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Keynote lecture

Improvements to a detailed fundamental char conversion model
for oxy-coal combustion
T. H. Fletchet, T. Holland

1Brigham Young University, Provo, UtadSA

Oxy-fired coal combustion is a promising potential carbapture technology. Predictive CFD
simulations are valuable tools in evaluating and deployingfogl/and other carbon capture
technologies either as retrofit technologies or for new constion. However, accurate
predictive simulations require physically realistic subededwith low computational
requirements. In particular, comprehensive char oxidatiod gasification models have been
developed that describe multiple reaction and diffusiorog@sses. This work extends a
comprehensive char conversion code (the Carbon ConversiondsiretiCCK model), which
treats surface oxidation and gasification reactions as wgtirasesses such as film diffusion,
pore diffusion, ash encapsulation, and annealing. Ther@aigCCK model was thoroughly
investigated with a global sensitivity analysis. The seitgitanalysis highlighted several
submodels in the CCK code, which were updated with moreasteaphysics or otherwise
extended to function in oxy-coal conditions. In partaauthe annealing model was identified
as one of the most important submodels, and extensive reseaahaenducted to identify
pertinent annealing data and then to develop an improved anngatiodel that depends on
temperature, heating rate, and coal type. Improved submodels in i@€kde the greatly
extended annealing model, the swelling model, the mode of bgrmparameter, and the
kinetic model, as well as the addition of the Chemical Perawiabevolatilization (CPD)
model. The resultant Carbon Conversion Kinetics for oxyemabustion (CCK/oxy) model
predictions were compared to oxy-coal data, and furthempared to parallel data sets

obtained at near conventional conditions.
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Minimizing pollutant emissions in oxy-fuel combustion
Maria U. Alzuetd

1 Aragon Institute of Engineering Research (I3A), Department of Chehacal
Environmental Engineering, University of Zaragoza, Zaragoza 5008gain

The oxy-fuel combustion technology is aimed to the minimizavbdrCO2 emissions, by
generating a concentrated CO2 stream that can be further compressmuasported and
stored. In this technology, combustion is producedwgtire oxygen, rather than air, together
with a fraction of recirculated gases that contain mainly CO2t20@, together with other
minor constituents that may include pollutants.

The CO2 atmosphere, characteristic of oxy-fuel combustioplies a number of differences
compared to the air combustion environment. The main changesvevhe the composition
of the exhaust gas and the volume of gases generated. Sinceydlsiereciculation is a
characteristic feature of oxy-fuel combustion processes, ithpact of such a combustion
strategy may also be of huge relevance both for the conversimhburnout of the fuel and
also for the formation and final emission of pollutants.

The present work evaluates the impact of flue gas recirculdtothe conversion of the fuel
and for the emissions of the main pollutants, nitrogen anlfiusiwoxides and soot. In general,
the high CO2 presence in the oxy-fuel combustion atmospheretadtshibit conversion of
the fuel and pollutants, while the presence of high amouotsvater may contribute to
minimize this inhibiting effect. A complex interaction of CQZIHvith the radical pool occurs,
and inhibition of promotion of conversion of fuel andljptants depends on the specific local
conditions with the combustion chamber.

The recirculated flue gases may contribute to minimization ofiupgnts under given
conditions. In general, nitrogen oxides emissions are se®e reduced under the conditions
of oxy-fuel combustion, because the formation of nitrogempared to the formation of NO
is favoured, either through the direct oxidation of nitergintermediate species, such as NH3
and HCN, or through reactions typical of selective non-gitateduction if conditions are
appropriate. In the case additional NOx reduction is neetiax reduction processes such as
reburn, based in the interaction between NO and hydrocarbons, Imeagpplied, even though
its efficiency in the oxy-fuel atmosphere is lower comparedht tachieved in conventional

air combustion processes. Even though under the oxygen atoosphere of oxyuel
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combustion, the formation of SO3 may be a concern, both rtieetynamics and kinetics
support a little formation of this compound in oxy-fuebnsbustion, and therefore no
significant corrosion problems are expected because of its faonaflue gas recirculation
may also contribute to the minimization of soot in oxy-faembustion in most of operating
conditions. Results indicate that water vapour, hydrogenboardioxide, as well as nitrogen
and sulfur oxides can effectively contribute to soot minimat However, it has to be taken
into account that the presence of small amounts of oxidants rfeaor hydrocarbon

conversion together with increased soot formation.
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Session 1: Modeling

Eulerian-Lagrangian simulations of pulverized biomass injection in
turbulent flows using spheroidal approximation

N.Gud*, T.Lit, T. Lgvas

1Department of Energy and Process Engineering, NTNU -wkégran University of Science

and Technology, Kolbjgrn Hejes vei 1a, Trondhewarway

* Corresponding author. E-mail addreaghg.quo@ntnu.npTel: +4773412129.

In the computational fluid dynamics (CFD) simulations of bismasversion, it is common to
use spheres to represent pulverized biomass particles. Howeulenzed biomass particles
in reality are far from perfect spheres. Therefore, such assumptan lead to significant
errors in predicting hydrodynamics behaviour of particleabhand mass transfer between
particle and surrounding gas, and conversion rate of cBame works have been done to
remedy this issue, but many of them are focused on effects digbmshape on heat and mass
transfer and conversion rate. Studies concerning hydrodynastiaviour of biomass particle
in a configuration of pulverized particles injection aae. The hydrodynamics of fuel particles
influence the particle trajectories and residence times, whithturn will affect the fuel
conversion histories. Therefore, in this work, pulzed biomass patrticles are assumed to be
spheroids, which is in close proximity to their true sbepThe drag force and torque for
spheroids have been implemented into OpenFOAM, an open sourcel&@fdm. With the
new spheroid model, a cold case study is carried out testigate trajectories and residence
time of pulverized biomass injection in turbulent flows. &es are compared with both

experimental data and simulations using the sphere assumptions.
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Carrier- Phase DNS of coal combustion in a turbulent mixing layer
M. Rietht*, A.M. Kemgi, M. Vascellad, D. Messig C. Hassg A. Kronenburd, O.T. Steifh

1Chair for Fluid Dynamics, Universitat Duisburg-Ess&grmany

2Chair of Numerical Thermo-Fluid Dynamics, Technische UniversitagBleademie
Freiberg Germany

3Simulation of Reactive Thermo-Fluid Systems, Technische Universitah§iadt,
Germany

4Institut fir Technische Verbrennung, Universitat StuttgaGermany

* Corresponding author. E-mail addregsartin.rieth@uni-due.de

Direct numerical simulations (DNS) of a three-dimensional turbuleiting layer are
performed to study the volatile ignition and combustion belwaviof coal under
industryrelevant conditions. The DNS resolves the flame aruukent scales but not the
individual particle boundary layers. The coal particles areseé an air stream and mix with
hot products from a second stream. The particles are heapedsuthey mix with the hot gases
in the developing turbulent mixing layer. This is followleg devolatilization and volatile
combustion.

The coal particles are described in a Lagrangian manner and intétadhe gas phase by full
two-phase coupling of mass, momentum, species and enthalpy. The gasipldaseribed by
a reduced mechanism with 52 species and 452 reactions derived thhe CRECK primary
reference fuel mechanism. The simulations are performed withitheouse LES/DNS code
PsiPhi, coupled to Cantera to evaluate gas phase kinetics.

Full 3D data from the simulations is gathered for differeimes ranging from the early
evolution of the turbulent mixing layer, over volatile itymn and burning to the onset of char
combustion. The data is analyzed by means of instantaneou®wo plots, scatter plots,
spatially averaged statistics and conditional statistias.gé@in detailed understanding of
burning modes and ignition behavior, a chemical explosivdaxanalysis is performed on the
dataset.

The DNS provides detailed physical insight into the ignidind burning process, and the
mechanism of flame stabilization by combustion products dal @nd its volatiles under
industry-relevant conditions. In addition, the analyssd database support model

development for coal combustion in the context of large edagutation. To this end, a

5

m RUiI-|R - TECHNISCHE
SFB/TRR 129 Oxyflame BocHuM RUB % i



2" International Workshop on @y-Fuel Combustion Collaborative Researc
Bochum, Germany, February"1# 15", 2018 Center Oxyflame @)

flamelet database is developed based on multiple mixture fractiomspgress variable and
enthalpy. The performance of the flamelet model under the verffedint conditions

occurring in the mixing layer simulation is assessed by@oa comparison of flamelet and
finite rate chemistry. Lastly, results for a DNS run efgame configuration with the flamelet

model instead of finite rate chemistry are shown and compareth&original DNS.
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Fully-resolved simulations of pulverized coal particle combustion with
a detailed multi-step pyrolysis approach

G.L. Tufanéd, O.T. Stei#f, A. Kronenburd, A. Frassolda#, T. Faravelk, A. Kemp¥, M.
Vascellart, C. Hasse

nstitut fur Technische Verbrennung, Universiy of StuttgaGermany

2Dipartimento di Chimica, Materiali e Ingegneria Chimica, PolitecniadWilano, Italy

3Institute for Combustion and Gasdynamics (IVG), Chair for FDyhamics, University of
Duisburg-EssenGGermany

4Chair of Numerical Themo-Fluid Dynamics, ZIK Virtuhcon, TU Bergakademie Freiberg,
Germany

SFachgebiet Simulation reaktiver Thermo-Fluid Systeme, TU Darmst&drmany

* Corresponding author. E-mail address: o.stein@itv.unitgart.de

Fully-resolved numerical simulations of pulverized coal gagigniting and burning in hot
oxidizing atmospheres are performed. The complexity of coablysis is described by a
multistep kinetic model [Sommariva et al., Fuel 89 (2010) 3X8Rich is able to predict the
thermal conversion of coal particles due to the pyrolysactions occurring on their surface
in detail, and applied here in a multi-dimensional CFD framewarkhie first time. The
pyrolysis reactions are responsible for the generatioligtit volatile species and heavy tars,
which are both released in the surrounding atmosphere arothwdl particles, where they
ignite and trigger the combustion of the mixture. The heatiatg history of the particles is
obtained by solving for intra-particle heat transfer aneat exchange between the particles
and their (fully-resolved) surroundings, providing thetémtaneous operating conditions for
the pyrolysis model. The composition of the volatile spedsetherefore instantaneously
predicted by the detailed model, representing a considerable anpment with respect to
standard (pre-fitted) single kinetic rate laws. The resulteftbe detailed pyrolysis model are
compared to previous results using a single rate model withtfiitred parameters and a
presumed volatile composition. Homogeneous reactions inclutliegoxidation of large tar
species are accurately captured by a detailed chemical scheme [Ranzi togl. Energy
Combust. Sci. 38 (2012) 468-501] that was suitably redigrete considered conditions. The
model is validated by comparing simulation results to wellfofi particle ignition

experiments in a Hencken burner [Molina & Shaddix, Proc. Cdmimss. 31 (2007) 1905-
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1912] and free-falling particles in a drop tube furnace [Mia#feal., Combust. Flame 160
(2013) 25592572]. Both experimental rigs operate at variousagyasspheres such that the

effects of @/N2and Q/CO: environments are evaluated.
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Large eddy simulation of pulverized oxy-coal combustion
R. Knappstei, S. Doost, F. di Maré, J. Janicka

lnstitute for Energy and Powerplant Technology, TU Darmstadtto-Berndt-StralRe 3, D
64287 DarmstadtGermany

2Chair for Thermal Turbomachinery, Ruhr-University Bochum, [E@3, D 44780 Bochum,
Germany

The conversion of coal in thermal power plants contribusggnificantly to the worldwide
primary energy consumption. Technologies such as oxyfuel cstiobun combination with
carbon capture and storage (CCS) strategies are promising measugefufther reduction
of CQ emissions in this context. In order to obtain a deeperemthnding and gain insight
into the mechanisms of realistic coal combustion chambers application of transient
combustion simulations such as large eddy simulations (LBEShreasing importance.

A flamelet generated manifold (FGM) based model was developed to simb&at®mbustion
of pulverized coal. It uses a four-dimensional manifold spdnoy two mixture fractions, a
reaction progress variable and the enthalpy on which thegese chemistry gets mapped
onto. In the talk, numerical simulation results for twdfeient configurations are presented.
The first one is a recently presented laboratory scale coal cgtidn chamber. In the
configuration the combustion of coal is assisted and stadallby a methane flame. Results of
the single-phase methane flame are discussed. In a further st@pparticles having the same
thermal power as the methane flame are injected into the comfijon. Particle histories,
the conversion of the coal particles as well as its retroacgffect on the gas phase are
investigated. The combustion chamber features a good optic&saduility and well defined
boundary conditions. Experimental results based on laser ditgrs are used for comparison
with numerical results. In doing so, an overall good agret could be obtained.

The second configuration is a down-fired 60tkWdustrial-scaled coal combustion chamber.
For this configuration the FGM model is extended to abersthe real volatiles composition
of the coal particles. In addition to the previous apgeh a radiative transfer equation (RTE)
is solved to take account of the radiation, which affectdhltbe gaseous and dispersed phase.
In this regard, a LES of the combustion of solely pulvedaatlis carried out. First results in

comparison with experimental results are discussed.
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Modeling and simulation of porosity in coal combustion under  oxy-
fuel condition

S.Farazi, A. Attilt, S. Heuetr, M. Schiemanf V. Scherér H. Pitsch

lnstitute for Combustion Technology, RWTH Aachen Univergigchen Germany
2Department of Energy Plant Technology, Ruhr-University Boch@armany

Combustion of coal particles is governed by a complesraction between chemistry,
transport, and the internal structure of the particle. Moo these processes in CFD
eJupo S]}ve ] 18 nos pu S} SZsimplifEdPassumptiodep(ed.

The aim of this work is to study numerically resolved phas to understand the influence
of the particle porosity on combustion and to provide dance for the modeling of such
complex chemical and physical processes. Here, fully coupldibeietire implemented to
solve equations of mass, species, momentum, and energy transpteisolid and gas
phases.Coal is described with a Lagrangian point particle method aitial a resolved
particle approach as welllThe chemical percolation devolatilization model is applied to
study the ignition and combustion of pulverized coal.

The model and the computational framework are verified and vadidadccording to a
series of coal ignition experiments performed in a laminar entraitea feactor [Liu, Y. et
al., Int. J. Greenhouse Gas Control 5, 2011] and in #dtae burner [J. Kdser, et al., Appl.
Phys. B 121, 2015Simulations under various particle sizes, gas compositiorts an
temperatures are performed. The analysis of the results impravesihderstanding of the
interaction between the internal structure of the coal pal®i@nd the reactive surrounding
gas and constitutes important building blocks the development of more reliable and

predictivecoal combustion models.

10

m' E:’I"VRERSITAT Bic.UEL'?ﬁR?
SFB/TRR 129 Oxyflame s RUB @ 52



2" International Workshop on ®y-Fuel Combustion Collaborative Researc
Bochum, Germany, February1tb 15", 2018 Center Oxyflame o))

[e]

Figure 1Heat release and stream lines around a reactive coal parti¢cieravparticle porosity is

considered as an effectiveness factor in computing reactiogstat
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Session 2: Industrial processes

Modelling of full scale oxy-fuel cement rotary kiln burner
J.Bakkent, M. Ditaranto'*

1ISINTEF Energi, Postboks 4761 Torgard, 7465 Trondh&lorway

* Corresponding author. E-mail addregsario.ditaranto@sintef.no

Oxy-fuel combustion has been shown to be an attractive tectgyolo implement in cement
production with CO2 capture from a process point of viBwe to the market situations and
future perspectives it is necessary that the technology can befited into existing plants.
As part of the H2020 EU project CEMCAP, the study presdregesl investigates the
retrofitting of oxy-fuel combustion technology of a tyaidull-scale rotary kilns with a 3,000
ton/year clinker capacity. The flame generated by a commerciaidsunas been modelled
with the CFD software ANSYS Fluent with a seven steps coarbustiction model, the k-
omega SST turbulence model, the discrete ordinates radiationeimeith WSGG model for
the calculation of absorption. The model setup has been aditlagainst measurements in a
500 kW pilot plant also part of the project. The burreecomposed of an annular outlet where
coal is fed and transported by a gas stream and nozzles frachvaimgled high velocity jets
generate a swirling motion for flame stabilization and mixingppses. The gas flowing in
these nozzles is referred to as the primary oxidizer, wherdagltatemperature low velocity
secondary oxidizer stream coming from the clinker cooldogifig coaxially to the burner in
the kiln. Several flames developing in air as reference case and sexgha¢él modes have
been characterized and compared. The oxy-fuel inlet parametersatteavaried in the study
are the oxidizer composition and flow rates in both thénary and secondary streams. An
optimization procedure was carried out in order to tune theyeuel conditions to produce a
clinker quality equivalent of that of the air reference case. dpgmized oxy-fuel case is
characterized by a primary burner oxidizer of lower flow ratat twith higher oxygen

concentration of up to 60 % to produce the necessary he#ltémear burner region.

12

m RUiI-|R - TECHNISCHE
SFB/TRR 129 Oxyflame BocHuM RUB % i



2" International Workshop on ®y-Fuel Combustion Collaborative Researc ()
Bochum, Germany, February"1# 15", 2018 Center Oxyflame @)

W S il |

Figure 1Coal particle trajectories and temperature in a full-scale cememnt ki
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Oxy-fuel investigations with a down-scaled cement kiln burner
F. Carrasco Maldonadf S. GrathwoH, J. Maie¥, G. Scheffknecht

lnsitute of Combustion and Power Plant Technology, University Stuttgarttt§aut,
Germany

Cement production is one of the largest £@mitters, which could benefit from the
implementation of CCS technologies to significantly reduceetlegesissions. In the frame of
the Horizon 2020 project CEMCAP the retrofitting of sevaglaggregates of a conventional
cement plant to oxyfuel combustion including the cemennt lurner is investigated. The
present study introduces the results of several investigaiemploying a downscaled kiln
burner to determine the differences in wall heat fluxes and tempamtprofile in between
oxyfuel and conventional air firing. The investigations weagried out in the 500 kW
combustion facility at University of Stuttgart, which wagviously adapted for these tests,
including the installation of an electric preheating systenrise secondary gas temperature
up to 800°C. Fuel used for the present investigations wasedrjgd lignite, which was
combusted in three different modes: conventional air and twy-duel configurations with

different proportion of Q/CQ.

A variety of in-flame measurements are performed at a dozen dlsdocated at different
distances from burner outlet in order to characterize comntimrs behavior in each firing
mode. These measurements include gaseous emissioh<@ CO), gas temperature, wall
heat flux, and wall radiation. In a second step, the effectsuohdér configuration, including
swirling and the proportion oxygen in primary gas (20, @@,vol.%) in ignition behavior,

characterized by CO formation are also investigated.
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Oxygen lancing methodologies for industrial processes
B.Damstedt, L.Bool, S. Laux, J. Vette?

