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STATUS REPORT. ON THElNASAfEPA AUTOMOT IVE

THERMAL REACTOR TECHNOLOGY PROGRAM
By Charles P. Blankenship and Robért R. Hibbard

ABSTRACT

‘This report summarizes the current status of the NASA~EPA auto-
motive thermal reactor technology program. This program is concerned
primari}y with ma;erial; evaluation, reactor désign, and combustion
kineti;s. Ffom enging'dynamometer tests of candidate metals and coatings,
two ferr{tic iron alloys (GE 1541 and Armco 18=SR) and a nickel-=base . .

alloy (Inconel 601) offer promise for reactor use. None of the coatings

_evaluated warrant{fuffher consideration. Development studies on a

ceramic thermal reactor appear promising based on initial vehicle:

road tests. A chemical kinetic~study has shown that gas temperatures’
o . o 0 o .

of .at least 900" to 1000 K. (1150" to 1350 F) are required for the

effective clean=up of carbon=monoxide and hydrocarbons, but that higher

temperatures require shorter combustion times and thus may permit

smaller reactors.

SUMMARY
An  automotive thermal reactor technology program is being conducted
by the NASA“Lewis‘Research Centér in cooperation with the Office of Air

Programs of the Environmental PEotection»Agency. This program is
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directed toward contributing to reactor technology primarily in the
areas of materials;uFéécto}”aegiéﬁ;’éhd:reéttéf'kiﬁéifés. The materials
téghnology program"inciﬁdéé evaluation of commercial and experimental
alioys, metalli@ anq ceramic coqtﬁqg;a_and the'dgngOpmen; of a
ceramic thermal reactor. Reactor design studies are directed toward -
development of improved operatﬁnglﬁerformance in this type of pollution=
control system. Reactor kinetics research includes consideration of
gas reaction rates‘as related to gas mixing, combustion téhperatu}gs,'
and’ reactor residence time.

Engine=dynamometer tests of full=size reactors fabricated from
‘ seven different uncoated alloys and from'a stainless steel with'six
diffeféht‘ok%dafioh'rééiéfént“ébatings’héve been completed to date.
‘Peak reactor temperatures in thé’cyciic'engihe’tésts’wéfe'abddt 1300%
(|9009F); ‘0f ‘the seven uncoated alloys evaluated, two ferritic ifon
élloys; GE' 1541 -and ‘Armco’ 18=SR, and ‘the nickel=base alloy Iriconel 601
have “shown .the most promise for:reactor USe.'3However;”the results of
tests-on coated metallic reactors indicate that none of the six coatings
evaluated appear to-be satisfactory for reactor use. They included’
aluminum, chromium=atuminum;, ‘nickel=chromium, anhd glass coatings on a
stainless steel (AISi 651) substrate.

For ceramic thermal reactors, most of the effort is directed
vtoward deve[opment gf'designm;qncept; thaFlhavg'popentia[(for supporﬁing
ceramfﬁwréactOEJcomponen{s to prevent faiigre %rgm_éechanicalu§hogk_ . 

(road and engine vibration). A metallic corrugation support system is

i
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the most promising design édrrently being évaluated;'JThérmaI'shock'
resistant ceramics that are being evaluated for reactor use include
several “types of4glaés=Ceramics, silicon carbide;‘and‘éilicon nitride.
‘Al of these offer high potential for reactor use. Engine‘dynamometef
tests_of the ceramic reactors have just started. But over SOOO.mi1es.,
of vehicle road tests have been completed on a silicon carbide reactor.
< The reactor has performed satisfactorily in the road- tests and shows
no sign of deterioration or impending failure.

" " Although most test réactors operate with gas témperétﬁre from -
‘about 1150° to 1300%K (1600° to |900°F), kinetic analysis of the com=
bustion requirements in'a thermal reactor has-shown that miﬁimﬁhxéégu
~temperatures of only about 900° to 1100° K (1150° to 1350°F)’afé'%;%ﬁ;
needed for reasonably rapid oxidation of carbon monoxide. This anéf;ﬁis
probably applies also to the oxidation of hydrocarbons. ' The oxidation
reactions become very rapid once the minimum temperatures are exceeded
“indicating that reactors lower in volume than most of those presently
‘being evaluated may be effective providing adequate gas mixing can be
achieved. Therefore, additional experimental and analytical analyses of

reactor=mixing processes are being conducted.

INTRODUCT ION
The emissions of carbon monoxide (C0) and hydrocarbons (HC) from
1971 model yea? automobiles is less than 15% of that of the average
uncontrolled automobile of the early sixties. This greater than 85%

reduction has been accomplished by returning crankcase blow=by to the
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engine, leaning out the carburetor, retarding the spark, and modest
changes,in_cpmbustion chamber geometry. This has been accompanied. by
'some loss in performance and fuel economy, the latter due to retarded
;iming under the ]ight“logd cqnditions_whe?e most mileage is accumulated.
thleAthe current emission requirements have been met by modifying
the basic spark ignition engine, it appears that the automobile indusfry
has gone about as far as it can in this direction. Therefore, the next
round oftredqqing.autémobile'emissions scheduled for the 1973 model year
will probably require some kind of exhaust gas treatment. The’much
‘more stripgcnt requirements for 1975=1976 (ref. 1) will certainly require
such treatment'ﬁnless'the spark ignition engiqe is rgplaced by some other
power.cycle;4buf the latter is very unlikely in the near term. Thisf
ﬁexh;ﬁst gas treatment can be, as a minimum, just the addition of secondary
air downstream of the eghaust valve, and this may allow many models to
meet the 1973 requirements. But the 1975'1976 specificatiqns will almost
certainly require more complicated forms of exhaust gas treatment. . The
most promi;ing systeﬁs forvthis purpose are thermal reactors. (sometimes
called exhaust manifold reactors) and catalytic converters. Either. of
these systems (or combinations of bqth) will. have tp‘bé‘installed on
the exhaust systems of convgntional engine§ fo further reduce emissions
beyond that possible by engine modifications alone. Both of these
systems are being worked'on”in the automobile and petroleum indu§tries,

