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FOREWORD !

The work described herein was conducted by General Electrice Company,
Aircraft Engine Group, wnder Contract NAS3-20580. The work was performed
under the dirvection of tlie NASA Project Manager, Dr. Edward J. Mularz, .
Airbreathing Engines Division, NASA-Lewis Research Center.

Key General Electric contributors to this program were: A,L. Meyer,
Program Manager; D.W. Bahr, Technical Program Manager; C.C. Gleason,
Principal Investigator; W.J. Dodds, Combustor Evaluation; E.C. Vickers,
Combustor Aerothermodynamic Design; H.M. Maclin, Combustor Mechanical Design;
R.P. Crandall, Combustor Testing; and V.M. Cecil, Data Reduction and Graphics.

Subcontract support in catalytic reactor design and analysis was
furnished by Engelhard Industries Division of Engelhard Minerals and Chemicals
Corporation; key Engelhzrd contributors were Dr. R.V. Carrubba, Dr. R,M. Heck,
Dr. I.T. Osgerby, and H. Hess, - ' '
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1,0 SIGARE

The objective of this experimental program was to evolve advanced air-
craft gas turbine engine combustor technology for redueing low-power emissions
of carbon monoxide (CO) and unburned hydrocarbons (HC) to levels significantly
lower than those which can be achieved with current technology while not
signlficantly 1ncreasmng the emlssmon levels of oxides of nitrogen (WO,

The program involved a series of screening and parametric tests of three
low~emissions combustox ‘design concepts in a 60-o°grae—sector rig. The first
. of these concepts was the Hot-Wall Linex Concept, which through the use of
. high-temperature refractory coated surfaces, was designed to eliminate reglons
- where GO and HC consumption reactions might be quenched. ' The second concept -
‘was the Recuperative-Cooled Liner Concept, which was designed to reduce GO and
HC levels by inereasing the primary zone inlet air temperaturs, The third con~
cept was the Catalytic Converter Concept featuring the use of a catalyst to
_perm;t more rapid and .complete oxidation of residual GO and HC.

Twenty-one comhustor configuraticns wers tested in a modifisd CF6-50
engine size 60-degree-sector combustor rig over a range of combustor inlet
conditions typical of aireraft turbine engine’ gruund—ldle operation.
configurations of all three conecepts produced emission levels which met or
were well below the stringent program design point emission goals which were

10, 1, and 4 g/kg for CO, HC, and NOy, respectively, at the design operating
condltlon (inléet temperature 422 K, inlet pressure 304 kPa, reference’ velocity
23 m/s, fuel-air ratio 10.5 g/kg). While all three concepts essentially

met all of the program emissions goals, the Hot-Wall Concept was Favored,
slightly because of its relative simplicity and demonstrated performance.
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2.0 INTRODUCTION

This report describes the results of a program to develop technology for
reducing low-power emissions of CO and HC from aircraft gas turbine engines
to levels which are significantly lower than can be achieved with current
technology.

In response to provisions contained in the Clean Air Act Amendments of
1970, the U.S. Environmental Protection Agency (EPA) conducted studies to
assess the impact of aircraft engine pollutant emissions on air guality.

Based on the results of those studies the EPA concluded that for gquantities
of €O, HC, NOx, and smoke emissions discharged by aireraft operating within
or near airports, regulative standards were needed. Based on this finding,
such standards were defined and issued in 1973  (Reference 1). Smoke stan~
dards becam: effective in January 1976. Gaseous emissions standards were to
become effective in January 1979, but were recently postponed to January 1981,
at which postponement a wide range of changes were proposed (Reference 2).

As a result of Government and industry efforts initiated more than 12
years ago, significant advances have been made in the development of smoke
abatement technology for use in aircrait turbine engines. Modern aircraft
gas turbine engines, such as the General Electric CF6 engines, cparate with
virtually invisible smoke levels and, thus, are already in compliance with
the EPA-prescribed smoke emission standards. However, compliance with EPA-
prescribed gaserus emission standards requires large reductions in the emis-
sion levels of all current-technology engines. Major combustor design tech-
nology advances are needed to obtaln these significant reductions in gaseous.
pollutant emission levels.

To provide these needed combustor design technology advances, the Experi-
mental Clean Combustor Piogram (ECCP) was initiated by the U.S., National
Aeronautics and Space Administration (NASA) in 1972 (Reference 3). The over-—
all objective of this major program was to define, develop, and demonstrate
technology for the design of low pollutant emission combustors for use in
advanced commercial CTOL aircraft engines with high-cycle pressure ratios in
the range of 20 to 35. The NASA/General Electric Experimental Clean Combustor
Program {(References 4 and 5) was one of a number of programs that together
comprised the overall program. Staged combustor design concepts were developed
in order to reduce emissions generated primarily at low-power operating con—
ditions (NO,, and smoke). Significant reductions (40 to 90%) in each of the
gaseous emissions were demonstrated.

_ In 1976, NASA initiated a series of programs to prov1de technology needed
to design combustors with further reduced levels of pollutant emissions that
occur in both airport and high-altitude-cruise operation. The NASA/GE Air-
craft Gas Turbine Engine Low-Power Emissions Reduction Technology (LOPER)
' Program was a part of this second-generation emissions rednction effort.

The LOPER program involved screening and parametric tests conducted in
& sector rig of three low-emissions combustor design concepts which were -
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previously identified as having potential for meeting the program's very am-
bitious pollutant emission goals. Therefore, each of the concepts employed
advanced features and were not merely applications of previous technology.
One of the concepts incorporated thermal barrier coatings to provide hot
walls, thereby minimizing wall quenching reactions. Another concept incor~
porated recuperatively heated combustor air to enhance reaction rates. The
third concep incorporated a cleanup catalytic reactor developed undexr sub-
contract by Engelhard Industries, Murray Hill, New Jersey. All three of the
concepts were designed for and tested only at aircraft turbine engine low-
power operating conditions, thereby simulating only the pilot stage of a
multistage combustor and/or one setting of a variable geometry combustor.
Full-range operation considerations were beyond the scope of this program.
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3.0 TPROGRAM PLAN

The purpose of the LOPER program was to develop technology for reducing
low-power emissions of CO and HC to significantly lower levels than can be
achieved with current technology. The pollutant emission-level goals of the
program are shown in Table I. Although the program did not focus on NOx
reductions, a goal was specified in order that NOx-CO trade offs would not be
used. For comparison, idle emission goals of the ECCP and idle emission
levels of the current production CF5-50 engine are also shown. The LOPER
goals are much lower than the ECCP goals, which in turn are much lower than
the current technology levels. The LOPER goals are, however, consistent with
the proposed 1984 IPA emission standards for newly certified subsonic engines
(Reference 2)}. The LOPER CO and HC emission index goals are equivalent to
combustion efficiency of 99.7%.

The program involved design and evaluation of three combustor concepts
which are described in the following sections. The combustoers were each
designed for installation into & common, representative, advanced turbofan
engine combustor housing., The design point operating conditions, shown in
Table II together with the range of test conditions, were also selected to be
representative of advanced turbofan engine designs.

The experimental evaluations consisted of: (1) 18 screening'tegts (3
concepts and 6 configurations each) to identify the most promising configura-
tions of each concept, followed by (2), verification parametric tests of the

selected configurations of each concept. Each of these tests involved measure-

ments of exhaust emissions and perfdrmance parameters over a range of combus-—
tor operating conditinns selected from Table II. Combustor screening evalua-
tions were planned to require approximately 75 test hours, and parametric
testing was planned to involve approximately 25 additional test hours.

The program design efforts were initiated in November 1976; testing was
completed in April 1978.

- L




Table I. Pollutant Emission Level Goals of the NASA/GE LOPER Program.

. Pollutant
HC, Hdydrocarbons (as CH4)
GO, Carbon Monoxide .

NOY, Oxide of Nitrogen (as NOZ)

(1) Reference &
(2) Reference 9

Imission Index, g/kg at Engine
Idle Cperating Conditions.

LOPER ECCP  Current'  Current(®
Goals Goals CF6-50 ~ JT9D-7
1 4 30 27
20 73 5B
4 — 2.5 3.1
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Table II. Combustor Design and Tect Conditions of the NASA/GE T.OPER Program.

Parameter _ Design Value ﬁénge of Variation.
Inlet Pressure, kPa _ _ o 304 203 to 405
Inlet Teﬁperaturé, K | o 422 366 to 478
Reference Velocity, ﬁ/s : 22,9 15.2 to 30.5
Fuel-Air Ratio, g/kg 10.5 5.0 to 15.5

Combustor Pressure Drop, AP./P3 % - 5.0 - D e

BT ARV TP o



4.0 DESIGN AND DEVELOPMENT APPROACHES

4.1 COMBUSTOR CONCEPTS

- The three low-emissions combustor concepLs consmdered in the LOPER

'plogram wexre (1) the Hot-Wall Liner concept, which, Lhrough the use of high-

temperatura refractory coated suxfaces, is desmgned to eliminate regions
where CO and HC consumption reactions may be quenched; (2) the Recuperative

-..Gooled Liner concept, which achieves reduced CO and HC levels by increasing

the combustor primaiy zone inlet alr temperature; and (3) the Catalytic
Converter concept, which uses a catalyst to permit more rapid and complete
consumption of residual CO and HC. Basic operating considerations and °
emissions reduction primciples. of these concepts are described below.

4. l l Hot-Wall Liner ombustor

The flrst combustor desmgn coucept evaluated in the LOPER program h
featured the use of "hot wall" cooling liners as a means of reducing CO and
HGC emission levels, These liners differ from conventional combustor liners

" in that the cooling aix film normally used to protect the interior suzfaces .
of the combustor is eliminated, and a refractory coating is applied to these

surfaces.

o It has been deduced from previous 1ow—em155lons combuistor experience .
that large proportions of the CO and HC emitted from combustors at low-power
operating conditions are the result of imhibition of the combustion reactions

on and adjacent to the film cooled surfaces of the combustor dome- and liger

walls. With conventional film coollng arrangements, the cooling air must bhe
uniformly distributed over the interior surfaces of the combustor and the
amount of cooling flow must be large enough to protect the metal lLiner

 snrfacas at high-power operatlng conditions where the cooling aix temperature_
may be greater than 800 K. To provide adequate protection at these -
- conditions, the amount of -cooling air required is usually 25 to 30% of the

total combustor airflow. At low-power operating conditions, the film cooling
air, with.a temperature of only 350 to 500 K, forms a blanket of cool.aixr.
near the combustox liner walls that quenches reacting fuel-aixr mixtures _
entering these regions. - Also, liquid fuel dioplets that land on the cqoll
wall surfaces at the low-power conditions evaporate slowly, and the resulting

. rich fuel-air mixtutes are swept along by the film cooling air into the

secondary dilution region of the combustor, wmth a large proportlon of Lhe
mmxture remalnlng unreacted or partially reacted. -

" By ellmlnatlng or greaulv redueing £ilm. cooling air in the combustnx,j,;;f.q__..a

and by significantly increasing the interior surface temperature of the’

combustor walls at the low-power operating conditions, these wall quenching
effects should be largely elmmlnated resultmng in 51gn1f1cantly reduced UOE _
-and HC™ emlSSlGnS levels..-- . e e R S
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ization requirements,

In the hot-wall liner combustor concept, shown in Figure 1, all primary
zone film cooling is eliminated by the use of impingement cocoling. A double-
wall liner is used in this cooling scheme, The inner impingement-cooled liner,
which is exposed to the combustion gases, is cooled by an array of air jets
provided by perforations in the outer support liner. Spent cooling air is
then ducted between the impingement and support liners and is admitted to the
combustor ‘either through annuli surrounding the primary and secondary dilution
holes, or through film cooling slots at the aft end of the combustor.

In order to provide high wall temperatures whmle protecting the ,
impingement-cooled liners, a ceramic "thermal barrier coating is used in this
concept. "By selection of appropriate coating thickness and thérmal conduc—
tivity, and by the application of an appropriate coating thickness and thermal
conductivity, and by the application of an appropriate quantity of impingement
cooling air to the impingement—cooled liner, the surface temperatnre of the
thermal barrier coating can be controlled to provide good performance and long
seryice life.

4.1.2 Recuperative-Cooled Liner Combustor

The second combustor concept evaluated in this program featured pro—
visions to preheat the air entering the primary combustion zone as a means of
reducing CO and HC levels.

The strong dependence of CO and HC emissions on combustor inlet temper-—
ature has been well documented. Any means of increasing this temperature
should provide large reductions in CO and HC levels. One method for in-
creasing combustor inlet temperature is through the use of recuperative

cooling of the c¢owbusgtor liners. In this approach,. the hot combustor liners . -

are used to heat the air entering the combustor primary zone.

The recuperative-cooled liner combustor concept is shown in Figure 2. 1In
this design approach, an impingement liner-cooling scheme similar to that
employed in the hot-wall liner concept is used, However, instead of routing
the spent impingement cooling air to the aft end of the combustor, the cooling
aixr is brought forward between the impingement and support liners. This
heated coollng air ' is then used as the primary zone combustion air, dincluding
both sw;rler and ‘primary dilution flows.

T
In the conceptual design shown din rlgure 2, the combustox geometry used

is conventiomal except that the inlet cowl is closed off so that all swirler

air is supplied from the liner coollng passages, . Maximum recuperative.
temperature rise is obtained by eliminating all £ilm cooling. With this

. approach, approximately 50% of the total combustor pressure drop dis used to
obtain good impingement-cooling heat transfer. The remaining pressure drop is

taken across the swirler and primary dilution holes. Some control over
recuperatlve temperature rise can be obtained with this configuration by

" varying the: pxoportion of pressure drop taken. across: the impingéement cooling :

holes: however, this option is limited by swirler and primary dilution pres-—
sure drop limitations which are dictated by combustor mixing and fuel atom—

D
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Additional control over recuperative temperature rise can be obitained by
modifying combustoxr geometry to change Liner heat transfer characteristics.
One such modification is showr in Figure 3. In this design, the velocity of
the hot pases within the combustor is increased by decreasing the cross— _
sectional area in the high-temperature region of the combustor, thus increas-
ing the not-side heat transfer coefficient. Recuperative air temperature can

“be further increased either by using convoluted impingement—cnoled 1iners ox

by insertlng a centerbody 1nto the hot pas flowpath.

4.1.3 Catalytic Convertexr Combustor.

“The third combustor concept evaluated in the LCPER pmogram featured the
use of a catalytmc reactor as a means of reduclng CO and HC emlssione levels.

The use of catalytic combustlon technmques has been shown to be a poten—7
tially attractive means of obtaining ultralow pollutant emissions levels:

- (References 6 and 7). Tor the most part, however, the investigations regard-

ing the use of a catalytic combustion process in tumblne eéngine combustors-
have been directed to higher engine power operating conditions; where vexry low
NOy emissions levels have been obtained by using catalytically supported
combustion of very lean fuel-ailr mixtures. With present catalyst tecimology,
a different catalyst operating mode is required at low powex conditions,
because typical combustor inlet air temperatures at these conditions are below
levels required to maintain catalyst activity, Tor example, catalytic igni-
tion tests of a typical Engelhand combustion catalyst using JP-4 fuel showed
an ignition temperature of about 522 K, which is. above the typical engine L
ldle inlet temperatures of 350 to 500 K.

‘To permit the use of a catalytic combustion process at the low-powex mode

of elrclaft turbine engines, at least partial preeombustion of the fuel is
necessary. With the use of a precombustion step followed by a catalytic
combustion cleanup step, it is anticipated that very low CO and HC emission
levels can be obtained at low-power operating conditions. Perhaps the
simplest approach of this kind would be total combustion of the fuel followed
by catalytic cleanup of the exhaust gases just ahead of the turbine inlet.

_ Alternatively, the catalytic reactor could be placed between the secondary

‘combustion and. the dllutlon Zone, wmth about 40. to. SOA of the air bypa551ng
the catalytic reactor. o -

Although p051ti0n1ng the ceLalytic reactor at the combustol exit to

. pfov1de catalytic cleanup of ‘the entire hot ges stream is. the simplest. desmgn,~J_;:

it is not a practical approach since the hot gas velocities at this axial
station are generally higher than. the veloeities that- can be accommodated by

... catalytic reactors. At these very high VElOCltlaS, even for substantial
‘catalytic reactor -axial lemgths {say, 15 cm); catalytic conversion effmcmeneyvpigh_

is unlikely to exceed 75%Z. In addlLan, the resultlng pressure losses would
range from 13 Lo 50%. : : , :

More setmsfactory results are- obtalned by” plac1ng the: ceLalynlc reactor:

. between the secondary and dilution zones. In this case, which has been

e ataid w e
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demonstrated in small-scale laboratory combustor tests (Reference 8), catalyst
- inlet velocities are reduced and catalyst operating temperatures are increased
by bypassing about 50% of the combustor airflow around the ecatalytic reactor.
The resulting reduced velocities and increased temperatures allow catalytic
reactor lengih and pressure drop to be reduced.

The centrally mounted reactor catalytic combustor concept is shown
applied to a typical annular aireraft combustor flowpath in Figure 4. The
combustor is nominally designed to operate with 50% of the total airflow
introduced into the catalytic reactor through the swirlers and primary dilution
holes. Approximately half of the available combustor pressure drop is taken
across the oversize swirlers and primary zone dilution holes, with the re-
maining pressure drop taken across the catalytie reactor. In the conceptual
drawing shown, double-wall liner construction with impingement cooling is
shown, but conventional £ilm cooling could be equally effective in this
conecept.

e b e e ———— o men e nchill

‘Design variables which can be adjusted to tailor the catalytic combustor
concept to any 'given application include variations in catalytic reactor
airflow, pressure drop, and length. For operation at very low combustor
inlet temperatures and fuel-air ratios, catalyst airflow could be decreased.
below 50% to inerease catalyst inlet temperature and provide increased oatalytlc
conversion. Catalytic conversion could also be increased by inecreasing
catalytic reactor pressure drop and/or length. In either case, the extent to
which these parameters can be increased would be limited by the requirements {
of the precombustion zone, which must have sufficient pressure drop to provide ' ]
good fuel atomization and mixing, and sufficient length for mixing and combustion.

