2 - Ligui.

1. iy
Pl

7 Fow 2k = Tysic Tusl]

W—JZ‘IIJ Drseed Fow teemy i
WEEL o T oo avpag - £72 8 (LD

Calbratizn “azho s Mas Hoin f Talbistion o | D80E ! - ®
Zhudent CaFEn 14| 3 BIE a B

Figure 3.4: Detail of the main VI of the used routine to control and calculate the mass flows for the
experiments.
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Figure 3.5: Main User Interface for the Vlis in use consisting of 7 panes.

Figure 3.5 shows the main user interface which was in place to control the mass flows and set the

variables necessary for the experiments.

Panel: Shows the mass fractions of the Fuel Stream as well as the Oxidizer Stream. The appendant VI
was programmed to automatically identify the inert gas(es) and calculate them for each stream to
sum up to 1. All other mass fractions were set according to the calculated values. Assigning different

gases to the Fuel respectively Oxidizer Streams and Curtains was done in another GUI.

Pane2: Offers an easy overview of the separate gas flows. Depending on the strain rate and the Mass
Fractions it gives a good idea if the Mass Flow Controllers (MFC) are reaching its limits and drops a
warning once that limit is reached. Since it’s only a calculated, theoretical value and no factual
response from the MFC system, the values on the digital controlling unit have to be checked upon as
well. The real-time information if the gas flow is lower/higher than supposed to (i.e. due to an

emptying gas bottle) can be easiest found there.
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0. SLu
-s. SLM

126 SLM
-0.8207 5L

Power

Figure 3.6: Two Teledyne PowerPods 400 supplying the MFCs with power. They are connected to
LabView through a RS-232 cable connection enabling the user to control the MFCs.

Pane3: Is the input field to set the strain rate of the Oxidizer Stream and gives the strain rate of the
Fuel Stream based on the underlying calculation and meeting the criteria of momentum balance of
both streams. A critical point for both autoignition and extinction experiments with variable strain
rates is to approach the point of ignition/extinction slowly. Therefore an automatic mechanism was
implemented to raise the strain rate by a defined amount after a defined time elapsed. For the
extinction experiment the increase in strain rate was set to 1 s every 7 seconds. This empirically
defined value gave the system sufficient time to attune to the change in strain rate and hence mass

flows.

Pane 4: Two temperature charts display the temperature measured in the reaction zone and in the
fuel stream before entering the lower part of the burner. Both of the temperature charts play an
important role when carrying out autoignition experiments, especially with liquid fuels. Liquid fuels
have to be vaporized before entering the reaction zone and get therefore heated up. The applied
thermocouple in the fuel pipe helps controlling that process. The thermocouple in the reaction zone
gives direct information on the temperature of the mixture and determines in combination with an

optical system at which temperature the mixture ignites.
Pane5: Offers an emergency shut off, the tab to the main user interface and another tab to set up the
allocation of the gases to the different streams. There, one can also find the connected sub-routine

for calibrating each Mass Flow Controller based on the gas in use.

Pane6: Allows to save the obtained data and all connected, relevant information in a *.xls file.
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3.24 Counterflow Burner
Fuel in form of CH,4 will only be added via the fuel side (=lower part, index 1), O, as Oxidizer will only
be added through the air side (=upper Part, index 2) of the Burner. N, and CO can be added on

either side depending on the required experimental setup.

L .

Figure 3.7: Pictures of a stabilized flame in the counterflow burner. The mass fraction of CO Y, o in

the oxidizer stream on the picture on the left side is Y., ,=0.14, the mass fraction of CO in the fuel

stream on the right side is Y., =0.14. Both pictures were taken at the setup for an adiabatic flame
temperature of T,,=2000K and shortly before its respective extinction strain rate.

