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INTRODUCTION

PURPOSE.

General aviation piston engine exhaust emission tests were conducted at the
National Aviation Facility Experimental Center (NAFEC) for the following
reasons:

1. Determine and establish total exhaust emissions characteristics for a
representative group of current production general aviation ‘piston engines.

2, Determine the effects of leaning-out of the fuel metering system on
exhaust emissions.

3. Verify the acceptability of test procedures, testing techniques, instru-
mentation, etc.

4o Determine reductions in operating limits and safety margins resulting
from fuel system adjustments/modifications evaluated for improved piston
engine exhaust emissions characteristics.

BACKGROUND,

Beginning in 1967, Congress enacted a series of laws which added ‘environmental
considerations to the civil aviation safety, control, and promotional functions
of the Federal Aviation Administration (FAA). This legislation was in response
to the growing public concern over envirommental degradation. Thus, the FAA
was committed to the development, evaluation, and execution of programs
designed to didentify and minimize the undesirable environmental effects attrib-
utable to aviation.

In accordance with the Clean Air Act Amendments of 1970, the Environmental
Protection Agency (EPA) established emission standards and cutlined test pro-
cedures when it used EPA rule part 87 in January 1973. The Sécretary of
Transportation-and, therefore, the FAA was charged with the responsibility for
issuing regulations to implement this rule and enforcing these standards.

Implementation of this rule was contingent on the FAA's finding that safety

was not impaired by whatever means was employed to achieve the standards. For
this reason the FAA undertook a program, subsequent to the issuance of the EPA
emission standards in July 1973, to determine the feasibility of implementation,
verify test procedures, and validate test results.

There was concern that the actions suggested in order to comply with the EPA
emission standards, such as operating engines at leaner mixture settings dur-
ing landing and takeoff cycles, might compromise safety and/or significantly
reduce engine operating margins. Therefore, the FAA contracted with Avco
Lycoming and Teledyne Continental Motors to select engines that they con-
sidered typical of their production, test these engines as normally produced



to establish a baseline emissions data base, and then alter (by lean-out
adjustments) the fuel schedule and ignltlcn timing to demonstrate methods by
which the proposed EPA limirs could be rveached.

In the event that hazardous operating conditions were indicated by the manu~-
facturer's tests, independent verification of data would be necessary . There~
fore, it was decided that dupi$cat1an of the manufacturer 8 tests be undertaken
at NAFEC to provide the needed verification. This report presents the NAFEC
test results for the Teledyne Continental Motors (TCM) TSIC~360-C piston

engine (S5/N300244). It should be noted that since the time of these tests,

the EPA has rescinded the promuigated piston engine standards (reference 1.
This work is reported upon hérein in the same light as it would have been

if the requirements were still in effect.

DISCUSSION

DESCRIFTION OF TELEDYNE Co NTINENTAM MOTQRS TSI@ 360~C ENGKNE

The TSIO-360-C englne tested at NAFEC is a turbo supercharged fue* injected,
horizontally opposed engine with a nominal 3860 cubic inch displacement (cid),
rated at 225 brake horsepower (bhp)} for a nominal brake specific fuel consump-
tion (bsfc) of 0,60, This engine is designed to operate on 100/130 octane
aviation gascline (appendixz A--Fuel Sample Analysis of NAFEC Test Fuel).

The vital statlstics far thls engine are provided in tahle 1. ,

TABLE 1.  TCM TSIO-360~C ENGINE

No. of Cylinders R 6

Cylinder Arrangement ; . . HO
Max. Engine Takeoff Power (HP, RPM) R . 225,2800
Bore and Stroke (in.} , o S 4.bh x 3,87
Displacement (cu, in.) S o 360
Weight, Dry (lbs)--Basic EnFWW&,' o B - o 300
Propeller Drive ' o A o Direct
Fuel Grade--Octane Rating , 100/130
Compression Ratio o D 7,541

Max. Cylinder Head Temperuture Limit ° F)   “’ B ':;’“fféﬁOk

DESCRIPTION OF TEST SET-UP AND BASIC FACILITIES.

For the NAFEC ses level statlc festsg ‘the enpgines were 1nstallad in the pTO*k
peller test stand shown in flﬁurea 1 and 2. This test stand was located in
the NAFEC General Aviation Piston Engine Test Facxlltys ‘The test facility
prcvided the f0?10w1ng prabIITﬁlag for t&stlng light aircraft plston
engines:

]
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(1} Two basic air QOUYC@SWWdry bottled and ambient air
(2) Ambient temperatares (2D to 140 degrees Fahrenheit (° F))
{3) VNominal sea level pressures (29.50 to 30, O inches of mprcury
absolute (inHgh)
(4) Humidity (specific hnmldityamO to 0.020 1b of water (320} vapar/lb
dry air) :
(5) Fuel (100/130 octane aviation gasollne~~a dedlcated 5,000-gallon tank)

DESCRIPTION OF AIR INDUCTION SYSTEM AND AIRFLOW COMPUTATIDNS“

The airflow system (induction system). utlllzed at NAFEC for testing 11ght~
aircraft. plston engines is 1l]uerated in figure 3. This system 1ncorporateﬁ
a redundant alrflewmmeusurlng system for accuracy and reliability. In the
high~flow measuring section NAFEC utlllzed a 3.792-inch orifice and an
Autronics air meter (model 100~ ~7508) .. The capability of this high~flow

_ syvstem raﬁged from 500 to 3 <000 pounds per hour with an estimated tolerance in
flow accuracy of +2 perceptﬁ The low-flow measuring section utilized a small
1.375=1inch orlflce and an Autronics air meter (model 100~-1008)Y. The capabli«
ity of this system ranged from 50 to 500 paunés per hour with an estimated

- tolerance in flow accuracy of +3 percent. The size of the basic air duct was
8.0 inches (inSlée dlameter) for the high-flow system and 2.0 1nches {ingide
dlameter) for the low-flow system.

whe TSI@*B@D C englpe Jﬂcurﬁarates a bleed air system which removes bleed air
from the dlscharge side of the turbo-supercharger. This bleed air is used for
alrcraft cabin heating. As a result of %hls bleed air feature, it is necessary
to calculate net airflow (the alrflOW that the engine actually uses) based on
the follow1ng basic equatlons»?~f

Waf(net) = W&.(total)r?:Wa (bleed)

The" total azrflow was corputed from the orlflce differential pressure and dnduc~

tion air. density using the following equation: - ’
Wa (t@tal) = (1891) (cfs (ay? [c.03600) é? } 1/2  (Reference 2)
AP "= inlo0 (dlfferentlal alr pressure) S

= 1b/ft3 (induction air density) 'f¥?
dg = inches (orlflce diameter;

1891 = conversion constant for alrfluw in peunds per hour {(1b/h).
For the 3.792- 11ch orlflce this equatlen 51mp11€1es o
Wa (total) = 3228 44 { AP >1f2

For the 1.375-inch orifice this equation simplifies to:

Wa (low flow) = 472.03 ( AP, y1/2
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The bleed airflow was determined in the following manner during the NAFEC tests:
(1) a 1.0 dinch-orifice was installed in a 2.0-inch flow duct which was con-
nected to bleed air discharge duct, ‘and (2) the bleed airflow was computed
u81ng the followiag orifice cquatlene

Wa (bleed) = 215.54 ( AP, )1/2
The net ailrflow was determined as follows:

Wa {(net) Wa {t@tal) - Wa {bleed)

i

i

Wa (net) = 3228.44 ( gPQ )132 - 215.54 ( 0B, )152

BESCRIPTION OF FUEL FLOW SYSTEM@

The‘fuel flow system utilizied during'the NAFEC light-aircraft piston engine
emission tests incorporated rotameters, turboflow meters, and a burette. The
high~flow section dncorporated a rotameter in series with a hlghmflaw turbo=
meter, while the low-flow sectlan incorporated a low-flow turbometer in series
with a burette, The high= flew system was capable of measuring fuel flows from
50 1b/h up to 300 1b/h with an estimated t@lerance of +1.0 percent. The lowe,
flow. system was capable of flow measurements ranging from 0-50 1b/h with an o
estimated tolerance of +2.0 percent. Flgure 4 illustrates the NAFEC fuel flow
s?steA in schematlc form. o o

EESCRIPTION GF COOLING AIR SYSTEM.

The NAFEC piston engine test facility also incorporated a system which provided
cooling air (see figure 1) to the engine cyllnders& The engine mounted in the
test stand was:enclosed in a 81mulated nacelles and coollng alr was provided to
hhls enclosnr@ frsm an external source; The cooling axr temperature was malnm
set of test condltlonS, This nat only mlnlmlzed varlatlsns in Lemperature but
also minimized variations in the specific weight of air for all test conditions.
A1l of the basic cooling air tests conducted with the TSI0-360-C engine (take-
off, climb, and approach modes (see appendix C)) were conducted with differen-
tial cooling air pressures of 3,5 inHp0., During taxi mode tests, the cooling
air differential pressure was approximately equal to 0 dn Hz0. A range of dif-
ferential cooling air pressures from 1.5 to 7.0 inHp0 (see table C~14) was also
evaluated to determine the effacts of Variabﬁe csaizng air conditions on maximum
g}llﬂd&f head temperatures,

BESCRIPTISN OF TEST PR@CEDURES AND EPA STANEARBS

The data presented in *hls repgrt ware meaburgd whlle conduct¢ng tests in
accordance with specific landing and takeoff cycles (LTO) and by modal lean~
out tests, The bagic EPA LT0 cycle is defined in table 2»

The FAA/NAFEC contract and in=house test programs utilized an LTO cycle which
was a modification of the table 2 test cycle. Table 3 defines this modified
LTO cyele which was used to evaluate the total full-rich emission characteris-

tics of light=aircraft piston engines,
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TABLE 2. EPA FIVE-MODE LTO CYCLE

Mode No, Mode Name - - Time-In-Mode (Min.) Power (%) ~Engine Speed (%)
1 Taxifidle (eut) 12,0 % : *
2 Takeoff : 0.3 100 L 100
3 Climb o 5.0 75-100 00 *
4 Approach 6.0 40 o *
5 - Taxi/idle (in) 4.0 #* B *

#Manufacturer's Recommendation
TABLE 3. » FAA/NAFEC SEVEN-MODE. LTO - CYCLE

Mode  Mode Timemlanéde ek ;f?owéff; fi Eﬁgine Speed

Ho, Name (Mina) Sl =N Ry
1 Idle (out) 1.0 % %
2 Taxi (out) 11.0 % o *
3 Takeoff j 0030 =0 e ELRAERE007 ' -~ 100
& Cldmb . 5.0 o 80 Sk
5 Approach LB S 40 *
67 Taxi (in) 3.0 ko %
7 Idle (in) 1.0 % *

*Manufacturer's Recommendation =

An’ addltlgnal assessment uf the test data clearly 1n31cates that further

evaluatlons of the general aviation plstan ‘exhaust emission must be analyzﬁd
with the cilmb mode émissions at lGO«pevcent and 75=percent power setting :
(tablés & and 5). This woul* then provide the basis for a complete evalua-

tion of test data and permlt a total assesmnnt af the prop@sed EPA standard
based on LT cycllc ‘tolerances, i , it o

TABLE 4. MAXiMUﬁ:FIVE;MGDE;LTS»CYCLE:;,

Mode No. Mode Name 'Timemlnmﬁsdé‘{Mine}‘:,?ower {7 :Engine_Speed'(%}

o Taxi (out) - 2,0 ook e ko

2 Takeoff : S o0V 001000 e 100
30 ceMmbt T i g e 1000 100
4 Approach L S 600 40 AL
5 Taxd {in) 4.0 % e

*Manufacturer’s Recommended



TABLE 5.  MINIMUM FIVE-MODE LTO CYCLE

‘Mode No. .. Mode Name-. .. Time~In-Mode (Min) Power (%) FEngine Speed (%)
1 Taxi (out) 12.6 s sret e R
2 Takeoff =~ 0.3 1100 = 100
3 Climb : 5.0 75 et &
4 Approach 6.0 40 . . %
5 Taxi (in) 4.0 T SRR

*Manufacturer’'s Recommended

The EPA Standards {reference 1)_that'wera Bva1uated during- this program were:
Carbon Monixide (C0)~-~0.042 1b/cycle/rated BHP
Unburned Hydrocarbon (HC)~-0.0019 1b/eycle/rated BHP
Oxides of Nitrogen (N0y)-~0.0015 1b/cycle/rated BHP

DESCRIPTION OF EMISSIONS MEASUREMENT SYSTEM.

