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ABSTRACT KEYWORDS
The effect of oxygen concentration on performance of combustion process Membrane;
with basic fuels such as methane, ethane and propane is evaluated in this Combustion;
paper. Different concentrations of oxygen are provided by membrane and Temperature;
injected in to combustion chamber. The flame temperature, combustion Fuel gas;
thermal efficiency, NO, emissions in different torques, the amount of Thermal efficiency.

exhaust unburned carbon and the amount of saved fuel gasareinvestigated
in different oxygen concentration. Also, the mol e fraction of exhaust basics

suchas;O,,0H , H,, H, O and HO, from combustion chamber are
measured for precious evaluation of this process. In addition, the effluent

side componentssuchas; N,O, N, HCO ., NH,, NH; and HCN

are surveyed in this paper. Experiments show that the highest flame
temperature is caused by Propane burning in 60% oxygen concentration

however this phenomenon produces higher thermal NO, . Also, the highest

thermal efficiency is about 38.3% by burning methane fuel in 21% oxygen
volume percentage. Experimentsindicate that there is an optimum amount
of engine speed accompanied with oxygen concentration to increase the
thermal efficiency and decrease the amount of unburned carbon. Obtained
results in this paper were used to determine optimal control pointsin the

burner design stage.

INTRODUCTION

Totd yiddisdefined astheeffectivenessof any com-
bustion apparatusto convert theinternal energy con-
tainedinthefuel into heat energy for useby theindus-
trial process¥. It’s clear that heat losses lower the effi-
ciency of theprocess. For instance, aradiant lossfrom
heat escaping through the surfaces of the boiler isone
caseof efficiency losses. Combustion efficiency can be

© 2014 Trade Sciencelnc. - INDIA

defined asthetotal energy contained per unit of fuel
minusthe energy carried away by thefluegasand un-
burned fuel exiting the stack(?. Burning efficiency losses
areabig part of total efficiency lossed?. Before mak-
inglargecapita investmentsto improveboiler and heet
exchanger performance, make sureyou maximize com-
bustion efficiency. The best way to maximize combus-
tion efficiency isto measure oxygen and combustibles
inthefluegason acontinuoushbasis.
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Combustion theory and stoichiometric combustion

Thethreeessential components of combustion are
fuel, oxygen and hest, finally. Stoi chiometric combus-
tionisdefined ashaving just the accurate amount of
oxygen and fuel mixturesothemost heat isreleased. In
amost fossi| fuds, thechemical ingredientsthat react
with oxygento rel ease heat are carbon and hydrogen™.

Stoichiometric reactionsfor pure carbon, hydro-
gen and oxygenareasfollows:

C+0,=> CO, +14,093Btu/Ib )

H,+1/20, = H,0+61,100Btu/Ib @)

For these stoi chiometric combustion reactions, only
heat and water or carbon dioxideisresulted. Common
fuelscons &t of compounds contai ning certain amounts
of hydrogen and carbon elementswhich arefuelsare
commonly called hydrocarbons. For example, meth-
aneisahydrocarbon gasthat burnsasfollows:
CH,+20,= CO,+H,0+1,013Btu/ft* ©)

In burning processestheair streamisused instead
of pure Oxygen, regularly®™. Clearly, air containsabout
21% oxygen and 79% nitrogen by volume, and isreedily
avallable. Pureoxygen must be processed and on most
applicationsthe cost to process oxygen outweighsthe
benefit of increased combustion control. Inthe other
hand, when we use air instead of oxygen, one cubic
foot of methane (at standard temperature and pressure)
will burn completely with 9.53 cubicfeet of air asshown
below:

CH,+20,+7.53N, = CO,
+2H,0+7.53N, +1,013Btu/ ft* “)

Theratio of 9.53 cubic feet of air to onecubicfoot
of methaneisknown asthestoichiometricair/fue rtio.
Theheat energy released when thefuel burnsisknown
astheheat of combustion. Idedly, Scientificswant to
providejust theright amount of air to completely burn
al thefud®,

