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Pbstract

Three combustor concepts have been designed and
tested tc demonstrate significaist reductions in air-
craft engine idle pollutant emissions, Lkach concept
used a different aprroach for pollutant reductions:
the Hot Wall Combustor employs a thermal barrier
costing end impingement cooled liners, the Recuper-
ative Cooling Combu.tor preheats the air before
entering the combustion chamber, and the Catalytic
Converter Combu.tor is composed of s corventional
primary zone followed by a catalytic bed for poilu-
tant cleanup. The decsigns are discussed in detail
and test results are presented for a range of air-
craft engine iile conditions., The results indicate
that ultra~low levels of unburned hydrocarbons and
carbon monoxiae emissions can be achieved with this
rechnology.

Introduction

This paper swmarizes the results of a program
to evolve and demonstrate combustor technology di-
rected toward reducing pollutant emissions froam air-
craft gas turbine engines during idle operatior,

Ccicern over air pollutiorn has drawn the atten-
tion of combustion engineers to the quantities of
exhaust emissions produced by aircraft gas turbine
engines, Two general areas of concern have been ex-
pressed: Urban pollution in the vicinity of air-
ports and pollution of the stratosphere, The prin-
cipal urban pollutants are unburned hydrocarbons
(HC) and carbon monoxide (CO) during idle and taxi,
and oxides of aitrogen (NO,) and amoke during take-
off and landing, Oxides of nitrogen formed during
altitude cruise of an aircraft are also considered
pollutants of concern. NASA Lewis Research Ce.ter
is engaged in in-house research, university grants,
and industry contracts to reduce the levels of these
pallutants,

In 1970, the Clean Air Act charged the Eavi-
roamental Protection Agency (EPA) with the responsi-
bilivy to establish acceptable exhaust emission
tevels of these pollutants for all types of aircraft
or 1psa. In response to this charge, the EPA pro-
mulgated the standards described in reference 1,
with the first compliance date being January 1,
1373, These emission standards for Class T2 en-
gines are shown in table I in terms of the EPA pa-
awmnter, which is a weighted integration of emis-
sions over a prescrided landing-takeoff cycle, 1In
rerponse to these EPA standards, Lewis Research
Center gensrated the Experimental Clean Combustor
Prozram (ECCP) and the Follution Reduction Technol-
ogy-Prograns to develop technology which could be
used in future gas turbine combustor designs, These
pre. s¥als are now nearly all completed and have dem-
on tretad that significant reductions in pollutant

eaiscicns are possible

The EFA also promulgated standards for newly
certified aircraft gas tw .e engines with a com-
pliance date being January 1, 1981, These emission
standerds are also shown in table i, indicating a
further reduction in HC and CO from the 1979 stand-
ards, Since most of the HC and CO pollutants over
the landing-~-iakeoff cycle occur during the idle mode
of the engine, further significant reductions or HC
and CO are required at idle conditions than were
demonstrated during the ECCP p:ogram. To investi-
gate methods of further improvement at idle, there-
tore, Lewis Research Center awarded a contract en-
titled the Aircraft Gas Turbire Engine Low-Power
Emissions Reduction Technology Program (LOPER).

Thiz paper summarizes the results of the LOFER
program., Details of the combustor designs and a
comprehens.ve listing of the data has been omitted,
Rather, the purpose of this paper is to discuss the
techniques used for pollution reduction and to high-
light the major results of the program, More de-
tailed information may be found in reference 2.