EMISSION ANALYZERS. The 1nstrumeat 1tion used to monitor the 9xhaust emlssions
from general aviation piston engines was basically the same as that. regﬁmmended
by EPA, but with a number of modifications and additions to enhance the reli~
ability and accuracy of the system. A schematic of the emissions measurement
system is shown in figure 5.

EMISSION INSTRUMENTATION ACCURACY/MODIFICATION.,  The basic analysis instru—
mentation utilized for this svstem 18 explained in the following paragraphs.

Carbon Dioxide. - The carbon dioxide (C02) subsystem is constructed around
a Beckman model 864-732-4 nondlsperswe infrared analyzer (NBIR} This analy-
zer has a specified repeatability of +1 percent of full scale for each operat-
ing range. The calibration ranges on this partlcular unit are: Range 1,0
o 2@;per¢ent, Range 3,0 to 5 percent.. Stated abcuraey for each range 1s,
therefore, +0.2 and +00u5 percent, respectively. S :

Carbon Monoxide. =~ The subsystem used to measure carbon monoxide (CO) is
constructed around a Beckman model 865-¥-4-4+~4 NIDR. - This analyzer has a
gspecified repeatability of +1 percent of full scale for ranges 1 and 2 and
+2 percent of full scale for range 3¢

Range 1 has been Calibrat@d;f@r Q to 20 percent by volume, range 2 for
0 to 1,000 parts per million (ppm) and range 3 for 0 to 100 ppm. The wide-
rvange capability of this analyzer is made possible by using stacked sample
cells which in effect give this analyzer six usable ranges when completely
calibrated.

10
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Effects of interfering gases, such as C03 and water vapor, were deter~
mined and ‘reported by the factory. Interferences from 10-percent C02 were
determined to be lprym equivaienL €O, and interferences from 4-percent water
vapor were dezermine4 to be 6eppm CO eqalvalent. Even though the 1nferference
from water vapor is negligible, a condenser is used in the CG}CSz subsystem to
eliminate condensed water in the lines, analyzers, and flowmeters. This con-
densation would have decreased analeur ‘sensitivicy ‘and’ nece831tateﬁ more fre-
quent malntenanb& it it hﬂd béen ellmﬂnatad

Total HY&?GC&IDGHSL Thc system that is used to measure total hydrocarbons
is a modified Beckman model 402 heated flame iomizaticn detector. This analyzer
has a full-scale gensivivicy thar is 343&%&&%19 to 15U?u0Qép§m carbon with
intermediate Liﬁge multipliers €.5, 0.1, 0. GS .01, 0.005, and 0.001 times
full scale., T

Repeatability for this analyzer is specified to be,fﬂ,pércent of full scale
for each range. In addition, this modified analyzer is linear to the full-
scale limit of 150 Gﬁﬁmppm carbon when properly adjusted., The two major modi-
fications which weére made to this analyzer were the installation of a very fine
metering value in the sample capillary tube, and the installation of an accurate
pressure transducer. und digltal readout to monitor sanmple pr@ssarea Both of
these modifications were necessary hec ause of the extreme pressure gensitivity
of the analyzer {(figures 6 through .8). Correct instrument response depends on
the amount of sample passing through a caplllarv tube; as a result, if there
is too highQa,éample flow, the analyzer response becomes nonlinear when a high
concentration gas is encountered. Sample flow may be controlled by varying
the pressure on this capillary or incLeaq1ng the lungth of the capillary. On
this analyzer, ilnudflty to 50,000~ppm carbon was obtained by reducing the
sample pressure to 1.5 pounds per square inch gauge (psig). However, the need
for llnearlty Eakléﬁ ,000-ppm carbon was anticipated. Further reduction of the
sample pressure increased the noise level of the aualyzer to an unacceptable
level. In order to reduce the flow through the capillary without using a lower
pressure, either the length or the resistance of the capillary had to be
increased. The standard modification for this analyzer in order to limit flow
is the installation of an additional length of capillary tubing. This procedure
requires tV1a¢man§uerror determination of proper capillary length and is a
permanent medification that limits sensitivity at low hydrocarbon levels. By
installing & metering valve in the capillary, flow could be selectively set at
either low flow for linearity at high concen%r&tlons o hlgﬁ flow for greater
sensitivity at low concentrations, Installation time was reduced by eliminating
the cut-and-try gr@@@dur@ for determining Caplliary leng*ha

The addition of a en51t1va pragsure t;ansducer and digital readout to
monitor sam@le'yressure was needed since the pressurs regulator and gauge sup—
plied with the analyzer would not mdintain the pressure setting accurately at
low pressures. Using the digital pressure readout, the sample pressure could
be monitored and easily maintained to within 0,05 inHp0,

Oxides of Nitrogen. Oxides of nitrogen {NOK) are measured by a modified
Beckman model 951 atmospheric pressure, heated, chemiluminescent analyzer
{(CL). This analyzer has a full-gcale rangc of 10,000 ppm,wzth gix intermediate
ranges, Nominal® mlnlmum Seﬁ%LtiV1tY 18 6.1 ppm on the 10-ppm full-scale range.
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The atmospheric pressure analyzer was chosen because of its simplicity,
ease of maintenance, and compactness. Anticipated water vapor problems in the
atmospheyric pressuve unlt were to be handled by the heating of the internal
sample train. Interference from €02 guenching, commen in the atmospheric
pressure type (L analyzer, was checked and found to bé nonexistent,

A series of major modifications were performéd by the manufacturer on this
analyzer to insure compliance with specifications. One such modification was
installed in order to maintain the temperature of the sample stream above the
dew point of the sample gas. Originally this analyzer was specified to main-
tain a temperature of 140° F at all points in contact with the sample. After
a survey of the 951H analyzers in use on FAA projects, it was determined that
this temperature was not being achieved because the method used to heat the
components was inadequate. A recommendition was madé to the mantfacturer to
install a peositive method of heating the sample tube compartment and reaction
chamber that would be thermestaiieallyk@Gntf@ilede CIn time, the modification
was made, and this prceblem was eliminated. Increasing the temperature of the
internal sample components eliminated the condensed water prablem;~hQWEver9 the
elevated tempeérature caused an instablility din the photomulitplier tube ¢utput.
Another recommendation was made to ﬁhermﬁstatieally~c0ﬁtrel the temperature of
this tube, This was accemplished by installing an electronic cooling jacket
designed to maintain the photomultiplier tube at a constant temperature below
the internal case temperature, ' ‘

A further modification required was the addition of a flow control valve
to adjust and balance the flow vate through the NO and NOy legs. This valve.




replaced a restrlctar clamp that was used by the manufactarer to set the NO to
NOyx flow balancee The problem that was eﬂcountered with ‘this clamp was that it
was not a positive method of adjustlng the restriction: on the caplllary The
clamp compression was affected by the flexible material on which the clamp was
mounted and the varisble flexibility of the Teflon® caplllary as it was heated
This caused the restriction on the capillary to change with time and caused
permanent deformation of the capxliary allowing only an ad}ustment that would
increase the restriction. :

Oxygen Measurement. Oxygen (02) was measured by a. Beckman msdel OM-11-
oxygen analyzer, This analyzer uses a polagraphic-type sensor unit to meaéure
mxygen cz)ru::entra,‘i:.ic.*n.° An advanced sensor and ampllflcatlon system comblne o
give an extremely fast response. ‘and high accuracy. Specified rasponse for
90 percent of final rveading is 1ess than 200 milliseconds (ms) with an accuracy
of less than +0.l-percent 02. The range of this unit is a fixed 0 tG 100 per=
cent 03 csncentratione ' R o - SR s

‘EMISSIONS INSTRUMENTATION MODIFICATION STATUS DURING THE TESTING OF THE ‘
CT8I0-360-C ENGINE, The tests conducted with the TCM TSI0O-360-C engine. utilized :
‘emissions and exhaust constituent measurlng lnstruments/analyzers whlch . '
incorporated the latest speécified modifications described in this report.~

DESCRIPTION OF iSAM’PLE”HANDLING SYSTEM,

;Exhaust sampies are transported to the analysis instrumentation under pressure
through a 35~foot~long, 3/8-inch 0.D., heated, stalnless steel sample line.
The gas is first filtered and then pumped through this line by a heated Metal
Bellows model MB-158 high temperature stainless steel sample pump.  The pulmp,
'fllter, and llne are maintained at g temperature of 300° +49 F to prevent con-
densation of water vapor and hydrocarbons. At the instrument console, the
sample is split to feed the hydrocarbon, oxides of nltrogen, and €0/C02/09
subsystems whlch requlre dlfferent temperature conditionlng., The sample gas

ture ef remainlng eample gas to ‘the NO, and’ COZCOz/Oz system is allowed tO"
~drop to 150° F. Gas routed to the ox1des of nitrogen subsystem is them main-
“tained at 150° F while the gas to the CO/C0,/02 subsystem 1s passed through

a 32° F condenser to remove any water vapor present in the sample. Flow rates
to each analyzer are controlled by a flne-meterlng valve and are malntalned at
predetermlne& values to minimize sample transport and system ‘response time.
Flow is monitored at the exhaust of each’ analyzer by three 15-centimeter (cm)
rotameters.  Two bypasses are incorporated into the system to ‘keep sample  ‘~Z~
transport time through the lines and condenser to a mlnlmun w1th0ut causing
adverse pregsure effects in the analyzers

DESCRIPTION OF FILTRATION SYSTEM

Particulates are removed from the sample at three locations in the system,
thereby minimizing downtime due to contamlnated sample lines and analyzers
(figure 5). Upstream of the main sample pump is a heated clamshell-type staln—
less steel filter body fitted with a Whatman GF/C giass flber paper filter
element capable of retaining particles in the 0.l-micron range. A similar
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filter is located in the total hydracar OT anauyzer upstredm,of the Sample
capiilarys A Hln@ Safety Aypllﬁﬂﬁ?b (MSA) type H ultra filter kapable of
retaining 0. meicron particles is 10@3*@& at . th 1niet te the @x1des of nltrogen
_and CO/C02/09 subsystems. : :

COMPUTATION ?ROCEE)URES .
The calculations regulred ‘to convert exhaust -~ emission measurements into mass

emissions are the subiect of thig section.

Exhaust emisséan tests were éeslgnL§ to naagure‘CG CO unburned hydrocarbons
(HC) Nﬂxg and exhaugt excess 02 concentra LIOﬁS in percent OT. ppm by vslumeg,
Mass emissions were determined tbrﬂug ~ualbulatlona ut*lizlng the data. obtalned
during the Slmu;atl@n of the alxelaft LT% cycle aﬁd fr@m modal leanvout data.

