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PREFACE

On June 28, 1974, Teledyne Continental Motors, Aircraft Products Division ,
under contractual agreement with the Federal Aviation Administration , National
Av iation Facilities Experimental Center (NAFEC), began work on Contrac t DOT
FA74NA-1091 for the purpose of evaluating the baseline exhaust emissions of
five aircraft piston engines. In addition , the work was intended to explore
the possibility of reducing these exhaust emissions by leaner fuel -air

• . ratio operation and ignition timing changes, within the limits of safe operation
of the engines .

The Contract effort was a consequence of the Environmental Protec tion Agency
Regulation published on July 17, 1973, in Volume 38, Number 136, Part II, of
the Federal Register entitled ‘Control of Air Pollution from Airc raft and
Aircraft Engines ”.

While this study supplements previous work done by Teledyne Continental Motors,
Scott Research Labs and the Bendix Corporation Research Labs , its major contri-
bution lies in two principal areas. First, and most importantly , estimates

• derived from test stand operation define expected safe limits of lean operation
• for the five engines in terms of cooling and acceleration (References 14 - 18).

The second area of Importance involves the development of an accurate analysis
for the calculati on of the required mass emission values .

Throughout the duration of the Contract Intensive development has been necessary
to improve the accuracy , repeatability and durability of the exhaust emissions
measurement system . The success of these developments has been due to the
persistent efforts of Mr. Arthur G. Hufton .

The data reduction analysis was formulated by Mr. Bernard J. Rezy and Contract
coordination was provided by Mr. Wil liam A. Anderson .

Acknowledgement is also due to Mr. John R. Black for his work in the collection
of data and to Mr. J. Ronald Tucker for his assistance wi th data assessment
for this report.

The flight test portion of this Contract was conducted by Messrs. Bobby W. Minn is
and Larry K. Anderson.
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1, INTRODUCTION

This report concludes a 27 month effort under Phase I of the Contract, DOT
FA74NA-109l . The purpose of this part of the Contract was to define the
ex haust emission levels of five a i rcraft pi ston engi nes manufac tured by
Teledyne Continental Motors, Aircraft Products Division , and to explore possibl e
emissions reduction through variabl e ignition timi ng and lean fuel-air ratio
operation .

The engines tested are a representative cross-section of current production
engines ranging from a small 4-cylinder carbureted engine to a complex 6-

• - cylinder, geared, fuel-injected , turbocharged engine . The report shows the
expected limitations of safe operation in the attempt to reduce exhaust emissions
over a 7-mode Landing/Takeoff (LTO) Cycle.

An addition to the Contract in the form of a flight test program illustrates
the difference between uninstalled propel ler stand testing and installed testing
over a 0 - 100°F ambient temperature range. This additional testing was
deemed necessary to exemplify the differences between the actual installed and
estimated test stand limitations on safety of flight of lean eng i ne operation .

As a supplement to this report, the reader is directed to the individual
engine reports wri tten dun n g the course of the Contract. References 14 - 18
give the titles and content of these reports which include log sheets wi th
additional data not reported herein. This data i ncl udes items such as fuel
temperature, crankcase pressure, fuel injection nozz le pressure, individual
cylinder head temperatures (only maximum CHT is given in this report), oil
temperature and other data not deemed critical to the understanding of aircraft
piston engi ne ex haust emiss ions .

1— 1
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2. THE EXHAUST EMISSIONS STANDARDS

The Exhaust Emissions Standards for aircraft piston engines were established
by the Environmental Protection Agency in response to Section 231 of the Clean
Air  Act , as amended by Public Law 91-604 . The Regulations are published in
Volume 38, Number 136, Part II of the Federal Register , dated Tuesday, July
17, 1973. In addition , an addendum was published in Volume 41 , Number 181 ,
Part I, dated Thursday , September 16, 1976. The addendum covers miscellaneous
amendments to the origina l Regulations which do not substantially affect the
work presented in this report.

The standards were partially based on the data in the Cornell Aeronautica l

• Laboratory Technical Report CAL No. NA-5007-K-l of October 15 , 1971 . The
Report , which was prepared under EPA Contract No. 68-04-0040, is a compilation
of data collected by Scott Research Laboratories and Teledyne Continental
Motors. This comoilation includes a statistical analysis of the available data .
The Environmental Protection Agency concluded in the preanble to the Regulations that
“sufficient evidence is already available in the form of measured emissions data
on current aircraft to indicate that the proposed standards can be met by
improved fuel management “ . The subject of this NAFEC Contract Report is
the determination of what can be done with “improved fuel management’ of
existing engines.

Basically, the EPA Regulation states that for a 5-mode cycle of simulated airport
operation (see Table 2-i), the exhaust emissions from each new aircraft piston
engin e manufac tured on , or after, December 31 , 1979, shall not exceed the
specified limits for hydrocarbons , carbon monoxide and oxides of nitrogen . These
limi ts apply to all aircraft piston engines , except radial engines (the Regulation
does not include radial engines).

In addition , the exhaust emissions from each in-use engine manufactured on or
after December 31 , 1979, shall not exceed the level applicable to it when it
was new.

So, not only must the engines manufactured in 1980 and beyond meet the Standard ,
but they must also maintain continuous compliance with the established limits .

For the purposes of the exploratory work under the Contract, and to compare the
emissions from the fi ve different engines which were tested , the EPA 5-mode
LTO cycle was expanded into a 7-mode cycle by separating the Idle/Taxi modes
and further defining the power/speed conditi ons of the remainin g modes. Table

• 2-2 is the NAFEC Contract 7-mode LTO cycle which was used as the basis for all
engines tested.

The EPA power/speed requirements for each mode were intended to give enough
latitude to allow for the fact that typical LTO cycles will vary dependi ng on
the engine model tested. During the course of the Contract work it was found
that some latitude was needed beyond the specific requirements of the NAFEC
Contract 7-mode cycle. It is unreasonable , fc,~ instance, to operate a gearedeng ine at 1200 propeller RPM for the Taxi mode. With the three-bladed , or
large diameter two-bladed propel l ers used on these engines , 900 propeller
RPM gives a more reasonable power level . Also , in the case of the 0-200-A
engine , the fixed-pitch propeller did not allow operation at the specific

• conditions requi red by the Take-Off, Climb and Approach Modes.

2-1
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In thi s respect, the absolute values of exhaust emissions reported here relati ve
to the 1980 EPA exhaust emissions Standards may not reflect the values obtained
when consideration is given to the latitude offered by the EPA 5-mode cycle.
Also , when the operati ng conditions are examined for each engine model as
installed in a particular model airframe , the unique individual requirements
may resul t in variations in the reported va l ues. Nevertheless, the intent of
thi s Report is to exami ne relative reductions in emissions and to demonstrate
the relative emission levels of the five engines with respect to one another.

I
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EPA FIVE-MODE ITO CYCIL

MODE TIME-IN-MODE POWER [ENGINE RPM
NO. MODE NAME (mm .) (t) (t)

TAXI/IDL E OUT 12.0 ***

2 TA KI-OFF 0.3 100 100

• 3 CLIMB 5.0 75 to 100

4 APPROACH 6.0 40

5 TAXI/IDLE IN 4.0

TOTAL CYCLE 27 .3

TABLE 2-1
***Maflufact urer l s Recommended

NAFEC CONTRACT SEVEN-M ODE ITO CYCL E

MODE TIME-IN-MODE POWER PROPELLER
• NO. MODE NAME (mm .) (i)  RPM

• 1 IDL E oui 1.0 - 600

2 TAX I OUT 11.0 - 1200*

3 TAKE-OFF 0.3 100 1001 of Maximum

4 CLIMB 5.0 80 90t of Maximum

5 APPROACH 6.0 40 ~1L of Maximum

6 TAXI IN 3.0 - 1 200*

7 IDLE IN 1 .0 - 600

TOTAL CYCLE 27 .3

TABLE 2-2
*900 RPM for geared engines

2-3
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3. BACKGROUND - THE AIRCRAFT PISTON ENGINE

In understanding the exhaust emissions characteristics of the aircraft piston
engine and the probiems unique to the measurement of emissions from such
engi nes , it is necessary to be aware of the operationa l requirements and
limitations of this class of interna l combustion engines.

The five engines tested by Teledyne Continenta l Motors under the Contract
represent the widest range of light aircraft piston engine types currently
in production . Table 3-i shows the variety represented by these five engines .

ENGINE DISPLACE MENT, in 3 200 520 360 406 520

RATED BRAKE HORSEPOWER 100 300 225 285 435

CARBURETED 
— ________ _______ _______ _______

FUEL INJECTED X X X X

GEAR DRIVEN X X

TURBO-SUPERCHARGED 
‘ 

X X

T/’.CLE 3-1 EflGINES TESTED IN NAFEC CONTRACT DOT FA74flA-lO9l

Each aircraft piston engine model must meet the requirements of Part 33 of the
Federal Aviation Regulations outlining the airworthiness standards to be met
in obtaining a Type Certificate. The required testing includes vibration
testing to define the vibratory characteristics of the crankshaft and propeller

• shaft under both steady-state and transient conditions , a calibration test to
establish the power characteristics , a 150-hour endurance test, a detonation test
and an operation test.

The engine model must also undergo additiona l testing by the airframe manufacturer
as part of the aircraft certification procedure to demonstrate airworthiness

• of the engine/propeiler/airframe combination . The compliance wi th Part 23 of
the Federal Aviation Regulati ons includes fuel system, engine cooling, engine oil

• system and other testing.

The operating limi tations of an aircraft piston engine are thus determined by
an envelope of conditions which ensure the airworthiness of the total system.
These boundaries and the tolerances applied to them are determined in large
part by engine cooling requirements, detonation limi ts and smooth transient
operation . Fulfilling these three basic criteria are primarily a function of
the fuel system.

3—1
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The cooling air avai lable to the Installed aircraft piston enaine is limited by
the fo rward speed of the aircraft. To some degree , variations in cooling
capability with the available ram air pressure are possible through the design
of eff icient engine cowlin g , inter -cylinder bafflin g and variable cowl flaps .
When maximum advantage is taken of these factors then the fuel system must be
limited to a minimum fuel flow schedule at higher powers to prevent cylinder
overheating. Figure 3-1 shows an approximate relationship between cylinder
head temperature , exhaust gas temperature , engine power and specific fuel
consumption with fuel-air ratio.

• For the full power requirement of take-off , it is obvious that a range of fuel-
• air ratios between .0765 - .0835 wi l l  provide the maximum avai lable power .

For other operational modes not requirinq maximum available power such as climb ,
tax i , idle , approach and cruise, the desired range of fuel-air ratios is that
which provides best fuel economy (.059 - .066). The limitations on leaning

• the engine” to this best economy range are cylinder head temperature , turbine
inlet temperature (for a turbocharged engine), smooth transient operation
(engine acce leration) and detonation .

b r  the special case of a turbocharged engine , it i s often not poss i ble to
achieve proper cylinder head cooling at best power fuel-air ratio in the
maximum power condition due to high specific power output and limited cooling
air pressure . Under these conditions , reduced cyli nder head temperatures are
achieved by the rich operation of the engine resultin g in slightly lower power
and l ower cylinder head temperatures.

During the Type Certification process , all these lim i ts mus t he demonstrated
s o  that safety margins can be establi shed and the fuel system can be designed

• to provide the required fuel flow schedule for safe engine operation.

As an example, I iqure 3- .” shows the recommended fuel flow versus  brake horse-
power curve that was a result of the calibration and detonation tests on the
TSIO— 360-C engine. The shaded area shows the permit ted req ion of operation.
Note that above 7~” power , the fuel flow schedule becomes richer (higher fuel
flow ) than best power fuel flow . This .‘iu ri~ hment provides the required cooling
and detona t.i on margin for the engine opera t i no at hi qher powers . The rich and
lean limits of full rich fuel flow are establ ished such tha t every production
fuel system may be adjusted to remain with in t~vse upper and lowe r l imits when
operated full rich. Delow the 75 power leve l, manua l leaning is permitted to
a fuel flow providing an Ec~T value which is St) I rich of peak.

A safety margin is provided beyond these” established limits to account for the
variations in fuel-air ratio with ambient temperature , pressure and humidity as
well as the reduction of the detonation lim it with engine age due to combustion
chamber deposit build-up.

Each engine mode l is Type Certificated within its own established set of limits
deemed necessary for safety of flight. This envelope then determines the limits

• on exhaus t emissions for each engine within the specification of its Type
Certificate .