1Praxair, Inc., Germany
2Praxair Deutschland GmbHGermany

Oxygen is often used in industrial combustion processesiprove emissions, reduce fuel

cost and/or increase production. As opposed to simplyadmng combustion air with

oxygen, oxygen lancing is utilized when targeting the erytg a specific part of the

combustion process is beneficial.

This study compares 2 methods of lancing oxygen into egss) the first comprising a sonic

A0} ]15C i3} u]lvds8u% E SUE ~"}o ILALEEBR V SVZ3E +3}}v
temperatures exceeding 1500°CZ}S } £CP v_X dZ Z}S }ACP v i S ] o @
velocity 2-4 times higher than is possible with comparabld oxygen jets. Simple jet theory

is used in conjunction with detailed kinetic simulatiagngnvestigate differences in lance

reactivity and effectiveness. A range of conditions is ingagtd, including oxygen preheat
temperature, ambient gas conditions and turndown capabilityallcases, hot oxygen

lancing provides better mixing capability than cold oxygeeées. In addition, the increased

reactivity of hot oxygen proves more effective than cold @yghen reacting with ambient

gases.

A real world comparison of cold and hot oxygen lanamg a cement kiln for CO emission

reduction is also presented. In practice, a hon-optimizeddgtgen lance reduces CO

emissions from the flue gas by more than 25% over a fuliyniged cold oxygen lance.
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Oxy-fuel process for the treatment of the polymer fraction of waste
electronical and electrical equipment (WEEE) in an internally
recirculating fluidized bed reactor

M. Dunker, Dr. A. Hillet, Dr. J. Brummack Prof. Dr. M. Beckmann

TU Dresden, Chair of Energy Process Engineering; 01062 Dre§dgmany

Since casings of electronical equipment have to be made fire resigt@tommon practice
to add flame retardants to used polymers. Most flame retardanttuide bromine, which has
to be separated if this waste faction is used as fuel in a theprwadess. It is common practice
to simply remove the bromine and not to recycle it as a material.

The Chair of Energy Process Engineering of the TU Dresdethéo with the TU
Bergakademie Freiberg is developing a novel process for the repytliBromine from the
WEEE casing waste stream.

The Process can be divided into three unit operations: Aemelectrolysis, the recirculating
fluidized bed reactor and the methanol synthesis. Oxygen usédei recirculating fluidized
bed reactor is supplied by a water electrolysis which isqred by renewable energy. The
Oxygen is added to the recirculating gas stream reentering ¢aetor, while the polymer
fraction is fed using a screw and rotary feeder. Due to tinedmount of inert gas added to
the reactor and the low oxygen concentration in the flue gdsigh concentration of HBr is
expected to be achieved. Since HBr is comparatively easy to removdhmfiue gas stream
using the Oxyfuel recirculating bed reactor is assumed torone the recovery rate of
bromine in comparison to processes using air. After remathiadiBr H from the electrolysis
is added to the treated flue gas and the mixture is converteMethanol.

/S[* 0} %0 vv S} pe J(( &E vS (@& ]vXBX]¥YRu \§] &L @= ]v §Z ¢
A cold model of the recirculating fluidized bed has been tesiad a small scale plant is
currently under construction. The results of the trialtbé cold model as well as the general

concept of the process will be presented during the Symmosiu
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Session 3: Ignition and emissions

A thermophysical approach to the ignition and combustion of particles
and suspensions
J.M. Bergthorso#*, M.J. Sdg X.C. Mi S.G. Goroshin

1Alternative Fuels Laboratory, Department of Mechanicahdineering, McGill University,
Montréal, QCCanada

* Corresponding author. E-mail address: jeffrey.bergthorsonz@lll.ca

In many heterogeneous combustion systems, micro-diffusion ffarman form about
individual reacting particles, formiritames inside the flamérhe transition from slow, kinetic
heterogeneous-fuel oxidation to diffusion combustion in ro#flames occurs via thermal
explosion, customarily calledgnition. This paper demonstrates the utility of a simple
thermophysical analysis by considering a hypothetical, lidean-volatile particle fuel
undergoing heterogeneous reaction controlled by a combinatibdiffusion and kinetic rates.
The thermophysical model employed is the simplest possiblerge®n of heterogeneous
combustion problems that still captures the key physicolved. The stable temperature
states for a burning particle are plotted in Fig. 1 feveral different particle sizes. For large
particles, the particles will ignite and burn in microfaion flames at a temperature close to
the stoichiometric adiabatic flame temperature of the fuel and @ed mixture. There is,
however, a critical particle size below which an individparticle cannot ignite at any
temperature (see curve 3 in Fig. 1). Below this critical padizke the combustion rate will be
controlled by heterogeneous kinetics at a temperature close &aimbient gas temperature.
While individual particles may not be able to ignite, twlective effegtwhich results from
the self-heating of the particle suspension to thermal runaywaan enable fast reaction onset
in the suspension, similar to homogeneous Semenov expltisemry. This theory reveals the
key physics involved in the combustion of all heterogendiaets and can provide a baseline
for understanding a range of theoretical and applied probleémiseterogeneous combustion

science.
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Figure 1: Scurves for a range of particle sizes. At a csta(curve 3), ignition degenerates.
Below this critical size, particles will burn in the kioetegime at any surrounding gas

temperature.
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Investigation of steam effect on ignition of dispersed coal particles in
O2/N 2 and O,/CO. ambiences
Y. X, SLi'*, Q. Yag Y. Yuah

1Key laboratory for Thermal Science and Power EngineeringMifistry of Education,
Department of Thermal Engineering, Tsinghua University, Beijing, 1®0@hina

2CFB Department, Huaneng Clean Energy Research Institute, Beijing 102208a

*Corresponding author. E-mail addredishuiging@ tsinghua.edu.cn (Prof. Shuiqing LI);

Department of Thermal Engineering, Tsinghua University, Beip@§84, China
Tel: +8610-62788506; Fax: +883-62794068

We intensively investigate the influence of steam on the hetéirmmogeneous joint ignition
of dispersed coal particle streams in both/i» and Q/CQ; conditions of an optically
accessible flat-flame burner. Two differently ranked coals arelmtuminous char were
tested for a comparison. The effects of steam content oredita (N/CQ) in the ambience,
and fuel types were systematically examined under isothermal itiond. Three main
mechanisms are categorized to explore the profound effects of ambteatrscontent on
ignition of coal particles, i.e.i) the promotion effect of OH radical on the oxidation of
volatile hydrocarbonsiij the inhibition effect of gaseous,& molecule on the equilibrium of
hydrocarbon oxidation,jiif) the negative effect of endothermic surface gasification reaction
(GCQ/C-H0). In G/N2 ambience (1500 or 1800 K), as the steam content increases, the
ignition delay of coal particles is rapidly reduced ireanly stage of 0%-5% due to the
positive effect of OH radicals, followed by an inappreciable réoluin 5%-13% stage.
However, in @CQ ambience with sufficiently high steam content (5%-18%),dghéion

delay even becomes longer with the further increment of steam.

It is because of the synergistic effect between Oldnd G=Q reaction at high
temperatures (1500 K and 1800 K). Finally, for fuel types, thea@iEht promotion effect of
two high-volatile content coal samples is obviously highan that of low-volatile char
samples, whereas with steam addition the sodium-rich Zhmgdmoal exhibits lower ignition

delay than Hulunbel lignite due to catalytic effect.
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Examinations of the sulfur emission from pulverized lignite fuel,
under fast pyrolysis and oxy-fuel combustion condition
M. Ostrycharczyk*, H. Pawlak-Kruczek M. Czeref J. Zgérg K. Krochmalny

Lf.—Z—> " f..Sfec..fZ fetf ™I e%ocotfcodhofle .l flsff™ o7
Technology, Wyb.>e’ < f Neect %o ‘-yx}a {V ... IFPdMrd

*Corresponding author. E-mail addresschal.ostrycharczyk@pwr.edu.pl;

Tel: +48 71 32027 29; Boiler, Combustion and Energy Psesd3epartment

Problem of oxy-fuel combustion gas emission like, 8Q, and the sulphur retention to the
ash from fossil fuel is still under study. This papeuses on S©, SQ and S to ash retention
investigation during air and oxy-fuel combustion processdgen the fuel is the lignite.
Analysis of the fast pyrolysis of the coal was additiorsilgied on the sulphur release to the
gaseous form from air and oxy-fuel condition. The rese@she refers especially to medium
sulphur coals usually contains higher amounts of 2%>3nlitte paper a selected hard and
brown coals were examined on the content of total sulphur.thercombustion tests the two
types of coals: one hard coal and one lignite were costdul in air atmosphere and two
O,/CO, atmospheres, of the ratio equal 25/75% and 30/70%. Tests wemged out on an
isothermal flow reactor (IFR) in a large laboratory scale: len§h m and ~20kW thermal
power. The influence of the oxy atmosphere in compariscotiéoair atmosphere on SOSQ
emission intensity was carried out. The results showed thatdhange of atmosphere from
the air atmosphere to oxy atmosphere and increase of oxygen camtem in Q/CO
combustion atmosphere results increasing the conversioio raf sulphur from the solid
phase to the gas phase only for the brown coal. Wheregshsulconversion ratio to SO2 is
varied depending on the type of coal. Lignite with the higltatile matter content during
combustion process in oxy atmospheres were characterized byhigilues of the sulphur
conversion ratio (0.85; 0.9) than for the air combust{@r¥7). Therefore a higher S conversion
ratio caused a reduction of the sulphur content in the astmf the oxy-combustion. On the
other hand, for the hard coal combustion in oxy atmospherdsveer values of sulphur
conversion ratio to SO2 (0.78; 0.8) than for the air comibust0.84) were obtained. Authors

conclude that lower conversion s fuel to SO2 in O2/CO2 spmeres may occurred due to a
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high concentration of CO near the solid fuel particlescWiare blocking the sulphur oxidation

reaction.
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Modification of a model for sulfur release during coal pyrolysis to
account for oxy-fuel conditions
L. Frigg€', J. Strohlg B. Epplé

linstitute for Energy Systems and Technology, Technische UnivgiSarmstadt, Otto-
Berndt-StralRe 2, 64287 DarmstadGermany

Oxy-fuel coal combustion is considered a promising CCSdiegyn The high concentration
of carbon dioxide in the oxidizer causes changes in the cetidruprocess when compared
to conventional combustion in air, including a differdsghavior of minor species such as
sulfur, chlorine or nitrogen. Although coal comprisesyamlatively small amounts of these
species, substantial corrosion and pollution issues cae &sn their presence, illustrating
the necessity of understanding how minor species behave undeifumtyconditions. The
present study addresses the behavior of sulfur during thal quyrolysis process under
conventional and oxy-fuel conditions. An already exgstinultistep kinetic model for coal
sulfur devolatilization was extended for this study. Adudlitil gas-phase sulfur species were
added to the model. To account for oxy-fuel conditiorig tnfluence of a carbon dioxide
atmosphere was incorporated. Sulfur forms present in the eoaldivided into five species
(i.e., aliphatic, aromatic, thiophenic, pyritic and sulphatsulfur), which undergo
heterogeneous and homogenous reactions to form char, tar,gas®ous sulfur species. The
validity of the model was tested against pyrolysis experimen@nirentrained flow reactor
and a thermobalance conducted by the authors. Two coals siuithilar distribution of sulfur
forms were used. The model allows drawing inferences abauathount of different organic
sulfur compound present in the two coals. Evolution asgpus sulfur species during both
conventional and oxy-fuel pyrolysis in the thermobalanes weproduced with good accuracy,
while the model showed some deviations when compared to the nremsents in the
entrained flow reactor. This signifies that although somecpsses prevailing during high
heating rates are not yet captured sufficiently, the model ugable to reproduce sulfur
release from coal during low heating rate pyrolysis. Thealgdity of the model will be

improved further by additional theoretical and experimental invgations.
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Session 4: Large scale experiments

Oxy-fuel combustion of coal and biomass at the UKCCSRC PACT 250
kW Combustion Test Facility
J. Szuhanszkf, K.N. Finney;, K. Milkowskt, M. Pourkashaniah

'Energy 2050, Faculty of Engineering, The University of Sheffield fiShk{S20 1AH
United Kingdom

* Corresponding author. E-mail address: |.szuhanszki@ shediialdk

Biomass combustion has the potential for near zere €Qissions when using sustainable
produced biomass. When the technology is coupled with cadapture, it has the potential
to achieve net negative emissions allowing effective removal efio® the atmosphere with
tremendous potential to mitigate climate change. Furthermordlisdtion of biomass may
contribute towards enhanced energy security by allowing thesification of the energy
supply. This paper presents the results of oxy-fuel experimdinisg South American
pulverised coal and US forestry residue at the statéhe-art 250 kW air/oxy-fuel Combustion
Test Facility (CTF), located at the UKCCSRC PACT Core Facilitieslih SKeff

The CTF consists of a 4 m long and 0.9 m wide cylintlricece equipped with a 250 kW
burner in a down-fired arrangement. The scaled swirl kusnused during this study were
designed by Doosan Babcock for the coal firing and GeneddfiElfor the biomass firing. The
CTF can be operated both in air and oxy-firing modes, bureitihgr pulverised coal or
biomass. The oxidiser supply is preheated to achieve bumet temperatures similar to
those at power stations.

The oxy-fuel experiments were conducted at 24, 27 and 309et.Gy, producing a flue gas
with over 95%vol. dry GOThe air-fired cases produced flue gas with ~16%vol. dsy £O
number of intrusive and non-intrusive measurement techniquesenmgsed to characterise
the oxy-fired cases in comparison to the air-fired baseliatadThese included flue gas
emissions and composition, submicron particle release, chiardut, in-furnace temperature
profiling and radiative heat flux. Furthermore, trace element emiss were assessed via
state-of the-art, online diagnostics, using ICP-OF3dwide quantitative and simultaneous

multi-elemental detection. This focused on the formation ofa®ls from alkali, transition
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and heavy metal species that can cause operational issues thratgi® combustion and

capture plants.
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A complementary approach for the experimental investigation of solid
oxy-fuel combustion using optical diagnostics
J. Heekx S. Burklé, L. Becket, D. Zabrodie&, S. WagneX;, A. Dreizlef?, R. Knee¥

lnstitute of Heat and Mass Transfer, RWTH Aachen Uniwgr#ugustinerbach 6, 52056
AachenGermany

2Reactive Flows and Diagnostics, TU Darmstadt, Otto-Berndt-3fr64287 Darmstadt,
Germany

The combustion of solid fuels in an oxy-fuel atmospheta sibsequent sequestration
and storage of the produced @@ one possible solution for a &@eutral use of coal.
Substituting coal with biomass would even create negative€ssions. In order to gain
fundamental knowledge of the underlying combustion phenomenan oxy-fuel
Su}l*%zZ E U }u% o u vS EC %% E} Z Z  -projette v C SZ ~K
Three different scales are defined from the single particle agstibn to gas assisted
pulverized fuel flames and finally to a pilot scale, selfaunsgtg swirl flame.
t]3Z]v "KAC(o u U SA} }(8Z ¢« +» 0+ E SE %E *(nso (Cu P -
and a self-sustaining solid fuel flame. For both, the samadyutesign is utilized, which
was derived from an oxy-fuel coal burner and was created hawgghing for numerical
simulations in mind. This approach provides a good basiSFD simulations, as data
generated by various experimental techniques are utilized as validdata for the
numerical simulations. For this, special care is taken to datex and control boundary
conditions in both setups.
Here, experimental results in terms of velocity fields by mearasar Doppler
anemometry (LDA) and flame structure overviews by capturing chernm&soence
radiation are presented. Further, tunable diode laser absorpsipactroscopy (TDLAS)
measuring gas concentrations and gas temperatures in both sahgpsompared and the
difficulties are shown to adapt a measuring technique froml#imratory to a pilot scale,
pulverized fuel combustion chamber. The results show how fleEmgth is reduced when
increasing oxygen concentration in the oxidizer. Howevethatsame time the
recirculation velocity is lower for flames with increasegg@en concentrations despite the

generally higher gas velocities in the main vortex.
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Session 5: Gas flames

A comparison between the temperature and heat transfer of premixed
swirling CO2- diluted methane oxy-flames and methane/air flame
A. Degenéve?, P. Jourdaing J. Caudd) C. Mirat, R. Vicquelia, T. Schulle¥3

1L aboratoire EM2C, CNRS, CentraleSupélec, Université Paris-Saclay J8]inieCurie,
91192 Gif-sur-Yvette cedelkrance

2Air Liquide, Centre de Recherche Paris-Saclay, 1, chemin de la Resrtieadies, Les Loges
en Josas BP 126, 78354 Janydosas Cedekrance

3Institut de Mécanique des Fluides de Toulouse (IMFT), Université diotise, CNRS, INPT,
UPS, Toulousé&rance

The behavior of CO2 diluted oxyflames is compared to operatith CH4/air flames by a set
of experiments in a generic labscale combustor equipped withxaal-plustangential swirler,
in technically premixed conditions. A former study from Rrdaine [1] has shown that flame
topology can be conserved when switching dilution fromtdlZ 02, providing conservation
of certain combustion parameters. This work proceeds \hih experimental investigation
and focuses on the heat transfer to the wall. A methane-air ar@O2 oxyflame have been
selected, sharing the same power, equivalence ratio, adiabatic flemgerature and swirl
number. Laser Induced Phosphorescence measurements have been catrtedruestigate
the temperature to the walls. A three dimensional map of the therreal whole combustion
chamber has been realized with high precision and very gepdatability, including in the
injection plan and the exhaust section. A significant rasfgemperature have been measured
up to 1150 K in the quartz in the vicinity of the flarment. It is found that both air and
oxycombustion selected flames generate the same temperature in the vahal@ber. As the
carbon dilution is known to significantly enhance the atige heat transfer, an analysis is
performed so as to account for the heat transfert mechanisms thaviple this similarity in

the wall temperature between the two flames.
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Figure 1Jourdaine, P., Mirat, C., Caudal, J., Lo, A., & Schuller1®).(Acomparison
between the stabilization of premixed swirling CO2-diluted Ima@e oxy-flames and

methane/air flamesFuel http://doi.org/10.1016/j.fuel.2016.11.017
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Soot formation and radiative transfer in oxy-fuel and oxygen-
enhanced propane flames

A.Gunnarssoi*, J. Simonssoh D. Backstron, M. Mannazh, P.E. BengtsscnK.
Anderssort

1Space, Earth and Environment, Chalmers University of Technology, Gétebor], 586,

Sweden
2Combustion Physics, Lund University, Box 117, Lund, SE-228w@@len

* Corresponding author. E-mail address: adriang@chalmers.se

This work aims to determine radiation-related properties afious propane flames, where
the measurements were conducted in a down-fired and cyloadri00 kW furnace equipped
with a swirl burner. The combustion conditions were gdrby altering the composition of the
oxidant. For six cases, oxygen-enhanced air was used, stepwsiying the oxygen
concentration in the oxidant from 21% to 32%. Also fercsises, the furnace was operated in
oxy-fuel mode, recirculating dry flue gas and varying thgyer concentration from 25% to
42%. All measurements were conducted at an axial distancé4m3n from the burner.
Temperature, gas composition and radiative intensity were measured iflysive
instruments) along the furnace diameter using probes while thet yolume fraction was
guantified using non-intrusive laser induced incandescencg. (B Nd:YAG laser at
wavelength 1064 nm was used for the LIl measurements, and a diatealasavelength 808
nm was used for extinction measurements for absolute calibratf the Lll-signal. Two-
dimensional images of the LIlI-signal were captured using ansifiiesh CCD-camera and radial
profiles of the soot volume fraction were achieved. The sodtwe fraction increased with
increasing oxygen concentration in the feed gas, and, wtien oxygen concentration
exceeded 30 and 42% for the oxygen-enriched air and oxychsals, respectively, the soot
formation was substantially enhanced with volume fractions ntben 10 times higher than
for lower oxygen concentrations. The higher oxygen conegiain required for the increased
soot production in the oxy-fuel combustion cases is maily to the higher heat capacity of
carbon dioxide that lowers the flame temperatures. The data cabbctrom the
measurements was used to model the radiative intensity usingg@eate transfer model. In

this model, gas properties are calculated using a statistiaaiow-band model and particle
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properties are calculated using Rayleigh theory. Good agreemenaglasved between the
modeled and measured radiative intensity for most flames and the afsan LII-system to

measure the soot volume fraction in this type of furnace wasesssful.
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Structure transition from oxygen-enhanced to oxy-fuel methane non-
premixed flames near extinction
P.Habisreuther'*, B. Stelzne#, P. Vlavakis, A. Loukou!, N. Zarzalis, D. Trimig

1Karlsruhe Institute of Technology, Engler-Bunte-Institute, Combustiorfrelogy,
Karlsruhe,Germany

* Corresponding author. E-mail addrepster.habisreuther@kit.edu

As an alternative to usual combustion processes with air @dank oxy-fuel or oxygen-
enhanced processes are attractive in high temperature thermal or thehmmical processes,
novel power plant concepts or in gasification processepeéially for production of basic
chemicals or synthetic fuels, high-purity synthetic gabaovit nitrogen dilution is required for
further industrial processing.

