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SUMMARY

As part of the Department of Energy Heat Engine project the Chrysler
Corp., witn aerodynamic design support provided by the NASALewis Research
Center, built a two-shaft, regenerated automotive gas turbine engine The

, engine is commonly known as the "upgraded engine." When the engine was
first built, serious deficiencies in power and fuel consumption were
observed. A hignly instrumented upgraded engine was tested at Lewis to
assist in identifying the sources of the engine deficiencies. This report
describes the engine and instrumentation and discusses the test results.

During the initial tests the engine was not able to reacn 100 percent
of design gas generator speed (58 500 rpm). Tnerefore actual engine perfor-
mance could not be compared with design performance at design operating
conditions. However, at 95 percent of design gas generator speed the engine
developed a power of 33 kilowatts and a specific fuel consumption of
0.488 gram per watt-nour (g/W-nr). This corresponds to a 52 percent defi-
ciency in power and an 83 percent increase in specific fuel consumption as
compared with the corresponding design values. Analysis of the data shows
that tne main deficiencies were low compressor efficiency, low power turbine
efficiency, and an excessive interstage duct pressure loss.

The engine was later run without full internal instrumentation in order
to evaluate exhaust emissions. A minor modification to the fuel system
allowed the engine to reach full design gas generator speed. Engine perfor-
mance also improved slightly, reaching 50 percent of its goal in power at
100 percent of design gas generator speed. The results of the emissions
test showed high carbon monoxide and hydrocarbon emissions at idle, espe-
cially when the comDustor inlet air temperature was less than design, and
also high oxides-of-nitrogen emissions at nigh engine speeds.

Sometest data were also obtained from this same engine by Chrysler.
In addition, compressor, compressor turbine, and regenerator tests were con-
ducted in separate component test facilities at Lewis. There is good gen-
eral agreement between the Lewis and Chrysler engine data. The Lewis engine
and component data for the regenerator also showed good general agreement.
However, the results of the turbomachinery component tests and component
data from the engine tests disagreed significantly. The probable causes for
this are differences in heat transfer between the engine and component
facilities, different running clearances, interactions between components in
tne engine that were not present in componenL tests, and difficulties in
measuring mean temperatures and pressures at certain locations within the
engine.



SYMBOLS

Cp specificheat at constantpressure

Cv specificheat at constantvolume

h total enthalpy, kJ/kg

Lpar parasiticlosses

M Mach number

mass flow rate, kglsec ,_

ND dynamometer (propeller shaft) speed, rpm

NGG gas generator speed, rpm

NGGP correctea gas generator speed expressed in percent of 58 500 rpm

P absolute total pressure, kPa

power

T absolutetotal temperature,K

TORO output shaft torque,N-m

U turbine blade speed at mean blade height,mlsec

V fluid velocity,m/sec

W relativevelocity,m/sec

_omp compressorwork

WA engine inlet air mass flow, kg/sec

wF fuel mass flow, kg/hr

y ratio of specificheats

Ystd 1.4

a absolute error "

€ std Ystd + . Y



n efficiency

standarddeviation

e + I Tstd

Subscripts:
J,

A,B,C designateswhich probe at a given station

calc calculated

comp compressor

corr corrected

cr critical

ct compressorturbine

cv combustor-vortex

des design

exh engine exhaust

f fuel

id ideal

in inlet

leak leakagebased on (lesignpredictions

net net

par parasiticlosses

pt power turbine

r regenerator

ref referenceconditions (101.3kPa; 302.6 K)

s static

std standard

T total

w wall



x axial

0.5 engine inlet

i variable-inlet-guide-vaneinlet

1.1 compressorrotor inlet

1.5 compressorrotor outlet

1.9 compressordiffuseroutlet

2 compressorcollectoroutlet

3 high-pressure-sideregeneratorinlet

4 high-pressure-sideregeneratoroutlet

5 combustoroutlet

5.2 compressorturbinestator inlet

5.5 compressorturbinerotor inlet

6 compressorturbinerotor outlet

6.3 power turbinestator inlet

7 power turbinerotor outlet

7.5 power turbineaiffuseroutlet

8 low-pressure-sideregeneratorinlet

9 low-pressure-sideregeneratoroutlet

INTRODUCTION

A programstartedby the EnvironmentalProtectionAgency (EPA) and pre-
sently continuedby the Departmentof Energy (DOE) to find alternativesto
the standardautomotivespark ignitionengine has been in progressfor sev-
eral years. The ChryslerCorp., with fundingthroughDOE contractand
assistancefrom the NASA Lewis ResearchCenter in the design of aerodynamic
components,developeda state-of-the-artdesign for an automotivegas tur- _
bine engine that was intendedto demonstratelower emissionsand better fuel
economythan a standard spark ignitionengine.