.— --
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This report explores the limits of exhaust emissions within the current
Type Certificates of the five eng i nes based on a 7-Mode Landing/Take-Off
(LTO ) cycle of airport operation. Exploration beyond these established
safe boundaries is also presented in terms of spark timing variations
and lean operation to the limits of smooth t r a n s i e n t  operat ion or
cylinder head overheating .

Throughout the report , reference will be made to the exhaust emissions
at three specific operating conditions. BASELINE operation refers to
the nomi nal full-rich fuel flow as specified by the Type Certificate of
a particular engine at a particular operating condition. This represents
the norma l operation of current aircraft piston engines through an LTO
cycle near an airport.

CASE 1 , refers to the leanest (lowest fuel flow) operation permitted in
each of the operating modes wi thi n the current Type Certificate for the
engine .

CASE 2 represents the estimated leanest possible operation of the engine
within cylinder head temperature and smooth transient operating limi ts .

The actual engine tests whic h were conducted on a propeller test stand
are only estimates of installed behavior. A flight test was conducted
using the 10-520-0 eng i ne installed in a Cessna 210 aircraft . The
fl ight tests were conducted over a wide range of ambient temperatures
to attempt to defi ne the practical CASE 2 limits of this engine .

In operating an engine on a propeller test stand , the operat i ng range
is somewhat limited by the nature of the propeller/engine combination.
The 0-200-A engine was designed to operate with a fixed-pitch propeller
resulting in its range of operation being limited to a propeller load
curve . The flight propeller used during testing on this eng i ne is not
capable of developing full rated power (100 BHP) statically , so the
maximum power developed on the stand was about 80 BlIP. This limi tation
will not significantly affect the overall LTO cycle emissions , as the
full power Take-Off Mode represents only one percent of the total cycle
time .

The remaining engines were equipped with constant-speed (variable pitch)
propellers operated by a hydraulic governor. The governor and mechanical
stops can be adjusted to allow full power to be developed statically.
Below about 35”~ power , however , the propeller remains in full flat pi tc h
and acts like a fixed-pi tch prop. In an actual aircraft installation
the propeller is adjusted statically to a lower speed so that in actua l
fli ght with relative motion between the air and the propeller , ful l

• power RPM is developed . The result of these discrepancies is that the
emissions levels measured on the prop stand are not identical to those
which woul d be measured i n actual installed use i n an aircraft .

3-3
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Another complicating factor , which results In data variability , is that
the propeller is an aerodynamic device. At a given engine speed , the
propeller will require varied engine throttle settings from day to day
due to the normal changes in atmospheric density . The result is some
amount of emissions data scatter particularly In the low-power idle mode.

Also , due to the insensitivity of the fuel in jection systems to air flow
variations , exhaust emissions will vary , at constant fuel flow , with
norma l excursions in atmospheric humidity , temperature and pressure.

For each of the f ive enoines a recommended fuel flow versus corrected brake
horsepower curve is oresented from the Detail ~odel Specification for each engine .
These curves . si m ilar to Figure 3-.~, are based on a prope ller load curve, so tha t
for each power condition there is one corresponding speed based on the theoretical

• relationship .

BHP~ (~rM2\ ~
BHP 1 \~

RPM
1)

The eng ines are operated at a manifold pressure  and speed corresponding to the
LIAFEC Seven- loJe LTO Cycle which would ideall y qive the percent  po~’er required
by Table .~~

- .
‘ a t Stan dar d Day cond itions ( 6C~°F. ~~~~~~~~~~~ in. Hg), accord i ng to the

• Detail ~odel Specification. A olus or minus ~~~~~~~~ of nom inal corrected power . at
full power , is allowed to account for oroduction variab ility . As a result .
observed enaine power w i l l  vary for the TaLe-Off , Climb and Approach Modes with
ambient conditions and en g i n e  aae .

The exhaust emissions test results in Sections 4.1 thru 4.5 of this
report are presented in light of the particular operating characteristics
and restrictions for each engine model.
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4 . EXHAUST EMISSIONS TEST RES ULTS

This Section presents the emissions results from each of the five (5)
eng ines tested under the Contract. An attempt has been made to present
the information for each engine in a standard format for ease of comparison.
Each sub-section will begin with a brief description of the engine, its
particular operating requirements and a discussion of test technique and
specia l problems encountered during testing . For the most part , the
emissions results are presented graphically at the end of each sub-section
and reference will be made to each table or figure as it is discussed in
the text. Reference should be made to Appendices C thru G for additional data .

4.1 0-200-A E xhaust Emission Test Results

At 100 Horsepower , the 0-200-A engine is the smallest aircraft piston
engine currently produced by TCM. A carbureted , four cyli nder , horizontally
opposed engine , the 0-200-A is in widespread use in Genera l Aviation training
aircra ft. Over 22,000 units of this model have been produced to date.

This engine was the first one tested under the Contract , and , as a conse-
quence , problems were encountered with the data due to exhaust emission
measurement system inadequacies . Following the completion of testing on
the fi ve eng i nes , the 0-200-A was rerun and this data was used for establishing
the emissions levels for thi s engine. In Figures 4.1-2 thru 4.1-7
the or igina l data is presented for comparison. A chronological list of the exhaust
em i ssions measu remen t sys tem prob lems are presente d in Reference 4 , p. 375.
F igure 4.1- 1 shows the recommended fuel flow schedule for this engine .

• where average full rich fuel flow is defined as BASELINE , and the lean limit
and minimum allowable fuel flow boundaries define CASE 1 . These• limits are individually defined in Figures 4.1-2 thru 4.1-7.

• For the Idle • Taxi and Appr oach modes , the li m it on CASE 2 ni nimun fuel
flow was selected on the basis of engine accele ration requirements. Take-off
and Cli m b (both a~ dO’~ power) iin im uni fuel flows were establ isheii
by the cyl inder head temperature considerations .

The flight propeller used on this eng ine was a McCaule y two-blade , fixed-
pitch propeller (S/N 41130), which was not capable of turning the required
2750 RPM statically. Full power was not developed during the Take-off Mode .
Since this mode represents only one percent of the total cycle, the overall
cycle emissions are not affected to any great extent.

Also, due to the nature of the fixed -pitch propeller , the Approach was not
run at 4O”~ power and 87’i RPM but rather at 40’~ power and 71~• RPM .

Figure 4.1-8 shows the results in terms of percent of EPA Standards for
the BASELINE , CASE 1 and CASE 2 conditions . The 0-200-A engine was not able
to meet the Standard for carbon monoxide (CO) or hydrocarbons (HC), wh i le
rema ining within its current Type Certificate (CASE 1). Even when operated
to CASE 2 fuel flows , the engine exceeded the Standard for CO by 2l~ .
In all cases , oxides of nitrogen (N0~) remained below the Stkndard .

4 .1-1
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Figure 4. 1— 9 shows the distribution of each of the three pollutants over
the 7-Mode ITO cycle , The production of CO and HC were primarily in the
Taxi Out s Climb and Approach Modes , while N0x was produced in significant
quantit ies only during lean operation in the Climb and Approach Modes.

The data presentei in Figures 4.1- 8 and 4 .1-9, as well as the similar
f i g ures for the remaining four enaines , does not reoresent a specific
test, but rather an average level derived from the individual engine lean-out
curves , such as Figures ~‘.l-2 through 4.1-7 for the 0-200-A enaine.

Durin g all engine testing , the induction air inlet pressure was mainta i ned
at 29.92 inches of mercury absolute • assure , corrected to a dry (zero
humidity ) condition by boosting tha t inlet pressure by an amount equal to
the vapor pressure of the humidity in the air. Hence, the term “inches of
mercury absolute , dry~ has been used to denote induction (combustion) air
inlet pressure . This procedure is used during Type Certification Calibration
Testing , and is used here as well. A study was done to estimate the effect
of induction air pressure variations due to normal atmospheric pressure
fluc tuations on the exhaust emissions of the 0-200-A engine. The results
shown in Figures 4.1-10 thru 4.1-13 indicate that for this carbureted
engine with a fixed pitch propeller , increases in ambient pressure lead to
decreases in fuel-air ratio (more air for the same fuel flow ) with corres-
pond i ng decreases in CO and HC va l ues.

The spark timing variations for this engine were run primarily at BASELINE
• fuel flows . No signif icant improvement or degradation of emissions were

noted over the cycle for the variations in magneto timing from 26° to
• 34° BTC.

4
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• TABLE 4.1-i

0-200-A ENGINE DESCRIPTION

TYPE CERTIFICATE NUMBER 252
DATE OF ISSUANCE 3/5/58

NUMBER OF CYLINDERS 4
CUBIC INCH DISPLACEMENT 200.91

CYLINDER BORE (inches) 4.0625
PISTON STROKE (inches) 3.875

• . COMPRESSION RATIO 7.0:1

• DRIVE RATIO (propeller/crankshaft) 1:1

AIR INDUCTION SYSTEM NATURALLY ASPIRATED
FUEL CONTROL SYSTEM CARBURETED

• RATED MAXIMUM TAKE-OFF POWER 100 BHP

RATED MAXIMUM TAKE-OFF PROPELLER RPM 2750 RPM

RATED MAXIMUM CONTINUOUS POWER 100 BHP
RATED MAXIMUM CONTINUOUS PROPELLER RPM 2750 RPM

MAXIMUM ALLOWABLE CYLINDER HEAD TEMPERATURE 525°F

• MAXIMUM ALLOWABLE EXHAUST GAS TEMPERATURE - -

MINIMUM FUEL OCTANE RATING 80/87 Avgas

IGNITION TIMING (degrees btc) 28°

4.1-3
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4.2 I0~-52O—D Exhaust Emissions Test Results

The 10—520 series engines represent about one—third of TCM’ s current• production of aircraft piston engines. The 0 model was chosen as being
representative of the naturally aspirated 520 series due to its versatile
use in both the transportation and agricultural areas of General Aviation.

The 10—520—0 engine has a TCM continuous flow fuel injection system which
responds to vari ations in throttle angl e and engine speed.

The Type Certificate recommended fuel flow specification is shown in Figure
4.2—1 where BASELINE fuel flows are shown as the average of the rich and
lean l i m i t fu l l  r ich fuel flows. CASE 1 fuel flows are at the lean limi t
above 75% power, and at the minimum allowable fuel flow below 75% power.

Figures 4.2—2 thru 4.2-7 show the effect of lean operation and spark timing
var i a t ion  on emissions of CO, HC an d NOx for each mode. The solid circle
data points represent data taken after the completion of the fl ight tests
(see also Section 5). A problem wi th induction air fl ow measurement was

• encountered after the post-fl ight test emissions tests were completed . The
discrepancy in measured air flow is apparent in the curves for retest “D”
and retest “L” solid circle data points in Figures 4.2-2 thru 4.2-7.
Once the data was taken , there was no way to correct it mathematically as
the magnitude and cause of the air flow errors were unknown . It is , however ,
known that all the air flows were too high . For the lower power modes of
Idle and Taxi , the air flows seem to be high by about 10-15%. In the higher
power modes of Takeoff, Climb and Approach the air flows are suspected to be
too high by about 2-5%.

There was no significant benefit in emissions levels achieved for the 7—Mode
LTO Cycle due to magneto timing variations.

The 7—Mode LTO Cycle emissions are presented in Figure 4.2—8. BASELINE
operation of this engine exceeds the EPA Standards for both CO and HC. The
Standards for all three pollutants are met , however , for CASE 1 and CASE 2
fuel flow schedules .

The distribution of the three pollutants among the seven modes is illustrated
in Fi gure 4.2—9. The main contributors to CO emissions are the Climb and
Approach modes. Hydrocarbons are formed mainly in the Taxi Out mode, an d NOx,
primarily in the Climb and Approach modes. This engine shows the one excep-
tion to the general trend of CASE 2 being leaner than CASE 1. In the Approach
mode data of Figure 4.2—9 it can be seen that CASE 1 is leaner than CASE 2
( the CO an d HC are l ower and the NOx higher for CASE 1). Figure 4.2-6 shows

• this more clearly. The engine reached its estimated acceleration limi t
(CASE 2) before the leanest allowabl e fuel flow limi t (CASE 1). In normal
aircraft operation this would not be considered a problem because acceleration
Is recommended only from the full rich mi xture position. Also , fl ight tests
confirmed acceptable acceleration from CASE 2 (see Section 5).

