UNIVERSITY OF BELGRADE
FACULTY OF MECHANICAL ENGINEERING

o/

MUSTAFA MAKHZOUM MAHJOUB

THE EFFECT OF BLENDING HYDROGEN INTO
NATURAL GAS ON COMBUSTION

DOCTORAL DISSERTATION

BELGRADE, 2018



UNIVERZITET U BEOGRADU
MASINSKI FAKULTET

eyh

MUSTAFA MAKHZOUM MAHJOUB

UTICAJ UVODENJA VODONIKA U PRIRODNI GAS
NA PROCES SAGOREVANJA

DOKTORSKA DISERTACIJA

BEOGRAD, 2018



Supervisor of doctoral dissertation

dr Miroljub Adzi¢, Full Professor
University of Belgrade, Faculty of Mechanical Engineering

Members of the committee for the defense of the doctoral dissertation
dr Dragoslava Stojiljkovi¢, Full Professor

University of Belgrade, Faculty of Mechanical Engineering

dr Vasko Fotev, Full Professor

University of Belgrade, Faculty of Mechanical Engineering

dr Marija Zivkovié, Associate Professor

University of Belgrade, Faculty of Mines and Geology

Dr Aleksandar Milivojevi¢, Assistant Professor

University of Belgrade, Faculty of Mechanical Engineering




Date of defense:

The thesis is dedicated to all of my parents, wife, children,
brothers and sister whose love, Mustafa, sacrifices and

encouragement is boundless



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my advisor Prof. M. Adzi¢ for his
consistent guidance, invaluable support, encouragement and inspiration throughout the
work. I thank him for his friendship and all the expertise he has shared with me. I could

not have imagined having a superb advisor and mentor for my doctoral study.

I would also record my thanks to all people who helped and supported me in any way in

this work and whom | feel grateful.

Finally, and most importantly, my warmest appreciation is reserved for my mother, my
wife and my sons for all their love and support that they have provided for years during

the whole course of this work.

Author

Belgrade, 2018



TABLE OF CONTENTS

Contents
ACKNOWLEDGEMENTS ... i
TABLE OF CONTENTS ... i
ABSTRACT et iv
INOMENCIALUIE. ...ttt viii
LIST OF FIGURES ... .o Xi
LIST OF TABLES ...ttt XV
1 CRAPLEE L oot 1
1.1 INTRODUCTION ...ttt 1
1.1.1  World energy and environmental aSPects. ............cuvverererenerenenesesinnens 1
2 CRAPLEIZ ..ttt bbbt 6
2.1 INEFOTUCTION ...ttt 6
2.2 ReVIEW OF PreVIiOUS WOTK .........cciiiiiiiiieiciee e 7
3 CHAPTER Gttt 14
3.1 COMBUSTION MODELLING BY CFD......cooiiiieiiieieieeee e 14
3.1.1  Governing equations of fluid dynamics ...........c.cccceevvivevieie e, 14
3.1.2  Differential forms of general Transport Equation ............ccccccevvveiieinnnne 17
3.2 Modeling TUIDUIBNCE.......ccovie e 18
3.2.1  Classification turbulent flow model in fluent............ccoooiiviiinniiin. 18
3.3 Combustion MOAeliNg.......ccoueiiiiiieiice e 27
3.3.1 Combustion models in ANSYS FIUENT........cccooviiiiiiiiiieeee e 28
3.3.2  Premixed Combustion Medelling..........ccccoeviiiiiiiiiiniieee e 33
3.3.3  Partially Premixed Combustion Modeling ..........ccccoovvviiiiiiniicnininne 35
34 NOXMOUEIING.....ciiiiiiieiiee e 36



CHAPTER 4 ... 38

4  COMBUSTOR MODELING AND SIMULATION SETUP ..., 38
41 COMBUSTOR AND MIXER DESCRIBTION.......ccccoiiiiiiiiiieiieieesieeiene 38
4.2 EXPERIMENTAL DESCRIPTION .....coiiiiiiiiiiene e 39
4.3 NUMERICAL SETUP AND BOUNDARY CONDITIONS..........ccoceiierinnne 40
4.4 COMBUSTOR MODELING ......ooiiiiiieeeeeee e 41

4.4.1  Mixing chamber Meshing ........cccccooveiiiieiicie e 42
4.4.2  Combustion chamber meshing .........ccccooevieiiiiciicc e, 45
4.4.3  Independency of grid Quality for mixer ( grid sensitivity solutions)....... 46
4.4.4  Independency of grid Quality for combustion.............ccccceveviieiicininenn. 51

(O T o] (=] TSRS RORPSN 54

O RESULTS . 54
5.1 Validation of predicted results with experimental data .............cccocooerinnnnnn. 54
5.2 CONCIUSTON ...ttt 89



ABSTRACT

Energy is one of the fundaments of the economics of all countries. Far the most of
world energy is produced by combustion of fossil fuels. It is expected that fossil fuels to
supply 80 percent of the energy demand in 2040. Because of their availability, price,
excellent burning characteristics, low emission potentials, natural gas and liquefied
petroleum gases are expected to be main fuels in the next fifty years. The world energy
production will be increasingly based on renewables, mainly on wind, solar, hydro and
biofuels. Beside advantages of utilization of renewable energy sources, there are
drawbacks, such as intermittent variations in wind and solar energy production. As a
consequence, the inclusion of wind and solar energy sources to grid can pose serious
problems. A solution that utilizes some kind of energy storage appears to be effective
and relatively simple. Among the storage methods, such as batteries, capacitors, hydro
and others, production and storage of hydrogen appears to be promising. Hydrogen can
be blended with natural gas and LPG gases and used in existing motors, gas turbines
and other appliances. Hydrogen can be introduced into existing gas pipelines and
underground storage facilities, using existing infrastructure. It has been found that
blending up to 10% of hydrogen is safe to be used in existing facilities operating on
natural and LP gases. The high flame speed, diffusivity and low emissions capabilities,
are advantages when burning hydrogen. A lean premixed combustion method in gas
turbines has been successfully introduced during last two decades. The lean premixed
swirl combustion of fossil fuels blends with hydrogen is still not fully understood. This
thesis has investigated a lean premixed swirl turbulent combustion of a fossil gas fuel-
hydrogen mixture in two microturbine combustor configurations: with and without a
center body, different swirl numbers and equivalence ratios. This investigation is based
on numerical analysis supported by experimental results. The realizable k-e turbulence
model, which is a variant of the standard k-e turbulence model was used. The finite
rate/eddy dissipation model was used to address the turbulence-chemical reaction.
Thermal radiation heat transfer from combustion products to the combustor wall was
considered as well. The effects of hydrogen addition on reactions rates, velocity,
concentration of species, temperature distribution in combustor, and NOy emissions for
different equivalence ratios, ® = 0.6, 0.7, 0.8 and 0.9, and swirl numbers s = 0, 0.45,

0.73 and 1.13 are given. The base fuel/lhydrogen mixture of 90/10% by volume was



assumed. Combustion characteristics such as the radial temperature, axial temperature,
and the gas concentrations of species are affected by the swirl number. The flow
structure of the flame field, central recirculation zone and wall recirculation zones for
tubular and annular combustors were found to change significantly.

The numerical results and measurements of NOx emissions are compared. Very good
agreements are found for all equivalence ratios and swirl numbers, except for the
highest swirl number (1.13). It is found that addition of hydrogen increases the NOx
emission. On the other hand, the increase of swirl number and the decrease of

equivalence ratio decrease the NOx emission.

Keywords: Natural Gas, Hydrogen Blending, Propane, Premixed Combustion, Swirl
Burner, CFD, NOx Emission.

Scientific field: Mechanical Engineering.

Narrow scientific filed: Combustion.

UDC number: 662.61:662.767:662.769.2 (04.3)
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UTICAJ UVODENJA VODONIKA U PRIRODNI GAS NA
PROCES SAGOREVANJA

Abstrakt

Energija je jedna od funfamenata ekonomije svake zemlje. U vecini sveta energija se
proizvodi sagorevanjem fosilnih goriva. Ocekuje se da ¢e 80 % svetskih potreba za
energijom u 2040 godini dobijati iz fosilnih goriva. Zbog lake dostupnosti, cene,
odli¢nih karakteristika sagorevanja, potencijalno male emisije, ocekuje se da prirodni
gas 1 teCni naftni gasovi budu vodeca goriva u slede¢ih 50 godina. Istovremeno ¢e se
povecavati proizvodnja energije iz obnovljivih izvora, perevashodno, energija vetra,
suneva energija, hidro i biogoriva. Kao posledica, uvodenje energije vetra i sunca u
energetsku mrezu moze da dovede to ozbiljnih problema. ReSenje ovog problema,
kojim se skladisti energija moze da bude efikasno i relativno jednostavno. Medu raznim
metodama skladiSetnja energije, kao §to su, elektri¢ne baterije, superkondenzatori, hidro
i drugi, proizvodnja i skladiStenje vodonika se ¢ini da je obecavajuée reSenje. Vodonik
moze da se meSa sa prirodnim gasom 1 teCnim naftnim gasovima i da se koristi u
postoje¢im motorima, kotlovima, gasnim turbinama i drugim energetskim uredajima.
Vodonik moze da se uvodi u postojeéi gasovode i1 skladisti, koriste¢i postojecu
infrastrukturu. Smatra se da su meSavine gasova sa 10%vol vodonika sigurne da budu
koris¢ene u postojecim postrojenjima koja koriste prirodni gas i te€ne naftne gasove.
Relativno velika brzina prostiranja plamena, karakteristike difuzije i mala emisija su
prednosti koriS¢enja vodonika. Ve¢ preko dve decenije se u gasnim turbinama i drugim
uredajima koristi siroma$na smesa 1 kineticki plamen kao metoda sagorevanja. Ova
disertacija se bavi istrazivanjem turbulentnog sagorevanja kinetickim plamenom
siromasne prethodno formirane smese fosilnog goriva i vodonika u gorioniku sa i bez
centralnog tela, pri razli¢itim vihornim brojevima i koeficijentima viSka vazduha.
Istrazivanje prikazano u disertaciji se zasniva na numeric¢koj analizi 1 eksperimentalnim
nalazima. Numericka analiza koristi ,,realizable k-¢” model turbulencije koji je varijanta
standardnog k-e modela. Pristup je takode na ideji kona¢ne brzine disipacacije energije
turbulencije.i hemijskih reakcija. Model obuhvata i prenos toplote zra¢enjem na zidove

gorionika. U tezi su dati rezultati uticaja dodatka vodonika u osnovno gorivo, na brzinu

Vi



hemijskih reakcija, raspodelu brzina, koncentraciju reaktanata i produkata sagorevanja i
raspodelu temperature u gorioniku, emisiju NOy za razli¢ite vrednosti koeficijenta viska
vazduha, 1/L = 0,6 0,7 0,8 i 0,9 i razne vihorne brojeve, s = 0, 0,45 0,73 i 1,13.
Razmatrana je meSavina osnovnog goriva i vodonika u odnosu 90/10%vol. Utvrdeno je
da na temperatursko i brzinsko polje, raspodelu centralne i bo¢nih recirkulacionih zona,
koncetracije reaktanata i produkata sagorevanja znacajno uti¢u prisustvo vodonika, kao
koeficijent viSka vazduha, i vihorni broj. Veoma dobro je slaganje vrednosti
numerickih i eksperimentalnih rezultata za sve slucajeve izuzev za najveci vihorni broj.
Uvodenjem vodonika povecava se emisija NOy a povecanjem vihornog broja i

koeficijenta viska vazduha smanjuje se emisija NOy

Kljuéne reci: prirodni gas, uvodenje vodonika, propan, kineticki plamen, vihorni

gorionik, numeri¢ke metode, emisija NOX.

Naucna oblast: Masinsko inZenjerstvo

UZa naucna oblast: Sagorevanje

UDK broj: 662.61:662.767:662.769.2 (04.3)
662.94:536.46:519.6 (043.3)
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Nomenclature

- empirical constant equal to 4.0, [-]
- empirical constant equal to 0.5, [-]
- swirl number, [-]
- swirler hub diameter, [m]
- swirler diameter, [m]
- reference for x-axis,
- reference for y-axis,
- reference for z-axis,
- component of velocity in x direction
- component of velocity in y direction
- component of velocity in z direction
- velocity vector
- density, [kg.m™]
- viscosity , [kg.m™s™]
- shear stress
- bulk viscosity coefficient
- thermal conductivity
- rate of heat energy
- internal energy per unit mass
- general variable
- rate of creation of species i , [kg.m>s™]
- turbulent Prandtl number
- turbulent viscosity
- turbulent Mach number
- slow pressure-strain term
- rapid pressure-strain term
- wall-reflection term.
- von Karman constant
- Reynolds-stress anisotropy tensor

- diffusion flux of species, [kg.m™s]

viii



- center body length, [m]
- normalized center body length, [-]

- nominal center body length, [m]

- molecular mass of species i, [kg.mol™]

- net rate of production of species i, [kg.m>s™]

- turbulent viscosity , [kg.m™s™]

- stoichiometric coefficient for reactant i in reaction r, [-]
- stoichiometric coefficient for product i in reaction r, [-]
- mass fraction of species i , [-]
- mole fraction of species i, [-]
- mass fraction of any product species, [-]
- mass fraction of a particular reactant, [-]

- activation energy, [ J.mol™]

- temperature, [K]

- universal gas constant(=8.314), [J.mol * K]

- effective diffusion coefficient, [kg.m>s™]

- mass diffusion coefficient for species i in the mixture,
- thermal diffusion coefficient

- turbulent Schmidt number

- forward rate constant for reaction r.

- backward rate constant for reaction r.

- equilibrium constant

- molar concentration of species j in reaction r

rate exponent for reactant species j in reaction r

rate exponent for product species j in reaction r

activation energy for the reaction (J/kmol)

entropy of the " species.

reaction progress source

enthalpy of the it" species

kinematic viscosity

mean reaction progress variable



U; - turbulent flame speed

U; - laminar flame speed

a - molecular heat transfer coefficient
l; - turbulence length scale

T¢ - turbulence time scale

T, - chemical time scale.

Uno - source term of NO , [m.s™]

t - time, [s]

e - turbulent dissipation rate, [m?.s™]

K - turbulent kinetic energy per unit mass, [J.kg™]
D - equivalence ratio, [-]

0 - vane outlet angle, [°]

Subscripts:

i - species, [-]

Pand R - products and reactants, [-]
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1 Chapterl

1.1 INTRODUCTION

1.1.1 World energy and environmental aspects.

Energy plays an important role in the economics of all countries. It is the driving engine to
development and one of the basic factors to improve the quality of life and economic
viability. The policies of the electricity and energy sector aim to optimum utilization of
primary energy sources. In 2013, the worldwide energy consumption of the human race
was estimated at 13451 million ton oil equivalent (Mtoe) with 81.4% from burning fossil
fuels, coal, oil and natural gas. Figure 1-1 represents the trend of world energy consumption
from 1971 until 2013[1]. Regarding the electricity generation, Figure 1-2 represents the fuel
shares in electricity generation in 2013. It is realized that the main energy contribution in
the electrical power generation field is the fossil fuel (coal, oil, and gas) with a total
percentage about 67.4%. While the nuclear energy contributes 10.6%, and 5.7% from
renewables (Wind, Sun, biomass) hydro power contributes 16.3% from the total electricity
generation of 23322 TWh [1]

From the previous statistics, it can be concluded that thermal energy is still the main energy

source all over the world and deserves appropriate research.
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Figure 1-1 The trend of World energy consumption from 1971 until 2013.
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Figure 1-2 The fuel shares in electricity generation in 2013.