Loper Program Description

The purpose of the LOPER program was to evolve
advanced aircraft gas turbine engine technology
capable of reducing low power emissions of CO and HC
to levels significantly lower than that which can be
achieved with current technology. The emission
goals of the program are shown in table II, These
enission index values are representative of the
levels required at the engine idle condition in or-
der to meet the 19681 EPA s‘andards, For comparison
purposes, the idle emission goals of the ECCP pro-
gram are also shown along with idle emissions from
two current commercial aircraft engines, One can
see from the table that the LOI'ER program goals for
CO and HC are much lower than the ECCP progran
gosls, and require large reductions in the emission
values of the current engines, These CO and HC
emission index goals would result in a combustion
efi.ciency at idle of 99,7 percent,

Although this program does not focus on NO, re-
duction, a goal is specified for NO, at idle condi-
tions in order that N0y - CO tradeoffs are not used,
Such tradeoffes could reduce CO at idle to the detri-
ment of the NO, limitations imposed by the EPA
standards at idle and other operating conditions,

Three combustor concepts were to be designed
and tested at the operating conditions given in
table III, A single design condition was specified
as shown and {s representative of the engine ‘dle
condition of an advanced gis turbine, In addition,
testing was to be performed at two other sets of {n-
let pressure and temperature, 2 atmospheres, 366 K,
and ¢ atmospheres, 478 K, as well as at a total of
3 refarence velocities and a range of fusl-air
ratios in order to more completely document the idle
performance of each cambustor concept,
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This program was performed under contract to
General Electric and was performed by their Aircraft
Engine Group, Evandale, Ohio,

The U,S, Customary system of units was used for
primary measurements and calculations, Conversion
to SI units (System International d'Unites) is done
for reporting purposes only, In making the conver-
sion, coasideration is given to impiied accuracy
and may result in rounding off the values expressed
in SI units.

Combustor Designs

Three combustor concepts were designed and
fabricated for testing in a 60° sec’cor canbust.or
rig. AlLL three combustora are annulal désigas;
are shown in cross~-section in figue 1. The com-
bustors were sized to be typical of those used in
large turbofan engines. The overall length of the
original designs were 34,4 om, with an annular
bheirhit between inner combustor liner walls of
7.6 cm, See reference 2 for more detail, The
three concepts employed many common perts in order
to better compare their performance (e.g., combustor
aft section), Each concept uses a distinct techni-
que for achieving the low pollutant emissions goals,
At the sams time low pollutant features such as air
blast fuel nozzles and air impingement cooled liners
are common to all three concepts, The major design
features of each concept are shown in table IV,

Concspt No, 1, the Hot Wall Combustor
(fig. 1(a)), uses a thermal barrier coating along
the inside combustor liner, This allws comuustion
gases near the wall to be at higher temperatures,
minimizinz wall quenching of the cabustion kinet-
ics, The thermal barrier coating exployed was a
1.3 mm thick thermelly sprayed yttria-stabilized
zirconia, This aaterial has been used previously in
4 combustor, but with a much thinner coating, by
Butze and Liebert in reference 3, The combustor
liners do not employ the conventional film cooling
technicue but rather are double wall construction
with the outer well drilled with equally spaced
bholes for high velocity air impingement cooling, A
schematic of thic double wall coastruction is shown
in figwre 2, The cooling air, after impinging off
the back of the inner liner, flows Detween the liner
- walls until it reaches the series of dilution air
Then it passes into the combuator as &
.coasnular dilution jet, This wall cooling techai-
que is sh effective way of protecting the combustor
liners and also miniaises wall qumhuc effuots,

Comnoept Mo, the Recuperative Cooling Com-
: ir(m. x(u)}. sabds sll the prisary combus-
tisn air firct throvgh the anmular passsge of the
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: mdtnc opereting conditions, This
ir sengerature reduoss polluvtant emis-

umuuz caabustion reaction rates., The

alr ddlvtion thimbles were sisad as shown
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" anoe batween thess combuster designs