Of all five engines tested, the 10—520—0 has the longest running time histo ry.
The engine was initially run at 1CM on January 14, 1975. Upon completion of
testing in Apri l of 1975, the engine was shipped to the Federal Aviation
Administration ’s National Aviation Facilities Experimental Center (NAFEC ) in
Atlantic City , New Jersey for confirmation testing. The engine was then

4.2—1
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t Urned to T M  and i ns t  all ed in the fi i qh t test a i ru raft where tests were
conducted iii ~iob l i t ’ • Al abank~ , Iarqo , North Dakota , Del Rio and Laredo , Ic xas
and I ql in Al t~ ii ima t n. Laboratory in Florid a . tjurinq this period the engine
had arc umu I a ted over 300 hours of opera t I ntj time . Upon completion of the
ii +Iht te st • add iona I emissions data were taken. Al though the engine was

found to hi’ wi thin acceptable limits on oil consumption and cylinder corn—
pros s io n • the ~ioa ’ , u rod hydrocarbon vi 1 uos were found to be about double in
he T akeo It and ~ I n~ modes f rom when the enq inc was f i rs t tested . The

h~d ror a rhons I OI 01 s were’ s Ii qht I y higher than the or i gina 1 Taxi and Idle
• and Appro~t h ~dt ’s

A top overhaul was perfo ’med (new cylind er head as semb lies p1 us new pistons
and p1 s ton rIngs ) and the engine W d5 again checked f~

. emissions . The
hydrocarbon v,i l ut’s h ~d ret urned to their or i gina 1 level s

Ii qurt’ .1 . . — 10 shows the re su l ts  of the overhaul on the /—Mod e LTO Cycle
emissi ons . The dat a used in 4. ~~ — 10 was derived from individual tests
rathe r than coinpos i t t ’ data as p resen ted in Fi gure 4 .

During the cours e ’ of the testing on this engine the hydrocarbon emissions
had inc reased by about .1 ‘ over the entir e cycle. Subsequent inspection of
the c i  indt’ r barre ls showed an abnorma l condition of cylinder barrel glazing.

• The g 1 a:e , cau se d by the acc urnul ati on of baked oil depos I ts on the barrel
prevented t tie p is ton rings from wea ri rig— in to con term wi th the cylinder
bore . Wh i it’ oil consumptio n was wi thin norma l specifications , it was suf—
~ i c i cut 1 y hi tiher to promote the increased HC readings

