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NOMENCLATURE
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Co Specific heat of gas mixture, J/kg/K
hk Total enthalpy of species

L Distance between two ducts, m
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r Radial co-ordinate, m
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u Axial velocity, m/s

Vv Radial velocity, m/s
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Xk Mole fraction of species k
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ABSTRACT

Sane, Mugdha, M.S., Purdue University, December 2013. A Study on the Effect of
Exhaust Gas Recirculation and Combustible Oxygen Mass Fraction on Emission Index of
NOy for Counterflow Diffusion Flames. Major Professors: Dr. Jay P. Gore And Dr.
Sameer V. Naik, School of Mechanical Engineering.

Exhaust gas recirculation has been proven to be an effective method of reducing
emissions of oxides of nitrogen (NOy) from internal combustion engines. The present
study validates this effect through flame simulations using detailed chemistry.
Counterflow methane/air diffusion flames were simulated in one dimension in physical
space using GRI-Mech 3.0 detailed chemistry mechanism, thermal, and transport data.
The influence of Exhaust Gas Recirculation (EGR) on the flame structure and NO
emissions was studied by selecting higher than ambient inlet temperature and by varying
the composition of the oxidizer stream. The Combustible Oxygen Mass Fraction (COMF),
which represents the fraction of total inlet oxygen available for combustion, was varied
by selecting EGR fractions between 5% and 40%.

The results showed that the emission index of NOy (EINOy) is directly
proportional to the COMF in agreement with recent experimental observations from
engine studies. The EINOx computations also captured experimentally observed decrease

in the pressure exponent reported in recent experimental studies. In addition to pressure

and preheat, the effect of variation in strain rate on the flame structure and NOx emissions



Xiv

is also studied. Similar to low strain rate flames without EGR, low strain rate flames with

EGR are also observed to have higher NO, emissions.

A linear relation between COMF and stoichiometric fuel/air ratio has been
observed. The application of detailed chemistry calculations to develop EINO,-COMF

control algorithms is promising.



CHAPTER 1. INTRODUCTION

1.1 Background

Internal combustion engines are the primary means of powering commercial land,
rail, and marine transportation in the world. Their fuel efficiency, durability and
reliability make them an attractive prime mover. According to a survey (Schneider and
Hill, 2005), there were about 13 million diesel engines in the USA in 2005, and the
number is increasing continuously. While the engines are efficient and reliable, many
challenges still remain to be addressed.

The primary challenge with diesel engines is related to emissions. NOy, which is a
major effluent from engines, results in respiratory infections (Kampa & Castanas 2008),
acid rains, and reduction in oxygen carrying capacity of blood (Paul et al. 2008). To
address these concerns, the US Environmental Protection Agency (EPA) has imposed
strict regulations on the exhaust emissions of diesel engines. Table 1.1 shows the
evolving NOy standards over the years for new trucks and buses (US Environmental
Protection Agency). The EPA emission standards are based on the amount of pollutant
emitted per unit energy produced at the wheels, expressed in grams per brake horse

power hour (g/bhp-hr) or grams per kilowatt hour (g/kW-hr).



Table 1-1 EPA Emissions for new trucks and buses for PM and NOx from 1984 to 2010
(9/bhp-hr).

Year Nitrogen Oxide (NOXx)

1984 10.7
1991 5
1994 5
1998 4
2004 2
2007-2010 0.2

It can be observed from Table 1.1 that the regulatory limits on the pollutants have
become increasingly stringent over the years. Researchers all over the world are involved
in developing new technologies to meet these regulations. Several technologies have been
proposed and implemented to reduce emissions either through in-cylinder combustion
modifications or by employing after-treatment devices.

Most after-treatment devices used for NOy reduction are associated with a penalty
in fuel consumption and design modifications (Heywood 1988). Exhaust gas recirculation
is an effective technique of reducing NOy emissions substantially (Heywood 1988; Turns
2010). Partial recirculation of exhaust gas, in combination with other techniques, has
recently become essential, for attaining lower emission levels. Nitric oxide (NO) is
formed inside the combustion chamber in post-flame combustion process in the high
temperature region by various mechanisms. The NO formation and decomposition inside
the combustion chamber can be mainly described by the Zeldovich (thermal NO)
mechanism (Turns 2010). NO formation by thermal mechanism is related to the rate

coefficient, oxygen and nitrogen concentration and temperature. The NO formation



reaction is highly sensitive to temperature and oxygen concentration as observed by
studying NOy formation at 1800 K (Plee et al. 1982). Hence, in order to reduce NO
formation during the combustion process, the temperature and oxygen concentration in
the combustion chamber need to be reduced.

Literature suggests that adding EGR to the incoming air flow in a Diesel engine,
rather than displacing some of the inlet air, appears to be a more beneficial way of
utilizing EGR in Diesel engines (Abd-Alla 2002). This method may allow exhaust NOy
emissions to be reduced substantially. However, EGR also reduces the combustion rate,
which may make stable combustion more difficult to achieve. The brake specific fuel
consumption decreases with increasing EGR with constant burn duration and brake mean
effective pressure. The improvement in fuel consumption with increasing EGR is due to
three factors: (1) reduced pumping work, (2) reduced heat loss to the cylinder walls, and
(3) a reduction in the degree of dissociation in the high temperature burned gases. In dual
fuel engines (with Diesel and natural gas) using hot EGR, the thermal efficiency
improves due to increased intake charge temperatures and reburning of the unburned fuel
in the recirculated gases. Simultaneously, NOy and smoke is reduced to almost zero at
high natural gas fractions. Cooled EGR gives lower thermal efficiency compared to hot

EGR, but lower NOy emissions are possible.