The environmental impact of the use of fossil fuels and potential scarcity of supply are the

major driving forces behind current energy policies. The environmental problems



associated with fossil fuel consumption are the major problems that most research tackles.
Energy production from fossil fuel combustion results in the emission of greenhouse gases,
the dominant contributor being CO,. Public awareness and legislation have led to a policy
of reduction of greenhouse gas emissions in most economically well-developed countries
[2, 3].

“In recent years, air quality has become a particularly severe problem in many countries.
Climate changes has become a global problem of particular concern. Growing concern with
exhaust emissions from gas turbines (GT) and internal combustion engines (ICE) has
resulted in the implementation of strict emission regulations in many industrial areas such
as the United States and Europe. In the meantime, the Kyoto protocol calls for a reduction
in greenhouse gas emissions between 2008 and 2012 to the levels that are 5.2% below 1990
levels in 38 industrialized countries. Therefore, how to reduce hazardous emissions and
greenhouse gases from engines has now become a research focus. If driven according to the
certifying cycle, modem engines with three way catalyst emit very low amounts of
hazardous emissions, along with large amounts of water and carbon dioxide (CO,)
emissions,” [4].

According to IEA statistics, the world CO, emissions were more than doubled from 1971
till 2013 as shown in Figure 1-3. Emissions were 32190 Mt in 2013. This amount was
calculated CO, emissions from fuel combustion are based on the IEA energy balances,

excluding emissions from non-energy sources [1].
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Figure 1-3 World CO, emissions evolution from 1971 to 2013 by fuel (Mt of CO,).

“CO, is a greenhouse gas in the exhaust gases of combustion from GTs and ICEs. CO,
emissions from engines can be reduced by improving fuel economy, using a fuel with
higher hydrogen to carbon ratio (H/C) or using a renewable fuel. The fuel economy of GT
and ICE can be improved by operating the engine with diluted mixtures through extra air or
exhaust gas recirculation (EGR) due to low temperature combustion, low heat transfer
losses and low pumping losses at part loads. Direct injection Sl engines have reduced
pumping losses and heat transfer losses and, hence, have lower fuel consumption.
Homogenous charge compression ignition (HCCI) gasoline engines using diluted mixtures
can also improve their fuel economy,” [4].

The CO; is not the only harmful pollutant resulting from fossil fuel combustion but many
other pollutants are produced. Combustion of standard fossil fuels in commercial and
industrial combustors results in the following nine emissions; carbon dioxide, nitrogen,
oxygen, water, carbon monoxide, nitrogen oxide, sulphur oxides, volatile organic
compounds, and particulate matter. The latter five products of combustion are considered
pollutants and are known to, either directly or indirectly, cause harmful effects on humans
and the environment [5].

This thesis is concerned with the CFD analysis of turbulent combustion of lean premixed
fossil fuel/hydrogen/air mixtures in a swirl burner, using the ANSYS/Fluent Software.



This research focuses on natural gas/hydrogen, i.e., methane/hydrogen/air mixtures and
propane/ hydrogen/air mixtures.

It is well known that in turbulent regimes the flame speed of fossil fuels is a function of
velocity fluctuation intensity, the equivalence ratio, the content of hydrogen, and to far less
extension, a function of hydrocarbon fuel type. For that reason, the ANSYS/Fluent
combustion modelling is based on the solution of a transport equation for the reaction
progress variable. The previous experimental findings of premixed natural gas, propane and
air mixtures combustion in this swirl burner, used in this thesis, strongly support the
assumption that under turbulent premixed conditions, the turbulent flame speed practically
does not depend on a gaseous hydrocarbon fuel type. Keeping that in mind, the availability
of pure propane (>99.5 vol %) contrary to the variable composition of natural gas, favors
propane as the model, base fuel. Furthermore, the published experimental results using this
burner, were for propane, therefore this thesis basically deals with propane as the model
fuel of methane and natural gas.



2 Chapter2
2.1 Introduction

The environmental issues of electrical power generation and energy production play an
important role in the economic development of modern power plants. In conventional
power plant, the industrial gas turbines operate on hydrocarbons with lean premixed flames.
Alternative energy such as blended hydrocarbon/hydrogen fuels have recently become
important particularly as an attractive fuel [6].These blends have several advantages due to
the beneficial hydrogen characteristics.

Hydrogen has high specific energy on mass basis, it can be generated from various energy
sources, it is renewable and it can be a very clean alternative to hydrocarbons, as there is no
CO, CO,, SOx and UHC emissions from its combustion products [7]

Reduction of emissions has been one of the major challenges and activities of researchers
and engineers in combustion technologies. The use of hydrogen and hydrogen enriched
fossil fuels appears to be an effective way to low carbon energy production. Besides,
hydrogen is a renewable energy source, an energy storage medium and can be directly used
in mixtures with natural gas and liquefied petrol gases (LPG) in existing gas piping and
combustion systems [8-10].

Hydrogen is a clean, excellent fuel, which combustion product is water. Hydrogen
production is based on a number of methods: use of solar, wind and nuclear energy, steam
methane reforming, conversion of coal and biomass to hydrogen, water electrolysis and
others. Once produced, hydrogen is also considered a renewable energy. One should
particularly pay attention to solar and wind energy for hydrogen production at competitive
costs resulting from the fast technological developments.

The main limitations of solar and wind power energy sources are site-specific operation,
costs and intermittency [11, 12]. Regarding the intermittency problem, energy storage
becomes very important and urgent issue [13].

Using batteries to store any energy surplus for later consumption can resolve the time

mismatch between energy supply and demand. The shortcomings of battery storage are



high priced, low-storage capacity, shorter equipment life, and considerable solid and wastes
generated [14].

In order to better exploit renewable energy, hydrogen has been identified as potential
alternative fuel, as well as, an energy storage carrier for the future energy supply [15, 16].
Hydrogen energy storage system presents an opportunity to increase the flexibility and
resiliency of the sustainable energy supply system while potentially reducing overall energy
costs on account of system integration and better utilization of renewable energy. On the
other hand, its low density poses a storage problem [17].

Using pure hydrogen is possible, but not feasible in existing energy utilization systems.
One of the possible solutions is hydrogen blending with other gaseous fuels. Blended
hydrogen into the existing gas pipeline networks has been proposed as a means of
increasing the output of renewable energy systems [18].

At relatively low concentrations of up to 10% vol. hydrogen may be safely injected into
existing fossil fuel gas pipeline systems with only minor modifications [19]. Realizing the
growing importance of hydrogen, many researchers have focused their investigations on
different aspects of its production and use. Nevertheless, in the available literature, there is
a lack of published research on combustion of mixtures of liquefied petroleum gases (LPG)
and hydrogen.

2.2 Review of previous work

Marcin Dutk et al. [20] performed an experimental investigation to study the emission
characteristics of a novel low NOx burner fueled by hydrogen rich mixtures with methane.
The burner was tested in a cylindrical combustion chamber at atmospheric pressure. A
burner thermal load of 25 kW and air-fuel equivalence ratio of 1.15 was maintained for
various fuel compositions throughout the experimental tests. The investigation showed that
lowest NOx emissions were below 9 ppm and 14 ppm, at 3% of O, for 5% and 30% mass
fraction of hydrogen in the fuel respectively.

The effect of hydrogen addition to ultra-lean counter flow CHa/air premixed flame on the
extinction limits and the characteristics of NOx emissions were studied numerically by

Horgsheng Guo et al [21]. They indicated that the addition of hydrogen can significantly



enlarge the flammable region and extend the flammability limit to lower equivalence ratios,
and in constant equivalence ratio, the addition of hydrogen increases the emission of NO.
Peter Therkelsen et al [22] implemented an experimental investigation to study the NOx
formation in hydrogen-fueled gas turbine engine. Three sets of fuel injectors were
developed to facilitate stable operation while generating differing levels of fuel/air mixture
non-uniformity. One set was designed to produce near uniform mixing while the others had
differing degrees of non-uniformity. The higher emission of NO was found even with
nearly perfect premixing when operated on hydrogen than when operated with natural gas.
A. Choudhuri et al [23] carried out an experimental investigation to study the
characteristics of combustion and pollution of a diffusion flame in a vertical combustion
chamber. The authors investigated a range of different fuel blends by varying the
volumetric fractions of propane in the fuel mixture (5% up to 35% vol). They reported that
the emission index of NOx was 0.90 [gkg~1], at the baseline condition (95% hydrogen and
5% propane) which decreased to 0.34 [gkg™!], for 65-35% hydrogen/propane mixture. To
the authors’ knowledge, there are no published papers on LPG/hydrogen mixture effects on
NOx emission for a swirl premixed micro gas turbine combustor.

There have been only few studies dealing with the effect of different swirl intensities on
hydrogen enriched hydrocarbon-air premixed flame. Syred et al. [24] performed an
experimental investigation to study and reduce the effect of flashback in a compact design
generic swirl premixed burner representative of many systems. A rang of different fuel
blends which include methane, methane/hydrogen blends, pure hydrogen and coke oven
gas were investigated for flashback and blow off limits. In addition, they studied three swirl
numbers (S;=1.47, S,=1.04 and S3=0.8) by varying the inlets or the configuration of the
inlets in the used compact burner. They found two flashback phenomena that are
encountered in that study. The first one at lower swirl number(S=0.8) involves flashback
through the outer wall boundary layer where the crucial parameter is the critical boundary
velocity gradient. The second one at higher swirl number (S=1.47) the central recirculation
zone (CRZ) becomes enlarged and extends backwards over the fuel injector to the burner
baseplate for all fuel and causes flashback to occur earlier at higher velocities. Also, the
reported for the lower swirl number (s =0.8) the best flashback limits for methane based



fuels with hydrogen. Kim et al. [25] carried out an experimental study of the effect of
hydrogen addition in methane-air premixed flames in a laboratory-scale swirl-stabilized
combustor operated at 5.81 kW. Different swirlers investigated to identify the role of swirl
strength to the incoming mixture. The flame stability was examined for the effect of
amount of hydrogen addition, combustion air flow rates and swirl strengths. This was done
via comparing adiabatic flame temperature at the lean flame limit. The combustion
characteristics of hydrogen-enriched methane flame at constant heat load but different swirl
strengths examined using particle image velocimetry, micro-thermocouples and OH
chemiluminescence diagnostics. The authors reported that the lean stability limit is
extended by hydrogen addition and also, the stability limit can reduce at higher swirl
intensity to the fuel-air mixture operating at lower adiabatic flame temperatures. They
found also that the addition of hydrogen increases the NOx emission; however, this effect
can be reduced by increasing either the excess air or swirl intensity. They also compared
emission of NOx and CO from the premixed flame with a diffusion flame type combustor,
the result shows that the NOx emissions of hydrogen-enriched methane premixed flame
were lower than the corresponding diffusion flame under the same operating conditions for
the fuel-lean case.

Due to the complex turbulent nature of reacting swirling flows, there are different kinds of
models and methods are utilized to simulate all kinds of characteristics of flams. The choice
of a suitable model to accurate numerical simulations of such flows requires a carful
choice. It is necessary to simulate the combustion characteristics of gas burner since CFD
technology can provide more details of flow field than experiment.

There are some of investigations which focus on the simulation of the turbulence flow. The
model of k- with standard wall function is usually accepted and can perform reasonably
well for simulating simple turbulent flows.

Roberto M. [26] carried out 3D numerical combustion simulation in a can burner fed with
methane to evaluate pollutant emission and the temperature. The k-¢ model with standard
wall function was used to model the turbulent effects. The model was validated against

experimental date. He found that numerical results shows a good agreement with the



experimental data in most of the cases, and the best results were obtained in the NOx
prediction, while unburned fuel was slightly overestimated.

A numerical study of confined swirling flows in a cylindrical combustor, it was reported
that the standard k-e model shows overestimate the level of turbulent diffusion on the
turbulent swirling flow. It is reported that the deficiency of the standard k-e model is due to
the use of isotropic eddy viscosity concept, which is not the case for most turbulent
swirling flow structures that are anisotropic [27, 28].

To treat the defect of the standard k-e model, a new wall function which named Realizable
wall function (Realizable k- model) was purposed by [29] such model includes a new eddy
viscosity formula and a new dissipation rate equation.

Adel Gayed et al. [30] performed numerically study of premixed high swirl flow in a gas
turbine combustor using the Realizable k-¢ model. The found a good agreement between
the calculated and measured axial and tangential velocities distribution over the whole
combustor.

A numerical computation of premixed propane in a swirl-stabilized burner performed by
[31] the numerical simulation was carried out using Reynolds-Average-Stokes (RANS)
technique with realizable k-e model as a turbulence closure model, the study was performed
with two swirl numbers (S=0.6 and S=1.05), they show that the validations of the
computational models with the experimental date were a good agreement.

For combustion modeling of swirling flows, appropriate turbulence-chemistry interaction
models are required to account for the chemistry of the flame and its interaction with the
turbulence swirling flow in a detailed way.

Characteristic of combustion temperature, flow velocity, CO distribution and NOx
emissions of a 10 MW gas turbine burner at different primary to secondary air ratios were
investigated numerically using computational fluid dynamics software fluent [32], the
realizable k-e model with the standard wall function was employed to predict the turbulence
in the combustion system. A mixture-fraction equation was solved instead of equations of
individual species, and the individual species concentration was derived from the predicted
mixture fraction concentration under the assumption of chemical equilibrium. Interaction

between turbulence and chemistry was accounted with the B function probability density
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function. The Simple algorithm was used to solve the pressure-velocity coupling and a
second- order discretization scheme was utilized to solve all governing equations. They
reported that the inner flames are the main flame and there is a swirling flow formed
between the inner and the outer flames. With the increase of primary to secondary air ratio,
the heating area is more concentrated. Meanwhile, the capacity of the swirling flow to
absorb the high temperature flue gas enhances, which improves the stability of flames. And
also, the distribution situations of mass fraction and generated NOx have a close
relationship with the flame shape.

Magnussen et al. [33] reported that the Eddy-Dissipation concept model lead to good
numerical prediction.

llker Y. [34] performed a numerical study to investigate the effect of swirl number on
combustion characteristics such as temperature, velocity, gas concentration in a natural gas
diffusion flame, the combustion reaction scheme in the flame region was modeled using
eddy dissipation model with one step global reaction scheme. The standard k- turbulence
model for turbulence closure and P1 radiation model for flame radiation inside the
combustor were used in the numerical simulations. Also, the investigation included study
the effect of swirling on the combustion characteristics with seven swirl number (0.1, 0.2,
0.3, 0.4, 0.5 and 0.6). The numerical results validated and compared with the published
experimental results. He reported that a good consistency was found between numerical
and experimental results, also, he reported that the gas concentrations are strongly affected
by the swirl number.