' 4.1.4 Combustor Airflow Circults

Adirflow circuits for the three low~emission combustor concepts are
compared to a conventional combustor airflow circuit in Figure 5. An electrical
circuit analogy has been used in this figure. Tlow restrictions, such as
swirlers and dilution holes where airflow is metered and pressure drop occurs,
are represented as resistances. These circuits have been simplified somewhat
by neglécting minor pressure drops due to combustor passage frlotlon loss and
heat addition pressure loss.

o

. A feature common-to all.of the low-emissions concepts is the. series/. o o
"parallel impingement cooling circuit, in which cooling flow is first routed __— ]
through an impingement baffle restriction, then through an annular dilution

restriction.  This is the only difference between the hot-wall and conventional

-combustor circuits, Both the recuperatlve and catalytlc concept flow CerUItS

are considerably more compl&x '

The distinguishing feature of the recuperative flow circuit is the fact
that all swirler airflow is first routed through 1mp1ngement ooollng restrie-. -
tions. Since heat transfer effectiveness of cooling air depends on the
pressure drop across the impingement baffles, this pressure drop must be a
significant portion of total pressure drop to provide adequate liner cooling and
recuperative temperature tise, . This means that reduced swirlet pressure drop. .
is avallable to promote fuel atommzatlon and mlxlng 1n the prlmary zone, -

;
i
L
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Available wxalcr paesque drop is also decreascd in the catalytlc
combustor. In this case, the pressure drop reduction results from the require—
ment for a serles pressure drop acvosa the catalyst, which affeects catalytic
conversion. : v : o S o

4 1.5 Hl?thcwer Dpe"aLLnE ccns1ce a?zons

ALl of the 1cu~emlssicra concepts dcsc?lbec ahove are intended speclflm
cally for low~pover operatidn, and each of these concepts has certain limita=
tions which preclude operation over the full engine powver range without the
addition of provisions to ensure adequate combustor durability at high-power
conditions, With the hot~wall and recuperative-cooled liner concepts,
maximum a2llowable inlet temperature and fuel-air ratio are limited by liner
life considerations as a result of the use of reduced quantities of liner
cooling flow. Similarly, high~power operation using the eatalytic converter
concept is 1im1ted by maxlmum'achwable catalyst use temperature, -

_ One pcssmblc technique that would enable high-power operation is the use
of variable geometry to increase liner cooling flow levels during high-power
operation with the hot-wall and recuperative concepts, and te reduce catalyst
inlet temperature in the caLalyL;c convexter concept by increasing catalytic

reactor airflow,

An alternative technique would be the use of combustion staging. In
this technique, the combustion system would consist of two stages: a pilot
stage incorporating one of the low-emissions concepts, and a main stage
specifically desi/ned for high-pover operation. At ddle conditions, only the
pilot stag 1uld be fueled, providing low idle emissions, As power would be
increased, an increasing proportion of engine fuel flow would be routed to
the main stage until, at the highest power cperating conditions, almost all
- of the fuel would be burned in the main stage, with only enough fuel to
- maintain combustion supplied to the pilot stage. Two possible stagcd combus~
tion system configurations, in which the pilot stage is mounted (a) I series
with and (b) parallel to the main stage, are shown in Figure 6. The use of
these combustion staging techniques has been shown to be an effective -
practical method for redueing emissions using curvent combustor concepts'
they would .be particulacly appropriate for use in advanced combustion systems
dncorporating lean premlxinghcravaporlzlno or catalytic ccmbustlcn concepts
. to reduce main gtage emlss1ons at, high pcueL., S S

Demcnstraticn of high-pover cperatmon was’ beyond ‘the scope of the LOPER
experimental prcggam. Therefore, no attempt was made to incorporate any of
‘the above high-power cchaLlnﬂ Featules into the" test hardwarc descrlbed in
thc folloumng ‘sectiomn. :

- 4.2  BASELINE COMBUSTOR DESCRIPTIONS =~ -

In translating the three lov-emissions combustor conceptual designs into
_test hardware, a conscious effort was made to ensure that the resulting 60-
'degree~sector test combustor d351gns would be ‘typical of combustors used in

' '1'6‘
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current large turbofan engine combustors. To this end, all of the baseline
designs were sized to fit within the combustor emvelope of the current Cro-50
turbofan engine, vwhich is currently used in several wide-body commercial
airvcraft applications. The overall dimensions and configuration of the
combustor flowpath used are shown in Figure 7, This flowpath is very similar
"to that of the CF6-50 combustor, except that a straight wall design was used
to simplify fabiication of test combustor components and installation of the
honeycomb catalyst bed used in the catalytic combustor. Durlng combustox
tests, a good simulation of flow conditions within a typical engine was
provided by mounting the combustors within a CF6-30 60-degree-sector combus-
tor test vehicle. '

Key ldle design parameters for the selected flowpath are companed with
rhose of several current production aircraft combustors im Table III. 1In
this table, values for the LOPER sector have been presented on a full amnular
basis. DBoth the overall volume and values of combustor reference velocity
and residence time for the LOPER flonpath are replesentatlve of currvent com~
bustor designs. : - :

Details of the three baseline low-emissions combustor designs, includ-

cding common design features as well as those features unique to the hot-wal
recuperative, or eatalytic combustors, are discussed below. '

4,2,1 Common Design Features

In order to provide the best possible comparison among the three low-
emissions combustor designs, common design features were incorporated into
the three baseline designs wherever practical. Comparative cross-sectional

views of the three baseline combustors are shown in Figure 8. As showm,
COmmon de51gn features include the use of impingement cooling throughout each
comhustor, the locatiou of primary and aft dllution holes, and the overall
combustor external dlmensions. _ L - :

Because ‘of "the above smmllarltles, 1t was p0351b1e to use common dome

and aft section hardware inm each concept. Only the central combustor region,

with appropriate emissions reduction features, and details of dome-and. aft
section configuratlon were varied in the 1nd1v1dual concepts.

A photograph of the basic dome assembly is shown in Figure 9. The

following comprise tha key features provmdad on this combustor dome design:

] An enclosed 1mp1ngement cooling baffle, to cool the suLface of the
. splash plates. This baffle is fed by a plenum within the dome,
‘which in turn is fed by a tube extending upstream of the ‘dome.

. cowls, The extended feed tube was necessitated by the recuperatlve A

concept, in which the cowl opening is sealed off.
o A flat cowl Surface, to facilltate sealing of ‘the cowl openlng in-

the recuperatlve concept. Flgure 10 shows the dome with the cowis
and recuperatlve cover p1ate 1nstalled '
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Table I1I. Combustion Design Parameters.

Combustor Parameter Cr6-6 CF6~50 | CFMS6 LOPER®
Combustoxr Airflow'(W56)5 kg/s 10.34 | 13.81- | 5.67 *"‘9.61-:
Combustor Inlet Pressure (Py), kPa | 281 | 205 | 272 304
Combustor Inlet Temperature (Ts),“K | 435 429 417 422‘
Combustor Inlet DenSity,'(QS),fkg/mBI 2.25 2.37 2.27 2,51
" Dome Réfeﬁéace Area (AD), m3'-. - :_ 0.223_ 0.224 0.150 ' 0.167
Refereﬁce‘ﬁelocity W GIQBAD)’ m/s RQ.G o 23:9i{ AAi6.7">. 22.9 |
' Combustor Volume (V. o m3 0,0745 | 0.0578 | 0.0219] <0.04574%%
' Combustor Resistance Tlme .‘A | _ _
gV c/w%), 116.2 9.9 ,:Aa.a“ <1L.9%%

* Based on full annular combustor. - - : : : ,
R Values leduced by ratalyst blockage in catalyLlc combustor
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. Axial flow swirl cups with coaxial counterrotating swirlers, to
- provide good fuel atomization characteristics, These swirl cups
featured a mixing barrel and a sliding vane package for secondary
swirler flow adjustment. An exploded view of the swirler assembly
is shown in Figure I1l. Secondary (outer) swirler flow area, which
varied from concept to concept because of varying dome pressure
drop, was adjusted by varying the outer diameter of the swirler.

. ‘A series of low-pressure drop holes on the inner and outer perimeter
of the dome, to allow passage of liner and dome cooling air into
the recuperative combustor dome cavity. These holes were sealed
off in the hot—wall and catalytic concepts.

. Common attaching p01nts, for the impingement baffles and combustor
liners for each concept.

Two dome assemblies were Fabricated for tests. These domes were identical to
each other except that a refractory coating was applied to the hot-side

surface of the splash plates on one of the domes for use in the hot—wall
combustox.

The common combustor aft section is shown in Figure 12, This design
provides attachment points for the forward liners and impingement baffles of
the hot-wall and recuperative combustors. In the catalytic combustor, the
catalytic reactor was attached directly to the aft section. This design also
has provisions for mounting 18 aft dilution thimbles. The dilution pattern
used has inner and outer dilution circumferential”locations, directly in line

_ with fuel injection points as well as centered between them. (Partial dilution
locations adjacent to the sector sidewalls were omitted in the baseline
designs.) Several sets of ‘dilution thimbles were utilized to provide selected
dilution flow levels for each comcept. Thimble inner diameters were adjusted
to provide selected direct dilution flows. Spent impingement cooling air
flowing through the annulus between the thimble and liner was metered by
adjusting the thxmble cuter diameter.

Impingement-cooling'was ‘used to cool the aft section liner, which was
‘rigidly attached to the forward flange of the aft section assembly. A
sliding seal arrangement was employed at the aft end of the liner to allow
for thermal expansion of the liner relative to the cooler supporting struc-—
ture. As in the dome assemhly, low pressure drop flange’ bleed holes were
provided to allow cooling air to flow between the forward limer and aft
gsection impingement cavities. TFlanges were also provided for flat, uncooled
sidewalls to seal the combustor and impingement cavities. The entire combus-—
tor aft section was permanently attached to the aft mounting flange, which
was sized to match the. 1nstrumentat10n section of the test rig.

In addition to the common hardware components, overall combustor flow R
splits for the design baseline combustors were similar. Initial design flow ' :
splits are indicated in Table IV,  Flow levels were selected to provide a
dome (swirler exit) stoichiometry of 1.0 at the design overall combustor fuel-

air ratio of 10.5 g/kg. This initial stoichiometry was selecLed o promote:
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rapid hydrocarbon decomposition reactions. The dome mixture was then diluted
to approximately 0.6 equivalence ratio by the primary dilution flow. As
shown in ¥igure 13, equivalence ratios in this range provided the most rapid
consumption of the CO produced in the dome region. An exception to this
primary dilution flow level was made in the catalytic combustor design, where

higher flow levels were required upstream of the catalytic reactor (nominally

50% of combustor alrflow) to prov1de the desmgn catalyst inlet temperature.

4.2.2 Hot-Wall Combustor

A eross-sectional view of the hot-wall baseline combustor, showing the
design flow splits and pressure distribution, is shown in Figure 14. These
flow splits varied slightly from the design values presented in Table IV due
to manufacturing tolerances and preferential cooling added in preliminary
checkout tests. As indicated in this figure, the ceramic-coated surfaces
included the combustor dome and the forward liners, extending from the dome
to the aft section. A total hot-wall burning length of 19.1 cm was provided
with this design. ) . o . _

The thermal barrier coating used was a plasma-sprayed three-layered
system having a total thickness of 1,3 mm. This gystem consisted of a
0.l-mm layer of Nichrome plus 6.0% aluminum bond coat, followed by a 0,5-mm

- layer composed of 30% by weight of bond coat material mixed with 70% calcia

stabilized zirconia (87% stabilizer by weight), and a final 0,8-mm layer of
yttria stabilized zircomia (127% stabilizer by welght}. ALY .

With thls thermal barrler coatlng, one—dlmen51onal heat transfer analysis
indicated an average ceramic surface temperature of approximately 840 K, with
a base metal liner temperature of about 700 K.

The forward ends of the forward liners were rigidly attached to the dome
assembly. As in the aft duct assembly, sliding seals were provided at the
aft end of the impingement-cooled liner to allow for thermal growth Elat,
uncooled sidewalls were also mounted as in the aft sectiom.

In the Hot~Wall concept, spent dome and liner impingEment cooling flows
were introduced into the combustor as annular dilution, as shown in Figure
14.. Details of the dome conflguratlon and impingement cooling circuit used-
in the hot-wall combustor are shown in Figure 15.

' 4.2.3 Recuperative Combustor

A cross-sectional view of the recuperative baseline combustor with its
flow splits and pressure distribution is shown in Figure 16. In this combus-

'--tor; the dome cowl opening was sealed off and the low pressure drop dome feed

holes were opened to allow spent impingement cooling air to feed into the
swirlers, Details of the dome geometry and cooling circuit are shown in

. .. Figure 17..  Spent cooling air was also used for the forward dilution. A
'fmlnimum aft section’ annular d;lutlon area was used to allow a 1arge prcportlon

- 28
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Figure 13. CO Consumption Rates at Low-Power Operating
Conditions.
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of dmpingement air to teed the dome and forward dilution. A small aft amular
dilution gap (0L 5=nm dianetrical vlunrducv) was feft to allow For thermal
expannion while wminimicing leakape, : o

tne=dinonsional heat transtor studies conductod for the baseline conlip-
uration indicatoed a roecuperative tomperature rise of approximately 100 K at
‘ the desipn operating condition,  No speeial techulgues were used to fnerease
- recuperative heat transter in this desdpn,

CE e

fuded - tatadybie Combmstor,
The baseline catalveie combugtor eross seootlon with desipgn flow splits
- : and pressure distribution is. shown dn Pigure - 18: In this conpewpt, the eat—
g alytiv reactor wis fnstallod hetween the Forward liners and the aft sectdon,
The reactor was attached divectly to the aft section. Reduced-length (8.9
em) Torwvard liners wore used to duplicate thv v\lerna1 dimens Ions of th ' 4
rvvuportleo 1nd hot=wall. vumhuatnrh. ' : : : - :

1n this application. all dome and impingement cooliny lows wvore fn=
troduced fato the combustor as annular dilutfion.  The low-prossure foed holes
were cloged off, eliminating flow of spent cooling. afyr between the forward -
liners and aft soection. Dome geometry was Ldentical to that used in the hot-
wall combustor, : o o

o

In the catalytic baseline combustor, approximately 505 of ‘the conbustor:
alrflow was admitted for prevombustion upstream of the eatalyshle reactor.
The catalyst airflow variod with preburner tomperaturs rtso, docreasing from
S75 at eold flow conditions (o preburning) to 495 at the desdgn point (fp =
10,5 g#ke). " The remaining portion of. vnmhu stor. aivflow was admitted as
dilution alr downstream of the catalyst.  As Indieated in Figure 18, approxi- g
mately two~thivds of the forward dilution l’ftn'w was adultted through the outer
Liner, This flow pattern was solected to dmprove the catalyst inlet tompey-
ature profiley, based on preliminary checkout test results,  With this flow
distribution, the average catalyst inlot tempernture ot the dewsign polnt wag
1200 K, ' '

Soloction of eataleat composition and configuration was based on results
of a sories of sercening tests conducted by Eagleohard Industries which ave.
summariooed in Appendix Go The selected configuration was a two-stage systom
gomposed of series-mounted 5,1 and 3,8 em lengthr of Englehazd DXD=222 :
catalyst, separated by a O.8-om space, The selected catalyst suppovt uonflgn"
uration.was a corrugated honeyeond having a sine wave call shape as shown in
Figure 19, This configuratlion provided a eell density of 39 holes/end, with
a hydraulic diameter of 0,975 mm, and 65.5% open avea.,  Gatalyst loading and o
type are proprietary to Fagelhard Tndustries, :
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4.3 TEST RIG AND FACILITIES

4,3,1 Combustor Rig

The 60-degree sector, CF6-50 test rig assembly shown In Figure 20 was

utilized for combustor tests. This ripg assembly consists of an inlet plenum,

a combustor housing containing the diffuser and combustor casing, an exit
instrumentation section, and an exit plenum. The diffuser and combustor
housing were constructed from segments of a CF6~50 compressor rear frame,
which contains the complete inlet diffuser assembly and outer combustor
casing; and a matching segment of the engine seal bearing assembly, which
comprises the inner wall of the combustor housing. TFlat plates welded to
these casings form the sidewalls of the test rig. TFor the LOPER tests, a
port was provided on one sideplate for mounting a hydrogen toreh ifgniter,
The 60~degree compressor rear frame segment has provisions for five swirl
cup fuel nozzle assemblies.

The LOPER combus.ors utilized a liner aft—fiange mounting deSign similas
to the method employed in F101l and CFM56 engines. The combustor was com-
pletely supported from the aft flange, providing a positive flow seal at this
station..

In order to accommodate the straight-wall combustor design selected for
the LOPER combustor concepts, it was necessary to lower the exit instrumenta~

tion section approximately 3.2 em relative to the combustor casing. This was

accomplished by installing an adapter plate with offset bolt patterns between
these components. : :

Combustor exit instrumentation was located in the water-cooled exit _
instrumentation section, This assembly contains seven equally spaced ports
for mounting gas sample/thermocouple rakes.

Flow leaving the instvumentation section was quenched with water in-

jected through spraybars within the exit plenum, A pueumaL;cally actuated
butterfly valve at the exit of this plenum was used to control rig pressure.

4,3.2 Combﬁstor Test: Facilitv

Tests were conducted in the Building 306 Small-Scale Advanced Combustion
Laboratory, This facility provided capabilities for exactly simulating low-
power combustor inlet conditions in small-scale rig tests. With the LOPER
test setup, air at pressures up to 2 MPa and flow rates up to 5 kg/s could be
continuously supplied from a central air facility. An indirect-fired pre-
heater located adjacent to the test cell provided nonvitiated inlet air
temperature up to 500 K at 5 kg/s airflow. Airflow rate was controlled with

a pneumatically actuated valve within the test cell, and metered with a stand-
ard ASME orifice located upstream of this valve. A second airflow measurement

obtained with an orifice located downstream of the preheater was useéd to

verify airflow rate and to detect possible leaks within the preheater system.
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(a) Test Rig Schematic

(b) Photograph of the Test Rig é

38 Figure 20, CF6-50 60° Sector Combustor Test Rig.




JP-5 fuel was supplied from tanks located next te the test cell. Boost
pumps located in the cell provided fuel injection pressuves up to 7 MPa.
ruel.flow1was_metered,wmth turbine-type [lowmeters, -

Addirional test facility equipment used included high-pressure steam and
water supplied for required component and instrumentation heating and cooling
applications and an instrument air supply for use in pneumatic valves and
regulators and for purging of fuel and gas sample lines.

Test rig inlet conditions were controlled and monitored fxom a consols
located in the control room adjacent te the test cell (Figure 21), ~ Other
permanently mounted control room facilities used in combustor tests included
self-balancing potentiometers and digital recorders to monitor and record
thermocouple outputs, and an array of manometers and gages to monitor system
‘pressures. Emissions analysis instrumentation and associlated readoult equip-
ment were also 1ncaLed within this control room.