In case of oxy-fuel combustion, the absence of nitrogen |leadsgher flame temperatures
and larger concentration of major species as well as intermedipexies. Because of the
increased reactivity, most combustors are designed in n@mxed configuration.

In the present work, the extinction limits of non-premixeds@2/O2 flames were numerically
calculated using the CHEMKIN Pro opposed flow code togetttetive GRI 3.0 mechanism.
The inlet compositions were varied from high nitrogen il to pure oxy-fuel conditions.
Additionally, the stoichiometric mixture fraction was variby shifting the (inert) Apart
stepwise from the oxidizer to the fuel side. Therewith, gguilibrium temperature of the
mixture is constant for a fixedMlilution.

The results show, that as expected, the extinction occursghten strain rates with increasing
the flame temperatures by reducing the>Miluation. Additionally, the extinction limits
strongly increase for a fixed>Milution with increasing the stoichiometric mixture fram.
The shift of the Nfrom the oxidizer to the fuel side leads to a movement of steggnation
plane towards the fuel side and hence, a significant changleeofemperature field and the
flame structure. Thus, the radical chain branching ce@irhigher temperature level, which

strengthen the flame resistance against strain.
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On the experimental side, the temperature profiles of the flameseanaeasured for a fixed
nitrogen dilution and strain rate. The increase of the dtmmetric mixture leads to a shift of

the flame towards the fuel side and crosses at high valuesthgnation plane.
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Figure 1: Matrix of calculated flames (dilution and stoiofetry)
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Modeling of natural gas / oxygen flames in thermal processing
industries
J. Leichet, A. Giesk K. Gornet

!Gas- und Warme-Institut Essen e.V. (GM&g¢rmany

While the oxy-fuel combustion of solid fuels in powsants is still the focus of intense
research activities, the combustion of natural gas (or othaseous fuels) with pure oxygen
instead of air is already a well-established technology inymaanufacturing processes, e.g.
in the metals or glass industries. The motivation for oxgl-fuith natural gas is, however, very
different: it is used to achieve extremely high process tempeesulincrease process
efficiencies and also drastically reduce emissions of retmogxides, a primary concern for
many furnace operators.

Computational Fluid Dynamics (CFD) plays an increasingly anpadle in furnace and
burner design today as a better understanding of the comptegractions between flow
fields, combustion and the various heat transfer mechanisnsrucial to improve process
performance. However, many of the gas combustion models availabt®mmercial CFD
codes were originally developed for the simulation of natgas flames with air. In several
research projects, GWI investigated the performance of comownbustion models for the
simulation of oxy-fuel processes in thermal processing stitks. Measurements at semi-
industrial test rigs were used to compare the results dfedent modeling approaches.
It was found that the very popular eddy dissipation modaeisch combine an eddy dissipation
/ finite rate approach to model turbulence/chemistry interactiavith drastically reduced
chemical reaction mechanisms are generally unsuited for the degmript oxy-fuel furnaces.
As these small reaction mechanisms were generally reduced for methafiarags, they fail
to describe the different chemistry of methamexygen flames adequately. Only by using
more comprehensive reaction mechanisms, embedded in an EDC apgEsbhDissipation
Concept) it is possible to describe a methameygen flame, albeit at drastically increased
numerical cost.

Combustion models that use chemical look-up tables in d¢oation with a PDF-weighting
approach for turbulence-chemistry interaction modeling, e.cpemical equilibrium or

flamelet models, were generally found to be better suited to téke specifics of oxy-fuel
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combustion into account without significantly increassaimputational time requirements.
"tu & epoSe }( 't/[e & VS §]A]8] « }v 3 Dxygeh cojbiston SUE o

processes in industrial manufacturing processes will be ptesédn this contribution.
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Session 6: Radiation

Impact of particle properties on radiative heat flux in a pressurize d
oxy-coal combustor
B.Adams®*, T. Hoslert

1Dept of Mechanical Engineering, Brigham Young University, Provo 4808, USA

*Corresponding author: Email: brad.adams@byu.edu; Tel: 142246545.

A numerical study testing the significance of particle ssmttering phase function, and
distribution in a pressurized oxy-coal combustor was cmbeld. Particle absorption and
scattering coefficients were calculated based on mean absorpi@hscattering efficiencies,
particle number density and diameter. Mean absorption awdttering efficiencies were
calculated as an average of Planck and Rosseland means of the bgkiciencies found from
Mie theory and refractive indices from the literature. Mie theavas also used to identify
appropriate scattering phase functions as a function of phetisize. A strongly forward
scattering function represented by a Henyey-Greenstein fonctivas found to match
scattering behavior for particle diameters greater than apprately 10um. Isotropic and
backward scattering phase functions were also considered. A casopaof highly forward
scattering cases for two mono-sized particle distributid@$um vs. 75um) revealed a
«]PVv](] v8 J(( Ev ]Jv ]Jv] v A oo ZA%eXo(¥EAus £AdupuP vCE o
observed that as particle size increased the difference betweedent heat flux for forward
and backward scattering decreases. For the 25um and 75um cassgynificant difference
was observed between the forward scattering, backward scatesind no scattering cases,
suggesting that accurate modelling of larger particle sizeiloigions can be achieved while
neglecting particle in-scattering. However, data suggests ftzse function/scattering
coefficient influence becomes more and more important with insiegly fine particle size.
The impacts of particle distribution and combustor pressure iocident flux and flux
divergence were studied. Both of these parameters affect the pamicmber density profiles,
and hence the absorption and scattering coefficients, in ¢benbustor. First, two particle

distribution profiles (narrow and wide) were used to represédifferent coal flame profiles.
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Second, combustor pressures ranging from 1-20 atm were deresd. Number density
magnitude and distribution were seen to have a greater impactheat flux and flux
divergence than particle size or particle scattering projestt Both heat flux and flux
divergence were more sensitive to distribution profileshwiihe smaller particle size than the

larger particle size.
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A correlation between char emissivity and temperature
M. Schiemani, P. Graesét T. Gronarz, J. Gorewodg V. Scherel, R. Knee?

1Department of Energy Plant Technology, Ruhr-Universitat Bochum, D8®Bochum,
Germany

2Institute of Heat and Mass Transfer, RWTH Aachen Uniwgrg\ugustinerbach 6, 52056
AachenGermany

The emissivity of char particles is an important value tacutate the heat balance in
pulverized char combustion. It is often assumed to be on éwellof graphite or slightly

below, and experimental values on the room temperature level or #jigibove, but still

below combustion temperature, show spectrally averaged values ¢smity. However,
experimental results show that particle temperature has an influentethe spectrally

averaged emissivity of burning char particles.

With the recent work we investigate theoretical and experimental datailable from

literature and gained in unpublished experiments and calculatiBiperimental data from

single burning char particles under realistic combustomditions is available and adds
JV(}EuU 3]}v ]Jv 8Z 8 u% E SUE ]JvE EAG]}VVRVASI} A V¥ (JAEC r)w
JE }VA v3]}v 0 Su}e%Z E X o0 po 3]}ve (WESHW ®])v§YBEL]}vV
the temperature dependent spectrally averaged emissivity of burnirgy @articles and

support the experimental results.

Based on the experimental and numerical data a generalized exprdesithe temperature-

dependent char emissivity is derived and presented.
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Measuring Radiation from High Pressure Oxy-Coal Flames
L. Houghtort, B. Adams, A. Fry, A. Gunnarsso?) K. AnderssoA

1Brigham Young University, Provo, UtadSA
2Chalmers University, Gottebor§weden

Narrow angle radiometers are being used for forest fire and cobustion applications.
Generating accurate radiative flux data from these instruments is essenti@ build flame
models and predict fire behavior. Further investigation of curent radiometers has
revealed a level of uncertainty in measurements that stem fromesign flaws, calculation
error, and lack of information. Main design issues deal with ¢hnarrow probe, focusing
device, field of view, and sensor. Available information on nasw angle radiometer
instrumentation is highly limited. To address this issue, ougroup is developing a narrow
angle radiometer which will be applied to high-temperature ad pressure oxy-coal flames
in Brigham Young Universities Pressurized Oxy-coal Combust®OC). This presentation
will provide a review of radiometer design. Data will be provided to leicidate the impact
of environmental conditions on calibration repeatability. In addition & instrument
model will be provided that allows the conversion between the gantity of interest

(incident radiation) and the quantity measured (electrical signal).
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Session 7: Char conversion and pyrolysis

The influence of operation parameters on local conditions and fuel
conversion of biomass flame
A. D. Garcii R. Gebart K. Umeki

Division of Energy Science, Lulea University of Technology, SE-971 &, Suleden

For similar operating conditions, pulverized oxy-fuelrn®us exhibit very different flame
characteristics than conventional air-fuel burners (e.gtigmidelay, maximum temperature,
and flame length). Parametric studies on flame characteristiceungyfuel conditions for
pulverized suspension firing are a valuable source of infoonator the design of more
efficient burners and combustion processes.

In most cases, the process parameters to tune an industxigiuel combustion process are
limited to fuel composition, flow rates of fuel and oxidizeand fraction of CO2 in oxidizers for
a given burner geometry. However, changes in one of these pammaffect in different
proportions dynamic behavior of the flame, such as gas anticte flow fields, mass loading
ratio, local equivalence ratios, gas temperature distributionparticle separation among
others. These parameters are especially important in the near-bbuznae, where ignition
takes place at fuel rich conditions due to volatile releasés $tudy aims at elucidating how
changes in local conditions affect the fuel conversion baltawWe have independently
modified fuel flow, carrier gas flow and oxygen fractiorthia carrier gas, and observed their
influence on particle temperature, ignition behavior, mearemparticle distance, and particle
size under fuel rich conditions relevant in the ignitiame of an industrial burner.
Experiments were carried out in a laboratory scale pulverizaddlburner, where biomass
was supplied to the reaction environment with the flow of G2 mixture, and ignited with
help of a CH4-02/CO2 flat flame. Particle temperature was measyr&dcblor pyrometer
technique with a CCD camera, particles detection by backlighging, and image-post
processing was used to obtain intensity of visible ligbm all radiating particles and that
from incandescent char particles. Equivalence ratio and oxy@getidn in carrier gases were
varied with constant fuel feeding rate or jet velocity afriger gas to illustrate the effect of

each parameter on fuel conversion behavior.
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High fuel flows and low carrier gas velocities resultedigh Iparticle loading ratio according
to the image analyses. At the same time, flame length was shortemeticating the

importance of particle-loading ratios on conversion ratdusl particles.
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CO2 gasification kinetics of biomass chars derived from flash pyrolysi s
of birch bark and forest residue

K.Weber?, L. Wang@, S. Heuet, V. Scheret, T.Li1, G. Varhegyt, @. Skreiberg M. Granh,
T.Lovas

1Department of Energy and Process Engineering, Norwegian Universi§otnce and
Technology (NTNU), NO-7491, TrondheiNprway

2SINTEF Energy Research, Postboks 4761, Torgarden, NO-7465 Trondthaiway
SDepartment of Energy Plant Technology, Ruhr-Universitat Bochum, D8®Bochum,
Germany

4Institute of Materials and Environmental Chemistry, Research CentreNatural Sciences,
Hungarian Academy of Sciences, PO Box 286, Budapesgary 1519

The nature of virgin biomass fuels as well as pyrolysisitonsl have great effects on the
physiochemical properties of their produced chars. It higainfluences C@gasification
behavior and reactivity of the char consequently. The préss&mdy investigates GO
gasification of chars produced from Norway birch bark &mest residue under different
conditions. A drop tube reactor (DTR) was used for chargregijon at high heating rates, at
two temperatures, 827 and 1027 °C. Scanning electron microsowmges of the char samples
showed considerable differences in morphology with respectthe char preparation
condition and fuel type. Pyrolysis temperature has pronouncegdacts on the shape and
microstructure of the char particles. Char £gasification experiments were carried out by
running a thermogravimetric analyzer (TGA). The K€@ctivity of the four studied chars was
analyzed and compared with the parental biomass fuels and the ingbg@gtrolysis conditions
on char reactivity is discussed. The kinetic evaluatiorthef gasification was based on
experiments with linear, modulated, and constantreaction rate (C&Rpérature programs.
Considerable differences in gasification reactivity were olegfxom char samples produced
under the two different temperatures. Such differences are also@ated to concentration
of catalytic inorganic elements in the raw spruce bark amddoresidues and their produced
chars. The information provided in this study helps tademstand, predict and possibly

improve the char conversion in @&mospheres, such as gasification or oxyfuel combustion.
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Reaction kinetics and reactive surface area during gasification of high-
temperature biomass char with CO2
C.Schneidet, P. Stoessér S. Rincoh T. Kolld

1Karlsruhe Institute of Technology (KIT) - Engler-Bunte-InstituteMBiion Fuel Technology,
Germany

High pressure entrained-flow gasification is an essential stehe biolic® process chain. In
this BtL process, a suspension fuel (slurry) produced fromdss in a fast pyrolysis process
is converted to syngas in an oxygen/steam blown entrainew fjasifier (EFG). During the
gasification process the slurry undergoes different proessse. evaporation of the liquid
phase, rapid char heat-up, secondary pyrolysis of char hadgasification in a GOand HO-
rich atmosphere. The latter is the rate-limiting step; thkisetic data for secondary char
gasification is needed for reactor design.

The lab scale experiments presented are designed to simulate theatypiaction conditions
a char particle has to undergo in the EFG process, i.e. segopgeaolysis is conducted
applying high heating rates and temperatures. The determinatidmetérogeneous reaction
kinetics of the so produced secondary char with,@@d HO as well as first results on the
development of morphology and surface chemistry of the secondasr particle are
reported.

Secondary pyrolysis of bio-char was carried out in a -dube furnace at KIT. Pyrolysis was
conducted in nitrogen under atmospheric pressure at 1600ntCaaresidence time of 200 ms.
Gas phase measurements of volatile species as well as collecteecohdary chars were
employed to gain data on volatile yield and gas phase compogsitibiar chemical
composition, morphology and G@eactivity.

Heterogeneous reaction kinetic data for intrinsic gasificati@tes of secondary high-
temperature bio-chars was obtained in a pressurized thermogravimatradyzer (pTGA) as
well as a free-fall fixed-bed reactor. Reactivities and activatioergies corresponded well
comparing both reaction systems.

Surface chemistry in respect of the evolution of reactive surtaea during gasification is
investigated in a lab-scale quartz glass fixed-bed react@sé bhemisorption experiments
were conducted by applying the method of temperature-programmedodason. The

experimental results of all systems are presented.
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The presented research work is part of the research condusiddn $Z ~, ouZ}o3l s]ESH «
Institute for Gasification Technologys/ ' *d Z_~AAAXZA]P «3 ZX}EP- AZ] Z
the Helmholtz Research association, HGF. This internatiorednas cooperation has been
established to develop a knowledge-based simulation tool fer design and scale-up of

technical entrained-flow gasifiers for a wide range of feedkto
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Fluidized bed combustion of coal char particles under oxy-fuel
conditi ons

F.Scald*

IDipartimento di Ingegneria Chimica, dei Materiali e della Prodare Industriale,
Universita degli Studi di Napoli Federico Il, Piazzale Vincenzoché 80, 80125 Napaoli
Italy

*Corresponding author. E-mail address: fabrizio.scala@uhina.

The constant increase in greenhouse gas emissions has resulieel development of new
technologies that can accommodate capture and sequestratiorzatibn of CQ Oxy-fuel
technology can produce an almost pure &tlet stream, by using pure oxygen instead of air
for fuel combustion. Flue gas is partly recycled back imedarnace to control the combustion
temperature. In this way the costs of &€€eparation from the flue gas can be substantially
reduced. Circulating fluidized beds (CFBs) appear to be ylartic well suited for oxy-fuel
conditions because of their fuel flexibility and the excelléemperature control. The
feasibility of CFB coal oxy-fuel combustion has beenessfully demonstrated, and no
technological barrier appears to exist for implementing tléshnology in the near-term.
However, a number of issues still need to be addressed taimka more fundamental
understanding of the differences between oxy-fuel and conieral air-fired coal combustion
in fluidized bed systems.