I.y  11 nder ha rre 1 neas urt’men ts were nade to con f i ni that the bore was w I thin
~~~~~ i ceab it’ I i ni t . in tact , three of the cylinders appeared to be stil l
with in produc t ion new limi t s . I i qure 4 . .‘— ii shows graphicall y the resul t o f
these ot’asurement s . The depicted cylinder bore “choke ” ( decrease in di ameter

• t oward I ep 0? 1 indt’r) is built into the cy linder to account for the outward
combos r i on pros s ut.e and tborina I expansion of the cy Ii nde?r when the engine is
runn I ng

The’ reason for t h e ’ &v l inde ’r barrel gla ; m o  occurrin g on this engine is thought
to be ’ due to the abnorma l running condi t ions the engine experienced during
the early part of its normal break—in interval . liurin g initial em i s s ions
test i ng the’ engi no was opera ted for long pen otis of t ime at idle and low powe r
s e t  t 1 n+~5 b r  the purpose of ~atheninq emissions data. These long periods of
low power running may have contributed to the eventual g lazing of the cy linder
barre ls . The e f f o r t  of cy l inder barrel g lazing on the f i igh t test results
i n s t a l l  i’d s a t e  t v l imi t  s ) are conside red neqi ig i b le ’ .

A t e  thor con t H hut ion to i ncrease ’d oil consu mpt ion tot’ th is engine was intake
valve gu ide wea,’ , a lso  thought to  he caus ed by the abnorma l running schedule
to which th i s engine wa s subj ected. Pu ring the intake stroke at I ow man i fold
p ci ’ s S A I 0 ~ • oi l  w a S . f lowin g down the worn intake va I ye gui tie from the rocker
a tin ro ve’ • a rea . T hi c problem w as t O  rrec t i’d when the new cy l inder head
as s eii i t +l it ’’. ‘i.e ins ta l l  i’d.
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TABLE 4.2- 1

IO-520-D ENGINE DESCRIPTION

• TYPE CERTIFICATE NUPIBER E5CE
DATE OF ISSUANCE 8/30/65

NUMBER OF CYLINDER S 6
CUBIC INCH DISPLACEMENT 519.54

• CYLINDER BORE (Inches) 5.25

PI STON STROKE (Inc hes) 4.00
COMPRESSION RATIO 8.5:1

DRIVE RATIO (propel ler/crankshaft) 1:1

AIR I NDUCTION SYSTEM NATURALLY ASPIRA TED
FUEL CONTROL SYSTEM FUEL I NJECTED

RATED MAXIMUM TAKE-OFF POWER 300 BHP

RATED MAXIMUM TAKE-OFF PROPELLER RPM 2850 RPM
RATED MAXIMUM CONTINUOUS POWER 285 BHP

RATED MAXIMUM CONTINUOUS PROPELLER RPM 2700 RPM

MA X IMUM ALLOWABLE CYLINDER HEAD TEMPERATURE 460°F

MAXIMU M ALLOWABLE EXHAUST GAS TEMPERATURE --

MINIMUM FUEL OCTANE RATING 100/1 30 Avgas

IGNITION TIMING (degrees btc ) 22°

4.2-3
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4.3 TS IO-36O-C Exhaust Emissions Test Results

The TSIO-360-C is representative of a class of engines increasing In
popularity for the rapidly expanding light twin-engine aircraft market.
The TSIO-360-C has provisions for a turbocharger compressor sonic venturi
air bleed for cabin pressurization and uses a TCM continuous flow fuel
injection system responding to throttle angle , engine speed and turbo-
charger compressor discharge pressure.

The Type Certifica te recon~nended fuel flow schedule is presented in Figure
• 4.3-1 where BASELINE fuel flows are the average of the rich and lean limits

of full rich fuel flow. CASE 1 fuel flows are at the lean limi t above 75’X.
• power and at the Illinimum allowable fuel flow below 75~ power. The curve

shows enrichment of fuel flow above 75~ power for lower cylinder head
temperatures during high power operation (see also Figure 3-2).

Figures 4.3-2 thru 4.3-7 show the effect of fuel-air ratio and spark timing
• on emissions for each of the individua l operating modes of the 7-Mode

LTO Cycle. No significant exhaust emissions reductions were observed by
variation of the magneto timing .

• The exhaust emissions for BASELINE , CASE 1 and CASE 2 as a percent of the
EPA Standards are presented in Figure 4.3-8. The exhaust emissions for
this engine are characterized by high hydrocarbons when compared to the
other four test engines and compared to its carbon monoxide l evel . The
disbribution of emissions, by mode, throughout the cycle (Figure 4.3-9)
show that these hydrocarbon emissions are produced predominantly in the
Taxi Out Mode.

Carbon monoxide and nitric oxide production are mainly contributed to by
the Climb and Approach Modes .

• The effect of induction air pressure variations on exhaust emissions, shown
in Figures 4.3-10 through 4.3-14, seems to follow the fuel-air ratio
variations during the Take-Off , Climb and Approach Modes . Increasing the
induction air pressure , decreases the fuel-air ratio with a resultin g
decrease in HC and CO. The Idle and Taxi Modes display a more complex
behavior in response to pressure variations due to the propeller governor
being inoperative at these low speeds. An increase in induction air pressure
would cause higher eng i ne RPM, and closing the throttle further to maintain
the def ined  Taxi  and Idle RPM settings would cause a decrease in fuel flow .
This resul ts In an increasing fuel-air ratio with Increasing induction air
pressure , for the Idle Mode as shown in Figure 4.3-10.

A survey of emissions variations with RPM was conducted on this engine .
The results (FIgure 4.3-15) show the norma l variation of fuel-a ir ratio wi th
Increasing engine speed from 600 to 1600 RPM . Carbon monoxide and nit ric
oxide mass flow rates increase with engine speed (increasing power) as
expected , while hydrocarbon mass flow rates decrease due to higher exhaust
gas temperatures, higher combustion turbulence and improved homogeneity of
the fuel-air charge .

4.3- 1
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_ _ _ _ _ _ _ _ _ _ _ _ _ _

FI gure 4.3-J5 presents the results of variations In RPM and manifoldpressure at Constant power. The Climb Mode power setting used throughoutthe previous emissions investigatjon~ per the Contract requiremen~~ was80% power 90% RPM. The propel l er governor, however , allows operation atany RPM between 2390 and 2800 RPM at constant 80% power by adjusting thethrottle to provide a corresponding manifold pressure. The increase In RPM,increases fue l flow , while the decrease in man ifold pressure (reducedthrottle angle) decreases fuel flow. The net result Is a decrease in fuelflow while air flow will increase slightly as the throttle is opened atlower speeds. As a result , em iss ions of HC , CO and N~~respond accordinglyto the reduction In fuel-air ratio at constant power as the speed isIncreased . HC and CO mass emissions are lowered while NQ~ increases.

4 .3-2
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TABLE 4.3-1

TSIO-360-C ENGINE DESCRIPTION

TYPE CERT iFICATE NUMBER E9CE
DATE OF ISSUANCE 1/19/72

NUMBER OF CYLINDERS 6

CUBIC INCH DISPLACEMENT 359.66 
-

CYLINDER BORE (inches) 4.438

PISTO N STROKE (Inches ) 3.875
COMPRESSION RATIO 7.5:1

DRIVE RATIO (propeller/crankshaft ) 1:1

AIR INDUCTION SYSTEM TIJRBOCHARGED

FUEL CONTROL SYSTEM FUEL INJECTED

RATED MAXIMUM TAKE-OFF POWER 225 BHP

RATED MAXIMUM TAKE-OFF PROPELLER RPM 2800 RPM

RATED MAXIM UM CONTINUOUS POWER 225 81W

RATED MAXIMUM CONTINUOUS PROPELLER RPM 2800 RPM

MAXIMUM ALLOWABLE CYLINDER HEAD TEMPERATURE 4600F

MAXIMUM ALLOWABLE EXHAUST GAS TEMPERATURE 1650°F

MINIMUM FUEL OCTANE RATIN G 100/130 Avgas

IGNITION TIMING (degrees btc) 200

4.3-3
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4.4 Tiara 6-285-B Exhaust Emission Test Results

The Tiara 6-285-B is a modern, high-speed , geared engine with the TCM
continuous flow fuel injection system. The fuel injection system controls
fuel flow i n response to engine speed, throttle position and manifold
pressur e . In additi on , a two-stage fuel pump is used with an inter-stage

• aneroid controller which regulates inlet pressure to the second pump stage.

The induction system is a ~spider ’ type manifold , which , along wi th precise
fuel delivery to the intake ports, provides excellent fuel-air charge 

-

uniform ity to each cylinder.

The combustion chamber design provides high combustion turbulence resulting
in excellent lean operating characteristics. The exhaust emissions for
the Tiara at the BASELINE operating condition are the best overall of any
of the other four engines tested, due to its leaner operation (Ref. 19).

The Type Certificate reconinended fuel flow curve is shown in Figure 4.4-1,
where BASELINE fuel flow is the ave~-age ful l rich fuel flow and CASE 1
fuel flow is at the lean limi t above 75% power and at the minimum allowable
fuel flow below 75% power.

Figures 4.4-2 thru 4,4-7 show the effect on emissions of individual modal
leaning for 7-Mode LTO Cycle. The major effect of spark advance is clearly
demonstrated in Figures 4.4-4, -5 and -6 in the Take-Off, Climb and Approach
Modes . Advancing the magneto timing beyond the normal 30° BTC results
in the extension of the lean misfire limit. For the norma l timing at Climb ,
the engine begins to misfire at a fuel-air ratio of 0.058. By advancing
the timing to 40°, 45° and 500 BTC the lean misfire limi t was extended to
0.053, 0.048 and 0.047, respectively. For a constant magneto timing , however,
a penalty is paid in increased cooling requirements for a given fuel-air
ratio as timing is advanced. In the Climb Mode for the Tiara , estinated
cooling requirements limit the CASE 2 fuel—air ratio to 0.0Th.

Advanc i ng the timing from 30° to 50° BIC at a fuel-air ratio of about 0.082 -
•will require over twice the cooling air pressure to maintain the same

cyl inder head temperature. Translated into aircraft forward motion , the
airpseed would have to be about 46% higher to provide the additional ram air
for equivalent cool ing in the climb mode . This data indicates very clearly
the cool i ng limitation to the reduction of emissions in the climb mode.

Figure 4.4-8 illustrates the BASELINE , CASE 1 and CASE 2 emissions l evels
with respect to the 7-Mode LTO Cycle. Only for CASE 2 operation were
all three pollutants within the EPA Standards.

The distribution of the emissions among the seven modes is shown in Figure
4.4-9. The Climb and Approach Modes were the principa l contributors to all
three pollutants with the Taxi Out Mode contributing significantly to HC and
CO produc tion.

The effect of induction air pressure on emissions for this eng i ne is presented
in Figures 4.4-10 thru 4.4-14. Basically, an increase in induction air
pressure tended to increase air flow for each mode . The result was lower
fuel-air ratios with emissions of CO. MC decreasing and N~~increasing aswoul d be expected .

4.4- 1



- -

In Figure 4.4-15, the variation of emissions with propeller speed for
low powers is shown. A similar trend is shown as that for the TSIO-360-C
engi ne (F igure 4.3 - 15) .  CO and N~~increase with increasing RPM (power)
and HC emissions are reduced due to improved combustion turbulence ,
Increased exhaust gas temperature and better fuel-air mixture homogeneity.

Figures 4.4-16 and 4.4-17 show the variation of emissions at constant
80% and 40% powers, when RPM an d man ifol d pressure are var ied . Both
curves show that the low RPM , high manifold pressure settings tend to
reduce CO and HC emissions. The 40% power test was run twice wi th similar
results. The range of speeds for this mode was limited by the propeller

• governor which becomes i nactive at speeds below 1500 RPM at this power• setting .

a
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TABLE 4.4-1

TIARA 6-285-B ENGINE DESCRIPTION

TYPE CERTIFICATE NUMBER E12CE
DATE OF ISSUANCE 1/29/71

NUMBER OF CYLINDERS 6

CUBIC INCH DISPLACEMENT 405.97
CYLINDER BORE ( inches) 4.875
PISTON STROKE (Inches) 3.625

COMPRESSION RATIO 9.0:1

DRIVE RATIO (propel ler/crankshaft) 0.5:1

AIR INDUCTION SYSTEM NATURALLY ASPIRATED

FUEL CONTROL SYSTEM FUEL INJECTED

RATED MAXIMUM TAKE-OFF POWER 285 BHP
RATED MAXIMUM TAKE-OFF PROPELLER RPM 2000 RPM

RATED MAXIM UM CONTINUOUS POWER 285 BHP
RATED MAXIMUM CONTINUOUS PROPELLER RPM 2000 RPM

MAXIMUM ALLOWABLE CYLINDER HEAD TEMPERATURE 460°F

MAXIMU M ALLOWABLE EXHAU ST GAS TEMPERATURE --

MINIMUM FUEL OCTANE RATING 100/130 Avgas

IGNITION TIMING (degrees btc) 300

4 ,4 . 3
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4.5 GTS IO-520-K Exhaus t Emissions Test Results
The GTSIO-52O-K is the highest power, six-cylinder , aircraft piston engine
in current production . Rated at 435 maximum continuous brake horsepower,
the -K Model will maintain thi s power to its critical pressure altitude of
19,000 feet. The engine is designed wi th a sonic venturi for cabin
pressurization and turbocharger compressor discharge air intercooler.