%,3,3 Emiséions'sﬁmp;ing andrﬁﬁélvsis:Svstem

Gas samples for emissions analysis were withdrawn from the combustor
exit through a fixed array of seven combination temperature/total pressure/
gas sampling rakes mounted in the exit instrumentation seécition. Each of
these rakes had five sampling orifices, as shown in Figure 22. The thermo-
couples mounted within the sampling orifices were aspirated by the sample
flow, allowing simultaneous acquisition of -gas samples and exit temperatures.
Total exit pressure was obtained by shutting off rake flow and reaching
system pressure. No probe cooling was necessary for sample quenching or
protection of the rakes in this application because of the low exit tempera—
tures encouniered within the LOPER test matrlx.:'j'. : S

Alignment of the sampling rakes relative to the fuel injector center-
lines is shown in Figure 23. Because of the instrumentation system offset
discussed ‘above, the rake centerlines did not exactly coincide with fuel
injector centerlmnes.

Samples £rom the rake were routed to the emissions analysis secitilon
(CAROL) as showr in Figure 24.  With this system, any ganged sample or combina-
tion of ganged samples could be analyzed. Sample vents were provided to
ensure continuous sample flow throughout the system except during total
pressure readings. Sampling system pressure was maintained at 170 kPa by a
dump valve at the inlet to the emissions analysis section.- All sample lines
within this system were steam traced and system temperatures were monitored
to mailntain sample temperatures close to 422 K.

" The ‘emissions analysis ‘section consisted of instrumentation For the
measurement of €O, C02, HC, and NOyx. The gas analysis instruments utilized
in this system were Beckman Model 315B and 864 nondispersive infrared ana-

lyzers for CO and CO2, respectively; a Beckman Model 402 flame ionlzation
detector far HC"and a Beckman Model 951 unheated’ chemxlumlnescence analyzer
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for NOy. Ranges and calibration gases used with each of these analyzers are
shown A Table V. The zeros on the NDIR and chemiluminescence analyzers were
set with dry nitrogen. The FID zero was set with ultra-pure (hydrocarbon-
free) breathing air. Traps maintained at 273 K wexe installed upstream of
the NDIR instruments to provide dry samples for analysis., A trap maintained
at 255 K was used to remove water upstream of the unheated chemiluminescence
analyzer,

Qutput of each of the emissions analyzers was monitored and continuously

recorded on strip chart recorders. Analyzer outputs indicated at each test
point were also hand-logged for subsequent data reduction,

4,3.4 Combustor Perfoimance Instrumentation

Combustion system performance instrumentation consisted of equipment
required to monitor temperatures and pressures within the inlet diffuser and
combustoxr, and at the combustor exit. The CF6-50 test rig assembly used in
this program had been designed to provide access for extensive internal
instrumentation. Test rig instrumentation selected for this program is shown
schematically in Figure 25,

Diffuser inlet (compressor exit) conditions were measured with the total
pressure and temperature rake shown in Figure 25. This rake had five total-
pressure elements and two chromel-alumel temperature elements spaced radially
across the diffuser inlet. 1Inlet temperatures at two other circumferential
locations were obtained with therwcouple probes mounted within the dif-
fuser. Diffuser inlet static pressure was obtained from two static taps
located on the diffuser wall at the same axial plane as the rake. An addi-
tional inlet pressure measurement was obtained with a static tap located in
the inlet plenum.

Combustor instrumentation common to all three concepts consisted of 2
total pressure elements, 12 static pressure taps, 9 liner temperature thermo-
couples, and 2 air temperature thermocouples. An additional thermocouple and
static pressure tap were used to measure fuel inlet conditions, The loca-
tions of the above devices are shown in Figure 25, B

‘Static @ressure taps located in the outer pessages and in the liner and
dome cavities were used to verify design pressure drops and to estimate any
deviation in flow splits from the design values. Dome pressure drop was

. obtained from total pressure elements located at the cowl lip and a static

tap inserted through the combustor sidewall immediately downstream of the

‘dome.- A second static tap located in the sidewall of the afi duct was

utilized to determine the pressure drop across the catalyst in the catalytic
comhustor conflguratlon._ :

Adr temperature within the dome cavity, a parameter which was of par—

ticular significance in the recuperative combustor configuration, was mea-
sured using two chromel-alumel. thermocouples located as shown in Figure 25.
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Table V. Emission Instrument Calibration Gases.
. Nominal
Gas Instrunent Full-Scale Span Gases
Constituent | Range Reading 1 2 3 4

C02, 4 3 10 00.618 | 1,97 6.19 8.52
CO, ppm .3 1000 103 208 953 | ~—~
2 2500 103 208 953 2120
1c‘® | pem 3 350 73.3 247 | e | -
4 1750 73.3 247 471 | 1380
Nox(b) , ppm 3 125 29,8 68 | - | -—
4 300 29.8 68 286 —-—

(a) Calibrated in ppm CH4 using C3Hg span gas.
(b) Calibrated with NO span gas.
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To prevent combustor overtemperature, liner metal temperatures were monitored
using eight to nine surface-mounted thermocouples. The locations of these
thermocouples were selected based on results of preliminary checkout tests.

Locally hot areas were identified in these tests through the use of temperature-

sensitive paint applied to the back side of the liners. Thermocouples for the
long (hot-wall, recuperative) and short (catalytie) liners were located as
shown in Table VI. During runs with the catalytic combustor, an additional
array of six thermocouples mounted immediately upstream of the catalyst was
used to monitor catalyst inlet temperature.

Combustor exit temperature profiles were obtained with aspirated thermo-
couples mounted within the exit rake sampling orifices. Exit total pressure
was measured by momentarily shutting off flow from the rakes and recording
sampling system pressure under no-flow conditions.

4,4 TEST CONDITIONS AND PROCEDURES

4.4.1 Screening Test Point Matrix

Combustor screening tests were conducted over a range of combustor inlet
conditions typical of aireraft engine idle conditions. The design value and
planned range of variation of inlet conditions are shown in Table II.
Specific planned combustor screening test points are listed in Table VII.
Test points are coded with three-digit point numbers te indicate inlet
temperature/pressure level, reference velocity, and fuel-air ratio. This test
point matrix was used as a guideline during tests, but testing was also con-
ducted at fuel-air ratios and reference velocities outside of this matrix,
sometimes in order to fully define combustor emissions characteristics and
other times to avoid combustion instability, as discussed in the following
chapter.

4.4.2 Test Procedures

In combustor screening tests, a minimum number of test points were
obtained to characterize combustor emissions and operating characteristics as
a function of inlet temperature and pressure, reference velocity, and fuel-air
ratio. A typical screening test consisted of 8 to 15 test points selected
from Table VII. Test points were selected to give at least two levels of
inlet temperature/pressure and two reference veloeities. At each set of inlet
conditions, fuel flow was varied over a sufficilent range to define the char-
acteristic variation of HC and NOy with fuel-air ratio, and to establish the
fuel-air ratio for minimum CO levels., Three to five different fuel flows were
generally required to establish these characteristics.

In initial tests of each configuration, operation was first established
at the design inlet temperature and pressure (2X¥ series test points), with
reference velocity as required for stable combustion. If, after determining
the emissions characteristics as a function of fuel-air ratioc, the emissions

——
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Table VI. Combustor Liner Thermocouple Locations,

Axial (a) Circumferential(b)
Liner Type, Location Location, cm u_ Locations, °ALF
Hot-Wall/Recuperative -
Quter Liner 6.5 342, 354, 6
9.5 342, 354
Inner Liner 6.5 336, 348, 0, 12
Catalytic -
Quter Liner 2.0 0, 12, 24
3.8 21
Inner Liner 2.0 336, 348, 0, 12

{(a) Measured from swirler exit.
(b} Center cup at 0° aft looking forward.




Table VII, Combustor Screening Test Point Matrix,

Expectad
Inlet Inlet Tatal
Tesat Total Total Raference Fuel-Adr Pressure Combustor
Point Pressurse, Temperature, Veloeilty, Ratio, lLoss, Adxflow,
Numbex kPa K w/s n/kg T g/ s

111 203 366 15.2 8.0 2.56 0.82
112 0.5
113 13.0
114
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121 22.9
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124
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§ 134
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levels closely approached or met program goals, additional testing was con-
ducted at lower temperatures (1XX points). If emissions were well above the
goals, inlet temperature was increased for further testing. Additional
testing at the second inlet temperature level included attempts to acquire
data at a minimum of two different levels of reference velocity.

3 In later screening tests, where relatively minor modifications were
evaluated, the primary objective was to compare the subject combustor to the

most similar previous configuration. In these tests, the best compariscn was .
obtained by duplicating the test points which had been rum with the previous
configuration.

l In parametric tests, where the primary objective was to further document

i the emissions obtained in screening tests, all test polnts shown in Table VII
were attempted. Operating limitations encountered in parametric tests are
discussed in a later section.

4.4.3 Data Acquisition Procedures

Emissions data, detailed combustor pressures, and combustor operating
; parameters were manually recorded on three operator's logs at each operating
?' condition. Exit temperatures and liner skin temperatures were automatically
recorded on paper tape with a digital printer.

The data acquisition sequence was as follows:

P T

1. Back purge the sampling system with instrument air.

to selected conditions.

3. Turn off purge. Initiate sample flow (ganged sample) and adjust
sample dump valve as required to establish sample system pressure of :
170 kPa. Monitor emissions and exit temperatures to determine ‘L
steady-state conditions. i

H
|
2. Adjust combustor inlet temperature, pressure, airflow, and fuel flow }

DPIPPP Ry T S P

4. Record emissions, exit temperatures, and combustor operating i
5 conditions.

5. Obtain individual- or paired-rake gas samples as required. 4
6. Shut off sample flow. Read exit total pressure (all rakes ganged).
7. Turn on back purge; adjust operating conditions, ~

In initial tests, the gas sampling sequence consisted of five separate .
samples as follows:
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Sample Mode Rake(s) Position
1 All Average
2 4 Cup Centerline
3 3 and 5 Between Cups
4 2 and 6 Cup Centerline
5 1l and 7 Between Cups '

With this sequence, it was possible to observe circumferential varlations and
end-wall influences on emissions. Initial results indicated that there were no
systematic circumferential variations in emissions or strong end-wall effects.

In later tests, ganged samples were obtained at all test points., Indi-

vidual rakes were also sampled at selected points to spot check exit emissions
profiles and assure that representative samples were obtained.

4.5 DATA REDUCTION PROCEDURES

The overall data reduction flowpath is shown in Figure 26. Emissions
data were reduced by means of an existing data reduction program and were input
along with combustor operating conditions to a master data reduction program, ,
which printed out a test data summary.

4.5.1 Emissions Data Processing Procedures

Prior to each combustor test, a complete calibration of the CO, CO2, HC,
and NO, analyzers was conducted as indicated in Table V. The calibration data
were hand-logged and manuvally “nput to a2 computer program (CALIB) which
generates a curve fit of pollutant concentration as a function of analyzer
range and deflection.

" During the tests, analyzer range and deflection and sampling system
temperatures and pressures were hand-recorded at each test point. Following
the completion of the test, these data were input with calibration curve fits
from the CALYB program to another computer program (KAROL) which calculates
the exhaust emissions concentrations, emissions indices, combustion effi-
ciency, and fuel-air ratio of ea-h gas sample at every test point.

The KAROL output format is shown in Table VIII. The equations used in
this data reduction program are basically those of SAE ARP 1256, and include
corrections for water removed in the CO, CO2, and NOx analysis systems. In
the output, HC emission index is expressed as grams fuel (CHj,k92) in the
exhaust gases per kilogram fuel supplied to the combustor. Combustion
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efficiency calculations also assume that all unburned hydrocarbons appear as
fuel. The NOy emission index is reported as grams NO7 per kilogram fuel.

4.5.2 Operating and Performance Data Processing

Following each rum, raw data from the operator's logs, temperature data
output from rhe digital printer, and reduced emissions data output from the
KAROL program were input to the LOPER data reduction program. This program
employed standard reduction techniques to reduce the raw test data concerning
basic combustor operation. Combustor fuel and airflows and the various test
rig temperature and pressure measurements were computed and converted to SI

units,

Exit temperature data obtained from the aspirated thermocouple rakes were
converted without conduction or radiation corrections since these were small
at the idle combustor operating conditions studied. Combustor exit tempera-
ture pattern factor was calculated using the following formula:

- T4 peak ~ T4 aveg,

PTF T -
4 avg 3
where
PIT = pattern factor
T, = maximum individual exit temperature reading
4 peak
T4 ave = average exit temperature
T = combustor inlet temperature

3

Combustion efficiency based on exit temperature was calculated based on a
curve fit of ideal temperature vise as a function of inlet temperature and
equivalence ratio.

The final output from this data reduction program was a data summary for
the configuration tested. The format of this summary is shown in Table IX,
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Table IX., Sample Test Summary Format.
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5.0 [EXPERIMENTAL TEST RESULTS

5.1 OVERALL TEST SIMMARY

The LOPER experimental program consisted of (1) 18 screening tests in
which 6 configurations of each low-emissions combustor design concept were
tested to determine the effect of minor modifications on emissions and per-
formance characteristics; and (2) 3 parametric tests, in which the most prom-
ising configuration of each concept was tested over a range of parametric
test conditions to more completely document these characteristics. Several
atmospheric checkout tests, flow calibration tests, and swirl cup fuel spray
visualization tests were conducted in support of these tests.

In this chapter, key emissions and operating characteristics cbserved in
the screening tests are described, and final results of parametric tests are
briefly discussed and assessed. Additional descriptions of the configura-
tions tested, together with summaries of key emissions and performance data
obtained with each of these configurations, are presented in Appendices A and
B.

A summary of the configurations evaluated in the screening and para-
metric tests is presented in Table X, which shows airflow distributions based
on effective areas obtained in flow calibration tests and pressure drops
Lased on the average of all measured test data corrected to the design opera-
ting point. The axial location of primary and secondary dilution (measured
from the swirler exit) has been normalized by combustor dome height (Hgq = 7.6
cm),

Fach configuration tested incorporated one or more minor modifications.
These modifications fall into two general categories: (1) general modifica-
tions which apply to all concepts, and (2Z) specific modifications that apply
ro only one of the three combustor concepts. General modifications included
a fuel nozzle change (configurations H2Z-H7, R2-R7, and C5-C7); a decrease in
secondary swirler barrel length-to-diameter ratio (H3-H7, R7, and C5-C7); and
variations in swirler flow (H2, R3, and R6), primary dilution flow (R6), and
primary dilution pattern (H3-H7, R4-R7, and H4-H7). Specific modifications
include a decrease in recuperative combustor primary dilution temperature
(R5) and an increase in catalytic combustor primary zome length (C5-C7) and
catalyst airflow (C2 and C4).

In conducting the screening tests, any general modification resulting in
improved emissions or performance in one concept was normally incorporated
into all subsequent configurations of all concepts. Tn this way, a maximum
transfer of technology from concept to concept was achieved.

As a result of techmology transfer described above, each of the para-
metric test configurations incorporated similar modifications of the baseline
design. These similarities included the use of low—flow fuel nozzles, de-
creased secondary swirler barrel length, and the relocations of at least part
of the primary dilution to a position downstream of the original position,
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Table X. Combustor Design Parameter Summary.

Screening Test Confipurations

AIRTLOW DISTRIBUTION, % Vg Pressure

Drop Fuel Swirler
Primary Dilution | Secondary Dilution Caoling % at KNoczzle |Secondary
Configuration/ Dome at L/Hg = (a) at L/Hg = (a) Fud Aft | Design Point [g/s at Barrel
Test Sequence [Swirlers | Dilution| 0.5 1.0 1.7 1.5 2.B 4.4 |Dome Liners Liners | Overall Dome | 690 kPa| Lb/Dh(b)
‘ H1/3 16.0 —— 12,6 -——  —— -— 71,5 - 4.5 16,0 10.0 5.49 4,93 2.9 0.61
3 H2/8 22.4 -— 11.6 == —-— - B6.0 -—- 4.2 14.7 9.2 4.73 4,18 2.1 0.88
: H3/13 16.0 -— - 12.6 === -— 71.4 —— 4.5 16.0 0.0 5.08 4,98 2.1 0.14
; H&/14 16.0 - 5.6 7.2 == — 71,4 === 4.5 16.0 10.0 5.38 4.80 2.1 0.14
H5/15 15.4 — 7.0 8.0 --- -—— 69,6 —- 4.2 15.0 9.2 4,92 4.36 2,1 0.14
nef16 15.3 5.2 2.4 8.0 = wee (9,2 - 4,2 14.8 9.2 4.13 4.09 2.1 0.14
R1/4 15.3 — 11,6  =wm o — 73,1 - 5.1 18.2 9.4 4.80 1.37 2.9 0.88
R2/5 15.3 —— 11.6 ——- m—— -—= 73,1 —-_— 5.1 18.2 9.4 5.19 1.07 2.1 0.88
R3/9 11.7 —-— 12,8 === - e 75,5 - 4.8 17.4 8.8 5.52 2.01 2.1 0.61
3 R4/10 15.3 — -— 11.6 === -— 73.1 — 5.1 18.2 9.4 5.41 1.64 2.1 0.88
R5/11 15.0 -— ——— 13.0 --—- —— 72,0 = 4.8 17.2 9.0 3.05 1.29 2.1 0.88
; R6/12 2z,1 —— ——— 3.6 —-— —_— 74,3 e 5.3 19.1 9.9 8.72 3.5% 2.1 0.88
fw c1/1 14.5 — 3.6 ~—  —— | 50.9 e~ -— 2.9 7.3 10.5 4.89 2,25 2.9 0.88
c2/2 14.6 ——— 57.7 == = | 27.7 - —— 3.0 7.3 13.0 7.51 2.62 2.9 0.88
c3/6 14.5 —— 34.6 me= mee | == 50,9 =~ 2.9 7.3 10.5 5.09 2.16 2.9 0.88
caf? 14.6 — 57,7 —— = | = 27.7 - 3.0 7.3 13.0 7.53 2,48 2.9 0.88
€5/17 15.2 —— —_— 11.3 22.6| —— - 50.8 3.6 12.8B 10.6 5.02 2.03 2.1 0.13
C6/18 15.2 —-— — 11,3 22.6) === === 30.8 3.6 12.8 10.6 5.02 2.03 2.1 0.13 |
; Parametric Test Configurations
H7/20 16.0 —_— 5.6 7.2 ~== | == 71,4 -— 4.5 16.0 10.0 4.93 4.84 2.1 0.14
R7/21 15.6 - —_— 11,4 -— | —  73.0 -—— 5.1 i8.3 9.4 5.42 1.82 2.1 G.13 Y
| c7/19 16.2 — - 12,1 24.3| =~ -~ 47.4 | 3.8 13.7 100 | 4.63 2.51| 2.1 0.13 =
(2) L/H; = Axial Position/Dome Height o
(b) Lb/Db = Barrel Length/Barrel Diameter D e
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Ultra-low CO and HC emissions ievels, below the program goals of 10-g/kg
CO and 1-g/kg HC at the design inlet temperature and pressure levels, were
obtained in the course of screening and parametric tests of all three con-
cepts. These emissions necessitated only minor modifications om the hot-wall
and recuperative baseline combustors. Modifications to the catalytic combus-
tor were more involved, since it was found that additional primary zone
length was required with the LOPER dome geometry to provide catalyst inlet
temperatures and pollutant concentration profiles sufficiently uniform to
meet program emissions goals. In the hot-wall and catalytic combustors, the
low CO and HC levels were obtained with no appreciable increase in NCyx
relative to conventional combustors. WN0x was increased above the program
goal of 4 g/kg with the recuperative combustor as a result of the increased
temperature of the recuperative primary zome airflow.