with major émphééis épparently on catalytic converters.
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In 1969 the National Air,Pollution Control Administration
 (NAPCA==then a department of Health, Education, and we]fare) suggested
that they and the NASA'Lers Research Center enter into a cooperative

program for,federa} goVernment Sponsorship_ofrresearch on thermal
reactorscto.help foster their development. This resulted in:an agree=
ment between the two Administrations whereby NAPCA was to make funds
available to NASA to support contractual_research on materials problems
and the NASA=Lewis Research Center was to contribute an in-house effort
d(rected towards,materials eva]uation,‘reactor design, and supporting
research in chemical kinetics and fJow dynamics. Subsequently{ through
reorganization and reassignment, the interested segment ofﬁNAPpA_ .
; became theIOffice of Air Programs of the Environmental Protection
Agency (EPA){ and the latter maintains an active interest but no‘longer
fnnanclally supports this work.

It must be emphasuzed that this NASA'EPA program is a technology
program anmed only at contrlbutlng data and concepts Wthh may be useful
to the desngners of emission control systems. The program does not
have the goal of develop|ng and demonstrating a marketable low emission
yehtcle. There are the.many aspects of mass producibility, cost,'
customer acceptance, styllng restralnts malntenance etc. that can
only be evaluated and developed by the automotive |ndustry.

Reported herein is the progress to date on the NASAfEPA thermal
reactor technology program. This report summarizes results from work
done both under NASA contracts and that from the NASA-Lewis Research Center

in= house effort. It |ncludes highlights of work already publlshed
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-as NASA reports and'some preliminary results from work still in progress;
the latter willfbé'hdrejfully covered in NASA reports at a later date.
Our thermal reaéfbr work is divided into two major areas: (1) matérfals
t;chnology, and (2) reactor kinetics research, with principle effort

in the materials fechndlogy area. The foilowing sections of this report
are organized around the;e two areas wfth a brief discussion ofithe

thermal reactor state~of=art.
THERMAL REACTOR STATE=OF=ART

A sketch of a typical thermal reactor installation is shown in
Figure 1. It consists of an oversized exhéust manifold having an
internal volume about equal to the displacement volume of the engine
bank Tt serves. In it, exhaust gas and secondary air are mixed and the
HC and CO are oxidized, at least in part, to carbon dioxide (COZ)‘and
water (H,0). The thermal reactor is most often used with an'ehginé that
is run somewhat richér”than stoichiometric so that'addftiohai air is
requifed to allow the further conversion of HC. and CO té H,0 and
COZ. The reaction takes place in the‘gas phase and not on catalytic
surfaces; therefore, the thermal reaétor may tolerate the lead from
leaded fuels that would poison catalytic systems. However, the Iead
may adversely affect thermal reactor materials and so shorten éystem
life. | |

There.haé been éonsiderébié fﬁaﬁstrial effort on the tﬁerhal or
exhaust manifold reactor (é.g. fefs.h2'7) dating back to at least 1962

(ref. 2). Reported results (ref. 8) indicate that at least one reactor
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. concept, when cqmbined with engine modtfications, can meet the 1975
federal standards (rgf. 1.) for both HC and CO emissions. And, wheni
exhaust gas recirculation is added to the»engfne, the tentative 1976 .
federal standgrds>for nitrogen oxides (NOx) can also-be met (ref. 8).

This reduction in NO, is accomplished in large part by using richer

X

than normal carburetion in the engine since far.le‘ss,NOx is formed in
the.combustion of rich mixtures than with near-§toichiometric or lean

~ mixtures. qugver,.yhere is a loss in fuel economy approaching 20%
(ref. 8) associated with the rich engine operation. The thermal.reactor
is also reported to be very.effective in reducing .the emissions.from .
the rqtaryf(Wankel)“engine (ref. 9).

Because engines with'thermal reactor emission control are usually
run rich and seconaéfy air must bé added,Athé reactor must serve two
functions. It must act as a mixér to blend this secondary air with
thé’eXhaust gas ahd it mﬁst supply sufficient residence ffhe'for the
oxidation reactions to go to near comﬁletion. The efficiency of the

'forméfmprdcéséldepeﬁdsloh the'géometry of the system, and the latter
depends on the temperatufe and voldmé'of‘the reactor. There has been
coﬁsideréblé éffdrt to deQelbp geometries that yfeld effe;tivé mfxing
énd:iﬁSUIatfhg systems to keep the temperature high. A minimum tempera=
ture of at least 800° K (980°F) has been found necessafy for emission
controi; and.tempeféthés‘of at least 1350°K (1975°F) can be reached
under some Operééiﬁg édﬁdftions (ref. 3). Peak temperatﬁres of appfoxi‘
mately 1650°K (2500CF) can result in a malfuhctioﬁing,enginé.from the

combustion of the charge from a misfiring cylinder (ref. 3).
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Overall, the thefmal reactor system does hold the promise of
allowing the spark ignitfon éﬁgine to meét‘thé very ;t}ingeht emission
Ilmits proposed for the 1975-1976 model year cars. .HoWevér, thé high_
operating temperatures present very serious problems as to reactor
-~ durability and life, especially under agressive driving condiinps or
with a misfiring engine. The Superalioys developed for high feﬁperature
use in jet enginés might give adequété life, but these are costly and
‘contain high percentages of nickel, a strategic element. The use of._
lower cost and more available materials is ceftainly désired f6r4fhése
reactors. There is also a desire for smaller reactors since they now
present serious under=hood congestion problems when installed in V'8

engines. These problems are addressed in the NASA=EPA program.