sure drop of the air swirlers was reduced to pro-

vice an overall combustor pressure drop comparable

to Concept 1,

Concept No, 3, the Catalytic Converter Combus-
tor, (fig. 1(c)), consists of a standard cambustor
primary zone followed by a ceramic hoseycomb cata-
lyst bed. The fuel is first burned in front of the
catalyst bed using approximately SO percent of the
airflow., This lean burning results in an average
equivilence ratio at the face of the catalys: bed
of 0,30 at the idle design condition, The catalyst
acts as a cleanup reactor for the unburned HC and
CO products in che combustion gas, The buraing of
the fuel in front of the catalyst bed raises the bed
temperature to a level where it can operate effi-
clently at consuming the residual CO and HC gases,
The lean equivalence ratin of this preburner vro-
tects the catalyst bed from overtemperature and also
lowers the NO, formation rates. The catalyst bed
was manufactured under subcontract by Engelhard
Minerals and Chemicals Corp., the Engelhard Indus-
tries Division, The catalyst type, designated by
the manufacvurer as DXD - 222, was chosen from
screening tests on a number of candidates, The bed
is composed uf three annular sections of substrate
cemanted together to form one rigid 60° annular seg-
ment, Further details on the catalyst design may be
found in reference 2,

All three concepts were designed for idl: opera-
tion only, Concepts 1 and 2 were designed » a
primary equivalence ratio close to stoich . setric at
the design condition, and this would resul. in a
very rich primary zone at higher power operating
conditions, The purpose of these designs was to
demonstrate “hat this technology could achieve
ultra~low leveic of 00 and HC emissions, The appli-~
cation of this technology to a practical combustor
system could be realized through varisble gecmetry
schemes or by using the design as the pilot stage or
s mltistaged combustor. This application is beyond
the scope of this present program,

Photographs of combustor hardware are shown in
figure 3. The smooth inner combustor liners and
the deep plunged dilution hole thimbleg are signif-
icant features shown in figures 3(a) and (b), Mg~
are 3(c) shows the triple wall construction of the
combustor dome. The four tules in between the five
fuel injector barrels admit air to ths impingsment
cooling holes for the combustor dowe,

lest Facllitx and Instrumentatico

The combustor tests were copducted st Gomm

Pressures to the tesu
mm«nnugnmuw
we & The rig consists of an inlet planum, s ok~
tral section containing the diffuser and combustor

su-orm-qapmm
are listed in tabls V.
oqﬂhmﬂh%ﬁ‘h%mﬂdnm
The cambustor reference veloeity is defined 48 - -
umofunmmhudonmusum,,
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tional combustors is that the combustor liners are
cylindrical rather then conical. This combustor
shape was provided for ease of installation of the
honeycomb catalyst bed,

Stundard instrumentation was provided for the
combustor tests, A photograph of the combustor in-
let and exit airflow rakes are shown in figure 5,
There were seven fixed exit rakes in the sector an-
nular exhaust section, These rakes provided tem-
perature and gas sampling data simultaneously, And
pressure information was also obtained by momentar-
ily stopping the gas sample flow, Gas sampling was
measure i online during the tests using the standard
gas sampling equipment and following the procedure
of reference 4, Smoke was not measured since it
was not considered to be significant at these idle
conditions, ¥or further information on the instru-
menation and data analysis, see reference 2.

Combustor Test Results

Seven configurations of each combustor conccpt
were tested during the program, The emissions of
the most promising configuration of each concept are
resented in figures 6, 7, and 8, end a discussion
of these results follows,

Hot Well Combustor

Emissions from configurstion H4 of the Hot Wall
Combustor are shown in figure 6. The emissions were
well below the program goal at the 3 atmosphere,

422 K inlet condition., In fact, even at the more
severe inlet condition of two atmospheres, 366 K,
the emissions performance was below the program
goals, Total combustor pressure drop at the design
point of table III was 5,4 perceat, very ¢los. to the
design goal., A major modification from ihe original
design of ¢ "is concept was an improved set of air
blast Tuel n -ties as indicated on figure 8(a), The
oraginal fuel nozzles tended to inject large drops
of fusl into the combustor due to fusl wetting the
swirler barrel wall, The modified fuel nozzle elim-
inated this fusl-wetting and lowered the HC and OO
emissions, In addition the primary dilution holes
ware staggered at two axisl positions resulting in
N0, emissions below the jrogram goal.