CDMBUSTIDN EQUATISNg The'%agie‘CGmbugtioﬁ equation can be‘QXPressed very'éimply:

Fuel + Air Exhaust Canstitu@nts,.

An 1n1tlal examinat On oprﬁc pr&blam %éﬁuif€3 the:fgilgwiﬂéfsimplifying"
assumptiensu ' ~ E s ,

1. The fuel consists solely of compounde.of carbon and hydrogen.
: P | : ,

2,  The air is a mixture of ozygen aum inert nltrﬂgen in the volumetric ratdo
of 3.764 parts appavent nmtragan to 1.0 paft oxygen (see appendix B fﬁr
additional details)., L

3. If a stoichiometric c@mauatL@n pr&ceus ex1sts® the fuel aﬁd air are sup—
plled in chemlﬁally correct pl@portl@nsg '

4, The fael (which COﬁ%lStS vsuﬁliv sf 4 aomplﬁx mlxthe of nydrocarbsns)
can be repreg&ﬁtad by a single hydrocarbon having the same carhonmhydrsgen
ratio and molecular weight as the fuel; u%aaily Cgﬁly as an average fuel

Ap§1y1ng ?h& ahavp assumptL;ﬁb for Stul?hl@ﬁmtf]” cordltlons ca usefu13general
reaction equation for hydr@cafhon fuel dis: h - - S

Mfcgﬁl7 + M, [02 + ,3,?65;@2 30| - M}wﬂg + NT’»»HEO FMsN,
; i ' e b : (Refererceu 3 and 4y
Where = Mg = Moles of Fuel
Mg = Moles of Air or ODxzygen

ny

M1 = Moles of Carvbon Udoxide ({09)
M3 = Holes of Condensed Water -(Ho0)..
M5 = Moles of Witrogen (N7} - Exhaust
3.764M, . = Moles of Nitrogen (N9} = Tn Adr
Mgty = Moles Gfﬁﬁamiéitr {EZU) ~In Air

The above QQuatidn,iE &p llaable o axy alr w}eﬁ Vw is equal tG zeroe
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From equation (1}, and assuming dry air with one mole of fuel {(Mg=1.0), the
stoichiometric fuel-air ratio may be expressed as:

(F/A)o = Wt. Fuel - 12,011 (8) + 1.008 (17) (2)
5 Wt. Air Required 12.25 (32,000)+ 3.764(28.161)
113,224
8 12.25(137.998) 0.067

The’mass car%onmhyérogen ratie of the fuel may be expressed gs follows:

¢/u - 12.001(8) . 96.088 _ 5 e S
1.008(17) 17.136 507 | (3)

The atomic hydrogen~carbon ratio is:
17/8 = 2,125 : e (4)

The stoichiometric fheiéair‘rétia may be expressed as a function of the nass
carbon~hydrogen ratio of the fuel. The derivation of this equation is
presented in reference 3.
5 C/H + 1 (5)
(Fl&)g = 77, 3(cfza+3‘« |

(F]A)s G 067 FAt A mass carbonwhydrogen ratio of 5.607

With rich {excess fuel) mlxturesg vhich are typlcal for general av1at10n plston
engines, some of the chemical energy will not be liberated because there is
not-ensugh alr ‘to parmlt complete oxidation of the fuel. Combustlon,undwr such:
conditions is an involved process. By making certain simplifying assumpiions
based on test results, the effect of rich mixtures may be caiculated with
reasonable zcecuracy. o

For rich (excess fuel) mixtures, equation {1) will now be rewritten to expreSa

the effects of incomplete combustion:

begH‘T}‘ + Mawz + 3 ?641\:2 + %Hgo)% MpC0p + M;,;c@ + 1.\1‘3}125"\ + Ng;}
N5N2 + MeNO + M?CH4 & g0z + MgC e (6)

Since only a }1m1ted number of the xhaust constituents were measured during
the testing of general aviation piston engines, the above equation can ouly be
solved by applying certain expediticus assumptions and emperical data.

An important requirement was the accurate measurement of air and fuel flows.
These parameters provide the data for determinlng engine mass flow (Wy), and
with the aid of figure 9 (developed from reference 5) , it is a simple compata-
tion to calculate the total moles (Mtp) of exhaust pxoducts being expelled by
general aviation piston engines.
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(Mtp) = W, (engine mass flow ) + (exh. mol. wt) (9)
Since the unburned hydrocarbons (HC) and oxides of nitrogen (NOy) are measured
wet, 1t becomes a very simple matter to compute the moles of HC and NOy that
are produced by light-aircraft piston engines.

M7 (Moles of HC) =(ppm =+ 106}y x Mep (8)

Mg (Moles of NOy) =(ppm + 100) x Mip , (9)

If the dry products (Mgp) of combustion are separated from the total exhaust
products (Mtp), it is possible to develop a partial solution for five of the
products specified in eguation 6.

This can be-accomplished as follows:

The summation of the mole fractions (MF)4 for dry products is

my + myp + my + mg + mg = 1.0000 (10)

m] = MF(CO9) = %COzy(measured drv), expressed as a fraction

my = MF{CO) = %CO (measured dry), expressed as a fraction

my = MF(Hp) = K4 (7%C0) (see figure 10, also references 4, 5, and 6,
expressed as a fraction

mg = MF(09) = 707 (measured dry), expressed as a fraction

mg = 1.0000 = (m3 + mp + my + mg) = ZNp (dry), expressed as a

fraction (11)
Utilizing the nitrogen balance equation, it is now possible to determine the
moles of nitrogen that are being exhausted from the engine.

M5 = 3.764M, ~ (Mg # 2); Mg = moles (NO) (12)

The moles of exhaust dry products (Mdp) may now be determined by dividing
equation 12 by equation 11.
= M5 + Mg (13)

Mdp

Using all the information available from equationé (7, (8, (9, 10y, (11),
(12), and (13), it is now possible to determine the molar guantities for seven
exhaust products specified in eguation 6.

Moles (COz) = M, = m x Mgp (14)
Moles (CO) = Mp = mp x Mdp (15)
Moles (Hp) = Mg = my x Mgp (16)
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Moles (CO2) = M5 = mg x Mgy, : : (n

~Moles (02) = Mg = mg x Mgp ~ B (18)
Moles (CH4) = My = (ppm + 10%) x Mep - : o (19)
Moles (NO) = Mg = (ppm + 105) x My, T - (20)

To determine M3 (moles of condensed Hg0), it is now appropriate to apply the
oxygen balance equation.

My =My (2 + M) - (2M3 + Mp + Mg + 2Mg) = Molés (Hp0) (21)

The remainlng constituent specified in equatlon & may nGW‘be determlned from
the ecarbon balance equatlon 22, : ,

= 8 - (M + My + M) h o | @

A check for the total number of exhaust moles {‘{tp)9 Lalculated fron equation
9, may be determined from equation 23. '

Mep = Mp 4 Mp + M3 + My + Mg + Mg + My + Mg+ Mg g (23)
Wy + oy + o3 + oy + oy 4 we + oWy + oy o+ mp = 1.0000 (28
:mlié MF(GGQ} = Mlié'Mtp,;

my = MF(CO) = My % Mip

‘;ﬁﬁ = MF(H20) = M3 + Mgp

Mg = MH(H2) = My + Mip

i

ms = MF(N2) = Mg ¢ Mep

mg = MH(NO) = Mg + My,
®

my = MF(CHg) = My + Mep

B

mg = MF(02) = Mg + Mgp
mg = MFKC) = MQ * ytp

The exbaust canstltupnt mass - flow rates may be computed in the foliow1ng
manner using each exhaust constituents molar ccnstant w;ih the approprlatP .
molecular weight. . B , ST

!

My x 44.011 = CO, in 1b/h (25)

My x 28,011 = CO in 1b/h \ (26)

i
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My x 18,016 = Ho0 in 1b/h | e T

My, x 2,016 = Hy in 1b/h | S e
©Ms x 28,161 = Ny in 1b/h £ PR sl e e i 21 I(29)
Mg x 30,008 = NO in 1b/h L R 1‘~'A'uq(30)
My x 16.043 = CHy in 1b/h . o Ce e e i (31
Mg % 32.000 = 0 in 1b/h - - ‘(323  '
-~ ¢ in Ib/h | | R 'uu»(33}

Mg x 12.011

The exhaust fuel flow (Wge), based on exhaust constituents, can now be
caleulated on a constituent-by-constituent basis as follows:

(My + M, + Mg) x 12,011 = 1b/h | BT
M7 x 16.043 = 1b/h R L (35)
(M3 =~ M My) + My x 2.016 = 1b/h ; : o (36)

Wee = (34) + (35) +:(36)

“H

1b/h : o : (37

In a similar manner the exhaust airflow (W,e)} can also be calculated on a
constituent-bhy~constituent basis:

Mp % 32.000 = 1b/h - | D)
My x 16.000 = Ib/h B - (39)
(M3 x 16.000) + (M M, x 18.016) = 1b/h | o
Ms x 28.161 = 1b/h Cw
Mg x 30.008 = 1b/h } . o (42)
Mg x 32.000 = 1b/h - Wy
Wae = 2 (38) » (43) = 1b/h - I (54}

Using equations (37) and (44) it is now possible to determine a calculated
fuel=air ratio on the basis of total exhaust constituents,

(F/&) caleulated = (37) + (44) - (45
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RESULTS

GENERAL“COM&E&TS;

General aviation pistion eng1ne emission tests were candncted to prov1de the
following categories of data:

1. '?ullwrich (or productlon fuel schedule} baseline data for &ach power
‘mode spaclfled in ‘the LTO test cycle.

f29~vgleaﬁuout data for each pcwer mode saec1f1eé in the LTO test cycle,i@;“'
3. Datarfor,the above categorles at dlfferent spark settingso"‘”

b4, Da*a for each power mode spec1‘16d in the LLO test cycle utlllZlng
fdlfferent quantitles of coollng a1r. ‘ ~

’EESULTS OF BAQELINE TESTS (L%NDING*TAKEGFF CYCLE EFFECTS)

Eabeé on ‘an- aqa¢ysms of the factors affectxng piston engine emissions, 1t can
be shown that the mode conditions having the greatest 1nfluence on the gross
pollutant l@vels produaed by the combustlon process are tax1, appro&ch and
climb when u81ng the LTO cycle deflned in tables 3, 4, and 5. The flve~moﬁe

" LTO cycle shows that approx1mately 99 percent of the total cygle time ‘
(27, 3~mln) is attribut&d to these three modal condltlcns,f Furthermore, the
taxi modes (both out and in) account for slightly less than 59 percent of the‘
total cycle time. The remainder of the time is almost equally appartioned to
~the appruach and climb modes {22 and 18 ﬁercents respectlvely)

As a resul 0f these t;me apportlcnments, it was dec1ded that an 1nvestigat10n.,
and evaluatlon of the data should be undertaken to éetermlne whlch mode(s) has
the- greatest 1nf1uence on 1mpr0v1ng general aviation piston englne emissions.
The subsequent sections of this report will ‘show the exhaust ‘emissions chdr»
acteristics for a TCM TSIO~360-C engine (S/N300244) and what improvements are
echnlcally feasible within the limits of safe alrcraftfengxna operational

requirements based on sea level ﬁropeller test stand evaluatlons CUndueted at
~NAFEC. '

‘The flrst set of data to be praseﬁted and’ evaluated are the five~mode baSPane
runs conducted to establish the current productlon full-rich exhaust emissions

characteristics of the TSI0- 360~C engine, These are summarized in tabular
form in appendlx c (see tables =1 through C~14) ‘and includes data that were
sbtalned far a range of sea ¢evel amblent cendltlons, specxfled as fOllQWg‘”

- 50° F oto 110° F

T+ 10° F

26,20 to 30.50 1anA o
0.0690 to 0.0795 1b/ft3

H‘

‘indu tion air temperature (Tl)
Coallng air temperature (TC)
Induction air pressure (Py)
Induction air density (p)

;ﬂ-nf

i
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Figure 11 presents five-mode baseline data in bargraph form (for different sea
level ambient conditions). It alsoc compares the total emissions characteristics
of the TSIO~360-C engine (current pre&uﬁtlen configuration) with the proposed
EPA standards as a function of percent of standard., The data that were utilized
to develop figure 11 is tabilated dn appemdix € and plotted in various forms
for analysis and evaluation in figures C-1 thrcngh C~14,

RESULTS OF LEAN-QUT TESTS.