This state-of-the-artengine is termed the Chrysler "upgradedgas tur-
bine engine." It is a design upgradedfrom Chrysler'ssixth-generation
(baseline)gas turbineengine. When first tested at Chrysler in July 1976,
the engine was substantiallydeficientin power and exhibitedhigh specific
fuel consumption. A programto correctthis deficiencywas undertaken. One
of the first steps was to test a highly instrumentedoriginalversionof the
upgradedengine at Lewis in order to better define the cause or causes of



the performanceshortfall. Separatecomponenttest facilitieswere also
usea to evaluate the performanceof the regeneratorand the turbomacninery.
This report brieflydescribesthe engine, the test procedures,the instru-
mentation,the facility,and the data acquisitionsystem and summarizestne
test results. The appendixescontain a more detaileddescriptionof the
engine and instrumentation,an estimateof errors,and a tabularsummaryof
the data. The test performanceof tne engine and individualcomponentsis
presentedand is comparedwith the Chrysler design performancepredictions
in order to identifythe problemsand to quantifyshortfalls. Lewis compo-

" nent test resultsand Chrysler engine test resultswere also compared.

' ENGINEDESCRIPTION

Tne Chrysler upgraded gas turbine engine is a two-shaft, regenerative
configuration. It has variable inlet guide vanes (VIGV) in front of the
compressor for power augmentation, a radial backswept compressor, a single
ceramic regenerator, two axial-flow turbines, and variaoie stator vanes in
the power turbine nozzle. The tests were conducted with the VIGV in a fixed
axial position. Design output power without augmentation is 78 kilowatts
with a compressor pressure ratio of 4.185 and a turbine inlet temperature of
1325 K at i00 percent of design gas generator speed (58 500 rpm). The en-
gine housing is of nodular cast iron with a linerless ceramic insulation. A
schematic of the engine with the temperatures and pressures at the 100-
percent-gas-generator-speed design point condition is shown in figure i.
A partially disassembled display engine is shown in figure 2.

A more detailed description of the engine and its components is given
in appendix A and references 1 and 2.

ENGINEINSTRUMENTATION

The engine was instrumented extensively, both internally and exter-
nally. The external instrumentation was used to measure engine inlet air
temperature and pressure; the flow rates of engine inlet air, fuel, and lub-
ricating oil; the lubricating oil temperatures (engine inlet and exit); and
engine output shaft speed and torque. Internal instrumentation consisted of
pressure and temperature probes to measure gas conditions at various loca-
tions (or stations) and a magnetic pulse counter to measure gas generator
speed.

Placement of the internal instrumentation was chosen primarily to
correspona to the stations used in the analytical design of tne engine.
Another criterion was to choose stations matching those used in the individ-
ual componenttests - the purposebeing to compareengine test data with
both analyticalpredictionsand componenttest results. A schematicdiagram
of the engine gas flow path showingthe numberingand positionschosen for

• the instrumentationstationsis given in figure 3. Detailsof the location
and type of measuringprobesused at each stationare given in appendixB.

At most stations,multiple temperatureand pressuremeasurementswere
made in order to determinewhetheror not large spatialdistributionof tem-
perature and pressureoccurred. Total pressureprobeswere installedonly
at stationswhere tne gas velocitywas predictedto exceed Mach 0.2. Below
that velocitythe differencebetweenstatic and total pressurewould be less
than 3 percent. All pressureswere measuredwith straingage transducers,



and all temperatureswere measured with tnermocouples. The rotational
speeds of the gas generatorand output shaftswere measuredwith magnetic
pulse counters,and the torque on the output shaft was measured with a load
cell on the dynamometer. Turbineflowmeterswere used to measure the flow
rates of engine inlet air, fuel, and lubricatingoil. The accuracyof these
measurementshas been estimatedby summingthe potentialroot-mean-square
errors for each elementbetween (and including)the measuringinstrumentand
the data reductionsystem. These values and their subsequenteffect on some
of the more sensitivecalculatedparametersare given in appendixC.