Via the two opposing ducts the fluxes of fuel, oxygen, nitrogen and the additive carbon monoxide are

induced forming a stagnation layer by fulfilling the momentum balance of
p1*Vi:=py=V5® (33)

Primarily depending on the composition of the mixture and the temperature the two fluxes reach a
stoichiometric, combustible state near the stagnation plane and form a flame level.
OXIDIZER Side
f""\v
Air,N2,:(C0)
| 1] 1 ]
' e
*"/F,La{ne Lév-e_l\’
L e

+Stagnation Plane»

LT
CH4,N2,{(CO)

FUEL|Side

Figure 3.8: Schematic illustration of a laminar non-premixed counterflow diffusion flame. The
stagnation plane is defined by the momentum balance of the two fluxes, the position of the flame
by the diffusional processes.
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The previous figure indicates the position of the flame level qualitatively. Generally can be said that
its position will be closer to the oxidizer side if the number of moles oxygen per mole fuel for
stoichiometric combustion is large, or the oxygen concentration in the oxidizer stream is small, or the

fuel concentration in the fuel stream is large. [15]
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3.24.1 Upper Part

The upper part of the burner, also called the oxidizer part, mainly consists of two concentric ducts
and a stainless steel containment. The inner pipe directs the air flow respectively the air and carbon
monoxide mixture towards the inner duct of the lower part of the burner supplying the fuel

respectively the fuel and carbon monoxide mixture.
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Figure 3.9: Schematic diagram of the working principle of the upper part of the extinction burner.

Three fine wired 200-meshes (200 meshes per inch) are placed at the end of the duct to induce a
slight pressure gradient and guarantee plug flow conditions at the exit of the duct. The meshes are
held in place by stainless steel rings. The effective diameter at the exit of the duct is 22,2 mm which
equals to the inner diameter of the stainless steel rings.

The outer pipe guides the nitrogen to the reacting zone in between the lower and the upper part

where it creates a NO-curtain to shield the upper flux from the surrounding air.
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3.2.4.2 Lower Part

The lower part of the burner, also called fuel part, routes the fuel respectively a methane-carbon
monoxide mixture towards the reaction zone. It consists very similarly to the upper part of two
concentric pipes where the inner one contains the fuel mixture and the outer one the nitrogen which
fulfills the same function as the one in the upper part: to create a contagion to shield the reaction
zone. The inner pipe features three layers of meshes at the end of the duct to guarantee plug flow
conditions. The diameter of the inner fuel duct is exactly the same size as the oxidizer duct of the

upper part.
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Figure 3.10: Schematic diagram of the working principle of the lower part of the extinction burner.

Another function of the lower part of the burner is the exhaust system. Mild suction is applied
through a third concentric shaped opening around the fuel duct exit respectively the nitrogen curtain
duct to keep exhaust gases from spreading uncontrolled.

The heated exhaust gases get cooled down by a water spray system inside the exhaust duct to keep
the gases from further reacting. A special flange above the water nozzles is intended to keep water

from interfering with the reaction zone.
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4 Computational Simulation

Aside of experimentally researching chemical reactions of diffusion flames, the computational
modeling and simulation of the same has become a standard nowadays. Reasons for that are on one
side the evermore increasing processing power of CPUs and constantly improving accuracy of
computational models. On the other side it's the simple fact that simulation compared to
experimental work can usually be done easier, faster and at lower cost. Computational simulation
other than experimental work is furthermore not restricted by physical limitations of the measuring
equipment, enabling research in fields that are experimentally not possible.

The experimental work presented in this diploma thesis has been conducted together with a
computational simulation using CHEMKIN Pro which allows the exact modeling of complex chemical
proceedings.

The computational work itself was parallel carried out by a colleague, Mrs Vaishali Amin MSc.

4.1 CHEMKIN Pro

CHEMKIN is a modularly structured package of programs used to describe the reaction-kinetical
behavior of reactions of different gas phases. Basically it consists of three different components:
- The Interpreter,
- alibrary of calculation routines for thermodynamical data and state variables of gas mixtures,
and
- a number of applications through which repeatedly used reaction-kinetical models can be

applied.