In the subsequent sect1ons of this repart3 it will be shown what “Ampr ovements
can be achieved as a result of making lean-out ddjustwents to the fuel =~
metering device: (1) taxi mode only, {(2) taxiand approach modes combined,

and (3) leaning-out the climb mode to "best power" in combination with taxi
and approach mode leaning.

EFFECTS OF LEANING-OUT ON CO EMISSIONS. The test data obtained as a result of
NAFEC testing the TCM TSI0-360-C have been evaluated on the basis of lean¢n5~“
out the taxi, approach, and climb modes while contznumng the operation of the
test engine at the production rich and lean limits in the takecff mode. The
results of leaning-out under this procedure are shown in bargraph form in
figure 12,

When the taxi modes (out and in} were leaned-outr from the production rich or
lean llmlts to a fuelwair ratic of 0.075, but not lower than st01rh10metr1c
(F/A = 0.067) (see figure 12}, CO emissions are reduced approximately 3.0 per~
cent. However, adiustments to the taxz mode fuel schedule alone are not
sufficient to bring the total flve»mode LTG cycl@ co emlsszen level below :
the proposed fe&eral standard. S

Simultaneauslys'leanlng# out both the taxi and approach modes to fuel-air ratios
between 0.067 to 0. 075 will result in additional dmprovements in €O emissions.
In the case of operating the engine at prcductlon rich limits for takeoff and
climb while operating taxi and approach at F/a = 0. G?S the total flve—modeﬁ
LTO cycle CO emission i@vel will be reduced approxlmately 14 0 percent ag
shown in flguze i2. :

Addltlonal 1mpr0xementq in the total flve«mode LTQ rycle for €O em18810ns‘

can be avhleved9 28 shown in f1gura';2g if the engine is adjusted to operatﬂ

at "best power" fuelw-air ratios in the climb mode while operating the approach

_and. tazi mgae at F/A = 0.075 or lower (not lower than fuel=-air ratio (F}A)
067y .. The co emission 1eve1 will be reduced appr0x1mately 30 percent.

The. precedlng evaluatlsﬁ Of co em1351ons eharacterlatlga was' based'On the LTO
cyele defined by table 5. However, the. EPA five-mode LTO cycle defined by
table 2 implies that the clinb mode power levels range from 75 to 100 percent.
The exhaust emissions produced will be rastlcally affected Examination

of the measured data produced at NAFEC showg that" there is a 91gn1flcant dif~
ference in each engine's tutal LIG. cycle emissions output when Lllmblng at
100- percent power compared to cllmblng zt 7 5=07 Sprarcent power. This

data evaluation also shows that where as a CO limit of 0.042 pounds per cycle
per rated brake horsepower may be apQIQXJﬁately achievable as deéscribed
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NOTES:

1, THIS FIGURE IS BASED ON THE TABLE 5 LTO CYCLE WITH THE CLIMB
MODE AT APPROXIMATELY 80 PERCENT POWER,
200 2. THE MINIMUM F/A RATIO SETTING FOR THIS FIGURE IS 0,075 FOR THE

TAXI AND APPROACH MODES; T,0. WAS SET AT THE LOWEST F/A RATIC
THAT IS COMPATIBLE WITH THE MAXIMUM CHT LIMIT OF 460 °F; THE

CLIMB MODE WAS SET FOR BEST POWER F/A RATIO, THESE CONDITIONS
PRODUCED THE BARGRAPH WITH THE LOWEST OVERALL LEVEL,
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FIGURE 12. . TOTAL EMISSIONS CHARATERISTICS FOR A TCM TSI0-360-C
ENGINE WITH DIFFERENT FUEL SCHEDULE ADJUSTMENTS=--
SEA LEVEL STANDARD DAY




previously by using the LTO cycle defined by table 5; it is nmot achievable
using an LTO cycle defined by table 4. When one considers tﬁe fo‘lowing safety
considerations: (1) sea level, hot-day takeoff requirements with an aircraft at
heavy gross weight and (2) altituée takeéoff requirements with an aircraft at.
heavy gross Weightpkit would appear that the BPA 0,042 limit for CO is not
realistic and cannot be complied with unless engine Gp@fatlﬁﬁal and safety
limits are totally dignored.

"Ta%le 6 provides a summary of the NAFEC data which indicates what levels of
“improvement in C0 emissions can be achievad by ay?lylng simple fuel management ,
technlqu@s (1eam1ngwaut by mixﬁure control. manwgulmtionq); albeit with drastic~
“ally reduced mar?ins between asctual measured maximum cylinder head temperature:
'(CBT} -and the maximuﬁ CHT limit, '

Exa gglesz?sn51&er the engine installed in a sea level (SL.) propeller stand and
'cperat1ng with cméling air at a AP = 3.5 1n Hzﬁ aﬂd the followlng critical.
test conditions:

#

Ambient conditions (pressureg temperature, anﬁ density}=~5L. standard éay
Fuel schedule-—production - rich setting :
Power setting--100%

Measured max. CHT--450° F

. Max, CHT limit==460° F ’

. Marginwumlnus @Em 16° F

®

E

LA B G R e
k-3

if we now adjust this englne fuel schedule setting to best power. or max. CHT
limit (all other parameters constant based on above conditions), we now find
the 10]10w1ng chaﬂges take place:

. o emlssions are improvad appProxX, éS/ (nomlnal)

. Measured max. CHT increases 3.4% (from 450° F to LE60° F}

. Max., CHT 1limit=~460° F

= Marglnna\wjmlnusﬂéﬁm 6 F e o

.. Reduction in margin (max.CHT)=(10 # 10} x IGG 100,07

B s DD b

Now, if we apply the above results to a SL. hot-day condition, we arrive at the
following results:

Production Rich Limit Scheduls {1007 power)

1. Ambient conditions--SL. hot day (95° F)
2, Fuel schedule~-production rich setting
3. Power setting--100% (nominal}
4., Measured max, CHT--460° F
5. Max. CHT limit--460° F '
6. Margine-(5)minus (&)= 0° F
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*This engine has NO takeoff power capabllity when this mode ls leaned-out,
requires full rich fuel schedule sattings.

Modes -

TABLE 6.

COOLING AIR AP=3.5 inH»0

Taki

Takeoff (100%)
Climb (100%)
Approach

ib/Cyecle
1b/Cycle/Rated BHP
Federal Limit
®-0
@ « @) x 100

%z of 510 =(9) + 100

Diff. =

Taxi

Takeoff (100Z)

Climb (75%)

Apgxpach

1b/Cyele
Is/Cyclef/Rated BHP
Federal Limit

Diff, = --
(@ 17} ) = 100

Z of STD = <§§ + 108

‘Paraneter

FiA

9.0805

0.0970

G.0970

0.0820

CG ' i'ﬁﬁﬁa

ib/Mode  CET="¥
2,000
8. 750 460
12,500 &80
4. 700 333
19.950
0.0887
8.0420
0,.0467
111.2
211.2
TR This
Colum
For
8.L.
Standard
Bay -
2000
0.750 450
70917 415
4,700 . 333
15,387
0.0683
0.0420
0.0263
£2.6
162.6

SG.G750

0.097¢

9.0750

0.0750.

o

 bfMode CHI-F
' 10653 =
5,750 460
12,500 450
06 s
18,303
8,0813
§,0420
10,6393
21,6
393.6 ,
This.
o Column
" For
8.5,
Standard
Day
1,853 :
0,750 460
5,000 430
30400 345
10,803
50486
5.0420
0. 0050
1403
114.3

. Man..

C;SUMMARY Ox E{HAUST EMES%EONS {C}} RLEMCTIGN POSSIBIuITIEo FOR A L
TCM. TblO*SﬁG C. ENGINE““SEﬁ‘bFVEL STANDARD DAY (EXCEPT AS NOTED)mw

~Hax, Lisit

CHT»“F:‘ CHT="F -
450 460
460 A6
w0 sk

This’

cColumn

-~ Fox -

784l
Hot ~
“Day
460 450

R0 460
370

460

For Pot Day operatianfthié engine
These Iimitacions ave also based on & cooling ai¥ 4P=3.5 inHy0




EFFECTS OF LEANING~OUT ON HC EMISSIONS. The test data show that the TCM engine
can be leaned~out sufficiently in the taxi mode to bring the unburned hydro=
carbon emissions below the federal standard (figure 12). Additional leaning-
out in the approach and climb modes provides added improvements, but is not
required to produce HC emission levels below the federal standard.

 EFFECTS OF LEANING-OUT ON NOy EMISSIONS. Oxides of nitrogen emissions are not
improved as a result of spplying lean-out adiustments to the fuel metering
devices, In factg the N0y levels are at thelr lowest when the engine is
operating full rich as shown in figuxb 11, Test results have shown that if
all the test modes (takeoff, climb, appr aachg and taxi) were leaned-out
excessively {?/AMS 067y, the N0y, emission level would exceed the federal
standard.,

‘The ﬁegativa*effeét on NOyx emissicuns is one of the reasons why it was decided
to evaluate and study the effects of adjustlﬁg/manlpulatlng selected mode con—
dirions rathmr than adopt tbe phil&sophy of adjustlng all modes@

L?FECTS 0N ALLOWABLE MAXIMUM FYLIN@ER HEAD TEMPERATURE One Of the major ,
~pv@h1§ms that cccurs as an effect of leaning-out general aviation piston englnes
in order to impr@ve emissions is the increase or rise in maxzmum,cylinder head
ﬁémperatureso

ﬁQSE general a@latlanyaircraft are aesigned to ¢perate with cooling air ?res“
sure differmntlals @f 4.0 inH20 or less, The tests conducted with the TCH
engine utilized 3.5 inHs0 as the basic cooling flow condition. .

Additional tests were conducted using variatlons in- cs@ling aiy - fiow to. evaluate
these effects on different lean-cut schedules. Some of the tests were ‘also
conducted under different ambient conditions so that changes in ambient Cﬁndiw
tions could 31&0 %@ evaluat@4@'

Data Shown in tables C-1 through C-~1& and plotted in figures 13 through 15
show the results of these tests,

In suwmmary it can be concluded that any attempts to lean-cut current pdeﬂm“
tion-type horizontally opposed general aviation piston engines in the takeoff
wmode to F/A ratios lower than prniuctl@n tean limits will produce CHTgs that
are higher than the manufacturer’s specified limit,

Any attempt to lean-out the climb mode to Fia ratios below best pawer'will
result in higher than normal CHT's. This could become particularly acute

wmder hotwday takeoff and climb conditions at sea level or altitude.

RESULTS OF TESTS WITH VARYING SPARK SETTINGS.