FACILITY ANDDATAACQUISITIONSYSTEM

The Lewis test facility, shown in figure 4, is equipped to perform
steady-state engine tests. The facility is also described in reference 3.
Air is supplied to the engine at atmospheric pressure by a blower located on
the roof. A heating and cooling system controls inlet air temperature. The
engine power is absorbed by a direct-coupled, water-cooled, eddy current
dynamometer that uses a strain-gage load cell. An emissions analyzer has
the capability of measuring exhaust emissions of hydrocarDons, carbon mon-
oxide, and oxides of nitrogen. Figure 5 shows the engine installed in the
test facility. The data were scanned and recorded by a minicomputer system
tailored for this test cell. Each data point presented herein is based on
an average of five scans across every piece of instrumentation. Each scan
took 12 milliseconds to cover all 240 data channels, and there was a
3-second pause between scans, so that each steady-state data reading lasted
12 seconds. The minicomputer system was interfaced with an IBM 360 computer
that was programmedto performthe detailed data reductionand to print out
the raw data and calculatedparameterson a line printer. All the measured
parametersand some of the more importantcalculatedparameters,such as
correctedspeed, airflow,fuel flow, and some correctedtemperatures,were
monitored in real time by using the minicomputer along with cathode-ray-tube
and light-emitting-diode displays located in the control room. A schematic
diagram of the data acquisition system is shown in figure 6. The system is
described in detail in reference 4.

TEST PROCEDURES

Two types of steady-state tests were run on the engine. First, perfor-
mance testing was aone with the full instrumentation described in appendix
B. More than a year later, after the test facility had been used for
another project, tne same engine was reinstalled for evaluation of the ex-
haust emissions. Most of the internal engine instrumentation was not re-
quired for the emissions testing and therefore was not used. During the
initial performance tests the engine would not operate stably at high
speeds. To remedy this problem, a minor modification was made to the fuel
system before the emissions tests were conducted. A smaller orifice was
used to throttle the fuel flow that bypasses the main fuel injector. This
resulted in more stable operation at high speeds.

The reference inlet air temperature condition for all the testing was
303 K, which conforms to SAEGas Turbine Engine Test Code J116a for automo-
tive engines. Tne reference inlet air pressure was i standard atmosphere.
All tne engine performance parameters were corrected for reference condi-



tions in accordancewith the test code. Part way into the testing, equip-

ment installedin the test facilityto hold the engine inlet air temperature
at 303 K was put into operation. Most of the data from the engine perfor-
mance tests and all the data from the emissionstests were taken with the
engine inlet air temperatureheld at 303 K. The lubricatingoil temperature
at the engine inlet was set at 339 K for all testing.

The pressure transducerswere calibratedbefore each day of testing.
With the engine at idle, at least 15 minuteswas requiredfor all the tem-
peratureswithin the engine to reach equilibrium. Thereforeall the data
presentedin this reportwere taken after this warmup period.

The test operatorhad three basic controlson the engine:
(1) Gas generatorspeed

" (2) Dynamometer load
(3) Power turbine stator position

The engine control was programmed to adjust the engine fuel flow to match
the gas generator speed demand supplied by the test operator. The dynamome-
ter load was varied to obtain the required output shaft speed. The power
turbine stator position was adjusted to limit the low-pressure-side regen-
erator inlet temperature T8 to about 102i K. This was the station 8
temperature limit recommendedby Chrysler.

All the engine operating points were set in this manner, and all the
engine data were taken with a T8 of i021_5 K and the VIGV set at 0°
(no power augmentation).

RESULTSAND DISCUSSION

Engine Performance

The Chrysler upgradedgas turbineengine,as tested at Lewis in its
originalcondition,showedpoor performanceand high fuel consumptionover
the entire engine operatingrange. The design specificationsof the engine
and the individualcomponentsare contained in reference2, and predicted
performanceat variousoperatingconditionsis summarizedin table I. The
flow leaks and heat leaks are also tabulated in table I and shown schemat-
ically in figure 7. Table II shows the performancetest resultsand corre-
spondingdesign performancefor the engine'smaximum power point at 100 per-
cent of design gas generatorspeed. At that operatingpoint power was 50
percent below and specificfuel consumption84 percentabove the design goal.