De. A et al. [35] assessed the Eddy-Dissipation concept in combustion k-e turbulence
models and chemical kinetic schemes for about 20 species, on the Delft jet in hot coflow.
They reported that the realizable k- model exhibits better performance in the prediction of
entrainment, compared by standard k-e model. However, the Eddy-Dissipation concept
model correctly predicts the experimentally observed decreasing trend of liftoff height with
jet Reynolds number. More simple and cost effective model which takes in to account the
finite rate chemistry is the Finite-Rate/Eddy-Dissipation model (FR/EDM). It provides an

adequate prediction for the flame chemistry and its interaction with swirling flow [36, 37]
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Large-eddy simulation of a low swirl stratified premixed flame was performed by using
FR/EDC with empirical two-step reduced methane reaction mechanism. They reported that
the FR/EDC model produced good predictions of the means and rms velocity fields,
temperature and fuel distributions [36].

Another parameter has great effects on the modeling of turbulent swirling flames is the
radiation models. Mustafa Ibas [38] performed numerical computations of the effect of
radiation models on hydrogen-hydrocarbon turbulent non-premixed flame. He found that
the results with the radiation models are in better agreement with the measurements
compared with the results without radiation model, by means of temperature and NOx
emissions.

Yilmaz et al. [37] performed a numerical simulation to study the effect of the turbulence
and radiation models on the combustion characteristics of the propane-hydrogen diffusion
flames. Two different radiation models are examined including P-1model and Discrete
Transfer Radiation model. They found that in terms of predictive accuracy, the temperature
gradients obtained with two radiations models are not similar. The predicted temperature
gradient with Discrete Transfer Radiation model are not agreement with experiment and
simulation results published in the literature.

The P-1 radiation model shows a better overall agreement with the experimental data and
other simulation results at different axial distances in the combustion chamber.

Only few works of the effect of different swirl intensities and different equivalence ratios
on H; containing fuels premixed flames are investigated experimentally.

An experimental research of a purposely designed laboratory-scale lean—premixed
combustor with a variable center body length and swirling number was used. During this
research, the center body length was varied to 1/3 and 2/3 of the full length, thus making a
hybrid turbo-annular combustor to enable better understanding of gradual change from one
combustor type to the other. In addition, the other basic variables, such as equivalence ratio
and swirl were systematically varied. The fuel-air mixture was prepared in a mixing
chamber and injected through a swirler into the combustor. The tests were performed at
atmospheric conditions, pressure of 101.3 kPa and temperature of 20° C. The fuel and air

flow rates were measured using calibrated rotameters. The exhaust gas composition was
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measured using Testo 350-XL and Testo 454 flue gas analyzers. To get representative flue
gas samples and to prevent the outer air from interfering with exhaust gases, an extension
tube with the same inner diameter and length as the combustor was attached to the
combustor exit. The exhaust gas was sampled with a cooled stainless steel probe and
transported through a heated tube to the gas analyzer. The cooling water flow rates for the
center body and combustor were controlled independently while the temperature of water
was measured using glass/mercury thermometers. The measured values of NOx were
corrected to 15% O, flue gases dry conditions [40].

The aim of this study is to investigate numerically the effect of hydrogen enrichment, swirl
intensity and equivalence ratio on the combustion characteristics of premixed propane
flame on the purposely designed laboratory-scale which studied experimentally by [40]

The numerical computations play a fundamental role in achieving this task. ANSY S-Fluent
16 CFD tool [41] is used in this study.
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3 CHAPTER3

3.1 COMBUSTION MODELLING BY CFD

The use of computational fluid dynamics (CFD) to predict internal and external flows has
risen dramatically in the past decade. The widespread availability of engineering
workstations together with the efficient solution of algorithms and sophisticated pre- and
post- processing facilities enable the use of commercial CFD codes by graduate engineers
for research, development and design task in industry. Increasingly CFD is becoming a
vital component in the design of industrial products and processes. Also the rapid progress
in generating high-powered super-fast computers helps in creating more efficient CFD
software that have higher accuracy and more efficient prediction with lower cost [42].

“The ultimate aim of developments in the CFD field is to provide a capability comparable
to the other Computer-Aided Engineering (CAD) tools such as stress analysis codes. The
main reason why CFD has lagged behind is the tremendous complexity of the underlying
behavior; at the moment this precludes a complete description of fluid flows and
assumptions of time averaged flows is commonly made to give representative solutions that
are at the same time economical and sufficiently complete. The availability of affordable
high performance computing hardware and the introduction of user friendly interfaces have
led to recent upsurge of the interest in CFD for use in many different research and industrial

communities” [43].
3.1.1 Governing equations of fluid dynamics

The cornerstone of computational fluid dynamics is the fundamental governing equations

of fluid dynamics — the continuity, momentum and energy equations.
3.1.1.1 Mass conservation

The mathematical expression of continuity equation for mass conservation can be written
by:

0 —>

BV (PV) = 0t (1-3).
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Or can be expressed by

dp , 9(pw) |, 9(pv) | A(pwW) _ )
pm Pl oy +=, S0 (2-3)

Equations (1-3) is unsteady, three dimensional mass continuity equation at appoint in a
compressible flow, the first term on the left side represents the rate of change in time of the
density while, the second term is the net flow of mass out of the element a cross it’s

boundary.
3.1.1.2 Momentum Equation

The momentum equation is a statement of Newton’s Second Law and relates the sum of the
forces acting on an element of fluid to its acceleration or rate of change of momentum. By
Applying Newton’s Second Law to a fluid passing through an infinitesimal, fixed control
volume, in X, y and z directions:

The x-component

2= 2Bt a;z" b D b Dfy e (3-3)
The Y-component
B @3)
The Y-component
p =Ty a;; + 2B 4 D e (5-3)

Equations (3-3, 4-3 and 5-3) are the x-, y- and z-components respectively of the momentum
equation. “Note that they are partial differential equations obtained directly from an
application of the fundamental physical principle to an infinitesimal fluid element.
Moreover, since this fluid element is moving with the flow, equations (3-3, 4-3 and 5-3) are
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in non-conservation form. They are scalar equations, and are called the Navier—Stokes
equations

“In the late seventeenth century Isaac Newton stated that shear stress in a fluid is
proportional to the time-rate-of-strain, i.e. velocity gradients. Such fluids are called
Newtonian fluids. (Fluids in which 7 is not proportional to the velocity gradients are non-
Newtonian fluids),” [44].

The complete Navier—Stokes equations can be obtained in conservation form as follows:

apw) | a(pu?)  0lpuv) L d(puw) _ _dp 9 7 ouy , 9 (9v_ du
ac T ax T ay t = T 8x+8x(lv'v+2uax)+6y[u( + )]+

d ou ow
%2 ”(EJFE)]JF

2 7 (6-3)
d(pv) | a(pv?) | d(puv) K d(pvw) _ dp | & = v\  aJ (0v  du
at + ay + dx + 9z 6y+6y(l V'V+2u6y)+6x u(ax+6y)]+
0 ow ov
2z |1 (@ +5)|+
2 (7-3)
apw) | 9(pw?) | d(puw) L d(pvw) _ _dp , 0 i owy o (ou  ow
at T dz + ox + dy - 62+62(Av'v+2u62)+6x p'(6z-l_6x)]+
d ow av
ay ! (5 +5)]+
o) PSP (8-3)

Where p 1s the molecular viscosity coefficient and A is the bulk viscosity coefficient
3.1.1.3 Energy Equation

The energy equation is extract from the first law of thermo dynamics which expresses that
the rate of change of energy inside the fluid element is equal to the net flux of heat into the

element plus the rate of working done on the element due to body and surface force.
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The net rate of work done on the moving fluid element due to surface forces can be
expressed as [44].

. 7 dutey) | O(utyx) | dutyy) | 0ixy) | 0(vTyy) | 0(vizy) | d(wixy) | O(wryz)
V.(pV)+[ax + oy + 0z + ox + dy + oz + dx + dy +

0(Wtzz)
20 dxdydz +

PF TV AXAYAZ oo, (9-3)

The net flux of heat into the element represented the heat flux due to: (1) volumetric
heating such as absorption or emission of radiation, and (2) heat transfer across the surface
due to temperature gradients.

g +— (k) + % (k Z—;) + 2 (kD) | dxdydz .......oooeeec (10-3)

Where k is the thermal conductivity.

The total energy of a moving fluid per unit mass is the sum of its internal energy per unit

2

. . . . 14
mass, e, and its kinetic energy per unit mass, —

The time-rate-of-change of energy per unit mass is given by

2
p D% (U— + e) AXAYAZ. oo (11-3)

2

The energy equation can be written as: [44].

pD%(V—2+e)dxdydz =pq+:—x(kg—§) +2 (kaT) +2 (ka—T)—v. (pV) + 28 4

2 5 5 E 0z
O(utyx) | 0(utyy) | OWixy) | 0(viyy) | A(VTsy) | d(Wixy) | 0(Wiyz) | O(wr,y,)
dy + 0z + ox + ay + 0z + ax + ady + 0z +
DL T e (12-3)

3.1.2 Differential forms of general Transport Equation

“There are significant commonalities between the prior various equations. If a general

variable @ is introduced, the conservative form of all fluid flow equations, including
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equations for scalar quantities such as temperature and pollutant concentration can usefully

be written in the following form
208 1 div(p@U) = div(l" grad ®) + S 13-3
o Ww(POU) = div(I’ grad @) 4 Sp.c.oeneeiiiniiiiiei (13-3)

The rate of increase of @ of fluid element plus the net of flow of @ out of fluid element is
equal to the sum of rate of increase @ due to diffusion plus rate of increase of @ due to

sources, ”[42].
3.2 Modeling Turbulence

“The fluctuating in velocity fields occur in turbulent flow, this fluctuating cause blend
transported quantities such as momentum, energy, and species concentration. Since these
fluctuations can be of small scale and high frequency, they are too computationally
expensive to simulate directly in practical engineering calculations. Instead, the
instantaneous (exact) governing equations can be time-averaged, ensemble-averaged, or
otherwise manipulated to remove the resolution of small scales, resulting in a modified set
of equations that are computationally less expensive to solve. The modified equations
contain additional unknown variables, and turbulence models are needed to determine these

variables in terms of known quantities” [45].
3.2.1 Classification turbulent flow model in fluent

“In fact, there is no a unique turbulence model can be universally admitted as being
superior for all classes of problems. Fluent has a wide variety of models to be suitable for
the requirements different classes of engineering problems, however, the selection of the
turbulence model depends on the desired level of precision , computational resources, and

calculation time,” [46].
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3.2.1.1 Standard k — & model

“The standard k —& model in Ansys fluent has become the workhorse of practical
engineering flow calculations in the time since it was proposed by Launder and Spalding.
Robustness, economy, and reasonable accuracy for a wide range of turbulent flows explain
its popularity in industrial flow and heat transfer simulation. It is semi-empirical model, and
the derivation of the model equations relies on phenomenological considerations and
empiricism.

The assumption in derivation of k — & model is that the flow is fully turbulent, and the
effects of molecular viscosity are negligible. And the model transport equation for k is
derived from the exact equation, while the model transport equation for € was obtained
using physical reasoning and bears little resemblance to its mathematically exact
counterpart,” [43].

The turbulent kinetic energy,k and its rate of dissipation, €, are obtained from the following

transport equations:

d d d ok

a(pk) + a—xl(pkul) = a—x] [(,u + Z_,t)a_x] + Gk + Gb - pS—YM + Sk .................... (14'3)
d 5} a d 2

a(pe) + a—xi(peui) = o, [(,u + Z_:)a_;] + Clgi(Gk + C5.Gp) — CZep% + S 15-3)

In these equations, G, represents the generation of turbulence kinetic energy due to the

mean velocity gradients, calculated as follows:

—— 0u;
G = —puwy F PP (16-3)
G, 1s the generation of turbulence kinetic energy due to buoyancy, calculated by this

equation
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d
Gy = Bgi e T (17-3)

Pty 0x;
Where: Pr; is the turbulent Prandtl number for energy and g; is the component of
gravitational vector in the i*" direction. And B is the coefficient of thermal expansion

which defined as

Yy represents the contribution of the fluctuating dilatation in compressible turbulence to the

overall dissipation rate, which is calculated as
Yir = 2DEME ..o, (19-3)

where: M,is the turbulent Mach number.
Ci¢, Cy. and Cs, are constant. o, and o, are the turbulent Prandtl numbers for k ande,
respectively. S, and S, are user-defined source terms.

The turbulent viscosity, u; is computed by combining k and ¢ as follows:

2

k
U = pCu? ......................................................................................... (20-
3)

The model constants C;,, Cy¢, Cy,, i and o, have the following default values:
Cie =144, (5, =192, C,=0.09,0,=1.0,0,=13
These default values have been determined form experiments for fundamental turbulent

flows.
3.2.1.2 Realizable k — &£ model

The Reynolds-average approach to turbulence modeling requires that the Reynolds stresses

in this equation
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9 ou)+ 2 (puu) = -2 L O |, (0m 0% 25 0w O (—oud -
o (pu;) + o) (pulu]) =~ + ox; [u (axj + o 2 6 Bxl)] + axj( pUw). ... (21-3)

In the above equation, the additional terms appear that represents the effects of turbulence.
These Reynolds stresses, —pu;u;, must be modeled. A common method employs the

Boussinesq hypothesis to relate the Reynolds stresses to the mean velocity gradients:
T = gy (O 0% 2 Ok 5 ]
—pul = ( Tt axi) 2 (pk + e aXk) B e (22-3)

In the Realizable k — & model, the combining between the Boussinesq hypothesis eq. (22-
3) and the eddy viscosity definition eq. (20-3) to obtain the following expression for the

normal Reynolds stresses in an incompressible strained mean flow:

u? = S = 2Up o (23-3)

3.2.1.3 Transport equations for the Realizable k — & model

The modeled transport equations for k and € in the realizable k — &€ model are

3 d d
o (Pk) + ox, (pkw;) = o, [(,u +

And

) 2L 4 Gie+ Gy — pE—Yig + Spcoovvoeer (24-3)
axj

Ok

0 0
T (pe) + _axj (psuj)
2

9] U\ 0¢ £ €
— (,u + —)— + pCiSe — pCy PN + ClsECS‘EGb +5:(25 - 3)

B ax] c ax] + \/%

Where
n k
C, = max [0.43,m] M= S; , S = ’Zsijsij
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The eddy viscosity for realizable k — € model can be calculated by

The difference between the realizable k — & model and the standard k — £ model is that Cu

is no longer constant. It is computed from

1
. o T ittt ittt ettt teteaeeeeietetetateeteietetetieeetenateiateateraainearanas 27-

Cu A0+Ask% (27-3)
Where:

U* = Si]-S” + ﬁl]‘ﬁl] .......................................................................... (28‘3)
And

fjij = ‘QU Zgijkwk ............................................................................ (29'3)
"Ql] 'QU gljk(’*)k .............................................................................. (30'3)

The éij is the mean rate-of —rotation tensor viewed in a moving reference with the angular

velocity wy. The constant A, and A are given by

Ay = 4.04, A, =6cosg

Where:

B ==COS THVOW) oo (31-3)
SiiSikSki

W =2Y SJ§ e e (32-3)

S = Sl]Sl] ......................................................................................... (33'3)
1 au] aui

Si; E( o @> ............................................................................... (34-3)
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“The alternative approach, embodied in the RSM is to solve transport equations for each of
the terms in the Reynolds stress tensor. An additional scale-determining equation is also
required. This means that five additional transport equations are required in 2D flows and
seven additional transport equations must be solved in 3D.