This engine was not evaluated with different spark settinge. The basic pro-
duction setting is 20° BIC. Tests conducted with other light-aircraft piston =
engines gemﬁnstrat@d ‘that wvery little praCL1cal beneflt could be derived by
adjusting the basic production spark setting
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SUMMARY OF RESULTS

EXHAUST EMisszaNs.

RE The TSIO 360~ C eﬁglne daes not m&et the progﬂsed EFA carbon monox1de and
unburned. hydrocarbon standardq for 19?Qf8@ under sea level standard day:
cenﬁitienss:w : ,

2, The TSIO~-360-C engine meets the EPA oxides of nitrogen standaré'fot
19?9;3@

"3 The engime fuel metering device ceulé be adjusted on the test stand to
reduce the current €O exhaust emi%si@n levely but not to levels reguired by
‘EPA stanﬂards when operating under the most severe LTO cycl& requlrementss i

b, The engine coui& be adgusteé on the test stand £o reduce rhe unburned
hydrocarbmﬁ exhaust EﬁiSSlOﬁ 1evel %eiaw the prapaseé hPA.otandard

“MAXIEUM CYLTNBEh HEAD TENPERATURESG

1. Adjustlng the fuel meterlng ﬁev1ce in the takeaff mode to the constant best
power operation results in an increase in maximum CHT, which will exceeﬁ the
engiﬁe specirleation 1im1t Aif co%llng aixr &P ig limited to 3.5 1nd20 or less.

2. Aj3ust1ng the fuel meterlng dev1ce in the cllmb mode tO csnstant best,,,
power operation w1ll result in an increase in maximum CHT.  This change will
necessitate an increase dr coallng air flow to provide aﬁequate temperature
margins for h@tmday perationso An increas& in coocling air. differential
pressure of approximately 1.0 inH30 may be requlred for crltical alrcraft
znstal ations.

e N0 crltxcal maxlmnm CHT 8 regult from ieaningmaut the approach and taxi
modes. However, taxi mode maximum CHT's were measured in exzcess of 400° F
while operating under warm temperature ambient cond iitions or during leanuouL
tests with no mwﬂsarable coaling air AP, a condition gOﬁSlder?d gimilar to.
actual @p@ratiaﬁ. : ‘

CRITICAL LANSI&G ANB TAKEGFF CYCLE.

1. The most critical LT@ cycle with respect to emission Pontrol is the LY(l&
defined in this report as maximum five-mode LTO cycle (tnble b4y Englne oper—
ation in accordance with the maximum five~mode LTQ cycle in a sea level pro-
peller test stand could not be adjugted Lo meet the proposed EPA emission:
stan&ards fcr 19?9!80 withaut exceedlng engxne maxxmum.CHT 1im1ts.,'

2, Englne aperation in a sea 1eve1 prup 1ler tesu St&raﬂ in ac cordance withf'
the minimum five~mode LTO cycle (table 5), could be adjusted to approximately

the proposed EPA emission standards for 1979780 without exceeding engine
maximum CHT limits while operating with a cocling air AP = 3.5 inHy0.
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3. This engine, operating in a sea level propeller test stand, could be
adjusted to meet the proposed EPA emission standards for 1979/80 while testing
for the minimum five-mode cycle (table 5), if cooling air AP = 5.5 inHs0 is
used for nacelle cooling.

4. Test data evaluated on the basis of a literal interpretation of the EPA
LT0 cycle defined in reference 1 indicate that the emission standards should
be defined with a maximum and minimum tolerance or should be redeflné& on the
basis of a maximum {not to exceed) limit for sea level hot=day Qperat ng
conditienso

CONCLUSIONS

The following vOﬁelu81Qns are based-on the tes*ing acLompllshed w1th the TCM
TSIO 360 C englnes

1. The 81ngie use OF 31mple fueT management adgustments (al erlng of fuel
schedule) do not allow safe reduction of exhaust emissions of the test engine,
the TCM TSIO-360-C. In conjunction with other data, references 11 and 12,
this appears to be a valid geﬁeral cenblus10n Ecr typlca1 light—alrcraft
plsLon enginese ~ S S v

2. The test data indicate that fuel management adjustments must be combined
with engi ine/nacelle cooling modifications befoxe safeg low~emlssion aircraft/
englne aomblnatlon can be achleved. ' ; ' ,

33 The EPA O 11m1t of 0. 642 lbfcycle/ratﬂd BHP was not achalvable when -
hot-day takeoff and climb requirements combined with aircraft heavy gross
welght and the need to pay closs attention to CHT limitations.

4, An assessment of the maximum five-mode LTO cycle (table 4) test data
indicate that the f6?10w1ng staﬂdard changes should be:made to: the propssed
nPA emlsalon tandardsa‘“‘ i = L : : :

PrOPGséd EPA'Standardf LA - Recommended Change for

for 1979/1980 Standard 1979/1980
{(ib/eyelefrated BPH) ’ {lbfcyclefrated BHP)
CO Standard 0.042 0.075 |
HC Standard 0.0019 e : , o e QL0025

NOX Standard 438 6015 g : ‘kk e e G 0015

5. Tc avoid CHT pr@bieme dnthe taLcoff mﬂde (l@@«?@tu@rt power), it is
advisable not to adjust the fuel metering device. ~Engine operation in this
mode should continue to he accompltshed w1th1n current ?raductlon rlch/lean

‘11mits.’ “
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APPENDIX A

FUEL SAMPLE ANALYSIS

COMBUSTIBLE ELEMENTS IN FUELS (AVIATION FUEL).

1. Carbon and hydrogen are the predominant combustible elements in fuels
(aviation type), with small amounts of sulphur as the only other fuel element.

2. Liguid fuels are mixtures of complex hydrocarbons.

3. For combustion caleculations, gasoline or fuel oil can be assumed to havea-
the average molecular formula CgHy7.

Note: The Exxon® data preSentéd in table A~1 may be fouwmd in referénce 74

TYPICAL SPECTFICATIONS FOR AVIATION FUELS

TABLE A-1.
D910-75 Exzon DY 1070 Exxon
Crade Aviation CGas Grade szatlcn Gas
Ttem 1007130 1004130 0 115/145 115/145
. Freezing Point, 72 Max. Below =76 —  ~76 Max. “PBelow =76
Reid Vapor Presso, PSI 7.0 Max. 6.8 7.0 Max. 6.8
Sulfur, % hy Weight .05 Max. v 0.02 0,05 Max. 0.02
Lower ﬁeatlng Vaiuag 18,720 Min. 18,800 Min. -
BTU/1b i -
Heat of Conb. (NET). 18,860 19,050
BTU/1b ' L
Distilliation,
ZEvaporated
AR 167° F (Max.Y 10 22 S 10 21
At 167° F {Min.) &40 S 40 ¥
At 221° F (Max.) 50 76 50 62
At 275° F (Max.) 91 97 a0 96
Distillation End 338° F Max. 338° F Max:
Point S
Final Boiling 319 322
Point °F ; o
Tel Content, 4.0 Maxm, 3,97 b 6 Maxs 4,5
ML/U.S. Gal.
Color Green Green Purple Purple

4, HAFEC used 100/130 (octane rvated) aviation gasoline for the piston

engine emission tests.

The

following analysis of a typ

ical fuel sample

(table A~2) made at the U.S. Naval Air Propulsicn Test Center (NAPTC),
Trenton, N.J. {(reference 8).




TABLEfﬁﬁzai ANALY %IS GH:NAFEC FUEL SAMPLE 1GO!13O FUET

NAFEC Grade LGO/lBG(MILwG»5572E) ,
Sample Spec Limits - G e
Ttem .,100f130, : U Min, o o Max, : SN S

Freezing Point, °F Below ~76° F - . =76

" Reid Vapor Press., PSI 6.12 5.5 ' 7.0

Sulfur %2 By Weight 0,024 : i 0.05

Lower Heating Value 18,700 .

BRTU/1b ,

‘Heat of Comb. (NET) 18,900

3TU/ 1B )

Distillation, B , i Distillation

% Evaporated % Evaporation

At 158° F 10

At 167° F (Min.) - 1670 F 10 -

At 167° F (Max.) ' ‘ ‘ 40 167° F

At 210° F® 40
F
F
¥

At 220° 50
At 221°

At 242° F oy 90 . [
At,z?se;F[ S B LT 2?50 T - 90
bDistillation , 313° ¥ y : 338°F
End Point e ; G ,
Specific Gravity  ~  0.707L . . Report Report
@60° ¥ e e ‘

API Gravity 68.6 ~ No Limit

@60° F. | |

Tel Content, 1.84 4,60
ML/U.S. Gal.

L 221°F 50

Computarion for the fuel hydrogen—-carbon ratio is based on the fuel net heat1ng
value, hf, equal to 18,900 BTU/1b and figure A-1l, , :

C/H = 5.6-
= 12,011
8 x 12.011 = 96.088
{(96.088) + 5.6 = 17.15%
1.008
(17.159) + 1.008 = 17.022 Use ¥ = 17

LI B

jesiia'
rd TR 00

i



CARBON - HYDROGEN RATIO, C/H

4,0
3,0 ! -
18 19 20
NET HEATING VALUE, hg, Btu/lb x 10~3
‘ 78-28-A-1

FIGURE A-~1. NET HEATING VALUE FOR AVIATION GASGLINE AND CARBON~-HYDROGEN
RATIO CORRELATION






APPENDIX B

COMPOSITI@N Qﬁ AJR {GFNERAL FRDPERTIES)

1. Dry air is a mixture @F gases thdt has a representative volumetrlc an;ly81s
in percentages as follows: : , , ' ~

Oxygen (04)=-20.,99%
Nitrogen %&g)mw?g 03% : '
Argon (A)—-0,94% (Also includes traces Of the rare gases neon, helium,
and krypton)
- Carbon Dioxide (C09)--0.037
' vadrwgen (§z)mm0 61/

2. F@r most calcuiatians it is sufficiently accurate to consider dry air as
congisting of

09 = 21.0%
Ny = 79,07 (including all other inert gases)"

i

3. The moisture or humiéity'in'atmospheric air varies over wide limits,
depending on mete@rulaglcai conditions; its presence in most Laseq simply
melies an additional amount of essentlally inert material.