But thisproves elusive for anumber of reasons,
includinginadequate mixing of air and fuel, burner and
combustion performance, ambient conditionsand fluc-
tuating operating, and burner tear and wear. Usudly, to
ensurethat thefuel isburned withlittleor no combus-
tibles, someamount of excessair isprovided”. To en-
sureno moreexcessair than requiredisused, wecan
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measure excess oxygeninthefluegas. To ensurethe
amount of carbon monoxideor hydrogeninthefluegas
Isminimized, combustiblesare measured.
Fluegashest lossisthesinglelargest energy lossin
acombustion process. It isimpossibleto removeall
flue gas heat | oss because the products of combustion
are heated by the combustion and burning process. But
flue gas heat loss can be minimized by reducing the
amount of excessair supplied tothecombustion cham-
ber®, Sincetheoxygeninthefluegasisdirectly related
tothelevel of excessair supplied, an oxygenfluegas
anayzer isthebest way to effectively measureand con-
trol the amount of excessair in the flue gas and the

associated heet |oss. Zirconiumoxide O, fluegasana-

lyzersare the preferred combustion control analysis
method.

Unburned fud loss

For burning and combustionyidd, Scientificsnever
want to operateaburner with lessair thanisrequired
for stoichiometric combustion. Not only doesthisre-
sultinasmoking stack, but it significantly reducesthe
total energy rel eased in the combustion processdueto
unburnedfuels.

If acombustion chamber isoperated with adefi-
ciency of air, or theair and fuel aremixedimproperly,
all thefud will not combust’®. Asaresult, ingredients
such ashydrogen and carbon monoxidewill appear in
the productsof combustion!*?. Clearly, hydrogen and
Carbon monoxide, collectively referred to ascombus-
tibles, result fromincomplete combustion. Wheninsuf-
ficient excessair or oxygenisavailable, theamount of
combustiblesinthefluegasincreasesdramaticaly.

In practice, sometracelevelsof unburned fud ap-
pear in theflue gas stream even with some amount of
excessair, duetoimperfect mixing of fuel andair at the
burner or other operating conditions of combustion
chamber. Asareal, combustion processesare not op-
erated at thestoichiometriclevel. Instead, combustion
processes are operated with sufficient excess air or
oxygen to keep theamount of combustiblesminimized.
Combugtibleslevelsof afew hundred partsper million
(ppm) inthefluegashaveaninsgnificant influenceon
combustion efficiency. For every combustion process,
the optimum amount of excessair dependson severa
variables such asthetypeof fuel, theamount of load,
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thesizeand condition of theburner. Thereisnosingle
O, level whichisright for al burning processes.

Sinceof inthepast, it wasnot practical to continu-
oudy ca culate unburned fuel lossand fluegashest loss
tomaintainthemogt efficient level of excessair.

Oxygen enriched combustion
Excessair gpplicationsarefollowed by thefluegas

heat NO, lossand emissions. Membranetechnol ogy

development, improvestheutilization of Oxygen en-
riched membranein combustion processes. Inaddition
to maximizing efficiency, oxygenenriched air firing has

the benefit of reducing NO,, emissons. Thisshouldbe

thefirst stepinany NO, reduction strategy!*Y.

Under theimpetusof pressuredifference between
two sdesof membrane, oxygeninair passthroughmem-
branefirst and get oxygen enrichment gas*. Thereare
two kinds of membrane modulesmanaged touseinthe
oxygen enrichment processwhich arespird wound and
hollow fibre. Some commercial typesof thiskind are
followed as Spird-wound membranemodulewhich pro-
duces 27-31% oxygen purity, hollow fibremembrane
modulewnhich produces 30-45% oxygen purity and they