Overall combustor performance, including combustion efficiency, pressure
drop, and exit temperature profiles were satisfactory; however, recurring
problems with combustion instability (audible resonance) were evident in
tests of all three concepts. This resonance severely limited the range of
operation of all ccnfigurations tested.

Details of emissions and performance results obtained in the screening
and parametric tests are given in the following sections.

5.2 SCREENTING TEST EMISSIONS RESULTS

CO and HC emissions levels meeting or very closely approaching the
program goals were obtained in the course rl screening tests of all three
low-emissions combustor concepts. Design point NO, emissions were also below
the program goal with both the hot-wall and catalytic combustor comcepts, but
were increased with the recuperative concept.

Key emissions trends observed as a result of minor modifications to the

hot—-wall, recuperative, and catalytic combustor concepts are described in the
following paragraphs.

5.2.1 Hot-Wall Combustor

Table XI summarizes the design variables investigatwi, as well as the
resulting changes in emissions and operating characteristics, for the six
screening test configurations of the hot-wall combustor., Representative
emissions levels for these configurations at the design point and at the
lowest inlet temperature/pressure level (more severe conditions for CO and HC
emissions) are presented in Table XII. The key emissions-oriented modifica-
tivns evaluated in these tests were swirler flow rate, swirler secondary
barrel length, and primary dilutiom pattern. Configurations H5 and H6 incor-
porated additional performance (resonance)-oriented modifications which are
digcussed in a later section.
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Configuration/
Test Sequence

H1/3

H2/8

H3/13

H4/14

H5/15

H6/16

Table XI. Hot-Wall Combustor Configurations.

Modification

~ %
Baseline (TWal 840 K¥*)

1

High-flow swirlers, low-flow
fuel nozzles (from R2)

*Nondrool swirlers, late pri~
mary dilution (from R4)

"Staggered" primary dilution
Two rows primary dilution,
sldewall acoustic treatment

Dome dilution,
plenum mount

Intent
Baseline data
Lean dome evalua-
tion
HC reduction
N0y resonance
reduction

Resonance
reduction

Resonance
reduction

Featurcs incorporated into all remaining hot-wall configurations

Results

Met CO and NOX goals, resonance
damage

All emissions shifted to higher

f
m

Step decrease in HC (~60%), NOy
increased above goals

No resonance change, NOx below
program goals

No change in resonance
CO, HC increased

No change in resonance
€0, HC decreased
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Table XII. Hot-Wall Combustor Emissions Summary,

Representative Emissions

SI @OVd YNIDRIO

ALITVRD YOG4 dO

(a) NOxEI corrected to standard humidity KH = gxp (

at Design Point at Most Severe Condition
(422 K, 304 kPa, 22.9 m/s) (367 K, 203 kPa, 30.5 m/s)
Design £/a (10.5 g/kg) f/a for Minimum CO f/a for Minimum CO
Configuration COET | HGEI | NC E [ f/a | COET | HCEX Noxzﬁa) f/a | COEI | HCE! NO?EI/-a)
H1 - Baseline 2.6 2.3 % 3.1 10.5 2.6 2.3 3.1 10.4 | 10.8 1.4 1.4
H2 - Lean Dome(b) 4.0 1.7 E 2.0 11.1 1.8 1.3 2.0 13.8 | 13.3 5.6 1.9
]
H3 - Modified Swirler, 1.7 0.4 4.4 10.5 1.7 0.4 4.4 10.5 7.0 B.4 2.2
Late Dilution |
*H4 - "Stapggered" 1.3 | 0.5 2.7 | 10.1 | 1.3 | 0.5 2.5 | 10.5] 6.7 | 0.6 1.4
Dilution
H53 ~ Double Dilution 1.5 0.7 2.9 10.0 1.4 6.7 2.6 12.7 13,1 1.1 1.9
H6 - Pome Silution 3.1 0.4 3.0 10.5 3.1 G.4 3.0 12.0 7.5 0.5 2.0
H-6.29

53,2 )

{(b) Points run at low reference velocity (10-15 m/s) to avoid resomance

Configuration selected for parametric tests.
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Hot-wall baseline combustor emissions characteristics as a function of
fuel-air ratio, inlet temperature/pressure level, and reference velocity are
presented in Figure 27. As shown in this figure, CO levels were minimized at
the design fuel-air ratio. This was expected based on swirler and forward
dxlution flow levels, which were tailored to provide optimum stoichiometry
for CO burnout at this fuel-air ratio, At increased reference velocity, CO
tended to increase more rapidly as the fuel-air ratio was increased or de-
creased from the design value, but the minimum level was not strongly af-
fected., Design point CO and NOx emissions levels with the baseline configu-
ration were below program goals. Therefore, the primary aim of subsequent
modifications was to reduce HC levels in this concept.

The effect of increased swirler airflow was investigated with configura-
tion H2, This cowmbustor incorporated the larger swirlers normally used in
the recuperative and catalytic combustors, which resulted in a swirler flow
increase of approximately 40% relative to the hot-wall baseline combustor,
The intent of this modification was to determine whether the characteristic
HC emissions curve as a function of fuel-air ratilo could be shifted relative
to CO and NOyx curves, If this was possible, design point HC levels could be
reduced relative to CO and NOg by revising the split between swirler and for-
ward dilution flows.

The desired shift in HC relative to CO and NOyx was not obtained with the
"lean dcme" configuration. All measured emission curves were uniformly
shifted to higher fuel-air ratios, the magnitude of the shift being approxi-
mately proportional to the swirler flow rate. This effect is shown in Figure
28, where lean dome emissions are compared to those of the baseline combus-
tor, as a function of swirler equivalence ratio (the fuel-air ratio based on
syirler airflow divided by the stoichiometric fuel-air ratio). With both
configurations, CO was minimized at a swirler equivalence ratio slightly less
than one, and both C0O and HC emissions rose rapildly as swirler equivalence
ratio was decreased below the range of 0.6 to 0.8, depending on combustor
inlet temperature/pressure level. Althoupgh direct comparison is difficult
because of the low reference velocities run with the the lean dome configu-
ration (necessary to avoid resonance), absolute emissions levels for the two
combustors are similar,

Following tests with configuration H2, atmospheric spray visualization
tests were conducted which would provide improved fuel atomization to reduce
HC emissions. In these tests, ovne swirler was removed from the dome and
mounted in an apparatus which allowed visual observation of the fuel spray.
Initial -d1ewing of the baseline swirler indicated that a small portiom of the
fuel exiting the primary swirler venturi was impinging on the wall of the
secondary swirler barvrel. This fuel was collecting on the bluff swirler exit
and shedding off in large droplets, as shown in part (a) of Tigure 29. This
"drooling'" was eliminated by shortening the secondary barrel and increasing
the immersion of the primary swirler as shown in part (b) of Figure 29, With
this short-barrel cenfiguration, no wetting of the secondary barrel was
observed.
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Figure 27. Baselin2 Hot-Wall Combustor Emissions Characteristics.
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Figure 28. Effect of Swirler Airflow on Hot-Wall

Combustor Emissions.
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Figure 29. Hot-Wall Combustor Swirler Modifications.
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In confipurations H4—H6, the effects of the swirler modification
and of the location and number of primary ditution holes were investigated.
The use of the nondrooling swirler resulted in a rveduction of approximately
60% in HC emissions, to levels comfortably below the program goal at the
design point. The effects of primary dilution location were generally weak,
as shown in Figure 30. A trend toward increasing CO and HC, and decreasing
NOy was noted as liner dilution was moved forward or increased, indicating
more rapid quenching of the dome reactions. This quenching effect appeared
to be reduced when dilution was moved from the liner to the dome, where
dilution air was injected parallel to the direction of combustor flow. Of
the four varlations in dilution pattern, configuration H4 provided the best
balance between (0 and NO, emissions, With this combustor, all emissions
were below program goal, both at the desipgn point and at the low-inlet-
temperature, high-velocity operating conditions.

Based on the results of hot-wall screening tests, configuration H4 was
selected for further parametric testing, This configuration incorporated (1)
the nondrooling swirlers, which provided reduced HC emissions, and (2} the
"staggered' primary dilution pattern, which provided the best trade off
between CO and NOy emissions at design point, No further modifications were
added prior to screening tests.

5l

o

.2 Recuperative Combustor

The six recuperative combustor screening test configurations are de-
scribed in Table XTII. Key desipn varisbles evaluated in these configura-
tions included fuel nozzle atomiration, swirler flow rate, primary dilution
location and tewperature, and redistributlon of swirler and forward dilution
flows. Representative emissions levels obtained with these configurations
are compared in Table XIV.

The effect of improved fuel nozzle atomization was investigated with
configuration R2., Tn this combustor, the baseline fuel nozzles were vreplaced
with nozzles having smaller metering orifices, which provided improved atomi-
zation and increased the sprav cone angle. The improved fuel nezzle atomiza-
tion had little effect on gassous emissions., This was not unexpected, since
fuel atomization with the countervotating swirl cvps used in the LOPER com-
bustors is achieved primarily by the Interaction of the fuel film leaving the
primary venturi with the shear regilon created by the converging primary and
secondary swirler flows. However, the use of the low-flow nozzles did elim-
inate heavy carboning of the combustor dome and liners, which had been noted
in tests with configuration Rl. For this reason, these fuel nozzles were
used in all subsequent tests of the hot-wall and recuperative combustors.

The effect of variation of swirler airflow was investigated with configu-

ration R3, in which swirler flow was reduced approximately 24% by installing
smaller swirlers. As in similar tests with the hot-wall combustor, the
effect of swirler flow variation was to uniformly shift all emissions curves
relative to overall fuel-air ratio. This shift was eliminsted by plotting
against swirler equivalence ratio, as shown in Figure 31,
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Figure 30. Effect of Primary Zone Dilution
Pattern on Hot-Wall Combustor
Emissions.
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Configuration/
Test Sequence

R1/4

R2/5

R3/9

R4/10

R5/11

R6/12

Table HIII.

Modification

Recuperative Combustor Configurations.

Intent

Baseline {~100 K tem~ Baseline data

perature rise®)

Low-flow fuel nozzle®* Reduce carboning,
(improved atomizatiom) CO, HC

Low-flow swirlers

Rich dome evalua-
tion

Late primary dilution  Resonance reduc-

tion, delay
quenching

Cold primary dilution  Reducing WO,

Increased swirler flow Shift CO minimum

and pressure drop

to design i,

Results

Met CO goals. Encountered resonance,
combustor carboning

Carboning reduced

Emissions shifted to lower fp

€0, HC reduced, emissions shifred to
lower £y

CO increased, NOy reduced slightly

Emissions shifted and increased slightly

Features incorporated into all remaining recuperative configuratioms
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Table X1V,

3

Recuperative Combustor Emissions Summary.

Representative Emissions

Configuration

at Design Point

(422 K, 304 kPa, 22.9 m/s)

at Most Severe Condition
(367 K, 203 kPa, 30.5 w/s(a))

Design f/a (10.5 g/kg)

f/a for Minimum CO

f/a for Miaimum CO

NOyEI corrected to standard humidity.

coet [ncer |wo E1® ¢/a [comr [menr | wo mr(®)| f/a [coer [mcer [wo gr® |
Rl - Baseline 8.0 1.1 6.3 8.5 4,0 2.5 3.5 9.5 16,0 5.0 2.7
R2 - Improved 7.0 1.4 7.0 8.9 3.0 3.9 -— ——— - -— ———
Atomizatiscno

R3 - Rich Dome 1s 1} 1.2 6.6 6.4 1.7 1.7 2.7 8.0 115.0 7.0 2.2

R4 - Late Dilution 4,01 0.9 6.1 7.3 1.5 1.5 4.2 8.3 1 5.0 1.5 2.7

R5 - Cold Dilution 6.5 | 0.9 5.1 7.4 3.4 1.5 4.0 8.1 7.9 2.2 2.9

R6 —~ Lean Swirler 4.0 ] 1.1 b4 10. 4 4.0 1.1 4.4 10.51 7.3 1.6 1.8
Configurations R1 and R3 data extrapolated from lower reference velocity based on configuration R4 trends.
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Effect of Swirler Airflow on Re-
cuperative Combustor Emissions.
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The effect of primary dilution axlal position was evaluated in configu-
ration R4. In this combustor, the primary dilution holes were moved to a
location 7.6-~cm downstream of the dome. This modification resulted in a
significant decrease in CO and HC emissions at the lower fuel-air ratios,
particularly at the low-temperature conditions, as shown in Figure 32. This
reduction was apparently due to the increased distance between rhe dome and
forward dilution stations, which provided additional residence time and
mixing length in the dome region. For lean dome (swirler) mixtures (fy <
10.5 g/kg), where no additional air was required to complete the combustion
process, CO and HC were reduced because quenching by the primary dilution
jets was delayed. TFor rich dome mixture, where primary dilution was required
to complete combustion, CO and HC levels were not strongly affected by dilu-
tion location,

The strong reference velocity dependence of recuperative combustion CO
and HC emissions is also apparent in Figure 32. In several previous com-
bustor system tests (Reference 5), CO and HC emicsions have been shown to be
approximately proportional to reference velocity. This behavior has gener-
ally been attributed to residence time effects, with residence time increas-
ing as velocity is decreased, resulting in more complete combustion of CO and
HC. In the recuperative combustor, however, significant reductions in CO
and HC were observed as reference velocity was increased from 15.2 m/s,
indicating that the beneficial effects of improved fuel atomization and
mixing under these conditions are stronger than the adverse effects of re=-
duced residence time.

The use »f reduced forward dilution temperature as a means of reducing
recuperative combustor NO, emissions was investigated with comfiguration R5.
Flow splits for this combustor were similar to those for R4, but this time
cold (nonrecuperative) forward dilution was used. This was accomplished by
ingtalling primary dilution thimbles similar to those used in the hot-wall
combustor. The use of nonrecuperative primary dilution led to increased CO
and HC levels with only a slight decrease in NO, levels. This approach was
theref andoned.

One effect of the change in forward dilution position in configurations
R4 and R5 was to decrease the fuel-air ratio at which the €0 minimum oc-
curred. In configuration R6, swirler flow was increased and primary dilution
flow was simultaneously decreased in an attempt to shift the CO minimum back
to the design point. In order to obtain the required increase in swirler
flow without fabricating larger swirlers, it was necessary to close off four
of rhe aft dilution holes. This modification increased design point pressure
drop to approximately 8.6%.

Emissions allowed with configuration R6 are compared with R4 characteristics
in Figure 33. Although minimum CO levels were increased slightly, the minimum
was successfully shifted to the design fuel-air ratio, resulting in a signifi-
cant reduction in CO emissions at this point. The increased swirler flow also
resulted in a significant reduction in NO, emissions at the design point.

Based on the results of recuperative combustor screening tests, both
configurations R4 and R6 were very promising in terms of emissions reducticn
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NOMINAL TEST CONDITIONS
Symbol Tz, K Py, kPa  V,, m/sec
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Figure 32. Effect of Primary Zone Dilution Location on Recuperative
Combustor Emissions,
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potential, Of the two, configuration R4 was selected for further parametric
testing, primarily based on performance (pressure drop) considerations;
however, it is anticipated that with a small amount of further development,
the favorable emissions characteristics of configuration R6 could be obtained
without increased pressure drop. In addition to the low-flow fuel nozzles
and late primary dilution features identified in recuperative combustor
screening tests, the final recuperative combustor parametric test configura-
tion incorporated a swirler modification which had shown good potential for
HC emissions reduction in hot-wall and catalytic combustor screening tests.
Details of this modification are discussed in the following section on
catalytic combustor screening test results.

5.2,3 Catalytic Combustor

The six catalytic combustor screening test configurations are described
ia Table XV. The primary design variables investigated in this test series
were catalyst activity, catalytic reactor airflow, and combustor primary zone
length. Emissions results obtained with configurations are presented in
Table XVI.

"

As shown in Figure 34, combustors tested in this series were of three
different lengths. In configurations Cl and C2, a perforated Hastelloy X
catalyst-simulation plate was imstalled in place of the catalytic reactor in
order to obtain zero activity emissions data and to establish catalytic com- ,
bustor operating procedures, The size and number of perforations in this @!
plate were selected to simulate the effective blockage of the catalytic |
reactor. In configurations C3 and C4, catalytic conversion was observed by 1
removing the catalyst-simulation plate and installing the catalytic reactor. '%
In configurations C5 and C6, the length of the combustor primary zone was
increased to provide additional mixing length, in order to improve catalyst
inlet temperature and emissions profiles. This additional primary zone .

length was obtained by using forward liner components from the recuperative
combustor.

o

The effects of catalyst activity at two different levels of catalyst
airflow are shown in Figure 35. By comparing CO and HC levels obtained with
the catalytic reactor installed {configuration C3) to those obtained with the
simulation plate installed (configuration Cl), apparent catalytic CO and HC
conversion efficiencies between 50 and 70% were calculated for the baseline
combustor. These levels were slightly below the Engelhard Industries predic-
tions of 75 to 85% conversion for purely heterogeneous reaction (with no :
additional thermal reaction within the catalyst). With catalyst airflow in- i
creased to 75% of combustor airflow (configurations C2 and C4), apparent con-
version efficiencies were reduced to the 40 to 507% range. NO, emissions did
not appear to be affected by catalyst activity.

