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ADSTRACT

An =xpAt jmental program to research, develop and demonstrate
an axlally two staged combustor wlth premlxed gaszolinesalr and
hydrogen/air mixtures ls descrlbed. Radlal and axially proflles for
speclies concentrations and gaseous temperatures are obralned for a
wide range alr-fuel ratlog and degree of charge stratification. Two
deslgn parameters were varied namely, the connectlng orlflce
dlameter and the burner dlameter. Three dlfferent orlflice dlameters
are used, those are 20,25 and 30 mm, and two dlfferent burner
dlameters are used, 5 and & mm. The results obtained showed that at
higher values of excess alr factor in the maln chamber, CO does net
consumed completely before the exit from the combustor. At higher
values of exceas air factors In the pre- and main chamhers, the
combustion efficiency was ensured wlkthin the combustor length.
Decreasing the connecting orlfice dlameter improves the turbulent
and decreasing khe flame length. A stratifled charge combustlon has
been studles for leaner combustlon to improve emlsslons and fuel
ecnnomy. The carbon monox!de i3 decreased while the combustion ef-
Ficiency Is Increaserd with Increasing the degree nf charqe
stratlElcation. The same benefits are ohtained when increaslng the
amonnt nf hydrogen fuel In the mixtures.

1-INTRODUCTION

one of the Iimportanmbt goals fnr combustlon system deslgners 1is
the reductlon of sperclfic fuel consumptlon and pollutants emltted
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te the akmosphere. As we koow, Lthe keya ko enhanre thermal ef-
Firniency and pollutanks ewmikted are to nperate Ethe rombustion
devire with lean mlxture. The problem asmoclated with lean burnlng
15 the lower buwrning velocity. Thls difficulties musl be overcome
without any concomltank increase In noxitona emisalons these are al-
ready subjert to gulte severe legislation tn the worid. A number of
concepts for the operation of lean burning combuskian systems ouk-
lined now.

In order to achieve all the beneflks uf operating with lean
mixkures, it is necessary te improve ignition performAance and to
enhance combustion rate tn rompensate khe rsadured burning wvelority
of lean mixture. The logical means of increasing burnlng rate Is to
enhance the degree of turbulence wlthin the combustion device. Tur-
bulence affect combustion through wrinkling and dlstortlon of the
Elame front. This will increase the surface over which combustion
reactlon occurs and acrelerates the burning of khe chargefl]. Ex-
perimental data in the form of radial profiles of mean tempera-
tures, gaseous compositlon and velncities at the combustor exlt and
combustlon efflclency are repotterd and discussed for a swirling
flow, continuous combustorc(?2]. The results were obtailned for both
propane and methan fuels., Combustlion orcurs in the reglion cleose to
the combustor inlek 1ln A thin Fkurbulent flame sheet. ULewls and
Smonkth(3], rwaporked FEhe mixtnre {frackfon and the concentratlon
measnremenka in a natural gas combustor with co-axial feed of fuel
andd air. Rl-Mahallawy et alf4] investigated turbulent mixing ln a
cylindrircal furnace axlally flred wikth a gases fuel ([fown gas).

Khalil(5] reported measurements of veloclties, mean tempera-
ture and wall heat flux in a natural gas fired model furnace. He
used different burner arrangement and a wide range of Initial Elow
ronditinna. The resnults were compared wikh those of an lscthermal
madel Eurnace. El-Mahallawy =t all6] had studied kthe effect of bur-
ner loadlng on flame structure and heat tramnsfer characterlstlcs of
the model water tube boiler. They carried out thelr measurements on
two flames correspandlng to fuel flow rates of 74.5 Kg/hr and 114.7
Kg/hr. The air tn fuel ratio was keph at {17:1) fnr bhoth flames.
They found that Fkhe lncrease in burner lnading caused higher rates
of fuel dropleks evaporatlon in the up-stream region of the flame
with a conseguent increass In CO ,soot formatlon rates and a com-
paratively longer flame, They also found that the heat Flux rate to
tbe model walls Increases wlth the increase in fuel flovw rate.
Leurkel and Fricker(7! lnvestigated the characterlstlecs of swirl
stabllized natural gas flames. Flow patterns and flame types vere
related to burner geometry, swvirl Intensity and gas alr velocitles,
They had also !nvestigated the effects of swirl and burner mouth
genmetry nn khe stabllity of lndustrial-srale natural gas Elames.