The fluidized bed combustion of single coal char partislas investigated at the University
of Napoli Federico Il at high €€bncentrations, typical of oxy-fuel conditions, ateliént bed
temperatures and oxygen concentrations. The conversion rate efctiar particles was
followed as a function of time by continuously measurimg outlet CO and £concentrations.
Char gasification tests were also carried out under 100% aE@ifferent temperatures to
quantify the importance of this reaction and to extract @itable kinetic expression. This
expression was then combined with a correlation for the maassfer controlled particle
burning rate to simulate the experimental conversion rate data. Takeutated carbon
consumption rate excellently fitted the experimental data for thkk operating conditions.

Results showed that carbon combustion dominates particlevemsion at high oxygen
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concentrations and low temperatures, while carbon gasificationtributes to a comparable
extent at high temperatures and low oxygen concentrations. Eweder fluidized bed oxy-
fuel conditions oxygen boundary layer diffusion cordrtiie combustion rate, and the main

combustion product is CQather than CO.
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Assessment of combustion rates of coal chars of oxy-combustion

O. SennecH, N. Vorobie¥, A. Wutsche?, F. Cercielld, S. Heuet, C. Wedle?, R. Span M.
Schiemanr#, M. Muhlep®, V. Schere¥
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Germany

SLaboratory of Industrial Chemistry, Ruhr-University Bochum, 44801 Boch@armany
4DICMAPI, University Federico Il, P. le Tecchio 80, 80125 Ndfzi,

SInstitute for Thermo and Fluid Dynamics, Ruhr-University Booh, 44780 Bochum,
Germany

* Corresponding author. E-mail address: 0.senneca@irc.cnr.it;
Tel: +39 081 7682969; Fax: +39 081 5936936,
Istituto di Ricerche sulla Combustione, C.N.R., P. le De8@hB0125 Naples, Italy,

A drop tube reactor with high heating rates typical ofyaulzed boilers (1K/s) has been
used to carry out experiments with coal in different atmospheis:CQ, O./N2 and Q/CQ.
The reactor wall temperature was setat 1563 v SZ % &S] o [ E ] v S]u
below 130 ms.

In /N2 and Q/CQO, atmospheres coal pyrolysis was complete and additional charecsion
occurred. The degree of char conversion increased witiyexyoncentration values but was
further enhanced by the presence of carbon dioxide, sugggstipositive contribution of GO

to the overall rate of conversion. Chemico-physical and ttrat analysis of chars revealed
internal burning under regime Il conditions and highlightkdt the presence of C(favors
the formation of lactones in the chars.

In Nb and CQ atmospheres the pyrolysis stage was completed, but charersion was
negligible. The combustion stage of the &hd C@chars was investigated in a second stage
by thermogravimetric (TG) analysis (in regime | conditions) aral flat flame burner (in
regime Il conditions) to separate atmospheric effects on char faondrom those on char
combustion. In TG, the GOhars resulted to be less reactive then thedNars, but in the flat
flame burner, the experimental rate of carbon conversion of thechar and the Cfchar

were similar.

48

m RUiI-|R - TECHNISCHE
SFB/TRR 129 Oxyflame BocHuM RUB % i


mailto:o.senneca@irc.cnr.it

2" International Workshop on ®y-Fuel Combustion Collaborative Researc
Bochum, Germany, February"1# 15", 2018 Center Oxyflame @)

The TG results were worked out to estimate the intrinsic kaseof the N and CQ chars
towards oxygen, carbon dioxide and>/OQ. mixtures. Kinetic rate expressions were
extrapolated to regime Il conditions after consideration of sxeransfer limitations. Notably,
the kinetic model developed for the G©har matched the observed rate of char (gxy-

combustion well, whereas the kinetic model of the-¢har overpredicted the reaction rate.
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Arrhenius plots including results from different experimenttlps. Lines show the predicted
rates of gasification and oxy-combustion of the DEBid DTR C@hars. Points are the result

of DTR (oxy-)combustion and FFB (oxy-)combustion experiments
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The impact of mineral matter on the evolved pyrolysis gas
A.Witscher, K. Lotz, T. Eckhard, M. Muhle#

'Ruhr-Universitat Bochum, 44780 Bochuri@ermany

Introduction

Pyrolysis is the first step in coal combustion and le¢ads mass loss of up to 70 % depending
on the coal rank. During this step volatile compounds r@&leased, which can be classified
either as light pyrolysis gases (CO,,G&0, short-chain hydrocarbons) or as tars (aromatics,
long-chain hydrocarbons). The subsequent combustion stéepsstrongly influenced by this
process, as the volatiles control the ignition and the tempamand the stability of the flame.

Furthermore, the pyrolysis process affects swellir~

1 ——HTC
fragmentation and char reactivity. —— Garzweiler lignite

Colombian hard coal
=

. . . ® 1-CO

In previous measurements it was found that there is = 2 2-CH,

g 3-Co,

difference in light pyrolysis gas evolution during tt 3 4-HO
. . . . 2 5 - Ethylene
pyrolysis of lignite and hard coal (Figure 1). It is W E 6 - Ethane

-] 4
-

known that minerals affect the overall combustio

2
WIF;
process and have to be considered in combusti |j—e=NEE Lf‘f",—‘ ——
0 5 10 15 20 25 30 35 40 45
modeling. Therefore, it has to be clarified whether tr Retention time / min

differences in pyrolysis gas evolution are solely due & Figure 1: Chromatograms of pyroly:
coal rank ofFigure 7 products additionally influenced by t

different mineral during pyrolcoalysis
As coal contains minerals in different amounts aiof model coal, lignite and hard conter

composition depending on its origin, a mineral-free moc...

coal is used for these studies. The influence of typical noaerals on the reactivity and

pyrolysis products is determined by doping specific amsuwmith increasing complexity. A
guantification of light pyrolysis gases is obtained byabbcated pyrolysis-GC/MS-GC/WLD

system.
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Experimental
The mineral-free synthetic model coal prepared by hydrotheroaabonization of cellulose
[1] was selectively doped by physical tight contact mixihgvjth binary combinations (2 wt%)
of iron oxide (Fg0s), calcium oxide (CaO) and potassium carbonaf€ @. The tight contact
between the carbon material and the minerals was achieved by nminogdhe dry materials
for 10 min. Flash pyrolysis was performed at 700 °C, amgnbduct gases were separated by
on-line gaschromatography and detected by a thermal conductivity detecEartther, the
reactivity towards @ was investigated by temperature-programmed oxidation experiments
performed in a magnetic suspension balance (Rubotherm) (900 °C,
5 K/min, 20 % gHe).

co ——HTC

C02 HTC/Fe
: H —— HTC/Ca
Results and Discussion : ‘\ (\ g

The chromatograms revealed an influence of K-

containing binary tight contact mixtures leading

Total ion current / a.u

to a changed CO:GQatio (Figure 2). This can b

rationalized by accelerated coal gasification: f\\ [

C+HO\ CO+H 6 8 10 12 14 16 18 20
Retention time / min

Further quantification of the data will lead to_.
a Figure 2: Chromatogram of pyroly

correlations between the K content and the resultir . .
products during pyrolysis of the undop

changes in the composition of the light pyrolysis gasmOdel coal as well as th coal doped v

binary mineral combinations.
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Investigation of Oxyfuel combustion of single solid fuel particles using
optical multiparameter diagnostics
J. Kdset, N. Vorobie¢, M. Schieman# B. Bohnt

1Reactive Flows and Diagnostics, TU Darmstadt, Otto-Berndt-Sir64887 Darmstadt,
Germany

2Department of Energy Plant Technology, Ruhr-University Baohu44780 Bochum,
Germany

To reach the goals of the Paris climate agreement, Oxyfuel corobusimbined with carbon
capture and storage (CCS) has the potential to reducee@@sions. For Oxyfuel combustion
N is replaced by GOThe surrounding fluids properties as well as the fl@dfhas an impac
on the combustion processes of solid fuels like coallaochass. To understand the influence
of these parameters single solid fuel particles were burnednirentrained flow reactor at
different atmospheres by variating the oxygen concentratidre &ntrained flow reactor is a
fully premixed flat flame burner in which the particle carrggars has the same mixture as the
surrounding flat flame. The boundary conditions like tlaes ¢gemperature and flow field are
known. Due to the fact of equal gas temperatures all operatimings at different
atmospheres are comparable. Five diagnostic systems we used tardeéethe ignition delay
time, the volatile combustion duration, the particle velocitygd the particle size and shape.
For this purpose high-speed chemiluminescence and high-speedlioilaser induced
fluorescence) were used for flame visualisation, two high tegwi backlight illumination
systems in a 90° angle arrangement for particle size and shagehigh speed backlight
illumination for PTV (particle tracking velocimetry). With thesethods it was possible to
calculate more accurate ignition time delays depending on parsizie, particle shape and
surrounding atmosphere. The results are presenting new insighio the different ignition
modes of heterogeneous, homogeneous or hetero-homogeneous ignitiich can be used
for reaction models. In future these methods will be usedingestigate group particle

combustion as well as the influence of a turbulent surrding flow field.
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Figure 1: Backlight illumination images of four differ@atrticles Colombia Norte with a

diameter of ca. 100 pum. Cross sectional area between 1000 G0@d @ixel
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1. Towards oxy-steam combustion: the effect of increasing the steam
concentration in oxy-coal-fire reactors

A.l. Escuderd, S. Espatolerg M. C. Mayord| J. M. Andrés S. Blanct) JFernandez?, L. I.
DieZ

1University of Zaragoza, Department of Mechanical Engineering, Maté Luna s/n,

50018 ZaragozaSpain

2Research Centre for Energy Resources and Consumption, Mariano Esdih]I60018
Zaragoza,Spain

3 ee—c—— " tt fr “—Aec. .. fa 4 <«%o—1Z Spaifieef za {vvw-~
4University o fZaragoza, Department of Physical Chemistry, Pedro Cerbunain9
Zaragoza Spain

Some new proposals are being considered to improve the effigciemel operability in
oxycombustion power plants. One idea is the so-calledstesm combustion, consisting on
replacing the carbon dioxide by steam in the firing atmosph&he main advantages of this
alternative are: a decrease of the size of the units, the avoiglasica recyclingloop, the
reduction of air in-leakages and lower requirements for flae gleaning.

Nevertheless, few and limited studies are available so far addigdbe effects of large
steam concentrations on coal ignition, combustion efficiefapburned carbon rates),
slagging/corrosion and formation of pollutants. To this1, a new experimental facility has
been designed and erected in thniversity of ZaragozéSpain). The facility consists of an
entrained flow reactor able to fire pulverized coal in atmosgs up to HO 40-50% volume
fraction. An experimental campaign has been designed encompassthg abthals currently
fired in Spanish power plants: domestic anthracite, importeth-bituminous coals and
blends with domestic high-sulphur lignite. Operation temperatis up to 1200 °C, and-O
concentration will cover the range 21-35% volume fraction:li@® measurements of flue
gas composition are recorded, including2C0O, @ NO and SO The facility is also useful
to discuss the effect of re-introducing pollutants iretheaction section, as can happen in

oxy-fired plants with wet recycling.
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The research is complemented by thermogravimetric analysrgeedaout in a Netzsch STA-
449-F3 unit available alnstituto de CarboquimicéSpain), able to work under 100%H
conditions. The particle-level behaviour will be characestifor all the coals selected, to
determine the effect of steam on both the devolatilization stagd #re char oxidation stage.
Evaporation of Cr and Si from metallic surfaces and mineral mediebe also evaluated.
Finally, the effect of the steam concentration along Wi, and SQ@ impurities on the
thermodynamic properties of the CO2-rich stream has to be aceslon the determination
of the design and operation parameters related to the transpiojgction and storage of the

flue gases.
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2. High temperature pyrolysis of lignite and synthetic coals in a
heated strip reactor: effect of N2 versus CO2 atmospheres

B. Apicelld*, C. Russé A. Ciajold L. Cortesé, F. Cercielld, F. Stanziong A.
Wuetscherz, M. Muhleg, O. Senneda

Istituto di Ricerche sulla Combustione, IRC-CNR, P. le Tecchio 80, 8apab, Naly

2Laboratory of Industrial Chemistry, Ruhr-University Bochum, Universitits$50, 44780
Bochum Germany

* Corresponding author. E-mail address: apicella@irc.cnr.it

The composition of lignites, in terms of content of wataslatiles and mineral compounds,
depends on their origin. In particular, the different consicon and content of minerals are
supposed to affect the combustion behaviour as several metakexidtalyze the oxidation
of carbonaceous materials. In order to study the catalytieafdf one of the most abundant
metal oxide, namely the iron oxide @), the pyrolysis of a Rhenish Lignite was studied in
this work in comparison to a lignite-like carbon matefralneral-free as it is synthesized by
hydrothermal carbonization of cellulose (HTC)), and tosidm@e synthetic lignite doped with
iron oxide (Fe/HTC). Specifically, a heated strip reactor (W&Remployed for studying
pyrolysis of the three fuels in.Nind C@Qatmospheres at two different temperatures (1300
and 1800 °C). In particular, the composition of tars formgdprolysis in the HSR was
evaluated by gaschromatography-mass spectrometry (GC-MS) and spepicdsctniques.
Moreover, the solid carbonaceous material produced by pwislywas preventively
separated in char and soot by solvent extraction and after tharacterized as regards its
thermal behaviour (by thermogravimetric analysis) and structureRbaynan and scanning
electron microscopy) (See Figure 1 as exemplificative of the applicattitie techniques on
char).

Results show that the quality of the products of pysidyof iron doped samples depends on

the gaseous atmosphere and temperature of devolatilization.
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Figure 2: SEM of char form Fe/HTC (a), thermogravimetries{py and Raman spectra (c)
of Fe/HTC char in2dMind CQatmospheres at 1300 and 1800 °C.
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3. Experimental investigation of pyrolysis and char burnout kinetics in

a Well-Stirred-Reactor under flames and burn-out conditions

B. Govert, T. Kreitzberg?, S. PielstickeY*, R. Knee¥

lnstitute of Heat and Mass Transfer (WSA), RWTH Aachen UniversithekaGermany

* Corresponding author. E-mail address: pielsticker@wsa-aeichen.de;
Tel: +49 241 80 94796.

The determination of mass and energy release during combugierident for the design
of burners and boilers using an oxy-fuel atmosphere. The&emsion process of pulverized
solid fuels can be divided into two steps, the releatgaddatiles (pyrolysis) and burnout of
residual char particles. For a detailed understanding of relewsthanisms, both processes
are investigated separately in a small scale fluidized bed redmtated in an electrically
heated furnace. The setup approximates well-stirred conditiand realizes high patrticle
heating rates, unlimited particle residence times and flexilbeundary conditions
concerning gas atmosphere and temperature.

Pyrolysis investigations focus either on integral measuresehteleased products or time
dependent release of volatiles (kinetic). Despite the impact of tempegainfluence of fuel
(coal and biomass) as well as fuel pretreatment processes (dryingoamdaction) are
investigated. Experimental results are compared to empirical modeadscan be used for
validation of complex network models, e.g. the Chemical Perooldevolatilization (CPD)
model Experiments in the char burnout phase focus on the differermseen air and
oxyfuel atmosphere in both, reaction kinetic and pore usfbn controlled regimes. Due to
the unlimited particle residence time investigations of effentthie late burnout phase, e.g.
annealing or ash layer formation can be captured. Furthermoralgit effects of mineral
components are analyzed with differently doped char péatic from hydrothermal
carbonized material. The experimental results form the base to develgy burnout

models, e.g. th&€har Burnout KinetiCBK) model.
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4. Sorptive determination of effective diffusion coefficients for
integration in carbon conversion models
C. Wedlet*, M. Richtet, R. Spah

1IThermodynamics, Ruhr-University Bochum, Bochudermany

* Corresponding author. E-mail address: c.wedler@thernbode; Tel: +49 234 32 22832.

In common carbon conversion models, effective diffusion coiefiis are considered to
describe the gaseous mass transport of reactive gases in pochar particles. These
coefficients are an integral combination of various occurriiifusion processes, such as
Knudsen, surface and bulk diffusion. Conventionally, thecéffe diffusion is determined
considering the porosity and tortuosity of the solidachThe tortuosity describes the ratio
between the actual pathways to the depth in the pores and idetupossible constriction of
the pores. However, this ratio is not accessible by experimertenNapplying carbon
conversion models, the tortuosity is the parameter, whigkvidely used to fit the calculated
intrinsic reaction rate constant to the real reaction rate reesed in combustion
experiments.
In this work, an approach to determine effective diffusiorefficients by measuring the
sorption kinetics with a gravimetric sorption analyser (magnstispension balance) is
presented. From these measurements, a mass Fourier number is deriMags, in
fvel @& $]}v }( &1 I[+ « }v o A }( K@ENI(E S uE % E}A] -
effective diffusion coefficient. As a result, porosity anduosity are no longer required and
the effective diffusion coefficient can be determined directly.
Using this sorptive approach, effective diffusion coefficieritsasbon dioxide and oxygen
were determined for lignite and synthetic chars. These chargwegpared both in oxyfuel
and in conventional air atmosphere to investigate the infleewé preparation conditions.
The temperature dependencies of the effective diffusion and the differdiffusion

mechanisms are discussed based on the conducted measurements.