The impact of variation in catalyst airflow is shown in Figure 36. When
compared at constant combustor fuel-air ratio (part (a) of TFigure 36), the
increase in catalyst airflow resulted in significant increases in CO and HC
and a corresponding reduction in NO,. These results were due to the combined
effects of reduced catalyst inlet temperature (which tends to decr=ase both
primary zone combustion efficiency and catalytic conversion) and increased
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Table XV. Catalytic Combustor Configuratioms.

Modification

cl/1

c2/2

c3/6

C4/:

€3/17

c6/18

Baseline (50% W,
through catalyst),
catalyst simula—
tion plate

Mod 1 (757 W.
through cataiyst),
catalyst simula-
tion plate

Baseline - cata-
lyst installed

Mod 1 - catalyst

Extended length
primary zone,
#nondrool swirlers

Extended length
primary zoune

Intent
Procedure development,

inlet profile measurement,
zero activity emissions

Cata.vst airflow variation,
zero activity emissions

Baseline data,
catalytic conversion

Catalyst airflow wvariation,
catalytic conversion
Improve catalyst inlet

temperature/emissions

Catalyst activity

*
Feature incorporated into configuration C6

Result

80-98% efficiency,
catalyst pattern factor ~0.35

80-98% efficiency,
catalyst pattern factor 70.35

50-707% conversion, resonance
encountered, catalyst cracked,
discolored

40-507% conversion, hole
burned in catalyst

Catalyst failure (collapse),

met program emissions goals

High hydrocarbons (results
inconclusive)




Table ZVI. Catalytic Combustor Emissions Surmary.

Configuration Repregentative Emlgsions
(2)

at Design Point at Least Severe Ccnditica

(622 ¥, 304 kPa, 15.2 m/s, 9.0 g/kg) (477 K, 405 kpa, 15.2 m/s, 9.0 g/kg)

cozr  mcer  moEi® coEx cer  ro,ert™
é C3 - Baseline (507 V) 24 30 1.8 16 6 3.1
. C4 - Mod 1 (73% W) 32 52 0.9 30 28 2.6
C5 - Extended Primary 5.5 1.2 3.7 - ~ - Rot Measured - — -
Cb ~ Hew Catalyst 6.5 9.5(c) 3.3 - — - MNot Measured - — -~

{a) Beduced reference velocity and fuel-air ratio to avoid resouance
(b) HOLEl corrected to standard humidity

(c) sigh HC possibly due to fuel leak
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76

OF POOR QUALITY

T

... .v.u,,u,u“..
N T P T T S v Ty T v v

iv
i
4
’r
;
;
:
4
i
:
I
P
i
|
I}
|
P




Svmhbo ! X T \
ol Vontip, l,;' IN l‘\_, kPa Vs mfs

O ¢l arl 404 2201
9 Ci w9 408 15,0
0 o W78 406 15.5

Basel ine

Mod, 1

T ST TP T T Ry S oL Uy, A

| ) 478 MW 19,6
- | |
N
M ;
[ M F
— D ‘\
g )
I 4 :
o o
- N
b S
3] ol
Hoo.
[ N
3
=™
- . b
-
Q M~
- Il
LR
i -
A
&
1
1o
! 1 ! 1
, I
! ! ! ~ o LA T
3 8P f | ;
; ": [ SR Y
o f | I ! N 100
-+ e [ | :J
. Yy pee - i i A
cUNC DD )
Ay - | €@
s ! ! I }"
SN o} Nt : : i
S, ; i - S B
18 -~ ! -
1} ‘-]._, “(] e ' 1 ‘ K \
Lt (B 3
— : : 2
L -aﬂ J o o ; =
- | : oo b—H 4o
i b
o " . a
. 5 :
¢ W .(] b [ .l_ N
;‘:‘ R ! | S eau _4; R (R S SR SR
s L'
-~ Mo
R ! "i 3 .'u‘n PN ..T-—._‘.-...n._.,..._,.... ‘1...._ ¥ ...1 R
T R A - |
| N ! A0 [T e b b
{ 1
0 : . . 1 L B HW L
I R S R A 7
\ T8 9 10 012 12 . ’
lu\' Metered Fuel-Afr Ratio, wlke
g
'3
i
]

Flhgure 30, Catalytic Rosctor Effect ivenoss,

77

i




%

Emissions Index, g/kg Fuel

78

co

HC

NO

50

490

30

20

10

N

Figure 36.

Symbol 7

.3, K }"3

O a8
O 478
Open -~ Baseline -

Closed - Mod 1 -

, kPa vV, m/s
—_—
304 15-18

410 15

50% W, Through Catalyst

75% W. Through Catalyst

(b)

|

9 10 11 12 13 14 1
Metered Fuel-Air Ratio, g/kg

Emissions.

5 16 800 900 1000 13100 1200 1300

Catalyst Inlet Temperature, K

Effect of Airflow Distribution on Catalytic Combustor

- e

o

o i i,




catalytic throughput velocity at the higher reactor flow level. As shown in
part (b) of Figure 36, better agreement in emissions levels is obtained by
correlating emissions against measured catalyst inlet temperature. This
relationship indicates a fairly weak tendency toward increasing CO and HC as
velocity is increased. Based on these tests, it was concluded that CO and HC
emissions from the catalytic reactor could be minimized by selecting cata-
lytic reactor airflow such that the peak reactor inlet temperature was equal
to the maximum-use temperature of the catalyst. Since this criterion was
closely approached with the baseline catalyst flow level, all subsequent
configurations utilized a nominal value of 50% flow through the catalyst.

Design point CO and HC emissions from the baseline catalytic combustors
were well above program goals. Because improvement in catalytic conversion
was limited by catalyst inlet temperature and pressure drop requirements,
further emissions reduction required that primary zone performance be im-
proved. This improvement was obtained in configuration C5 by extending the
primary zone to provide additional length for combustion upstream of the
catalyst. In conjunction with this increase in primary zone length, the
primary dilution pattern was modified to conform to the pattern used in
recuper=tive configuration R4, 1In this modified pattern, two rows of primary
dilution were used. The first row was configured to closely simulate the
axial position and flow levels used in configuration R4 forward dilution.
Additional primary zone airflow required to provide 50% of the combustor
airflow through the catalyst was admitted through a second row of primary
dilution holes. Catalytic combustor configuration C5 also incorporated the
modified swirler configuration shown in Figure 37. This modification was
identified in spray visualization tests as a means to prevent fuel from
impinging on these secondary barrvels and subsequently forming into coarse
drops (drooling) and is similar to the modifications which reduce HC emis-
sions in the hot-wall configuration.

As shown in Figure 38, CO and HC emissions were significantly improved
by the use of the extended primary zone and nondrooling swirlers. At the
design inlet conditions (except for reduced reference velocity), all gaseous
emissions were below program goals. No emissions data were obtained at lower
temperature because of a failure of the catalyst, which had previously been
damaged during tests of configuratoms C3 and Ca.

Because of the favorable emissions results obtained prior to the cata-
lyst failure with configuration C5, the only change in configuration C6 was
to install a new catalytic reactor. Interpretation of emissions results with
this final configuration was complicated by high HC measurements, which were
apparently due teo a leak in the internal fuel manifold; but CO and NOy emis-
sions levels did not appear to be affected by the use of the new reactor.

Based on catalytic-combustor screening-test emissions results, low-flow
fuel nozzles, the extended length primary zone, and nondrooling swirlers (as
used in configurations C5 and C6) were incorporated into the parametric test
configuration. In addition to these features, a modified method of mounting
the catalyst within the catalytic reactor was utilized in catalytic combustor
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parametric tests. This reactor modification, which was intended primarily to
improve catalyst durability, is described in the following section on screen-—
ing test performance results.,

5.3 SCREENING TEST PERFORMANCE RESULTS

5.3.1 General Performance

Several aspects of combustor performance, including combustor pressure
drop, combustion efficiency, exit temperature distribution, ignition, combus-

tor stability, and liner life, were similar for all three of the low-emissions

ceubustor concepts. General screening test performance results were as
follows:

Combustor Pressure Drop - The measured combustor pressure drop, cor-
rected to the design point operating condition (previously shown in
Table X) was generally within 0,5% of the 5.0% design value, except in
configurations where pressure drop was intentionally increased as a
convenient means for redistributing combustor airflow, Increased vres-
sure drop was utilized in configurations C2 and C4 to increase catalyst
airflow, and in configuration R6 to increase swirler alrflow. There was
no indication of a need for increased pressure drop to improve emissions
or performance with any of the low-emissions combustor concepts.

Combustion Efficiency - Desipgn point (idle) combustion efficiencies
above the 99,77 level impiied by the CO and HC emissions goals were
obtained in screening tests of all three concepts.

Exit Temperature Distribtuion - Measured combustor exit pattern factors
were generally below 0.35 at all conditions tested. This level is
typical of the idle performance of conventional combustors. However,
the shapes of the radial exit temperature profiles were significantly
different from those of conventional designs. Because of the absen:e of
a film cooling layer, peak temperatures with the LOPER combustors cu-
curred near the inner and outer liners, rather than near the middle of
the annulus. No exit temperature distribution goals were specifiel, and
no attempt was made to trim the exit prufiles.

Ignition - All screening test configurations were ignited with a hydro-
gen torch at elevated combustor inlet temperatures (367 to 422 K),.
Under these conditions, light off was obtained as soon as fuel flow was
increased above the lean flammability limit. No simulated ground start
or altitude relight tests were conducted.

Liner Life - Satisfactory liner cooling and mechanical performance were
obtained with all concepts. Except for damage as a result of resonance
in configuration H1l, no liner failures occurred during screening tests.
Slight distortion was noted in the vicinity of forward and aft dilutien
holes, apparently resulting from hot spots caused by locally high test
transfer in regions where flow within the combustor was accelerated by
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the blockage of the dilution jets. Minor distortion also occurred in
the vicinity of the slip joint at the aft end of the forward liner.
This distortion appeared to be caused by nonuniform circumferential
growth between the hot impingement-cooled liner and the cooler support
liner.

Peak liner temperatures monitored with surface-mounted thermocouples on
the impingement-cooled liners were generally below 1200 K, and did not
exceed 1300 K during screening tests. Based on inspection of tempera-
ture-sensitive paint applied to the back side of the impingement~cooled
liners, average primary zone liner temperatures were estimated to be
below 1075 K for all configurations tested. The temperature~sensitive
paint also clearly indicated temperature gradients in the vicinity of
each impingement cooling jet, and local hot spots near the primary dilu-
tion jets. FExcept for the addition of a small amount of preferential
cooling adjacent to the dilution jets during atmospheric checkout tests,
no adjustuwent of impingement cooling flows was required to obtain ade-
quate liner performance over the range of conditions tested.

Combustion Stability - Audible resonance was encountered in screening
tests of all concepts. Strong resonance was first noted in tests of
configuration Hl, which was the third eof the 18 screening configura-
tions to be tested., Posttest inspection of this combustor revealed
resonance-induced damage to the aft portion of the forward liner, as
shown in Figure 39, 1In order to prevent further damage, combustion
operation in all subsequent tests was limited to conditions which did
not produce audible resonance.

Typical resonance limits with respect to combuster inlet temperature/
pressure level, fuel-air ratio, and reference velocity are shown in
Figure 40. The limits shown indicate the locus of points at which light
or intermittent resomnance was encountered. The amplitude of resonance
increased toward the central portion of the resonance region. A hyster-
esis effect was also apparent. After continuous audible resonance had
been established, it was necessary to move slightly beyond the indicated
limits to reestablish nonresonant operation.

Several screening test modifications were evaluated to determine their
effect on resonance limits, Modifications described in the preceding
section ineclude variations in swirler configuration (H3-H6, C5-C6),
swirler flow rate (H2, R3, R6), and forward dilution position (H3-HG6).
0f these modifications, only swirler {low variation had a strong effect
on resonance .imits. Resonance limits with respect to both reference
velocity and fuel~air ratio increased when swirler flow was increased.
The tendency generally tended to increase as swirler egquivalence ratio
approached unity.

In addition to the above modifications, configurations H5 and H6 incor-

et ea e v e e e it e il
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porated modifications aimed specifically at resonance reduction. In cenfigu-
ration H5, am acoustic treatment consisting of two tuneable 2.36-cm ID quarter-
wave tubes mounted on the combustor sidewalls was evaluated. In this test,
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dynamic pressure measurements were chbtained which indicated resonant frequen-
cies of 324 to 340 Hz at Ty = 367 K, and 360 to 368 Hz at T3 = 422 K, Adjust-
ment of the sidewall tubes to these frequencies did not appreciably affecr

the amplitude of the resonance. Acoustic analysis of the combustor and rig
indicated that the most probable sources of this frequency were axial modes
either in the rig inlet plenum or in the passage formed by the combustor and
exit instrumentation section. In configuration H6, these resonance modes

wer. investigated by modifying rig inlet geometry and combustor flow patterns.
Rig inlet geometry was varied by mounting the combustor directly within the
inlet plenum, eliminating the diffuser and combustor housing flowpath. Dome
dilution was added to modify flow patterns within the combustor. Neither of
these modifications affect. 3 resonance characteristics.

5.3.2 Low-Emissions Concept Performance

In addition to the gemeral aspects of performance discussed above, each
of the low-emissions combustor concepts contained unique design features that
could affect overall combustor performance. Specific perforrauce results
obtained with these unique design features were as follows:

Hot-Wall Combustor — Liner temperature estimates based on temperature
patterns observed with temperature~sensitive paint, and peak liner tem-
peratures measured during tests with the baseline configuration, indi-
cated an average ceramic surface temperature of about 1030 K at the
design point, with a temperature rise of approximately 100 K across the
thermal barrier. Th.:se levels are representative of all hot-wall con-
figurations, since liner cooling flow was not varied during screening
tesLs.

Satisfactory Jurability was, obtained with the thermal barrier .cating.
The surface of this coating remained intact throughout the scre=zning
tests except for some chipping incurred during machining operations to
add provisions for additional primary and dome dilution, and during
repair of resonance damuge to the liners. In the latter case, the
coating was successfully repaired by grit-blasting the affected area and
recoating it, Liner temperature patterns were generally more uniform
with the refractory coating than with the uncoated liners, and liner
distortion was also decreased in the coated liners.

Recuperative Combustor - The use of impingement ccooling proved to be an
effective method for obtaining recuperative temperature rise, As shown
in Figure 41, design-pcint temperature rise approached the predicted
value with all configurations tested. As indicated by the correction
factor used in this figure, temperature rise was found to be approxi-
mately proportional to the -0.5 power of combustor reference velocity.
No gignificant problems were encountered in operation of the recupera-
tive design feature, and no adjustment of cooling features was required
to obtain satisfactory temperature rise.
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Catalytic Combustor - Catalytic durability was a prime concern in screen-
ing tests of the catalytic combustor. During operation of this concept,
peak-indicated catalyst inlet temperature was limited to 1500 K. Basged
or tests with the catalyst-simulation plate imstalled (C1 and C2), this
limitation should have been sufficient to prevent local temperature ex-
cursions from exceeding the 1590 K maximum operating temperature speci- %
fied by the manufacturer (Engelhard Industries). However, in tests of o
configuration C3, the inlet surface of the ciatalyst was discolored in ‘!
1

the corners of the catalyst and adjacent to the inner and outer liners.
A radial crack in the central position of the catalyst wis alsc observed.
_ Further deterioration was observed after tests with conliguration C4, ;

3 including the appearance of a hole in one corner of the sector o
(Figure 42). This deterioration was apparently caused by reaction in -
locally rich regions next to the sidewalls and liners. These regions |
were not neted with the catalyst simulation plate installed, indicating
that the high temperatures obtained with the catalyst installed (esti-
mated to be above 1900 K) were a result of citalytically supported
reactions in locally rich regioms.

L]

In configuration C5, the catalyst inlet temperature fuel-air ratio pro-
file was improved by extending the length of the primary zonme and adding
primary dilution holes adjacent to the combustor sidewalls. However,
the catalyst (which had also been used in configurations C3 and C4)
collapsed, apparently as a result of tnermal shock and resonance damage
aggravated by distortion of the metallic retainer strips used to hold
the catalyst in place. A photograph of the catalyst remnants is shown N
in Figur= 43. }

Catalyst durability was more encouraging in configuration C6, which was
identiecai to C5 except for the installation of a new catalytic reactor,.
Minimal discoloration of the catalyst inlet face was obtained with this
configuration; however, one radial crack did appear in the forward
catalyst stage.

Based on screening test results, it was clear that an improved catalyst
mounting method would be required to obtain satisfactory catalyst dura-
bility. Therefore, prior to parametric tests, the reactor was modified
by Engelhard Industries. The modified reactor, shown in Figure 44,
featured the use of a single-stage catalyst, soft mounting methods, and
catalyst holder reinforcements to reduce the probability of damage due
to thermal shock, catalyst holder distortion, and resonance. Favorable
results obtained with these modifications are discussed in the following
section,

T N T e

5.4 PARAMETRIC TEST RESULTS

SRS s et e i e T

The three combustor configurations selected for parametric tests were
based on the most promising hot-wall, recuperative and catalytic combustor
screening test configurations. In the recuperative and catalytic parametric

88




S L R Y RN s T e o
¥ o WP CUSNES T R e N e T
TR 7 o e

- L

68

Figure 42. Localized Catalyst Damage, Configuration C4.




Fi
gure 43, Catalyst Remnants After Collapse, Configuration C5

90




x
Struts Added to
Minimize Reactor
Distortion
High Temperature
1 Metullic Gauzc
i Suppori Material

izmnmﬁ

16

Figure 44, Modified Catalyst Mounting Scheme.




test configurations, additional modifications were incorporated to improve
emissions or performance. The relationship between the three parametric test

configurations and the three most similar screening test configurations were
as follows:
- . i

Relationship te Most

Parametric S3imilar Screening Test
Test Configuration Configuration
Hot-Wall (H7) Configuration H4, unmodified
Recuperative (R7) Configuration R4 incorporating

nondrooling swirler modification

Catalytic (C7) Configuration C5/6 incorporating
catalyst ''soft mounting" modification

The parametric test configurations of each of the three concepts incorporated
similar modifications relative to the respective baseline combustor designs.
These common modifications included: (1) the use of similar short-secondary
barrel, nondrooling swirler ceonfigurations, (2) the relocation of at least
half of the primary dilution holes to a location 7.6-cm downstream of the
swirler exits, and (3) the use of reduced-flow fuel nozzles.