An engine performancemap showingthe relationshipbetweenpower, out-
put shaft speed,and gas generatorspeed is presentedin figure 8. The map
clearlyshows the deficiencyin power and output shaft speed. There is
noticeablescatteramong the 90 and 95 percentgas generatorspeed points in

" figure8. For a given gas generatorspeed the higher valuesof power were
obtainedwhile the engine was being tested for exhaustemissions. It was
found that the reason for this scatteris that the engine performancewas
very sensitiveto small variationsin actual T8. when the enginewas
performancetested, a 14-thermocoupleaveragewas used to control T8; but
when the emissionsdata were taken, only four thermocoupleswere used. The
resultwas a differenceof about 10 K. Reference5 presents a sensitivity
analysisof variousoperatingparameterson this engine and shows that a
10 K increasein T8 causes a 2.5-kilowattincreasein engine power.

The specificfuel consumptionis presentedin figures 9 and 10. Figure
10 shows the relationshipbetweenpropellershaft speed,gas generator



speed,and specificfuel consumptionat the maximum power operatingcondi-
tions for each gas generatorspeed.

Overall engine performanceis summarizedby the followingobservations:
(i) The engine power was about 50 percent below the design goal at

100 percentof design gas generatorspeed (58 500 rpm) and remained at about
50 percent below the design predictionall the way Oown to idle.

(2) The specificfuel consumptionwas 84 percenthigher than the design
goal at 100 percent of design gas generator speed and over 100 percent
greaterthan the design predictionat idle.

(3) The engine'speak power point occurred at an output shaft speed
that was about 30 percentbelow the design goal at 100 percentof design gas
generator speed and about 44 percent below the design predictionat idle.
This shift in peak power speed is primarilydue to a mismatch in component
performance.

Furtherconclusionswere drawn about the performanceof the individual
components,and these conclusionsare discussedin the followingsections.
However,the poor performanceof the engine is indicatedqualitativelyby
the temperature-entropydiagram of the engine's thermodynamiccycle based on
engine test points. Figure 11 shows the temperature-entropydiagramof data
taken at 95 percentof design 9as generatorspeed. The heavy solid lines
are constant-pressurelines that can be used as a referenceto indicate
pressuredrops in the ducting. The diagram shows low efficiencyin both the
compressionand expansionprocesses. Figure 12 is a temperature-entropy
diagram of the turbine stagesand is an enlargementof the expansionportion
of figure 11. It clearly indicatesthat the major problems in the turbine
stages are high interstage(interturbine)duct pressureloss and low power
turbine efficiencyat that engine operatingpoint.

The engine exhibited somemechanicaland stabilityproblems as well as
low power and high specificfuel consumption. During the performancetest-
ing the engine intermittentlyshowed unstablefuel flow at high engine
speed, and this resulted in temperatureand pressurefluctuations. Another
symptomof this unstablecombustorconditionwas that oxides-of-nitrogen
(NOx) emissionsshowedhigh spikes. At these times NOx emissionswould
jump from between 5 and 15 ppm to between100 and 250 ppm. After the ori-
fice change in the fuel system at the end of the engine performancetests,
the enginewas much more stable,but the spikes in NOx emissionsat high
engine speedcontinued. This is discussedin more detail in the exhaust
emissionssectionof this report. A problemwas also encounteredwith the
durability of the gas generatorair bearing. It failed twice during these
tests as the bearingfoil weld failed. Except for the bearingand the shaft
seals no significantdamage to the engine occurred as a result of the air
bearingfailures.

CompressorPerformance

At 95 percent of design gas generatorspeed the test data indicateaa
total-to-totalefficiencyof 73 percent,almost 7 percentagepoints below
the design goal at this speed. Figures13 and 14 presentthe installed-
compressorperformanceas determinedfrom the engine measurementsand the
performancemeasured from the componenttests, respectively. In addition,
the predictedcompressoroperatingpoints taken from table I are shown. The
test data shown in figures 13 and 14 were calculatedfrom temperaturesand
pressurestaken at the VIGV inlet (station1) and the compressorcollector
outlet (station2), respectively.
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The speed lines in figure 14 representconstantgas generator speed and
are taken from Lewis componentdata presentedin reference6. In refer-
ence 6 the compressorcomponentdata are presentedfor an inlet temperature
of 289 K and for a 1.259-times-sizescale model of the actualcompressor
used in the engine. Thereforethe componentdata presentedin figure 14
have been correctedfor size and temperature.