59

m'l S:rvREseswn LENcucyklgﬁ:E
SFB/TRR 129 Oxyflame BOCHUM RU B % BARMSTADT


mailto:c.wedler@thermo.rub.de

2" International Workshop on Qy-Fuel Combustion Collaborative Researc
Bochum, Germany, February"1# 15", 2018 Center Oxyflame @)

5. Experimental study of combustion and emission characteristics of
lab-scale pressurized oxy-fuel combustion for syngas
D.Kim%2, H.Anl, W. Yang, Y. Le&

IThermochemical Energy System Group, Korea Institute of Industrial Tetdgy, South
Korea

2Department of Mechanical Engineeringohang University of Science and Technology
South Korea

* Corresponding author. E-mail address: leeyj@kitech.re.kr

The aims of this research were to investigate combustion chariatits of low calorific value
syngas conducted with lab-scale pressurized oxy-fuel conomBOFC) system. In this
study, vertical rector designed cylindricality was equippét wo-axial burner at the bottom
of reactor. The surrogate fuel for low calorific valuengmsed of mainly CO and Byngas
was considered as the fuel. Note that the pure oxygen was usad agidant. The pressure
transmitter and backpressure regulator(BPR) was applied to abtfte reactor pressure. 8
B-type thermocouples were applied to measure inner temperaturesadtor. Thermal heat
input varied about from 3kW to 6kWh. The reactor pressure increased from atmospheric
up to 15bar. Results show that the mean reactor temperature dee®asall cases as the
reactor is pressurized. Especially, the significant temperatinop was observed at the
bottom of the reactor, although there exists the oxy-fuifie. It is due to the incomplete
combustion by the inert gas concentration as the reactgoresssurized. The combustion
temperature increases at the middle of reactor for each test cas$e dGombustion
temperature at the top of reactor shows homogeneously as the mastpressurized. This
combustion behavior is similar to the Moderated or Intenseviaxygen Dilution(MILD)
combustion or flameless combustion. The flame size is redbgedcreased operating
pressure. It represents that the combustion temperature can be rablable with specified
pressurized condition in spite of the oxy-fuel combustinducing a high adiabatic flame
temperature. NQ emission increases for operating pressure < 2bar and decreases f
operating pressure > 2bar with increasing pressure of readtiogre is no notable difference

in NQ/NO ratio for near stoichiometric combustion condition(ERROas the reactor is
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pressurized. However, higher excesscOncentration, lean oxy-fuel combustion, promotes
additional NO oxidation to NQormation. These results show significant difference between
atmosphere and pressurized condition. It represents thab €dmation with pressurized
condition is important parameter to understand emission r@weristics of pressurized oxy-

fuel combustion.
Acknowledgement
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6. Heat and mass transfer processes during solid fuel combustion

CFD modeling and validation for burner and boiler development
AC Rédler Umwelttechnik GmbHyienna

*Corresponding author. E-mail addresffice@ac-raedler.atTel: + 43 676 374 65 09.

A number of facts play an important role for a maximum heat transépacity during solid

fuel combustion:

1. geometry of heat exchanger

2. exchangers degree of oversizing

3. time of maintenance and efficiency control

4. choice of the best eco-efficient cleaning method

ad. 4.) The RTC process of the company AC Radler GmbH, Viemaatag an eco-efficient

removal of inner tube deposits and blockages from heat exabliagusing improvement of
workers safety, reduction of water, electricity consumptiorda®O?2 emission.

As the RTC-cleaning equipment is a sophisticated milling proaegskind of inner tube

deposits are removed up to shiny inner tubes. For thangilbrocess only 5 KW/h electricity
is needed for pump (17 bar) and e-motor. Water consumptso8 10 I/min. The milling

head correspond to inner tube size, some smaller. The mifinocess is water cooled and
rinse out the milled tube layers. Because of milling head no legeremain on inner tube.

For this cleaning operation fully exchanger capacity is regeaer

This RTC equipment is easy and save to handle. It is producediular design for horizontal
and vertical operation, for exchanger diameter and for variamgth of heat exchanger
tubes up to 8.000 mm vertical and up to 12.000 mm horiaband for inner tube diameter

from 12 mm to 55 mm.
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Heat exchangers efficieny is regained within short time bytREGnent, especially if tubes
are fully blocked. This cleaning operation produce neadynoise, no aerosols, keeps
cleaning area clean.

The RTC unit has been awarded an environmental prize three times.

An easy, most efficient and resource saving cleaning systamppsding all efforts towards

workers safety and climate change.
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7. Development of novel power generation system based on
pressurized oxy-combustion
H.Lim!, T. Z. Tumsk, Y. Le& S. C. ChhiT. Y. ChdeY. Le& H.An?, C. Mock, W. Yang-2*

IThermochemical Energy System Group, Korea Institute of Indabtfiechnology South
Korea

2Department of Clean Process and System Engineering, Uniyemsit Science and
Technology South Korea

* Corresponding author. E-mail address: yangwon@Jkitech.re.kr

Pressurized oxy-combustion is one of the promisingomystifor carbon capture from thermal
power generation system with low capital/operating costs. d€institute of industrial
technology (KITECH) is leading a national project on developnfeat movel power
generation system based on pressurized oxy-combustion.igrptioject, for the first stage,
process simulation of the full thermal cycle has been pentt. Effects of various fuels to
cycle efficiency are evaluated and discussed in this presentdtioaddition, we present
CFD(computational fluid dynamics) simulation results for varia@onfigurations of
combustion system aimed to find optimal solution for enhancmixing of the fuel and
oxidizer in various pressurized conditions. Finally,deecondenser has been developed for
latent heat recovery and SOx/NOx removal. Process simulation hasdagesd out for
pressurized direct contact column, and characteristics of SOX\&x removal for various
design conditions will be shown in the presentation. Fetatudies and related technical
issues are going to be discussed including development of dnksrade combustion system

and a flue gas condenser.
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8. Experimental investigation of a pulverized coal burning process to
validate numerical models
D. Zabrodieé*, J. Hees A. Massmeyér;, A. Dreizle?, R. Knee¥

lnstitute of Heat and Mass Transfer, RWTH Aachen Uniwgraugustinerbach 6, 52056
AachenGermany

2Reactive Flows and Diagnostics, TU Darmstadt, Bwndt-Str. 3, 64287 Darmstadt,
Germany

* Corresponding author. E-mail address: zabrodiec@wsa.aatien.de
Tel: +49 241 80 97538; Fax: +49 241 80 92143

To investigate solid fuel combustion and to create a reliabédidation data,
experimental measurements upon a series of 40 to 6GnkV&mes are carried out.
These flames are aerodynamically stabilized by a swirl burmetrage fully confined
within a vertical, down-fired cylindrical combustion chagn. The operation flexibility
of the combustion chamber allows experiments to be conductedconventional
atmospheric flames and oxy-fuel conditions with a range giger concentrations
between 19 to 35 vol.%. The combustion chamber is equippéith several
observation ports dedicated for non-intrusive and probe meaments along
different regions of the flame.

The present poster provides a brief description of the experimergenbustion facility
as well as an overview of the studied conditions. Key featurdbe experimental
approach and project objectives are also presented.

In order to assess the impact upon flame structure producgethb different operating
conditions, flame visualization and analysis is done bgentng the spontaneous
emission of the CH radical (limé-sight at 435 nm). Further on, radial velocity profiles
from the flows in the chamber are obtained by a two-componentidd3oppler-
velocimeter (LDA) which can minimize the measurement bias introdingedhe
presence of large tracer particles (fuel) in the flow. The Igesl composition major
product species was estimated employing a gas sampling probeetbtpla FTIR

spectrometer (Fourier-transform infrared spectrometer). Particle teraparies in the

65

m'l S:rvREseswn LENcucyklgﬁ:E
SFB/TRR 129 Oxyflame BOCHUM RU B % BARMSTADT


mailto:zabrodiec@wsa.rwth-aachen.de

2" International Workshop on ®y-Fuel Combustion Collaborative Researc
Bochum, Germany, February"1# 15", 2018 Center Oxyflame @)

chamber are determined from the spectral analysis of flame razhat the range of
300 to 1000 nm. Results show that ©ontent in the oxidizer causes significant
differences in the overall flame structure, gas compositmd particle temperatures.
In particular increased levels of NO and §@ve been measured with rising @artial
pressure. Measured velocity profiles show that under increa€&» concentrations the
velocity at the expanding vortex and the recirculation zorteange continuously in a

reciprocal way.
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9. Investigation of ignition and combustion processes of solid fuel
particles under o xy-fuel conditions

J. Koset, N. Vorobie¥, T.Lit, M. Schieman# B. Bohm*

lInstitute Reactive Flows and Diagnostics, Technische Universitat Dardis@ermany

2Department of Energy Plant Technology, Ruhr-Universitat BochungHon,Germany

* Corresponding author. E-mail address: boehm@rsm.tu-darmstadit;
Tel: +49 615116-28913.

The understanding of particle group combustion in turbtémws requires insights into the
phenomena at the level of individual particles. The mutuaériattion of the relevant
processes of the particle and gas phase requires simultaneouar saatl flow field
measurements. This subproject addresses the influence of tHmitent flow field on the
ignition and combustion processes of different fuel paets as a function of particle loading.
For this purpose simple flow configurations will be usekliclv can be operated in a
reproducible manner with defined boundary conditions wiviggying the relevant chemical,
thermodynamic and flow-mechanical parameters.

A variety of non-intrusive optical methods with high spatiadd temporal resolution and
probing techniques will be combined simultaneously to inggge the mutual interactions
of the relevant parameters. The complexity of the measurement eege will be gradually
increased from laminar to turbulent flows and single pagsclto particle clouds. The
sequence includes single particle combustion in laminavs)agroup combustion in laminar
flows, single particle combustion in turbulent flows dially group combustion in turbulent
flows. The aim is to understand the coupling of theéiwidual phenomena like fuel particle

characteristics, surrounding atmosphere and flow field amdérive appropriate models.
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10. Development of fluid-particle interaction models in turbulent
flows

K. Frohlich*, W. Schrodet-2

lnstitute of Aerodynamics, RWTH Aachen University, Aack@@rmany
2JARA-HPC, Forschungszentrum Julich, JiGenmany

* Corresponding author. E-mail addrekdroehlich@aia.rwth-aachen.de
Tel: +49 241 80 95435.

The prediction of the particle ignition time in a combustiprocess relies among other
physical mechanisms on an accurate model for particle-turbelenteraction. Two-way
coupled Lagrangian point-particle models, where the impact of #réigles on the turbulent
flow is projected into the governing equations for thewldield, are widely used to predict
particle dynamics and turbulence modulation. However, the folation of such models is
still controversially discussed and no universal methodtexiMoreover, point-particle
models which are only valid for particle diamete@ smaller than the Kolmogorov length
scale [}, are also used for finite-sized non-spherical particléb v@ R 3

Since highly resolved experiments are extremely challenging,appeoach to improve
point-particle models for the analysis of particle-turbnte interaction is to perform a
calibration via direct particle-fluid simulations (DPFS). Ssiohulations require the
resolution of the smallest turbulent scales as well as boupndayers and wakes of the
particles. Recently, 45,000 spherical as well as non-sgathgparticles with @ N R in
isotropic decaying turbulence have been considered usingSDRFFthis contribution, the
results of the DPFS are compared with predictions of directiame-eddy simulations using
an Euler-Lagrange poipiarticle model. Turbulent kinetic energy budgets are investdat
which demonstrate the impact of the fully resolved particlesvilt be shown, that the force
projection of the two-way coupled Lagrangian models implicittcounts for the main
contributions involved in turbulence modulation. Additally, the reliability of spherical
point-particle models for non-spherical particles with asp@atios ranging from 0.25 to 4.0

will be assessed.
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11. Kinetic investigations on catalytic properties of mineral matter in
oxy-fuel combustion

T. Eckhard, K. LotZ, A. Wiitschert, C.Berger, M. Muhler*

1Laboratory of Industrial Chemistry, Ruhr-Universitdt Bochum, Bochu®@rmany

* Corresponding author. E-mail address: muhler@techem.rub.ele+#9 234 32 28754.

Minerals present in natural coals are assumed to catalyze codicgéien reactions, which
influences gas composition and temperature of the flow fidlflames surrounding the fuel
particle during its combustiarTherefore, the catalytic effect of minerals on pyrolysis and
char burnout is investigated applying natural coals asagall mineral-free, lignite-like model
fuel prepared by the hydrothermal carbonization of cellulogghich can be selectively
doped.

A pyrolysis GC/MS-GC/TCD set-up equipped witm-aitu pyrolyzer for flash pyrolysis of
solid fuels (heating rates > 1000 K/s) is applied to analyzeffieets of minerals on the
pyrolysis products. Utilization of two different GCluons permits the simultaneous
detection of light pyrolysis gases and tars. Light desonptind decomposition products can
be quantified, which is necessary for modeling of the pwislprocess.

The reactivity of the doped model fuels and chars, prepangdhiermal treatment of the
model fuel, as a function of the added mineral is determinedngisiemperature-
programmed and isothermal thermogravimetric analysis and fixed feactor experiments.
Investigations in these flameless set-ups with controfled conditions and low operating
temperatures provide access to intrinsic kinetic parametersdiijgarent activation energies
and reaction orders of the char oxidation by kinetic mauatgl

On the poster, the synthesis of the lignite-like model faedl the above-mentioned setps

for the investigation of pyrolysis and char oxidatiofi & presented.
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12. Detailed experimental investigation and characterization of oxy-
coal- burners via laser-optical methods

L. Beckei*, A. Dreizler?

lInstitute Reactive Flows and Diagnostics, Technical Univgrsit Darmstadt, Darmstadt,
Germany

* Corresponding author. E-mail address: becker@rsm.tu-darmskayt.
Tel: +49 6151 16 28907.

The improvement of oxy-coal combustion requires a detailedeustanding of the involved
fluid mechanics, chemical kinetics, particle dynamics and thatual interactions. Existing
experimental investigations lack the required detail for validatdémumerical simulations
and for a more detailed understanding of the process. To awitlarge Eddy Simulations
(LES), measured single point values should be complemented bar plagasurements
resolving gradients and the dynamics of the processesgodhkof the sub-project B4 is to
investigate the flow field, the particle dynamics, the combustprocess and their mutual
interactions in an oxy-coal burner in detail.

For this purpose laser-optical methods such as two plastcle image velocimetry (PIV),
laser induced fluorescence (LIF) are applied and adapted to theoaxgambustion process.
The investigated burning chamber and the quarl of the buhsare excellent optical access.
The investigations are evolving from single-phase non-regctin two-phase reacting
studies. For the two-phase reacting experiments at first a gas flaitieinert particles is
investigated before adding an increasing amount of coal dagtito the flame.

Results are shown from PIV and LIF measurements of single phasegead two phase

non-reacting operation points.
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13. Experimental determination of reaction kinetics for the release of
chlorine and sulfur species and for the conversion of these species in
the gas phase

L. Friggé*, B. Epplé

Unstitute for Energy Systems and Technology, Technische Univgi@rmstadt, Otto-
Berndt-StralRe 2, 64287 DarmstadGermany

* Corresponding author. E-mail addreksenz.frigge @est.tu-darmstadt.¢le
Tel: +49 6151 16 22692.

Oxy-fuel coal combustion is considered a promising CCSdiegjyn The high concentration
of carbon dioxide in the oxidizer causes changes in th&bostion process when compared
to conventional combustion in air, including a differdr@havior of minor species such as
sulfur, chlorine or nitrogen. Although coal comprisesyaelatively small amounts of these
species, substantial corrosion and pollution issues cae &sn their presence, illustrating
the necessity of understanding how minor species behave uoxigifuel conditions.

Two complementary experimental set-ups are used to study minor epeoehavior.
Temperature-programmed pyrolysis and oxidation experiments are peddrusing a
combination of thermogravimetry and mass spectrometry (TG-MS¥ mMethod, while
carried out with a low heating rate, allows gaining ihssgn the processes of minor species
release and transformations. In the entrained flow reactaghhparticle heating rates (order
of magnitude 16 K/s) are achieved, which approach those of life-sized plaihts reactor’s
well-defined and broadly adjustable boundary conditionsya#i as the feasibility to collect
relatively large amounts of char samples, allow to cover adrange of investigations.
Results from the two set-ups and approaches to the developmedtvatidation of models

for the different minor species will be presented.
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14. Effect of nitrogen oxides (NO and NO2) on the wet oxidation of
CO/CQ mixtures
M. Abiant, A. Millera, R Bilbao?, M. U. Alzueta

1Aragoén Institute of Engineering Research (I13A), Department of Cheilraca
Environmental Engineering. University of Zaragoza, 50018 Zaragd@pain

The increased interest in oxy-fuel combustion makes it interggo study the impact of
nitrogen oxides (NO and NYoand bath gas composition on the oxidation process ofl@O.
particular, oxy-fuel combustion represents a unique oppoityito minimize CO emissions
to very low levels, because of the high excess of oxygethidrcontext, experiments were
performed under diluted conditions in a quartz plug-floactor operating at atmospheric
pressure, over the temperature range of 70&i1 <U (E}u (p o E] Z ~,AiXfAies S} (M
conditions, in the presence of 0.1 % and variable amounts of €Q@.e. 0 and 25 % GO
The experimental results were simulated and interpreted in terms oétailkd gas-phase
kinetic mechanism developed to address the oxidation @D in air and oxyuel
environments Abian et al., Proc. Combust. Inst 33 (2011) t323]. Sensitivity and reaction
path analyses were usdd identify the important reactions involving the oxidatiohCO as
a function of the presence of NO and B@nd to delineate the role of Gan this process.
Discussion of the amount of CO that is possible to achiewder oxy-fuel conditions

compared to an air atmosphere is done.
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15. Investigating the effect of oxy-fuel atmosphere on volatile
combustion using experimental and numerical methods
M. Baroncellit, D. Felsmantit, H. Pitsch

lnstitute for Combustion Technology, RWTH Aachen University, AadBermany

*Corresponding author. E-mail address: d.felsm@ita.rwth-aachen.de
Tel: +49 241 8094643

Devolatilization accounts for up to 70% of coal weighslduring combustion. It is therefore
of crucial importance to understand the effect of an oxy-fagehosphere on the combustion
chemistry of volatile species. Given the significant amountvofatile products, a
comprehensive understanding of coal volatile combustiam ®e achieved by defining
surrogate fuels consisting of mixtures of hydrocarb@msl inorganic species. To date,
detailed speciation measurements on single volatile components dneir mixtures are still
scarce for oxy-fuel conditions.

Here, we present the results of detailed speciation studiesquaréd in two different
experimental configurations: a counterflow flame and a stagnatiame setup, where a coal
plate is placed in a hot gas stream from a fuel-lean pidohé. Both experiments utilize an
electron-ionization timeaf-flight molecular-beam mass spectrometer (EI-TOF-MBMS) to
provide space and time resolved species profiles. These confignsaiire amenable by
simulations with 1D numerical codes, thus providing dethilesights into combustion
kinetics via model validation based on extensive sets of experirhdata.