The GTSIO-520-K uses the TCM continuous flow fuel injection system which
responds to throttle angle, engine speed and turbocharger compressor discharge
pressure.

The reconinended fuel flow schedule is shown in Figure 4.5-1. BASELINE
fuel flow is defined by the average of the rich and lean limits of full
rich fuel flow. CASE 1 is at the lean limit above 75% power and at the
minimum allowable fuel flow below 75% power.

Figures 4.5 -2 thru 4.5 -7 show the exhaust emissions for each mode of the
7-Mode ITO Cycle as a function of fuel-air ratio and spark timing. Lean
operation at advanced spark timing was not explored in the Take-off ‘lode
because of the possibility of detonation damage to the enQine . Figure 4.5-4
shov!s the estimated detonation limit.
The CASE 2 limi t (cylinder head temperature)is well above the detonation limit.
In figure 4.5-6 for the Approach Mode , the extension of the lean misfire limi t
can be clearly seen for advanced spark timing.

The GTSIO-520-K has the lowest BASELINE hydrocarbons of the five engines
tested . The CO va l ues are relatively high as can be seen from Figure 4.5-8. tEven when leaned to CASE 2 fuel flows , the engine was not able to meet the
EPA Standards for carbon monoxide. The distribution of emissions over the
7-Mode LTO Cycle is shown in Figure 4.5-9. The largest contributor to NO~emissions is the Approach Mode, while Climb and Taxi Out produce the bulk
of the HC emissions. The CO emissions are generated mainly by the Climb

- 
- 

Mode.

Variations in induction air pressure and their effect on emissions are shown• in Figures 4 .5-10 thru 4 .5- 14. Note that in the higher power modes the
effects are similar. An increase -in induction air pressure gives a genera l
decrease in CO and MC while Nc~ increases.

Constant power operation while varying RPM and manifold pressure at 80%
• Iifld 40% power (Figures 4.5-15, 4.5-16) follows the trend of change in

fuel-air ratio. The limitation of speed range at 40~ power is due to thepropel ler governor contro l limit.

4.5-1



r - - - ~:—‘: ~~~~~~~~~~~~~~~~~~~~~

TABLE 4.5-1

GTSIO-520-K ENGINE DESCRIPTION

TYPE CERTIFICATE NUMBER E7CE
DATE OF ISSUANCE 7/ 31/ 74

NUMBER OF C Y L I N D E R S  6
CUBIC INCH DISPLACEMENT 519.54
CYLINDER BORE (inches) 5.25
PISTON STROKE (inches) 4.00
COMPRESSION RATIO 7.5:1

DRIVE RATIO (propeller/crankshaft) 0.67:1
AIR INDUCTION SYSTEM TURBOCHARGED
FUEL CONTROL SYSTEM FUEL INJECTED

RATED MAXIMUM TAKE-OFF POWER 435 BHP
RATED MAXIMUM TAKE-OFF PROPELLER RPM 2267 RPM
RATED MAXIMUM CONTINUOUS POWER 435 BHP

• RATED MAXIMUM CONTINUOUS PROPELLER RPM 2267 RPM

MAXIMUM ALLOWABLE CYLINDER HEAD TEMPERATURE 460°F

MAXIMUM ALLOWABLE EXHAUST GAS TEMPERATURE 1650°F

MINIMUM FUEL OCTANE RATING 1 00/130 Avgas

IGNITION TIMING (degrees btc) 200

4.5-2
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5. 10-520 / CESSNA 210 FLIGHT TEST RESULTS

Section 4 of this report has Identified the effect of modal leanin g on exhaust
emissions through extensive engi ne stand testing for five 1CM engines . To
determi ne what emission reductions are possible, it became necessary to note the
difference between an uninstalled engine (test stand installation) and an instal-
led engine (aircraft Installation) operational safety limits . Since the 10-520
engine series represent a major portion of 1CM engines produced the 10-520/
Cessna 210 aircraft was chosen for evaluation .

The objectives of the flight tests were threefold.

1. Establish Basel i ne engine acceleration and cooling characteristics for
the 10-520/Cessna 210 installatIon .

2. Determine the 10-520 engIne acceleration and cooling characteristics with
a fuel injection system modified for Case 2 fuel flow for ambient temperatures
ranging from 0 - 100°F.

3. Identify operational and flight safety limitations associated wi th leaning
the fuel-air mixture in an aircraft piston engine to reduce exhaust emissions .

A 1964 Cessna 210-0, S/N 210-68499, regIstration number N17TC (owned and operated
by 1CM) was selected for flight testing , requiring a conversion of the 10-520-0
engine (updraft throttle body Installation) to an I0-520—L (downdraft throttle
body installation).

Instrumentation Included engine speed (RPM), manifold pressure , fuel flow ,
throttle angle , cylinder head temperature (CHT), exhaust gas temperature (EGT),
fuel temp. oil temp, cooling air temp in , cooling air temp out, induction air
temp and ambient air temp (OAT), Engine speed , manifold pressure , fuel flow
and throttle angle were recorded on an oscillograph. The remaining temperatures
were recorded on a Honeywell temperature chart recorder.

Additiona l data logged manually consisted of cooling air .~P, pressure altitude ,indicated airspeed , cowl flap position , wing flap position , fuel pump pressure ,
metered fuel pressure, oi l pressure, vertical speed and mixture control position.
Figures 5-1 to 5-8 show location of instrumentation .

The performance testing consisted of both steady-state and transient operation.
Transient response was investigated by conducting throttle bursts from idle
~6O0 RPM) and taxi (1200 RPM) to 100% power. Transient operation and steady-
state performance was evaluated for a 40% power approach and a closed throttle
approach mode. Steady-state performance was eva l uated for a maximum continuous
power cooling climb and an 80% power cooling climb . 1he cooling climb was based
on the requirements of Part 23 of the Federal Aviation Regulations , Section 23-1047,
entitled “Cooling Test Procedures for Reciprocating Engine Powered Ai rplane ” , dated
June 1974. The manual mixture control was retai ned in the full-rich detent for
all transient and approach testing . For cooling climb testing the mixture was
adjusted to maintain constant brake specific fuel consumption at 0.490. Each
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series of tests was performed wi th the standard production fuel injection system
to establish baseline cooling and engine performance characteristics of the engine/
airframe system as it was originally type certificated . Also each series of tests
was performed with a modified fuel metering cam and an adjustable fuel bypass
system to obtain Case 2 fuel flows. The metering cam was contoured to obtain
Case 2 fuel flow from taxi thru the wide open throttle (WOT) RPM range. The
fuel bypass system consisted of a needle valve , housing block , tubing and fittings
as required to bypass fuel around the metering cam from the pressure side of the
fuel pump directly to the fuel distributing block. This system was necessary
to supplement and adjust the fuel flows provided by the modified cam at idle
and taxi RPM.

Overall results of the engine installed testing is sumarized in Table 5-1 for
cold , normal , and hot weather conditions . The test results for each mode are
described in the following subsections.

• Cold Temperature Testing *

Cold weather testing (30°F) was conducted at Fargo, North Dakota and (0°F)
at the Eglin Air Force Base Climatic Lab. At 30°F ambient temperatures no
acceleration problems occurred for the taxi or approach modes for the Case 2
fuel system. Further testing at 0°F was therefore mandatory as colder
inlet conditions would produce leaner fuel-air ratios since the present
fuel injection system is not temperature compensating . Suitable environmenta l
conditions could not be found and , as a result , 1CM used the Eglin Air
Force Base Climatic Hangar which has the capability of maintaining 0°F
and a wind velocity simulating the approach mode. Results at 0°F for the
baseline fuel schedule were acceptabl e, however , Case 2 acceleration from
taxi and idle was impossible as the engine would not operate at those fuel
flows . Acceleration from the simulated approach mode was acceptabl e for
the Case 2 fuel system.

As expected , no cylinder head overheating occurred during any of the cold
ambient testing .

Figure 5-9 depicts a cold weather (30°F) acceleration test for the Baseline
fuel schedule. The curves represent absolute manifold pressure , engine RPM ,
and fuel flow as a function of time . The acceleration test was an instan-
taneous throttle burst from idle. Note that engine speed iniiiediately
responded from zero time , and after 3.4 seconds had elapsed the engine had
attained full speed and fuel flow . Figure 5-10 illustrates a cold weather
(30°F) throttle burst from idle for the Case 2 fuel schedule. As in the
preceeding example manifold pressure peaked in less than a second , howeve r,
engine speed and fuel flow began to rise, but then decreased . The engine
would continue to run at this low speed until the throttle was brought back
to idle and then slowly moved to the full throttle positi on .

• Standard Temperature Testing

Testing at standard ambient conditions (50° - 70°F) was conducted at the
TCM facility in Mobile, Alabama . No acceleration problems occurred for
Basel ine fuel schedules at idle , taxi or approach. However, for Case 2 fuel
schedules , hesitation and excessive engine roughness was noted at idle and
taxi speeds. The approach mode acceleration was acceptable. Cyl i nder head
overheating did not occur in the takeoff or climb modes at Basel i ne or
Case 2 fuel schedules.
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• Hot Temperature Testing

Hot weather testing was conducted near Del Rio and Laredo, Texas , to provide
the required 90° - 100°F ambient temperature. With the less dense induction
air (richer mixture ) no acceleration problems occurred for Baseline or Case 2
fuel schedules .

Figure 5-11 depicts the Case 2 fuel schedule results for the cooling climb
tests at both cold and hot day conditions , The maximum and minimum cylinder
head temperatures, as well as the outside air temperatures are plotted as a
function of pressure altitude. A maximum cylinder head temperature of
395°F occurred during the hot day testing , well wi thin the Model Specification
limit. The Case 2 fuel schedule at takeoff and climb were therefore acceptable.

Table 5-2 compares the flight test minimum installed fuel flows to the
minimum uninstalled test stand (Case 2) fuel flows .

TABLE 5-2
10-520 INSTALLED & UNINSTALLED MINIMUM FUEL FLOWS

Cessna 210 Uninstalled
Minimum Test Stand

Mode Mode ~Ian1fold Installed Case 2
Number Name Pressure RPM Fuel Flow Fuel Flow

Idle - 600 8.0 6.0
2 Taxi - 1200 13.5 12.6
3 T/0 W.O.T. 2850 140.0 143.0
4 Climb 27.7 2565 107.0 . 107.0
5 Appr . 18,0 2480 60.0 60.0

Di fferences In the Idle-Taxi fuel flows may be explained by considering
the present fuel Injection system design . Rich mixtures are required at
the low power Idle-taxi regime to provide adequate fuel distribution to all
cylinders and to insure adequate engine transient response (acceleration).
Since the present fuel system is not temperature compensating , the fuel
flow required for the idle-taxi modes is dependent on the fuel -air ra1tio
required for cold day operation , As the i nduction air temperature increases ,
the resultant fuel air ratio enrichens.

The Case 2 fuel-air ratios defined in Figures 4.2-2 and 4.2-3 for the idle-
taxi modes are considered the actual installed fuel-air limi ts, however ,
since the present fuel system does not control fuel-air ratio this mixture
strength cannot be maintained for all operating conditions.

Differences in the Takeoff fuel flows may be explained by realizing that
during an actual takeoff maneuver the engine power decreases wi th altitude
(for a naturally aspi rated engine) and therefore the test stand (Case 2)
minimum fuel flow is conservative since it was determined at maximum power
conditions . Also cooling air temperatures decrease wi th altitude . providing
a better heat transfer sink.
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Figure 5-12 presents the estimated emissions comparisons between Case 2 ahd
the minimum Installed fuel f~ow as define d In Tabl e 5-2. The results show
that the l evels of CO and NO in percent of EPA Standard are nearly the same .
but due to the required higher fuel flows In the Idle and Taxi modes , the
HC l evel has Increased by a factor of 50 percent.

Reference to Table 5-1 shows that a margin In cylinder head temperature s
exists in the Takeoff and Cl imb Modes where further leaning may be allowed .
In the Approach M ,de no problem with cyl i nder head temperatures or acceler-
ation was encoun tered , Indicating further leaning Is also pos sible.
Addi tional modification to the fuel metering cam to allow leaner operation