: Note: Information given in items 1, 2, and 3 is recommended for computatlon |
purpoaes &reference 3,04, 9, and 1@)

=

TABLE B-1, MASS ANALYSIS OF PURE DRY AIR

Volumetric Mole Molecular Relative
Gas Analysis 7  Fraction Weight = Weight
09 20.99 0.2099 32.00 6.717
Np 78,03 0.7803 28,016 21.861
A 0.94 0.0094 39.944 G.376
€Oy 0.03 - 0.0003 44,003 0.013
Inert Gases .01 0.0001 48,0 6.002
10G.00 1.000 , 28n96§~* M fot:air

4. The molecular weight of the apparvent ﬁlfrogen can be similarly determlaed
by dividing the total mass of the inert gases by the total numbar of moles of
these components:

Mapparent = 2225 . 235 161
Nitrogen 79.01

"Bl



5. This appendlx advocates tke term nztrogen as raferring to the entire . group
of inert gases in the atmosphereg and therefore the molecular welght of 28.161
will be the correct value ﬁrather than the value 28.016 for pure nltrogen)

6. In combustion processes the active constltuent ig’ oxyg91 (02)3 and fhe
~ apparent nitrogen can. be considered to be inert, Then for every: mole of -
oxygen supplied, 3. 764 moles of apparent nitrogen accompany or dilute: the
ozygen in the reactiony

-]

:?9-
20 @

1 = 3 754 Mcles Apparent Nltrogen

9. e Mole Qxygen ’

o

7. The informati0n4given in items 4, 5, and 6 is recomméndad for ‘computational -
purposes in reference 4. Therefore, one mole of air (dry), which is composed

of one mole of oxygen (02) and 3.764 moles of n¢fr0gan(N2}g has a total weight
of 137,998 pounds.. . : : R gE I

(07 + 3.764 Ng) = 137,998

This gives the molecular weight of alr = 28.97,




APPENDIX C

NAFEC TEST DATA AND WORKING PLOTS FOR ANALYSIS AND EVALUATION
TCM TSI0-360~C ENGINE
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TCM TSIO-360-C ENGINE NAFEC TEST DATA--BASELINE 1

TABLE C~1.
RUN NUMBEERS 2-6
Run No. 2 3

Parameter Mode Taxi Out .Takeoff

Act, Baro. - 30.14 30.14
Spec. Hum. - 1B/1b 0.0055 0.0055
Induct, Air Temp.-"F 56 53
Cooling Air Temp.-°F 55 54
Induct, Adr Press,.-inHgh 30.29 30.08
Engine Speed =~ RPM 1200 2800
Manifcld Adr Press,-—inligh 16.1 37:0
Induct. Alr Density-1b/ft3 0.0778 0.0777
Fuel Flow, We=1b/h 12,35 154.0
Airflow, Wa-1b/h _ 142,10 1532.7
F/A (Measured) ={9) 0.0869 0.1004
Max. Cht = °F ~ 360 448
Avg, Cht - °F 321 413
Min, Cht = °F 255 399
EGT - °F 950 1438
Torque, lb-ft 37 412
Obs.  Bhp 2.5 219.6
%007 (Dry) 16.78 7.90
% CO (Dry) 5.32 10.43
% 02 - (Dry) (.60 .19
HC-ppm (Wet) 16,912 1617
NOx—ppm (Wet) 80 11

COp-1b/h 22.54 189.0
Co-1b/h 7.08 158.8
09~1b/h §.91 3.30
HC=1b/h 1.00 1.67
NOy~1b/h 0.014 0.224
CO-1b/Mode 1.4157 0.7940
HC=15/Mode 0.1994 0.0084
NOyx~1b/Mode 0.0028 0.0011

4
Climb

30.14
0.0055
53

54
30.24
2520
33.0
0.0781
108.0
1216.7
0.0888
410
398
387
1419
368
176.6
8.93
8.66
0.28
1573
208
165.5
102.1
3.77
.24
0.306
8.5107
0.1032
0.0255

5 6
Approach Taxi In
30.14 30.14
0.0055 0.0055
53 53
54 52
30.38 30.29
2436 1200
21.5 16.1
0.0785 0.G783
62.0 12.95
683.7 159.20
0.0907 0.0813
335 374
325 334
314 269
1267 921
198 34
91.8 7.8
B:.98 10..47
8.61 5.19
0.21 .23
1871 16,965
19 86
93.4 24.57
57.0 7:75
1.59 2,10
0.834 1.71
0.165 0.016
5.7009 0.5167
0.0834 0.1142
0.0165

0.0011
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TABLE C-2. TCM TS5I0-360-C ENGINE NAFEC TEST DATA-=BASELINE 2—

RUN NOS. 30 THROUGH 34

Run No.

Parameter Mode

Act, Baro. - inHgA

Spec. Hum. — 1b/1b
Induct. Air Temp.-°F
Cooling Air Temp.-°F
Induct. Alr Press.—inHgh
Engine Speed - RPM
Manifold Air Press.-inHgA
Induct. Air Density-1b/ft3
Fuel Flow, Wg=-1b/h
Mrflow, Wa=1b/h .
F/A (Measured) /
Max, Cht - °F o

Avg. Cht - °F

‘Min. Cht = °F

EGT - °F
Torque, 1b=ft
Obs. Bhp

% CO72- (Dry)

%7 Co. (Dry)

% 09 (Dry)
HC=ppm (Wet)
NOx-ppm (Wet)
C02-1b/h
Co-1b/h
09-1b/h
HC-1b/h
NOyx—1b/h
CO~1b/Mode
HC-1b/Mode
NO,~1b/Mode

30 31
Taxi Out Takeoff
29.91 29.91
0.0030 0.0030
59 57
56 56
30.09 29.84
1200 2800
16,2 36.9
0.0768 £.0765
13.80 145.0
157.90 1554.5
0.0874 0.0933
394 439
352 421
267 408
879 1462
34 403
7.8 214.9
9.44 7:74
4.98 9.91
2.24 0.17
17060 1473
149 131
21.93 185.6
7.36 151.2
3.78 2.96
1.74 1.51
0.0282 0.251
1.4725 0.7562
0.3470 0.00753
0.00564 0.00125

32 33
Climb Approach
29.91 29.91
0.0030 0.0030
57 57
56 56
30.02 30.13
2520 2436
33.0 21.5
0.0770 0.0772
105.0 62 0
1195.8 726.3
0.0878 0.0854
411 343
402 332
391 322
1424 1263
359 196
172.3 90.9
8.50 8.29
8.54 &.93
0.21 0.16
1483 1774
202 176
153.9 91.5
98.4 62.8
2,76 1.28
1.14 0.824
0,291 0.153
8.1993 6.2752
0.0953 0.0824
0.0243 0.0153

34
kTaxi In

29.91
0.0030
58

55
30.09
1200
16.0
0.0770
13.95
153.00
0.0912
380
347
301
898

35

8.0
9.72
5.59
1.05
16570
65
21.81
7.98
1.71
1.66
0.0120
0.5323
0.1104
0.00080
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TABLE C=~3. TCM TSIO— 60-C ENGINE NAFEC TEST DA*&mmB%SEbIﬁE 3~m
RUN NUMBERS 64-68 S,L. HOT AIR :

Run HNo.

Parameter Mode

Act. Baro. - inHgh
Spec. Hum. - 1b/1b
Induct. Air Temp.-°F
Cooling Adr Temp.—°F
Induvct, Alr Press.-inHgh
Englne Speed - RPM

nifeld Adir Pregbo“lﬂHgA
fInuuatikélx Density-1b/£
Fuel Plow, We-1b/h
Airflow, Wy-1b/h

F/A (Measured} $<:> fﬁg%

. Max. Cht - °F

Avg. Cht ~ °F
Min. Cht - “F
EGT - °F
Torque, 1b-ft
Obs.. Bhp

% €Oz (Dry)
%GO (Sry;
%02 (Dry)
HC—ppm. (Wet)
NOy=ppm (Wet)
COp-ib/h.
CG#lb/h‘ :
Op-1b/h
HC-1b/h
NOy~-1b/h
CO~1b/Mode
HC=1b/Mode
NOx-1b/Mode

65

64 66 67 68
Taxi Out Takeoff Climh Approach Taxi In
30.08 30,08 30. 08 30,08 136.08
0.0115 0.0115 G, @115, 0.0115 0.0115
79 163 97 93 89
87 105 97 91 84
29.99 30,08 30.33 30.08 29.99
1200 2800 2520 2436 1200
16.5 36.9 33.0 21.5 15.8
3.0737 0.0708 0.0722 0.0721 0.0724
11.80 160.0 108.0 59.0 11.45
128.10 1598.4 1180.4 666 2 127.00
0.0921 0.1001 0.0915 0.0886 0.0902
419 430 409 354 414
371 414 400 342 382
293 406 389 330 330
894 1378 1370 1250 905
35 376 332 180 34
8.0 200.5 159.3 83,5 7.8
- 9.16 6.68 L 7.96 8,49 9.60
5,03 12.42 10.28 9.38 - 5.83
4.31 0.48 045 0.47 2.72
21,025 1934 1620 1870 18,545
123 - 68 133 172 76
17.52 174.0 147.3 87.8 18.34
6.12 205§ 121.0 61.7 7.09
'5.99 9.09. 6.05 3.53 3.78
‘1.76 2.08 1.25 0,809 1.53
0.0192 0.137 0.192 0,139 0.0117
1.2244 1.0295 10.0875 6.1721 0.4725
0.3528 0.01041 0.1041 - 0.0809 0.1022

0.00384

0.00069

0.0160

0.0139

- 0.000780
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TABLE C~4. TCM TSI0-360~C ENGINE NAFEC TEST DATA--BRASELINE e

RUR NOS.
Run No.
Parameter Mode

 Act. Baro. - -inHgh

Spec. Hum, = 1b/1b

Induct, Air Temp,-°F

Coocling Air Temp.-"F
Induct. Air Press.-inHgh
Engine Speed - RPM
Manifold Air Press.—inHga
Induct. Air Density=1b/ft3
Fuel Flow, Wi-1b/h
Airflow, Wa=1b/h ..

F/4 (Measured) =
lax. Cht - °F
Avg. Cht - °F

. Min, Cht - °F
LEGT ~ °F

Torque, lb~ft
Obs. Bhp

% COp (Dry)

7 CO (Dry)

% 0z (Dry)
HC-ppum (Wet) .
NOx-ppm {Wet)
COs-1b/h )

CO=1b/h

Op~ib/h
HC-1b/h
NOx-1b/h.
Co~1b/Mode
HC-1b/Mode

NOy—1b/Mode

77 THROUGH 81

77 78
Taxi Out Takeoff
1 29.99 29.99
0.0110 0.0110
78 79
T8 80
30.15 29.91
1200 2800
16.5 36,9
0.0743 0.07355
10.60 155.0
159.00 1507 .4
0.0667 0.1028
399 434
367 418
321 407
1020 1420
32 388
743 206.9
11.38 7.16
- 3.67 11.57
1.67 0.42
9925 . 1688
o103 88
26,22 172.9
5.38 177.9
©2.80 7.38
0.942 1.73
0.0183 0.169
1.0763 0.8893
0.1884 0.00866

0.00366

0.000845

79

Climb

29,99
0.0110

78
79
30.09
2520
33.0
0.0741
105.0
117356
0.0895
414
404
394
1394
338
162.7
8.32
9.63
0.45
1523
166
151 3

111.5
5.95

la‘lé
0.236

9,2905

0.0967
0.0197

80

Approach
©29.99
0.0110

19
:81
29,99
2436
21.5
0.0737
58.5
665,2
G.087%
350
338
3iz4
1267
185
85,8

B.66

9 t"ﬁ}.
J.46
1783
198
88.9

58.9

3.43
0.77

0.16

'5.8852
0.0768

0.0159

81

Taxi In

29,99
0.0110
79
3616
1200
15.8
0.0742
10.95
153.20
3.0715
428
389

G600
35
8.0
210,71
5,04
1.37
12,470
96
24,09
Ta21
2.24
1416

0.0168

0 94809 '
0.0774
10.0011

320
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TABLE (-5,

Pafametér 

RUN HOS. 949-953

Eun Ho.