The compressorpressureratio was significantlylower than expected. A
predictedperformancemap for the compressoris containedin reference2.
When the map is enteredwith compressorweight flow and 95 percent of design
gas generatorspeed, the map shows a pressureratio of about 3.88. The
pressure ratio obtained from the engine test was 3.55, 9 percent below the
design prediction. Figure 14 shows that a low compressorpressureratio was

• encounteredfor all conditionsabove 70 percent of design gas generator
speed. However, the componentdata show no significantdeficiencyin pres-
sure ratio and efficienciesthat are very close to design. The most prob-
able reasonsfor the disagreementbetweenengine and componenttest data are
the following:

(1) There may have been differenttip clearancesin the engine and com-
ponent test rigs.

(2) The componenttest rig used a symmetricalcompressordiffuser and
the engine did not.

(3) There was difficultyin accuratelymeasuringtemperaturesand pres-
sures within the engine.

(4) The componenttest rig had no VIGV.
(5) The componenttest was performedwith a compressorthat was scaled

up in size by a factor of 1.259.
(6) Heat transfereffects in the engine tests were differentfrom those

in the componenttests.
There was evidenceof heat transfer effectsin the engine compressor.

The thermocouplemeasurementsat stations1.5, 1.9, and 2 (appendixB)
showed a decline in the total temperatureof the air as it passed through
the diffuser and the collector. This decline in temperature,shown in fig-
ure 15, varied from about I K at idle to about 8 K at full throttle,a loss
of about 4 percent of the heat gained during compression. This heat must
have been conductedaway throughthe aluminumdiffuserand the outer com-
pressorcover. There is also evidenceof heat being transferredinto the
compressionprocessthroughthe shroudor impeller. The gas temperature
rise in the compressorrotor is almost 7 percent higher than the design pre-
dictionwhen the engine is operatingat steady state near full speed. This
would contributeto poor compressorperformance.

CompressorTurbine Performance

Turbineperformancewas difficultto determinebecauseof the un-
Certaintyof the temperaturemeasurements. Stations5.2, 6, 6.3, and 7 each
had three combinationprobes (totaltemperatureprobe within a Kiel probe).
These probes representa compromisebetweenobtaininga mean temperatureand
pressure at each stationand not significantlyimpedingthe flow with a
large number of probes. However,the three thermocouplesat each of the
stations in the turbine sectiondid not closely agree with each other and in
some instancesdisagreedby as much as 40 K becauseof spatialdistribution
of temperature. Thereforethere would be littleconfidencein the turbine
efficiencycalculationsif the measureddifferencein temperatureacrossthe
turbinewere used to calculatespecificwork.



As a substitutefor measuredtemperaturedifferences,the ah across
the compressorturbinewas calculatedfromthe compressorwork.

(hi.5 - hl.l)ibin+ #par
ahct =

+ ibf/bin - _leak

The specificwork of the compressor(hl.5 - hl.1) was determinedfrom
the temperaturemeasurementsat the compressorrotor inlet and outlet (sta-
tions 1.1 and 1.5). The estimatesfor gas generatorshaft parasiticpower
and regeneratorseal leakage mleak were taken from reference2.

However, if there is a significantamount of heat being transferred
into the compressionprocess, as describedin the compressordiscussion,
this method of calculatingcompressorturbinework may be high by as much as
severalpercentagepoints.

A simple test was made to determineif there was generalagreementbe-
tween the calculatedcompressorturbine inlet temperature(T5.2 calc) and
the measured temperature. The turbine inlet temperaturewas calculatedas
follows:

ahct

T5.2,calc= T6,T + Cp

where Co is the specificheat for the temperature(T_ p T + T_ T)12.

Then T5.2,ca}c was comparedwith the measured compressor-turbine-inlet
temperaturesIn figure 16. This plot shows that the calculatedand measured
temperaturestended to agree, except for the high-temperaturepoints that
were taken at very near full throttle. This agreementlends some evidence
that at low speeds the three-temperatureaverage is a close approximationto
the mean fluid temperatureand that the leakageand parasiticloss estima-
tions made by Chrysler (refs. 1 and 2) are reasonable.