In the configurations selected for parametric tests, the largest devia-
tion from the baseline combustor designs was in the use of the extended-
length primary zone in the catalytic combustor. This modification resulted
in an 11.1-cm increase in the overall length of the catalytic combustar.
External dimensions of the hot-wall and recuperative test configurations were
identical to the baseline designs.

Complete test data summaries for each of the parametric test configura-
tions are presented in Appendix B of this report. As in the screening tests,
the range of operation of all three concepts was limited to a large extent by
audible regonance, Therefore, it was not possible to obtain complete para-
metric variations in inlet temperature pressure, reference velocity, and
fuel-air ratio over the ranges specified in the original test point matrix.
However, sufficient data were obtained to define representative emissions at
key points within the test point matrix. and to identify general trends
regulting from changes in the various combustor imlet conditions.

Emissions and performance trends observed in the parametric tests are
described below.

5.4.1 Emissions Results

Pollutant emissions characteristics of each of the parametric test con-
figurations were generally in good agreement with screening test results., CO

and HC levels safely below the applicable program goals were obtained with
all concepts.
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A comparison of emissions obtained near the design point with the hot-
wall parametric (H7) and screening (H4) test configurations is shown in
Figure 45. All emissions levels are in good agreement at the design fuel-air
ratio; however, CO and HC levels rose more rapidly as fuel-air ratio was
decreased below the design value in the parametric test build., The observed
change in emissions characteristics, which was magnified by the strong depen-
dence of emissions on fuvel-air ratio at these conditions, was apparently
related to a change in resonance limits, which required that slightly higher
velocities be Tun with the parametric test configuration in order to avoid
audible resonance. These changes were attributed to a slight change in flow
characteristics resulting from the accumulated effects of several modifica-
tions to, and demodifications of, the combustor hardware components during
the course of screening tests. Because of the change in resonance character-
istics, no emissions measurements could be obtained at the low inlet fempera-
ture/pressure level during parametric tests of the hot-wall combustor.
However, emissions at these conditions had heen well characterized during
screening tests of configurations H4 through H6. Perametric variations in
combustor inlet temperature and pressure and reference velocity were also
limited by resonance.

Recuperative combustor parametric test emissions characteristics at the
lovest temperature conditions are compared with levels cbtained with screening
test configuration R4 in Figure 46. As indicated in this figure, a sharp
reduction in HC levels was obtained through the use of the modified, non-
drooiing swirler configuration. This result was expected because of the
large HC reduction obtained with a similar swivler modification in hot-wall
screening tests. The improvement in fuel-air mixing obtained with these
swirlers also appeared to reduce NOy levels slightly.

Emissions measured in catalytic combustor parametric tests are compared
with levels obtained in screening tests of configuration C5 in Figure 47,
All measured emissions were in good agreement, indicating that the modified
catalyst mounting technique used in the parametric tests had little effect on
catalytic conversion. This was of some concern because total catalyst bed
length in the modified reactor had been reduced from 8.9 cm to 7.6 cm,

Emissions obtained with the three parametric test configurations at the
design inlet temperature and pressure levels are compared in Figure 48.
Because of operating limitations required to avoid resonance, the data shown
for the hot-wall and catalytic concepts were obtained at a nominal reference
veloecity of 26.5 m/s. For comparison, recuperative concept emissions at
reference velocities of 22,9 and 30.1 m/s are shown. As indicated in this
figure, absolute emissions levels were similar for all three concepts; how-
ever, the characteristic emissions curves of the three concepts appeared to
be shifted with respect to fuel-air ratio, With the hot-wall combustor, the
CO level approached a minimum very close to the design fuel-air ratio (10.5
g/kg), as was expected from primary zone stoichiometry considerations. With
the recuperative and catalytic combustors, however, CO approached minimum
values at fuel-air ratios of approximately 7.5 and 8.3 g/kg, respectively.
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The above shift in emissions relative to fuel-air ratio was similar to
an effect observed in screening tesits, where it was found that the fuel-air
ratios for minimum CO varied in proportion to swirler flow. The possibility
that this effect was responsible for the shift observed in parametric tests
was investigated with an examination of average swirler and primary dilution
airflows for each of the parametric test configurations. These calculations
vere based on average measured dome pressure drop corrected to the design-
point operating conditions, and effective swirler and primary dilution areas
measured in flow calibration tests.

As shown in Table XVII, recuperative swirler and primary dilution flows
were 10 to 15% lower than hot-wall flows, which accounts for about half of
the observed 30% shift in CO emissions with respect to fuel-air ratio. The
remaining shift was apparently a result of decreased mixing efficiency due teo
reduced pressure drop across the recuperative swirlers. As noted in screen-
ing tests, with reduced mixing effectiveness primary zone stoichiometry
appeared to be controlled by local fuel-air mixing downstream of the swirlers
rather than by the bulk mixing which applied to the hot-wall design. This
effect tended to increase effective primary zone stoichiometry since most
building occurred in fuel-rich eddies.

Calculated primary zone flows for the catalytic configuration were from
7 to 14% higher than hot-wall flows. This increase in primary zone flow
would normally be expected to result in a proportionate increase in the fuel-
air ratio for minimum CO; however, two factors tended to decrease the posi-
tion of the CO minimum in this concept. The first of these factors was the
mixing effect observed with the recuperative combustor. As with the recupera-
tive combustor, catalytic swirler pressure drop was reduced to about half of
total combustor pressure drop. A second factor which would cause an apparent
shift in CO levels is the effect of catalytic conversion, which would tend to
give an apparent shift in CO and HC levels by decreasing these levels at high
fuel-air ratios. This effect was evidenced by the fact that catalytic com-
bustor CO levels tended to approach a minimum and remain close to that mini-
mum up to the catalyst inlet temperature limit (which limited maximum fuel-
air ratio). With the hot-wall and recuperative combustors, a definite in-
crease in CO was observed at higher fuel-air ratios.

To facilitate emissions comparisons between the three concepts, emis-
sions are presented as a function of normalized fuel-aixr ratio in Figures 48
and 49. The normalization factor used in this figure, fp, corresponds to the
peint at which CO levels approach a minimum value as fuel-air ratio is in-
creased.

Desigu point CO and HC emissions were very similar for all concepts.
Lowest levels were obtained with the extended-length catalytic combustor, but
all concepts were competitive and were comfortably below program goals over a
wide range of fuel-air ratios. As in screening tests, NOx emissions were
consistently higher with the recuperative concept because of increased pri-
mary zone inlet temperature. These increased NOx levels narrowed the range
of fuel-air ratios over which all emissirmns goals were met relative to the
hot-wall and catalytic concepts.
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Table XVII. Primary Zone Airflow Comparison, Parametric Test Configurations.

Swirler Flow, ZW. Forward Dilution, #ZW. | Total Primary Zone
Design i Design Design
Concept fp fp/10.5 | Design | 12st | Test Design | Test | Test Design | Test [ Test
Hot-Wall 110.5 1.00 {16.0 15.5 ] 0.97 12.6 12.2 | 0.97 28.6 27.7 10.97
*
Catalytic 8.3 0.79 ;16.2 17.6 1 1.09 12.1 13.1 11.08 28.3 30.7 1 1.08
%%

Recuperative 7.5 0.71 |15.6 14.0 | 0.90 1l.4 9.8 |0.86 27.0 23.810.88

*
Does not include additional precatalyst dilution.

#k
Assumed recuperative AT of 62 K (average of all R7 readings)

for flow calculations.
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At the lowest inlet tempeature/pressure levels and highest reference
velocities (the more severe operating condition for CO and HC emissions),
both the hot-wall and recuperative concepts met all emissions goals over a
limited range of fuel-air ratios. Catalytic combustor operation at these
conditions was limited by resonance and nonuniform catalyst inlet temperature
profiles, but parametric test trends indicate that the emissions goals would
have been met at increased fuel-air ratios. NOy emissions were well below
the program goal with all three concepts at these operating conditions.

Independent variations in inlct temperature, pressure, and reference
velocity were attempted in each of the parametric tests, with varying degrees
of success. The extent to which these parameters could be varied was ex-
tremely limited because of audible resonance, and correlation of the effects
of variation in these parameters was difficult, both because of the emis-
sions' strong sensitivity to fuel-air ratio and because of the low emissions
levels measured.

The widest range of parametric variations was obtained with the recupera-
tive comhustor. Trends observed as a result of independent variations in
combustor inlet temperature and pressure with this burnmer, which were typical
of results obtained with the hot-wall and catalytic combustors, are shown in
Figure 50. At low fuel-air ratios, as the lean stability limits were ap-
proached, CO and HC emissions were reduced appreciably by increases in com-
bustor inlet temperature and/ox pressure. At fuel-air ratios in the vicinity
of the CO minimum, the dependence of CO emissions on inlet temperature and
pressure continued to be strong, but HC levels appeared to become almost
independent of variation in these parameters. At fuel-air ratios well above
the CO minimum, both CO and HC demonstrated a much weaker dependence on inlet
temperature and pressure,

The effect of reference velocity on recuperative combustor emissions was
quite strong, particularly at the lowest temperature conditions. This effect
is shown in Figure 51. Very little change in emission characteristics was
obtained over the higher range of reference velocities, but when reference
velocity was reduced to the 15.2-m/s value, CO and HC emissions were signifi-
cantly increased. Although fewer data were obtained at low reference veloci-
ties with the catalytic combustor because of resonance limitation, a similar
increase in emissions at low referrnce velocity was observed. However, the
limited data obtained in screening tests of the hot-wall combustor indicated
only a slight dependence of reference velocity at these conditions. Thus,
this behavior appeared to be a direct resuli of decreased fuel atomization
and fuel-air mixing effectiveness due to decreased swirler pressure drop in
the recuperative and catalytic concepts.

5.4.2 Performance Results

Parametric test performance results were similar to those obtained in
screening tests., Overall combustor pressure drop for all three concepts was
within 0.5% of the 5.0% target value. Combustion efficiencies above 99.7%
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(based on emissions measurements) were also obtained with all concepts. As
shown in Figure 52, exit temperature profiles were quite uniform, with peak
temperatures cccurring adjacent to the imner and the outer liners.

A major performance problem with all of the parametric test configura-
tions was the occurrence of audible resonance. The rescnance limits en-
countered within the planned test point matrix are indicated in Table XVIII.
At several of the indicated conditions, operation was not attempted either
because emissions characteristics (specifically the CO minimum) had already
been defined, or because of peak liner or (in the case of the catalytic
combustor) catalyst inlet temperature limitations. A general trend observed
with all combustors was a decrease in the reference velocity at which res-
onance was most prevalent as inlet temperature was increased. Resonance
generally occurred at lowest velocities in the hot-wall combustor, and at
highest velocities in the recuperative combustor. But no definitive rela-
tionship between combustor operating parameters (for example, dome pressure
drop) and resonance limits was identified.

One significant improvement in performance which was obtained in para-
metric tests was in the durability of the catalytic reactor assembly used in

the catalytic combustor. Catalyst damage to this reactor was limited to very

slight discoloration of the inlet face of the catalyst. GCatalyst cracking,
which had been a problem im all ecatalytic combustor screening tests, was not
observed in parametric tests.
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Table XVIII.

Resonance Limits, Parametric Test
Configurations.

Observed Maximum Fuel-Air Ratio
Test T3, P1, Ve, for Nonresonant Operation, g/kg
Point K kPa m/s . :
Seri Configuration
eries
H7 R7 C7
110 367 203 15.2 A N/L (16.1) | ¥/L (10.0)
120 367 203 22.9 A N/L (13.4) 8.4
130 367 203 30.5 10.9 8.1 7.6
#140 367 203 35.9 12.2 —_— —_—
210 422 304 15.2 A 11.0 8.5
220 422 304 22.9 8.3 10.6 8.4
230 422 304 30.5 N/L (13.5) 8.2 -—
*240 422 304 26.7 N/L (13.8) —_— N/L (10.6)
310 478 405 15.2 A N/L (8.2) 6.1
320 478 405 22.9 9.3 /L (6.2) 9.5
330 478 405 30.5 N/L (11.0) - -_—
A -~ Resonance at all fuel-air ratios
N/L - No fuel-air ratio limit encountered up to indicated value of £y
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Operation not attempted at indicated conditions

Reference velocity adjusted to avoid resonance
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6.0 ASSESSMENT OF RESULTS

6.1 EMISSIONS RESULTS

Representative emissions levels obtained with the most promising con-
figuration of each of the three LOPER low-emissions combustor concepts are
compared in Table XIX. In this table, emissions have been compared at pre-
ferred design point fuel-air ratios for each concept, as discussed in the
previous chapter. The use of these fuel-air ratios was not meant to imply
that engine fuel-air ratio must conform to the preferred level, which would
clear!- be impossible since engine fuel-air ratio is fixed by the engine
cycle, but was instead intended to reflect trends observed in screening
tests, which indicate that these levels are representative of emission levels
achievable at the design point fuel-air ratio with a swall amount of further
development to '"tune" combustor airflow distribution. The change in emis-
sions resulting from this tuning process would be expected to be, at most,
proportional to the change in primary zone airflow. Thus, the 20 to 30% in-
creage in aivflow required to adjust the preferrved fuel-air ratio of the
recuperative and catalytic combustor concepts to the design value would be
expected to increase design point CO and HC emissions by less than 0.6 and
0.3 g/kg, respectively,

As indicated in Table XIX, the lowest design-point emission levels were
ohtained with the catalytic combustor concept, cloesely followed by the
recuperative and hot-wall concepts. This order was not unexpected, since the
beneficial effects of catalytic conversion and increased inlet temperature
have been clearly documented in previous test programs. However, the simi-
larity of CO and HC emissions from the three concepts was at first surprising,
since the potential benefits of the hot-wall feature were previocusly unproven.

A comparison of the LOPER combustors to more conventional combustor
concepts reveals several possible reasons for the similarity in emissions.
As shown in Table XX, each of the LOPER combustors shared two common features
which would be advantageous to the reduction of CO and HC emissions. These
feat. res were the elimination of primary zone film cooling, which was a
specifis feature of the hot-wall concept that was incorporated into all three
combustor designs; and the use of long, well-sheltered combustion zones,
which resulted from the selected baseline flowpath. Turthermore, there are
inherent disadvantages which must be accepted in order to incorporate the
recuperative and catalytic features. In elther case, swirler pressure drop
is reduced (at the possible expense of reduced fuel atomization and fuel-air
mixing effectiveness) because of the requirements for flow restrictions in
series with the swirler (impingement cooling and/or catalyst pressure drop).
In the catalytic concept, additional primary zone airflow must also bhe added
{at the expense of increased quenching tendencies and extended mixing length
requirements) to keep peak catalyst temperaturesg below the maximum use tem-
perature. Thus, the strong emissions-reduction potentials of the recu-
perative and catalytic concepts are offset to some degree by these inherent
disadvantages.
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Table XIX. Comparison of Emission Levels, Most Promising Configurations.

: Emissions at Eifp =1, (g/kg Fael)
|
i @ - = - Range of f/fp to ©
i Condirion Concept fp COEL HCETL NOXEI Yeet Al) Emlseions Goals
|
Design Hot-Wall 10.5 2.5 0.6 2.4 0.87 to 1.40
! i Point (d) (CO Limit) (CO Limit)
i Recuperative | 7.5 2.0 0.7 3.8 0.87 to 1.04
{CO Limlt) (5o, Limit)
5 Catalytic 8.3 1.4 0.4 3.0 0.92  to 1.30
(HC Limit) (Catalyst Tem-
peraturs Limit)
Host Hoe-wa1l‘®) | 10.5 7.5 0.7 1.4 0.98  to 1.22
Severe (CO Limit) (CO Limit)
Point(®)
Recuperative 7.5 13.0 0.6 1.8 1.02 to 1.36
(CO Limic) (CO Limit)
Catalytic 8.3 14.5 6.9 1.5 ~— Hot Determined —~-

{a) - Preferred design point fuel-air ratilo
(b) - Corrected to 6.29-g/kg humidity

(c) - See Figures 48 and 49

(d) ~ Ty = 422 K, P5 = 304 kPa, V= 22.9 n/s
(e) ~ T, = 367 K, Py = 203 kPa, V. = 30.5 /8
(£) - Configuration H4 screening test data
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Table XX,

Assessment of LOPER Idle Emission Reduction Design Features.

Concept

Hot-Wall

Recuperative

Catalytic

Advantages

Primary Zone Wall Temperature Increased
Primary Zone Cooling Film Eliminted

Long, Sheltered Combustion Zones

Primary Zone Inlet Temperature Increased
Primary Zone Cooling Film Eliminated

Long, Sheltered Combustion Zones

Catalytic Conversion Added
Primary Zone Cooling Film Eliminated

Long, Sheltered Combustion Zones

Disadvantages

lone

Swirler Pressure Drop Reduced

Swirler Pressure Drop Reduced

Additional Primary Zone Dilution Added
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In spite of the trade uffs mentioned above, emissions obtained with all
of the LOPER combustors were significantly lower than levels which have been
obtained with conventional combustion technology. This point is graphically
jllustrated in Figure 53, where design-point emissions levels of the three
LOPER combustors are compared with levels obtained at similar low-power
conditions with advanced combustor designs developed in the NASA Experimental
Clean Combustor Program (ECCP). In that program, conventional combustor
design technology was utilized in concert with combustion staging concepts to
tailor combustor flows for low idle emissions. Also shown in this figure
are emissions levels of the production CF6-50 and JTYD engines, for which the
ECCP designs were intended. Compared to the ECCP results, all three of the
LOPER combustors provided up to an order-of-magnitude decrease in CO and HC
emissions, with only a small increase in NOy emissions.

6.2 PERFORMANCE RESULTS

Because of the similarity of emissions results obtained with the three
LOPER low-emissions concepts, the relatrive performance of each concept is
an important factor in determining its overall suitability for use in
advanced combustor applications.

In Table XXI, the three LOPER low-emissions combustor concepts are rated
in terms of design risk with respect to several key aspects of combustor
performance. These ratings arply to the use of the LOPER concepis within
the pilot stage of a practical combustion system capable of full-range
operation. Since these ratings are based on sector combustor tests, the
rating "least design risk" implies the possibility of a requirement for
considerable development effort over and above that required for a more con-
ventional combustor stage.

Overall emissions performance of the three combustor concepts is rated
low risk based on emissions results obtained in the combustor rig tests.
The only area of concern in this category is the increase in NO, emissions
observed in tests with the recuperative combustor.