MATERIALS TECHNOLOGY PROGRAM
Overview

The.materia]s technology program includes evaluation.of .commerical
and experimental alloys, metallic. and ceramic coatings, and the
deyelopment of design concepts for reactors utilizing ceramic_cbmponents.
This work is directed toward finding materials that will endure the
most severe of reactor operating conditions. Thus test conditions
differ ;onsiderab]y from those_usually_used in evaluating the pollution=
control performance of reactors.

In conducting this program, primary attention is _being given to
the most important.fac;ors ;hat affect,materials selection for this

application, as listed in Table 1. As shown, reactor temperatures
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under normal dr}Qing conditions range from aboutAHSOo to 1300%
(1600o to I9OQ°F). ' But temperatures can exceed about lSiSoK (2300°F5
under extreme conditions such as Spark‘out. With a desired reactor 
_life of 50,000 to 100,000 miles (2000 to 4000 hours) at these high_
opgratihg~temperatures, material properties such as creep resistance
and resistance to thermal fatigue due to the cyclic mode of'6perafioh
are of prime concern. Also, reactor materials must have reSiéténcé
to high temperatire oxidation, to erosion, and to chemical attack from
"fuel constituents. Superimposed on these metallurgical and mechanical
considerations are the requirements for low=cost materials that afe
relatiVely easy to fabricate and assemble into reactor components.
Finding a'material that meets all of these requirements is difficult;
probably none of the materials available at the present time meetiall
of them.” Thus, trade=offs in material performance and cost may be
necessary to meet fhe requirements of this application.

Our approach to this materials problem includes: the evéfu%fibn
of inexpensive, oxidation=resistant Fe~Cr-Al alloys; the application
of protective coatings to conventional stainlegs steels; evaluation of
nickel~base superalloys; and the development of reactor designs that
would permit. the use of the oxidation and thermal-=shock=resistant
ceramics that are subject to failure by-mechanical shock (engine and
road vibration).

Recent progress made -in this technology program and future plans’

are summarized in the following sections.



Evaluation of Alloys and Coatings

Typical alloys and coatings‘selected for -evaluation. and their
nominal composition are listed in Table 2, They.ihc]ude austenitic
stainless steels (AISI 310 and 651), ferritic=iron alloys (GE 1541
and Armco 18=SR), and nickel=base superalloys (Hastelloy X,.lnconel 601,
and Nimonic 75). The performance of commercial coatings was evaluated
using primarily AISI 651 (19-9DL) as the substrate. The coatings-lfSted
in Table 2 are representative of the coatings thaf are used to protect
. superalloy components used in the hotter sections of aircraft jet engines.
These materials were évaiuated on engine~dynamometer test stands using
coupon _.samples as well as full=size reactors, as described below.

_, Except where noted, all of the engine tests were-conducted;qsing
regu]ér'grade.leaded gasoline. Peak metal test temberatures were
limited to about 1300°K (1900°F). This was considered to be the
max imum usé temperature for the metallic materials included in the
evaluation. -

Coupon Screening Tests. = A broad range of materials within the

general class listed in Table 2 were exposed és coupon samples in a
thermal reactor mounted on a test engine (NASA-Lewis engine test -
facility:described'in refs. 10 and 11). Similar-type material evalua-
tion tests have been conducted by others (refs. 4 and 5). The test
coupons, approximafeiy 5x2x 0.]5?cm (2 x 1 x 0.060~inch), were
mounted on a rack directly :under tHe exhaﬁst ports and exposed to

cyclic engine operation. Engine operation was adjusted to provide a
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lO“dlnute exposure at about 1300 K (1900 F) fol lowed by a IO'munute
deceleratlon and |dle to a temperature of about h75 K (hOO F) Most

of the materlals were exposed to about 150 cycles. On the ba5|s of
resistahce to'oxidation and‘distortion, materials such as Fe~Cr=Al

alloys, Inconel 601, and the Ni=Cr and Ni=Cr=Al coatings on AIS| 651

gave excellent performance. Thus, they were included in the following
~testa of full'éfze reaetors; 'The detailed results of the coopon screening

tests. are given in reference 11,

‘ﬁFull'sfze reactor‘screening tests. = All, of -the alloys and.
coatings listed in Table 2 Qere subjected to full=size reactor -
screening tests. Reactors fabricated from these materials were
of similar design to the Dupont\TyPe 1 cireumferential flow reactor
Aref. 4). This design is shown schematically in figure 2. Most
of the materials were about 0.15 cm (0.06=inch) thick. The reactor"
cores (inner liners) were about 6.2 cm (2.5-inch) in diameter and -
about 45 cm (18=inch) long. Coatings included in the evaluation
.were appjied'to_the‘reaetors by commercial vendors. Coating |
depositions were about” 20 mg/cmz.

The‘screening teste were conducted by Teledyne=Continental
Motors Inc. under NASA contract using V=8 engines on engine~dynamometer
test stands (described in ref. 12). Engine operation was adjusted to
provide a peak reactor metal. temperature of aboutll300°K (I900°F).