An alternative approach to the problem of operatlng combustlon
device with a 1ean wmixkure 1Is based on khe 1dea of using non-
homngenenis charge (stratifled charge). 1n such a combustlon system
arrange rich reglon of mixktnre In the wvirinlty of the 1lgnitlen
polnt, the overall alr/fvel ratio ls maintained lean. Ignitlon is
farcllltaked In the rlch region, which then provides a healthy 1gnl-
tion snource promoting rapld combustion of the remalning lean mlx-
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ture, The connectlng oriflice size and 'he ratio of the prechamber
volume to the maln chamber woinme cAn be selected so that the gas
pushing «aut  aof the prechamber generates sufficient turbulence in
the main chamber ko cause the complete burning wvikhin An acceptable
perind,

Further approach to the problem of uaing lean mixture combus-
tien device is the use of hydrogen Ffuel., There has recently been
murch more renewed Ilnterest in hydrogen, both as =sonrce of new
clean enerqy, and as an alternative fuel enricher. With homogeneous
mixture, the presence of hydrogen in the mixture increases combus-
tion speed and readurcaes misfiring. As a resulk,  the lowvest speciflce
fuel consumption print is Aisplared Enwarda leaner mlxtures as a
whole and |s reduced ln amounts as the ratlo of hydrogen to the to-
tal amount of fuael supplied is lincreasedif].

The basic ldea of the presenk work i3 the stratificatlon of
hydrogen aronnd khe igniltlon polnt, Lu order to have primer which
allows a teqular combustion of lean mixkurea In a simple desiqgn,
high efficiency divided combustion chamber. Thus combining hydrogen
enrichment apd stratlfied charge benefits. The experlments are
carried ont tn investigate khe different factors atfectling the com-
bustien Femperature, specles conrcenkration and combustlon eF-
Fleiency {n the combustor. Parameters varied durling experimenks are
excess air Eactors, connecting nrifice dlameter and TWwirner
diameter.

?-EXPERIMENTAL SETUP AND PROCEDURES

The general layout of the test rig ls shown schematically In
Fig.{1l}. The combustion chamber is made of a mild steel two halves
cylindrlecal shell {220 mm dlameter, 120 mm long and 26 mm thickness
for the prechamber{11), and 220 mm diameter, 360 mm long and 26 mm
thickness for the main rhamber(8)) wvith unrestricted outlet. The
combustion chamber is flxed horizontaliy on. a steel table to
elimlnate kKhe gravltatlonal effect. 1t is equlpped with the neces-
sary auxlllaries vhich facllitate the aperation and contrel of dif-
ferent experlmental parameters. The prechamber carried out the
sparking plug(l2). Between the two halves there are an orltfire
plate which can be changed wlth dlEFerent opening slize and an {0}
ting rubber seal In order thalt a gas-tlght seal could be made when
jrinlog the two chambers. Tappings are Arllled along the pre- and
maln chambers axis at saitable distances tn insert the ther-
moconples and sampllng prrbes. The pre- and maln chamhers surfaces
are Insulated. There Aare two simllar mixing tubes(6%14) for
gasnline-air and hydrogen-alr mixtures respectively. Each of mixing
tube is 2 23 mm inner diameter, 300 mm length stainlesa steel one.
A homngeneous flow ls attained at the cutiet nf each tube by the
turbulent Flow mixing throngh it. The antlet of the mlxing tuhe is
fed to the burner Inlek. The hydrngen ts led to the mlxing Ltube
From a gas supply cylinder(21), provided with a spring
requlater(20) to control the outlet pregsure, A aneedle valwve &
also introdoced ln the gas flow line to control the up-stream pres-
sure. The hurner(13) is a simply ceo-axlally plpe of sperlal design
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(5 or & mm l!nner diameter, 400 mm length sgtainless steel
tube}fitting 1ln the pre-chamber. The lnlet plpes of pre- and main
chambers are counected Kthrough a valves to achleve the requlred
cennditinns during the experiments. A rotameter and three orifice
merters are c¢onnected for measurlng the gasnllne, hydregen and alrc
mass Elww rates. The Aalr necessary fnr cnmbustlon tas Forced thrnugh
a 10 mm plpe by means aof an alr compreasnr. The alr mass flow rate
ia requlated by means of valves and metrred by two orliflce meters
operated under two pressure contrnol valves. A designed pressurized
friel tank 15 used for gasoline fuel supplied to the maln chamber.