Overall aerothermal performance of all of the low-emissions concepts
was good. Combustion efficiency, pressure drop, lean blowout, and exit
temperature profiles were comparable to those generally obtained with conven-
tional concepts. However, additional design risks were identified with re-
spect to some other aspects of aerothermal performance.

A primary area of concern is resonance, which was apparent in all three
combustor concepts and did not respond to changes in combustor or test rig
geometry. Although the resonance encountered in rig tests could possibly
have been due to details of combustor design (i.e., the flat dome surface),
or to characteristics of the test facility piping, there is alsc a strong
possibility that the tendency to resonate was increased by the elimination of
film cooling holes from the combustor liners, making the combustor walls
acoustically "hard". If this is the case, additional development would be
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Table XXI. Assessment of LOPLR Combustor Design Concepts.

]
Performance Combustor Concept }
1

Parameter Hot-%all Recuperative Catalytic
" 1
Emissions 5
co 1 1 1 :
HC i 1 1 :

Aerothermal Performance

Combustion Efficiency 1 1 3

Pressure Drop 1 1 1

Ground Start 1 1 2
Lean Blowout 1 1 1 2
Altitude Relight 1 2 3 i
Exit Temperature Profile 1 1 1 )
Transient Operation 1 1 2 "
Resonance 2 2 2 i
f
Mechanical Layout/Performance ]
Combustor Length 1 2 3 ﬁ
Weight 2 1 3 !
Liner Cooling 2 2 2 i
Durability of Emissions Reduction Feature 3 1 3 i

1 -~ Least Design Risk '}
2 - Moderate Design Risk

3 - Greater Design Risk or Unknown Risk

[T R,
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required to implement appropriate acoustic features into an impingement-
cooled liner. Another aspect of aerothermal performance which is of some :
concern in the recuperative and catalytic concepts is ignition. No problems P
were encountered with ignition during sereening or parametric tests of the P
LOPER concepts; in these tests, however, conditions were not typlcal of ;
engine operation, since ignition was accomplished at elevated inlet tem—
perature with a hydrogen tcrch.

Additional risk has been noted with respect to both the recuperative and
catalytic combustors because of reduced swirler pressure drop, which could
result in excessive ignition delay due to poorer fuel atomization and mixing
at light-off conditioms, Concern is especially acute regarding catalytic~
concept light off because of the possibility of catalyst damage from the
accumulation of fuel on the surfaces of the catalyst prior to ignition. This
effect was observed in tests of a similar catalytic combustor concept de-
scribed in Reference 8. 1In those tests, gseveral catalysts were destroyed by
the near-stoichiometric burning of fuel which had collected on the catalyst
surface during the ignition delay period. The design risk with respect to
transient operation is also increased with the catalytic concept because of
potential catalyst damage due to overtemperature. Particular attention to
acceleration fuel scheduling would be required in the implementation of the

catalytic concept because of the increased fuel-air ratios at these condi- i
tions., k

Increased design risk is apparent in all areas of mechanical performance,
With respect to combustor length, both the recuperative and catalytic con-
cepts indicated increased 4 sign risk. Based on screening test results with
the recuperative concept, the sensitivity of emissions to forward dilution i
position indicated that the flame was elongated relative to the hot-wall com~- 3
bustor. This flame elongation appeared to be related to decreased mixing j
rates resulting from the reduced swirler pressure drop in this concep:. |
With the catalyric concept, a further incrcace in length is probakly re- T
quired as a result of reduced swirler pressure drop, and also because of the
need to introduce and thoroughly mix an increased quantity of primary dilu-
tion flow in order to obtain acceptable catalyst inlet temperature profiles.
In the area of combustor weight, both the hot-wall and catalytic concepts re-
quire the use of ceramic materials (thermal barrier and catalyst substrate)
in addition to the normal combustor components.

All three of the combustor concepts pose an increased design risk because
of the use of impingement cooling. Although satisfactory results were
obtained with impingement cooling in all screening and parametric tests,
this cooling concept has not been used in actual engine applications. As in
the introduction of any new concept, it is anticipated that fairly extensive
development of impingement cooling will be required.

The final area of combustor mechanical performance rated in Table XX is
the durability of the specitic emissions-reduction feature used in each
concept. In this area, the hot-wall combustor has been rated a high design
risk primarily because of the limited experience which has been obtained
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with ceramic coatings in combustion systems., Similarly, the catalytic com-
bustor design risk is increased because of the qaegtion of catalyst dura-

: bility. Although these features were rated as high risk, results of the

| LOPER tesf program were encouraging in that no significant durability
problems were encountered with the thermal barrier coating, and catalyst
durability problems were apparently resolved by the use of a modified
catalyst-meunting technique in the final catalytic combustor test configura-
tions.
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APPENDIX A

COMBUSTOR TEST CONFIGUKATIONS

Detailed area/airflow distributions for each of the screening and
parametric test configurations are presented in Tables XXII through XXIV,
Axial locations of forward and aft dilution holes, measured from the swirler
exit, are indicated below each table. Except as noted, dilution flow was
equally distributed among nine dilution holes in both inner and outer liners,
ag shown in Figure 54.
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Hot-Wall Combubustor Area/Airflow Distributions.

Table XXII.
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APPENDIX B

COMBUSTOR TEST RESULTS

Het-wall combustor screening and parametric test results are presented
in Tables XXV through XXXI; recuperative combustor test results are sum-
marized in Tables XXXII through XXXVIII; and catalytic combustor test re-
sults are found in Tables XXXIX through XLV.
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Combustor Configuration H1, Rums 4 and 5.
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Table XXVI, Test Summary, Combustor Configuration H2, Run 1l. R
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Table XXVII. Test Summary, Combustor Configuration H3, Run 18, 3%
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Combustor Air Flow,
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Velocity, m/s

- Hzﬂ/kg Afr
Fuel Flow,
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o/s

_ 4232 3u7, 421, 3.0 2.05

Metered Fuel-Air Ratio
Spample Fuel-Air Ratio/

Ratio, g/ko

8,0 1,05
10,1 0,99
12,5 0,97
10.4 0,94
10,6 0,99

Q.4 0,97
1245 0,98
10.5 0,97

8.8 1.0t

Meterod Fuel-Air Ratio

Thermocouple Combustion

Efficiency, %

99_2 99,8

95,9 99,9

94’5
ou’ 2
95° 7
anlu
95,8
6.2

96°5

]
Exit Temperature, K

RO Emission Index,
Tharwooouple Average

Sample Cowbuution
]

Efficiency, %
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CO Emisnsion Index,
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«

Pattern Factor
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1,81 “tee. 0,36 9az,

Table XXVIII. Test Summary, Combustor Configuration H4, Rum 19.

Toinl Pressure

Xonn, %

Se25._.4.506 _
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5,21 5.00 1864, 1031,

HI

1,27
11,54
L_ 2.0 _2.86__839. 0,26 1030, 10,82 9,80.1751... 813,
10,45 R _§9 (2v6, AZ9, RESONANCE Yy < 47.5 m/nec
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Fuel Nozzle Preasurc

Dome Preasure
Irop, kPa

Lozn, %

v, < 23 wfaec

. T,9% 1A62, 1007,

9,83 1108, TSdud g5 12,5 g
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Test Summary, Combustor Configuration H5, Runs 20 and 21.

Total Proasure

Lons, %
Domo Pressure

Loga, %

806. 0,22 1C98. 5442 4,36

715, 0.28 1001, - 5.21 4.5%6

767. 0.22 1C59,

5.21 4.56

819. 0,21 1112. B.CC 7,13

656, Dab68 5634 1.71- 2,18

772. 0.21 1C83. 10.2% B.98

76B. 0.22 1097. 10.62 9.34

847. 0.23 1147

11.08 9.40

912. 0.28 1157. 1047 9.40

Fuo! Nozzle Prossurc

Drop, kPa

3
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1311, 1030.

1049.
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®
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1513,
£

*

1.7 2.22 ¥77. 0.33 1059+ 11.87 5.49 1407

** Low Fuel Pressure, Post Run Inspection Revealed No. 1 Nozzle Leak.

917,

Res.

1019,

839,

9éi1.

979,

- 1029,
1047.
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Table XXX. Test Summary, Combustor Configuration H6, Run 22. Bym
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) L 0% & A o N a0 4 a -t " -t a e el Lyt [+ ] [V -] (=3 L - - cn on - 0 L4
T E 2f $f 97 2§ §3 3o 2% B iR OE o& .8 o€ S EF P OEE 3% 5§ BF %3
2 & 5% HE So 8F E2 &% 24 &% &8 ad 8 Bn 8% OW  Ho e £5 &3 83 da Zas
1 112 2063, 3ob, &.1 .77 Ha,a B,7 11,5 ©,93 99,9 98.6 2b.5 7.1 2.9 2,17 813. 0,8 930, 2,04 11,83 4%, Bo%.
2 222 3u2, 422, b.1 1,03 23,4 16,7 10,5 1,02 96,3 99,7 T2 1.2 2.9 2,21 811, 0.20 1073, 4,38 4.2 1693, Sup,
3 223 3ul, 420, 5.6 1,73 24,7 19,9 11,2 0,95 95,5 99,6 6.2 0.6 3.2 2,29 848, 0,19 1063, 4,52 4,75 * 923,
u 222 307, 422, 5.1 1,78 24,6 16,7 9,6 1,01 96,8 99,9 3,3 0,5 2,9 2,03 786, 0,22 1450, 4,09 4,68 1598, &I7,

9 221 303, 421. 4.8 1.7% 25,1 10,7 B.4 1,03 98,8 99,6 la,2 - 1,0 2,2 1,81 752, .22 1003, 4A.56 4,75 1258, @&3b,
6 220 302, 923, 4.8 1,73 24,9 13,3 7.0 1,01 92,3 94,2 65,2 42,5 1,8 1,50 Vb, 0,27 936, 9,57 4,77 1025, 780,
7 232 303, 422, .8 2.17 31.2 22.2 10,2 0,92 93,9 99,8 0.7 0.8 2.6 1,97 799, 0,8 998, 71,75 7,78 %  BIT.
8 233 3u5, 623, 4.4 2,17 3i,1 27,7 12,6 0,95 95,6 99,9 i,i. 0,6 5.4 2,54 895, ¢.16 16k, 7,82 7,07 * LLT'
9 231 305, 423, 4.3 2,17 31,0 16,8 7,7 0,BA 95,2.%8,6 48,4 3,2 1,0 1,38 715, 0,19 878, 8,13 7,65 1428, 7.2,
v 132 262, 367, 4,5 1,65 30,9 17,2 10.4 0,84 96,5 99,6 13,7 1.0 71.6 1,83 707, -0.22 91“.‘ .88 8,89 1469, 898,
11 133 202, 367, 3,8 1,05 30,8 19,7 12,v 0,87 96,3 92,8 7,5 .n.s 2,1 2,17 822, 0.19 %42, 4,88 8,89 193], b4,
12 131 202. 367. 3.8 1.60 30.7 14,7 B.Y 0,90 97,2 97.9 0.8 6,6 1.7 1,60 715, 0.22 829, 8,88 8,89 1062, 737.
15 o2 203, 368, 3.6 D.6l 11.4 6,7 10,9 1,01 100.8 77,2 32,3 20,4 1,8 2,23 Bod, 0,39 959, 1,36 1,25 119, 842,

14 L¢3 2u%, 3pB., 3.4 p.01 11,5 8,0 15,2 1,00 101,7 98,0 18,9 .15,7-- 3,0 2,71 —B9r—0417---988,— 1,72 §,27 - 299, . 8%,
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Reading

'
(723 [V

=

L e o~ O U

Teast Point

Inlet Total
Pressure, KPa

303, 4

303,
305,
303,
306,
301,
303,
366,
3c2,
agz,
397,
3498,
aul,
atid,
463,
199,
199,
199,

158

Inlet Total
Temperature, K

g

Table XXXI. Test Summary, Combustor Configuration H7, Run 27.

Inlet Humidity,
o B 0/kg Air

L7 T R PR T
. . ™ -
i E-] i~ o

3.3
3.1
3.0
3,0
2,9
2.t
2,7
2,5
2.0
2,4
2.4
2,6
2.6
2.b
2.5
2,3

Combustor Air Flow,

ko/s

1,5%
1,86
1,37
1,87
1.57
1.70
2.0%
2+78
2,08
1,82
1,81
i.81
2417
2,17
2.16
1,37
1,37
1,37
1.57
1,95

Reference
Veloeity, m/a

2243

26,8 ;

26,7
26,8
2&,7
24,8
29.8
29,2
29,5
22,1
22,0
22,4
24,5
go,6
2. %
3g.0
3041
30,1
29,9

35,9

Fuel Flow,

o/z

ne -
(=] e
L] L]
1.3 0

18,5
211
15,1
17,2
2.7

Metered Fuel-Air
Ratie, g/kg

[+ ]
-
AT

11,0
8,4
G,.7

i3,0

10,4

10,9

13,5
8,3
a,3
9,3
7.0

11,0
8,4
8,9

13,5

15,3

11,0

10,7

12,2

Sample Fuel=Air Ratio/
Meterod Fuel-Alr Ratie

v,92
0,88
0,°2
0,93
0,92
0,913
0,94
4,9
0,89
0,97
0,95
1.00
0,9
.90
0,54
0,9y
2,95
2,55
0,97

t,98

Thermocouple Combustion

Efficiency, %

L= ]
-y
-
o

90,6
90,3
9t.G
B& .3

80,6

Sample Combustion

Efficicncy, %

95,1
99,9
98,9
99,8
99,48
99,9
99.9
99,8
98,3
99,8
99,9
98,8
99,9
q9,%
97.8
99,8
89,5
99,9
92,4
99,4

CO Emission Indax,
o/kg

f=3
=
-

o

[2¥]
-
-

32,2
4,1
6.3
245

. l'q
5,9

ug,7
3,7
203

So,4
1.3
2:9

83,4
9.8

19,0
3,5

51,5

lg,9

¢ Emiasion Index,
o/kg

w

£
-

-]

0,6
3,9
0,7
Bt
0.4

0,3

9,2

4,4
0,8

5,0

0.3

0,2
0,3

60,2

1,9

jissicn Index,

NO_ Em

a/%g

3,9

2,8

L

3.7
1.1
2,4
3.4
1.2
4.0
2,4
1.2
3,0
3.0

1,7

1.2

1,3

qoz Volumes,

5

1,82
2,21
1,65
1,29
2,67
3,02
2,19
2,02
2,49

Thormocouple Avarape
Exit Yemporature, K

Pattorn Factor

0,23
0,23
0,24
0.28
0.21
0,22
0,27
0.21
0,19
0,22
0,32
0,28

£ UG 19 and 20 Emissions Levels Reflected by Blowsut Fellowing MK 18,

e

K

Maximuem Linor
Temperature, !

e

L

=
-

1033,
877,
972,

1074,

1040,

1020,

1074,
863,
975,

1018,
897,

1075,
972,
879,

1979,

1057,

1076,
986,
%18,

o Q
B %
va G
Q2
R
D v
Qe
(%]
C, ¥
e 37
n
k23
1
b
2 a &
i 5 %
8 B Rg
e ke 22
53 3f
i"s CI-S [ =]
3,60 4,70 709,
5,92 6,60 179,
6,78 5,55 1058,
6,37 b,60 1410,
5,99 5,43 18Be2,
5,73 5,52 1426,
8,62 7,% 1805,
8,78 7,85 1802,
8,21 7,% 1252,
3,77 3,79 %oe,
3,99 12,84 1240,
5,16 3,83 722,
5,50 5,58 1767,
3,69 5,59 14v5,
5,65 5,55 938,
8,99 8,49 1479,
9,37 8,86 1907,
9,217 &,86 963,
9,40 16,09 1273,
16,25 14,80 1964,

P
s

Avg. Catalyst Inloet Temp. (Cotalytich X

Swirler Inlet Temp. (Roecuperatlval,
or Avige Linor Tomp. (Hot Walll, X

7649,
920,
EUEll

1]

)

{oporating Linits

Corments

H.gocnanee

865, Vr & 2.5 ofe
G78,
G2U, T

U7
Q85,

767,

B7%
908,
80144 -
Glby
805,
Té2,

1019,

1015,
951,
78q;‘
Blg:

Xo Limit
Encounttered

Resonance
fn 2 9.

L]

No Limit
Encountrred

Bo Limit
Encounteres

floronnee
Threnhold®




BET

Reading

A

Teat Point

Prassure, kPa

-
&
-

]
3]
b
2
-

Table XXXIT,

Inlet Totaol
Temperuwture, K

w22,

ags,

Inlet Humidity,
'] IIEO/ltg Air

Cambustor Air Flow,

Ig/s

Reference

15.2
15.3

“Velocity, m/s

g RE

Test Summary, Combustor Configuration Rl, Runs 6 and 7.

Fuel Flow,

ol

—
-
-

&,k

A.h

Metered Fuel-Ajp
Ratio, g/kg

~t
.
[}

0.6

15,8 1n.5 13,2

-

5.7

- LY
o [i%]
PR
- ~

—
wr
.
il

15.3

ie.?

11,1

19,4

Sample Fuel-Air Ratio/
Hetered Fuel-Adr Hatio

0,95

G,99
C.&R

0,87

Thermocouple Combustion

Efficiency, %

0 n
&> [
- L)
-3 My

4]
&
-
wd

29,2

Se6.1

Sample Combustion
Efficiency, %

-
Es ]
.

=

0
a

€O Emiraion Index,

grky

HC Emission Index,
u/kg

o
Y

dex,

NO_ Emission In

a/%g

A Volume,

co
%

Therrocouple Average
Exit Temperature, K

679,
698,
167,
Bi5S.

e s
o L‘
Y £e
g w4 b
ite - 3

-

E  E&
L] EQ
+ el
wd ﬁ E
2] ]
& = B
0,16 9t1s,
n, iy 937,

T.le 1828,
491,
0.20 104%,
d.36 1065,
6,29 1106,

0.2% 895,

Total Pressure

Lona, %

v
-3
&

2,26
2,50
1,1
2,40
2,72

v

.73
5,95
2,U3
2.0%

2,65

Dome Presnure

Fucl Nozzle Preasure

yrop, kPa

v
~
"
-

38,

Avg. Catnlyst luiet Temp. {Catalytic), K

Swirlor Inlet Temp.
or Avg. Liner Tesp. {Hot Wall), K

b



88T

e £

a -

-~ “ O

- = ]

- - - « =

2 B AL O%
21

= = a W
-t - -
=2 < 28 o o
= 0 - o - E
o =1 Z = g
-3 123 Ly L2l 23

1 111 200, 366.