In detail, results from investigations of three differerdunterflow flames and two coal
plates are shown to demonstrate the benefit of this comprehenaweroach: On one hand,
comparison of the counterflow dataset to actual chemical modslgd the identification of
species that were not yet included in the mechanisms and izéathodel improvements; on
the other hand, the coal plate experiments enabled time-resolved inyatbn of the gas-
phase speciation directly above the coal surface which proviesiled insights into the

coal combustion process.
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16. Examinations of the mercury emission from the pulverized coal
oXxy-combustion process
M. Ostrycharczyk*, H. Pawlak-Kruczek, M. Czerep, K. Krochmalny:

Lfo.—Z—> " f..Sfec..fZ fof ‘™I e%cotfcodfofle .. L. floft™ o1
Technology, Wyb.>e’ < f Neect %o ‘-x}a {V ... IFdMrd

*Corresponding author. E-mail address: michal.ostrychar@qykr.edu.pl;
Tel: +48 71 320 27 29; Boiler, Combustion and EnergyeBses Department

Problem of gas emission as Hg from fossil fuel combustionegs is still under study.
Especially the oxy-condition effect on gas emission fromfoelrequired more analysis and
research. This paper focuses on Hg behaviour investigatimmg air and ay-fuel
combustion processes. The research issue refers especially lestilighur coals usually
contains higher amounts of mercury. In the paper a selected hadibrown coals were
examined on the content of total mercury. For the combustiorigdke two types of coals:
one hard coal and one lignite were combusted in air atnhesp and two O2/CO2
atmospheres, of the ratio equal 25/75% and 30/70% (voé¥tsTwere carried out on an
isothermal flow reactor (IFR) in a large laboratory scale: len§thm and ~20kW thermal
power. The influence of the oxy atmosphere in comparison écdtin atmosphere on mercury
mass balance was carried out. The results showed that the anaduméercury captured in
the ashes in the air atmosphere was about 80% of the initiakritgsfeed with coal into the
combustion chamber. While, changing the atmosphere from theatrosphere to Oxy25
and Oxy30 atmosphere results in rising Hg retention to astbout 10% (mass). The study
of mercury concentration in coals shows that the highafstlg is determined in sample 12
(660 ng/g), and the least in hard coal A and B (x<70 ng/g)aVémage concentration of
mercury in second Polish query (from 5 to 8) was 150 ng/ditiddally the coals selected to
combustion tests were characterized by the Cl concentratioB%,fr hard coal, and 0,15%
for the lignite. Both a high chlorine content and rapidef gas cooling allows an efficient
retention of mercury on the ash particles. For examined caalligthe 3-15% of total mercury

mass balance is emitted to the atmosphere in gaseous form. Meretention to the ash
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in all examined tests was between 70 to 90% depending on typal and combustion

atmosphere. Mass balance of total mercury is ranged from 70 2884l1
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17. Numerical and experimental study of a stagnation pulverized coal
burner under oxyfuel conditions
M. Vascellar}-2*, D. Messig A. Scholtissek C. Hasse M. Xi§, B. Fiorin&, N Darabih&?

INumerical Thermo-Fluid Dynamics. TU Bergakademie Freih&grmany
2Simulation of reactive Thermo-Fluid Systems. TU Darmst&kymany
3Laboratoire EM2C, CNRS Centrale Supélec, Université Paris-Skcdenge

*Corresponding author. E-mail addresdichele.Vascellari@vtc.tu-freiberg.de

Alaminar stagnation pulverized coal flame is investigated usipgrimental and numerical
methods. The flame consisted of a premixed mixture of &td air, carrying pulverized coal
particles. The flame stabilization is obtained with an immiggwall. Lasr-induced
fluorescence PLIF measurements of OH radical and imaging’d&Cépontaneous emission
are performed to identify the chemical flame structure.

Numerical simulations of the flame are carried out usinged#nt one-dimensional
numerical approaches. At first, the flame behaviour is caledlatith a full transport and
chemistry (FTC) approach. The comparison with the experimentgsshmat the flame
behaviour can be correctly reproduced by the numerical simuiatidhe flame regime is
also identified by means of the chemical explosive mode amaly

In addition to the full transport and chemistry approadhe suitability of the Flamelet-
Progress Variable (FPV) model is investigated. A flamelet look-w@p(EHUT) is generated
using two mixture fractions, one for the volatile matter andeofor the char burn-out
products. An additional input parameter is included to actdor the heat transfer between
the solid and gas phase.

At first, the suitability of the look-up tables is evaluatgdmeans of an a priori analysis, using
the FTC simulations as reference solutions, showing a corredigtion of the structure of
the strained coal flames. Finally, the a posteriori anabfsmsvs that the fully coupled FPV
model can accurately predict strained coal flames.

Additionally, different operating conditions are numericaltyestigated in order to better
understanding the interactions between the volatiles and thardburnout gases, by means

of a budget analysis.
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18. Spectral modeling of thermal radiation in oxy-fuel pulverized coal
flames

M. von Bohnsteird*, V. KeZ, J. Strohlé

lnstitute of Energy Systems and Technology, Darmst&#rmany

*Corresponding author. E-mail address: maximilian.vonbohn&beist.tu-darmstadt.de
Tel: +49 6151 16 20635.

Thermal radiation through gases and particle matter is the doninade of heat transfer
in pulverized coal fired boilers. Due to the combustiocadl with recycled flue gas and pure
oxygen, the amounts of carbon dioxide and water vapor in e §as of the power plant
boiler are increased in comparison to the air-fired procesgh Bnolecules show strong
absorption and emission characteristics in the infrared waveremitegion providing
enhanced thermal heat radiation on the evaporator tubes along farnace walls.
Additionally, the coal particles strongly contribute teettotal radiated heat in the burner
zone.

The Oxyflame subproject C3 aims to develop efficient modebctarately calculate the
radiation heat transfer in oxy-fuel combustion systeriiis.precisely predict the thermal
radiation, the non-gray behavior of gas and particle radiati@s to be accounted for.
Accurate models like line by line calculations and statistaabmw-band models have been
developed for very accurate prediction of gaseous and padieutdiation. However, these
models are not suitable for 3D (CFD) simulation of real agipits. Hence, efficient non-
gray radiation models need to be developed to be applied tmerical simulations of oxy-
fuel furnaces.&}E SZ]e* %o U E %ePpetirumZCortddgienlo (FSCK) model is further
developed to include non-grey radiation properties of caadl ash particles in real-sized oxy-

fuel boilers

77

m'l S:rvREseswn LENcucyklgﬁ:E
SFB/TRR 129 Oxyflame BOCHUM RU B % BARMSTADT


mailto:maximilian.vonbohnstein@est.tu-darmstadt.de

2" International Workshop on Qy-Fuel Combustion Collaborative Researc
Bochum, Germany, February"1# 15", 2018 Center Oxyflame @)

20. Studies on the coherence of swirled oxy-coal flames by means of
large eddy simulations

OFarias Moguet*, A. G. Clements J. SzuhanszkjD.BlInghami,L. M&,M.
Pourkashaniart

1Energy 2050, Faculty of Engineering, The University of Sheffieldffisld, UK, S10 2JT
United Kingdom

*Corresponding author. Email-Address: ofariasmoguell@shetielok

Novel technologies, such as carbon capture and storage (CC$)bben developed to
reduce greenhouse gas emissions produced by fossil fuel wstioh. Oxy-fuel combustion
has proved to be a very promising £@apture technology; however the high €0

concentrations within an oxy-fuel combustion environmengndiicantly alters the
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combustion process. Further, the impacts of high €@ centrations on the mechanics of a
turbulent flame needs to be fully understood in orderliest optimise oxy-fuel combustion.
The flame, as a dynamic entity, will suffer changes irhisacteristics, such as flame size,
shape, brightness and temperature, as a result of the adjustmenthef dombustion
environment within the boiler due to the different physical acttemical properties of GO
AzZ] z Aloo (( 8 8Z (oeattansf®r ahd pdlLitantZormation.

This study presents an assessment of the flame characteristicthaimdcoherence in time
and space. The flame physical parameters are obtained by perforioarge Eddy
Simulations (LES) of the UKCCSRC Pilot-scale Advanced Capture@d@g¢RAGT) 250 kW
combustion test facility using computational fluid dynami€$D). The temporal coherence
of the flow is estimated by performing cross-correlatamd spectral analysis over transient
signals obtained from different points within the domaiheTspatial repeatability is assessed
by extracting the coherent structures that occur at differptanar locations using the proper
orthogonal decomposition of a finite set of instantaneousoeély vectors. In addition, a
dynamic mode decomposition technique is implemented to associatexttracted coherent
structures to their correspondent time frequency. Finalijhe simulated results are
compared with experimentally determined oscillation indices ofvartional and oxy-fuel
flames in the test furnace.

The frequency values and the coherent structures obtained fifuese analyses accounts for
the dynamic response of the flame to the different combustmenarios, and they can be
applied when determining the optimal recycle ratio in the dasagd deployment of future

oxy-fuel systems.
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19. Gradient-based methods in heterogeneous combustion
applications: a case study on the Shvab TZit " forntulation
T. Sayadi*, V. Le ChenadécH. Pitsch

lnstitute fir Technische Verbrennung, RWTH Aachen, Aactiammany
2Multiscale Modeling and Simulation Laboratory, Paris-Est Universitgrive-la-Vallée,
France

* Corresponding author. E-mail addressayadi@itv.rwth-aachen.de
Tel: +49 241 80 94607.

The steady rise in available computational power is reshapingpuatational sciences. The
level of fidelity met]v 8§} CJ[e }u%usS S]}v o &opu] Cv u] » W & ¢ %o %ot
consequence. Matching computational and experimental results wae @onsidered no
small feat: it is nowadays becoming increasingly routingh\Wis increase in predictive
power also come challenging questions, such as how tongge and control flows of
interest.

Gradient-based methods provide part of the answer, in that tlessaluate directional
derivatives at a cost theoretically equivalent to a single Cripatation. High-fidelity multi-
scale and multi-physics flow simulations, including DNSL&®I of reactive flows, however
present additional challenges ranging from the size of thélgm at hand to the complexity
of the underlying models. In this regard, these applicaiare therefore lagging behind the
ones built off lower fidelity (RANS) or simpler (aero-acosgtitodels.

In implementing an effective method, the scientists face a numberit€al decisions. The
non-linear solution algorithm should be both efficient anbust. Likewise, the
differentiation technique should be independent of the numlzé control variables. While
the use of some techniques can be discarded immediately (Finite &itferg in particular),
others (adjoint-based) are often more nuanced and applicationeddpnt. For example,
state-of-the-art applications often rely on both forward (use ofatltnumbers or complex-
step differentiation) and reverse (directed acyclic graph reversal)enlifferentiation.

This study explores this design space in the context oh@astion model for a solid-fuel
axisymmetric particle, namely the Shvab e o[ }A] Z (}E&upo 3]}vUlinear §Z v}v

eigenvalue problem resulting from the underlying steady aneptél flow assumptions. Its
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three-dimensional generalization is then discussed, with audoon the discretization
techniques employed for its numerical resolution (cut-cell Inoet) and issues it raises in the

differentiation stage.
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21. Pyrolysis of Walnut Shells in N2 and CO2 atmospheres at differ ent
heating conditions

O. SennecH, C. Russh A. Ciajolé, F. Cercielld, L. Cortesg F. Stanziong S. Heu€t, M.
Schiemanr?, V. Scheret, B. Apicella

lstituto di Ricerche sulla Combustione, IRC-CNR, P. le Tecchio 80, 80p25, Naly

2Department of Energy Plant Technology, Ruhr-Universitat Bom, Universitatsstr. 150,
44780 BochumGermany

*Corresponding author. Email-Address: senneca@irc.cnr.it

In our previous work regarding fast pyrolysis of coal @rop tube furnace, it has been found
that carbon dioxide environment affects the products of coalbopysis; in particular, chars
resulted less reactive, tars more aromatic and eventually sootprasuced in much larger
amounts than under nitrogen conditions.

In the present work, this issue is investigated witterehce to a biomass sample, namely
walnut shells (WS), with roughly 3:1 ratio of lignin oveltulose and hemicelluloses content.
Experiments have been carried out in eitherdd CQ@atmosphere using four experimental
systems: low heating rates ( 5-20 K/min) and temperatures (T=6008¢) been
investigated by means of a thermogravimetric balance and a fieedreactor [1]; higher
heating rates (10-10*K/s) and temperature (T>1300°C) have been achieved in a drop tube
reactor (DTR) and an heated strip reactor (HSR), with residénes bf respectively 40-
130 ms (DTR) and 2 s (HSR).

Char and tar samples have been collected and characterized by sedmaiues: the tars
have been analysed by GC-MS. Chars have been analysed foCAH&D content. The
structural and morphological features of selected char samples/e been inferred by
RAMAN microscopy and SEM. Their combustion reactivity hasdssassed by TGA in air.
The combustion pattern of chars showed the presence of tmmponents with different
reactivity, therefore the kinetic analysis of char contimrs required the adoption a
multiple parallel reaction scheme. Kinetic parameters for eagmponent have been

obtained.
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At low temperature and heating rates only small differences wereentesl between the
char and tar samples prepared under carbon dioxide and nitragen atmospheres [1].
During fast pyrolysis in DTR and HSR the quality ofysysgbroducts is affected by thesN
versus C@atmosphere but only in the very early stages of pyrolydisre specifically, the
chars produced in the DTR at 45 ms aNd CQ@ appear different in terms of combustion
reactivity and elemental composition. The differences are relatedhe fact that the
individual biomass components present in the raw biomass evdl¥ferently during

pyrolysis in Mand CQ@. Differences however level off at longer residence time.

[1] O. Senneca, F. Cerciello, S. Heuer, P. Ammendola, y&itygip of walnut shells in nitrogen and carbon

dioxide, Mediterranean Combustion Symposyum 2017.
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22. Measurement of the emissivity of fuel-particles in oxy-fuel
atmospheres

P. Graeset*, M. Schiemanh

1Department of Energy Plant Technology, Ruhr-Universitat Bochunghmn,Germany

* Corresponding author. E-mail address: graeser@leat.rud.de;+49 234 32 26324.

Due to the high temperature level of oxy-fuel-combustion, heansfer is dominated by
radiation. Thus, the emissivity and the scattering coeffigeare two of the key-parameters
to determine the heat transfer between particles and their sundings.

A test rig consisting of a laminar flow reactor and aniggtsetup combining visual and
infrared sensors for radiation measurements is used for deteirngithe emissivity of single
burning char particles in-flight. The burner providggical pulverized fuel conditions, i.e. gas
temperature and gas composition. The detector setup provides cotitaetmeasurement
of particle diameter (coded aperture) and particle temperature (twacpyrometry). The
thermal radiation emitted by a single particle is detected in thevalength range between
1.25 and 5.5 ym.

The optical setup can also be combined with a particletdton, which enables
measurements until complete burnout is reached. Laser-ignitibsingle particles will be
applied together with optical techniques for emission charaetgion.

Additionally, the scattering parameters of a burning partetieeak will be investigated. The
laminar flow reactor is combined with a high power radiatsmurce (1 kW Xenon lamp) and
a FTIR spectrometer. The radiation of the Xenon lamp will beséatan the particle streak
and the scattered radiation will be detected in several angles.

The principles of the three setups and exemplary results gaiitidthe first setup will be

presented.
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23. The formation of NOx and soot in oxygen-enriched propane
flames
R.Edland*, T. Allgurér}, F. Normann, K. Anderssoh

1Department of Space Earth and Environment, Division of Energy Technologwlnns
University of Technologysweden

*Corresponding author. Email-Address: rikard.edland@chalneers.s
Tel: +46 31 772 1424, Fax: +46 31 772 3592

This work discusses the formation of NOx and soot ingmegdlames and how the formation

is influenced by the oxygen content in the oxidizerthbo oxy-fuel combustion and in
oxygen-enriched air combustion. Experiments were conductetdrChalmers 100 kW unit
applying oxygen-enriched air and a continuous increase ip &@ soot formation was
observed when the feed gas oxygen content was increased apsigecific value (around
30%); at that feed gas oxygen content the soot formationgased by order of magnitudes
while the NQ emission decreased significantly, see Figure 1. A similar ishitame
characteristics was observed inoXyt o }u peSJ}v us8 8§ Z]JPZ & }AEACP v }ve
This work aims to examine how N@nd soot chemistry relate and we discuss plausible
explanations for the sudden change in the concentratiothege two pollutants. According
to the literature, there are three main chemical mechanisms by whabt and NQ may
interact: 1) gas-phase interactions at a primary precursor lemeglving competition for
radicals as well as reactions of N®@ith hydrocarbon radicals from primary aromatic
precursors, 2) reactions of nitrogen included in the pptyic aromatic hydrocarbon (PAH)
clusters with simultaneous PAH-NO reduction or indiredluégmce of NQ on the PAH
oxidation and growth processes, and, 3) heterogeneous iotemas between soot particles
and NQ through adsorption of NOon the active sites in soot surface or through soot-

catalyzed reactions.

The present work is based on combustion modeling. Detailettimamechanisms, obtained

from the literature, that are relevant to the gas phase nitrogbemistry and soot formation
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during combustion in flames, were implemented to investigptssible interactions and

their sensitivity to combustion conditions. Various €asvere modelled, cases that are
characterized by different reactor inlet oxygen concentratjoesidence times, temperature

conditions and mixing rates. The modeling results show taatperature and inlet oxygen

concentration are important to the radical pool and, thus,the rates of the key-reactions
in soot and nitrogen oxide formation. An increasing sooifation in the flame region was

observed when the local temperature and the inlet oxygen conceioinatere increased in

the model. The observed N@duction is attributed mainly to competition for radicals a

precursor level and to heterogeneous reduction on the soot.
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Figure 1: Masured outlet concentration of NO (with and without Nf@dtion in the
oxidizer) and measured soot volume fraction (normalized)arflime. The measurements
were performed during propane combustion in the 100 kW catidu unit.
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24. Experimental investigation of pyrolysis kinetics in a plug flow
reactor with focus on the ignition phase

S. Heuet*, V. Scheret

1Department of Energy Plant Technology, Ruhr-Universitat Bochunghmn,Germany

* Corresponding author. E-mail address: heuer@leat.rublde;+49 234 32 25340.

Compared to air-fired combustion systems, oxy-fuel boilgrsrate with pure oxygen and
thus they are characterized by high carbon dioxideJG®ncentrations due to flue gas
recycling. The reliable design of boilers requires quantitatata about the volatile release
kinetics because devolatilization is crucial for solid fgeition.
The main parameters for pyrolysis are fuel rank, temperature, ihgatate as well as
composition of the surrounding gas phase. To examine delipédion, a laminar drop tube
reactor was set up which operates at temperatures and heating itg@sal for pulverized
fuel boilers (maximum 1600 KO* Y i ? K/s). Particle residence times in the order of Yd
ms and inert as well as oxidizing atmosphef@&( steam, oxygen) can be obtained.
Solid samples are retained at different residence times in a fitersing, while gaseous
species are forwarded to a tar trap and gas analyzers. Liquidaimisamples are further
v oCl ~ ,EAU +ZU ~ DU yWAU d' U Y. 3} 3@ @Ea]WwW 3Z % EE)
properties.
On basis of the experimentally determined mass losses, pyrolystickmodels like the
competing two-step model with distributed activation energy éditeed to the data. The
determination of the kinetics requires the knowledge of paeticksidence time and
temperature, which are difficult to measure. Therefore, the evaluatibthe kinetic data is
supported by CFD-simulations. The resulting pyrolysétikiparameters are compared with
the results of network models like CPD, Flashchain or FG-DVC

Selected major results are:
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x Principally, network models are able to predict mass loss kseg¢ven for non-library
coals (tested for Colombian coal and German lignite).

x Experimental determined pyrolysis kinetics were successfufiiexpin LES simulations
of a Colombian coal in a flat flame burner.

x Colombian coal was pyrolyzed for approx. 125 ms. Theyblarwas similar for Nand
CQ pyrolysis whereas the G@har was more reactive and less aliphatic carbons (except
acetylene)were measuredSoot production was enhanced in £0ut this soot was less
reactive than the corresponding char.

x For experiments of different fuels in inert atmosphere, mass and elémhéalances of

educt and products showed good agreement.
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27. Simulation of Ignition and Combustion of Coal Particles in Air and
Oxy-Fuel Condition
S. Faradi*, A. Attilit, H.Pitsch

lnstitute for Combustion Technology, RWTH Aachen University, AadBemany

* Corresponding author. E-mail address: s.farazi@itv.rwth-aacke
Tel: +4941 80-94626.