1.2 Exhaust Gas Recirculation Theory

The exhaust gases mainly consist of carbon dioxide, nitrogen, and water vapor, all
of which have higher specific heats compared to atmospheric air. This leads to a

reduction in the flame temperature, consequently affecting NOx production. Recirculated



exhaust gas displaces fresh air entering the combustion chamber with carbon dioxide and
water vapor. Consequently lower amount of oxygen in the intake mixture is available for
combustion (Abd-Alla 2002; Agarwal et al. 2011)

The sudden interest in EGR technology as a method of lowering NOx emissions can
be attributed to several reasons (Chandler et al. 2012). Firstly, newer environmental
regulations pose tighter challenges for reducing NOx emissions as seen from Table 1.1.
Secondly, further reductions in NOx emissions have probably become the most difficult
target to attain owing to undesired effects of techniques such as high supercharging.
Thirdly, the development of a new generation of EGR valves and improvements in
electronic controls allow a better EGR accuracy and shorter response time in transient
conditions. Finally, the inclusion of particulate emission regulations in the early 1990s,
which are more stringent than those of smoke capacity, has redirected efforts to reduce
emissions in terms of mass, rather than in terms of concentration, which can be favored
by reducing the total exhaust mass flow rate.

Studies on Diesel engines with exhaust gas recirculation (Adi et al. 2009; Adi 2012)
have shown that increasing exhaust gas recirculation reduces NOy emissions. The
Emission Index of NOy (EINOy) is inversely proportional to the Combustible Oxygen
Mass Fraction (COMF) (Adi et al. 2009), which represents the total fraction of oxygen in
the reacting species, contributed by fresh air, EGR and fuel.

A six cylinder, turbocharged, cooled EGR Diesel engine was used in the
experiments by Adi et al. Fig. 1-1 shows a schematic of the engine. A fraction of exhaust

gases from the engine is directed towards the EGR cooler and the remaining goes to



turbine inlet. Addition of EGR increases the boost pressure due to the extra mass now

entering the cylinder.

EGR Cooler
Cooled
EGR
To After-
treatment
EGR
Valve
O Tur_ot_P
IMT, O
IMP AN 7
A >
O TUf_in_P | |
Compressed O
fresh air f : L
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Compressor Air From
Filter
Comp_ot_P
Interceoler

e

Figure 1-1 Engine Schematic.

Figure 1-2 is a schematic illustrating the correspondence between a flame created in
a Diesel engine cylinder at the end of every compression stroke, and it’s approximation
as a laminar counterflow diffusion flame. The oxidizer stream entering the combustion
chamber contains EGR, in addition to fresh air. Out of the numerous flamelets inside the
combustion chamber, a single flamelet is simulated in the present study. The Diesel flame
is approximated by a counterflow methane air diffusion flame. The oxidizer stream

consists of O, and N, from fresh air and CO, and H,O added through EGR.
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Geometry of the opposed flow diffusion flame
(Luiz ef al. 1358).

Figure 1-2 Combustion chamber and flame schematic.

The composition of fuel and oxidizer streams can be defined be a function of a

conserved scalar called mixture fraction. It is defined as

__ Mass of material having its origin in the fuel stream (1)

Z = :

Mass of mixture

In terms of oxidizer-fuel ratio (v), mixture fraction can be represented as
Z=Y+ ()Y, 2
— 'F v+1/ PT ( )

The oxidizer composition for x % EGR is given by

(1= 0.01x) X 2(0, +3.76N,) + 0.01x (co, +2H,0 + 2N, + 2“@“”) 0,). (3

The objective of this study is to analyze the effect of exhaust gas recirculation on
NOy emissions through counterflow diffusion flame simulations using the GRI-Mech 3.0

(Smith et al.) detailed chemistry mechanism.



Previous flame studies (Blevins 1996) have discussed the structure of counterflow
diffusion flames through burner experiments and simulations using the OPPDIF(Lutz et
al. 1996) code.

In the present study of the effect of air preheat on flame structure of counterflow
methane-air diffusion flames, a 50% increase in the peak NO mole fraction was observed
with increase in inlet air temperature from 300 K to 500 K. The increase in peak NO
mole fractions with air preheat occurs primarily through enhanced reaction rate of the
prompt initiation reaction. The NO production by the thermal mechanism increases
significantly with air preheat, but still remains a very small portion of the total (Lim,
Gore, & Viskanta, 2000).

At high pressures, NOy emissions shoot up significantly(Chadwick et al. 2001,
Figura & Gomez 2012; Briones et al. 2007). In this study, it has been observed that the
effect of pressure on NOy emissions is nearly as significant as its effect on heat release
rate. Hence at high pressures, the emission index of NOy, which is normalized by heat
release, shows less sensitivity to pressure.

In addition to temperature and pressure, strain rate and radiation also affect NOy
emissions significantly. The effect of radiation on temperature becomes more pronounced
as strain rate decreases (Zhu & Gore 2005). These effects are mirrored in the dependence
of peak nitric oxide concentration on strain rate — at lower strain rates, more nitric oxide
is produced in the flame (Vranos & Hall 1993). Moreover, neglecting radiation heat loss
leads to significantly higher estimates of NO compared to estimates including radiation
heat loss, particularly at high pressures (Zhu & Gore 2005). In the present study, the

effect of radiation has been considered.



Although the exact value of the emission index of NO varies with the fuel, the
EINO,— COMF relationship is consistent irrespective of the fuel used. Typically, n-
heptane is considered to be a suitable surrogate for gasoline and dodecane often
substitutes Diesel for the purposes of study. It is observed that heptane-air flames have
higher EINOy than methane-air diffusion flames. The amounts of C,H; and CH radicals
formed in n-heptane flames are significantly higher than those in methane flames and are
responsible for the observed differences in NOy characteristics of the two fuels (Naha and
Aggarwal 2004).These radicals are primarily important in the prompt NO chemistry. This
is indicative of the importance of prompt NO mechanism over thermal NO mechanism,
as studied previously (Lim et al. 2000). The present study shows that in spite of
quantitative differences in EINOy, the qualitative behavior of decrease in EINOx with

EGR addition is similar to that observed through engine experiments.