asuarabive Cooling Sosbustor

Emissions from oonliguration R7 of the Recuper-
stive Cooling Combustar are shoen in figare 7, At
the design condition of 3 stmospheres and 422 K,
the conoept met all the emissions goals betwecn
fusl-gir ratios of 0,.0087 and 0,0075, At the design
fumlialy ratio of o.;'ﬂgl the BC and CO eaissions

.. waye balow the gosl weluss, but the MO, emissions
o gikeonded thw goal, At the more ssvere oonditions
of't aimoiphates, 368 K, all e enissions wers be-
- Lent the goals over a range of fwl-air ratios fyom
- 4580849 0,010, . The rain modiftiostions to tha orige
-« Al Genign of this configuretion was an imyroved
[ - 1% of alr Slast fusl nossles similey to those of
= " obiiowpt '3, 44 indicated in Tigure 1!)‘ and the
" jelhigdy €lufion alr was relocated ® AU
stremm fron the combustar dame, Potal combustor
’ arep At the dasign poist of tabdls IIX was
4 parcent, very oloss to the dssign goal), The
- Mghar Boy enissiena of this consupt is Lnhwrent
- 4n tha debign ainos the cosbuastion air temperature
‘B hanii haeted before entering tbe combustics

Catalytic Converter Combustor

Emissions from configuration C7 of the Cata=-
lystic Converter Cambustor are shown in [igure 8,
The data are at the design inlet condition of three
atmospheres, 422 K, at two different reference ve-
locities, At the design fuel-air ratio the HC and
CO emissions were well below the program goals and
the NO, emissions were at the program goal, This
configuration reflects a number of major modifica-
tions from the original design. As shown in fig-
ure Q(c), the front end of the cambustor was length-
ened from 8,3 to 19,4 cm to reduce peak temperatures
at the front of the catalytic bed, Previous tests
with the original design resulted in hot spots in
the catalyst which limited the allowable fuel-air
ratio to less than the design value, The longer
front end allowed more mizing of cambustion gases to
take place, reducing the peak temperatures, Also,

a sa¢ of nonwallewstting fuel injactors were used
that were the same as that of cancept 2, Finally,
two rows of dilution holes were located further
downstresm from the dome than the single row of
holes of the original Jesign, All these features
were effective in reducing the levels of HC and CO
gases entering the catalyst bed and, with the con-
version efficiency of the catalyst, very low levels
of HC and CO emissions at the combustor exhaust re-
sulted, The total combustor pressure drop at the
design point of table III was 4.6, slightly lower
than the design value,

ison usto; gsions

A direct comparison of the emissions of the
combustor concepts is shown in table VI at the com-
bustor design point. All three conzepts demonstra-
ted very low pollutant emizsions, Carbon monoxide
emiszsions were well below the program goal for all
three concepts, Hydrocarbon emissions were below
the goal for all three, and all but the Recuperative
Cuoling Concept were below the NO, program goals,
Higher NO, emissions are inherent in the recupera-
tion cooling concept since the actual inlet-air
temperature into the combustor was increased by as
much as 100 K, but further combustor development
might lover the B0, emissiona to the goal velue,

All three concepts were successful in demon-

Ths chiaf characteristics of each concept. are
shown in tabls VII, The Hot Wall Combustor is tde
sinplast design of the three and interestisgly

snough had the lowest emissions, There was ad.fupa-
mic ooating detsrioration during it the.
durability of the coating could aot be §
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30 few test hours,

“he Recuperative Cooling Cambustor exhibits
more complex aerodynamics than Concept 1. Since all
the primsry combustion air must first pass throuzh
the liner walls, there is less pressure drop avail-
able for the fuel atomization process, This resul :
in a less efticient fuel atomizer than the one usea
in Concept 1, Nevertheless, emissions were quite
low, and approached or were lower than the program
oals, The temperature of the inlet air was signif-
‘ +antly increased by this design, For example, at
the desiyn condition of table III, the temperature
increase of the air was 74 K,