2 112 201, 3é8.

—=.3 113 200, -367 .-
4 115 202. 368,

T 's 210 305. 4204

Table XXXTII.

3
o *
: -
- e
b <
- - 3 1
- - ~ -
= - - E e
- hg 2
c L aQ - x Law "l
S & 2 Q - a o
=< % gm B 3
- 2 -
- O a W U L0
o N a6 (<3~ - oA
- E™N e o0 o
1 ac ou =N -
- G 0= = > k@ = &=
3.0 0.81 1523 6.6 8.1
3.0 0.B81 15, Bet 10.7

2.9 -0.80 15.1-10.6 -13.3

2.9 0.81 15.1 9.6 12.0

2.9 109 15,5 7.5 6.9

——b-2%1. 304, 823,---3,3-1.08-15,5—9+6 - 8.9

7 212 306, 4224 3.0 1.08 15.4 11.1 10.3

Sample Fuel-Air Ratio/
tHetered Fuel-iir Ratio

Thoermocouple Combustion

Efficiency, %
Sample Combustion

Efficiency, %

Bho.7 BE.D

95.4 8.8

9243 98.7 -

4.4 990

9.7 99,86

6.4 998
96,4 99.7

'y K 3 £ -

<] [4] -Q Lo

= o S Bl

= 3 = < 3 )

L] - -l -]
[+ v a -

1 = =] - - L Q

o Q Lol (<3 Lo &

"l .- 3 E g -'-E'- in

i 0% F 2 BE

- - B o R3]

B B 5] - E o
of L& % 0 an 0B
8= B85 288 8~ &4 &
69.0 103,8 1.5 1.28 643, 0.30
22.0 7at 4,0 1.88 773, Q.24
39,5~ 3 b Fu2 .- 2a31 - Bhba - 0,32
e7a7 3.2 6.4 2417 B12. 0.3%
5.3 34 2.4 1,42 695. 0.24

Ja0 A7 ——4,5—1.80 - -762.- D.19

6.8 1.4 8.1 2.01 Bl12. 0.3%

1125.

[} l.l

-

Test Summary, Combustor Configuration R2, Run 8.

2 O
50"

o

L

T
0 - -
e n
35 &
g3 fw
gE - -
- S c W
28 53
o l*-g
8¢, 1.B9
1073. 3.77
‘114.-2-76
1039. 291
P54, 2.03
1027.-- 2.04
2. 37

5 8

i

Domo Pressauro

Loss, %

0.5%
0.54
0.59
0.54
0.64

0445 -

.44

Fuel Nozzlu Prossurc

brop, kPa

234,
423.
4524
526«
319.
521.

712.

Avg. Catolyat Inlet Temp. (Cntalytic), R
Swlrlo~ Inlet Temp. {Decuperative), K
or Avg. Liter Temp. {Hot Wall)}, X

512,
458,
468,
460,
469

485.-

w0
pa0.

od
o 80
va 990

AEE

498,

@t




0EL

Teat Point
Inlet Total
Prosuure, &Pa

Reading

Nt
“u
(2]
=
=
.

2 211
321w
4 2n7
3 20 %12,
6 222 3u7,
37,
T,
33,
4 130 2od,
ari,
12 132 2eg,

15 111 2us,

* Erroneous HC Readings - Sample

e R e

Table XEXIV.

~. 0
-
ot
£ i3
5 " L
- [z -t te i
i - - P
- t 0 1 < )
= et b Bl S — L]
3f 34 = F o, 3% 33
P | H 1 8 = x lx.{ = Iy

o+ 34 & [+] [T =} [~] .
F I -] o -+ o+ -y o o
i s ] e 2% g - -]
o O g U W a -
aq o @ o on o 0 — [} [= "]
25 BT 55 53 3¢ B3 ik
HPBH HD X S>> Wk z:é ur
@250 1.9 31,03 1500 11,3 1l.0 0,95
92, 2.4 1,07 14,5 9.b6 9,4 0,96
de, 2,5 1,01 tu,5 7.6 7.4 0,98
A21. 2.4 1.97 1dobh h.5 6.4 1.90
429, 2.3 1.77 25,9 11,3 o.a 0,95
12, 2.1 1,78 £9,.% 1R.% 10.6 G.88
qAd, 2,4 1,7R 29,3 11,5 6.0 n,81
423, 2.3 1,1 25,8 14,1 7.9 bRy
421, 2.3 1,77 P3.4 th.7 B.0 0,79
3T, 2.3 1.85 29,0 9.9 6,4 U.Bh
Ino. 2,3 1,5% 29.1 15.7 10,7 €,74
Ib7. 2.3 1.85 29,0 1A.9 12,2 C.71
InB, 2.3 2.86 19,8 A, 8.7 0,90

e e B e et e s e ok A DAk v i AR i a1

Thermocouple Combustion

Efficicncy, %

94,5

Spmple Combustion

Efficiency, %

99,7
99,6
99 A
99,5
49,5
Ba.h8
99,3
99,2
a7.8
95,9
97.9

8.8

CO Emis=ion Index,

I
T
.

(=

Lines Contaminated

- B
" 4 L
[} k=] U o
k-l = A
=4 - -
i o a
g ] 5 ab
ad -3 E a5
] ] a3 OB
n E a e
b=
i %o i
gn\ = = [ ¥R E“lﬁ
1.5 11,5 2,14 8a4,
l,ﬁ 9,3 1,A8 7ﬂ5,
1,7 5.7 1,82 1718,
1,0 3,0 1.32 &72.
1.1 2.9 .26 BLO,
1.1 7.2 L,B8 BRDO,
31,7 3,0 1,05 663,
- I | a,1 1,38 Ti1%,
Y,2 YS.7 1,94 782,
13,5 1.3 1,11 &49,
I.7 3,7 1,54 736,
3.8 q,7 1,74 80t
7.9 2.9 1,51 ¢an,

with Fuel

0,45

.Tffﬁﬁx

Temporature, K

Pattern Factor
Maxioum Liner

1243,
0,81 1190,
0,36 1079,
0.% 984,
0,37 993,
0,52 111t,
n,21 962,
0,°% 1048,
0,30 1052,
n,2% 788,
.45 1009,
g,a6 1069,

0,30 925,

Test Summary, Combustor Configuration R3, Runs 12 and 13.

Total Pressure

1,84

2.2

2.49

11,27

2.08

Domo Prosaure

4,03

0.9%

Avp. Catalyst Inlot Teap, {Catalytic), K

Swirler Inlet Temp. {Mocaporative}, K
or Avg. biner Temp. (Hot %all), K

Fuel Nozzle Pressure

Drop, kPa

7as,
5u5,
333,
2u3,
718,
2412,
785,
12vo,
1708,
eu7,
1528,
2311,

204,

Comments

515.
Siu,
Sde,

LH9,

o

-
—

-
k.3

I
a
W
* ®

sae,

uas,




81

Ronding

-

[ W W bhow N

114

i8

£3

3=

15

17
-4

20

Toat Buint

N
+*
<

128
122
123
$20
13t

232
23
233
220
132

Inlet Total
Proruura, Ria

L]
a
~

o,
303,
3%,
o1,

159,

Table XXXV,

« 5.
2§ 2%
Ll -
az2s,
aga, 1,7
5250 1,9
365, 1,5
367, 1,5
363, §.b
3pe, 1.6
386, 1.5
369, 1.8
3567 1.t
In%, 1.2
348, T £.3
367, 3.3
Ipe, 1.5
azg, " 2.5
625, 2.5
a2a, 2.0
%23, 1,7
32%. 0.
359, 6,

v

Caxbuator Aly Flow,

kyn

1.0%

33
4.7%
€, 7#
0,75
C.EL
t,72
1,72
1,714
.21
N
2enk
2407
Z.07
Z.07
1.5%

1,88

Reforonie
Yolocity, w's

29,6
£F.8
23,3

26,6

Test Surmary, Combustor Configuration P4, Puns 14

Hetuted Fuel=}r Natdo
Spuple Fual=Air Ratin/
Kotered Fuvledir Mxtio

. 2
x =
° -
e
A -
[-]
- -
o = -
= <
e & =
T.h 7,3 0,96
FT B3 1,52

T,b 5,0 1,02
BT 8.5 v.98
A8 16,7 6,9
in,5 13,6 £,92
7.6 9,7 £,%
S.7 7.3 0,77
E.T 8,2 0.%4
4,7 2.t 9,92
17,9 10,5 0,90
£5.9 13,1 4,73
7.0 5.6 G,%3
12.0 2,3 0,62
16,8 B,0 Q.37
18,8 2.9 0,35
23,3 &.4 0,90
£1.5 2.3 0.1
7,6 8,7{

18,5 10,0,

Sasple Combustion
Bfficioncy, »

a Themaoncoupie Coabuatian
- BIflcloncy, %

59,5

L]
al
LAV

.2 97,8
95,3 59,1
90,3 99,1
Sg,1 9.3
F0,% 52,9
%2,3 59,2
0,5 7,1
G465 99,2
33,0 95,7
22,6 99,3
1.3 92,3
63 2 9% .1

93,5 99,7

29,3 99,8 -

Rh 6 G949
0.5 9%,&

29 6 99,3

- - "
o - &
3 “=
= 2 =
- = ~
Lad - -
I~ -4 z -
=] & Eed ©
F r z £
T : oz 3
o £o “o =
or L% g%
O o = o 2w
1.9 2.0 5,3 1,42
2.7 1.3 7,0 i.79
23.% 3,1 2.6 2,12
11.6 6.3 2,9 1,55
16,1 3,2 4,3 2,15
32,3 5.5 4,9 2.5
13,9 8,8 3,6 1,93

23.9 13.5 1,9 1,48
16.%  S,6 3,1 1,5%
3.9 Z.0 3.4 1,5
13,7 1,2 3,2 1,7
gu,6 1,% G,0 2,36
15,2 2,6 2,8 1,27
£.0 1.5 2,9 1,81
1,7 1.2 8,9 1,25
Zef  G,2 5,2 1,59
2.5 1,2 2.8 1,20
19,2 2.6  I.1 1,00

Thoreocaitple Avorage
88t Temporatare, R

s92,
757,
&35,
672,
763,
847,
724,
B33,
&3%,
671,
754,
a5,
515,
&7%,
706,
737,
6Sh,

&£17,

Uattomn Factor

2,19
8,58
C.i2
0,28

2,28

-1

¢.19
0,19
Gotb
£,13
2,15
0,83
0,14
0,14
0,18
0,12
Cat%
0,17

and 15,
¢ £
2E 23
1020, 2,92
1893, 1.%2
739, 2,03
1013, 2,39
1123, 2,%%
3832, 2,7
13163, .27
%31, 2,75
084, 2,71
1023, 5,7
3632, 6&,c8
;553, b 88
97%, 5,51
1076, 8%
1068, 8,55
1097, 9.08
956, 26
#a%, 9,03

Short Readings to Define Resonance Limits.
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Test Summary, Combustor Configuration R7, Run 28.
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APPENDIX C

CATALYTIC REACTOR DESIGN PROGRAM SUMMARY

The catalytie reactor used in tests of the LOPER cata.ytic combustor was
designed and fabricated by Engelhard Industries under subcontract to General
Electric. The catalyst design program* included a series of catalyst screen-
ing tests to select a preferred catalyst configuration and to provide a
basis for catalyst performance predictions, and a series of parametric tests
to determine catalyst performance at conditions repregentative of the LOPER
operating conditions,

Performance Goals

The performance goals for the catalytic reactor were as follows:

. Cleanup capabllity to maintain combustor emissions less than -
10 g/kg for CO and 1.0 g/kg for HC

. A reactor pressure loss of less than 3%
] An overall reactor length of less than 9.5 cm
The above goals applied to the LOPER design operating conditions, assuming a

50Z combustor airflow through the catalytic reactor, a precombustion zone
combustion efficiency of 98%, and a catalyst approach velocity of 34.8 m/s.

Screening Tests

Laboratory evaluations were conducted on 2.5-cm-diameter test catalysts.
Vitiated inlet air with negligible pollutant emissions was provided to simu-
late T.OPER catalyst inlet temperature and oxygen concentrations. This air
was seaded with CO and C3Hg to simulate incomplete primary zone reactions.
The reactor was imstrumented to measure test catalyst pressure drop, inlet
and exit temperatures, and CO, HC, and NOy emissions.

Initial screening tests were designed to evaluate the purely catalytic
performance of the four catalyst configurations shown in Figures 55 and 56.
These catalysts differed only in the cell packing density of the honeycomb
support. Catalyst lengths were selected based on equal geometric surface
area, with one additional length of catalyst tested to provide additional

I.T. Osgerby, R.M. Heck, R.V. Carrubba, C. Gleason, and E. Mularz, "Com-
bustion Catalyst Studies for Simulated Aircraft Idle Mode Operation,” to Be
Submitted for Presentation at the Twenty-fourth Annual ASME International
Gas Turbine Conference, Mareh 11-15, 1979,
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DXD 222 BN 0xp-22 B DXD-225

Cell Density Length, Hydraulic Diameter, Percent
I1.D. Code _Holes/cm2 Cell Shape cm cm Open Area
A. DXD-222 39 Sine Wave 7.6 0.0975 65.5
B. DXD-221 14 Sine Wave 11.4 0.1722 54.2
C. DXD-225 6 Sine Wave 15.2 0.300 73.3
D. DXD-221 14 Sine Wave 152 0.1722 54,2

Note: Catalyst loading and type are proprietary information.

Figure 55. Catalyst Screening Test Configuiations.
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SCREFN TEST CATALYSTS

e ...

bY
o » | Catalyst A Catalyst
- ; §l 7.6 cm DXD-222 11.4 cm DXD-221
- ;

Catalyst D —-l
15,2 em DXD-221

PARAMETRIC TEST CATALYST }

j Catalyst F
| 8.9 em DXD=-222

e ———

Figure 56. Screening and Parametric Test Catalysts.




information for predictions of catalytic conversien. Screening test con~
ditions (Table XLVI) were selected to preclude to preclude homogeneous
(thermal) combustion. Catalyst performance was evaluated based on the
trade off between catalytic-conversion time-span requirements and pressure-
loss time-span restrictions,

Conversion and pressure loss predictions based on screening test results
are summarized in Figure 57. None of the configurations tested met both HC
and CO conversion goals with purely catalytic reaction, Indicating that a
homogeneous combustion contribution would be required to meet emissions ob-
jectives. Of the configurations tested, Catalyst DXD-222 provided clearly
syperior conversion characteristies. Pressure loss with this catalyst was
also very close to the goal of three percent at the LOPER design inlet pres-
sure and velocity. Based on these results, a configuration consisting of
5.1 em + 0.6 cm space + 3.8 cm of Catalyst DXD-222 was selected for the LOPER
application., This two-stapge design was used because no 8.9-cm catalyst
support material was avallable,.

Parametric Tests

A limited series of parametric tests was conducted with the selected
catalyst to determine the enhancement of CO and HC conversion which could be
obtained with additional homogeneous combustion within the catalytic reactor.
To promote thermal reaction, tests were conducted at increased catalyst inlet
temperatures, as indicated in Table XLVI.

Results o: these parametric tests are shown in Figure 58, Predicted
catalytic (mass transfer) conversion levels, extrapolated from DXD-222
screening test data, are also shown for two representative velocities. Test
points taken early in this series at 36.0 m/s indicated a homogeneous re-
action contribution at a temperature of 1233 K. With this contribution,
the CjHy vonversion goal was very closely approached. No evidence of a sig-
nificant homogeneous reaction contribution was observed in CO conversion,
indicating a higher activation energy for homogeneous combustion of CO than
for CyHg.

Data obtained in later test points indicated conversion well below levels
predicted by mass transfer considerations, This effect was apparently the
result of a deterioration in catalyst activity after the initial high-tem-
perature tests. Posttest inspection of the catalyst indicated that some
temperature damage had occurred, possibly from catalyst overtemperature
during fuel-air ratio adjustments.

Based on the above tests, 1t was concluded that both €O conversion and
pressure drop goals could be met with the preferred DXD-222 catalyst, and
that HC conversion goals could be closely approached with some homogeneous
reaction contribution.

145

e e I via

NI



146

Table XLVI. Nominal Catalyst Test Conditions.

Screening Tests

Seed Gases

Catalyst Approach
Pressure, Inlet Veloeity, Co,
lkPa Temperature, K m/s ppm
203 811 24 .4 200/400
203 811 30.5 200/400
203 811 36.6 200/400
203 811 42.7 200/400
203 1033 24.4 200/400
203 1033 30.5 200/400
203 1033 36.6 200/400
203 1033 42.7 200/400
Parametric Tests

203 1256 36,6 600 & 1200
203 1144 36.6 600 & 1200
203 1033 36.6 600 & 1200
203 1256 27.4 600 & 1200
203 1144 27.4 600 & 1200

Cqlg,
ppm

. 200/400
200/400
200/400
200/400
200/400
200/400
200/400
200/400

600 & 1200
600 & 1200
600 & 1200
600 & 1200
600 & 1200
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Figure 57. Catalytic Conversion and Pressure Drop Predictions Based on
Screening Test Results,
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Figure 58, Parametric Test Conversion Performance Catalyst.
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APPENDIN D

SYMROLS

Combustor/Component Effective Flow Area
(Geometric Avea x Flow Coefficient)

Dome Cross-Sectional Area

Carbon Monoxide Fmission Index

Secondary Swirler Barrel Diameter

Metared Cowbustor Fuel-Air Ratio

Fuel-Air Ratio Calculated from Gas Sample

Unburned Hydrocarbon Emission Index

Combustor Dome Height

Combustor Axial Position Measured From Swirler Exit
Secvondary Swirler Barrel Length

Total Combustor Length

Oxides of Nitrogen Emission Index

Compressor Digscharge (Combustor Inlet) Total Pressure
Combustor Exit Total! Pressure

Conpressor Discharge (Combustor Inlet)
Total Temperature

Combustor Exit Total Tempuorature
Total Combustoé Velume

Combustor Refersnce Veloeity
Total Combustor Airflow Rate
Combustor Fuel Viow Rate

Combustor Inlet Density

Units

cm”

cm
gfkg
g/kg
g/ig
en
cm
ent
cm
glke
kPa

kPa

m
/s
kgls
els

kg/m3
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APPENDIX D (Concluded)

Combustor Total Pressure Drop

Dome Pressure Drop

Units

kPa

kPa
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