in these modes was not a part of the present Contract work , but would
pevinlt a more complete exploration of the potential reduction of .exhaust
emissions for this engine/air frame Instal lation.
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6. GENERAL EMISSIONS TRENDS

The fi ve engines tested under the NAFEC contract are a representative cross-
section of the TCM aircraft piston engine product line. They presumably would
also represent the widest var iation of emiss ions charac teri stics , givi ng a
reliabl e data base from which to estimate the level of effort and required
technology to meet the EPA standards.

The BASELINE , CASE 1 and CASE 2 emissions level s for the five engines are
compiled in Figures 6-1 , 6—2 and 6-3. Figure 6-1 shows the levels of
carbon monoxide as a percent of EPA standards for the five engines . The engines
are ranked from left to right in order of decrea s ing CO at BASELINE for easy
comparison . The 0-200-A has the highest BASELINE l evels and the Tiara 6-285-B,
the lowest.

Similar data is presented for HC in Figure 6-2, where the engi nes are
presented in order to decreasing HC at BASELINE . The high~’st BASELINE emitter
of HC is the TSIO-360-C and the lowest, the GTSIO-520-K . It is interesting
to note that these two turbocharged engines fall at the two extreme HC levels.

— The Tiara 6—285-B and the GTSIO-520-K produce the lowest values of HC which
may be contributed to by the excellent fuel-air mixture distri bution to each
cylinder on these engines . The air intake manifolds for both of these engines
are of the “spider” type design which provides uniform air distri bution to each
cylinder . The IO— 520-D has a runner-type intake manifold wi th a balance tube
connecting each leg and the TSIO-360-C has a plain runner without a balance
tube.

Figure 6-3 shows the results for NO, aga in in order of decreas ing NO emiss ions
at BASELINE.

While it is difficul t to predict very precisely the expected emissions l evels
of an engine with respect to the EPA standards, some general i za tions can be
made to estimate trends. Hydrocarbon emissions are a strong function of
physical engine design as wel l as fuel-air ratio. As was shown in the IO-520-D
testing, eng ine operat ing hi story and age can be a strong factor in hydrocarbon
production rate. Attempts have been made to predict HC l evels in advance of
actual engine testing wi th littl e success.

The mechanism of nitric oxide formation is very complex but tends generally
to be inversely related to hydrocarbon content of the exhaust. Regardless of
the reason for the increase in HC level , the NO responds inversely by
decreasing . An example of this is shown in Figure 4.2-4 and 4.2-5 where
original and retest IO-520-D emissions are presented for the Takeoff and Climb
Modes. The increase d HC level s due to increased o il consumpti on are accompanied -rby reduced NO l evels. A more detailed explanation of this phenomenon may be found
in Reference 20.
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The fundamental problem in meeting the EPA Standards is in the reduction of
car bon monoxi de, however. For all of the engines except the TSIO-360-C, when
the CO levels could be reduced bel ow the limi t, the HC l evels were wel l bel ow
the Standard . Since CO is a product of the incomp l ete combustion of fuel , its
presence is dictated by the combustion of fuel -air mi xtures rich of stolchiometric.
Quantifying the CO emissions levels for an engine is relatively easy , as Its rate
of production is principally a function of fuel-air ratio and brake mean effective
pressure for a given power.

The data from all f ive engi nes was used to produce the curves shown i n Figure
6-4. Regardless of the engine , the data plotted fai rly consistently on thi s
curve . Brake specific CO is shown to be a function of brake mean effective
pressure and fuel-air ratio. The fuel -air ratios presented on the curve were
those calculated from exhaust gas products.

Using Figure 6-4, it is possible to predict very accurately the CO emissions
of an engine based on its expected operating mode power, speed and fuel -air
ratio.
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FIGURE 6-4

BRAKE SPECIFIC CARBON MONOXIDE VS. BRAKE MEAN EFFECTIVE PRESSURE
AT CONSTANT FUEL-AIR RATIO
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7. CON CLU SI ONS

The work accornphshed on the fi ve engines tested under Phase I of the NAF EC
Contract DOT FA74NA- 1091 points the way -o further development efforts whi ch
must be undertaken in order to meet the requirements of the [PA e\haust
emiss ions standards for aircraft piston tngines. The conclus i ons presented
here must be limited to the particul ar engines ested ~1ue to the unknown
effect of enqine production tolerance or time in service. Also. aii~~ient
temperature effects and variables arisim from actual air frame inst a ll a tion
mus t he taken i nto cons iderat ion i n furt I~er emission work. The tol lowin q
conclusions were reached as a result of this ’ explorator y effort .

1 . None of the five engines tested can meet the 19~0 EPA Star lards within
the specifications of their current Federal Aviation A dmi ni ’tr ati on
Type Certificate operating condition~..

~~. One engine (10-520-0 , S/N 559025) could meet the [PA Standards sa fel y
while operating within the current engine fue l flow speci fications with
manual leaning below the 75 percent power level and a near zero product ion
tolerance band on fuel fl ow. To meet the Standards wit h acceptable fue l
system tolerances would require the development of a fue l system with
a new lean fue l schedule and engine recertification. Such a system
might require improved cylinder head cooling and temperature compensation
or fuel enrichment provisions for acceleration from low power.

3. One engine (TIARA 6-285-B, S/N 700106 ) could meet the Standards operatin g
within cylinder head temperature and smooth transient operation l imits
if the fuel flow schedule were recert i f icated to a leve l below current
fuel system lean limit specifications. The development of such a new
fuel sc hedule migh t require improved cylinder head cooUn- i and temoerature
compensation or fuel enrichment provisions for acceler ation from low power.

4. All engines were well below the E P A  Standard for N0~ , fcr BASELINE,
CASE 1 and CASE ~ operation.

5. The 0-200-A , GTSIO-520- K and TSIO-360-C en gines would not meet the Standards
even when operated at limits estima’ed to represent the leanest possible
operation wi th  acceptable cylinder head te- iperatures and transient
performance. - 

-

6. The lean misfire l imit at steady operating conditi ons is leaner than the
limi t of the abi l i ty of the engine to accelerate.

7. The Spindt method of calculating fuel-air ratio from e\haust products is
not adequate for the purpose of data validation at the l ower power modes
(idle/taxi) due to the assumption of a con;tant value of 3 .5 for t he
water-qas equilibrium parameter.
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CONCLUSIONS (cont’d)

8. Flight tests indicated that the takeoff CASE 2 fuel flow was conservativefor the naturally aspirated 10-520 / Cessna 210 installation .

9. Idle-Taxi CASE 2 fuel flows were unacceptable in the 10-520 / Cessna 210install ation due to the fuel system ’s inability to control fuel-air ratiowith atmospheric temperature variations .
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APPENDIX A. EXHAUST EMISSION
CALCULATION PROCEDURE
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TELEDYNE CONTINENTAL MOTORS

AIRCRAFT PISTON ENGINE
EXHAUST EMISSIONS CA [CtJLATION PROCEDURE

I. BACKGROUND 
-

The Federa l Regi ster , -Volume 38, Number 136, Part II, dated July 17 , 1973,
sets forth the requirements for the control of air pollution from all aircraft
and aircraft engines . Subparts E and I, and Appendix B deal wi th the require-
ments for compliance with the law regarding exhaust emissions from aircraft
piston engines .

The exhaust emission test is designed to measure hydrocarbons (HC), carbon
monoxide (CO) and oxides of nitrogen (NOx) concentrations (percent or parts

— 
per million by volume ) and determine mass emissions through calculations during
a simulated aircraft landing-takeoff (LTO) cycle.

The calculations required to convert exhaust emission concentrations (raw
emissions measurements) into mass emissions is the subject of this discussion .

II. THE COMBUSTION EQUATION
-
~~ - The chemical equation for the combustion of a hydrocarbon fuel in air can be

represented symbolically by:

FUEL + AIR ~~~- PRODUCTS OF COMBUSTION

To be able to deal mathematically wi th the combustion equation it must be
written in a form such that the coefficients , representing the quantities of
each constituent , are known by virtue of measurement or are calculable using
the principles of mass conservation or chemical equilibrium .

- 

- The combustion equation used as the basis for the emissions calculations is:
Atmospheric

Dry Air Htriidity
(M F) . Fue~ + (Ma) [02 +

‘(3.72744) N2 + (0 .04451 )Ar] ‘+ (Mw) 
- ‘ H~O

- H20 + (M2 ) CO2 + (M3) CO + (M4 ) NO + (M 5 ) - 02 +

+ (M6 ) C~ Hq + (M7 ) - H2 + (M8) N2 + (M9) - Ar + (M10 ) - NO2 +

+ (t il l
) - C

Where, Mi is the number of l bm-moles of the i~~ constituent. One i bm-mole
(Pound-mass mole) of a substance is a quantity of that substance
In pounds-mass, numerically equal to the molecular weight of the
substance in atomic mass units . One l bm-mole of water (H2O), therefore,
would have a mass of (2)(1.0O8) + 16 18.016 ibm .
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H - a pure hydrocarbon fuel containing x atoms of carbon and
y atoms of hydrogen in each molecule.

02 - Oxygen
N2 - Nitrogen
Ar - Argon
H20 - Wa ter (Va por)
CO2 - Carbon dioxide
CO - Car bon Monox id e
NO - Nitric Oxide
NO 2 - Nitrogen Dioxide
Cp Hq - Unburned hydrocarbon exhaust product containing p atoms of

carbon and q atoms of hydrogen in-eac h molecule,
112 - Hydrogen
C - Solid Carbon

Examining each constituent of the equation , it is necessary to determine what
can be measured , what can be calculated and what assumptions must be made in
order to calculate mass emissions values of HC, CO and NOR .

II!. FUEL AND AIR

We have represented the fuel , Cx 11y~ 
as a pure hydrocarbon molecule. In reality ,

gasoline is a blend of many hydrocarbon products of refined crude oil and contains ,
in addition , antiknock agents such as tetraethyl lead , deposit modi f i e r s , anti-
ox idan t s , detergents , antirust agents , dyes and anti- icing agents which contain
elements other than hydrogen and carbon . These other elements are ignored in
the combustion equation as they are deemed negligible. The fuel molecule ,
C,~ H~, then is representative of a nominal or average hydrocarbon molecule wi th
a ratio of hydrogen to carbon atoms of y/x. Al though the actual values of y and
x for the gasol ine varies considerably and no specific values can be assigned to
them in our simplified fuel molecule, the ratio of hydrogen to carbon atoms in
100/130 octane aviation gasoline can be measured and remains relatively constant
at a va lue of about 2. 125 (see Appendix H) .

likewise , the unburned hydrocarbon constituent in the exhaust may contain
several species of hydrocarbons , but a ratio of q/p of 1.85 has been suggested
to represent the average ratio of hydrogen to carbon in the exhaust hydrocarbon
pollutant. This value , however , for the purpose of this analysis will be con-
sidered unknown .

The fuel flow is measured using a COX Vortex Flowmeter , Model #4271 .

At TCM , airflow is measured by a Merriam laminar f lowmeter which gives a
linear relationship between mass fl ow and pressure drop , and compensa tes for
temperature and pressure. The total mass flow measured includes the atmospheric
humidity .

Humidity is calculated from measured values of wet and dry bulb temperatures
and is given in terms of pounds-mass of water vapor per pound.-mass of dry air.

IV . PRODUCTS OF COMBUSTION
The products of combustion as shown in the combustion equation are again
simplified in tha t the non-hydrocarbon fuel additives are ignored .

A- 2



The exhaust cons tituents wh ich are measured include C02, CO, NO, NO2, 02 and
C ~~~ The cons tituents whi c h are known , a priori , are Ar and N2.
Those constituents which are not measured are C , H2 and H20.

The formation of sol id carbon, C, is the resul t of rich combustion of fuel