Compressorturbineefficiency is comparedwith the design predictions
in figure 17. Here it is shown that the efficiencyat idle was severalper-
centagepoints low and that the efficiencyat full throttlewas about as
predictedwhen measuredat the design work factor. Also, the pressureratio
across the turbine was higherthan predictedbecauseof the low compressor
efficiency. The compressorturbinepressure ratio was 13 percenthigh at
full throttleand 4 percent high at idle. The relationshipbetweenpressure
ratio,mass flow, and gas generatorspeed is shown in figure 18.

Data on compressorturbineperformancewere also obtained from engine
tests done by Chryslerand from Lewis compressorturbinecomponenttests.
Care must be taken in comparingengine and componentperformancenumbers
becausethe pressuremeasurementsused come from slightlydifferent loca- "
tions. The total adiabaticefficiencyis based on engine data taken at two
stations. The first is the compressorturbinenozzle inlet. The second
stationis about one chord lengthbeyond the compressorturbine rotor out-
let. Compressorturbineefficiencyis shown in figure 17. The Chrysler
engine test data and the Lewis componenttest data are not shown in fig-
ure 17. Chryslerevaluatedcompressorturbineefficiencyfrom engine data
by using an off-designvectordiagram analysiscomputer program. This
method modified loss parametersuntil the programcloselypredictedthe work
requiredto drive the gas generatorand the tip static pressuresmeasured at
the stator and rotor exits. The Chryslermethod resulted in a compressor
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turbineefficiencyabout 5 percentagepoints less than the efficiencyshown
in figure 17 for 80 percentof design gas generatorspeed.

The Lewis compressorturbinecomponentdata also showed significantly
less efficiencythan engine data indicated. At 95 percentequivalentspeed
conditionsthe componentdata showed about 7 percentagepoints less in adia-
batic efficiencythan any of the engine data.

Lewis engine data plottedon the compressorturbinecomponentmap are
shown in figure 19. All the lines in the plot were derivedfrom compressor
turbine componenttest informationthat is yet unpublished. The equivalent

- specificwork shown in the plot is correctedto 302.6 K. Figure 19 shows
that for any speed,turbine inlet temperature,and specificwork, the mass
flow- speed parameterfrom the engine test is 5 percent higherthan the

• componenttest data indicate. It is expectedthat the_ma)expansionof t_e
engine caused at least 2 percentgreaterequivalentflow than experienced
during the compressorturbinecomponenttests, which were run near ambient
temperature. The cause of the remainderof the disagreementis not known.
The large symbolsin figure 19 representthe off-designpredictionsand were
calculatedfromtne temperatures,pressures,speeds,flows, and heat leaks
given in table I.

An interstageduct locatedbetweenthe compressorturbine and the power
turbinetransmitsthe exhaustfrom the compressorturbine into the power
turbine. The design total pressure loss in the interstageduct is 2 percent
at 100 percentof designgas generatorspeed. The total pressure loss in
the engine is shown in figure20. At 98 percentof designgas generator
speed the losswas 7.4 percent,and at idle (50 percentgas generatorspeed)
the loss was 1.1 percent. T_e reasonfor the excessiveloss is probably
flow separation. Componenttests reportedin reference7 revealed severe
f|ow separationon the outer wall of tne duct. Chryslerreported similar
results (excessivepressure loss) at gas generatorspeeds up to 80 percent
(ref. 8). The performanceof a similarinterstageduct is reported in ref-
erence 9, snowingvery bad separationon the duct walls. It is importantto
note that the high pressureloss shown in figure 20 contains some of the
mixing loss associatedwith the compressorturbineexhaust.

Power Turbine Performance

Power turbineperformancewas evaluatedfrom the power measuredwith
the dynamometerand the measured pressuresand temperaturesat stations6.3
and 7. To obtain turbinepower,the parasiticlossesgiven in reference2
were added to the engine output power. Chrysler obtainedthese losses by
motoring a power turbineshaft,with no power turbinedisk, and turningthe
regenerator. 0il temperaturewas 339 K. These parasiticlosses are shown
in figure 21.

The power turbine efficiency calculations use the following relation-
Snips:

ahpt

npt- ahid

11



#net + _par

Ahpt = ihin+ _f - _hleak

.IT63TCpl PTT

where _net is the power measured at dynamometer,_ is the parasitic
losses shown in figure 21, m]eaK is the predictedleakagebased on fig-
ure l and table I, and Cp and y are the specificheat and ratio of
specific neats for air with water vapor and combustionproductsat the
averagetemperaturethrough the stage.