The gasoline Ffuel mas=s flnw rate 15 meaaured by a rotametrr. There
are also 1 prassure conkrn! valve Eltterd on kthe dellvery 1lne and a
needle valves to control the mass flow rate. The hydrngen fuel lIs

supplled  thrergh a gas bottle stored at a pressure nof 180 bar.
Hydrogen Flowing from the hoftkle passlng through a pressure
requlator. Therre Are a pressurs gauge and temperature Indlcator to
measure the inlet hydrogen conditlona.

Gas sampllng prnbea and thermecnuples are performed at dif-
ferent radlal and axlal prsitions in the combustion ¢hamber uslng
several prnbes located aft 6 posiklons For temperatnre me3asuremmnts
and 4 positlons for gas analysis, Figa.{2}and(3). Tha thermocnuples
nsed in thls experiments are of type (R platinum 13%, rhodium ¥5).
The wlres diameker are of 0.25 mm and are Insulated by a flne
reramic kubes each have two holes for the two wires. The Lubes were
placed in a stalnless stee]l tube of 2.5 mm dlameter. The gas
chromatograph BRerkin Elmer model 13920 i3 used for species analysls
and for dererminatinn of the Efuel composiltion used In the experi-
ments. The oxygen concentration was datected by oxygen detector
type M3A Hodel 260. The total hydrocarhon is analyzed uslng flame
tonlzatlon detector.

J-EXPERIMENTAL RESULTS AMD DISCUSSIGONS

The results of tests are collected and dlsplayed qraphirally
as a group families of curves. For each connecting orlflce aize and
burner dlameter, specles ceoncentratlon of €02, €0, 02 and HC and
gaseous temperature inslde the pre- and main chambers are recorded
at Alfferent excess alr factor and different radial and axlal posi-
tionsg., The experiments were carrled out at a wlde range of operat-
ing conditlens. Hydrogen has been used as a supplementary fuel to
extend lean cpezation limlt and Improve combustleon performance.
From the measnured results, calcnlatlons were made for zome combus-
tinn parameters as Fnllows;

l-Incomplektrness aof combustlon, Qc = -----r--c-c-eeno—- x100
cnimax.,

2-0xygen and hydrogen consumptlion efFlcierncles; which are deflned
as (02/02int.) and (HU2/H2int,) resprctively.
3-Fram the calculaked <zesults, contour mapping For temperature
measuremenks, CN2 and CO Aare Arawn.