(fuel burned in the presence of insufficient air) and to a varying extent,
depending on engine age and condi tion, the burning of the oil lubricant entering
the combustion chamber along the piston rings or valve guides . Chemical
equilibrium calculations have shown that below fuel -air equivalence ratios of
about 3.0 (fuel-air ratio of 0.20), sol id carbon as a product of combus tion i s
negligible compared to the remainder 0f the gaseous products. Aircraft piston
engines do not normally run at overall equivalence ratios over 2.0 (fuel -air
ratio of 0.13). The chemical equilibri um calculations , however , assume homo-
geneity of the fuel -air mixture . The lack of perfect mixture uniformity in a
real engine would lead to some production of solid carbon due to localized rich
mixtures wi thin the combust ion chamber.

At the present time solid carbon is not measured and is assumed for calculation
purposes to be negligible. There is currently no equipment available to measure
sol id carbon production on a real-time basis.

Free hyd rogen (H2) , which is present in the exhaust products in small , but
signi ficant quantities , is also not measured. Real-time measurement equipment
for H2 is available.

While there are systems on the market which will measure water (1120) vapor
content In the ex haus t, they are expensive. Calculative procedures are available
to estimate the quantity of water vapor in the exhaust.

Table A-l outlines the equipment currently used by TCM to determine those
ex haust products which are measured .

TABLE A-l

EXHAUST MEASURING
PRODUCT INSTRUMENT 

- 

METHOD USED BY MEASURING INSTRUMENT

CO Beckman Measurement of differential absorption of infra-red
Model 864 light.

________ 

(NDIR) 
_______________________________________________________

CO2 Beckma n Measurement of differential absorption of infra-red
- - Model 864 light.

________ 

(NDIR) 
_________________________________ ______________________

NO, NO2 Beckman NO + 03-4.-NO2 + Light. Measurement of light intensity
Model 951 due to reaction .
H(CL )

02 Scott Measures the effect of paramagnetic oxygen in gas
Model 150 sample on a magnetic field.

C H Scott Model Measures effec t on electro static f ield of ioni zedp q 215 (FID) hydrogen and carbon from gas sample.
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V. BALANCING THE COMBUSTION EQUATION

By the principle of conservation of mass we know that the atomic quantities
introduced into the engine induction system must also be present in the exhaust
even though they are rearranged into different molecul es by the combustion chemical
reaction. Hence, all the carbon atoms entering the engine In the form of hydro-
carbon fuel molecules must be present in the exhaust in the form of CO, CO2 and
C0 H0. This atom-balancing technique provides us with a system of equations by
whicH we may sol ve for unknown quantiti es .

Going back to the original combustion equation , we eliminate solid carbon , C and
nitrogen dioxide , NO2 (s ince the NO~ cons tit uent was measured in terms of equi va lent
NO in parts per million ), we then divide each molar value on both sides of the
equation by the sum of the molar values on the right hand side. The equation
then become s ,

(mf ) - C~ H~, + (ma) [02 + (3.72744) N2 + (0.04451) Ar] + (mw ) . H2O

(m1 ) - 1120 + (m2 ) - CO2 + (m3) CO + (m4 ) - NO + (m5 ) - 

~2 
+

(m5 ) Cp Hg + (in
7) 

- 11
2 
+ (m8) N~ + Ar

Where m1 = 
+ 

~2 
+ 

~ç÷ 
~ ~~~~~ 

+ + 147 + M8 +

Thus , every molar coefficient on the right hand side of the equation is now
expresse d in mole fractions such that ,

+ m2 + in3 + m4 + m5 + m6 + m7 + in8 + in9 = 1.0

This is done for convenience and the reason for it will be demonstrated later.

The nine products of combustion represent an estimated 99.998% of the chemical
composition of an equilibri um mixture at exhaust gas temperatures below 3000°R.

An oxygen balance results in Equation (1):

(1) 2 i na +f l lw = l f ll + 2 m 2 + m 3 + i n4 + 2 m 5
or m

i
= 2 m

a
+n l

w
_ 2 m

2
_ m

3
_ m

4
_ 2 n i

5

A carbo n balance gives Equation (2):

(2) x mf = m 2 + m 3 + p  m6
or mf - m 2

+ m
3 + p  . in

6

x
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Since our measurement of C~, H Is in parts per million carbon equivalent we can
represent ~~ H~ as CHq1p~ Equation (2) then becomes:

(2) inf = in2 + m ~ ~~“~6

The remain ing atomic balances are as follows:

(3) Hydrogen Balance; y~mf + 2m
~ 

= 2rn1 + ~~~
. in

6 
+ 2m7

(4) Nitrogen Balance: (3.72744) (2) ma = m4 + 2 in8
(5) Argon Balance: (0.04451) ma = ing

V I. THE WATER CORRECTION FACTOR

Since CO, C0~ and 02 are measured on a dry volumetr ic basis (the water vapor
being removed from the exhaust sample before measurement), and HC and NO are
measured on a wet volumetric basis, we must determine the amount of water
vapor removed from the dry sample in order to correct all measured values to
either a dry or a wet volumetric basis for calculative purposes. In doing this
we are solv ing for one of the unknowns - m1 (H20).

We can defi ne the fuel to dry air mass ratio as,
in (12.011 x + 1.008 y)

= - 

ina (138.2689J

Where,

(12 ,011 x + 1.008 y ) fuel molecular wei ght

and , 138.2689 = pounds -mass of air.
per i bm-mole of oxygen

The specific humidity , or water vapor to dry air mass ratio is,

w - 

Ifl~ (18.016)
(7) 

~ 
- 

ina (138.2689)

By substituting Equations (2) , (6) and (7) into Equation (1) and rearranging
the terms we have,

(8) in
1 

= 12 + 7.67478 W][(m2 + m3 + in6) (12.011 + 1.008 ~
L 138.2689 (f/A)

-2 in2 - m3 - in4 
- 2 m5

For clarity Equation (8) may be rewri tten using chemi cal symbols to represent
the mole frac tion for eac h cons tituent,
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r W [(CO
2 

+ CO + HC) (12.011 + 1.008
(9) H~O = [2 + 7.67478 

~
] [

~~ 
138 .2689 (f/A)

-2 CO2 - CO - NO - 202
Equation (9) then represents the total wa ter vapor (humidity plus wa ter of
combustion) conta ined in the exhaust gas with each constituent measured on a
wet basis.

Defining the water correction factor as,

(10) Cw = 1.0 - 1120

we can convert the entire Equation (9) to dry basis measurements by dividing
by (1.0 - 1120), HCr wet

( 1 1 )  
H20 

= 12 + 7 67478 ~iI 
(CO 2 dry + COdry 

+ l-H20)( l2.Ol l + 1.008 
~~

- )
l-H 20 

L AJL i38.26~89 cf/A)

2 CO 
NO t- 2 dry - COdry - l-H20 - 2 02 dry

CO2where , CO 2 dr = 1 , etc .y _ I
~2V

The solut ion to Equation (11) may be obtained iteratively by assuming a value
for H20 on the right hand side of the equation , solving for 1120 on the left hand
side , using this new value for H2O on the right hand side and repeating the
process until satisfactory agreement has been obtained between the assumed and
calculated values . Using this scheme, convergence is obtained usually wi thin
four iterations .

A more expansive chemical equilibrium calculation was made over the normal range
of fuel air ratios , considering the products of combustion to Include ; C , A ,
CO , C02, H2, H20, N2, 02, 0, OH , H, NO, N, NH 3 and CH4. The maximum error
determined in the calculation of water vapor using our abbreviated product of
combustion equation was less than one-half of one percent.

The solution to the wet correction factor then was obtained by using five
equations ((1), (2), (6), (7) and (10)) i nvolving five unknowns ; ma, m~

, m1,
inf and Cw. The assumptions made in order to effect a solution to the water
correction factor are :

1. The combustion equation represents all of the elementa l c-~nst1tuentsinvolved in the actua l combustion process.

2. The ratio of hydrogen to carbon atoms for all 100/130 octane aviation
gasolines remains constant at (y/x) .

W h i l e  there are similar methods which can be used to calculate the water
correction factor, it is believed that this method involves the use of the
least number of assumptions leading to the most accurate estimate of C~ basedon the quantities currently being measured .

A-6



r -— ---
~

-
~

- --~~~---~~~~~~-~~~~~

The absolute value of the water correction factor has two limi ts defined by the
combustion equation. Its maximum value cannot be greater than 1.0 and its
minimum value is set by the hydrogen to carbon ratio of the fuel and the humidity
present in the Induc tion a ir.

In terms of the mole fraction of water present in the exhaust, it can be shown
from Equation (9), that for complete combustion at the stoichiometric value of
fuel-air ratio, the mole fraction of water contained in the exhaust gas is a
maximum (water correc tion fac tor is a minimum since Cs,, = 1.0 - H2O) . 

-

For complete combustion the products of combustion are C02, 1120 and N2. Equation
(9) then becomes;

( Y. ) + 15.34956 ( 
~~

- ) [1.0 + 0.25 Y~
H20 = x X

max 2.88669 ( 
~~

- ) + 9.54676

As an additional check on data accuracy , the ca lculated value of H20 is compared
with H2Omax . In the data reduction computer program, when the calculated H20
is greater than 112 0 max’ the mole fraction of water vapor is set to the theoreticalmaximum value. The effect on the mass emissions values by using this procedure is
only a fraction of one percent.

VII. CALCULATION OF MASS EMISSION VALUES

As mentioned previously the raw emissions are measured on a volumetric basis in
percent or parts per million . In order to determine the emissions based on the
requi rements of the EPA Standards~ these volumetric values must be convertedto volumetric flow rate and then to mass flow values in accordance with Equation
(12).

(12) pol lutant exhaus t pollutant
mass — volumetr ic 

• 
volumetric 

• 
pollutant

emission flow concentration density
rate rate

For this equat ion, the pol l utant densities are specified in the Federal Register
at a standard pressure and temperature of 760 nmi H9 and 68°F. The values of
pollutant vol umetric concentrations (CO. HC, NOx), are measured , and in order to
calcula te the mass emission rates the exhaust volumetric flow rate must be known .

The EPA Standards state that the exhaust volumetric flow rate “shall be cal-
culated in accordance wi th good engineering practices ”.

Two methods are used by TCM to calculate the exhaust volumetric flow rate -
one is cal led the Exhaust Volume Method and the other , the Carbon Balance
Method.

A- 7
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The basis for the Exhaust Volume Method is In the calculation of the exhaust
volumetric flow rate at the standard pressure and temperature of 760 m Hgand 68°F, using the assumption that the exhaust gas follows the Ideal gas
equation of state.

(1 3)  9 = R t h T  - R ( f + A ’ J T
EXH M

~x11 ~ 
- MEXH ~‘

where , - exhaust volumetric f low rate , ft 3/hr
R - universal gas constant 1545.33 i~~~1eo R
iii - tota l exhaust gas mass flow (also equa l to tota l

induct ion  mass flow of fuel and air by principle
of mass conservation), ibm/hr

T - absolute temperature , 528° R (68°F)
MEX H - exhaust gas molecular weight
P - exhaus t pressure , 2116 (760 inn Hg)
f - fuel mass flow , ibm/ hr

A ’ - humid air mass flow , ibm/hr

In Equation (13) , R, I and P are given values and i~i is measured . The va lue of
the exhaust gas molecular weight can be calculated from exhaust products ,

(14) ME X H

where , MEXH is the “apparent molecular weight ” of the exhaust gas . M
~ 

is the
molecular weight of each constituent and m-~ is the mole fraction of each constituentwhich can be determined from measured concentrations and solution of Equations
(2) through (7). Solution of Equation (14) further requires an assumption of
exhaust hydrocarbon hydrogen to carbon ratio , q/p. Studies have indIcated however
that extremely unreasonabl e values of calculated fuel -air ratio are obtained when
the sum of the exhaust gas mole fractions are constrained to unity .
Therefore , the met hod used by TC~ to conpute the exhaust gas molecular weightis Ec’uat ion (1’~) whe re each of the ind iv idua l mole f r a c ti o n s , nj, of the exhaust
~as constituents are determined by simultaneous solution of equations (2)
through (7) .  One other method was used where the exhaust molecular weight was
obtained from chemical ec-iuilibrium considerations. This method was rej ected
on the basis that chemical equilibrium does not exist in the exhaust products
and the error becomes large for low power engine operation. The calculation of
mass emissions of carbon monoxide , for example , would  be as fo l lows , by
substituting Equation (13) into Equation (12).

(15)  
~~ 

= ER 
~~~ 