1.3 Obijectives of the present work

The objective of the current study is to study the effect of exhaust gas recirculation
on premixed, partially premixed, and diffusion flame NOy emissions. The aim is to
emulate the EINO, — COMF relationship for flames combusting real oxygenated fuel
using the numerical code OPPDIF, employing detailed chemistry, to show that the
simplified models with gaseous methane fuel qualitatively captures the effect of EGR
leading to lower NOx emissions, that has been validated for Diesel engines through
experiments (Adi et al. 2009).

It has been previously established that engine flames have non-premixed,

premixed, and partially premixed configurations. The present thesis focuses on the non-



premixed flame configuration. Preliminary studies of premixed flames with EGR were
also completed and are presented in Appendix A.
The study also focuses on the effect of global strain rate on methane-air

combustion. GRI-Mech 3.0 detailed chemistry is employed for all flame calculations.

Table 1-2 Input variables and their parametric range for current study.

Input variable Parametric range
Global strain rate 20t040s™
Thermal diffusion On

Radiation On
Pressure 1,5, 10, 20 bar
Preheat 300 and 500 K

EGR fraction 0,5,10,15,20,40%

The present study clarifies the relationship between Combustible Oxygen Mass Fraction

(COMF), Air/fuel rat io and EGR fraction.

1.4 Outline
Chapter 2: COMPUTATIONAL MODEL explains the computational domain,
assumptions, and governing equations employed for the detailed chemistry calculations.
An introduction to calculation of other variables used through the thesis is presented.
Chapter 3: EFFECTS OF EXHAUST GAS RECIRCULATION ON COUNTERFLOW
METHANE/AIR DIFFUSION FLAMES presents the results from flame calculations

using OPPDIF and detailed chemistry. The effect of variation of EGR, pressure, preheat,
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and strain rate on the flame structure and emissions of counterflow diffusion flames is
presented. This chapter also includes the comparison between the calculations of the
present work and previous experimental results for counterflow methane-air diffusion

flames.

Chapter 4. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK outlines the key findings of this work and suggestions for expanding

the current study.

APPENDIX A includes results from simulations of premixed methane air flames to study

the effect of EGR variation, preheat, and pressure on NOx emissions.
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CHAPTER 2. THEORETICAL AND COMPUTATIONAL MODEL

Opposed flow diffusion flames is a configuration representing laminar flames in
many practical environments as per the theory proposed by Williams and Peters(Peters &
Williams 1983).Calculations of opposed flow flames with detailed chemistry, including
NOx chemistry, have been conducted since long time. The laminar flamelet theory relies
on an experimental observation by Bilger (Bilger 1988) stating that all stable species can
be expressed as a function of a conserved scalar i.e. mixture fraction. Modeling and
computations of laminar flamelet (Sivathanu & Faeth 1990; Bilger 2006; Berta et al.
2006) and experimental verifications of the laminar flamelet concept have been provided
(Blevins & Gore 1999; Blevins et al. 1999; Lim et al. 2000).The purpose of this work is
to utilize laminar flamelet calculations to study NOx emissions from non-premixed
flames with and without preheat at atmospheric and high pressures with specific
emphasis on inlet oxygen concentrations as typically employed in the Exhaust Gas
Recirculation (EGR) strategy. More specifically, recent experimental observations(Adi et
al. 2009; Adi 2012)for biofuel combustion in Diesel engine have shown that NOy
emissions expressed in the form of EINOy not only decrease significantly with EGR but
their values are also correlated with a quantity defined as Combustible Oxygen Mass

Fraction (COMF).
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The laminar flamelet calculations were done using OPPDIF code (Lutz et al. 1996)
OPPDIF is a Fortran program that computes the diffusion flame between two opposing
nozzles. A similarity transformation reduces the two-dimensional axisymmetric flow
problem to a one-dimensional problem. Assuming that the radial component of velocity
is linear in radius, the dependent variables become functions of the axial direction only.
OPPDIF solves for the temperature, species mass fractions, axial, and radial velocity
components as well as radial pressure gradient, as an Eigen value problem. The Two
Point software solves the two-point boundary value problem for the steady state form of
the discretized equations. The Chemkin package evaluates chemical reaction rates and

thermodynamic and transport properties

2.1 Computational Domain for the Counterflow Configuration

The geometry consists of two concentric, circular nozzles directed towards each

other, as shown in Fig. 2.1.

\ Oxidizer [

= = = __ T ___
\\ T (u
Yaa
>
) Fuel

Figure 2-1 Geometry of the opposed flow diffusion flame (Lutz et al. 1996).
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This configuration produces an axisymmetric flow with a stagnation plane
between the nozzles. The location of the stagnation plane depends on the momentum
balance of the two streams. When the streams are premixed, two premixed flames exist,
one on either side of the stagnation plane. When one stream contains fuel, and the other
oxidizer, a diffusion flame is established. Since most fuels require more air than fuel by
mass, the diffusion flame usually sits on the oxidizer side of the stagnation plane; fuel
diffuses through the stagnation plane to establish the flame in a stoichiometric mixture.

The opposed flow geometry makes an attractive experimental configuration, since
the flames are flat, allowing for comprehensive study of the flame structure using detailed
chemistry.

The reduction of the two dimensional stagnation flow is based upon similarity
solutions advanced for incompressible flows by von Karman, which are more easily
available in Schlichting (Schlichting 1968). Numerical solutions for diffusion flames in
this geometry were produced by Hahn et al.(Hahn & Wendt 1981) Solutions on the
similar geometry of a counterflow stagnating on a porous cylinder, originally studied by
Tsuji(Tsuji & Yamaoka 1967), were advanced during the GAMM workshop(Dixon-
Lewis et al. 1985).

GRI-Mech 3.0 detailed chemistry was employed for the calculations. GRI-Mech
3.0(Smith et al.) is an optimized mechanism designed to model natural gas combustion,
including NO formation. It is a compilation of 325 elementary chemical reactions and
associated rate coefficient expressions and thermochemical parameters for the 53 species

involved in them.
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2.2 Governing Equations for the Laminar Counterflow Flame

At steady state, conservation of mass in cylindrical co-ordinates is
d 10
o (pu) +=—(pvr) = 0. 4)
where u and v are the axial and radial velocity components and p is the mass density.