In many cases, models based on the Boussinesq hypothesis performed very well, and the
additional computational expense of the Reynolds stresses model is not justified. However,
the RSM is clearly superior in situations where the anisotropy of turbulence has a dominant
effect on the mean flow. Such cases include highly swirling flows and stresses-driven

secondary flows,” [45].
3.2.1.4 Reynolds Stress Model (RSM)

“The Reynolds stress model is the most elaborate type of RANS model that ANSYS Fluent
provides. Abandoning the isotropic eddy-viscosity hypothesis, the RSM closes the
Reynolds-averaged Navier-Stokes equations by solving transport equations for the
Reynolds stresses, together with an equation for the dissipation rate. This means that five
additional transport equations are required in 2D flows, in comparison to seven additional
transport equations solved in 3D. Since the RSM accounts for the effect of streamline,
swirl, rotation, and rapid changes in strain rate in a more rigorous manner than one-
equation and two-equation models, it has greater potential to give accurate predictions for
complex flows,” [45].

The exact transport equations for the transport of the Reynolds stresses, puju; is written as

follows:

(pu 7) o (kau W) = _aOTk [puiwuf, + p' (Bijui + S]] + Dpyj — Pij — Gij +

Dy = oms [# (uu)] Molecular Diffusion.
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ou; ou; .
— J
Pj=p [u{u,’c FP. + wuy ax,i] stresses production

Gi; = pB(g:w 0 + g;u;6) Bouyancy Production

!
e i
g;j =P [ax,- + o pressure strain
_ qul ouy ...
gj =21 . Dissipation

Fij = 2p0, (WumEigm + WU Ejrm) Production by system rotation

The modeling of turbulent diffusive transport has been simplified in ANSYS Fluent to use
a scalar turbulent diffusivity as follows

Dr;j =

0 (pedui; .
2 (Gk axk) ...................................................................................... (36-3)

Lien and Leschziner derived a value of o, = 0.82 by applying the generaling gradient-
diffusion model to the case of a planar homogeneous shear flow.

1. modeling the pressure-strain

2. linear pressure-strain model

The classical approach to modeling g;; ues the following decomposition:

Bij = Bija T Bij2 + Bijw
Where g, ; is the slow pressure-strain term, also known as the return-to-isotropy term, g;;
is called the rapid pressure-strain term, and g, ; ,, is the wall-reflection term.

The slow pressure-strain term, g;; ; is modeled as follows

—_— 2
01 = —Cop = [ = 26837k (37-3)

Where C; = 1.8

The rapid pressure-strain term g;; , is modeled as follows
5 2 5
ﬂij‘z = _CZ [(PLJ+F1] + EGU — CU) — E(SU(P + EG - C)] ................................ (38'3)

24



Where
C, =0.60

1 1 1
P = Epkk' G :EGkk and C = Eckk

The wall-reflection term, g;;,, is responsible for the redistribution of normal stresses near

the wall. It tends to damp the normal stress perpendicular to the wall, while enhancing the

stresses parallel to the wall. This can be modeled as

— (T T 3—— 3— Clk3/2 ,
Giw = G (uku;n”k"m‘sif — 3 Wil My — E“J'uk"i"k)T + €3 (Brem 2 m 61 —
3 3 C1k3/2
> 9ik 2k — 5 ;zsjk,znink) RTINS (39-3)

Where:

C{ = 0.5, C; = 0.3, n; is the x;, component of the unit normal to the wall, d is the normal

3
distance to the wall, and C;, = Cu/“/?C , C, =0.09 and X is the von Karman constant

(X = 0.4187)
3.2.1.4.1 Flow re-modification to the linear pressure-strain model

“When the RSM is applied to near-wall flows using the enhanced wall treatment, the
pressure-strain model must be modified. The modification used in ANSYS Fluent specifies
the values of C;, C,, C{ and C; as functions of the Reynolds stress invariants and the
turbulent Reynolds number, according to the suggestion of Launder and Shima,” [45].

C; =1+ 2.54A%%°{1 — exp[—(0.0067Re,)?1}

C, = 0.75VA
o2
C=—3C+167

2 1
3“2 %

2~ 099
G,

C, = max
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With the turbulent Reynolds number defined as Re, = pk?/ue the flatness parameter A

and tensor invariants, A, and As, are defined as
9
A=|1-2(4, —A3]
Ay = ayeay;
Az = a;ag;aj;
—puju) + %Pk5ij
pk

aij=—

3.2.1.4.2Quadratic pressure-strain model

“An optional pressure-strain model proposed by Speziale, Sarkar, and Gatski is provided in
ANSYS Fluent. This model has been demonstrated to give superior performance in a range
of basic shear flows, including plane strain, rotating plane shear, and axisymmetric
expansion/contraction. This improved accuracy should be beneficial for a wide of complex
engineering flows, particularly those with streamline curvature,”[45].

This model is written as follows:

* 1 *
ﬂij = —(CLDE + Clp)bl] + CZPE (bikbkj - Ebmnbmnsl]) + (C3 - C3,¢bUbU)kaU +

2
Capk (biksjk + bicSik = = BranSmni ) + Copk (birl2ic + bjefdia) vvovvoee (40-3)
Where b;; is the Reynolds-stress anisotropy tensor defined as

1o, 2
_ —PUU +§pk8ij
bij = T ............................................................................... (41-3)

The main strain rate S;; is defined as
ou; .
Si; = %(ﬁ + ai) ............................................................................... (42-3)

axi an

The mean rate-of-rotation tensor £2;; is defined by
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The constants are

C,=34,C; =18, C, =42, C3=08,C; =1.3,C, =125, Cs=0.4

The quadratic pressure-strain model does not require a correction to account for the wall-
reflection effect in order to obtain a satisfactory solution in the logarithmic region of a
turbulent boundary.

3.3 Combustion modeling

“Combustion is one of the most important processes in engineering, which includes
turbulent fluid flow, heat transfer, chemical reaction, radiative heat transfer and other
complicated physical and chemical processes. In engineering applications which represent
internal combustion engines, power station combustors, aero engines, gas turbine, boilers,
furnaces and much other combustion equipment. It is important to be able to predict the
flow, temperature, resulting species concentrations and emissions from various combustion
systems for the design and improvement of combustion equipment.

CFD lends itself very well to the modeling of combustion. During combustion a fuel reacts
with an oxidant stream to form products of combustion, the products are not usually formed
in a single chemical reaction; the fuel components and the oxidant undergo a series of
reaction,” [44].

The transport equations for the mass fraction m; of each species i can be written by using

the general transport equation
aa_x (pmy) +div(pm;) = div(T grad m;) +S; c.ooiiiiiii i (44-3)

The volumetric rate of generation (or destruction) of a species due to chemical reactions

appears as source (or sink) term S; in each of their transport equations.
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3.3.1 Combustion models in Ansys Fluent

3.3.1.1 Generalized finite-rate model

Ansys Fluent predicts the local mass fraction of each species, Y; through the solution of a
convection-diffusion equation for i*" species. The general form of conservation equation

can be written as below[47].
0 N -
a(pyl) +V(pUYl) = -V ]L +RL +SL ........................................... (45‘3)

Where:
R; is the net rate of production of species i by chemical reaction.

S; is the rate of creation by addition from the dispersed phase plus any defined sources.

J; is the diffusion flux of species coefficient for i, which arises due to gradient of

concentration and temperature.

In laminar flow, the mass diffusion, fl can be calculate from the following equation
=4 vT
Jo = =PDim VY = Dr S| o (46-3)

D; ., is the mass diffusion coefficient for species i in the mixture, and Dr; is the thermal
diffusion coefficient.

In turbulent flow

-

vT
]i = — [pDi,m + Su_;] VYl — DT,i ? ............................................................ (47'3)

Where Sc;is the turbulent Schmidt number and p.is the turbulent viscosity.

In the multi-component mixing flows, the transport of enthalpy due to species diffusion

VIS k]
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The reaction rates that appear as source term in the equation (45-3) are computed for
turbulent flows by laminar finite model:
The source of chemical species i due to reaction is computed as the sum of the Arrhenius

reaction sources over the Ny reactions.
N ~
Ri = Mw,i erl Ri,r ............................................................................ (48'3)

Where, M,,; is the molecular weight of species i and R, is the Arrhenius molar rate of
creation/destruction of species i in reaction r.

The general form of the " reaction can be written as follows:

N ! N "
i=1 vi,r(l)i — Zi=1 vi’r(l)i ................................................................. (49'3)
kf,r kb,r

Where,

N = number of chemical species in the system.

v; . = stoichiometric coefficient for reactant i in reaction r.

v;, = stoichiometric coefficient for product i in reaction r.

w; = symbol denoting species i

k; = forward rate constant for reaction r.

k;, = backward rate constant for reaction r.

Equation (49-3) is valid for both reversible and non-reversible reactions. The molar rate of
creation/destruction of species i in the r can be calculated as following:

For a reversible reaction

5 " ’ 7)'-,r VI',IT
Ri, =T, —v{,) (kf,r G ] 7" = ki TT-4[ G ] ) .......................... (50-3)

And for non-reversible reaction is given by

) " ’ 77",r+771',,r vl',’r
R, =Tl — v}, (kf,r NG = ke TIA[C]” ) ...................... (51-3)

Where,
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C; = molar concentration of species j in reaction r
nj » = rate exponent for reactant species j in reaction r
nj » = rate exponent for product species j in reaction r

I' = the net effect of third bodies on the reaction rate, which given by

Where,
¥;.r is the third-body efficiency of the j** species in the rt" reaction.

The forward rate constant for reaction r (kf,.) is computed using the Arrhenius expression

Kpr = ArTPre Bt RT (53-3)
Where,

A, = pre-exponential factor

B, = Temperature exponent

B,= activation energy for the reaction (J/kmol)

R =universal gas constant (J/kmol-K)

If the reaction is reversible, the backward rate constant for reaction r, k,, - is computed by

Where, K, is the equilibrium constant for the r** reaction, which can be calculated by:

N 14 !
AS, AHT) (Patm)2i=1(vi,r_vi,r)

R RT

Ky = exp( RT

The term within the exponential function represents the change in Gibbs free energy, and

its components are computed as follows:

AS S;
- = i =) PP PP PP (56-3)
AH hi

= i =) S PP PP (57-3)
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Where S; and h; are the entropy and enthalpy of the it" species.
3.3.1.2 Eddy-dissipation model

“Reaction rates are assumed to be controlled by the turbulence, so expensive Arrhenius
chemical kinetic calculation can be avoided. Ansys Fluent provides a turbulence-chemistry
interaction model, based in the work of Magnussen and Hjertager called the eddy-
dissipation model,” [47].

The net rate of production of species i due to reaction r, R; , is given by the smaller of the

two equations below:

R, = v{,jMW,iApiminR (v_, MWR) .......................................................... (58-3)
’ YpY
Ri,r = vi,jMw,iABp i (ENU+1§1]) ............................................................... (59-3)
j Ujrw,

Where

Y is the mass fraction of any product species, P
Y is the mass fraction of a particular reactant,R
A is an empirical constant equal to 4.0

B is an empirical constant equal to 5.0

¢ is the turbulent dissipation rate(m?s3)

k is the turbulent kinetic energy per unit mass (J/kg)

“In premixed flames, the reactants will burn as soon as they enter the computational
domain, upstream of the flam stabilizer. To remedy this, fluent provides the finite-
rate/eddy-dissipation mode, where both the Arrhenius, Eq (50-3), and eddy dissipation,
Equations (58-3) and (59-3) reaction rates are calculated. The net reaction rate is taken as
the minimum of these two rates. In practice, the Arrhenius rates as a kinetic switch,
preventing reaction before the flame holder. Once the flame is ignited, the eddy-dissipation

rate is generally smaller than the Arrhenius rates, and reaction are mixed-limited.
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The eddy-dissipation model requires products to initiate reaction. When the solution is
initialized for steady flows, fluent sets all species mass fractions to a maximum of the user
specified initial value and 0.01. This is usually sufficient to start the reaction. However, if a
mixing solution converges first, where all product mass fractions are zero, there may be a

need to patch products into the reaction zone to ignite the flame,” [45].
3.3.1.3 Eddy-dissipation-concept (EDC) model:

“The eddy-dissipation-concept (EDC) model is an extension of the eddy-dissipation model
to include detailed chemical mechanisms in turbulent flows. It assumes that reaction occurs
in small turbulent structures, called the fine scales. The length fraction of the fine scales is

modeled as

Where,

* denotes fine-scale quantities

C¢ = volume fraction constant = 2.1377

v = kinematic viscosity.

The volume fraction of the fine scales is calculated as (¢*)3. Species are assumed to

react in the fine structures over a time scale

Where, C; is a time scale constant equal to 0.4082.

In Ansys Fluent, combustion at the fine scales is assumed to occur as a constant pressure
reactor, with initial conditions taken as the current species and temperature in the cell.
Reactions proceed over the time scale 7*, governed by the Arrhenius rates of Equation (50-

3), and are integrated numerically using the ISAT algorithm. ISAT can accelerate the
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chemistry calculations by two to three orders of magnitude, offering substantial reductions
in run-times,” [47].

The source term in the conservation equation for the mean species i is modeled as

PE)? .
i = ‘E*(l——(f*)z) (Yl - YL) ........................................................................ (62'3)

Where, Y;" is the fine-scale species mass fraction after reacting over the time 7*.

3.3.2 Premixed Combustion Modeling

“Premixed combustion is much more difficult to model than non-premixed combustion, the
reason for this is that premixed combustion usually occurs as a thin, propagating flame that
is stretched and contorted by turbulence. For subsonic flows, the overall rate of propagation
of the flame is determined by both the laminar flame speed and the turbulent eddies. The
laminar flame speed is determined by the rate that species and heat diffuse upstream into
the reactants and bum.