The Catalytic Converter Combustor also exhibits
more complex aerodynamics than Concept 1, The tem-
perature of the gases approaching the catalyst bed
must be carefully controlled to prevent catalyst
bed damage. The combustor length had to be ine
creased in order to betier control these gas tem-
peratures, although further work might result in a
shorter len th, Once again less pressure drop was
availatle f. - fuel atomization than with Concept 1,
because of tne reguired pressure drop of the cata-
lyst bed, In spite of these features, the emissions
were very low, well below the program gosls, and
this Concept does warrant further interest, During
the tests there were some problems with catalyst
bed durability, Local hot zones caused bed deterio-
ration in small spots which did not affect overall
performance, And the initial design of the bea sup-
port resulted in cracking of the bed in early tests,
No bed cracking was evident using a modified design
of the bed support,

Summory of Results

A program which focused on reducing aircraft
engine idle poliutant emissions was performed with
the goal of demonstrating advanced technology which
can later be applied to future combustion systems,
Three combustor concepts were designed and tested
at idle conditions typical of current and future
aircraft gas turbines, Each concept used a differ-
ent approach for polluvant reductions: A thermal
barrier coating of the liners, preheating the com-
bustion air, and a catalytic clean up device, Final
tast results indicate that all three concepts dem-
onstrated the ebility to achieve substantial reduc-
tions in idle emissions, All three concepts ex-
hibited emissions of unburned hydrocarbons, carbten
monoxide, and oxides of nitrogen which met or were
below the program goal values which correspoad to
current EPA 1981 emission standards, Of the three
concspts, the Hot Wall Combustor, which employs a
thermal barrier coating and impingement cooled
liners, demonstrated the lowest emissions, At the
design condition of an inlet temperature of 422 K,
ar inlet preasure of 304 kPa, a reference velocity

‘of 23 mfsec, and & fuel-air ratio of 0,0105, the
_emisnions were; HC = 0,5 g/kg fusl, O = 1,8 g/kg
fusl, and NO_ = 2,68 g/kg fuel. The simplioicy of
this conoept s it particularly attractive for
development iato future gas turbine engines,

The Recuperative Cooling Combustor and the
Catalytic Converter Cambustor also exhibited pollue
tant emissions which achisved the progrsm goals,
Both of these conoepts are more complex than the
Hot Wall Combustor, but warrant further coasidera-
tion for their pollution reduction potential,
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TABLE I. - CURRENT EPA EMISSION STANDARDS FOR T2

AIRCRAFT ENGINES

[over a prescribed taxi/idle-takeoff-climbout-

approach-taxi/idle cycle: 1b/1000 1lb thrust-
hr/cycle, )
1979 1981
Standards | Standards
Unburned hydrocarbons 0.8 0.4
Carbon mcnoxide 4,3 3,0
Oxides of nitrogen (as NOZ) 3.0 2.0

TAELE I1I. - POLLUTANT EMISSIONS GOALS AT ENGINE IDLE CONDITIONS

[In terms of emission index, I/kg fuel,]

Program | ECCP Current Current
goals | goals | CF6-50+* | JT9p-7*
Total hydrocarbons, HC 1 4 30 22 |
Carbon monoxide, CO 10 20 73 47
Oxides of nitrogen, NO, <4 -~ 2,5 3.9
*Ref, 5,
+Ref, 6.

TABLE III, - COMBUSTOR OPERATING CONDITIONS

Design Parametric test
condition conditions
Inlet pressure, atm 3 2 3 4
Inlet temperature, K 422 366 422 478
Reference velocity, m/sec 22.9 15,2, 22,9, 30.5
Fusl-air ratio 0,0105 0,006 to 00,0134
Combustor pressure drop, 5.0 emeee  ecves  ceca-e
AP/P (percent)
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TABLE IV, - LOW EMISSION COMBUSTOR DESIGN CONCEPTS

1, Hot wall concept
Refractory coated surfaces
Minimized wall quenching

2. Recuperative cooling concept
Preheated primary air
Increased combustion reaction rates

3, Catalytic converter concept
Precambustion and catalytic cleanup
Rapid resicual CO and HC consumption
Catalyst bed defined and fabricated
under subcontract with Engelhard M & C Corp.