Following von Karman, who recognized that v/r and other variables should be functions

of x only, which gives

G(X) = —7 )

F(x) = %. (6)
For which continuity reduces to

__dF(x)
G(x) = —

10
H = =P — constant.
ror

Radial momentum equation is given by

H—zi(—)+£+i u=(2)] =o0. )

dx \ p dx dx \p

Energy and species conservation is given by

ar 1d
UE — ga (/1 dx) + — Zk Ckaka + Zk hka)k = 0. (8)
pu—+—( Yka) (Uka = 0 k = 1 (9)

The boundary conditions for the fuel (F) and oxidizer (O) streams at the nozzle are

x=0:F = "Fzﬂ,a =0,T = Tr, pu¥y + pYiVi, = (pu¥y)r. (10)
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x=LF = %,G =0,T =Ty, puYy + pYi Vi = (puYy)o. (11)

The inflow boundary condition specifies the total mass flux, including diffusion and
convection, rather than the species fraction(Y;, = Y, r). If gradients exist at the boundary,
these conditions allow diffusion into the nozzle.

The differential equations (5) through (11) form a boundary value problem for the
dependent variables(F, G, H, T, Y, ). The Chemkin (Kee et al. 1996) library of subroutines
provides the reaction rates and thermodynamic properties. A Chemkin based package
evaluates the transport properties.

Strain rate is defined as the normal gradient of the normal component of the flow
velocity, and changes from the fuel duct exit to oxidizer duct exit (Seshadri 2005). The

global strain rate is defined as

— |ufuel|+|uox|

. (12)

2.3 Laminar Flamelet Calculations of EINO

The laminar flamelet approximation involves specification of species concentration
as a function of a conserved scalar such as mixture fraction and scalar dissipation rate
(Chen et al. 1993; Rotexo Copyright Document 2010). These functions are called state
relationships and have been determined from experimental data for various
fuels(Sivathanu & Faeth 1990; Gore & Skinner 1991). The state relationships can also be
obtained from detailed chemistry calculations and comparison between the results of such

calculations with experimental data are important. One of the hypotheses of the work
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reported here is that the state relationships apply for methane/air combustion with air
with and without exhaust gas recirculation.
To compute EINOy for flames studied in the physical space, the following relation

developed by Blevins et al. (Blevins 1996)was used, as given by

L MWno

dx
EINO, =

(13)

MWEg

MWEg ,— '
ﬂ)n I G (O Xryg—dx

M Wmix,x=0

2o XF o

2.4 Exhaust Gas Recirculation and Computation of Combustible Oxygen Mass

Fraction (COMEF)

The composition of EGR (and hence, oxidizer composition) was determined considering

complete combustion of methane, given by
CHy +2 (04 +3.76N,) > COy + 2H,0 + 22N, + 2(17;“’)02. (14)

The oxidizer composition with x% EGR would be

(1= 0.01x) X 2 (0, + 3.76N,) + 0.01x (co, +2H,0 + ZEN, + 220 0,). (15)

The Combustible Oxygen Mass Fraction (COMF) has been defined for engine

experiments by the following relationship (Adi, 2012) as
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Yo, fuetMsueltYo, ;i MairtY0, gcrMEGR Y0, fuelMfueltY 0, 5y Mox

COMF =

(16)

mfuel‘l'mair"'mEGR mfuel"'mox
To calculate COMF for the simulated opposed flow diffusion flames studied here, 15,

m,, and mggz have been replaced by molecular weights of fuel, air and EGR

respectively.

COMF represents the fraction of total oxygen in the cylinder that is available for
combustion. The total oxygen includes oxygen from the charge (i.e. fresh air and
recirculated exhaust gases) and the fuel (in case of oxygenated fuel).For calculating the
oxygen fraction from exhaust gases, it is assumed that exhaust gas is composed of only

CO3, H,0, and N». Minor product species are excluded.
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CHAPTER 3. EFFECTS OF EXHAUST GAS RECIRCULATION ON
COUNTERFLOW METHANE/AIR DIFFUSION FLAMES

The effect of variation in the amount of EGR added to the oxidizer flow, pressure,
preheat, and strain rate was studied by simulating counterflow methane-air diffusion
flames. The aim was to understand the flame structure and emissions of NO and NO;
from the flames affected by these factors. In this chapter, effects of all these parameters

are analyzed in detail.

3.1 Comparison of Computational Results with Experimental Data

For the purpose of comparison of the computational results with those from
experiments, the counterflow methane-air diffusion flame was also simulated in physical
space using OPPDIF. The effects of air preheat (300 to 560 K) on the flame structure of
counterflow methane-air diffusion flames, was previously studied by Lim et al. (1998).
Species concentrations for H,, N, O,, CH4, CO, CO,, C,H,, and C,H, were measured by
Lim et al. using sampling and gas chromatography. Concentrations of NO were measured
using sampling and chemiluminescence analysis. Computational results for flame
structure, derived from the present study are compared with these experimental results.
The water component in the sample gas was condensed before entering the sampling bulb

using a coiled condenser. The experimental data is thus, dry based. However, the
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computational results do consider water vapor species. Mixture fraction space is used as

the X-axis for the purpose of being consistent with previous data from experiments.
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Figure 3-1 Comparison of experimental and computational data for mole fraction of CHj.
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Figure 3-2 Comparison of experimental and computational data for mole fraction of N..
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Figures 3-1 and 3-2 show mole fractions of CH, and N plotted against mixture
fraction. The computational and experimental data show fair amount of agreement

throughout the range of mixture fractions.
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Figure 3-3 Comparison of experimental and computational data for mole fraction of H,.