Nitrogen rich air out

[

Membrane

N Y

Oxygen rich air

—= Pyl Peper

areoperated under air flow rate of 0.04-50000NM 3/h.
Theinvestment, ma ntenanceand operation cost onmen-
branesystemis2/3to 3/4 of that of Cryogenicand PSA.
Some advantages of membrane oxygen enrichmentin
combustion processare: higher flametemperature, re-
ducing gasdisplacement, increesingtheusingrateof heat
quantity and saving energy obvioudy.
Inthisexperimentd work, onepoly sulfonic hollow
fiber membraneisapplied to producetherich oxygen
stream for acombustion engine. Threeimportant hy-
drocarbon fuel smethane, ethane and propaneareused
in different engine speeds. The effect of oxygen con-
centrationintheair streamisinvestigated on theflame

temperature, NO, emissons, unburned Carbon, ther-

mal efficiency, theamount of saved fud andtheamounts
of therel eased components on the discharge stream.
Resultsillustrate the combustion improvementsby us-
ing theenriched oxygen membrane.

MATERIALSAND METHOD
Inthisexperiment, feed lineof one Sl engineiscon-

nected withthe poly sulfonic hollow fibre membranes,
accurately. The adjusted amount of air flow rateisfed
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Figurel: A schematic of theexperimental set up.
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intheengineafter enriching through themembranemod-
ule. Fuels, methane, ethane and propane areinjected
respectively into theengine. Zirconium Oxideandyzers
measure the oxygen concentration on theenginefeed
lineand alsoin theflue gas. Theamount of measured
oxygen showsthecombustion efficiency. Thecombus-
tion chamber and the dischargeline of theengineare
insul ated to prevent theflue gascondensation. Thein-
strumentsfor measuring the flue gas componentsare
installed at thisline. Theengine speed governor isalso
changesthe speeds. Figure 1 showsaschematic of the

RESULTSAND DISCUSSION

Inthissection, theresultsof experimentsareillus-
trated. All experimentsareheld a 1 atm operating pres-
sure.

Adiabaticflametemperature

Figure2illugtratesthat the enhancement inthefeed
OXygen concentration increasesthetemperature of the
flameduringacompletecombusgtion. Also, thefud which
containsmore carbon atoms rel eases higher amounts
of heat during combustion and produceshigher flame

experimenta set up.
3200
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—~ 3000 447 Ethane
E g Propane
2
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©
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E
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Figure?2: Theeffect of oxygen concentration on theflametemperature

temperature. The oxygen concentration percentagevar-
iesin the range 21% to 60%. So, the highest flame
temperature bel ongsto the propanefue at 60% of oxy-
gen concentration. About 691 k increaseisobtainedin
the amount of adiabatic flametemperaturewhen Pro-
paneisburned.

NO, emission

Theeffect of oxygen content onthe NO, emission

isinvestigated by varying theinlet oxygen molar con-
centrationin 21%, 30%, 40% and 50%. Experiments
areheld for methane, ethane and propane asthreefuel
gaseswith high heating values. Resultsare shownin
Figures3,4and 5.

Also, Figures 3, 4 and 5 show the amounts of en-
ginetorquesdueto oxygen concentration. Theincrease
intheenginetorquesincreasestheamount of released

pollutant as NO, at all oxygen concentrations till

reaches the maximum value and then causes the de-
creaseintheamount of NO, emisson. Totally, thehigher

amount of feed oxygen concentration makesthelower
amount of emission.

The maximum amount of pollutionisobtained on
the 21% oxygen concentration and makes40 N.men-
ginetorques, by propaneasfuel. Theincreaseinthe
amount of oxygenin feed line reducesthefraction of

nitrogeninair and reducesthe NO, emission. Itindi-

catesthat theamount of NO, emissionisenhanced by

higher number of carboninthefuessnceof thehigher
flametemperaturewhichisproduced. Since, thether-

mal NO, isformed by the high-temperaturereaction

of nitrogen with oxygen. So, theleast amount of pollu-
tion isobtained by burning the methanein 50% oxygen
and 60 N.menginetorques.

Unburned carbon
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Figure3: Theeffect of oxygen concentration and enginetorqueon NO, emission for methanefuel
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Figure4: Theeffect of oxygen concentration and enginetorqueon NO, emission for ethanefuel
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Figure5: Theeffect of oxygen concentration and enginetorqueon NO, emissionfor propanefuel

Theeffect of feed oxygen content on the amounts
of theunburned carboniseva uated for methane, ethane
and propaneasfudsat different engine speeds. Results
areillustrated by Figure 6, 7 and 8 and for 1500, 2000
and 3000 rpmengine speeds.