Mode

. Act. Baroe - inHgA

Spec. Hom. - 1b/1b
Induct, Air Temp,-°F
Cooling Air Temp.-°F

“Induct, Air Press.~inHgh

Engine. Sgee& ~ RPM

’Manlfoid Alr Press,-inHgA
-Induct, Air Densktywiu/feg

Fuel Fl@ws We-1b/h

- Afrflow, W,~1b/h

F/a xMeasuLed3

. Max, Cht - °F
. Avg. Cht - °F

 Min, Cht = °F
15, o

ECT - °F

: TQEQ?Q 91b”ft |

Obs. Ehp ,
% 692 (Dty)

% G0 (bry)

%09 (bry)

NOg-ppm (Wet)
COp=1b/h

. CO-ib/h
25,

Op=1b/h
qcmiklh,,,
NOx=1b/h
Co=1b/Mode
HC=1b/Mode
NOyx~1b/Mode

O /®

HC-ppm (Wet) i

949 250
Taxi Out .Takeoff
30.14 30.14
0.0075 0.0075
76 76
76 78
30.29 30.07
1200 7800
17.6 36 9
0.0749 0.0743
12.30 160.0
171.60 1508.4
0.0717 0.1061
448 422
3598 407
324 395
?28, 1400
.35 390
8.0 267.9
7.58 6,77
4,30 12,26
4,00 0.55
29,898 1827
169 75
19.26 165.8
6.95 191.1
11.08 9.79
312 1.89
0.0330 0.145
1.3905 0.9553
0.6234 0.00945

- 0.00660

0.00072

951m

Gllmb

30, 1&

0.0075
76

78
39;24

2520
33,0

0.0748

107.0

1184.9

£.0903
409
399

388
1393
345

165.5
8.25

9.72

0.47

1540
189

151.7
113.8

6.28

1.18

0.243
9.4792
G.0987

0.0203

TCH TSI@“B&G C ﬁNGTNE N&bEC TEST E&TA&MEASEYINE 5-~

952

Aggraach‘
30.14

0.0075

71
30,14
2436
21.5

0.0744
60.0

675.5°

0.0888
350
341
331
1278
194
90.0
8,69
9,00
0. éé

1946

212
90 .4
59.6
3.33

0.851

0.173

- 5.9616

0.0851
6.0173

953
Taﬁifﬁn

30.14
¢.0075
78
78
30.31
1200
15,9
0.0747
11,10
154,50
0.0718
429
389
317
960
36

8.2
10.83
5.15
1.20
9308
105
24,69
7.417

- 1.59
0,875
0.0186
0.4983
0.0583
0.00124
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TCH TS510~360~C ENGINE NAFEC TEST DATA--BASELIRE &~

TABLE C-6.
RUN NOS. 71-75
Bun No. . 71 72
Parameter Mode TaxifOut Takeoff
Act, Baro. - inlgh 30. 05 30.05
' Spec. Hum, - 1b/1b 0.0110 0.0110
Induct. Air Temp.~°F 14 73
" Cooling Air Temp,-°F 77 78
Induct. Air Press,-inHgA 30.20 29.98
Engine Speed = RPM 1200 2800
Manifold Alr Press,—inHgh 16,5 36.9
Induct. Air Dan51tywlb/ft3 0.0741 658?45
. Fuel Flows We=1b/h 12.3 164.,0
 Adrflow, Wy=1b/h 165.5 1503.3
F/A (Heasured) 9) /10 0.0743 0.1091
Max, - °F 419 425
Ave, Cht - °F 382 397
Min. Cht ~ °F 318 376
EGT = °F 807 1386
Torque, 1b-ft 33 o387
Obs. Bhp 75 - 206.3
% COp (Dry) 9,57 655
% .CO (Dry) 5,24 12,55
% 0y (Dry) 3.47 0.4l
_ HC-ppm (Wet) 21,755 2044
O, ~ppm (Wét) 118 B0
coz«lbih 23.63 160.7
co-1b/h 8.24 196.0
~eza1b/h,,;' 6.23 7.315
HC=1b/h 2,21 2.15
 NOyg-1b/h 0.0225 0.118
CO-1b/Mode 1.6472 - 0.9800
HC-1b/Mode 0.4421 0.0108
NOy~1b/Mode 0.0045 4.0006

0.0168

73 74
Climb Approach
30,05 30,05
0.0110 0.0110
72 72
77 78
30.14 30.05
2520 2436
33.0 2144
0.0751 0.0749
109.0 59.5
1208.7 676.0
0.0902 5.0880
399 340
388 329
374 317
1389 1261
338 187
162.2 86,7
S 8.11 8.60
- 10.00 5,17
0,39 0.46
1603 ‘1986
137 130
'152.8 1 89.6
119.9 60.8
. 5.34 3.48
1.26 0.867
0,202 0,106
9.9948 6.0779
0.1051 0.0867

0.0106

75
Taxi In

30,05
0.0110
g
76
30.21
11200
15.6
6.0751
11.45
158.9
0.0721
396
1366
318
980
36
8.2
11.23
457
1.07
8720
8
26.04
6.74
1.80°
 0.843
0.0153
0.4496
10,0562
0.00102
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TABLE C~7. TCM TSIO-360-C EWGINE NAFFC TEST BATA~@BASELINE 7 e
RUE NOS. 902-906

Run HNo.

Parameter Mode

éct Barea - inﬂgA
Specs Hum, - iv/ib
Induct, Air Temp.-°F
Cooling Alir Temp,.-°F
Induct. Air Press,—inHgh
Frigine Speed - EFM
Manifold Air Press.-—inHgh
Induct, Air Density-1b/fe3
Fuel Flow, We-1b/h
Adrflow: Wgnlbfq .
F/A (Measured) “(Z} /110
Max, Cht = °F .
Avg. Cht - °F
Min, Cht. = °F
EGT = F
orqueg lbmft
Obs, Bap

% €02 (Dry)

% CO (Dry)
Z209 (Dxy)

~Hc~ppm'{get}'
NOg-ppm (Wet)

Cszibfh :
CO~1h/h
09=1b/h
HC=1b/h
NG,~1b/h -
CGwlb!Msde
HC-1b/Mode
WO, ~1b/Mode

902 503
Taxi Out Takeoff -
29.78 29,78 -
0.0060 0.0060
66 63
59 59
29,96 29.74
1200 2800
1644 37.0
0.0755 0.0754
12.2 144.0
156.9 1479.1
0.0782 G.0974
419 461
372 432
300 419
926 1455
35 402
s 214.3
10.41 8.04
5.39 10.04
1.46 04T
14,198 1581
86 147
24.2 186.4
7.97 143,2
2.47 7.92
C1.39% 1457
0.0156 (4,272
1.5949 - 0.7409
L 0.2774 0.00786

0.00312

Ge@@lSé

904

Climb

29&?8
3.0060
L 62

26.88

2520

33.1
0.0759
165.0

1i81.7

0.0889

415

405

391

1418

354
: lé§ eig,
B84

8.54
Q@31
1474
- 235
161.6
98,2

4,07
1.13

0.336
8.1859
0.0940

0:0280

805 906
Appreoach Taxi In
29.78 29.78
0.0060 0.0060
63 63
60 58
29.78 29.96
2436 1200
21.5 16.2
0.0755 0.0759
59.0 11.95
685.7 152.3
0.0860 0.0785
334 386
325 348
315 299
1256 897
192 34
- 89.1 8
8.74 5,18
0231 ‘1.89
1915 20,203
218 79
/a.sl% 22@8
58.5 7.42
2.37 3.09
0.842 1.92
6.180 0.0141
5.8487 0.4948
- 0.0842 0.1279

0.0180

0.000940
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TABLE C~8. TCM TSIO-360-C ENGINE NAFEG TEST DATA~~BASELINE 8e-
RUN NOS. 909-913

Run No.

Parameter, Mode

Act, Baro. - inHgA

 Spec, Hum., - 1b/1b

Induct. Alr Temp.-°F
Cooling Air Temp.-°F
Induct. Air Fress.-inHgA

© Engine Speed ~ RFM

Manifold Air Press,.-inHgA
Induct, Air Demsity-1b/ft3

' Fuel Flow, Wg-1h/h
Adrflow, Wa=1b/h
F/A (Measured) =

Max. Cht = °F
Avg. Cht - °F
Min, Cht = °F
EGT = °F .

- Torque, 1b=ft

Obs, Bhp

% CO2 {(Dry)
% CO (Dry)

% Oy (Dry)

“HC=-ppm {(Wet)
" NOy—ppm (Wet)

COy=1b/h
€o-1b/h
Op~1b/h

HC=1b/h
‘NOy~1b/h

CO=-1b/Mode
HC-1b/Mode
NOg~1b/Mode

909 910
Taxi Out Takeoff
259.85 2985
$.0050 3,0050.
63 57.5
.53 S 53
30,03 29.78
1200 2860
1646 37.0
3:0761 0.0763
11.85 142.0
149.3 1553.9
3.07%4 0.0914
426 453
378 436
289 425
3G9 1487
33 408
S TLh 21745
10,10 8;?5‘
4.93 B.B5
“le66 Dol
19,641 1400
94 225
2241 2086
6.88 134.3
2.65 2:43
"-1583 1542
0.0165 0427
13754 - 6.6713
03669 0.00711

0.00330

0.00214

911

Climb

29;85
0.0050

a7

53
29,95
2520
33.0
0.0768
100.0
1219.6
0.0820
408
399

386
1437
358

1712

9.40.

7,56
9015

1432

~330

172.4

B8.3
2,00
1,10

0,476
7.3558

0.0919
959396

gi2 313
Approach Taxi In
29.85 .29.85
0.0050 0.0050
57 57
52 52
29,85 30.03
2436 1200
21.5 16,1
0.0765 0.0770
59,0 12.70
68L.8 156.2
00,0865 0.0813.
330 410
322 364
313 288
1268 914
193 36
895 , g
.07 9.93
8.09 5.48
0.15 1.24
1756 18,691
266 85
939? y22»8‘
53.2 8,02
1.13 2.07
0,769 S 1.84
0.218 0.0156
15.3210 0.5349
0.0769 001226
0.00104

- 0.0218

: "2054‘ :
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TARLE C-9. TCM TSI0-360-C ENGINE WAFEC TEST DATA~-BASELINE 9--
RUN NOS, 97-101

Run WNo. 97 98 99 100 101
Parameter Mode Taxi Out Takeoff Climb Approach Toxi In
1. Act. Baro, - ipHgA 30.21 30.21 36.21 30.21 30.22
2. Spec. Hum., - 1b/1b 0.0035 0.0035 0.0035 0.0035 0.0035
3. Induct. Air Temp.-°F 58 57 56 56 56
4, Cooling Air Temp.-°F 54 54 54 55 54
5. Induct. Air Press.-inHgA 30.39 30.28 36.31 30.21 30.41
6. -Engine Speed - RPM 12006 2800 2520 2436 1200
7. Manifold Air Press.-inHgh 15.5 36.8 33.0 21.5 15.6
8. Induct. Air Demsity-1b/ft3 0.0778 0.0776 0.0778 0.077¢6 0.0781
9. TFuel Flow, Wg=1b/h 11.50 162.0 112.0 61.0 11.85

10.  Adirflow, Wy~1b/h_ vﬁ 161.1 1563.0 1270.0 741.0 152.7

11. F/A (Measured) ;0 0.0714 0.1036 0.0882 0.0823 0.0776

12. Max. Cht - °F ' ~ 416 437 393 332 386

13. Avg. Cht -~ °F 372 404 386 323 360

14. Min. Cht ~ °F 306 389 376 312 307

15. EGT - °F 993 1418 1408 1282 978

16, Torque, 1b-ft Lb ‘ 370 342 220 47

17, Obs. Bhp ‘ 10 197 164 102 11

18, % €02 (Dry) 11.64 7.37 8.68 9.28 12.03

19. % ¢0 (Dry) 3.87 11.44 9.32 8.44 3.84

20, % 0y (Dry) 0.6 0.13 G.18 0.19 1.59

21. HC-ppm (Wet) 55.72 1704 1535 1837 4470

22. NOy-ppm (Wet) 168 78 162 212 106

23. COy-1b/h 27.2 183.0 169.7 104.8 26.7

24, CO-1b/h 5.8 180.8 116.0 60.7 5.4

25. 02=1b/h 1.14 2.35 2.56 1.56: 1.0

26, HC-1b/n 0.55 1.84 1.53 0.86 0.42

27. NOyx-1b/h 0.031 0.155 0.302 0.186 0.02

28. CO-1b/Mode 1.151 0.904 9.667 6.070 0.360

29, HC-1b/Mode 0.110 0.009 0.128 0.086 0.028

30. NO4-1b/Mode 0.0061 0.0008 0.0251 0.0186 0.001
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TABLE C-10. TCM TSIO-360-C ENGINE NAFEC TEST EATA”“BASELINE 16~