Figure 3-3 shows mole fraction of H, plotted against mixture fraction. It is seen
that the OPPDIF results underpredict the species mole fraction in the stoichiometric to
rich mixture fraction region. Perhaps, non-intrusive laser-based measurements could be

used in place of gas chromatography to reduce these discrepancies.



21

0.25 7T T
—— Computational
®  Experimental (dry base)
0.20 i
N
o]
T 015 g
[ H
§e]
=
g I
o 010 ]
6 L
=
0.05 B
L4 ° °
N L L |. 1 ® . N .!.-
0.0 0.2 0.4 0.6 0.8 1.0

Mixture fraction

Figure 3-4 Comparison of experimental and computational data for mole fraction of O,.

Figure 3-4 shows a comparison between measured and computed mole fractions of O at
different values of mixture fraction. The O, mole fraction drops from 0.21 at zero mixture
fraction to 0.01 at mixture fraction equal to 0.1. The computational and experimental data

show good agreement on the oxidizer side.
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Figure 3-5 Comparison of experimental and computational data for mole fraction of CO.
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Figure 3-6 Comparison of experimental and computational data for mole fraction of CO..
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Figures 3-5 and 3-6 show comparison of experimental and computational data for mole
fractions of CO and CO, against mixture fraction. The experimental and computational
data show fair agreement in both cases. The values of calculated mole fractions of CO,
CO02, H2 and H20 were also checked using the water-gas shift equilibrium reaction given
by

CO + H,0 & CO, + H,. (17)

The equilibrium constant for the above reaction is given by

_ (Pcoy/P°)(PH,/PP)

K, = .
P (Peo/PO)(Pry0/P?)

(18)

The equilibrium constant at 1970 K was calculated to be 0.2.
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Figure 3-7 Comparison of experimental and computational data for mole fraction of NO.

Figure 3-7 shows variation in NO mole fraction with mixture fraction, for computed and
experimental data. Discrepancy is observed between measurements and computational

results on the fuel-rich side where the measured NO profile is much wider than that in
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computational results. In this region, the computed values are almost 40% lower than
measurements. This is one of the well-known deficiencies in modeling of the prompt
NOx mechanism in GRI-Mech 3.0.

3.2 Effect of Variation in the Exhaust Gas Fraction

Six different operating conditions listed in Table 3-1 were chosen to analyze the
effect of exhaust gas recirculation on the structure and NOy emissions of counterflow
methane-air diffusion flames. EGR fraction was changed while maintaining inlet air and
fuel temperature, strain rate, and pressure. The effect of addition of EGR leading to an
increase in pressure inside the cylinder of a Diesel engine is not considered here. It is

assumed that pressure is 1 bar for all cases, irrespective of EGR fraction.

Table 3-1 Operating conditions for analyzing the effect of EGR on flame structure and

EINOX.
Case  Pressure (Bar) Oxidizer/Fuel Inlet EGR Fraction (%)
Temperature (K)
1 1 300 0
2 1 300 5
3 1 300 10
4 1 300 15
5 1 300 20
6 1 300 25

For simulating the counterflow flames in OPPDIF, the following input mole fractions

listed in Table 3-2 were used:
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Table 3-2Moles of reacting species at different EGR fractions.

% EGR Molesof  Molesof O, Moles of N, Moles of Moles of

CH, CO, H,O

0 1 2 7.52 0 0

5 1 1.9 7.52 0.05 0.1

10 1 1.8 7.52 0.1 0.2

15 1 1.7 7.52 0.15 0.3

20 1 1.6 7.52 0.2 0.4

25 1 1.5 7.52 0.25 0.5

A separation distance of 2 cm between the fuel (methane) and air ducts was
specified. A flow velocity of 30 cm/s was specified for both streams. Thus, the computed
flame had a constant global strain rate of 30 s™. Fuel and oxidizer inlet temperature was
specified to be 300 K.

Referring to equation (9), Xno and Xno. are obtained directly from OPPDIF
results. G(x) and F are calculated using equations (2) and (3). The calculation of COMF
does not depend on results from computations, since it requires only fuel and oxidizer
composition. By knowing % EGR, composition of oxidizer is derived using eq. (11). This
is then used in equation (12) for calculating COMF. Values of EINO4 and COMF for

different EGR fractions are shown in Table 3-3.
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Table 3-3EINOx and COMF for different EGR fractions.

EGR Fraction (%) COMF EINOXx (g/hP-hr)

0 0.21 3.34
5 0.21 2.89
10 0.20 2.24
15 0.18 1.55
20 0.17 0.76
25 0.16 0.43
40 0.14 3.78e-8

The computed wet based mole fraction results presented below. The following
figures are plotted with respect to axial coordinate to facilitate better understanding of the
flame stabilization location and overall structure.

Figure 3-8 represents the temperature profile plotted against distance from the
fuel nozzle exit for different EGR fractions. It is seen that with increasing amount of
EGR in the oxidizer stream, peak flame temperatures are lowered. The flame also shifts
slightly towards the oxidizer side to compensate for lowered amount of oxygen available
in the oxidizer. The temperature profile becomes narrower with increase in the EGR
fraction in the oxidizer. This is in accordance with the theory of heat absorption by

species present in exhaust gases leading to lower peak flame temperatures.
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Figure 3-8 Temperature vs. axial co-ordinate for different amounts of EGR.
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Figure 3-9 Major species' mole fractions vs. axial co-ordinate for 0% EGR.



28

12 T T T T T T T T T T T T T T T

Mole fraction

0.0 0.5 1.0 15 2.0

Distance from fuel nozzle exit (cm)

Figure 3-10 Major species' mole fractions vs. axial co-ordinate for 20% EGR.

Figures 3-9 and 3-10 show the major species mole fractions plotted against
distance from the fuel exit for 0% and 10% EGR fraction. Minor changes in flame

structure are observed. The flame seems to stabilize slightly towards the oxidizer side for

the higher EGR case.
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Figure 3-11 Mole fraction of OH vs. axial co-ordinate for different amounts of EGR.