The turbulent premixed combustion model, involves the solution of a transport equation for
the reaction progress variable. The closure of this equation is based on the definition of the

turbulent flame speed,” [45].
3.3.2.1 Propagation of the Flame Front

The flame front propagation is modeled by solving a transport equation for the density-

weighted mean reaction progress variable, denoted byc:

oy , — SN u —
5 (PO +V.(p70) = V. (S—CZV c) F PSC e, (63-3)

Where
"c = men reaction progress variable
Scy= turbulent Schmidt number

Sc = reaction progress source
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The progress variable is defined as a normalized sum of the product species mass fraction

Tk (Yi=Y) _ Ye (64-3)

Zk akYkgq - qu ............................................................................

Where:

Superscript u denotes the unburnt reactant

Y, denotes the k™ species mass fraction

Superscript eq denotes chemical equilibrium

ay are constants that are typical zero for reactants and unity for a few product species .
Based on this definition, c = 0 where the mixture is unburnt and ¢ = 1 where the mixture is
burnt

The mean reaction rate in equation (63-3) is modeled as

pSc = pu UVl

Where:

py. density of unburnt mixture

U; turbulent flame speed

The turbulent flame speed is computed using a model of wrinkled and thickened flame

fronts:

Uy = A3/ U 201/ = aw (?) ................................................. (65-3)

Where:

A = model constant

u’ = RMS ( root-mean-square) velocity

U; = laminar flame speed

a=k/pc, = molecular heat transfer coefficient of unbumt mixture (unburnt thermal
diffusivity)

[, = turbulence length scale

T, = l;/u’ =turbulence time scale

7. = a/U{ = chemical time scale.
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The turbulence length scale (I;) is computed from

\3
lt= CD(u)

&

Where: ¢ is the turbulence dissipation rate.

“The model is based on the assumption of equilibrium small-scale turbulence inside the
laminar flame, resulting in a turbulent flame speed expression that is purely in terms of the
large-scale turbulent parameters. The default values of 0.52 for A, 0.37 for Cd are
recommended, and are suitable for most premixed flames.

Non-adiabatic premixed combustion model is considered. The energy transport equation is
solved in order to account for any heat losses or gains within the system. These losses/gains
may include heat sources due to chemical reaction or radiation heat losses,”’[45].

The energy equation in terms of sensible enthalpy, h, for the fully premixed fuel is as
follows:

k

d -
E (ph) + V. (pvh) =V. [ ;"pkt Vh] + Sh,chem + Sh,rad ..................................... (66'3)

Shraa represents the heat losses due to radiation and Sy, .hem represents the heat gains due
to chemical reaction:

Shichem = PScHeombYfuer - v vveerereerneeaitt ettt (67-3)
Where:

S. = normalized average rate of product formation (s'1)

Hcompb = heat of combustion for burning 1 kg of fuel (J/kg)

Yruer = fuel mass fraction of unbumt mixture
3.3.3 Partially Premixed Combustion Modeling

“The partially premixed model in FLUENT is a simple combination of the non-premixed
model and the premixed model. The premixed reaction-progress variable, ¢, determines the

position of the flame front. Behind the flame front (c = 1), the mixture is burnt and the
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equilibrium or laminar flamelet mixture fraction solution is used. Ahead of the flame front
(c = 0), the species mass fractions, temperature, and density are calculated from the mixed
but unburnt mixture fraction. Within the flame (0 < ¢ < 1), a linear combination of the

unburnt and burnt mixtures is used,” [45].
3.4 NOx modeling

“In this simulation the prediction of NOy has been calculated including both thermal and
prompt NOy. Ansys Fluent solves the mass transport equation for the species, taking into
account convection, diffusion, production, and consumption of related species. This
approach is completely general, being derived from the fundamental principle of mass
conservation. The effect of residence time in mechanisms (the Lagrangian reference frame
concept) is included through the convection terms in the governing equations written in the
Eulerian reference frame,”[45].

For thermal and prompt mechanisms, only the species transport equation is needed

d s
a(pYNO) + V- [vaNO] =V. [pDYNO] + UNO ............................... (68'3)

Where: D is the effective diffusion coefficient and Uy, is the source term.

The NO source term due to NO,thermal mechanisms is

Uthermaino = Mo oo (69-3)
The prompt NOx formation rate
20 = Fhype [0 [N, N [FUEL]eBa/RaD i (70-3)
In the above equation,
f=4.75+0.0819n — 23.20 + 3202 — 12203 .......ccooiiiiiiiiie (71-3)
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kb = 6.4 - 106 (R;#)a+1

Where: n is the number of carbon atoms per molecule for the hydrocarbon fuel and a is the
oxygen reaction order. The correction factor is a curve fit for experimental data, valid for

aliphatic alkane hydrocarbon fuels (C,H,,,) and for equivalence ratios between 0.6 and
1.6 [45].
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CHAPTER 4

4 COMBUSTOR MODELING AND SETUP

4.1 COMBUSTOR AND MIXER DESCRIPTION

This chapter depicts the work implemented in this research study. A purpose-built
laboratory microturbine combustor, made of steel, set up vertically, has been used for this
study. The combustor consists of three main parts:

1- A combustor.

2- A variable-length centerbody.

3- Aswirler.
The axially mounted mixing chamber consist of an annular mixing tube with axial air flow
and six gas fuel injection in the cross flow to the mixing chamber axis. An axial flat-vane
swirlers is mounted in the annular tube. Three swirlers with different vane angles of 30, 45,
and 60 deg. To maintain similar flow conditions, a O deg vane angle swirler was used as
well. The mixer has six nozzles each one has a diameter of 10.5 mm to supply the air inside
the mixer, also it has six fuel nozzle with a diameter of 0.7mm. The centerboard diameter
was 25mm, while the combustor inner diameter was 66mm and the length was 104mm. the
maximum length of the centerbody was 66mm. The center body and combustion chamber
were cooled to keep the temperature of the surfaces around 50°C. In the all cases of study,
the nominal power of Py = 8.1kW. And the nominal atmospheric conditions were a pressure
of 101.3 kPa and a temperature of 20°C. All calculation parameters and the numerical

description of the combustor are described.
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Figure 4-1 Schematics of mixing Figure 4-2 cross section of
section and combustor. swirler.

The CFD simulation implemented in this research study for the combustor perform based

on experimental research done by [40].
4.2 EXPERIMENT - DESCRIPTION

During the experimental research carried out by [40], the effect of the combustor type ,
equivalence ratio, swirl number, and power on NOy and CO emissions of a purposely built,
lean-premixed laboratory-scale model combustor with water-cooled walls and centerbody,
which simple geometry simulates combustors found in micro gas turbine. Air and gaseous
propane were used as fuel mixture. The tests have been performed at atmospheric
conditions. The effect of influential parameters on the emissions and the heat transfer to the
combustor walls and the centerbody, the following independent variables were
systematically varied.
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1- Combustor type, nominally defined by the normalized centerbody length L/L,
(tubular combustor corresponds to L/L, = 0, an annular combustor corresponds to
L/Ly =1,

2- Swirl number S =0, 0.45, 0.73, and 1.13.

3- Normalized power P/P, =0.36, 0.56, 0.78, and 1.

4- Equivalence ratio range g = 0.6 - 0.95
The central body was varied to § and g of the full length, thus making a hybrid tubo-

annular combustor to enable better understanding of gradual change from one combustor
type to the other. In addition, the other basic variables, such as equivalence ratio, swirl
number, and power, were systematically varied, which resulted in a library of connected
date.

The fuel-air mixture is prepared in a mixing chamber and injected through a swirler into the
combustor. The tests were performed at atmospheric conditions: pressure of 101.3 kPa and
temperature of 20°C. The tests were performed under parametric variations of equivalence
ratio, swirl number and thermal power. The fuel and air flow rates were measured using
calibrated rotameters, while the exhaust gas composition was measured using Testo 350-
XL and Testo 454 flue gas analyzers. To get representative flue gas samples and to prevent
the outer air from interfering with exhaust gases, an extension tube with the same inner
diameter and length as the combustor was attached to the combustor exit. The exhaust gas
was sampled with a cooled stainless steel probe and transported through a heated tube to
the gas analyzer. The accuracy of measurements is + 0.2% for O2 and + 5% of reading for
NO. The measured values of NO were corrected to 15% O, flue gas dry conditions.

4.3 NUMERICAL SETUP AND BOUNDARY CONDITIONS

In this study, simulations were carried out using Ansys-Fluent 16.0 CFD software. The
mass and momentum Reynolds-averaged equations are used to solve the turbulent steady
flow. Closure for the Reynolds stress terms in the momentum equations was performed via
the Realizable k-e turbulence model, which is a variant of the Standard k-e turbulence

model. The Enhance Wall Treatment was used with Realizable k-¢ turbulence model.
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The Finite Rate/Eddy Dissipation Mode is used to address the turbulence-chemical
reaction. Radiation form the gas constituted a significant portion of the heat transfer
between the gas and combustor wall. The P, radiation model is chosen in this study in order
to avoid the high computing costs.

The boundary conditions were as follows: The mass flow rate of basic fuel was 0.175 g/s as
shown in table 4-1, which corresponds to thermal power of 8.1 kW. The radiation model is
chosen to be (P1) model. The fluid mixture density is calculated by using the ideal law. The
specific heat, viscosity, and the thermal conductivity of the fluid mixture are calculated
using the mass weighted average method. Second-order upwind scheme is used to
discretize the governing equations, and the second order the solution convergence is
assumed when all of residuals parameters fall below10~°. The SIMPLE algorithm is used
to deal with pressure-velocity coupling. The surface temperature of central body and
combustion chamber was constant at 50°C. The combustor outlet pressure was assumed
101.3 kPa and the outlet temperature 200C. The flow is steady. As oxidant, air is used and

it comprises a mixture of 23% mass O, and 77% mass No.

4.4 COMBUSTOR MODELING

Generally, to implement CFD simulation, the first and important step is the preparation of
the model (drawing and meshing), specifying the flow domain of the physical system, this
allows to apply and solve the governing equations in the domain, however, the accuracy of
the final solution depends on choosing the grid type, the method of constructing the mesh,
and the number of cells. As a number of nodes in higher, the accuracy of final solution also
is higher. On the other hand, the cost of the calculation (processing time) is higher. So, it is
important for the model to choose a suitable mesh which gives conversion and a good result
of the final solution with a reasonable calculation time, especially for complex models. In
these cases, the independency of the mesh must be repeated several times until reaching the
optimum mesh.

In this study, the model was split into two connected parts (two domains); the mixing zone

and the combustion zone. The mixing zone represents the flow field in the system as shown
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in figure 4-1, in this zone the air and fuel are mixed together and the swirl flow is produced
by using a swirler closed to the outlet of mixer, however, during the calculation, there is no
any combustion process occurs in mixing zone. The numerical simulation carried out in this
zone by using four different angles of the swirler (0°, 30°, 45°, 60°). The second zone
describes the flow field in the combustion chamber as shown in figure 4-1, in this zone
combustion process occur within in the normal combustion conditions and performed by a
mixture of propane and hydrogen as fuel with two volumetric fractions of hydrogen
Xy, = 0% and Xy, = 10%, and four regimes of @ = 0.6, 0.7, 0.8, and 0.9.

Catia P3V5R21 was used for constructing the geometry of the model. A three dimensional
model was used for simulation; this 3D geometry was split into two parts (mixing part and
combustor part). The two domains were meshed using commercial software ANSYS16,
and due to the symmetry of the model, only half of the mixing zone and half of the

combustion chamber zone are considered, which results in the decrease of calculation time.
4.4.1 Mixing chamber meshing

The mixing chamber zone was meshed by the tetrahedral mesh; the main problem with this
model was constructing the mesh for the swirler zone. Hence a mixed mesh was used, but
mainly tetrahedral mesh of the mixing domain, which can lead to a higher number of
elements generated and results in longer computation times. As one can see in figure 4-3, to
get a more detailed for mixing chamber mesh, it is preferred to summarize the details in
table 4-1.
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Table 4-1 Details of mixing chamber computational mesh

Grid details
1 | Number of nodes 1168974
2 | Number of elements 3233594
3 | Relevance 100
4 | Smoothing Fine
5 | Use advance function Proximity and curvature
6 | Curvature normal angle 12.0°
6 | Minimum size 1.4912 * 10™>m
7 | Maximum size 2.9824 % 1073m
8 | Maximum face size 14912« 1073m
9 | Minimum edge length 3.7136 x 10™*m
10 | Elements size 0.7 10~ *m
11 | Inner inflation layers 12 (smooth transition)
12 | Outer inflation layers 12 (smooth transition)
13 | Growth rate for inner and Outer inflations 1
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Figure 4-3 Computational mesh for mixer chamber.
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4.4.2 Combustion chamber meshing

A hexahedral mesh was used to mesh the Combustion chamber zone, which can give faster
and stable so it prefer to be used more than tetrahedral mesh. As can see in figure 4-4, to
get a more detailed for Combustion chamber mesh, it is preferred to summarize the details
in table 4-2

Table 4-2 details for combustor chamber computational mesh

Grid details
1 Number of nodes 2372309
2 Number of elements 2328120
3 Relevance 80
4 Smoothing Fine
5 Use advance size function curvature
6 Relevance center size function Coarse
7 Minimum size 6.9653 * 10™°m
8 Maximum face size 1.3931 %107 3m
9 Maximum size 6.9653 x 1073m
10 Elements size 7 *10™*m
11 Method Multi zone (hexahedral mesh)
12 Sweep element size 5.9 % 107*m
13 Surface mesh method Uniform
14 First layer thickness of inflation 2%107*m
15 Maximum number of layers 18
16 Growth rate 1




Inflation layers

The air and fuel inlet

Symmetry plane

Figure 4-4 Computational mesh for combustor chamber

4.4.3 Independency of grid Quality for mixer ( grid sensitivity solutions)

It is important to check the mesh quality to ensure good quality results, so a grid

independency test to assess the computational mesh solution convergence and its solution
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dependency has been conducted for six different computational grids are designed, as
presented in table 4-4. The difference in these six meshes is mainly due to different mesh
resolution requirements to reach a higher resolution in the premixing chamber zone. To
improve near wall grid resolution, inflation layers were applied in the six meshes. Because
the gird influence upon the results, the mixing flow has to be solved via a sensitivity
analysis using the four meshes.

A grid convergence study was conducted for the six meshes shown in table 4-3. This
analysis was done by simulating the flow in the mixing zone for the case of (H,% =0.75, @
= 0.8, swirl number = 0.45) using the realizable k — & model with an Enhanced wall
treatment.

It can be observed from figures 4-5, 4-6, 4-7 and 4-8 the comparison of mean velocity and
its components profiles at a line passing the outlet of the mixing zone, these velocities have

calculated by the six different meshes in table 4-4

Table 4-3 Details of proposal computational mesh for mixer chamber.