A comparisonsimilarto that used on the compressorturbinewas made to
determine if there was a general agreementbetweenthe power turbinework
measuredwith the dynamometerand the work calculatedfrom the temperature
measurementsand flow rate. Figure 22 shows the comparison. In almost
every case the measured temperaturewas significantlyhigher than the cal-
culated temperature,and the differencewas fairly consistent. This differ-
ence might be due to heat lossesand leakageflow from cooler and higher
pressureparts of the engine coming in throughthe variablestatormech-
anism. The points above the line,where the calculatedpower turbine inlet
temperatureis greaterthan the measured,representengine operatingcondi-
tions above 95 percent of design gas generatorspeed. Consideringthat tem-
perature drop acrossthe power turbine stage is as small as 24 K at idle,
there can be littleconfidence in using measured temperaturedifferenceto
calculatethe power turbine efficiency.

The power turbineperformanceis summarizedin figures 23 and 24.
Figure 23 shows the relationshipbetweenpressureratio,mass flow, and gas
generatorspeed. Gas generatorspeed can be relatedto actualmass flow by
referringback to figure 14. The design-goalengine operatingline is also
plotted in figure 23 in order to show the disparitybetweenthe operating
conditionsand the predictedconditions. The efficiencyis comparedwith
the design prediction in figure 24. Here efficiencybased on measured
engine outputpower and turbine pressureratio is plotted againstwork fac-
tor. The plot shows that efficiencywas at least 17 percentagepoints low
at the design work factor of 1.25. The design work factor and efficiency
were taken from reference2.

The power turbinewas also tested in a componenttest facility at
Lewis. The resultsshowed significantlyhigher efficiencyfor the component
tests than for the engine tests. Enteringthe power turbinecomponentmap
with correctedengine parametersshows a differencein efficiencyof about ,-
7 percentagepoints. This lower efficiencyin the engine test may be caused
by severelydistortedinlet flow conditionsresultingfrom separationin the
interstageduct.

There was also a consistentdisagreementbetweenthe power turbine sta-
tor angle measurementsmade in the Lewis componentand engine tests and in
the Chrysler engine tests for any given set of equivalentconditions. The
stator anglesmeasured in the turbinecomponenttests must be the most
accurate,since the problemsof gears and linkagesand inaccessibilityare
not as great for the componenttests as for the engine tests. It appears,
then, from the componenttests that the stator angle measurementpresented
in appendixD may be consistently3° or 4° high.

12



The total pressure loss in the power turbine diffuser is shown as a
function of gas generator speed and output shaft speed in figure 25. The
lines of constant gas generator speed also represent constant flow rate in
the power turbine diffuser inlet for the range of conditions tested. The
minimum pressure loss in each line of constant gas generator speed should
represent the speed of the output shaft at which the total velocity of the
fluid is at a minimum. Since the flow is axial when the total velocity is
at a minimum, the output shaft speeds associated witn the minimum in figure
25 are the speeds that will cause axial flow for a given flow rate and gas

° generator speed. The locus of points that form the engine operating line of
maximumpower tends to follow the minimums, as would be expected, since a
large swirl at the rotor exit woula cause a large pressure drop in the

, diffuser.

Regenerator Performance

The data show that the regenerator was performing at or Petter than the
design effectiveness. Figure 26 shows a comparison between measured effec-
tiveness and the predicted effectiveness shown in table I. Regenerator
effectiveness is defined by

(T4 - T3)

Effectiveness = (T8 _ T3)

where T3 is the average value of 12 temperatures at station 3 (T3B to
T3Q), T4 is the average value of 12 temperatures at station 4 (T4B to
T4Q), and T8 is the average value of 14 temperatures at station 8 (TsB
to-T8Q). The temperatures T3A, T4A, T8A, T3H, T3M, T4M, T3N, T4N, and
T8N are not contained in the average because the flow by those thermo-
couples was obstructed to an unknown extent by engine insulation. The re-
generator instrumentation is shown in figures 27 and 28.