Figure 3-11 shows the OH mole fraction plotted against distance from the fuel
exit. The peak OH mole fraction moves towards the oxidizer side with increasing
addition of exhaust gases to the reacting mixture. The location of the peak OH mole

fraction seems to be independent of the EGR fraction.
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Figure 3-12 Mole fraction of H,O vs. axial co-ordinate for different amounts of EGR.
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Figure 3-13 Mole fraction of CO vs. axial co-ordinate for different amounts of EGR.
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Figure 3-14 Mole fraction of CO, vs. axial co-ordinate for different amounts of EGR.

Figures 3-12shows mole fraction of H,O plotted against distance from the fuel
nozzle exit. The H,O profiles for all EGR fractions are seen to have nearly identical peak
values and peak locations. The difference in H,O mole fractions at the oxidizer end are
due to increase caused by introduction of EGR into the oxidizer stream.

Peak CO mole fractions are significantly affected by introduction of EGR, as seen
from fig. 3-13. The effects of EGR on the rate of the CO, formation reaction (CO +
H,0 — CO, + H,) are significant. At higher EGR fractions, CO is rapidly consumed to
produce CO,. This is seen as a reduction in peak CO mole fractions. The location of the
peak also moves towards oxidizer side. Since mole fraction of methane fuel is one for all
cases but the fraction of combustible oxygen reduces with increasing EGR, the reacting

species become richer in fuel. Hence the flame stabilizes closer to the oxidizer exit.
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Figure 3-14 shows variation in CO, mole fraction with distance from the fuel

nozzle exit. The peak CO, mole fraction increases slightly with increase in EGR fraction.

However, the location of the peak is nearly the same for all cases.

0.00020

0.00018

0.00016

0.00014

0.00012

0.00010

0.00008

Mole fraction of NO

0.00006

0.00004

0.00002

0.00000 %

0% EGR
5% EGR
10% EGR
15% EGR
20% EGR

0.0

Figure 3-15 Mole fraction of NO vs. axial co-ordinate for different amounts of EGR.
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Figures 3-15 and 3-16 show variation in NO and NO, mole fractions with
distance from fuel nozzle exit, for different values of EGR percentage. It is observed that
the peak NO mole fraction reduces by an order of magnitude with change in EGR
fraction from 5% to 25%. This can be directly correlated to lower peak flame
temperatures, since the initiation step for the thermal mechanism (N, + 0 = NO + N)is

highly temperature sensitive.
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Figure 3-17 Mole fraction of C,H vs. axial co-ordinate for different amounts of EGR.

Figure 3-17 shows mole fraction of C,H; peaking at the same location where the
smaller NO2 mole fraction peak is seen in fig. 3-16. Both these species are part of the NO

formation mechanism.
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Figure 3-18 EINOy vs. COMF for EGR variation at constant pressure and inlet
temperature (1 bar, 300 K) with OPPDIF.

Figure 3-18 shows both the % EGR (Left Y axis) and the emission index of NOx
(Right Y axis) plotted against the combustible oxygen mass fraction. As expected, with
increase in EGR fraction, the value of COMF diminishes. COMF is inversely related to the
amount of EGR introduced in the reacting species. This is due to the fact that the exhaust
gas, containing carbon dioxide and water vapor as the major species, displaces oxygen
from the incoming fresh air stream (Agarwal et al. 2011). The lower oxygen fraction
contributes to lowering the total amount of NOy generated. In addition, the exhaust gas
species have higher specific heat and therefore act as a heat sink, causing the peak

reaction temperature to lower (Adi et al. 2009; Abd-Alla 2002).
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3.3 Effect of Variation in Preheat

In Diesel engines with typical compression ratio between 18 and 20, the
temperature of in-cylinder air at the end of compression stroke is of the order of 1000 K.
The condition at the end of compression can be simulated by considering preheated
oxidizer and fuel creating the diffusion flame. To analyze the effect of preheat on the
structure and NOy emissions of counterflow methane-air diffusion flames, three different
flames were simulated. Only inlet temperature for both - fuel and oxidizer was changed.
The pressure was maintained at 1 bar, EGR fraction was constant at 15%, and strain rate
was specified to be 20 s for all simulations.

The following figures show the effect of preheat on the structure and NOXx
emissions of the flames under study. The computed wet based mole fractions are

presented below.
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Figure 3-19 Temperature vs. axial co-ordinate for effect of preheat.
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Figure 3-20 Mole fraction of NO vs. axial co-ordinate for effect of preheat.
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Figure 3-21 Mole fraction of NO; vs. axial co-ordinate for effect of preheat.

Figure 3-19 shows variation of temperature with distance from the fuel nozzle exit

for various degrees of preheat. With increment in the initial temperature of fuel and
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oxidizer, the peak flame temperature increases and location of peak flame temperature
moves towards the oxidizer stream with increasing preheat. This affects production of
NOy, as can be seen from figures 3-20 and 3-21. The increase in NO mole fraction with
preheat is more pronounced than that in NO, mole fraction. The increased rates of the
initiation reaction of the prompt mechanism are responsible for the increase in the NO
mole fractions with preheat. The rates of the thermal mechanism also increase
significantly, but for the present conditions, the NO concentrations are still dominated by

the prompt route (Lim et al. 2000)

3.4 Effect of variation in Pressure

In typical naturally aspirated Diesel engines, the in-cylinder air pressure at the end
of compression is around 40 bar. To analyze the effect of pressure on the structure and
NOy emissions of counterflow methane-air diffusion flames, three different flames were
simulated with pressure being the only varied parameter. The fuel and oxidizer inlet
temperature was maintained at 300 K, EGR fraction at 15%, and strain rate was specified
to be 20 s for all simulations. The computed wet based mole fractions are presented

below.
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Figure 3-22 Temperature vs. Distance from fuel nozzle exit for different pressures.