Grid details Mesh-1 Mesh-2 Mesh-3 Mesh-4 Mesh-5 Mesh-6

Relevance 40 65 80 100 100 100
Proximity o Proximity o Proximity | Proximity
Use advanced 2 Proximity- Proximity-
size function curvature curvature
curvature curvature curvature | curvature
Body sizing - - - - 0.8 mm 0.65 mm
o 1.8378 1.676 1.5915 1.4912 1.4912 1.4912
Min. size

*107™°m | *10™°m | *10°m | *107°>m | *107°m | *10™°m

3.6774 3.3519 3.1829 2.9824 2.9824 1.4912

Max. size
*103m | *1073m | *103m | *103m | *1073m | *10 °m

1.8378 1.676 1.5915 1.4912 1.4912 1.4912

*103m | *1073m | *103m | *103m | *1073m | *1073m

Max. face size

Outer side | - 3 layers 5 layers 8 layers 12 layers | 16 layers
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Figure 4-5 Grid sensitivity solutions of the component velocity (u).
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Figure 4-6 Grid sensitivity solutions of the component velocity (v).
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Figure 4-7 Grid sensitivity solutions of the component velocity (w).
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Figure 4-8 Grid sensitivity solutions of the total velocity.

A grid convergence study is conducted for six meshes as shown in the table 4-4, a
comparison of mean velocity and its components along a line passing the outlet of the
mixture are presented in figures 4-5, 4-6, 4-7 and 4-8. It can be seen that the profiles of
velocity (U) which calculated by using meshes 1, 2, 3 and 4 have a gradual different tends
compared to the profiles which calculated by using meshes 5 and 6, this is very clear
nearby the wall . For example, the mesh 1 underestimates the velocity near the wall
(0<x<0.8) compared to the other meshes. This under estimates is reduced with enhancing
the mesh (2, 3, 4, 5 and 6), so the profiles of mesh 5 and mesh 6 present exactly the same
tends at each location. Increasing the nodes number does not have any advantage, in
addition, increases the calculation time and causes convergence difficulties; thus, it makes
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the numerical modeling more expensive. Since the mesh 6 gives the same results as the
mesh5 and to reduce the computational time, the mesh 5 is chosen for calculations in the
present study.

And also, the profiles of radial and vertical velocity were checked by using the six meshes

as shown in figures 4-6 and figures 4-7.
4.4.4 Independency of grid Quality for combustion

A grid independency test to assess the computational mesh solution convergence and its

solution dependency has been conducted for five meshes as shown in table 4-4.

Table 4-4 Details of proposal computational mesh for combustion chamber.

Grid details Mesh-1 Mesh-2 Mesh-3 Mesh-4 Mesh-5
Relevance - 30 60 80 100
Use advanced size
) curvature curvature | curvature curvature curvature
function
o 6.9653 6.9653 6.9653 6.9653 6.9653
Min. size
*107°m *107°m | *107°m *107°m * 107 5m
) 1.3931 1.3931 1.3931 1.3931 1.3931
Max. size
*1073m *1073m | *1073m *1073m *1073m
) 6.9653 6.9653 6.9653 6.9653 6.9653
Max. face size
*1073m *1073m | *1073m *1073m *1073m
Wall inflation - 8 layers 12 layers 18 layers 20 layers
Number of nodes 57132 344697 801728 2372309 3246364
Number of
53205 332896 781123 2328120 3203526
elements
Min. zone sweep 1.2 5.9
_ 2%107%m 9% 10™*m 3%x107*m
element size *1073m *10™*m
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Figure 4-9 shows a comparison of predicted temperature profiles in the (X-X) line locations
of combustion chamber, these predicted temperature profiles calculated by using five
different type of meshes. The difference in these five meshes is mainly due to different grid
resolution requirements to have a higher resolution in the combustion chamber. Because the
grid influence upon the results, the reacting flow has to be solved via a sensitivity analysis
using the five meshes.

As show in figure 4-9, the predicted temperature profiles, calculated by using mesh (1) and

mesh (2) are very poorly estimates, this due to the two profiles describe the different tends.
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For example, in rang of 3.5mm< x < 20mm the mesh (1) overestimates the predicted profile
of temperature. In addition, it underestimates the predicted temperature on two ranges of
the line (X-X) which are x < 3.5 mm and x > 20mm.

In case of meshes (4) and mesh (5), the predicted temperature profiles present exactly the
same tends at each location. Increasing the nodes number does not have any advantage, in
addition, increases the calculation time and causes convergence difficulties; thus, it makes
the numerical modeling more expensive. Since the mesh (4) gives the same results as the
mesh (5) and to reduce the calculation cost (computational time), the mesh (4) is chosen for

all calculations of combustion chamber in the present study.
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Chapter 5
5 RESULTS

5.1 Validation of predicted results with experimental data

For validation of the applied numerical analysis, results of experimental investigation of the
micro gas turbine combustor, fueled by propane, are used [41]. The NOx emissions of
experimental and this numerical research, as a function of equivalence ratio and swirl
number, are presented in figures 1-5 to 4-5. Figures 1-5and 2-5 present the tubular
combustor (L/L0=0), while figures 3-5and 4-5 present the annular combustor, as shown in
figures 1-5 to 4-5. It can be seen that predicted values of NOx emissions agree very well
with measured data for the equivalence ratios between 0.6 and 0.85, except for the highest
value of swirl number (S = 1.13).

These findings of NOx emission show that the applied numerical method can be used with
a high level of confidence when burning pure propane. It can be assumed, therefore, that a
similar level of confidence can be expected for numerical analysis of propane/hydrogen

mixtures for lower concentrations of hydrogen of up to 10% vol of hydrogen.

L/L0O=0
50
~ 40

o
NS
330
£ —e— ANS. S=0.45
2 20 == ANS. S=0
it o EXP.S=0.45
o _
= A EXP.S=0

0

0.5 0.6 0.7 0.8 0.9

EQUIVALENCE RATIO (®)

Figure 5-1 Experimental and numerical NOy emissions for tubular combustion as a
function of equivalence ratio and (S=0 and S= 0.45).
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Figure 5-2 Experimental and numerical NOy emissions for tubular combustion as a
function of equivalence ratio and (S=0.73 and S=1.13).
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Figure 5-3 Experimental and numerical NOy emissions for annular combustion as a
function of equivalence ratio and (S=0 and S= 0.45).
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Figure 5-4 Experimental and numerical NOx emissions for annular combustion as a
function of equivalence ratio and (S=0.73 and S= 1.13).

Figures 5-5 and 5-6 show the average temperature at the outlet of combustion chamber at
equivalence ratios 0.8 and 0.9, respectively. It can be seen that the maximum temperature at
the outlet is at s=0 while the minimum temperature occurs at s=1.13.These results are due
to the cooling effects of the center body and wall of combustor, increased heat transfer rates
with swirl number. Also, the average temperature on the outlet for swirl numbers 0.45,
0.73 and 1.13 (at L/LO =0) are less than that of (s=0) by 1.31%, 4.2% and 7.46% which is
clear from Figs.4 a, b, c and d.
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Figure 5-5 Temperature profiles along (x-x) line at =0.7, L/L,=0 and various swirl
numbers.

Figures 5-5 illustrate the temperature distribution along (x-x) line in the case of L/Ly=0
for swirl numbers (S =0, 0.45, 0.73 and 1.13) and equivalence ratio ® =0.7. It can be seen
that in general, the increase of the swirl number moves the flame closer to the combustor
inlet. The peak temperature takes places at x=89 mm for (s = 0), x= 59 mm for (s= 0.45),
x=27.5 mm for (s=0.73) and x=13 mm for the strongest swirl (s =1. 13). As shown in figure
5-5 the maximum temperature levels are around 1820 K in case of (s = 0), 1858 K with (s =
0.45), 1860 K in case of (s = 0.73) and 1784 K in case of (s = 0.73).
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Figure 5-6 Temperature profiles along (x-x) line at $=0.8, L/L,=0 and various swirl
numbers.
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Figure 5-7 Temperature profiles along (x-x) line at =0.9, L/L,=0 and various swirl
numbers.

Figures 5-5, 5-6 and 5-7 represent the temperature profiles along (x-x) line for swirl
numbers (s = 0, 0.45, 0.73 and 1.13) and equivalence ratios ® =0.7, 0.8 and 0.9 for the
tubular combustor (L/Lo=0). As shown in figures 5-5, 5-6 and 5-7, in general, the
temperature profiles for the same swirl numbers show similar trend in all cases of
equivalence ratio ® = 0.7, 0.8 and 0.9. In addition, close to the outlet of combustor the
temperature gradient decreases, which can be seen for swirl number of (s = 0.73 and 1.13).
This effect can be attributed to formation of the central recirculation zone (CRZ) at the

combustor outlet, as shown in the figure (5-17).
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Figure 5-8 Radial temperature profiles at z=4 mm, @=0.7, L/L,=0 and various swirl

numbers.
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Figure 5-9 Radial temperature profiles at z=4 mm, $=0.8, L/L,=0 and various swirl
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Figure 5-10 Radial temperature profiles at z=4 mm, ©=0.9, L/L,=0 and various swirl
numbers.

The effect of swirl number on the radial temperature gradients at axial distance of (z=4
mm) for tubular combustor (L/L,=0) is plotted in figures 5-8, 5-9 and 5-10 for equivalence
ratio @ =0.7, 0.8 and 0.9 respectively. It can be seen form the figures that there is a small
effect of increasing swirl number on temperature distribution in the preheat zone, while
near to the wall area from r=20 mm to r= 33 mm It is very clear that the effect of increasing
swirl number increases the temperature level. This results is expected because a higher
swirl number leads to decrease of the size of WRZ for confined flow and therefore
decreases cooling rate with the wall, as shown in figure 5-17.
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Figure 5-11 Temperature profiles along (x-x) line at =0.7, L/L,=1 and various swirl
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Figure 5-12 Temperature profiles along (x-x) line at $=0.8, L/Lo,=1 and various swirl
numbers.
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Figure 5-13 Temperature profiles along (x-x) line at $=0.9, L/Lo,=1 and various swirl
numbers.

Figures 5-11, 5-12 and 5-13 represent the temperature profiles along (x-x) line for swirl
numbers (s = 0, 0.45, 0.73 and 1.13) and equivalence ratio ® =0.7, 0.8 and 0.9 for the
annular combustor (L/Lo=1). As shown in these figures the temperature profiles for the
same swirl numbers show similar trend in all cases of equivalence ratio ® =0.7, 0.8 and 0.9.
in addition, in cases of swirl numbers of (s =0.73 and s = 1.13), the temperature profile for
these cases has inflection point at x = 10.5 mm and 25.5 mm respectively, which takes
place due to wall recirculation zones (WRZ) of the central body as shown in figures 5-18
and 5-19. Also, close to the outlet of combustor the temperature gradient decreases which
can be clear for swirl number of (s=0.73 and 1.13), this affect attribute to formation of the
central recirculation zone (CRZ) at the combustor outlet as shown in the figure 5-18 and 5-
19.
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Figure 5-14 Radial temperature profiles at z=4 mm, @¢=0.7, L/L,=1 and various swirl

numbers.
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64




2100

1800 |-\
S 1500 1 N\
S 1200 N _
Gg_ : —35=0.45
& 900 1 = s=0.73
: l —s=1.13
600 - \*
300 .

125 175 225 275 325 375
r (mm)

Figure 5-16 Radial temperature profiles at z=4 mm, @¢=0.9, L/L,=1 and various swirl
numbers.

The effect of swirl number on the radial temperature gradients at axial distance of (z=4
mm) for annular combustor (L/Lo=1) is represented in figures 5-14, 5-15 and 5-16 for
equivalence ratio ® =0.7, 0.8 and 0.9 respectively. The first noticeable observation from the
figures is the small effect of the increase of swirl number on temperature distribution in the
preheat zone, while near to the wall area from r=20.6 mm to r= 33 mm, it is very clear that
the effect of increasing swirl number increases the temperature level. This result is expected
because a higher swirl number leads to decrease of the size of WRZ and therefor to
decrease of heat transfer rate with the wall, as shown in figures 5-18 and 5-19. Also near
the center body where r= 12.5 mm to r= 15 mm, the temperature falls down in the case of
swirl number (s=1.13) which can be attribute to formation of stronger central recirculation

zone (CRZ), with pronounced mixing, as shown in figures 5-18 and 5-19.
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Figure 5-17 Flow structure along the central plane of tubular combustor (L/L,=0) for
® =0.8, and different swirl numbers for base fuel.
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Streamline pattern contours are plotted along a central plane of the tubular combustion
chamber (L/Lo=0) for four swirl numbers (0, 0.45, 0.73 and 1.13) at equivalence ratio ® =
0.8, as shown in figure 5-17, The first noticeable observation is the presence of a central
recirculation zone (CRZ) at the combustor inlet and wall recirculation zones (WRZ) in the
burner corners. As the swirl number increases, the length of the WRZ decreases; this is due
to the radial expansion of the flow under the swirl effect. At no-swirling flow (S = 0) the
CRZ is smaller compared to the size of the WRZ, as can be observed in this case, the length
of CRZ is about 24 mm, while, the WRZ length is about 59 mm. For strong swirl number
(S=1.13), the flow structure is different and the size of the WRZ is reduced, contrary to the
size of WRZ, the CRZ reaches a length of 80 mm, while the WRZ length decreases to 17
mm. Also, in cases of swirl numbers (0.73 and 1.13), it can be seen that recirculation zone

at the combustor outlet increases with s to the length of about 25 mm for (S = 1.13).