There are decrease-increase behaviorsin curves
which show theamount of unburned carbon. So, there
areminimum pointswhich indicatetheleast anountsof
unburned carbon at 1500 rpmfor dl fuels. If thecom-
bustion processoperateswith insufficient air, or theair
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and fud aremixedimproperly, dl thefud will notburn.  Theamount of basic components
Consequently, carbon monoxide and hydrogenwill be
obtained inthe products.

Resultsillustrate on thisfact that thereisan opti-
mum amount of oxygen concentration to producethe

Figures 9, 10 and 11 show the effect of oxygen
concentration on the amount of basic ingredients

produced during combustion process. For CH,,C,H

minimum amount of unburned carbon. andC,H ,, thehigher oxygen content infeed enhances
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2 40 3000rpm
g 35
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Figure6: Theeffect of oxygen concentration and engine speed on theunburned carbon in methane burning
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Figure7: Theeffect of oxygen concentration and engine speed on the unburned car bon in ethane burning
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Figure8: Theeffect of oxygen concentration and engine speed on theunbur ned carbon in propaneburning
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theamountsof H,0,,0,0H andHO, . Thisoccasion

isrelated to the higher flame temperature which is
reached at higher oxygen concentration. So, thermal

decomposition of basic compounds like H,O and

CO, isoccurred. Ontheother hand, when theamount

of oxygenincreases, al thereactionswhich depend on
the oxygen concentration are progressed and completed

—== Pyl Paper

comparing with the reactions which depend on the
Nitrogen concentration.

Also, theamountsof O, and OH aremorethan
the other components and the amounts of HO, is
negligible
Theamountsof sideingredients

The componentswhich losethereleased energy in
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Figure9: Theamount of basic componentsin differ ent oxygen concentration for methaneburning
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Figure10: Theamount of basic componentsin differ ent oxygen concentration for ethaneburning
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Figure11: Theamount of basic componentsin different oxygen concentration for propaneburning
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the combustion process are named assideingredients
inthiswork. Thisgroup consumestherel eased energy
by the combustion process and decreases the flame
temperature. Figure 12, 13 and 14 show the amounts
of N,HCO,N,O,NH,,NH,and HCN liberated

duringburningof CH,, C,H, andC,H, . Becausethe
oxygen concentrationincreasestheendothermic adverse
reactions progress, however the Nitrogen concentra-
tion decreases so there is a challenge between reac-
tionswhich dependsontheNitrogen. Ontheother hand,

6

e 5 1 { e N20

>

h —=—N

540 HCO

K NH2

£ —%—NH3

2 3 1{—e—HCN

‘B

S

52

B

£ Input gas is CHy | / /

2 1 <

o

) ,— ﬁ
0 T T e |' T T T

0 10 20 30

40 50 60 70

Concentration of oxygen (%)
Figure12: Theamount of sdecomponentsof methaneburningin different oxygen concentration
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Figure13: Theamount of sdecomponentsof ethanebur ningin different oxygen concentration
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higher oxygen concentration increasesthe adiabatic
flametemperature and makesthermal decomposition
inprogressso the Nitrogen concentrationisincreased.
Therearecompetitive occas ons. So, amaximum point
isobtainedin N,O curve. Theamount of N,O and
N ishigher than the other components.

Thethermal efficiency

Thetherma efficiency of combustion processin dif-
ferent engine speeds 1500, 2000 and 3000 rpm are
showninFigures15, 16 and 17. Thereisadefinition
for thermal efficiency whichisshownasEquation 5.
Thelost entha py whichisleaved the combustion cham-
ber by the effluent gases and the total enthalpy pro-
duced of combustion processaredefinedas H, , and

H .. respectively. If the effluent gases are reduced
sothethermad efficiency will beincreased.