. The screening.tests were conducted in a cyclic mode for 200 hours
of engine operation. Each cycle consisted of 2-hour exposure at

o) o
peak temperature followed by a cool=down to less than 425 K (300 F)

in about 20-minutes. Each reactor was exposed to a total of 83 cYcles.
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Material performance }n the screening tests was based on the
Eesfstance Fo oxfdatién, erosion, and'dfstoftion ofltﬁe'reéétﬁf |
.core. .Those materials that gave fhe best perférmance (witﬁ jess
.than 5 percent weight loss due to.oxidation and erbsiénhand‘less-

than 5 percent distortion) were:

Alloys (uncoated) Coatings on AISI 651
GE 1541 _ ' Ni=Cr (Wall Colmonoy NC=9)
A1S1 310 ’ Glass (NBS-A-418A)

Cr=Al (Alldy Surfaces H1=15)
These materials were selectéd for further evaluation in.a long~
term endurance test described in the next section.

The components‘of the GE 1541 reactor after the -200=hour -
endurance test are shoﬁn in figure 3. They are in excellent con-
dition and represent the overall reactor configuration used in the
tests of full?size reactors. |

Endurance testing of full=size reactors. = Materials selected

for endurance testing were as follows:

Alloys (uncoated) ' - Coétings (A1S| 651 substrate)
GE 1541 Ni=Cr o

Armco 18=SR° =  NBS Glass

Inconel 601 ' ' Cr=Al

Ai1SI 310

The ferkitECfirdﬁ‘alloy Armco 18-SR and Inconel 601 were included
in the.ehdurance test as.additional metallic candidates. - Armco 18=SR

was equivalent to the GE 1541 alloy 'in terms of oxidation resistance



-]3-

in the screening test; but the reactor core exhibitgg about 10 percent
"~ diametral distortion. Since the distortion mightuhg-correéted by
design modifications and since it is a relatfvelyijpgxpensiue alloy,
we concluded that further evaluation of the Armco 18-SR was warranted.
Inconel 601 was included since it is less costly than ;he;other nickel=
base 5uperal|oy§ evaluated and since it performed better than alloys
such as Hastelloy=X in coupon screening tests. |In tﬁe 200=hour
screening tests, the 0.15 cm (0.06 in) thlck liner of the Hastelloy‘X
reactor was burned through Additional details of the full=size
reactor screening tests are given in reference 12.

The endurance test cycle is shown schematically iﬁ the tup
of figure 4. This test cycle is intended to simulate actual driving

conditions. Part A simulates driving to work at 35 mpﬁ (lIOO?K,

|550°F reactor temperaturé) with sevéral stops and starts and a
10=minute drive on a freeway at 70 mph (I300°K, ]9000F uea;tqf
temperature). Weekend shopping is simulated in Part B, and Part C
simulates a weekend trip consisting mostly of freeway driving at
'70 mph. The total cycle consists of about 32 hours of englne opera-~
tion with a reactor temperature of 1300 °k (1900 F) about 45 percent
of the time. The cycle is repeated continuously in the endurance
test. These tests were conducted in the same contractor-=operated
facilities used in the ZOQ'hqur screening tests. |

.The results obtained in the endurance tests'are shown at the
bottom of figure 4. As showu, tue GE 1541 and Inconel 601 reactors

exhibited excellent resistance to oxidation through 650 hours of
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testing. They might meet our goal of less than 5 percent weight
loss in 1000 hours;lat léast, fhey shbuldlbe'wfthi;méﬁé dgable fange
“noted, They repreééht the best materials thét Wélhéve éQafuéfed to
date. However, the GE 1541 reactor wa§ prone fo 6xidation attack

at the welds and failed along portions of the weld seam. This
appears to be related to the welding procedure that was used.
ProSany excessive Cr.and Al Qas lost during welding. The cause

" for the weld failure is being evaluated. But we feelithét this
material offers excellent potenfial for reactor use and that improved
welding pfocedurés can be developed to eliminate tﬁe excessive'
oxidation of weldments encountered in the endurance test. Inconel 601
gave excellent peffbfmance, but it is probably tob expénsiQe and
cbntains more nickel than is desirable for feactor uée."The

Armcé 18 SR reactor has performed well after about 260 héﬁrs of
endurance testing. 'Aithough>this reactbr material dfstorted
exceséively iﬁ thé 200;h0uf screening test, only minimal distortion
has been ﬁoted in tﬁe enduréhce fest even though no change in:design
orvhaterial\tﬁickness was made. Also, the oxidation resistance

of the Armco f8 SR was similar to that of the GE 1541 alloy in the
screéning test. Thus, we believe that this alloy has potentiai for
reactor use. The AISI.BIO reactor failed by oxidation. About
'one'fhird of the core was thinned and contained holes.

The results of the endurance tests on coated reactors indicate

that none of the commercial coatings are suitable for reactor use
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at'the 1300°K (IQOOOF) neak temperature.: E;en at a peak cycle
temperature of 1250 K (1800 F) using unleaded fuel, one of the
glass‘coated reactors and the Sermetel J coated reactor failed in
about 200 hours of testing. All of the coated reactor cores were
'butned“thtough during the test.

The endurance test cycle snmulates extremely severe enélne
Operatlon. Englne life |s only about 900 to 1000 hours in the
endurance test. Thus, the reactor life of 600 hours obtalnedvln
thts test coudd represent at least 60 percent of the lffeiof an

engine and perhaps that of a vehicle.