Comparing flow structures of tubular and annular combustors for @® = 0.8, different swirl
numbers and base fuel, Figs 5-17 and 5-18, it can be concluded that the WRZs are similar
for all cases except for lower swirl, s = 0.45, where for the annular case is of double size vs.
tubular one. Also, for s=0.45 CRZ do not exist in annular combustor. For no swirl and s =
0.45 cases the CRZs for annular combustor are moved at the top of the center body. For s =
0.73, annular case, the CRZ consist of two zones, one at the 2/3 L and the other at the
center body top. For strong swirl s = 1.13, recirculation zones are similar except that the

annular has a one CRZ more, at the center body top.
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Figure 5-18 Flow structure along the central plane of annular combustor for ® =0.8,
L/Lo=1, and different swirl numbers for base fuel.
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Figure 5-19 Flow structure along the central plane of annular combustor for ® = 0.9,
and different swirl numbers for base fuel.
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Streamline pattern contours are plotted along a central plane of the annular combustion
chamber (L/Lo=1) for four swirl numbers (0, 0.45, 0.73 and 1.13) at equivalence ratio
®=0.8 and 0.9. As shown in figures 5-18 and 5-19, wall recirculation zones (WRZ) in the
burner corners, as the swirl number increases, the length of the WRZ decreases, which the
same as mentioned for tubular combustion chamber (L/Lo=0) . As can be observed from
the figures at no-swirling flow (s = 0), the central recirculation zone (CRZ;) formatted at
the end of the center body, by increasing swirl number, the second central recirculation
zone (CRZ,) appears at outlet of combustor chamber. For strong swirl numbers (s= 0.73
and 1.13), the CRZ; and CRZ2 are formatted on one CRZ. Also it can be seen for s= 0.73
and 1.13, the third central recirculation zone CRZ3 appears beside the center body, which is
small in case of s=0.73 (25 mm length) and biggest in case of 1.13 (57 mm length).
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Figure 5-20 Temperature distributions along the central plane
of combustor chamber at ® =0.8, L/Ly=0 and various swirl numbers.
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Figure 5-20 represents the mean temperature distribution along a central plan of the
combustor, equivalence ratio (¢=0.8) and various swirl numbers (0, 0.45, 0.73 and 1.13)
for tubular combustion (L/L,=0). It can be observed that by increasing the swirl number, the
shape of maximum temperature zone is changed. At non-swirling flow (s = 0) the length of
that zone reaches a location of the outlet of combustor (104 mm), while, for swirl numbers
(0.45, 0.73 and 1.13) reach locations of 96mm, 81mm and 58mm, respectively. Moreover,
it can be seen at swirl numbers (0.73 and 1.13) that zone becomes thick and tends to take
the M-shape and also, due to recirculation zone close to the outlet of combustor, a

decreasing temperature zone appears near the outlet.
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Figure 5-21 Variation of average temperature at outlet with the central
body ratio at equivalence ratio 0.8
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Figure 5-22 Variation of average temperature at outlet with the central body
ratio at equivalence ratio 0.9

For more details of overall effect of the center body on temperature at the outlet of
combustion chamber, Figures 5-21 and 5-22 show the average temperature at the outlet of
combustion chamber at equivalence ratios 0.8 and 0.9 respectively, at different center body
length, it can be seen that the maximum temperature at the outlet is at s = 0 while the
minimum temperature occurs at s=1.13.These results are due to the cooling effects of the
center body and wall of combustor, increased heat transfer rates with swirl number, also
from Figure 5-21 and 5-22, it is observed that the average temperature on the outlet for
swirl numbers 0.45, 0.73 and 1.13 (at L/Lo =0) are less than that of (s=0) by 1.31%, 4.2%
and 7.46% .
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Figure 5-23 Temperature distributions along the central plane for ® =0.8, and
different swirl numbers (left, base fuel , right - 90%ovol base fuel and H, 10%vol).

74



Figure 5-23 represents the mean temperature distribution along the central plane of
combustor for equivalence ratio ® =0.8 and different swirl numbers (0, 0.45, 0.73 and
1.13). It can be observed that by increasing the swirl number, the shape of high temperature
zone changes. For flow with no swirl (s=0) the flame is elongated, narrow, and protrudes
out of the combustor. With the increase of swirl number (0.73 and 1.13) the flame becomes
wider, shorter and ends inside the combustor for both fuels. The most pronounced
difference between the flames of these two fuels can be seen in (s = 1.13). The flame of
propane/hydrogen mixture is shorter and more compact than that of propane. This can be
attributed to the increase of flame speed of the propane / hydrogen mixture. Comparison of
these two cases shows very similar images with one noticeable difference: the central high

temperature zone is slightly shorter in the case of base fuel/hydrogen mixture.
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Figure 5-24 Base fuel mass fraction of mixed base fuel-hydrogenair flame along (x-x)
line at @=0.7, L/Lo=0 and various swirl numbers.
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Figure 5-25 Base fuel mass fraction of mixed base fuel-hydrogen- air flame along (x-
X) line at §=0.8, L/L,=0 and various swirl numbers
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Figure 5-26 Base fuel mass fraction of mixed base fuel-hydrogen-air flame along (x-x)
line at =0.9, L/Lo=0 and various swirl numbers.
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The mass fraction profile of propane of mixed propane-hydrogen- air flames at equivalence
ratio (¢=0.7, 0.8 and 0.9) with swirl intensities of 0, 0.45, 0.73 and 1.13 are shown in
figures 5-24, 5-25 and 5-26. The results show that the increasing of swirl number leads to
decrease distance consumption of propane to reach the minimum value. It is clear from
figure 5-24, at equivalence ratio (9=0.7), the minimum values of C3Hg fraction are located
at around 78 mm, 62 mm, 41lmm and 17 mm for swirl number s=0, 0.45, 0.73 and 1.13,
respectively. While from figure 5-25, at equivalence ratio (9=0.8), propane is fully
consumed at around 81 mm, 68 mm, 51mm and 24 mm for swirl number s=0, 0.45, 0.73
and 1.13, respectively. Also, in case of equivalence ratio (¢=0.9), for figure 5-26, the
minimum values of fuel fraction are located at 85 mm, 75mm, 60 mm and 33 mm for swirl
number s=0, 0.45, 0.73 and 1.13 respectively. It can be noticed that at constant equivalence

ratio, the increasing of swirl number leads to a faster combustion of fuel/air mixtures.
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Figure 5-27 Hydrogen mass fraction of mixed fuel-hydrogen- air flame along  (x-x)
line at @=0.7, L/Lo= 0 and various swirl numbers.
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Figure 5-28 Hydrogen mass fraction of mixed propane-hydrogen- air flame along
(x-x) line at =0.8, L/L,= 0 and various swirl numbers.
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Figure 5-29 Hydrogen mass fraction of mixed base fuel-hydrogen-air flame along
(x-x) line at @=0.9, L/L,= 0 and various swirl numbers.
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The mass fraction profile of hydrogen of mixed propane-hydrogen- air flames at
equivalence ratio (¢=0.7, 0.8 and 0.9) with swirl intensities of 0, 0.45, 0.73 and 1.13 are
shown in figures 5-27, 5-28 and 5-29. It is from figures, hydrogen is almost fully consumed
at around 44 mm, 40 mm, 32 mm and 19 mm for swirl numbers s=0, 0.45, 0.73 and 1.13,
respectively. A noticeable difference between propane and hydrogen is faster consumption
of hydrogen, in general. The effect of swirl increase from 0.45 to 0.73 on fuel consumption
Is moderate, while for (s = 1.13) the rates of consumption have pronounced peaks.
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Figure 5-30 Profile of reaction rate of base fuel along (x-x) line at $=0.8, L/L,=0 and
various swirl numbers.
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Figure 5-31 Profile of reaction rate of hydrogen along (x-x) line at
0=0.8, L/L,=0 and various swirl numbers.

The (x-x) line of fuel reaction rate and hydrogen reaction rate are given in figures 5-30 and
5-31. It can be seen that the increasing of swirl intensity results a high increase for both
propane and hydrogen reaction rates. The (x-x) line reaction rate of base fuel increases
from 0.0803 at swirl number (5=0.45) to 0.1809(kg mole /m3s) at swirl number (s=1.13).
This augmentation of base fuel reaction rate is about 125 %. This value is reached by the
increase of swirl intensity. In addition, as the swirl number increases, the ending point of
flame becomes closer to the combustor inlet. These finishing points are located at around
56, 38 and 21mm for swirl numbers 0.45, 0.73 and 1.13 mm, respectively. Regarding the
(x-x) line, the reaction rate of hydrogen, increases from 0.1353 at s=0.45 to 0.2058 (kg
mole /m3s) at s=1.13, that is to say, there is an increase of 52%. As a conclusion, the swirl

number has a noticeable effect on the reaction rate.
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Figure 5-32 Oxygen mass fraction along (x-x) line at =0.7, L/Lo = 0 and various swirl
numbers.
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Figure 5-33 Oxygen mass fraction along (x-x) line at =0.8, L/L, = 0 and various swirl
numbers.
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Figure 5-34 Oxygen mass fraction along (x-x) line at $=0.9, L/L,= 0 and various swirl
numbers.

Figures 5-32, 5-33 and 5-34 represent the mass fraction profiles along (x-x) line of oxygen
of premixed base fuel-hydrogen-air flames with various swirl numbers of 0, 0.45, 0.73 and
1.13. As can be seen from these figures, the increase of swirl number leads to a faster
consumption of oxygen, The results show that the increasing of swirl number leads to
decrease distance consumption of oxygen to reach the minimum value, it is be clear from
figures 5-32, 5-33 and 5-34, at equivalence ratio =0.7, 0.8 and 0.9 respectively , the
minimum values of O, fraction are located at around 77 mm, 62 mm, 40 mm and 15 mm
for swirl number s=0, 0.45, 0.73 and 1.13 respectively. The minimum consumption values
are 0.0652, 0.0443 and 0.0221 for equivalence ratio @ = 0.7, 0.8 and 0.9 respectively.
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Figure 5-35 H,O mass fraction along (x-x) line at =0.7, L/L, =0 and various swirl
numbers.
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Figure 5-36 H,O mass fraction along (x-x) line at =0.8, L/L, =0 and various swirl
numbers.
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Figure 5-37 H,O mass fraction along (x-x) line at =0.9, L/L, =0 and various swirl
numbers.

The distributions of H,O along (x-x) line at $=0.7, 0.8 and 0.9 are given for various swirl
numbers in figures 5-35, 5-36 and 5-37, respectively. H,O is the product of chemical
combustion reaction, so the distribution H,O of is directly related to the flame temperature
gradient. As can be seen from these figures, the increase of swirl number leads to a faster
consumption of oxygen. The results show that the increase of swirl number leads to
decrease distance for production of H20 to reach the maximum value. It is be clear from
figure 5-32, 5-33 and 5-34, at equivalence ratio =0.7, 0.8 and 0.9 respectively , the
maximum values of H,O fraction are located at around 80 mm, 70 mm, 57 mm and 25 mm
for swirl number s=0, 0.45, 0.73 and 1.13, respectively. The maximum consumption values
are 0.0714, 0.0806 and 0.0905 for equivalence ratio @ = 0.7, 0.8 and 0.9 respectively.
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Figure 5-38 CO, mass fraction along radial line at outlet of combustor chamber for
@=0.7, L/Lo = 0 and various swirl numbers.
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Figure 5-39 CO, mass fraction along radial line at outlet of combustor chamber for
®=0.8, L/Lo= 0 and various swirl numbers.
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Figure 5-40 CO, mass fraction along radial line at outlet of combustor chamber for
0=0.9, L/Lo= 0 and various swirl numbers.

The distributions of CO; along the radial line at outlet of combustor chamber at $=0.7, 0.8
and 0.9 are given for various swirl numbers in figures 5-38, 5-39 and 5-40 respectively.
CO; is the product of chemical combustion reaction. As can be seen from these figures, the
distribution of mass fractions of CO, in cases of swirl numbers (s = 0 and s = 0.45) are
almost the same. The CO, production values are 0.109, 0.126, 0.144 and 0.161 at
equivalence ratios 0.6, 0.7, 0.8 and 0.9, respectively. The mass fraction distribution at lower
swirl number (s = 0 and s = 0.45) cases are noticeably different from higher swirl numbers
(s =0.73 and s = 1.13). As shown in these figures, at equivalence ratio (¢=0.7) there is CO,
in range of r >10 mm and r >16 mm for s = 0.45 and s = 1.13 respectively, while at
equivalence ratio (9 = 0.8), the distribution of CO; appears in range of r > 7.5 mm and r
>15 mm for s = 0.45 and s = 1.13 respectively, also at equivalence ratio (@ = 0.9), the CO,
production concentrates in range of r > 5.5 mm and r >13.5 mm for s = 0.45 and s = 1.13
respectively. To explain the effect of swirl number on CO; production, the average mass
fraction of CO; has to be calculated at the outlet of combustor, so the figure 5-40 shows
average mass fractions of CO, at the outlet, for different equivalence ratios and swirl

numbers.
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Figure 5-41 Average mass fractions of CO, at outlet for different equivalence ratios
and swirl numbers of base fuel/hydrogen mixture (L/Lo=0).

As shown from figure 5-41, it can be clearly seen that the increase of swirl number leads to

decreases the production of CO, at the outlet of the combustion chamber.
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Figure 5-42 NOx emission for different equivalence ratios and swirl numbers of base
fuel and b/hydrogen mixture.

Fig. 5-42 illustrates the variation of NOx emissions for different equivalence ratios and
swirl numbers when using pure propane and mixture of propane and hydrogen (90%
C3Hg+10% H, vol.). The comparison of NOx emission without and with hydrogen addition,
Is based on experimental investigation data of the burner in question fueled with propane,
[40]. It can be clearly seen that the addition of hydrogen to propane increases the NOx
emissions. This effect is smaller at lower equivalence ratios and increases with the increase

of equivalence ratio. The maximum increase of NOx takes place at equivalence ratio ® =

0.9 for all cases of swirl numbers.
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5.2 Conclusion

A numerical analysis of combustion of premixed base fuel-air and base fuel/10%vol

hydrogen-air mixture was conducted.

The thesis provides some new insights in lean premixed turbulent combustion of
hydrocarbon fuel blends with hydrogen in a swirl combustor with and without center body.

The velocity field, temperature, reaction rates, species concentrations and NOx emissions
of base fuel and base fuel-10%vol hydrogen mixture were calculated over the range of

equivalence ratios and swirl numbers for tubular and annular swirl combustors.

Numerical results show that combustion characteristics such as the radial temperature, axial
temperature distributions, the gas concentrations including CH,4, H,, C3Hs, O,, H,O and
CO; and other products are strongly affected by the swirl number and equivalence ratio.

The flow structure, central recirculation zone (CRZ) and wall recirculation zones (WRZ)

for the two types of combustor were found to differ significantly.

For flows with no swirl the flame is elongated, narrow, and protrudes out of the combustor.
The increase of swirl number moves flame closer to the combustor inlet. Flame becomes
wider, shorter and completely inside the combustor, for both fuels due to the strong flow

recirculation induced by increased swirl.

The most pronounced difference between flames of base fuel and base fuel/hydrogen
mixture can be seen for the highest swirl, S = 1.13: The flame of fuel/hydrogen mixture is
shorter and more compact than that of pure fuel. This can be attributed to the increase of

flame speed of blended fuel.
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The reaction rates of blended fuel increase with the increase of swirl number, with
pronounced peak for highest swirl, S = 1.13. A noticeable difference between base fuel and

the hydrogen enriched fuel is faster consumption of hydrogen.

Very good agreement between calculated and experimental NOx emissions has been found.
The addition of 10% vol of hydrogen into base fuel increases the NOx emission by about
20% for equivalence ratio 0.9, and about 30% for equivalence ratio 0.9. The increase of
swirl number from S = 0.45 to 1.13 lowers the NOx emission between 30-40% for both

fuels.

Possible problem of flame flashback in existing combustion devices is of minor importance
because the increase of flame speed of methane to methane-10%vol hydrogen mixture is

about 4 cm/s for the stoichiometric mixtures.
The results of the thesis can be useful to researchers, combustion equipment manufacturers

and engineers, dealing with combustion devices such as burners, combustors, gas turbines

and other combustion systems.
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APPENDIX

Some results are given in the Appendix in order to get better insight of the effects of
variables for the base fuel with 10%vol hydrogen.