Reaction Mechanisms are the basis for describing chemical processes in CHEMKIN. Reaction
Mechanisms can be understood as a compilation of elemental chemical reaction equations. Reaction
Mechanisms describing the combustion behavior of hydrocarbons can be very comprehensive and
consist of hundreds of chemical reaction equations. As a consequence of this possible complexity,
there’s a number of mechanisms that have been simplified by reducing the number of reaction
equations. This reduction can lead to a significant drop in required processing power and hence
processing time without substantially influencing the quality of the result. CHEMKIN is importing
Reaction Mechanisms through its so called Interpreter in form of ASCIl data. The CHEMKIN
formatting of these files became widely used over time which lead to a large number of Mechanisms

being readily available to be downloaded through websites and implemented. [16]

The Interpreter uses the reaction mechanism file together with the thermodynamical data file

(containing polynomial coefficients for calculating caloric state variables like the enthalpy, entropy,
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etc.) to create a binary file that can be used by CHEMKIN respectively its applications. Some
CHEMKIN applications additionally require a transport data file containing e.g. diffusion coefficients.
The mechanism used in this calculation was the San Diego Mechanism as described in 4.2 The San
Diego Mechanism.

The library of calculation routines consists of a large number of FORTRAN sub-routines. Through
them the properties of species, mixtures or species forming rates can be determined. Since they are
FORTRAN sub-routines they can also be implemented in self compiled programs.

Besides the Interpreter and the library of calculation routines CHEMKIN offers a number of
applications with which idealized model reactors can be simulated. The most relevant to this
research was the CHEMKIN Reactor Model: Diffusion or Premixed Opposed-flow Flame and

Premixed Burner-Stabilized Stagnation Flame.

4.2 The San Diego Mechanism

The San Diego Mechanism is the “reactional fundament” underlying the computational work being
done by CHEMKIN. It was developed in over 10 years of work by the Combustion Research Group at
UCSD and revised nearly every year after its initial launch in 2001.

As of 09/2012 it consists of 235 reaction equations providing the necessary information on
calculating the reaction behavior of low-carbon fuels, including JP10 and Heptane.

The Research Group is describing the philosophy behind the mechanism as following:

The detailed chemistry is designed to focus on conditions relevant to flames, high temperature
ignition and detonations. It was derived by beginning with simple chemical systems then proceeding
gradually to more complex systems. In this approach, the numbers of species and reactions are kept
to the minimum needed to describe the systems and phenomena addressed, thereby minimizing as

much as possible the uncertainties in the rate parameters employed. The philosophy thus differs from
that underlying a number of other data bases, many of which seek completeness, attempting to
include all potentially relevant elementary steps.

In following the plan based on the present philosophy, the experience has been that the rate
parameters of a relatively small number of elementary steps are of crucial importance to the
predictions and that cumulative effects of small contributions from a large number of steps are
seldom of much significance. This is advantageous because the many uncertainties in rate parameters
of many steps increase the uncertainties in predictions when large number of steps are included. As
the database for the present mechanism evolves, it should be applicable to an increasing number of

combustion and detonation processes. [16]
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4.3 Computational Setup

For the computational determination of the extinction strain rates when adding CO to a CH, flame at
a fixed adiabatic flame temperature and a constant mixture fraction the following setup was made in
CHEMKIN Pro.

All, the gas-kinetic mechanism, the thermodynamic and the gas transport data were obtained from
the San Diego Mechanism. These three data files were connected with the general setup “Opposed-
Flow Flame” as relevant for the counterflow setup.

To characterize the molecular transport of species, energy and momentum in the multi-component
gaseous mixture velocities, (thermal) diffusion coefficients and thermal conductivities have to be
evaluated. For the present constellation of the mixture and with the usage of the

San Diego Mechanism the “Mixture-averaged Transport” option proved to provide the most accurate

results when solving for the Gas Energy Equation.

Prablem Type |Solve Gas Energy Equation |~

® Plateau Profile for Initial Guess

{2} Temperature Profile | | l !_J | Ll g I
Masimur Temperature for Initial Profile | 24I]I].I]iK ad ol i

[ ] Skip Intermediate Fieed-Temparature Solution
[w¥] Use Thermal Diffusion (Soret Effect

® Use Midure-averaged Transpart
1 Use Multicompanent Transport

Pressure 1.0 atm 5 %l - | Constant |v| s |@|
Ambient Temperature | 208.0/K " %_J
Gas Reaction Rate Multiplier el B |

Figure 4.1: Setting of the reactor physical properties for Mixture-averaged Transport.