Development of a Ceramic Thermal Reacte;a
Ceramics offer excellent potential for reactor use with their
“{nherent good oxidation resistance and relatively low coét.'*(n
" ‘addition, they can be used to higher temperatures than metallics
beéause the ceramics maintain usable strength to much higher tem-
peratures. ‘However) brittieness is of primary concern when con=~
sidering their use in this application. Reactor designs capable
of euppdrtingxthe ceramic components and preventing their failure
from mechanical shock are required. So most of our effort in
ceramics is focussed on deveiopment of reactor designs to adequately
‘subpdrt these relatiVer'brittIe materials. Candidate cetamies and
reactor designs that wé are evaluatiné are described in the following

sections.
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Candidate ceramics. = Ceramics that are potentlal candidates

for reactor use include glass‘ceramlcs, s:llcon carblde and
silicon nitride. Glass ceramlcs have excellent re5|staﬁce to
thermal shock because oF their nll‘thermal expans:on. Thelr
maximum use‘temperéturé is estlmated to be about 1475 K,(ZZOOOF),
Silicon nitride and silicon carbide have relafively‘hfgh thermél
condﬁétivify for cefémch providing fhese materials.with good
tﬁefmél éhoék.resistahce; Maximum use'temperéture for thesev
materials in a thermal réactor is éstiﬁéfed to be gréater than
1600°K (2400°F) .

Reactor designs. = One design concept for supportihg ceramic

components in a thermal reactor is illustrated in figure 5.
.Reactor design and operation are similar to those with the metallic
reactors. The ceramic components are supported by thin=guage metal
.corrugations that act like springs to hold the ceramfc components
in place and absorb mechanical shock. This is one of the design
cdncepts that we are evaluating at the present time. Typical .
ceramic components for this reactor made from a glass‘cerémic
.are shown in figure 6. Ceramic components are typically 0.25 cm
(0<12'inch),thick, Similar components have also been made with
- silicon carbide. The corrugation support (shown in figufe 7 on
the ceramic core) is segmented with the corrugations spot-welded
.to a face sheet. Corrugation materials are typically 0.01 cm

(0.005=inch) thick. Both stainless steels and nickel~base alloy
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cqrrugations are Qging”qsed in the;e experimgqtal ‘reactors. These
_mqterial; are needed to wi;hstapd the high temperature near the
geramic core wall. Final assembly of the ceramic reactor in a
metallhousing‘i§”shown in figure 8. This[reactor was made with
the removable end piece to allow periodic inspection during
tes;ingf |

Anothgr'ceramic reactor design concept is illustrated inn
figqre 9.- This ceramicfhoneycomb’type reactérkis being developed
_'by 0weps‘|llinois,vlnc._dnder a NASA contract. It utilizes their
propr}etary glass=ceramic (termed '"'Cer-vit''). This reactor con~
cept illustrates the complex geometries that can be made using \
glass=forming technology. The honeycomb is about 0.15 cm (0.06=inch)
acroséAthe_webs, and the web thickness is about.0.0Z cm (0.01=inch).
_As SHQWn, thg gxhaust gas enters the centrél chamber and then
pas;es‘fhrpugh the open honeycémb matrix core. The clbsed hongycomb
mafrix p;éyiées for thermal insulation and additional support_of
the‘monolithic structure. A metallcorrugation is used to support
the ceramic reactor. Designs similar to the concentric=cylinder
metallic reactors (shown in figure 5) but using the closed honey=
} comb for support and insu]atjon also are included,in the_ceramic
reagfpr deyelopment program at Owens=Illinois. Vibration tests on
reactors of poth of}thege'configurations have demonstrated the

feasibility of both support concepts.
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Evaluation. = Evaluation of the ceramic reactors includes
" cyclic endurance testing in engine dyﬁémomefér'fest'fSéfITfies'”
(similar’to that used for fhe metallic feactors)"énd élso&QEHiéle
road ‘tests. Endﬁfance_festing on ehgihe-dyhamometer'test sfands
has just éiarted for fhe vafious type§ of ceramic reactors. $o
no sighificant résults are available yet. But over 5obd miles of
vehicle road tests have been completed on a silicon carbide
_reactor similar to the reactor shown in figure'BQV From.thé
materials standpoint, this reactor has performed satisfactorily
‘in the road tests and ‘shows no sign of deterioration or impehding

failure.
FuturevPlans

For metallic reactors fﬁrtﬁer evaluation and enduranbéﬂteSting
of the ferritic iron alloys, GE 1541 and Armco 18=SR, are pianhéd.
Also, modi fications of ‘these 'alloys are planned. One of these
includes the addition 6? tanfalum ('\'0.5 to 1.5 percent) to
improve stfength, weld ductility, and ductility after‘expogure}
Developmenf'of improved Weldiﬁg pfoéedures is included in the
continued studies.

‘ "Engine endukaﬁce testing of the various ceramic reactors and
vehicle road tests will be continued. Our goal is to achieve ét
least 600 hours in engine endurance tests (using the test c?cfe

shown in figure 4) and to accumulate as much vehicle road téstihg
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as practical to demon;tréte the durability of ceramic components

in thesé reactor designs. Other designs are being considered and
modifications of those now being evaluated probably will be required.
In particular, flame holders or other modifications may be required
to provide faster heat~up of the'ceramics in order to effectively

~control emissions under cold=starting conditions.

RESEARCH IN REACTOR KINETICS

Overview

) hogrargactor kinetics studies have consisted primarily of
anélysis of chemical reaction rates, fluid mechanics of:the:reagtor
mixing processes, and limited testing of different reactor design
concepts fO( emission control. Recent results from these studies
and future plans are summarized in the following sections. Engine
testing for this part of the program is being accomplished in
our in~house test facility consisting of an engine~dynamometer
test stand and associated equipment. This facility and exhaust.

gas analysis equipment is described in reference 10.