H comb * H lost.
I 5

comb.

nlherm. =

45

—= Pyl Peper

Theefficiency profile obeysthe decreasing trend
by increasingtheoxygen concentrationfor al fuds. Also,
the higher engine speeds decreasethe efficiency.

It may depend on that the higher speed prevents
theproper collision between fuel and oxygen and aso
thereactiontimeislimited at higher enginespeeds. Then,
gases are discharged from the combustion chamber
without attending in any effectivecombugtion reactions.

So, H, isincreased.

Therefore, propane showsthelower thermal effi-
ciency a the sameconditionscomparingwith thelighter
fuelson thecombustion process. Thismay since of the
higher required combustiontimefor propanethan Ethane
and Methane.

Theamount of saved fudl

Both, higher temperature and higher oxygen con-
tent makescombustion processto rel ease sufficient heat
with lower amount of fuel. So, theincreasein thetem-
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Figure15: Thermal efficiency of combustion in differ ent engine speed and oxygen concentrationsfor methaneburning
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Figure17: Thermal efficiency of combustion in different engine speed and oxygen concentrationsfor propaneburning

perature providesthe proper condition for combustion
and savesmuch morefud.

Therequired fuel for combustion decreaseswith
higher oxygen and higher operating temperature. Fig-
ures 18, 19 and 20 show the dependency of the saved
fuel to oxygen content and operating temperaturefor
threevolatilehydrocarbon fuels.

Thereisnot any cond derableincreaseintheamount

80 -

of saved fud when oxygen increasesfrom 21%to 30%,
at 800°C, 900°C and 1500°C. However, theincrease
of about 58% isobtained in the saved M ethane gas per-
centage, when the oxygen concentration uptakesfrom
20%t0 30% at 2000°C. Thisrelateson thisfact that the
high temperatureisoneof themgjor congtitutesfor com-
bustion bes desoxygen andfud. So, higher temperature
providestheinitial heat to combustion reactions, prop-
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Figure18: Theeffect of oxygen concentr ation and combustion temper atur e on theamount of saved gasfor methanebur ning
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Figure19: Theeffect of oxygen concentration and combustion temper atur e on theamount of saved gasfor ethaneburning
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Figure20: Theeffect of oxygen concentration and combustion temper atur e on theamount of saved gasfor propaneburning

erly. Also, the higher amount of gasissaved at 40% oxy-
gen content while methaneisburned at 2000°C.

CONCLUSIONS

Inthiswork, membrane moduleisused to produce
theoxygen enriched air whichisfedintoone Sl engine.
Experimentsarehddtoinvestigatetheeffect of oxygen
concentration ontheimportant parametersin combustion
process. The flame temperature, the saved fuel, the
amounts of unburned fuel, the amountsof basic and
s decomponentsand thermd efficiency areconsdered
and surveyed by experiments. Curvesareillustrated for
various fuels such as methane, ethane and propane.
Va ues of oxygen concentrationsare 21%, 30%, 40%,
50% and 60% by volume. Results show that thehighest
flame temperature isobtained from propane burning
using 60% oxygen enrichment ar. Thermd efficiency is
measured for different speed engines, 1500, 2000 and
3000 rpm and with 21%, 30% and 40% oxygen volume
percentageinair. Resultsshow that the highest thermal
efficiency isabout 38.3% by burning methanefud in
21% oxygen volume percentage. Also the effect of

amount of oxygenonthe NO, emissonsisconsidered
andthepropanefue produceshigher pollutionas NO,

becauseof higher flametemperature. Thevaueof NO,

concentrationintheoutlet streamis8542 ppmandis
obtained when the torque is 40 N.m.s. The results
extracted inthispaper can be used to determineoptima
control pointsinthecombustiondesignstage. Also, hdp
man to determinethe expected efficiency of anengine

and to assist in making cost/benefit decisions. These
results can be used to make arough estimate of the
efficiency improvementsthat can bemadeby decreasing
theamount of excessair and theleve of combustibles
inthefluegasin combustion engines.
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