The number of uniform grid points was set to 700, with the further specifications:
¢ Adaptive Grid Control Based on Solution Gradient: 0.1
¢ Adaptive Grid Control Based on Solution Curvature: 0.5
e Maximum Number of Grid Points Allowed: 1000
e Number of Adaptive Grid Points: 5
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Figure 4.2: Mathematical Boundary Conditions for solving the Gas Energy Equations

In contrary to doing the practical experimental work the main parameter to change when doing the
computational work was the duct velocity. For every single data point defined by its components’
mass fractions a pre-defined list of duct velocities processed. The duct velocities of both the oxidizer
and the fuel side hereby fulfilled the criteria of momentum balance.

By discretely increasing the duct velocities the diffusive behavior of the mixture changes and finally
yields the desired results. The criterion that's checked upon hereby is the computed flame
temperature which will — when reaching the extinction level — stay at the initial temperature of 298K
along the whole flame region. The extinction duct velocities will after that be reversely calculated to

show the extinction strain rates and compared to the experimentally collected extinction strain rates.

The computational work for this master’s thesis was done by applying a manual approach in finding
the extinction strain rate rather than using the automated approach in form of the arc-length
continuation. [17]

The arc-length continuation is used to compute the solutions through the turning points. In theory,
one can calculate the solutions up to the turning point using successive continuations on velocity.
Such a technique requires smaller and smaller changes in the velocity, accompanied by more

computational difficulty to get a solution, as the extinction point is approached. [18]
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The reason for applying the manual approach which mainly differs to the arc-length continuation by
manually choosing the boundary velocities of the oxidizer and fuel ducts was that the automated
formulation wouldn’t yield converging results. The computational setup is currently being adopted to
yield converging results for the arc-length continuation as well. The results of this work won’t be a

part of this master’s thesis since they are still to be compiled.
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5 Experimental/Computational Results

The experiments for carbon monoxide addition were conducted on the same experimental apparatus
as the hydrogen addition experiments except for the newly designed extinction top.

In contrary to the corresponding experiments with hydrogen addition to either the fuel or the
oxidizer stream, the CO-addition yielded different results. The hydrogen-methane mixture showed

insensitiveness towards the location of hydrogen addition as can be seen in Figure 5.1. [1]
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Figure 5.1: The oxidizer strain rate at extinction dao ¢ as a function of mass fraction of hydrogen in
the oxidizer stream, Yo, respectively as a function of mass fraction of hydrogen in the fuel stream,
Yzr, at fixed Z,=0.055 and T,;=T,,=2000K and T,,=T,=2100K. The symbols represent experimental
data and the curve represents predictions obtained using the San Diego Mechanism. [19], [20]

Not dependent on the side of the hydrogen addition, the oxidizer extinction strain rate increases in
both cases with increasing fuel hydrogen mass fractions and oxidizer hydrogen mass fractions.
Adding carbon monoxide instead of hydrogen as an additional reactant to a methane flame results in

different behavior depending on which side carbon monoxide is added.
As can be seen in Figure 3.7 and experimentally proven by the data in Figure 5.2, the position where

carbon monoxide is added to a methane flame matters considering the change in extinction strain

rate. Similar results can be found for CO addition at an adiabatic flame temperature of T,; = 2100K.
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Oxidizer Extinction Strain Rate;
T(ad)=2000K; CO addition
400,00
380,00 -
360,00 |
340,00
320,00 \
300,00 +
% 280,00 |
M b
& r
5 260,00 1
& : /
= 24
g 0,00 :
2 :
& 220,00 = == P T —E—Experimental Data; Oxidizer Extinction Strain
F Rate; T(ad)=2D00K; CO addition on OXIDIZER side
200,00 + -
s === Experimental Data; Oxidizer Extinction Strain
! E Rate; T(ad)=2000K; CO addition or FUEL side
160,00 - /f i
140,00 : -
- * | ’
120,00 |
100,00 : : : : : :
0,000 0,020 0,040 0,080 0,080 0,100 0,120 0,140 0,160 0,180 C,200
Mass Fraction Y, of respective Stream

Figure 5.2: Oxidizer extinction strain rates as a function of the carbon monoxide mass fraction Y
at constant Z,=0.055 and T ,;=2000K.