Combustion Kinetics Studies
Once the exhaust gas and secondar air are mixed in the thermal
reactor, there is the question as to the'}ésiaénce timé.(bropdftional
to reactor volume) and the temperature reduired for the oxfdation

of HC and CO to go to near'completibh. The bresent thermal
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reactors have internal volumes about the same as the displacement
of the engine cylinders they serve, ‘and fhié giyés é fesidence time
from about 5 to 50 milliseconds with the time increé;ing Q}th
decreasing engine load. | |

The exhaust gas temperature and mixed gas temperéfu}e alsé
" vary, but it is very hard to measure or really knéw these temgefa'
“tures in pulsating flow. Cycle éalcuiations give témpératures of
the order of 1200-1400° (1700 to 2050°F) for the gas as it leaves
the exhaust valve (ref. 13) but this gas cools very rapidly through
contaét with the cooled'cylinder head, Reference 3 reports
reactor core gas temperatures cycling between abbut'GSbo énd 900°K
(700°-and 1150°F) dufiné the California driving cycle.

The question as to what:extent chemical reactidntfétes limit
reactor performance was examined through a computer caicu1a;i6n
. of the chemical kinetics of the €O and 'hydrogen (Hzf dxi&ation,
processes. (ref. 14). €O and H, are the major combustfbfes'fn.
the exhaust with HC concentrations being considefably sméiler.
Since the kinetics of the CO0 and H, reactions are well established
and since the reactions that are involved in the oxidation of fhese
two combustibles should also bring about the oxidation of HC, it
is_believed that thé timés and temperatures estimated for the
cleanup of (€O éhould'also apply to the cleénup of HC. Calcu=
'lat}ons were carried out on a system of 29 reversible chemical ..
reactions using kinetic rate cqnstants taken from the ljterature.

Concentrations of the various species were determined as a function '’
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of time by summing the.extent‘of reaction of this Jargg nq@ber of
simultanéous a;d dompeting reactions. The individual rates are
dependéﬁt on concentration and temperature, and the temperature,
in turn, i; dgpendent on:qhanges in cémpositioq. This requires
the computer jntegrati§n of a set of first order, non-linear
differential equations. Nitric oxide (NO) is a factor in some of
gﬁe ;eactionsj and a cohCentration of 0.1 percent (IOOO ppm) was
assumed fdr almost all of the ?alculafioné.

A typical result from this study is shown in figure 10
where CO concentrations are given as é'function of réactioh time
for‘a.crpisé exhaust gas (air-to-fuel ratio = I4) diluted wifh
se;pnd;ry éjr to an air=to-fuel ratio of 17; tempgratgrezis.the
_p;F;meger on this plot. ' This kinetic analysis indicates that an
_initial temperature of 1000°K (1350°F) or higher is needed.to
.bring thevqxidation‘of CO to near cbmpletion in 10 millisecénds;
a typiéal'reactor mi ght sUpﬁIy asout this time'at a crulse~con'
ditﬁonf A!so! thé analysis indicates that the time isbhuchughorter
with hfgher temperatures. So smaller reactors can be considered
'for higher- operating temperatures¢

A similar curve is sthn in figuré 11 for an idling engine

(air=to-fuel ratio = 12) diluted with secondary air to stoichio-
metric. This plot indicates.that_a’temperature of abou; 9009K
(IISOOF) gives near complete combustion in about 5 milliseconds

whereas typical reactors supply of the order of 50 milliseconds
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residence time at idle conditions. The kinetic study also showed
that Nd has a catalytic effect atﬂtémperatdreéjb;low 1050°K
(1425°F). This is shown in figure i1 for the two concertrations
of NO at 900°K (IISOOF) Where>reducing NO:MbJ~HaIF decreases
‘the CO oxidation rate. This suggests that-the‘réddction of NO
to proposed levels of the order to 200 ppm may degrade the low
témberaturé pérformance of thermal reactors;\ (Details on the
kineiic'approach and the results for several other engine con=

ditions are given in reference 14.)
Fluid Mechanics Studies

" The tﬁerﬁél réac&of, when in;talied on a richer than stoichio=
metric carbureted enginé, hust firét mix the exhaust with secondary
air and then accomplisﬁvfhe oxidation process. This raises the
question as to whether these systemsiéré-hixing Ifmfted, reaction
‘rate limited, or both. fhe'design approach would depend on the
process that limits pérfofmance.\

The mixing process is a.complicated one since the exhaust is
a pulsating, time-varying flow and the secondary air is usually
added at a steady rate. Hardware geometries éré also complex.
Nevertheless, a computer mbdeliﬁg study of fhe fluid mechanics of
‘this mixing procesé fs unaefWay ahd may yield useful desigh criteria.
However, we have no results to report at this time:

Some mixing~related experiments were run on our test engine

in an attempt to pulse in the secondary air to match the exhaust
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Qas flow. A similar study was made in reference_7 wheie a rotary
valve{was used to distrihdte'air in turn to the e&haust'ports of
a multifcyl}nder engine. The timing of the air pulse was fixed

to coincide approximately to the time the exhaust valve was open.
Our e*periment differed frem that in reference 7 in thatAthe air
pulse tfming cqyld be varied over 720 degrees of crank ang]e'throdgh
dse of fast acting solenoid vaiQes and associated electroqfcs.

The duration of the air pulse and its_rate couldvalso be inde-
pehdently varied, The exhaust from a single_eylinder of_our v=8"
was isolated and so treated The dOWnstream reactnon zone was a
simple tube. The emissions were determnned as a functlon of crank
_ahgle.‘ Prellmlnary results showed that there was a marked effect
of pu\se tlmlng at low engine speeds, but a lesser effect at hlgher
speeds, and that the overall reduction in emnssnons even with
optimum pulse timing was less than desired._ The resultsvfrom

“this experiment will be reported in detail in a forthcpming_NASA

report.