4. All concepts
Impingement cooled liners, no film cooling
Air blast fuel injectors
Near Stoichiometric primary zone equivalence ratio
Dilution air admitted far down combustor length
Common dome assembly
Common aft dilution-transition assembly

TABLE V. - TEST RIG DESIGN DETAILS

® 60° Sector camoustor rig (5 nozzle CF6-50/ECCP)

® 7,62 cm (3,0 in,) dome height

® Reference velocity defined by:
Combustor airflow divided by the combustor inner
dome area and the inlet air density:

wcclnb
Adome P3

Vr =

With this definition:
CF6=-50 = 23,5 s (77 £ps)
CFM56 = 16,5 m/s (54 fps)
©29,2 cm (11,5 in,) burning length
Compared with:
CF6-50 = 33,3 cm (13,1 in,)
CFM56 = 22,9 em (9,0 in,)
® Cylindrical combustor walls (for catalyst configuration)
o Five element fixed exit rakes
Spaced in-line and between fuel nozzle locations (7 total)
Combination pressure/temperature/gas sample

At idle
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. TABLE VI, - CONCEPT EMISSIONS COMPARISON
(NO, corrected tc std, humidity 6.5 g/kg) .
. At design puint
(422 X, 304 kPa, 23 m,s, f/a = 0,0105)
HC co NO, -
(g/kg fuel) | (g/kg fuel) | (g NO,/kg fuel) ’ ‘¥ f
Hot wall (He) 0.5 1.3 2.6 . 4
Recuperative (R7) .5 9.0 5.4 S |
Catalytic (C7) .3 1.3 4,0 ‘
Goal 1.0 10.0 4,0 [T
3]
e
Yo}
[
!
o
TABLE VII, - COMBUSTOR CHARACTERISTICS

Simplest asrodynamically
Lowest emisaions (below program goals)
No ceraaic deterioration

Hot wall eombustor

Recupsracive cooling combustor Complex serodynazics
Daissions approach program goals
Low swirler pressure drop - less efficient
atomization and mixing
Inherently higher NO, because of incrested
swirler/primery dxfuuon temparature

Catalytic coaverter combustor Complex serodynamics

Emissions below program goals

Transient operation not sddressed
(lightoff, sub-idle cperation)

Requires extended length or increased dome
complaxity

Low swirler pressure drop - lcss efficlent
atamizstion and mixing

Probless with catalyst duradility
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; o Figure 1. - Schematic of three combustor concepts.
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—— Sy = Ay - oA S -

DA S SISO . + Wk b B b e WPt M e o 5 1 Ty s o

e e —— —— | ——————EEYANSWNED. |



T I T

seme vt aa e on
ceé4 v v e Taae

& CRINARY
DILUTION
THIMBLE S

A

.
= »
B L

l‘ G.U G

gt oo '*n ‘-
‘ LRI ‘ yg
~ 3t CONDARY

%uunow
’mwsus

o .
5
(A )

fFigure 3a, - Combustor assembly, exterior view,
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Figure 3b, - Combustor assembly with end plate removed,
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Figure 3¢, - Combustor dome, showing triple wall construction,
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Flgure 5, - Typical combustor exit rake (thermocouple/pressurefgas
sample) and inlet rake (thermocouple/pressure),
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Figure 6. - Pollutant emissions from hot-wall
combustor (H4).
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Figure 7. - Pollutant emissions from recuper-
ative cooling combustor (R7).
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Figure 8. - Pollutant emissions from catalytic
converter combustor (C7).
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(c) CONCEPT NO, 3, CONFIGURATION C7 (CATALYTIC CONVERTER COMBUSTOR), |
Figure 9. - Final configuratio.: of each combustor concept exhibiting best emissions results.
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Figure 10. - Comparison of idle emissions of current production
engines and Experimental Clean Combustor Program engines
with combustor rig emissions of LOPER combustors at nominal
idle design condition: 304 kPa, 422K, VRer = 23 misec, fuel-
air ratio =0, 0105.
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