The results obtalned are presented and dlscussed now as in the
followlng; Shown in Flg.{(4) are the radlal and axial temperature
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dislkribnllan at Alfferent staltions and different excess alr fac-
torg. Temperabure measurements were kaken for (h) skatlons 1n axial
direction, Fig.(2). The measuromruts were carrled ont every S mms
Aalong the radlal dAlrection., The resnlts are preuentad for kwo bur-
ner diameters S5&f mm3, and two connercling orifice diamekers 25430
mms. Shown tn Fig,(5) i5 the effects of excess air factors #1 and
#2 on the temperature dlstribution along the combustion chamber
center llne. From these resulta it can bhe ohserved that the Gtem-
perature 15 lncreased as khe amounlk of hydrogen fnel is lncreased
{decreasing the excess alr Factonr #1)}. Sfince the curwves are ap-
proximately parallel, ik means that the Femperature 1s malnly de-
pendent on air/Euel ratio and energy llberated from Lhe Euel. The
maximum temperakture of 1630 of is obtained and prevails in a large
aresa of the central zone. Marenver, at the central zone, Lthe Ccor-
porating high temperature (s praolenqged to =katlnn (5) wikh decrease
in fuel qguantity. This may be attrtbuked to Fthe lncrease of convec-
tive dlffusion of Fuel. In radial direction it may be observed that
Ehe temperature dlatrlbution 1s uniform. When moving down stream,
the variatlion in temperature becomes slight, then the curves tends
Yo Elatten ak higher values, if Ehe excess alr factor exceeds a
rertaln 1limlts the temperaknre Fall= down again. The axial stabinon
distance At which the temperature dlstribntion hecomes nniform s
increased wilh the Increasr ln excess alr facktnr. Thls may glve an
indicaklan Ethat the flame Jlength is Increases wlth the increase 1ln
excess alr Factor. The decrease In excess alr Eackor 1 wlll in-
rrease Lhe intenslty oF combustion turbnlent mixlhg. The tempera-

Fure Aistributleon has a maximum value abk  the recircnlakion zone
houndarles. |
Figures (6)through(9) show the radlal distributlon of

02,C02,C0 and HC at dlEFerent axial statlons in the main chamber.
As can be seen from khese flgures, the CD2Z concentrations lncreAaaes
down stream posaltinns and reacrhes its maximum value at statlon (43,
near the combustor exikt. Ak all stakions, khe COZ2 concentrablons is
Ilncreases with the movemsnbk froum Fhe center line ko the combustion

whamber wall. At Eurther down-stream posltions, the results show
that both Lemperatures and C02 levels Increases while both CO and
HC levels are decreases. The lncreage of C02 and temperature i3

mainly due to increased oxldation rate of CO and H2. Carbon
monnxide concenlrakion has a maximum valne at the center 1lne and
decreases wlth the movement Lowards the combustlon chamber wall.
This may be attribukted ko the partial onxidation nf Fuel in the core
of reclirculatlon zone, due to mixlng wlth hot recirculated gases.
The presented resulks concluded also that Increasing in connecting
ariflece diameter may lead ko a wide =zpread of the Ilgnitlon source
inte the maln chamber which In turn resnults in Ilncreased iniklal
frontal area of the Eflame and !ncreases the burning rate. This be-
havior 1a reflected {n shorter duration on maln combustion phase.
Specliers concenktrations of CD2, €0, 02, H2 and H20 at nutlet
Exom the combusbtar as a Euncktlon of exgess air factors are shown in
Flg. (10). These measurements were taken at dlfferent prechamber
excess alr factor #1, dlfferenkt maln chamber excess alr factor o2
and dlfferent connectling orliflice dlameter. From these results it
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can be conclwled Lhat, when the exces2 alr facker #1  |= 1nCreases
the c0? cencentratlen s lncreased and H20 is decreased far all
values of #2., Traces of CO and HZ which are found {n lean mixtures
products Aare mAalnly dJue En  Incomplete combustinn, The obtained
results coniluded that the presence of H2 fuel in the mixture Iln-
creases combustlon rate and reduced emlssainns. The maximum value of
C0 is presented atl #2=.589, as the excess air factor #1 1s \in-
treased the C0O and €02 are lncreases, while 1i20 is decreases.