This study presents direct numerical simulations of coailmgstion under standard and oxy-
atmosphere The devolatlization rate and volatile composition are computed witte
chemical percolation devolatilization (CPD) modEhe devolatilizationmodel has been
coupled with a Lagrangian particle tracking method. Combustiorihe gas-phase is
described using finite-rate chemistry.

We performed simulations of ignition and combustion of coaitiple streams as well as
single particle configurations. Single particle ignitiod aombustion is computed in both air
and oxy-atmosphere varying particle size and gas phase temperatusefoind that the
increase of ignition delay time in oxy-atmosphere comparedét in the air case is related
to the depletion of radicals that react with the abundant cambdioxide of the oxy-
atmosphere. Furthermore, we computed ignition and combustiopanticle streams varying
the particle number density. Increasing the particle humbengity decreases gas phase
temperature due to the increased energy depletion from gas-phaspddicle heating and

consequently increases the ignition delay time.
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29. Atomistic multiscale simulation of char combustion

V. Angenent, O. Yondet, C. Hattig*, R. Schmi##*

1Computational Materials Chemistry Group, Ruhr-Universitat Bochum,lBme, Germany
2Quantum Chemistry Group, Ruhr-Universitdt Bochum, BochGermany

*Corresponding author. E-mail address: christof.haéitiub.de Tel: +49 234 32 28082.
**Corresponding author. E-mail address: rochus.schi@vidb.de Tel: +49 234 32 24372.

The goal of subproject A7 is the development of a predictimetic model for the char
combustion based on atomistic quantum chemical (QM) calculatiand molecular
dynamics (MD) simulations. We will describe the processes vanehelevant for the char
combustion including the elementary reaction steps of thadation, the physi- and
chemisorption and the diffusion by means of a multiscaleatmsvhich combines accurate
QM calculations for thermodynamic quantities with MD simigias for an efficient
description of the dynamics.

The first step is the atomic construction of char. Sosfagle graphene layers of any shape
can be constructed. The next step is to find a low-coshpatational method for MD
simulations. With the reactive force field ReaxFF the combustidrenzene was simulated
at 4000 K. The high temperature was chosen to increase the nuoflreactions per time
step. Similar simulations will be performed with a lower temperaturd the most important
reaction paths will be analysed with QM methods. Meanwlhilethe Quantum Chemistry
Group two possible combustion reactions (oxygen atom aotdiind hydrogen abstraction)
have been investigated for a set of polyaromatic structurestviare branched or linear and
varying in sizes; using density functional theory (DFPI3Sh hybrid meta-GGA functional and
TZVP basis set. For both reactions a linear correlatiowdssi the activation and reaction

energies has been observed (which indicates that Bell-Evans-RBIBRY principle holds).
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Fig. 1: Construction of graphene layer. Fig. 2: The reaction path of

benzo[c]phenanthrene using DFT.
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30. Experimental investigation of char burnout kinetics in a laminar
flow reactor with focus on the early char burnout phase
N. Vorobiev*, V. Scherey

1Department of Energy Plant Technology, Ruhr-Universitat Bochum hBiot, Germany

* Corresponding author. E-mail address: vorobiev@leat.eipbTel: +49 234 32 25340.

The aims of this project are the development and optimization dtexg char burnout and
fragmentation models.

The char burnout experiments on single particles are carriediroatn optical accessible
laminar flow reactor applying a stereoscopic imaging tworcpywometry system (SCOT) for
particle size, temperature and shape measurements. The reagteris obtained by closing
the energy balance around a burning char particles. Due toaeced carbon dioxide
concentration in oxy-fuel atmosphere the gasification reatis of particular importance
and is investigated separately in an oxygen- and water-free athesspproduced by
stoichiometrie combustion of carbon monoxide.

With regard to the biomass co-firing the particle shape dadntegration in network char
burnout model is a further topic of this sub-project.elparticle shape is reconstructed from
two stereoscopic projections obtained by the SCOT system.

For the investigation of fragmentation two different techniquasee implemented. The
experimentsina®Z & *3E]% E S}EU Az & PE %db]S} €BIE ] %0 ] (
address larger particles 0.4-1 mm. The fragmentation tendency oflemn&0500 um,
particles is investigated by high-speed visualizationlamanar flow reactor. In the first step
the experimental data will be used to obtain fragmentation probabaitin dependence of

coal rank and heating rate.
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Analysis of wall temperature and heat flux distributions in a swirled
combustor powerd by a methane air and a CO »-diluted oxyflame
A. Degenéve?, P. Jourdaing C. Mirat, J. Cauda] R. Vicquelia, T. Schulle¥3
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Analysis of wall temperature and heat ux distributions in a swirled combustor
powered by a methane air and a £@luted oxy ame

Arthur Degerve*? | Paul Jourdairfe Clement Mirat, Jean Caud8) Ronan Vicquelif, Thierry Schulle®°

3L aboratoire EM2C, CNRS, CentraleSupélec, Université Paris-Saclay, 3 rue Joliot Curie 91192 Gif Sur Yvette cedex, France
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CInstitut de Mécanique des Fluides de Toulouse (IMFT), Université de Toulouse, CNRS, INPT, UPS, Toulouse, France

Abstract

The behavior of technically premixed G@iluted methane oxy ames is compared to operation with methane air
ames with a set of experiments in a generic labscale combustor equipped with an axial-plus-tangential swirler. A
former study from Jourdainet al. Fuel 201 (2017) 156—-164 has shown that the stabilization and topology of these
ames can be conserved when switching dilution fromtd CO, despite large changes of the oxidizer and diluent
owrates, providing conservation of a certain number of ow and combustion parameters. This work proceeds with
the experimental investigation and focuses oredénces in distributions of wall temperature and heat transfer to the
walls for a methane-air and a Gd@iluted methane oxy ame sharing the same thermal power, equivalence ratio, adi-
abatic ame temperature and swirl number. Laser-Induced Phosphorescence measurements are used to determine the
temperature distributions along the combustor metallic walls inside the combustion chamber and along the internal
and external surfaces of the quartz windows. These data are used to determine the local heat ux through the combus-
tor windows, which is also shown to be purely conductive. It is found that both the air apdli@@d oxy- ames

feature approximately the same temperature distributions and thermal loads along the combustion chamber walls. As
high concentrations of carbon dioxide are known to signi cantly enhance radiative heat transfer, an analysis is carried
out so as to account for the mechanisms that provide this similarity in the wall temperatures and heat uxes between
the two ames. The low order model allows determining the origin of the heat ux and shows how convective heat
transfer is supplemented by radiative heat transfer during @g@ration with a global thermal load that remains
roughly unaltered.

Keywords: oxy-combustion, CO2 dilution, swirling ame, laser induced phosphorescence, radiative heat ux

1. Introduction ame temperaturél ;4 and the ratio of the bulk ow ve-
locity at the burner outlet to the laminar burning velocity

Revamping existing air powered combustors to oxy- Ub=SL. A detailed analysis of the ow and ame .struc-
combustion operation with a limited number of modi -  ture was then carrled_ouF for ahdiluted (X, = 0:79)
cations and without impairing performances and emis- and CQ-diluted (Xco, = 0:68) ame featuring the same

sions raises many technical [1, 2, 3, 4] and scienti cal thermal poweiP = 13 kW, equivalence ratio = 0:95
issues [5, 6, 7]. and adiabatic ame temperatufigy = 2200 K. Parti-

cle image velocimetry measurements revealed that the
structure of the ow eld at the injector outlet was ho-
mothetic despite the large drop of the bulk ow ve-
locity Up = 9:7 m.s? for the CQ-diluted ame com-
pared to operation with air al, = 143 m.s®. It was

also found that the burned gas temperature and the tem-
perature distribution in the metallic components of the
combustor were roughly the same between thedwad
CO,-diluted cases despite the large changes of the dilu-
ent thermal and radiative properties and ow velocities

In a recent work, Jourdairet al. [8] investigated the
stabilization of N- and CQ-diluted premixed swirling
ames over a wide range of combustion parameters. For
a given thermal power, they found that the two main
parameters needed to reproduce the same ame topol-
ogy and lift-o height above the swirling injector when
switching from N to CO, dilution were the adiabatic

Corresponding author: arthur.degeneve@centralesupelec.fr
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along the combustor walls.

Managing the thermal load on the injector and com-
bustion chamber walls is a critical issue when operat-
ing the combustor with a modi ed combustible mix-
ture. Heat losses to the walls also greatly alter the ame
topology [9, 10, 11]. From an experimental point of
view, measuring a heat ux density and discriminating
the conductive, convective and radiative contributions
is challenging. Another diculty in estimating the ther-
mal load is to account for the radiative properties of,CO
that are likely to bring a major derence when switch-
ing from N,- to CO,-dilution operation.

Numerical simulations of channel ows lled with in-
ert gases have shown that thermal radiation from partic-
ipating gaseous species can strongly modify the turbu-
lent temperature eld within the ow [12, 13]. Cou-
pling e ects alter both the distribution of temperature
and wall heat ux. On the one-hand, gas-gas interac-
tions homogenize the temperature eld within the over-
all volume of burned gases [13, 14] and this leads to
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=
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Figure 1: OH* intensity distributions of the GO and N-diluted
CH4/O; swirling ames at equivalence ratio = 0:95, swirl num-
ber § = 0:75 and thermal poweP = 13 kW. Grey elements indicate
solid components of the combustor.

an increase of temperature gradients and of the wall jectives of this article are to compare the wall tempera-

heat ux. On the other hand, gas-wall radiative inter-
actions provide an additional contribution to wall heat
transfer, which leads to a reduced gradient of the tem-
perature pro le within the boundary layer. This second

ture distributions and elucidate the redistribution of heat
transfer between these two cases.

The development of Laser Induced Phosphorescence

competing mechanism leads to a decrease of the wall[15] allows relatively convenient measurement of tem-

heat ux. In a recent study, Koreet al. [14] cou-
pled a Monte Carlo radiative transfer solver accounting
for H,O and CQ detailed radiative properties with a
large eddy simulation study of conjugate heat transfer.
They compared their numerical results with measure-
ments made in a lab-scale swirled premixed combustor
powered by a lean C{H, and air mixture and found
that thermal radiation modi es the nature of total wall

peratures over large surfaces with a high precision and
over a large dynamics [16, 10]. Surfaces of interest are
coated with a thermographic phosphor. When excited in
the ultraviolet, the quenching visible luminescence sig-
nal provides an information on the surface temperature.
This technique is here used to measure the surface tem-
peratures of the internal metallic combustor walls and
the internal and external wall temperatures of the quartz

heat transfer in a sizable manner despite the relatively windows of the combustion chamber to infer the wall

moderate fractions of water vapor and carbon dioxide
in the burned gases.
This has motivated the present study, where two

heat ux distribution.

The article is organized as follows. The test-rig and

ames sharing the same topology and same power havethe optical diagnostics are presented in section 2. Tem-

been selected in a con guration where the major abun-
dant species pNis replaced by CQI[8]. The OH chemi-
luminescence signals from theMiluted ame, desig-
nated as Flame A in the following, and the &@iluted
ame, designated as Flame B are represented in Fig. 1.
These ames share the same power(3 kW), equiv-
alence ratio (= 0:95), adiabatic ame temperature
(Tag=2200 K) and swirl number &0.75) with about
the same ratidJ,=S,. Flame A is powered with air
Xn, = 0:79. Nitrogen is replaced by carbon dioxide in
Flame B with a CQmolar fraction set tXco, = 0:68 to

reach the same adiabatic ame temperature when burn-

ing with the injected methane owrate. The main ob-
2

perature measurements along the walls of the combus-
tion chamber are then presented for Flame A and Flame
B in section 3. A focus is made on the temperatures
recorded at the internal and external surfaces of the
combustion chamber quartz windows. The conductive
heat ux density through the quartz window is derived
from these latter temperature pro les in section 4, which
is followed by an analysis on the nature of the heat ux
to explain the distributions of surfaces temperatures ob-
served for ames A and B and the predominant heat
transfer regime in the derent regions of the combus-
tion chamber. The main conclusions are synthesized in
section 5.
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Figure 2: OXYTEC atmospheric test-rig.

2. The experimental setup

2.1. OXYTEC test-rig

The setup is fully described in [8], only the main
components are reported here. In the schematic in

Nd:YAG Laser
10 Hz 532 nm

A=532 nm

Phosphork:266 0
; F1:low- F2:banc
: pherical lens : :
coatin cut filter pass filtel
g 50 mmk et E/

A~660 Nnm

LABVIEW®

Figure 3: Experimental setup and acquisition chain for Laser Induced
Phosphorescence measurements.

The combustion chamber back plane, which is in con-
tact with the burned gases, is cooled by water circu-
lation. The position of the cooling device is indicated
in Fig. 2. The temperature close to the heat exchanger
is measured with thermocouples inserted in the stain-
less steel surrounding the circuit. After ignition, when

Fig. 2, the combustion chamber has a square cross secthe chamber has reached steady thermal conditions, the

tion of 150 mm width and 250 mm height equipped with
four quartz windows. The combustion chamber ends
with a converging nozzle with an area contraction ratio

wall temperature at the heat exchanger inlet is typically
81 C and 99C at the outlet, with no signi cant dier-
ence between the Flame A {Mliluted) and Flame B

of 0.8. The burned gases are exhausted to the atmo-(CO,-diluted).

sphere at ambient pressure.

The swirler is an axial-plus-tangential entry swirl
generator allowing to adjust the swirl level at the in-
jector outlet by modifying the distributions of the mass
ow rates injected tangentiallyn and axiallym,. The
swirl number is here set topS= 0:75 for both ames
investigated.

Methane is rst mixed within the swirler with the ox-
idizer mixture Q/N, or O,/CO,. Further details on the
injection systems can be found in [17]. The combustible
mixture leaves the swirler throughrg= 10 mm cylin-
drical channel and ows into the combustion chamber
through an end piece of height= ry equipped with a
di user with a cup angle=10.

Table 1 summarizes the operating conditions for the
two selected ames. Dilution is characterized by the
molar fraction of CQ or N, in the oxidizer stream.
The adiabatic ame temperatuiigg and laminar burn-
ing velocity S, are calculated with the GRI 3.0 mecha-
nism and a dedicated 1D ow solver. Temperature mea-
surements were systematically made after thermaliza-
tion of the whole setup. Temperatures in the burned
gases near the combustor outlet (TC1) and in the outer
recirculation zone of the ow near the back plane (TC2)
were measured with R-type thermocouples (see Fig. 2).
These temperatures were corrected to take into account
thermal radiation.

Table 1: Combustion parameters for the two selected arBes.laminar burning velocityly, : bulk velocity in the injection tube. Re : Reynolds

number based on the injection diameleandUy,. Xq : diluent (N; or CQOy)

molar fraction. Fq : adiabatic ame temperatur&g : swirl number.

P [kW] | S_[cm/s] | Uy [m/s] Re Xa | Tag[K] | So
No-diluted Flame A | 0.95 13 37 14.3 15900| 0.79| 2200 | 0.75
CO,-diluted Flame B| 0.95 13 21 9.7 13000| 0.68| 2200 | 0.75

3
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Figure 4: Calibration curve for LIP plotting the phosphorescent signal

decay time of the Mg-phosphor as a function of its temperature. Each
of the 1100 points represents a laser shot.

2.2. Diagnostics

The ame topology is analyzed with OH* chemilu-

of the phosphorescent signal is measured and associ-
ated to the temperature recorded by the thermocouple
following the procedure described in [18]. The result-
ing calibration curve is represented in Fig. 4, where the
phosphor decay time is plotted for temperatures rang-
ing from 300 K up to 1040 K corresponding to the limit
of the electrical heater. Smaller decay times can be
measured in the combustion chamber and the calibra-
tion curve is extrapolated up to 1120 K. A sensitivity
analysis has been made by varymgndc, in order to
minimize the standard deviation of the signal at 300 K.
The retained values, = 0:4 andc; = 6.0 yield the best
results with a weak scatter of the data in Fig. 4 limited
to 9Kat500K, 2Kat750K and 7 at 1000 K.

3. Wall temperature distributions

The LIP bench with the laser is set on a pivoting arm
so as to reach the surfaces of interest. This setup is used
to determine the temperature of the internal metallic sur-

minescence images. The structure of the velocity eld faces inside the combustion chamber. The temperature
under reacting conditions determined by Particle Image on the internal and external surfaces of the quartz win-
Velocimetry (PIV) measurements is also analyzed in an dows are also measured along the axial direction and a

axial plane. The OHand PIV data are taken from [8]
where a full description of these diagnostics is made.

set of transverse directions, as displayed in Fig. 5. The
temperature along the exhaust nozzle external surface

Laser Induced Phosphorescence (LIP) is here usedand along two perpendicular directions of the combus-

to determine the solid wall temperatures with a phos-

phorescent paint and the luminescence lifetime tech-

nigue [15, 10]. A phosphorescent NkFGeQ:Mn
powder (Phosphor-Technology, EQDR5U1) mixed
with a high temperature binder (ZYP Coatings, HPC
Binder) is coated on the surface of interest. Excited with
a Nd:YAG laser quadrupled at 266 nm with a 10 Hz rep-
etition rate (Continuum, Minilite ML 11), the quench-
ing of the phosphor yields a luminescence signal with

a peak emission centered at 660 nm. The temporal re-

sponse of this signal is recorded with a photomultiplier
with a rise time of 5 ns (Hamamatsu, R9880U-20). The
electrical signal is ampli ed with a resistance and an op-
erational ampli er with a rise time of 10 ns (HCA-40M-
100K-C). The electrical signal is nally recorded with a
350 MHz oscilloscope (LeCroy WaveSurfer 434). The

tion chamber dump plane are also determined. This de-
tailed thermal characterization is also motivated by the
need to provide wall temperatures as boundary condi-
tions for numerical simulations.