Figs. A-1 to A-17 present detailed velocity field distributions. Figs. A-18 to A-21 present
mass fraction of fuel and A-22 to A-24 mass fraction of hydrogen in flame. The figures
clearly show that the rate of consumption of hydrogen is significantly higher than that of
the

base fuel. Figs. A-25 to A-35 show mass fraction distribution of O,, H,O and CO.
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Fig. A-1 3D streamlines of combustion gases at =0.8, L/L0=0 and s=0.
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Fig. A-3 3D streamlines of the flow at §=0.8, L/L,=0 and s=0.73.
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Fig. A-4 3D streamlines of the flow at =0.8, L/L0=0 and s=1.13.
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Fig. A-5 Contours of velocity distributiom along the central plane for ® =0.8, , L/L,=0
and s=0.
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Fig. A-6 Contours of velocity distributiom along the central plane for ® =0.8, , L/L,=0
and s=0.45.
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Fig. A-7 Contours of velocity distributiom along the central plane for ® =0.8, , L/L,=0
and s=0.73.
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Fig. A-8 Contours of velocity distributiom along the central plane for ® =0.8, , L/L,

and s=1.13.

0 and s=0.

Fig. A-9 Contours of velocity vectors along the central plane for ® =0.8, , L/L,
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0 and

0.45.

Fig. A-10 Contours of velocity vectors along the central plane for ® =0.8, , L/L,
S

$=0.73.
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Fig. A-11 Contours of velocity vectors along the central plane for ® =0.8, , L/L,=0 and



0 and

s=1.13.
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Fig. A-12 Contours of velocity vectors along the central plane for ® =0.8, , L/L,
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Fig. A-13 Contours of velocity along the central plane for ® =0.8, , L/L,=1 and s=0.
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Fig. A-14 Contours of velocity along the central plane for ® =0.8, , L/L,=1 and s=0.45.
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Fig. A-15 Contours of velocity distribution along the central plane for ® =0.8, , L/L,=1 and
s=0.73.
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Fig. A-16 Contours of velocity distribution along the central plane for ® =0.8, , L/L,=1
and s=1.13.
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Fig. A-17 Contours of base fuel mass fraction along the central plane for ® =0.8, , L/Lo=1
and s=0.
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Fig. A-18 Contours of base fuel mass fraction along the central plane for ® =0.8, , L/L,=1
and s=0.45.
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Fig. A-19 Contours of base fuel mass fraction along the central plane for ® =0.8, , L/L,=1
and s=0.73.
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Fig. A-20 Contours of base fuel mass fraction along the central plane for ® =0.8, , L/Lo=1

and s=1.13.
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Fig. A-21 Contours of H, mass fraction along the central plane for ® =0.8, , L/L,=1 and
s=0.
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Fig. A-22 Contours of H, mass fraction along the central plane for ® =0.8, , L/L,=1 and
§=0.45.
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Fig. A-23 Contours of H, mass fraction along the central plane for ® =0.8, , L/L,=1 and
s=0.73.

108



0.0002

0.0002

r 0.0001
r 0.0001
- 0.00015
0.00012
0.0001

- 0.0000

0.00005
0.00002
0.0000

Fig. A-24  Contours of H, mass fraction along the central plane for ® =0.8, , L/L,=1 and
s=1.13.
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Fig. A-25 Contours of H,O mass fraction along the central plane for ® =0.8, , L/L,=1 and
s=0.
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Fig. A-26 Contours of H,O mass fraction along the central plane for ® =0.8, , L/L,=1 and
§=0.45.
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Fig. A-27 Contours of H,O mass fraction along the central plane for ® =0.8, , L/L,=1 and
s=0.73.
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Fig. A-28 Contours of H,O mass fraction along the central plane for ® =0.8, , L/L,=1 and
s=1.13.
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Fig. A-29 Contours of O, mass fraction along the central plane for ® =0.8, , L/L,=1 and s=0.
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Fig. A-30 Contours of O, mass fraction along the central plane for ® =0.8, , L/L,=1 and
§=0.45.
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Fig. A-31 Contours of O, mass fraction along the central plane for ® =0.8, , L/Lo=1
and s=0.73.
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Fig. A-32 Contours of O, mass fraction along the central plane for ® =0.8, , L/L,=1
and s=1.13.
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Fig. A-33 Contours of CO, mass fraction along the central plane for ® =0.8, , L/L,=1 and
s=0.
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Fig. A-34 Contours of CO, mass fraction along the central plane for @ =0.8, , L/L,=1 and
$=0.45.
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Fig. A-35 Contours of CO, mass fraction along the central plane for ® =0.8, , L/L,=1 and
s=0.73.
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Fig. A-36 Contours of CO, mass fraction along the central plane for ® =0.8, , L/L,=1 and
s=1.13.
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Fig. A-37 Laminar flame speed of methane/hydrogen mixtures
https://hal.archives-ouvertes.fr/hal-00776646/document
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Mycrada Makxzoym Aiu Maxjoyo
buorpadcku nogaum

Mycrada Makxzoym Amm Maxjoy6 je pohen 28.08.1976 y Mucypatu, JIuGwuja.
OcHOBHO U cpenme 00pa3oBame je crekao y JImbuju. 1992. romune ce ymmcyje ce Ha
VYHupep3uter y Tpunonujy u cTyadpa MamuHCTBO rae 1999. cruue BSc murmmomy.
[Torom npenaszu 2004. roqune Ha YHuBep3utrer y Mucypatu rae 2009. rogune ctuye
MSc numioMy MaIMHCKOT HHXemepa. JJokTopcke cTyauje Ha MamHCKOM QaKkyiaTeTy y
Beorpany ynucyje 2014. roquHe 1 Koje yCIEIIHO 3aBpIIaBa ca MPOCEYHOM OIleHOM 9,89.

VY nepuoay 2003 — 2009 Mycradha Makx3oym Anu Maxjoyo paau y Iron & Steel company
Misurata y JIubuju kao MHXemep 3a oJip:kaBame noctpojema. 2009. roguHe mpenasu Ha
YuuBep3uter y MucypaTtu rae paau kao goueHt. Y nepuony on 2012-2013. rogune je
med Opesbera 3a BUCOKO 00pa3oBambe Ha YHHUBEP3UTETY y Mucypartu. 3a Bpeme paja Ha
VYuusepsutery y Mucyparu Mustafa Makhzoum Ali Mahjoub o6jaBibyje pan:

Mustafa Makhzoum Ali Mahjoub, Thermal Analysis of Combined cycle Power Plant with
Desalination Unit, Scientific Net, Materials Science And Engineering, 2012.

JlokTtopcke cryauje Ha MammHcKkoM ¢akynTery YHuBep3urera y beorpany ymmcyje
mkosicke 2013/2014. ronune e nonaxke cBe ucnure npenpulhere [InmanoM ycappiiaBama.

Tokom TOKTOpCKHX CcTynuja 00jaBibyje paj:

Mustafa Makhzoum Ali Mahjoub, Aleksandar M. Milivojevi¢, Vuk M. Adzi¢, Marija A.
Zivkovi¢, Vasko G. Fotev, Miroljub M. Adzi¢, Numerical Analysis of Lean Premixed
Combustor Fueled by Propane-Hydrogen Mixture, Thermal Science, Year 2017, Vol. 21,
No. 6A, pp. 2593-2602. Thermal Science je kareropucan kao mehyHapoaHu yaconuc M23.
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Mpunor 1.

UsjaBa o ayTopcTBY

Motnmcanm  MUSTAFA MAKHZOUM MAHJOUB

6poj nHoekca D43 /2013

UsjaBrbyjem
Aa je JOKTopCcKa AucepTaumja nog HacrnoBoM

THE EFFECT OF BLENDING HYDROGEN INTO NATURAL GAS ON
COMBUSTION

UTICAJ UVODENJA VODONIKA U PRIRODNI GAS NA PROCES
SAGOREVANJA
e pesynTaT CONCTBEHOr UCTPaXXMBaYKor paga,

e [a npeanoxeHa auceprauuvja y LENUHN HU Y AenoBuMa Huje 6una npeanoxeHa 3a
Aobujare Bmno koje gunaome npema CTyanjCKMMm nporpammma apyrux
BMCOKOLLKOJICKMX YCTaHOBA,

e [a Cy pe3yntatu KOPeKTHO HaBedeHUN U

e [a HucaM KpLuMo/na ayTopcka npaea U KOPUCTUO MHTENEKTYarnHy CBOjUHY APYrunx
nvua.

MoTnuc pokropaHaa

Y Beorpaay, Anpun 2018
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Mpunor 2.

M3jaBa 0 NCTOBETHOCTU LWUITaMMNaHe N efIeKTPOHCKe Bep3nje AOKTOPCKOr paaa

Mme n npesume aytopa MUSTAFA MAKHZOUM MAHJOUB

bpoj nHagekca D43 /2013

Crtyamjcku nporpam MaLUNHCKO MHXEeHEPCTBO

Hacnos paga YTUUAJ YBOBEHA BOOOHUKA' Y NMPUPOOHU
FAC

HA MNMPOLIEC CAITOPEBAHA

MeHTOp ap. Muporey6 Aumh

MoTtnucann/a MUSTAFA MAKHZOUM MAHJOUB

MsjaBrbyjeM ga je wtamnaHa Bep3vja MOr OOKTOPCKOr paja WCTOBETHA ENIEKTPOHCKO]
BEpP3uju Kojy cam npegao/na 3a objaBrbuBate Ha noptany [urutanHor peno3utopujyma
YHuBep3uTteTa y Beorpangy.

[o3sorbaBam ga ce objaBe Moju NYHK Nogaum BesaHu 3a gobujarbe akagemckor 3Bara
AOKTOpa Hayka, Kao LUTO Cy umMe 1 npesume, roguHa u Mecto pohewa u gatym ogbpaHe

paga.

OBu nNn4yHM nogaum mory ce 06jaBuTK Ha MPEXHUM CTpaHuLama gurntande 6ubnuoteke, y
€MNeKTPOHCKOM KaTanory u y nyénukauunjama YHusepauteTa y beorpagy.

MoTnuc aokropaHaa

Y beorpagy, Anpun 2018
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Mpwunor 3.

6 UsjaBa o kopuwhemwy

Osnawhyjem YHuepsuteTcky 6ubnuoteky ,Cetosap Mapkosuh® ga y [OurutanHm
peno3uTopujym YHuBep3auteta y beorpagy yHece Mojy AOKTOpCKY AucepTauujy noA
HacrnoBoMm:

THE EFFECT OF BLENDING HYDROGEN INTO NATURAL GAS ON
COMBUSTION

UTICAJ UVODENJA VODONIKA U PRIRODNI GAS NA PROCES
SAGOREVANJA

Koja je Moje ayTopcKo geno.

IuncepTaumjy ca cBMM npunosmMmMa npegao/na cam y efniekTpoHCKom dpopmMaTty norogHom 3a
TpajHO apxMBMparsE.

Mojy OOKTOpCKy AucepTauujy noxpaweHy y OurutanHn penosvtopujym YHuMBep3uTeTa y
Beorpagy mory ga kopucte CBW Koju nowTyjy ogpeanbe cagpxaHe y ogabpaHom Tuny
nuueHue KpeatmeHe 3ajegHuue (Creative Commons) 3a Kojy cam ce oany4duo/na.

1. AyTOopCTBO

2. AyTOpCTBO - HEKOMepLUKjanHo

3. AyTopcTBO — HEKOMepuujanHo — 6e3 npepaae

4. AyTopCTBO — HEKOMEpUMjanHo — AennTK nog UCTUM yCcnosmma
5. AytopctBo — 6e3 npepage

6. AyTOopCcTBO — O€enuTu nog UCTUM ycrioBumMa

(Monumo aa 3aokpyxuTe camMo jedHy o4 LeCT NoHYReHUX NUUeHLM, KpaTak oOnuc NUuUeHLm
Aaart je Ha nonehuHn nucra).

MoTnuc poktopaHaa

Y Beorpagay,
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1. AyTtopcTBo - [lo3BOrbaBaTe yMHOXaBawe, ANCTpubyunjy 1 jaBHO caonwitaBawe aena, u
npepage, ako ce HaBede MMe ayTopa Ha HaduuMH ogpeneH of CTpaHe ayTopa unu gaBaola
nuueHue, Yak n y komepumjanHe cspxe. OBo je HajcnobogHuja og CBUX NIMLEHLMN.

2. AyTopCcTBO — HekomepuujanHo. [Jo3BorbaBaTe yMHOXaBawe, OUCTpMOyuMjy U jaBHO
caonwitaBawe ferna, u npepage, ako ce HaBede MMe ayTopa Ha HauduH ogpeheH of
CTpaHe ayTtopa unu gasaoua nuueHue. OBa nuueHUa He [03BOSfbaBa KomepuwujanHy
ynoTpeby gena.

3. AyTtopcTBO - HekomepuumjanHo — 6e3 npepage. [Jo3BorbaBaTe YMHOXaBahE,
AncTpubyumjy 1 jaBHO caonwtaBawe Aena, 6e3 npomeHa, npeobnukoBara nnu ynotpebe
[erna y CBOM Jery, ako ce HaBefe MMe ayTopa Ha HauvH ogpefeH of cTpaHe ayTopa unu
pAasaoua nuueHue. OBa nuueHua He 403BOSbaBa KoMepuujanHy ynotpeby gena. Y ogHocy
Ha CBe oOcTane nuueHLe, OBOM IWLEHLOM ce orpaHuyaBa Hajpehu o6um npasa
Kopuwhemna gena.

4. AyTOpCTBO - HeKoMepuujanHO — OenuTu nod WCTUM  ycroBuma. [o3Borbaearte
YyMHOXaBak-€e, AUCTpubyumjy 1 jaBHO caonwiTaBake Aena, v npepaje, ako ce HaBeae uve
ayTopa Ha HauvH oapeheH oA cTpaHe ayTopa unu gaBaola NULEHLE M ako ce npepaga
AVCTpMOyupa nog MCTOM MNM cnvyHom nuueHuom. OBa nuueHUa He [03BoSbaBa
komepuujanHy ynotpeby gena v npepaga.

5. AytopctBOo — 6e3 npepage. [o3BorbaBate YyMHOXaBawe, AUCTPUOYUMj)y M jaBHO
caonwTaBawe gena, 6e3 npomeHa, npeobnukoBawa unu ynotpebe gena y csom aeny,
ako ce HaBefe MMe ayTopa Ha HauuH ogpeheH o cTpaHe ayTopa unv gaBaola nuueHue.
OBa nuueHua go3sosbaBa komepuujanHy ynotpeby gena.

6. AyTOpCTBO - AenuTu Noa UCTUM ycrioBuma. [lJo3BorbaBaTe YMHOXaBake, AUCTPUGYLjY
M jaBHO caonwiTaBake [ena, U npepage, ako ce HaBede MMe ayTopa Ha HauvH oapeheH
o[ CTpaHe ayTopa unv gaBaola NULEHLE M ako ce npepaga AucTpubympa nod UCTOM Unu
cnuyHom nuueHuoM. OBa nuueHua 4o3BorbaBa komepLuujanHy ynotpeby aena v npepaga.
CnuyHa je codpTBEPCKMM NULEHLLAMA, OAHOCHO NULIEHLIaMa OTBOPEHOT koaa.
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