Reactor Design Studies
Four reactor systems were tested for emission control under
steady-state cOnditionS‘with set values for engine speed and
manifold vacuum (ref. 10). 'No attempt was made to simulate any
driving or standard emission test cycle in these studies. Therefore,
the test data cannot be converted into the grams=per~mile criteria

of the federal test specifications.
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The first system was just the regular cast-iron exhaust
manifold along with the in=head air. |nJect|on that were factory
standards with this engine. This system was used as a basellne
"for comparison with the other three reactor systems. The second
was thereXhaust manifold reactor developed by andApurchased from
Dupont, a company with considerable experience with these
reactors. |t was substantlally the same as the “Type VI” reactor
of reference 5 but tanlored to our engine. |

» The thurd system was a reactor desngned and fabrucated at
the NASA'Lewus Research Center and sketched in figure 12 The
overall dimensions and internal vo lume of this reactor were sub~
stantlally the same as those of the second system. In thishdesign,
an attempt was made to promote mixing by using jets dlrected down
the core and to avond the dlrect lmplngement of gas agalnst sur=
faces normal to the exhaust port (to reduce erosion effects)
Runner tubes were shaped at one end to flt into the englne e*haust
port and thereby decrease heat loss to the engine head ‘ The
other end of these tubes extended into and nearly all the way
across the reactor core. The core_end of these.tubes was sealed
loff, and ports were machined in the sides to direct the gas axially
down the core. The'reactor core was made of AiS| 304 stainless

0

" steel and was insulated by a multiple wrap of dimpled stainless

steel foil around the core. The outer can was mild steel.:
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in figure 13. The concept here was to first collect the exhaust
from all L cylinders of one bank, add the secondary air at a common
poipt jn the reactor, and then provide a reaction volume for further
“.combustion. The geometry was ﬁuite simple and the reactor was made
of AISI 304 stainless §teel with externai magnesia block insulafion.
- Considerably more emissions testing was done with the first
three systems notea; These thrée systems were run at IZ'Qiffereht
conditions of engine speed and load ranging from an idle condition
of 600 rpm and 252 torr pressure (20 in. Hg yacuum) at the intake
’ manifofd to a moderately high power condition of 2000 rpm and'506
torr (10 in. Hg vacuum). With the lean (factory) carburetdr settings.
and with secondary air, there was little difference in the cpncentrafions
of“ﬂCO and. HC emitted among the three systgms; i.e.{ the twp
sys;ems‘using reaction chambers performéd no better than the simple
e;haust manifold. CO emissions were quite low under all byt the
idle condition as would be expected from a lean engine, and the
emission IeQels were probably low enough to meet 1975 standards.
However, except for the highest power condition, the HC emissions
were considerably higher than otheryinves;igaiors have réported with
their better reactor systems and ranged from 50 to 200 ppm hegane.
None of the three systems would meet future requirements for HC
emissions. Only at the highest power condition were HC emissions

down to desired levels, i.e. 30 ppm and below. Varying the secondary
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air injection rate from half to twice standard had no significant
effect on either €O or HC emigsions.

The third system ("Mark 1" design, figure 12) was also run with
vérying degrees of carburetor enrichment obtafnedﬁby.pressuriifng
the carburetor bowl. Under these’conditﬁohs, the HC concentrafions
were reduced to the 5 to 20 ppm hexane range showing this reaqtbr to
be effective and to haveAemissfdn control perfofmanﬁeAcomparéble

to other reactors. However, neither fuel or éir'metering nor CO,

analyées were available at the time these tests were run so that it
is not possible to correlate performance with engine afr“to'fugl
rafio or to ggt‘any‘measure of thg probable penaltieﬁ in fuel economy.
\nférnal core matefia\ temperatures were>me;sured in reactor
sysfems 2 and 3 during these tests. .These temperatures were aiways.
below 975° (1300°F) when run on the lean engihe except for the |
highest power condition; the control of HC> emissions at theéé
temperatures was also poor; At the highest ehgine power conditfon,_
the core temperétures were above IIOOOK (1525°F) and the HC. emissions
were satisfactorily low (i.é. 15-30 ppm). Core temﬁerature; increased
when the‘engine was run richer, but excellent control.of HC emissions
(Iess than 30 ppm) was also obtained at lower temper;tu;es than tHose
required with the lean engine. For example, 15 ppm of hexane was
measured at a condition where the core temperature wés only 875°K

(1100°F) .
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The fourth system (Lewis ‘iMark iii' design, fig. 13) was only
tested at a few engine conditions. [t did not perform well with
either lean or rich. carburetion, nor did it do as well as the

simple.cast=iron manifold. This reactor may have been ineffective

because all of the secondary air was introduced considerably downstream

of the exhaust valves. There have begn suggestions (e.g. ref. 3)
that a frontal or flame=type reaction right at the engine exhaust
port contributes to emission control. This type reaction was not
possible with the downstream secondary air injection.. Thus,‘work»

on this concept was terminated.
Future Plans

Our continued studies in reactor kinetics will inciude both
analytical and experimental analyses of reactor mixing processes.
Also, additional reactor design studies are planned to improve
mixing and more complete combustion of the exhaust gas products.