NOy-1b/Mode © 0.0034

55

RUN NOS. 102-106
Run Ho. 102 1G3
Parameter = Mode Taxi Out ‘Takeoff
1. Act. Baro. - inHgA 30.22 30.22
2. Spec. Hum. - 1b/1b 0.0035 0.0035
3. Induct. Air Temp.-°F 57
b C@oling Adr Temp.-°F 53 55
5. Induct. Air Press.-infgA 30.41 30.15
6. Engine Speed -~ RPM 1200 2800
7. Manifold Adr Press.-inHgA 15.6 36.9
8. ‘Induct. Alr Density~lb’ft5 0.0780 0.0776
9. Fuel FiaW, We=1b/h 12.50 162.0
10. Airflow, W,~1b/h 152.8 1584.6
11. F/A (Measured) ' . 0.0815 0.1022
12, Max. Cht - °F 419 441
13. Avg. Cht - °% S 37k 421
14. ‘Min. Cht = °F 307 404
EGT - °F , 945 1412
16, Torque, 1b=ft =~ =~ ) 365
17. Obs. Bhp S T 194.6
18. % COy (Dryy 10.05 7.19
8. Z 0 (bry) ) 4.29 11.45
20, % 0y (Dry) 2.77 0.32
21. HC-ppm (Wet) ' = 78967 1714
2%.’ NOy-ppm (Wet) g3 83
23. COp-1b/n 21.15 181.0
24, CO-1b/h 5.75 183.5
25. 03-1b/h 4,264 5.86
26. HC-1b/h 0.76 1.84
27. WOg~1b/h - 0.017 0.167
28. CO-1b/Mode 1.150 0.918
25, HC=1b/Mode 0.152 0.0092
10.

10,0008

105

30.22
0.0035
55

o Approach

54

30.22
2436
21.5

0.0778
62.5

706.,9

0.0884

329

322
305

1270
249

115.5

8.62 -

£8.88
0.54
1865

176

93.5
61.3
4,26

.85

0.151

6,130
0.085
0.0151

106

Taxi In -

30.23

0.0035

56

53
30.43

1260

15.5

- $.0782

12,206
148.4
0.0822
388
358
300
935
52 ¢
12
10.08
4. 155
2.82
7826

3

Lo S SR R
D
W

0.015

0.383

0.049
0.0010

gqf,‘;
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TABLE C-11. TCM TSI@436G~C ENGINE WAFEC TEST DATA--TAKEQOFF.

MODE-~RUN NGS. 8-11
~ Run No. ‘

Parameter Mode

Act, Baro, — inHgh

Spec. Hum. - 1b/1b
Induct., Air Temp.-°F
Cooling Air Temp.~°F
Induct. Alr Press.-—inHgA
Engine Speed - RFM
Manifold Alr Press.-IinHgh
Induct. Air Density-1b/ft3
Fuel Flow, Wg=1b/h
Airflow, Wy=1b/h _

F/A (Measured) =
Max. Cht = °F
Avg. Cht - °F
Min. Cht = °F
EGT - °F

Torque, 1b-ft
Gbs. Bhp

% COy (Dry)

%Z CO (Dry)

% 02 (Dry)
HC=ppm  {(Wet)
NOy-ppm (Wet)
COs=-1b/h

Co-1b/h

Ozmlb/h

HC~1b/h

NOx-1b/h
CO-1b/Mode

HO-1% /Modo

FEALAG & B 00 &

NOy—~1b/Mode

8 9
Takeoff Takeoff
29.78 26.78
00050 0.0050
62 61
60 60
29,72 29.71
2800 2800
37.0 37.G
0.0755 0.0756
147.0 142.0
14%6.2 1524 .4
0.0982 0.0932
455 474
429 450
418 444
1451 1450
399 397
212,7 211.7
T84 8,62
1026 8.99
024 O.43
1546 1312
140 210
184.1 202.6
153.3 134.5
4,10 7.35
1.55 1.32
0.263 0.392
0.7666 0.6724
0.00775 0.00658
0.00131 0.00196

16
Takeoff

29.78
0.0050
61

&0
29572
2800
37.0
0.0756
137.0
1503.4
0.0911
485
459
442
1515
402
214.3
9.19
8.07
0:32
1260
286
210.1
1174
5.32
1.24
0.525
G.5872

0.00262
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TABLE C-12. TCM TSI0-360-C ENGINE NAFEC TEST DATA-~CLIMB
S , MODE-~RUN NOS. 12-15

Run No.

Parameter = Mode

Act, Baro. - inHgA -

Spec, Hum. - 1b/1b

Induct. Alr T&mp,~ E-
Cooling Air Temp.=" F
Induct. Alr ?ressg~ianA
Engine Speed — RPM : ,
Manifold Air Press.elanA
Tnduct. Air Density=1b/ft2

Fuel Flow, We-1b/h
Adrflow, Wa-1b/h . = .~
FfA {Measured)'i{9§ 1410
‘Max, Cht = °F oo T

Avg. Cht - °F
Min., Cht = °F
EGT - °F
Torque, 1b=ft.
Obs, Bhp

% C0s (Dry)

% Co (Dry)

% 03 (Dry)

HC-ppm (Wet)
NOy=ppm  (Wet)
CO=1b/h
Cco-1b/h
02&15/1’1
HC-1b/h
NOx~1b/h
CO~1b/Mode
HC=1b/Mode
NOy~1b /Mode

12

Cliumb

29,78
0.0050
61

60
29.87
2520
33.0
L0768
104.0
1224.9

. 0.0849
415

404

sy
1423

355

. 170.3

8.85

- 8.59
0.24

1509

233

- 165.7
102.4

3.27.

1.18

_0.341
- 8.5314

0.0983
0.0284

13

Climb

29,78
$.0050
61

60

29.90

2520
32.9
0.0761

gg‘e(}

1160.7
0.0853

417
406

1392

1424
1353
169.4
9.29

7.92

0.26
1441

294
163.5
88.7
3.33
.07

- 0.408
8.5314

0.0891
0.0340

14

Climb -

29.78

0.0050

&1

59

29 s89
2520
33.0

0.0760
94.0
1170.3
0.0803
425
413
400
1459
/358

171.8

10.16
6,50
0.20

1293

479
176.8
72.0

2.53

 0.658

6.0000
0.0792

0.0549

- Climb

29.80
0.0050
61
60
29.90
2520
32,9
0.0761
89.0
1187.9
0.0749
434
422
409
1499
356
170.8
16.72°
5.03
0.20
1135
787
A85.3
- 55.3
2.51
0.830
1.08

U 4.6109

0.0591
0.0897
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TABLE C-13. TCM TSI0-360-C ENGINE NAFEC TEST DATA--APPROACH

Parameter

Act. Barc, - inHgA

Spec., Hum, - 1b/1b

Induct. Air Temp.-°F
Cooling Air Temp,-°F
Induct. Air Press.-inHgd
Engine Speed - RPM
Manifold Air Press.-inHghA
Induct, Air Density-1b/fe3
Fuel Flow; Wg-1b/h
Airflow, Wa-1b/h

F/4 (Measured)
Max, Cht -~ °F
Avg, Cht - °F
Min.. Cht = °F
EGT = °F
Torque,; 1b-ft
Obs. Bhp

% CO72 (bry)

7. €0 (Dry)

% 0y (Dry)
HC=ppm - (Wet)
NOgx~ppm (Wet)
CO2~=1b/h
CO-1b/h
09-=1b/h
HC~1b/h
NOy~1B/h
CO-1b/Made
HC=1b/Mode
NOy~1b/Mode

MODE~~RUN NOS., 16-18

16

Approach

29.80
0.0050
61

59
30.08
2425
2145
0.0765
55.0
680.0
0.0868
327
319
309
1252
192
88,7
8.88
8.94
0-20
1979
199
92.7
594
1.52
0:866
0.163
5.9377
0.0866
0.0163

17

18 13

Approach Approach Approach
29 .80 29,80 29,80
0.0050 0.0050 0.0050
61 61 61
60 59 59
30.07 30.067 30.08
2425 2425 2425
21.5 21.5 21.6
3.0765 0.0765 G.0765
5400 49.0 44,0
687.3 683.3 674.3
§.0786 §.0717 §.0653
338 348 349
330 341 342
321 333 334
1304 1362 1414
193 194 189
89.1 89.6 8743
16.03 11.72 13.26
6.58 3.90 1.26
0.21 G.24 051
1468 1163 753
453 1694 2117
161.9 115.2 125.0
42.5 24,4 7.62
1.55 1.72 3.52
0.629 0.482 0.302
0,363 0.849 1.589
4.2539 2:4402 0.7621

0.0629 0.0482 0.0302
0:0363 G.0849 0.1589



© Cooling Air A?-inHZO

SUMMARY uHABT—CYLINDER HEAD CQOLTNG TESTS FOR DIFFERENT COOLING

TABLE C~-14.

Run No, 155

Pétémeter e Mode Takeoff
Act. Baraa - 1anA 30.20
Spe¢s Hm, = 1b/1 0.0035
Induct. Air Tempew F 59
Cooling Air Temp.-°F 59
Induct. Air Press.-inHgA 30.11
. Frigine - Speed - RPM Ol 2800
Manifold Air Press,-inlga 37,0
Induct, Air Dens*ryulb/rt3 0.0769
Fuel Flow, We=1ib/h o - "162.0
Airflow, Wa=1bh/hol U o 1590.5
F/A  (Measured) ‘,:f~ ' 0.1019
Max. Cht - °F . -7 7 0391
Avg. Cht = °F o O
Min, Cht ~ °F 342
BOT = OF b 1434
Torque, 1b-ft 405
Obs. Bhp 215.9
7.0

5.5

156 157 . 158 159

Takeoff Takeosff Takeoff Takeoff
30.20 30.20 30.20 30.20
0.0035 7.0035 0.0035 0.0035
.59 58 58 58
w58 59 59 59
30513 30.12° 30.14 3G.12
2800 2800 2800 2800
369 36.9 0 36.9 37.0
0.0769 0.07710 0.0771 0.0771
162.5 163.0 163,00 ©155.0
1558.8" 1573.1° 1529.4 157744
0.1042 0.1036 0,1066 . 0.0983
395 426 466 396
358 390 - 424 360
1414 1420 1438 - 1451
407 410 403 426
217.0 218.6  214.9 227.1
3.5 1.5 7.0

AIR FLOW CONDITIONS (VARYING CGOLING AIR AF FLQWING CONDITIONS)

3.5

160 161
Takeoff Takeoff
130,20 30.20
0.0035 0.0035
~ 58 58
S 59 58
30.12 30.13
2800 2800
37,0 370
g.0771 0.0771

1540 152.0
S 1580.8 1538.6
00974 0.0988

U406 436

373 4086

1452 1460

424 428

226.0 227.1
3.5
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