The carbon monoxide addition on the oxidizer side leads to an increase in strain rate, also resulting in
a brighter, more intense combustion flame. The extinction strain rate of carbon monoxide addition
on the oxidizer side experimentally peaks out at a carbon monoxide mass fraction of Yo o = 0.17
showing a steep increase until that point and receding after that. For carbon monoxide addition on

the fuel side on the other hand the extinction strain rate stays constant independent of the changing

YCO,F'
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T,4=2000K; CO addition on FUEL side

150,00

140,00 -

130,00
:E)
o
[+ 4
=
[
& 120,00
2 [ ~B—Experimental Data; Oxidizer Extinction Strain Rate;
o T(ad)=2000K; CO addition on FUEL side

110,00 -———— =@—Computational Data; Oxidizer Extinctian Strain Rate;

T(ad)}=2100K; CO addition on FUEL side [
= . . j .
100,00 | |
90,00 - - SR : . : :
0,000 0,020 0040 0060 008 0,100 0,120 0,140 0,160 0,180 0,200
Mass Fraction Y, of Fuel Stream

Figure 5.3: Oxidizer Extinction strain rate at constant T,,=2000K and Z,=0.055 and carbon
monoxide addition in the fuel stream. The blue values show the experimental data, the red values
the computational data obtained from CHEMKIN,

The computational simulation for an adiabatic flame temperature of T,; = 2000K and CO addition
on the fuel side is in good agreement with the experimental data. Up to a CO mass fraction of
Yo = 0.10 the experimental and the computational data show parallel behavior with an average
absolute offset of 5 in strain rate. With increasing CO mass fraction the computational model
indicates slightly receding oxidizer extinction strain rates whereas the experimental data remains at a

constant oxidizer extinction strain rate of an averaged az o = 1355~ 1.
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Oxidizer Extinction Strain Rate;
T,,=2100K; CO addition on FUEL side
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Figure 5.4: Oxidizer Extinction strain rate at constant T,,=2100K and Z;=0.055and carbon monoxide
addition in the fuel stream. The blue values show the experimental data, the red values the
computational data obtained from CHEMKIN.

The computational results for an adiabatic flame temperature T, = 2100K and CO addition in the
fuel stream also supported the data from the experimental work. The absolute difference at a CO
mass fraction of Y;( ¢ increases from an absolute difference in between the experimental and the
computational strain rate of 11 to 23 by computationally under predicting the experimental
extinction strain rate. The trend of the experimental data is hereby slightly decreasing compared to a
constant extinction strain rate obtained from the experimental data. This leads to a widening gap but

is still of tolerable magnitude.
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Figure 5.5: Oxidizer Extinction strain rate at constant T,,=2000K and Z,=0.055 and carbon
monoxide addition in the oxidizer stream. The blue values show the experimental data, the red
values the computational data obtained from CHEMKIN.

Unlike the oxidizer extinction strain rate for CO addition in the oxidizer stream, the oxidizer
extinction strain rate for CO addition in the fuel stream shows a strong dependency on the CO mass
fraction Y¢p,0. When looking at the case of an adiabatic flame temperature T,; = 2000K as shown
in Figure 5.5 a very clear peak can be defined at a CO mass fraction Yyp o = 0.17. After that the
oxidizer extinction strain rate starts receding quickly. The computational data confirms this trend
with a minor difference in the peak point (Yzp,0 = 0.16). The absolute values of the computational
data clearly under predict the ones obtained from the experimental work with an absolute

divergence of up to Aag p = 67s7 1 at Ye0,0 = 0.19.
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Figure 5.6: Oxidizer Extinction strain rate at constant T,;=2100K and Z,,=0.055 and carbon
monoxide addition in the oxidizer stream. The blue values show the experimental data, the red
values the computational data obtained from CHEMKIN.

The experimental as well as the computational data for CO addition on the oxidizer side at a constant
adiabatic flame temperature T,,; = 2100K show trend wise similar results as those at T,,; = 2000K.
The peak of the experimental oxidizer extinction strain rate can be found at Y5 o = 0.18 this time,
that of the computational oxidizer extinction strain rate at Y5, = 0.16. After that, both the data
shows a steep receding behavior. Compared to the data atT,; = 2000K the oxidizer extinction
strain rates yield much higher values which is due to the higher enthalpy because of the higher
adiabatic flame temperature. The absolute values of the computational data clearly under predict
the one obtained from the experimental work with an absolute divergence of up to Aag oy = 9951

at YCD,D = 0.2.
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6 Discussion

The data presented in this research shows very interesting results. It was not expected that the
extinction behavior at a fixed adiabatic flame temperature and a constant mixture fraction would
change that significantly when adding it to the fuel or the oxidizer stream. The results hereby show a

very similar behavior at both fixed adiabatic flame temperatures of T,,; = 2000K and T,; = 2100K.