The temperatures pro lesi{z) and T(z) at the in-
ner and outer sides of the quartz window are analyzed
in Fig. 6(a). These temperatures are determined along
the quasi total length of the quartz window, except for
the internal surface with the G@liluted ame B. At
each height, 25 samples of temperatures are recorded.
The standard deviation of the signal is plotted with er-
ror bars in Fig. 6(a) at=ro = 3.0, 7.5 and 12.5. One
can appreciate the weak scattering of the data. Even at
the highest temperature recorded, the standard deviation
remains lower than < 15 K. Furthermore, the same
measurements (not shown here) were repeated a month

response of the phosphor to the laser impulse follows an apart, and exhibited a very good reproducibility of less

exponential decaift) = I exp( t=), where the decay
time is a function of the phosphor temperature. To ob-
tain the decay time, each response curve is analyzed
within a window between instantg= ¢; andt; = ¢,

with an iterative Matlal® routine, whereg; andc, are
two positive constants.

than 20 K.

The surface temperatures within the combustion
chamber proceed as follows. Along the cooled combus-
tion chamber dump plane, temperatures remain mod-
erate at about 800 K, and the drence between the
internal and external surface temperature of the quartz

The LIP diagnostic is calibrated with the same acqui- window remains small T < 100 K. The temperature
sition setup and the tip of a heated thermocouple coatedthen progressively increases along the side walls further

with the same phosphorescent paint. The decay time downstream until a plateau is reachedzat

4
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Figure 5: Cut of the test rig with the temperature distributions mea-
sured by LIP for Flame A (btdiluted). The OH* chemiluminescence
intensity is superimposed to appreciate the distribution of the com-
bustion reaction within the combustion chamber volume with respect
to the temperature pro les along the walls. Interngl)(@nd external
(Te) temperatures of the quartz window$gp : temperature of the
combustion chamber dump plate. Note that The is measured on
both sides of the injector, but is only represented here in a corner.

Flame A and a bit further upstreamr, 6 for Flame

B. The maximum temperature reached by the quartz
window internal and external surfaces are then respec-
tively 1114 K and 942 K for Flame A and 1122 K and
961 K for ame B. The di erenceT; Te ' 165 K
remains however the same in both cases. The tempera
ture then smoothly drops further downstream when ap-
proaching the exhaust nozzle. The £@luted ame

B yields slightly hotter wall temperatures than the-N
diluted ame A at the bottom of the combustor, but
the wall temperatures are cooler further downstream the
combustion zone in the former case.

The temperature pro les along the combustion cham-
ber dump plane shown in Fig. 6(b) do not exhibit dif-
ferences between the,Nand the CQ-diluted ames.
The temperature is determined on both sides of the in-
jector for the N-diluted ame to assess the ow sym-
metry. The combustion chamber ange is a thick plate
into which the diverging cup of the injection nozzle is
screwed. The outer diameter of this cup ig 8nd this
component is directly in contact with the water cooling
system in Fig. 6(b). These features allow to interpret the
temperature pro les. Ak = 7:5rg, the quartimetal
contact imposes a temperature of 700 K, the tempera-
ture then slightly decreases downso= 3rg, where
a sudden drop of 300 K takes place. This location cor-
responds to the mefatetal contact between the com-
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Figure 6: Top : Temperature evolution along the interfigl)

(squares) and extern@k(2) (disks) surfaces of the quartz window as
a function of the height. Bottom : Temperature evolution along the
combustor dump plan€gp(2) as a function of the transverse coordi-
natex. Np-diluted ame A : dark symbols. C@diluted ame B :

bright symbols.

bustion chamber ange and the water cooled injector
di user cup. Finally, the temperature pro le close to
the injector nozzle outlet remains at with temperatures
below 450 K.

The main conclusion is that the temperatures mea-
sured along the internal walls of the combustor are
barely altered between the,Nand the CQ-diluted
ames, except for the location of the peak tempera-
ture. It is now worth examining the heat ux through
the walls.

4. Wall heat ux distributions

The aim of this section is to infer from LIP measure-
ments the dierent thermal behaviors between the two
ames of interest. Another objective is to explain why
comparable levels of temperature are observed between
ames A and B, while the large concentrations of £0
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Figure 7: Separation of the combustion chamber volume ierdint
zones to model the heat transfer.

in ame B expected to signi cantly enhance the radia-

tive heat transfer to the walls [19]. A model for the heat
transfer through the quartz windows, which constitute
the largest surfaces in contact with the reactive ow is
derived in the following with the notations provided in

Fig. 7.
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Figure 8: Conductive heat transfer evolution along the quartz window
as a function of the heigtzt
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whereky = 1:38 W.m.K ! is the thermal conductivity
atTo = 293 K and the coecients are g = 1:.02, ; =

The three types of heat transfer are taken into account 0:179, , = 0:186 and 3 = 0:0216.
to describe the thermal ambiance inside the combustion  The conductive heat ux ©(z) is therefore calculated

chamber. The heat ux is transferred by conductif
through the quartz window, while the convectivé and
radiative' "¢ uxes drive the heat transfer within the
ow. It is at this stage assumed that the quartz mate-
rial is opaque to radiation for the wavelengths of inter-
est, as will be later shown. Along the internal surface of
the quartz window, for ang position in the combustion
chamber, the energy balance yields:

.cv+-rd:-cd

@)

In this case, the conductive heat ux density through
the quartz window ® is also the total heat ux density.

4.1. Conductive heat ux through the quartz window

Following notations from Fig .7, the conductive heat
ux ' °(2) derives from Fourier's law:

Z 1,0
rediz) = = k(T)dT

Ti@

)

wheree is the thickness of the quartz window ahkds

the thermal conductivity of the quartz material which

is function of temperature. The thermal conductivity is

approximated with the data from the manufacturer Her-
aeus [20] and the polynomial relation [21]:

according to Eq. (2) with the temperature pro les from
Fig. 6(a). The results are shown in Fig. 8 for ames A
and B. It appears that the heat ux is very close in both
cases. Starting from® "' 20 kW.m 2 up toz = 4ro, the
conductive heat ux density increases up to 42 kW2m
at a heightz.. It then suddenly decreases to reach a
plateau at 38 kwW.nf. For the CQ-diluted ame B,

Z. ' 5:5rg, andz. = 8:0rq for No-diluted ame A. Be-
yondz ' 13rp, the conductive heat ux rapidly drops
with the downstream distance to the combustor ange.
Data are collected up ta = 20rg for the No-diluted
ame. At this distance, the conductive heat ux density
returns to the valueé® ' 20 kW.m 2. These data are
useful to validate numerical ow simulations including
coupled heat transfer to the walls.

One recalls that only small derences between the
wall temperature distributions were found in the previ-
ous section for ame A and ame B. It is here high-
lighted that the conductive heat ux through the quartz
windows inferred from the dierence of the surface tem-
peratures on both sides of the quartz window is also very
close for both ames. Enhancement of the contribution
of the radiative ux for the CQ-diluted ame B does
not lead to increases in heat losses through the windows.
These two important features are analyzed in the subse-
guent section.



4.2. Radiative and convective heat uxes

The radiative ux results from complex interactions
between the burned gases themselves and between th
burned gases and the quartz windows [13]. The quartz
window and the CQin the burned gases are two semi-
transparent materials, which spectral properties are rep-
resented in Fig. 9. The Gmissivity is calculated us-
ing the line by line radiative transfer model with data
from HITEMP 2010 database [22]. The molar fraction
of CO, has been set to the same valugoX = 0:14
as in the burned gases composition of thgdiluted
ame. The column length has been setto 8 cm, which is
the minimmal distance between the quartz window and
the injector. The emissivity spectrum is calculated with
a 25 cm? resolution. The quartz window is made of
fused silica, its absorbance is calculted from the trans-
mittance curve provided by the manufacturer (Infrasil
rR301/ 302, [23]). The CQ molecule peak emissivity
band is located around= 4:3 m, in the same spectral
range as the black body radiation of a surface at 1300 K
and the absortion region of the quartz window. It results
that the CQ emission is almost integrally absorbed by
the quartz window at 4.3m. This analysis proves that
the similarity between the total heat ux plotted in Fig. 8
for ames A and B featuring very dierent burned gas
compositions with dierent radiative properties cannot
be explained by the quartz window transparency.

Figure 9 also indicates that the @€an be considered
as optically thick around 4.3m and optically thin in
the rest of the spectrum. This feature is here shown for
the burned gases from theMiluted ame, but is also
valid for the CQ-diluted ame. The rst e ect of this
optically thick medium is to enhance G@e-absorption
within the burned gases leading to an homogenization

of the temperature of these gases [13, 14]. The second

e ect is that the internal surface of the quartz window
mainly absorbs the radiation from the burned gases lo-
cated at its proximity. Assuming an equivalent gas col-
umn of lengthL emitting to the surrounding walls, the
radiative ux is expressed as [24, 25]:

vrd

"LTg* T 4)

whereT; is the temperature of the internal surface of the
quartz window," (L) and Ty are the equivalent emissiv-
ity and the temperature of the burned gases gptthe
gas absorptivity at the temperature The absorptivity
g is correlated td (L) as ¢="(L) = (T4=T;)** [25] and
this correlation is injected in Eq. (4) yielding:
vrd

u(L) Té:S T92:5 Ti2:5 (5)
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Figure 9: Spectral characterization of the quartz window. Dashed
line: spectral absorbance of the quartz window computed for a thick-
nesse = 8 mm. Solid line: CQ emissivity spectrum at 1300 K,
Xco,=0.14 as in the burned gases in ame A. Emissivity is calculated
with line by line model, using HITEMP 2010 database [22], with a
gas column of = 8 cm and a resolution of 25 crh Dotted line:
black-body radiation at 1300 K.

Modest [26] gives a rough approximation of the mean
beam lengthL = 3:6V=A that gives satisfying results,
whereV andA are the volume and the surrounding sur-
face area of the considered region.

Along the combustor walls, the swirling ow is tur-
bulent. The Ditus correlation [27] is used to estimate
the convective heat ux:

% v CC — hCC T T
g 1
cc (6)
.§ Nu- = hka" = 0:023PF2Re5°

wherek, is the thermal conductivity of the burned gases
atTp = (Tg + T;)=2 = 1180 K, L the height of the com-
bustion chamber and NuPr and Rg the the Nusselt,
Prandtl and Reynolds numbers based on the hydraulic
diameterD of the square cross section area of the com-
bustion chamber and also evaluated gt

4.3. Analysis of heat transfer regimes

In order to discriminate the origin of the thermal
stress imparted to the walls, the combustion chamber
volume is separated in four distinct zones, as sketched
inFig. 7:

1. Zone 1 corresponds to the reaction region, where
the temperature is close to the adiabatic ame tem-
peraturel ;g and the velocities are close to the bulk
velocity Uy, at the injector outlet. This zone corre-
sponds to the volume delimited by the spontaneous
OH* emission shown in Fig. 1la and Fig. 1b and
does not impact the walls.



2. Zone 2 corresponds to the Inner Recirculation
Zone (IRZ) of the swirling ow and is revealed by
the axial velocity eld plotted in Fig. 10. Recir-
culation of the burned gases inside the IRZ allows
ame stabilization in the center of the combustor,
but this region is not in direct contact with the com-
bustor side walls.

3. Zone 3 corresponds to the Outer Recirculation
Zone (ORZ) highlighted in the bottom corners in
Fig. 10, which is located between the ame front,
the combustor side walls and the combustor ange.
This region is essentially lled with burned gases
and characterized by large-scale vortical structures

-5 0 5
x/7o

and low velocities (Fig. 10). The temperature in  rigyre 10: 2D velocity elds in an axial plane in reacting conditions.

this region is measured with a thermocouple, rep-

resented in Fig.7 atg = 4ro. The small ow ve- h ith a th
locities in this region indicate that the convective The gas temperaturdg measured with a thermocou-

heat transfer coecient h®' with the quartz win- P @lZs = 4ro andz = 137 are chosen to x the tem-
dows remains small in this zone. Radiative energy Perature throughout zone 3 (ORZ) and zone 4 (Burned

transfers are presumed to be more important in this gases).. The CQT‘O""‘F fraction o, within the burned
region. The ORZ stops at the height 8ro. gases is the main derence between ame A and B

. ) i and drives the radiative emissivity of the mixture be-
4. The last region designated as zone 4 in Fig. 7 cor- :
.__cause the water vapor molar fractiop,% does not vary
responds to the burned gases near the combustion
: much between these two ames. The mean beam length
chamber exhaust. The temperature is also rela- : :
: . : . method from Modest [26] is used to determine the ra-
tively homogeneous in this region and was mea- .. . ; : e
. _ diative properties of the major species within the burned
sured with a thermocouple & = 13rp around . .
_ . gases. Data from Riviere and Sou ani [28] are used to
Ty(z4)=1380 K. The ow pattern induced by the . . S
g : . determine the equivalent emissivityL) of the burned
swirling motion forces the burned gases to circum- .
: gases. It results that the value found for the equivalent
vent the large IRZ and to be redirected toward the L . S .
: ) o . emissivity of the CQ@-diluted ame B is twice the emis-
walls with relatively large velocities (see Fig. 10). . . . o
. . X . sivity of the Np-diluted ame A:"co,(L) " 2"n,(L).
This ow circulation promotes convective trans- : 2
fers In the ORZ corresponding to zone 3, the tempera-
' ture di erence T = Ty T; between the burned gas
In this analysis, it is hypothesized that the two impor- temperaturd g, measured with a thermocouple, and the
tant zones for heat transfer to the quartz walls are zonesinternal surface temperatuig of the quartz window,
3and 4. E ects of zones 1 and zone 2 are discarded due measured with LIP, at the heighd=ro = 4 is roughly
to an optically thick approximation of radiative energy twice larger for the M-diluted ame A ( T = 393 K),
transfer. In zone 3, only radiative heat transfer is then than for the C@-diluted ame A ( = 217 K).
considered due to the low velocities of the ow in this The main consequence is that the term
region. In zone 4, both the radiative and convective heat " (L) Tg>(TZ>  T?°) appearing in Eq. (5) is
uxes are taken into account. Table 2 synthesizes the very close between ame A and ame B because
di erent temperatures, radiative and thermal properties"co,(L) Tco, "n,(L) Tn,. Thus, the redistribution
that are used to make the calculations with the above observed for the ow temperature in the ORZ (zone
model. 3 in Fig. 7) and at the bottom of the quartz window

= 0:95,P = 13 kW, $ = 0:75 andT 49 = 2200 K.

Table 2: Heat transfers budget in the two identi ed zones 3 and 4 for thehl CQ- diluted ames

Zone 3 (ORZ)z; = 4rg Zone 4 (BG)zy = 13rg
H burned "
Dil. X2, L) | Tyzs) Tiz) "(L) T | Tgza) Ti(zs) Usz) "(L T N
K] K]  [kWm 2] | [K] [K] [m/s] [kW.m 2
N, 0.14 0.042] 1373 980 165 | 1388 1100 4 121 25
CO, 0.83 0.081| 1292 1075 176 | 1369 1050 1.4 25.8 18
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between ame A and B implies that the radiative ux

' ’3d barely di ers in this region for ame A and B.
As in the ORZ, the convective heat transfer remains
small compared to the radiative contributioff ' &,

the conductive heat ux through the quartz window

+¢d s the same for ame A and B in zone 3.

the experiments and analysis made in this study show
that it has disrupted the origin of heat transfer in two
di erent manners.

A semi-heuristic model coupled to gas and wall tem-
perature measurements has been developed to examine
heat transfer mechanisms prevailing in the outer recir-

This conclusion corroborates the measurements madeculation region of the swirling ow lled with burned

in Fig. 8 forz=r < 5.

gases and the burned gases exhausting the combustion

A di erent heat transfer process takes place in zonechamber. It has been shown that the radiative ux is

4. In this region, the dierence between the internal
quartz wall temperatur&; and the burned gas temper-
ature Ty measured ars = 13rq is close for ame A

( Tn, = 288 K) and ame B ( Tco, = 319 K). In this
case, the radiative ux [f' for the CQ-diluted ame B
takes a much higher value than for the-tllluted ame

A in zone 4. To fully interpret this con guration, one
needs to examine the velocity elds measured by PIV
and represented in Fig. 10. The two ames exhibit the
same ow pattern, but the velocities are much higher for
the Nb-diluted ame A. Since the PIV eld of view does
not reach the combustor side walls in Fig. 10, the point
Mpv located at the height = 10rg andx = 5rg is se-
lected to compare the velocities reached by the ow in
zone 4 between ame A and ame B. It appears that at
this pointu, ' 4:0 m.s* for ame Aandu,' 1.4 m.s?

for ame B. The convective heat transfer coeienthf’

similar in the outer recirculation region between the
two ames investigated because the highereatience
of temperature between the hot gases and the internal
surface of the quartz window in the bottom region of
combustor for the btdiluted ame counterbalances the
radiative emission properties which are larger for the
CO,-diluted ame. Downstream the reaction zone, the
radiative ux to the combustor wall in the upper re-
gion of the combsutor is more important for the £0
diluted ame, whereas the convective heat transfer is
more important for the Mdiluted ame. These conclu-
sions have been used to interpret the comparable total
heat ux lost through the quartz walls between the two
ames.

Therefore, while the additional contribution of the ra-
diative ux due to the large C@concentration in oxy-
burners with dry ue gas recirculation would a priori

between zone 4 and the window therefore takes a higherjead to enhance the thermal stress to the combustor

value for ame A than for ame B. The main reason for
this velocity di erence between ame A and B is that
the combustion parameters of the £@luted ame B

walls, a complex re-balancing of the heat ux has been
instead emphasized in this study. This thermal redistri-
bution underlines the coupling between the ow pattern

are selected to match the same adiabatic ame tempera'and the radiative eacts of burned gases as a|ready ob-

tureT,q and the same thermal poweras the N-diluted

ame A. In this case, the volume owrate injected in the
system is much smaller for ame B compared to ame
A due to the higher molecular weight of carbon diox-

served in [14] for air-powered systems.

While rough approximations have been admittedly
made to develop a low order model allowing to qual-
itatively interpret the observed features, more sophis-

ide compared to nitrogen. One may then attempt the (icated tools are needed to assess re-absorption of the

gualitative following interpretation: the higher radiative
ux ' ;d of ame B in zone 4 is partly compensated by a
higher convective heat ux 3’ for ame A in the same
zone leading to about the same conductive heat' &fx

through the quartz window for both ames in zone 4.

5. Conclusion

gases, and proper computations of the convective and
radiative heat ux with multi-physics high delity sim-
ulations.
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