Figure 3-22 shows temperature variation with distance from the fuel nozzle exit
for various operating pressures. With increasing pressure, the peak flame temperature
increases and the location of peak flame temperature moves towards richer mixture

fractions with increasing pressure. This affects NOy proportions in the flames, as can be

seen from fig.3-23 and 3-24.
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Figure 3-23 Mole fraction of NO vs. axial co-ordinate for different pressures.
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As seen from fig. 3-23, the peak NO mole concentration initially increases with
rising pressure and then decreases as the pressure continues increasing as observed
experimentally using LIF previously (Naik 2004). Previous studies on high pressure
flames have shown existence of a similar behavior in temperature and NOy emissions
with pressure variation up to 3 MPa (Figura and Gomez, 2012). Reaction zones narrow
with increasing pressure, as observed from fig. 3-22 to 3-24. The effect of pressure on
NOx emissions is significant but when normalized by the heat release rate which also

increases with pressure, the EINOy shows less sensitivity.

3.5 Effect of Variation in Strain rate

In a Diesel flame inside a compression ignition engine, strain rate can vary
between 10000 s near the fuel injector to 10 s™ farthest from the injector (Akinyemi
1997). To analyze the effect of strain rate on the structure and NOy emissions of
counterflow methane-air diffusion flames, three different flames were simulated. Strain
rate was varied between 20 s and 40 s™. The fuel and oxidizer inlet temperature was
maintained at 300 K, EGR fraction at 15%, and pressure at 1 bar for all simulations. Low
strain rate flames are affected more by radiation, than high strain rate flames. Since
radiation is a critical parameter for temperature and therefore, NOy, such flames are
important for the present study. The computed wet based mole fractions are presented

below.
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Figure 3-26 Mole fraction of NO vs. axial co-ordinate for effect of strain rate.
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Figure 3-27 Mole fraction of NO- vs. axial co-ordinate for effect of strain rate.

Figure 3-25 shows temperature variation with distance from the fuel nozzle exit
for various strain rate values. It is observed that the current range of strain rates does not
have a significant effect on the temperature profile of the flames. The peak flame
temperature as well as location of the peak is not affected with alteration in strain rate.
However, NO and NO, mole fractions along the nozzle axis show changes with variation
in strain rate. Flames with higher strain rate are seen to have lower peak NO and NO,
mole fractions. Also, the NOy peak moves toward the fuel stream with increasing strain

rate.
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CHAPTER 4. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

4.1 Effect of Exhaust Gas Fraction

The contribution of exhaust gas recirculation in lowering NOy emissions of
methane-air counterflow diffusion flames is demonstrated through figure 4-1. In Diesel
engines, exhaust gases lower the oxygen concentration inside the cylinder and increase
the specific heat of the intake air mixture, which results in lower flame temperatures. The
present flame simulation study supports the theory that reduced availability of oxygen

and lower flame temperatures affect NO and NO, formation and destruction reactions.
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Figure 4-1 EINOy vs. EGR for 20 bar, 1000 K counterflow diffusion flame.
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4.2 Effect of pressure and preheat

The effect of pressure and preheat on EINOXx for counterflow diffusion flames is

illustrated in fig.4-2. The global strain rate for these simulations is constant at 20 s™.
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Figure 4-2 EINOx vs. COMF with variation in preheat and pressure.

Figures 4-2 shows that with increase in preheat, emission index of NOy rises
significantly. The same behavior is observed with increase in pressure. However, the
effect of increment in pressure is more pronounced at lower pressures and flattens out at
higher pressures. Thus, the present study shows that the EINOx — COMF relationship for
methane/air diffusion flames at pressure and temperature conditions emulating CI engine

conditions is similar to that seen in CI engine experiments.
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Figure 4-3 Peak flame temperature vs. percentage of EGR.

Figure 4-3 shows variation in the peak flame temperature with COMF. Pressure
and preheat being constant, flames with lower strain rates are seen to have higher peak
flame temperatures. The expected direct relations between pressure and flame

temperature, as well as, preheat and flame temperature, are observed.
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4.3 Comparison of Engine data with Flame Computations

Figure 4-4 compares engine experimental results (Adi 2012) related to NOy

emission index with the present flame computations for studying the effect of exhaust gas

recirculation. The experimental data was derived from tests on a 6.7 L Diesel engine with

a compression ratio of 17.3, which correspond to a pressure of 40 bar and temperature of

about 1000 K at the end of compression.
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Figure 4-4 Experimental and computational normalized EINOx vs. COMF.

Although the working fluid for the engine experiments and flame computations is not

alike, it is observed that the EINOx — COMF relationship holds in both cases. Increase in

NOx emissions with increase in COMF is observed in Diesel engines as well as methane-

air diffusion flame calculations.
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4.4 Quantitative Reaction Pathway Analysis

In order to understand how the GRI mechanism models NO formation via the
prompt pathway(Douglas 1999), it is informative to look at Quantitative Reaction Path
Diagrams (QRPDs) associated with flames from this study. Figures 4-5 to 4-7 illustrate
the effect of EGR on QRPDs for the flames under consideration. In a QRPD, the net
specific rate at which a particular reaction is occurring is calculated at each grid point
using a Chemkin post processing package (Kee et al. 1996). These rates are then
numerically integrated along the central axis of the flame to obtain a total net specific
reaction rate throughout the flame and the integrated rates are then scaled to a maximum
value. Those reactions with integrated rates above a threshold percentage (20% for the
current study) are shown graphically on a reaction path diagram. The thickness of the
arrow representing each reaction is chosen to be proportional to its integrated net specific
reaction rate. In this case, a 2 point thickness of the arrow corresponds to a scaled
reaction rate of 20% of maximum reaction rate. In cases where multiple reactions proceed
between two molecules, such multiple reactions were typically combined into one arrow
for the sake of simplicity and clarity. For the current work, only nitrogen kinetics were

considered.
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HCNO e NH:

Figure 4-5 QRPD at 1 bar, 300 K, no EGR.