Furthermore it was not expected that the carbon monoxide addition on the fuel side would lead to
such a pronounced peak at Yrpo = 0.17 for T,; = 2000K and at Yo = 0.16 for T,;; = 2100K.
After peaking the oxidizer extinction strain rate shows a strong receding tendency for both cases up

to its maximum mass fractions of Y5 o = 0.19 at T,; = 2000K and Yo o = 0.22at T,; = 2100K.

This behavior is in clear contrast to the corresponding research with hydrogen addition which
presented constantly increasing strain rates with increased mass fraction of hydrogen at the same
fixed adiabatic flame temperatures. The detailed reasons for the extinction behavior of the methane-
carbon monoxide mixture are currently being investigated and are not available at this point. With
the use of CHEMKIN Pro, species profiles can be extracted for significant mixture points and
evaluated. This should give a better understanding for the chemical kinetics during the combustion

respectively give reasons for the differing behavior.

The computational model in general proves the experimental data. It tends to under predict the
experimentally measured strain rates. The difference becomes significantly bigger at higher strain
rates respectively higher mass fractions of carbon monoxide Y-5. At an adiabatic flame temperature
T.a = 2000K this can be an absolute divergence of up to Aapy = 675~ at Yy = 0.19, at an
adiabatic flame temperature T, = 2100K up to Aagp = 9951 at Yeo,0 = 0.2.

Despite the absolute differences between the computationally predicted and experimentally
measured extinction strain rates, the computational results confirm the experimentally determined

values by trend and can thus be used for comparison.

The computational model, especially the arc-length continuation is furthermore still being worked
upon to give converging results. First, temporary results indicate the validity of the manual

computational approach as well as the experimental data.

The present results clearly help to further the understanding of producer gas combustion. After
researching the methane-flame behavior under hydrogen addition, the research on carbon monoxide
addition was the next logical step. This knowledge can be expanded by examining the extinction

behavior of a methane-flame under hydrogen and carbon monoxide addition on both the fuel and air
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side by varying mass fractions. Adding both hydrogen and carbon monoxide to a methane flame
would imitate a producer gas very closely and combined with the results obtained by this experiment
and the hydrogen-addition, offer a holistic and comprehensive research in the field of producer gas

in a counterflow setup.
The practical impact of those results is a significantly better understanding of producer gas

combustion. Knowing that carbon monoxide can severely influence the quality of the combustion by

varying its mass fraction and the point of addition will help to improve combustible processes.
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7 Conclusion
The research was conducted on a counterflow apparatus in which two opposing, well balanced
streams, one being the fuel flux, the other one the oxidizer flux, created a stagnation plane at which

the stoichiometric conditions enabled the mixture to keep a stable flame.

Carbon monoxide was separately added to either the fuel or the oxidizer stream. The parameters
stoichiometric mixture fraction Z,; and adiabatic flame temperature T, were hereby kept constant.
The determining variable was the mass fraction of CO ¥,,. The resulting variable was the extinction

strain rate of the oxidizer stream a, ;.

Unlike the results of the research done on hydrogen addition, which suggested that the influence of
hydrogen to methane diffusion flames affects the extinction strain rates in a way irrespective of
whether the hydrogen is added on the fuel or oxidizer side (provided that the stoichiometric mixture
fraction, the adiabatic flame temperature and the ratio r of the oxidizer flux that burns hydrogen to
the oxidizer flux that burns methane are constant), the methane flame under carbon monoxide

addition behaves very differently.

Adding carbon monoxide to the oxidizer stream doesn't influence the oxidizer extinction strain rate
whereas the CO-addition on the fuel side first increases the oxidizer extinction strain rate and then
sharply reduces it after peaking out. This experimental data is qualitatively backed by computational

simulations in ChemkinPro.
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