A’ )T ]  [eco] • [co]

Since , by the ideal gas assumption ,

M P
(16) eco = CO

A-8
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Substitution of Equation (16) into (15) yields , . 
-

= IR (f + A’) Ti [M co__1 [Ca]co p j IRT Jor,

(17) ih
~0 = () (f + A1 ) (CO)

where, - mass emiss ion rate of CO, ibm/hr
Mco - molecular weight of CO. 28 01

~b ibm-moleMEXH - exhaus t gas molecular we ight l brn-mole 1(f + A~) - total i nduction mass flow rate, -
~~~~~~

CO - wet volume frac tion of CO in ex haus t

The Carbon Balance Method of calculating exhaust volumetric flow rate Is also
used by 1CM. This method provides a cross-check on the Exhaust Volume Method
and is the same method used in the calculation of turbine engine emissions .

The Carbon Balanc e Method is beli eved to be the more accura te, as measurement
of airflow, A , and es timation of exhaust gas molecular we ight, MEXH , are not
required. The Carbon Bal~ance Method accoun ts for a l l the car bon atoms i n the
combustion equation , and by conserva tion of mass , the carbon introduced into
the engine in the molecular form of fuel must be accounted for in the carbon-
containing exhaust product molecules - CO. CO2. Cp Hq.
As wi th the Exhaust Volume Method, the assumption is made that the ideal gas
equation of state applies .

The derivation of the Carbon Balance Method is as follows :

From Equation (2), the carbon balance equation ,

in + m  + m
= 2 3 6 moles of fuelmf x moles of wet exhaust

The volumetric flow rate of the exhaust can then be calculated as follows ,

(18) ~ = 
mEXH = 

MEXH MEXH
EXH eExH eEX H -

where, 
- molar flow rate of exhaust, l bin-nioles

MEXH - molecular weight of exhaust, 1~~~mo1e

eEXH 
- exhaust gas density ,
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We def i ne,
(19) = mf Mf
where, f - mass fuel flow, l bm/hr

Mf - molecular weight of fuel , lbm/ lbm-mole
mf - (from carbon balance Equation (2))

moles of fuel/moles of wet exhaus t
From the idea l gas equation of state,

(20) MEXH - RT
eEXH P

Substituting Equations (19) and (20) into (18) we get,

(21) - f / RT
EXH - mf Mf

Substituting this resul t into Equation ( 1 2) and us i ng car bon monoxide as an
example,

(22) 
~~ 

= 1
~ 

(s!) • (eco) • (co)
Since the density of CO, ( e~0~ 

by ideal gas consideration is,

(23) eco = Mco (i~r)

and the molecular weight of the fuel is ,

(24 ) Mf X (12.01 1 + 1.008 ‘
~~

- )

We can substitute Equations (23), (24 ) and (2) into Equation (22 ) to obtain ,

(25) 
~ 2.Ol l + l .OOS

fl 
(HC + CO +~CO2 )

Note that the val ue, x , in Equation (24) cancels with the x in Equation (2) so
that It is not necessary to know the molecular form of the fuel , but only the
H/C ratio , y/x.

This method is attributable to Stivender (see SAE Paper 710604) and has the
advantage of producing an exhaust volumetric flow rate calculation independent
of measured air flow which is a source of some probable error in the Exhaust
Volume Method . It is instructive to look at the difference between these two
methods. In order to do this we can take the ratio of Carbon Balance to Exhaust
Volume mass flow va lues for CO us i ng Equati ons (25) and (17).

___ 
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(26) ‘~
b
o = 

(f/A) (MEXH ) 
—

( 12.011 + 1.008 
~~

- ) (HC + Co + C02) (1.0 + ~~
- + 

~~
- )

It has been found that this ratio will be unity when the wa ter correction factor
has not been artificially set to its minimum value (see di scuss ion of wa ter
correction factor on page A-5). Since the water correction factor is a function
of all the variables in Equation (9), then errors in these values would cause
the value of the wet correction factor to vary . If the wet correction factor
error is larae causing, its value to be too low then it wil l be set to a reasonable
minimum value by the data reduction computer program, and the ratio of Carbon
Balance to Exhaust Volume will deviate from unity .

The Carbon Balance and Exhaust Volume comparison , using the m ini r~um wet correction
factor criterion , provides a check on the data which is only of value when the
wet correction factor is unreasonably low. The use of da ta validity checks
is discussed further in Annendix B, page B-4. The Carbon Balance ~Iethod isthepreferred method used in this report providing a convenient means for the measure-
ment of exhaust emissions in a field survey or flinht test situation , where the
measurement of air flow would be difficult.

VIII. CALCULATION OF FUEL-AIR RATIO

The Exhaust Emi ss ions Standards require a chec k on accuracy of measured data
which i nvolves the calculation of fuel-air ratio from exhaust gas constituents .
This calculated fuel-air ratio must be wi thi n + 5.0% of the measured fuel-air
ratio in order for the test to be valid. (See Part 87.96, subparagraph (b)
of the Regulation).

An example of this method is given in the text “Internal Combusti on Engines and
Air  Po l lu t ion ” by E . F. Obert , page 353. The method is simple and reliable if
the molecular form of the fuel and exhaust hydrocarbons is known , that is if
we know the values x , y, p and q in C,~ H~ and C~ Hq~
To thi s point in the analysis we have scrupulously avoided assumption of these
values by using equations in the form such that only the value of y/x must be
known. This value has been measured and thus eliminates a possible source of
error.

An al ternative method for calculating fuel-air ratio has been developed by
R. S. Spindt in SAE Paper 650507 which requires the use of ratios including
y/x , eliminating the assumpti on of fuel molecular fo rm, avoiding the errors
encountered by previous investigators .

A subsequent SAE Paper (660118) entitled “An Evaluation of Tec hniques for
Measuring Ai r-Fuel Ratio ” by 1. C. Broering , Jr., shows that the Spindt Method
is accurate to within + 5,0% at a fuel-air ratio of 0.067. This inclusion, however ,
was based on a limi ted data base using an automotive engine.

A- il
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The derivation of the Spindt Method will not be covered here except to say that
the required input values are 02, CO. C02, HC, y/x and the assumption of the
water—gas equilibrium parameter, K~. Equation (27) Is the Spindt Equation.

(27) f - 1.0
- 

FB [(11.492) FC(’~ ° 
+ E/2 + 

D)+ 
120 (l-FC)

J -

where , f /A - calculated fuel -air ratio
FB - (CO + C02)/(Co + C02 + HC)
FC - (12.011)/(12.011 + 1.008 y/x), the fraction

of carbon in fuel , C,~ H~
E - CO/CO2
D - 02/C02
xp - (H 20) .(C0 )/ (H2).(c02)

The water-gas equilibrium parameter comes from the chemical equation,

I ~~28, 112 + CO2 —.~
. H~O + CO

where, 
-

(H 0) (CO)
(IIi) (C0

2
)

Basically, chemical equilibri um dictates through the “mass action law” that when
a chemical system Is In equilibri um at a constant temperature the mole fract ions
of the reactants (H2 and C02) and products (H 20 and C~) take on values such that
the value K,,, in EquatIon (29) remaIns constant .

Another way to look at thi s phenomenon is that in Equation (28 ) the rate of
change of H2 + CO2 into H20 + CO is equal to the rate of change of H20 + CO Into
112 and CO2.
The basis for this assumption in the combustion process is that as the exhaust
gases expand and cool in the expans ion and exhaust strokes, the rates of
react ion dec rease to a very small va lue due -to the sudden decrease In temperature
and the water-gas equilibri um reaction is essentiall y “frozen ” at the hi gher
temperatu re va lues . This assu mption is invalid in tha t the tempe rature s of the
exhaust gases at the start of the expansion stroke vary considerabl y wi th engine
ope rating mode and fuel-air ratio. For the most part , at least at the higher
power modes of the aircraft emissions cycle (takeoff , climb , approach) , 1CM
has fo und that measured values of fuel -air ratio agree to wi thin the required
± 5.0% of those calculated by the Spindt Method .
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Having taken all reasonable steps necessary to assure the accuracy of the data
collected from the five different engines i nvestigated to date, the conclus ion has
been reached that the Spindt Method is not accurate to wi thin + 5.0% at low
power modes (taxi/-Idle). In addition, it has been determined that the requirement
that measured and calcualted fuel.~air ratios be within ± 5.0% is not sufficientto prove that the measured emissions data is accurate.
A thorough investigation of the source of error in the Spindt Method led to the
discovery that the assumption of a constant value of the water-gas equilibri um
parameter Is in error. Spindt used a value of 3.5 as it best fit his data .
Indications from TCM data show that the value of K~ may vary from 2,1 to 4 .4. A
specific value of the water-gas equilibrium constant may be appl icable in comparing
similar engine operating conditions , but In general it would not be vali d to
assume it as a cons tant for a l l modes of opera tion.

When using the Spindt Method for calcula ting fuel-air ratio wi th a constant
value for K , it seems inappropriate to eliminate a lower power data point where
calcula ted §nd measured fuel-air ratios are not within the prescribed ± 5.0%
tolerance.

Unless another calculative procedure is developed wi th the promise of greater
accuracy in predicting fuel-air ratios at lower power modes, it seems unl i kely
that the requirements of data validity can be met.

I
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DATA REDUCTION PROGRAM OUTPUT FORMAT

The 1CM ex haust em issions data reduct ion computer program has used the same
basic calculative procedures since the start of the Contract. Many modifications
have been made to expand the capability of the program and the output format has
evolved into its present form encompassing more engine operation data .

The single-page format used in this report was developed especially for the
report to elimi nate data which is considered to be of only academic value ,
keeping the report volume to a minimum . The information normally occurring on
the second page of output deals with the Exhaust Volume method of calculatin g
mass emissions and a detailed exhaus t gas composition calculation In mole
fractions of each exhaust gas constituent . The essential Information from these
calculations is presented at the bottom of each page as “DIFF EV & CB RATE -

PERCENT” (percent difference between the Exhaust Vol ume and Carbon Balance
Methods of calculating mass emissions), and “SUM OF MOLE FRACTIONS” (the sum of
the individua l mole fractions of the exhaust gas constituents). The detailed
calculation of these values is covered in Appendix A , EXHAUST EMISSIONS CAL-
CULATION PROCEDURE. -

In order to promote a better understandi ng of the Information presented in the
data reduction output format, a detailed explanation of each i tem, its origin and
significance are given here.

Referring to Figure B-l , showi ng a typical data reduction run for the IO-520-D
engine , the first line identifies the engine , engine serial number , test number ,
test condition , run numbers and test date. The second line gives general test
data applicable to the entire page.

PBARO - Corrected barometric pressure, Inches of mercury , absolute .
TORY - Dry bulb temperature by which observed barometer reading was

corrected , °F.
TWET - Wet bulb temperature , °F.
FUEL HYDROGEN-CARBON RATIO - The measured ratio of fuel hydrogen

atoms to car bon atoms , 2.125 for all engines tested . Fuel
used is Chevron 100/1 30 low lead avgas.

IAMB - Ambient temperature of open test cel l , °F.
RATED HP - The nom i na l rated brake horsepower specified by the engine

type certificate.
CID - The nomi nal engine displ acement, cubic inches .
EXHAUST C-H FORMULA - Molecular formula of unburned hydrocarbons

in the exhaust whose ratio of hydrogen to carbon is 1.85
as specified by Part 87.99 (e) (3) of the Federal
Regulation .

1120 IN AIR - The mass percent of water vapor In the humid air mixture
as calculated from TWET and TDRY .
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This program can handle the data from one to seven modes per page. Figure B-i
shows the results for a complete 7-mode NAFEC cycle. The first item of data is
the RUN NUMBER. Each mode is uniquely described by its own run number and these
numbers are assigned chronologically to each mode throughout the test series.
The TIME IN MODE in munutes w ill always be shown as fo l lows , corresponding to each
mode number and name, for the NAFEC 7-mode ITO (Landing- Takeoff) cycle.

MODE NAME MODE NUMBER TIME IN MODE
IDLE (OUT ) 1 1.0 m m .
TAX ! (OUT) 2 11.0
TAKEOFF 3 0.3
CLIMB 4 5.0
APPROACH 5 6.0
TAX I (IN) 6 5.0

IDLE (IN) 7 1.0

TOTAL 27.3 m m .

For a complete cycle , under the IOTA!, column , the number 27.3 (minutes ) will
appear. On pages where an LTO cycle was not run , the TOTAL column w il l be bl ank
as the calculated data for this column would have no practical significance.

The next i tem, FUEL FLOW - LB/HR . is the fuel flow for each mode as measured
by a COX Model 129-212C Rotameter.

INDUCTION AIRFLOW - LB/HR was measured by either a Merriam 50MC2 Laminar Flowmeter
or In the case of the 0-200-A engine, a square edged orifice was used for the
Idle  and Taxi Modes and a Bailey Variabl e Orifice meter was used for the
higher power modes. Due to the inaccuracies of the Bailey device , rerun testing
of the 0-200-A used an Autotronics l OO-200SF turbine-type flow transducer. The
fl ow value includes ambient humidity .

Raw exhaust emissions were measured as follows :

HC (parts per m i l l i o n  as carbon , wet) Scott Model 215 (FID)
NO x (parts per million , wet) Beckman Model 951H(CL)
CO . CO2 (volumetric percent, dry ) Beckma n Model 864(ND IR)
02 (volumetric percent , dry) Scott Model 150 (paramagnetic)

The WET CORRECTION FACTOR is a ca lcu lated value (se e Appendix A) used to co rrect
dry, CU, CO2 and 02 values to wet concentrations.

PROP TORQUE and PROP SPEED are reported where the torque is measured by a LeBow
Torquemeter installed between the propeller flange and the propeller. In the
case of a geared engi ne, the engine speed can be computed by multiplying the

- 
- prop speed by the appropriate gear ratio; 2.0 for the Tiara 6-285-B, and 1.5

for the GTS IO-520-K.

B-2
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The MFLD (manifold) PRESSURE is measured downstream of the throttle body and
is reported in inches of mercury , absolute , dry . The term “dry ” refers to the
induction air pressure having been corrected for ambient air water vapor pressure
to a value of 29.92 in. Hg absolute, dry.

The INDUCTION AIR TEMP is the air temperature at the inlet to the engine . Its
value var ies from the ambient temperature, due to the air passing through a large
blower and air pressure control valve on its way to the engine.

COOLING AIR TEMP and COOLING AIR DELTA P refer to the separate air supply system
that provides cooling air across the engine cylinders . The pressure drop across
the cylinder baffling is reported in inches of water. Cooling air is not normally
supp lied to the engine during low power modes. There is , however , sufficient
convective cooling under these conditions . As a result , the cooling air temperature
will be reported as 0.0 in the low power modes since it will have no significance.

The MAX CYL HEAD TEMP refers to the maxim um cylinder head temperature . Al though
the maximum temperature does not necess arily occur at the same cylinder under
a l l  operating conditions, for consistency , the temperature reported here is
from the same cylinder for all runs. This cylinder was chosen because it has
the highest temperature at the most critical condition of maximum power.

The EXHAUST GAS TEMP is measured nea r the exhaust emissions sampling tube in the
exhaust collector. Since the exhaust is wel l mi xed at this point, this temperature
represents a composite va l ue for the engine exhaust.

INDUCTION FUEL-AIR RATIO, is that derived from measured fuel flow and dry air
flow (corrected for humidity). The EQUIVALENCE RATIO is the fuel-air ratio
divided by the stoichiometric fuel-air ratio. (Stoichiometric = 0.067 for the
fuel hydrogen-carbon ratio used duri ng these tes ts. )  In the far right-hand TOTAL
column in these two rows appear numbers which represent time-averaged (TA)
fuel-air ratio and fuel-air equivalence ratio. These are the in d i v i d u a l  modal
values multiplied by the fraction of total cycle time they occur and then suimied
over the entire cycle. The value of calculating a time-averaged equiva l ence
ratio is that’ the emissions presented as a percent of the EPA Standard are also
time-averaged over the cycle. In plotting a graph of these calculated numbers
as a function of each other , genera l trends may be observed . If the data on the
single-page outp..t. does not represent a complete 27.3 minute , 7-mode cycle , the
TA column wi l l  be h ank.

The OBSERVED POWER is calculated from the prop torque (observed value) and prop
RPM , uncorrected for temperature or humidity . This value is inherently corrected
for vapor pressure and barometric pressure as the inductio n air inlet to the
engine is maintained at 29.92 in. Hg., absolute, dry .

The values for OBS BMEP (observed brake mean effective pressure) and OBS BSFC
(observed brake specific fuel consumption ) are calculated from measured quanti ties .
The section of Figure B-i , entitled CARBON BALANCE MASS EMISSIONS , (see Appendix
A for ca lc u l a t i o n  procedure), gives the calculated values of HC, CO and N0~for each mode (LB/HR), the brake specific emissions (LBM/BHP-HR), the mass per
mode (LB), the total cycle mass per rated brake horsepower (LB/HP) and , finally
the PERCENT OF EPA STANDARD . Again , if the data on the output sheet does not
represent a 27.3 minute , 7-mode cycle , the TOTAL column will he left blank.

_ _ _ _ _ _ _ _ _ _  -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Whi le the large part of NO~ emissions from these engines is composed
primarily of NO, the chemi l uminescent analyzer measures NO

~ 
by converting

NO2 in the exhaust sample to NO. The NO is then converted to NO2 usingozone in a reaction chanter. During this convers ion some of the NO
(about 10%) becomes electroni cally excited and subsequently gives o~flight radiation which is measured by a photomultiplier tube . The measured
light radiation is thus proportional to the mass rate of flow of total
oxides of nitrogen (NOr). In conve rti ng vo l umetric NO to mass emi ss ions
the molecular weight of NO2 is used , which is in accoräance with the EPA
regulations .

The final rows of data on each sheet represent three cross-checks for the purpose
of determining the relative validity of the data . For each mode a fuel-air ratio
is calculated using the Spindt Method (see Appendix A) .  Comparing the calculated
and measured fuel-air ratios gives an estimate of the accuracy of the fuel flow ,
air flow , 02, CO , CO2 and HC measurements. While it has been found that close
agreement between measured and calculated fuel-air ratios is not sufficient to
prove the accuracy of the data , large differences between the two va l ues may
indicate errors in measured values .

The difference between the Exhaust Volume (EV) and Carbon Balance (CB) mass
emission rates is an additional indicator of data accuracy. If reasonable
values of wet correction factor are obtained there is no difference between the
Exhaust Volume and Ca rbon Balance methods and the difference value of 0.05 will
be printed out (essentially, zero percent). Where va l ues of emissions and/or
measured fuel -air ratio result in unreasonable calculated va l ues of wet correction
factor (too low), the wet correction factor is artifically set at a minimum value
(see Appendix A) and a number larger than 0.05 will appear in this row.

The last row, called SUM OF MOLE FRACTIONS , is the total of the calculated mole
fract ions of each of the individua l exhaust gas constituents : N2, H20, CO , CU2,
H2 , AR , 02 , HC and NOx. Theoretically, this value must be equal to uni ty if
the -calculation procedure and measurement system accurately accounts for 100
percent of the exhaust products.
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FUEL SAMPLE ANALYSIS

I With the exception of the original 0-200-A test runs , all emissions testing was
done using Chevron 100 IL (ASTM 910-75) Avgas supplied by the Standard Oil

I Refinery in Pascagoula , Mississippi. Each fuel batch received at 1CM is
- analyzed for specific gravity , distil lation curve , tetraethyl lead content and

vapor pressure, and records are maintained in the 1CM Quality Control Lab.

In the original 0-200-A testing, 80/87 octane fuel was used (ASTM 910-75)
and subsequently, during the 0-200-A re-test , 100 LI was used due to the

- unavailability of the 80/87 . It is not expected that the substitution of this
- 

fuel would have an impact on the measured exhaust emissions from this engine.

In addition to the normal quality control fuel sample analysis , two special
I analyses were made of the atomic hydrogen-to-carbon ratio of the fuel used

during testing. The two samples showed H-C ratios of the fuel to be 2.1 15
and 2.119. The results of the first analysis are presented as Figure Il-i of
this Appendix. The results of the second analysis in November , 1976 , by the
Standard Oil Refinery were received by phone .

The H-C ratio of 2.125 based on an average fuel molecule, C8 H17, which was
originally adopted for calculation purposes was retained when it was shown that
fa irly wide variations in H-C ratio had an insignificant effect on calculated
mass emission rates .

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I
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~~~~.P. 0. BOX 4167 
PHONE 546.13352323 *VCAMO~~E ~~~~, QUANTITATIV E ORGANIC MICROANALYSES A REA  CODE 64 5

KNOXVILLE, TENNESSEE 37921

Mr. B. i Rezy 
‘ 

F.&uQry 5, 1975
Teledyne Continenta l Motors
P. 0. BOX ~~)

MObI l , Alaba n~ 36601 Received: Jan~~ry 29th

Dear Mr . Rezy:

Ana lysis of your compound gave the following results:

Your s, Our s, % C ,

100/130 R-726 1 84.74 15.04

Octane

We regret that we were unable to determine the molecular weight because of
the ~olat ility of the sample .

Sincere ly yo~ss,

GAIBRA ITH LA BORATORIES , INC.
‘

~~~4S7
W. ~~~~~~~AgA~ .A-~~~4

Harry W. Gaibraith
President
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APPENDIX I. TEST CELL AND EMISSIONS

MEASUREMENT SYSTEM SCHEMATICS
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KEY TO FIGURE 1-1. TEST CELL SCHEMATIC

II Main fuel tank vent.
2. Main fuel tank.
3. Electric fuel pump (outlet pressure, 20 psig).
4. Fuel filter.
5. Cox Rotameter flowmeter (0 - 400 pph).
6. Engine priming system bypass solenoid.
7. Engine priming system bypass fuel line .
8. Fuel pressure regulator (outlet pressure, 5 psig).
9. Fuel fl oat chamber.

10. Float chamber vent.
11. - Fuel filter.
12. Fuel feed line to engine driven fuel pump.

- 
- 13. Engine fuel pump bypass return line.

14. Cooling air shroud.
15. Cooling air mass flow measurement venturi .
16. Cool ing air regulating valve.
17. Cooling air blower.
18. Induction air blower.
19. Induction air regulating valve .
20. Induction air filter.
21. Meriam laminar air flow meter.
22. Exhaust gas collector.
23. Exhaust sample probe.
24. Heated sample pump.
25. Heated sampl e line.
26. Lebow torque meter.
27. Constant speed propeller.

1 1
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