The reactor design studies will include the development and evalua-
tion of flame=holder concepts to provide faster combustion and heat=up

of the ceramic reactors described in the Materials Technolcgy Program.
CONCLUDING REMARKS

The NASA=EPA technolcgy program for automotive thermal reactors
is concerned primarily with the evaluation of materials and reactor
design concepts and with the identification of rate=limiting factors

in the combustion processes.
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Engine—dynamometer tests of full'size reactors have shown that
 two ferritic iron alloys,_GE lShl and Armco 18-SR, and the nnckel'base
alloy Inconel 601 have potentlal for reactor use at peak temperatures

of 1300 K (1900 F). Commerycal coatungs evaluated on a stalnless
steel substrate do notﬂappear to be eatisfactory fon reahtof use.
For ceramic thermal reactors, a metal corrugation support system
appears promising for preventing failure of the ceramic components
by mechanical shock. Several candidate ceramics including'glaSS“
ceramics, silicon carbide, and si]icen nitride are being eveluafed
in engine~dynamometer and vehicle fead’tests. There fs consieerenle
incentive to develop ceramic reactors since they‘have exeellent high
temperature use capability and since they are potentially lower-cost
materials. But emphasis must be placed on reactor designs to sueport
the ceramic components and to provide fast heat‘up in order to effectively
- control emissions under cold=start conditions. | |

lAs to the combustion requirements, a kfnetic enelysis.hasreHOWn
that minimum gas temperatures of 900°-1000°K (1150o to i356°?) are
needed for the'reasonably-repid oxidation of earben monoxfde“and |
" presumably of hydrocarbons. But the oxidat jon reactfoné:become.very
rapid once these temperatures are exceeded so that smajler, higher
temperature reactors may be effectiver Continued combustion studies

include analytical and experimental analyses of reactor=mixing processes.
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TABLE | = FACTORS AFFECTING MATERIALS SELECTION
* FOR AUTOMOB!LE THERMAL REACTORS

HIGH COMBUSTION TEMPERATURE
1150° to 1300°k (1600° to 1900°F) in ordinary operation
1525° (2300°F) under spark=out conditions

LONG CYCLIC LIFETIME

50,000 to 100,000 mile life
10,000 to 20,000 engine on/off cycles

SEVERE CORROSION AND EROSION CONDITIONS
High. temperature oxidation
Erosion from exhaust gas particulates
Chemical attack from fuel constituents

LOW COST

Use of relative inexpensive and available materials
.Easy fabrication and assembly

TABLE 11 = ALLOYS AND COATINGS SELECTED FOR EVALUATION
ALLOY COMPOSITION
% AIS1 310 Fe~25Cr=20Ni=2Mn=1.5 Si
AlISt 651 Fe=19Cr=9Ni=1.5 Mo=1.5 W
% ARMCO 18-SR Fe=18Cr=2A1=1Si
* GE 1541 Fe=15Cr=4Al=1Y
HASTELLOY=X Ni=22Cr=9Mo=1.5 Co~18Fe
< INCONEL 601 Ni=23Cr=14Fe=1.4 Al
NIMONIC 75 Ni=20Cr=5Fe=Si
COATING SUBSTRATES
Al A1SI 651, INCOLOY 800
e Cr=Al -t ALST 310
e Ni=Cr n
SOLARAMIC "
SERMETEL J "
e NBS GLASS "

ots
w

ENDURANCE TESTED.




SECTION VIEW

Cs-52353
FIGURE 1. - THERMAL REACTOR INSTALLATION.
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FIGURE 2. - SCHEMATIC OF CIRCUMFERENTIAL FLOW THERMAL
REACTOR.

Figure 3. - Thermal reactor components after engine test. Serial no. 8; material:
GE1541; coating: none; after 200 hours.
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FIGURE 4. - MATERIAL PERFORMANCE IN AUTOMOTIVE REACTOR ENDURANCE TESTS.

ENGINE DYNAMOMETER TESTCYCLE - A+B+A+C+A+B+A+C

B - SHOPPING
A - REPEATED 9x C - WEEKEND TRIP

FOR WORK WEEK
OC OF

1000 ~— 1900

800 - 1550

200} 350
1 7T T T LI T

0 102030 0 10 20 6 18 20 320
TEST TIME, MIN

_~INCONEL 601

-10

REACTOR CORE WEIGHT CHANGE, %

USABLE RANGE
_20 r_
SUBSTRATE > AIST3I0
e ' | 1 1 —1
0 0 00 600 200 1000
ENDURANCE TEST, HR cs-59719

CERAMIC COMPONENTS
C5-60531 mmm METAL CORRUGATION
CD-10950 : CAST IRON HOUSING

FIGURE 5. - AUTOMOBILE THERMAL REACTOR CONCEPT UTILIZING
CERAMIC CORES WITH SHEET METAL CORRUGATION SUPPORTS
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Figure 6. - Ceramic thermal reactor components.
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Figure 7. - Metal corrugation support for ceramic thermal reactor,
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Figure 8. - Final assembly of ceramic thermal reactor.
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FIGURE 9. - AUTOMOBILE THERMAL REACTOR CONCEPT USING HONEYCOMB MATRIX OF GLASS CERAMIC
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FIGURE 10. - CALCULATED CARBON MONOXIDE CONCENTRATION AS FUNCTION OF REACTION TIME IN
THERMAL REACTORS, INITIAL A/F =14 (CRUISE CONDITION}, DILUTED TO A/F = 17 (LEAN).
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FIGURE 11, - CALCULATED CARBON MONOXIDE CONCENTRATION AS FUNCTION OF REACTION TIME IN
THERMAL REACTORS. INITIAL A/F =12 (IDLE CONDITION}, DILUTED TO STOICHIOMETRIC.
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