HCNO e NH:

Figure 4-6 QRPD at 1 bar, 300 K, 10% EGR.
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+CH:

HCNO sl NH:

Figure 4-7 QRPD at 1 bar, 300 K, 20% EGR.

In the combustion of fuels that contain no nitrogen, nitric oxide is formed by four
chemical mechanisms or routes that involve nitrogen from the air: the thermal or
Zeldovich mechanism, the Fenimore or prompt mechanism, the N,O-intermediate
mechanism and the NNH mechanism. The thermal mechanism dominates in the high
temperature region, whereas the Fenimore mechanism is more important in rich
combustion.

The thermal or Zeldovich mechanism consists of two chain reactions given by

O+N, o NO+N. (19)
k17 = 1.8-10"exp[—38370/T (K)]. (20)
and N + 0, & NO + 0. (21)

kioy = 1.8+ 10" exp[-4680/T (K)]. (22)
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The activation energy for eq. (19) is given in eq. (20).It has a very strong
temperature dependence. Introduction of EGR leads to lower peak flame temperatures as
seen in section 3-2. The lower peak flame temperatures affect the thermal NO formation
pathway. This is represented by the successive thinning of the N - NO arrow in figures

4-51to 4-7.
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4.4.1 Combustible Oxygen Mass Fraction and (F/Ox).

Figure 4-8 is a plot of EINOx vs. (F/Ox) for counterflow methane-air diffusion
flames with different EGR fractions. With introduction of higher fractions of EGR, the O
mole fraction in the oxidizer stream reduces compared to air alone. This leads to an
increase in the (F/Ox) ratio represented here. The global stoichiometric mixture fraction
is also affected. Figure 4.9 indicates a monotonic reduction in the emission index of NOx

with increment in stoichiometric fuel air ratio.

A e e B e e s e B
I ® 20 bar, 1000 K
6l [ )
[ )
i [
I [ ]
51 °
OX
Z 4r hd
I I
3l
I [
2_
1- nnnnnnnnnnnnnnnnnnnnnnnnnnnnn
0.056 0.058 0.060 0.062 0.064 0.066 0.068
(FIOx)

Figure 4-8 EINOy vs. (F/Ox) for 20 bar, 1000 K.

Figure 4-9 illustrates an almost linear relationship between COMF and

stoichiometric fuel-air ratio over most of the range.
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Figure 4-9 COMF vs. (F/Ox).

45 Recommendations for Future Work

Detailed chemistry calculations with either n-heptane or other Diesel surrogates to
mimic Diesel engine situations are essential for validating the EINOyx — COMF
relationship observed from engine experiments.

. Calculations with A/F ratios in the range employed in Diesel engines are required.
. Studies of premixed and partially premixed flames with EGR. This will help in
truly understanding flame behavior inside a Diesel engine cylinder.

. Study of flames with wider range of strain rates.

Experiments with recirculated exhaust gases will help in understanding how EGR
affects combustion.

Use of mechanisms with better modeling of the prompt NO formation pathway.
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APPENDIX

Study Of Premixed Flames

The aim of the study was to analyze the effects of excess CO, on combustion phenomena
including NOy control, stability and CO emissions by considering the effects of the re-

circulated CO,, H,0, pressure and preheat.

A.1 Effect of Exhaust Gas Recirculation

For the purpose of simulating a premixed flame as seen in gas turbines, a lean premixed
fuel/oxidizer/CO,/H,0 was chosen. For a designed lean premixed equivalence ratio of @
and a designed EGR fraction, x, the reactant mixture on the basis of one mole of natural
gas approximated as methane is defined by the equation

CH, + (% —x(2- 2)) 0, + 22 (1 + X)N; + xCO; + 2xH,0. (23)

Selecting @ =0.7, the following with different amounts of exhaust recirculation were

formulated as described in Table A-1:

Table A-1 Reacting species composition for analyzing effect of EGR on premixed flames.

Case 1) X CH, O, N, CO, H,O
1 0.7 0 1 2.86 10.74 0 0
2 0.7 0.1 1 2.86 11.82 0.1 0.2

3 0.7 0.2 1 2.86 12.89 02 04
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The flame structure and NO, emissions with variation in EGR are discussed below.
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Figure A 1 Temperature vs. distance with variation in CO, and H,O for premixed flames.
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Figure A 3 NO production rate vs. distance with variation in CO, and H,O for premixed
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Figure A 8 NO production rate and temperature vs. distance for 10% excess CO, and

H,0 on for premixed flames.
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Figure A-11 Flame structure and pollutant production rates for premixed methane/air
flame at 10 bar, 650 K, ® = 0.6, 0.2 moles of CO,.

A.2 Effect of Preheat

To study the effect of preheat on premixed, two flames with initial reactant temperatures
of 650 K and 850 K were considered. The effect of preheat on the structure and emissions

of the premixed flames are illustrated in the following figures.
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Figure A-12 Flame structure and pollutant production rates for premixed methane/air
flame at 30 bar, 650 K, ® = 0.6, 0.2 moles of CO,.
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Figure A-13Flame structure and pollutant production rates for premixed methane/air
flame at 30 bar, 850 K, @ = 0.6, 0.2 moles of CO,.
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A.3 Effect of Pressure.

To study the effect of pressure on premixed, two flames at of 10 bar and 30 bar were
considered. The effect of pressure on the structure and emissions of the premixed flames

are illustrated in the following figures.
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Figure A-14 Flame structure and pollutant production rates for premixed methane/air
flame at 10 bar, 650 K, ® = 0.6, 0.2 moles of CO,.
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Figure A-15 Flame structure and pollutant production rates for premixed methane/air
flame at 30 bar, 650 K, ® = 0.6, 0.2 moles of CO..
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Addition of CO; and H,0 to the reacting species leads to a decrement in the peak
flame temperature for the premixed flames as can be seen from the figures above. The
thermal mechanism is the dominant pathway for NO production in premixed flames and

therefore, a corresponding drop in NO and NO, mass fractions is observed.
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