The average hydrogen and oxygen consumpti!on efficiencies at
exlk were determlned and presented in Flgs.(11)and{12}, w«hile ¢the
axial distribution ot oxygen coonsumption efflclency Is shown In
Fig.(16). Tt can be notlced From these resnlts that as Lhe excess
alr facter #2 is increases ,keeping excess air factor »l constant,
the oxygen consumptleon efficlency 18 increases while the hydrogen
consumptinn efficiency ls decreases. When mnving towards the maln
rhamber exlt, tbe oxyJgen ronsumptinn esfficlency 1s dercreases,
Fig.{11}. The nxygen consumption rfflrirncy 15 decreases sharply up
to station 2, while slight variakionz is occurz wntil station 4.
The incompleteneas nf combusbtlon go hased on €02 caleulatlone wers
determined both average vAalnea at combusteor exit and axial dis-

tribaktinns as shown In Fig=s.(12)and {(14)1t }=s clear from these
Fignres that as +the exocerss air Factor o2 is Increases , Qo is
decreases, 1.e. the reaction is improved. Investlagatlons of the

radial dislribulion 1lndicates that Lhe extensinn nf lncompletenras
of reaction is confirmed at a lacatlon {20 to Z5 mm=} away from the
cenker line. This 1s occurs at station J which is 240 mms dnwn
wards of Inlet Fuel dlstrlbentnr. The value of Qc i5 decreases vhen
movement along the malm chamnber towards the exit pnrt.

From Lhe volumetrle concenkratlions merasuremerukz nf CO2&C0O, and
temperatnres measurements , calculatlons were made and contour map-
plng vwere drawn For CO2,C0 and temperatuvre, It shnuld be notlced
that, any particular platted point does not represent a sample
location in the combustion chamber except when colncide. The polints
shown have been Fonmd from the lsoparametric linea of radtal and
axlal dlstribution plaets. The contnurs of local distributlona of
02, CO and temperalbures are shown In Figa.(15)through{l17). Inves-
tigatlons nf these cnontours indlcated that the CN24CO0 follow nearly
Lhe same Lremds lrrespectlve of khe value nf excess alr factor. 1t
shnuld be nnted that at lewesr values of excess alr factors €O can
nnl be conanmed before fthe extt sectlon nf the chamber., Comparlson
of these fiqures show that the decrease In CO wlth radlal dlistance
Is faster Ffor lnwer excess alr factors than that £nr blgher oanes.
This oxidation rate could be Interpreted as a result of the degree
of mixing and temprrature level. From the results of temperature
contours, Fig.(17) vwe may seen thak the 1ncal temperature 1s  slg-
niflcantly infinenced by Ehe overall excess alr factor. As the
nverall excess alr Eactor 1ncreases #>1 the hot zone mnves axlally
to the main chamher exit.

Shown in Figs.(18)thronght20} are the effects of degree of
charge stratlfication and hydrogen energy added In the Ffuel mix-
turea nn onklet apecle=s concentratlon and incompleteness of combns-
tion Qc. The degree of charge stratiflcatlion ls deflned as the
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degree of rlcher in the prechamber and the hydrogen energy Is
deElned as bthe percenkage of heat added 1n hydrogen fuel to the to-
tal heat added. The results pressenked ln Ehese flgures conclured
thak as the deqgree of rharge sktratiflrcation is Iincreased, CO and
CD2 concentrations are decreases while 1120 and Qc are Increases.,

CONCLUSIONS

Base:d on the experlmenkal resulks, the Eollowing conclusions
are drawn;
l-Decreasing khe connecting orlfice Alameter resalts in; lower kem-
perature levels, faster the complertion of reaction and decreasing
Lhe radlal extent of combustlon zone. While increas!nyg the connect-
Ilng orifice diameter rtesalts Iln vldening the area of mlnlmum CO2
concenkraktlon.
2-A maximum temperature of 1630 oC is obtained and pravail in a
large arra of 20 mms abeoukb the center line.
I-The C0O24C0O concentrations are decrsasns while each of H20 and Qc
1s increases wlth the lncreasing of degree of charge sttatiflcatlion
and hydrogen energy adderd.

UOHENCLATURE

ot The connectling orifice diamekar mms
FllZ Hydregen energy ratio %
N2in InlEial admifkted amount of nxygen Kg
HZin Inlkial admitted amounk of hydroqen ¥g
p Preasure bar
Qc Incompleteness of combustinn %
T Temperature oC
P Excess air factoer ' #»¢]l tich mixture
¢l Pre~-chamber excess ait factor

#2 Haln chamher excess air factor
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