Velocity distribution across the regenerator faces was determined in a
separate regenerator component test rig and was used to evaluate the mass-
averaged mean temperatures at stations 3, 4, 8, and 9 for some data points.
However, the arithmetic average temperatures were generally used in the
analyses because spot checks of the mass average temperature differed only
slightly from the arithmetic averages. The thermocouples adjacent to the
regenerator surface were not radiation shielded, and therefore their ac-
curacy might be questioned. The radiation error could not be determined
accurately enough to report; however, the engine test results do agree very
well with regenerator component test results, in which tne design engine
conditions were simulated and shielded thermocouples were used. The corre-
sponding regenerator component test results are shown in figure 29 and were
taken from reference 10.

The regenerator pressure losses are shown in figure 30. The small sym-
" bols represent data points, and the large symbols are the off-design predic-

tions made by Chrysler and presented in table I. This plot snows that for a
given flow rate, the regenerator pressure drop was close to the prediction.
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Combustor Performance

Pressure loss in the combustor and vortex is shown in figure 31. The
small symbols represent test data, and the large symbols are the off-design
predictions made by Chrysler and presented in table I. Figure 31 shows that
the actual pressure drop was slightly higher than that predicted for any
given flow rate. Someof the scatter in the data of figure 31 was caused by
a modification of the dilution holes in the reactor tube made during the
test program. As a possible solution to a combustion instability problem,
more air was directed through the primary air ports by reducing the area of °
the dilution holes on one side of the reactor tube. This did not have a
noticeable effect on the combustor instability problem, but it did slightly
increase the pressure loss of the combustor and thus accounted for some of
the scatter shown in figure 31.

The combustor efficiency cannot be accurately determined from the test
data because of the uncertainty of the temperature measurements at sta-
tion 5. Station 5 was located on the instrumented combustor outlet. The
instrumented combustor, shown in figure 32, was used for only a short time
in order to preserve the instrumentation, as it was exposed to the most
extreme temperatures. A slightly different orientation of the dilution
holes in the reactor tube and the existence of the instrumentation rake were
the only differences between the instrumented and noninstrumented combus-
tors. When tested, the thermocouples at station 5 showed a temperature as
much as 130 K lower than the temperature measured at station 5.2, which was
downstream. Two likely possibilities for this are that either air from the
dilution holes was impinging on the station 5 thermocouples, causing them to
read a lower-than-average air temperature, or burning was taking place down-
stream of the combustor.

Also, at near full throttle a temperature increase between stations 6
and 6,3 (interstage duct) was measured for all the readings at and above
80 percent of design gas generator speed. At 97.5 percent speed this in-
crease was about 11 K and occurred only when the instrumented combustor was
used. This evidence shows that part of the problem may have been due to
burning downstream of the combustor. However, figure 33 shows conflicting
data. This plot of the temperature difference between the regenerator
outlet and the compressor turbine nozzle inlet shows a higher AT for the
instrumented than for the noninstrumented combustor at high fuel-air ratios
(and high speeds).

The combustor-vortex efficiency has been determined by considering a
control volume around the engine cavity that contains the high-pressure-side
regenerator outlet and the combustor and vortex (stations 4 to 5.2).

(T4 - T5.2_ T)

ncv = (T4 - T5, id ) "

where T5 id is the ideal combustor outlet temperature based on the mea-sured __ P4, airflow, fuel flow, heating value, hydrogen-to-carbon
mass ratio, and regenerator leakage. Based on an average of 85 data points,
a combustor-vortex efficiency of about 88 percent was calculated. Therefore
it is estimated that, if combustion was complete, heat energy equivalent to
12 percent of the fuel flow was transferred out of the cavity to the engine
bulkhead cooling air, the compressor region, the oil and gas bearing fluids,
and the outside air. The heat picked up by the bulkhead cooling air and the
compressor diffuser was sent back into the high-pressure-side regenerator
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inlet (station3). This accountsfor the measured increase in temperature
betweenstations2 and 3. The heat transferredto the outsideair was
lost. The heat transmittedto the compressorrotor increasedthe work
required to compress the gas.

No correlationcould be made betweenthe combustor-vortexefficiency
and fuel flow, engine speed,or duration of engine operation.

ExhaustEmissions

A separatetest was run to evaluatethe exhaust emissionsfrom the
, engine. The resultsof this test show the performanceof the premixed-

prevaporizedcombustorand its fuel system in an actual operatingengine
environment. The data from this test are includedat the end of appendixD.

Oxides-of-nitrogenemissionswere definitelybimodalathigh overall
fuel-air ratios,which correspondto gas generatorspeeds of over 80 percent
of design. Figures34 and 35 relategas generatorspeed and NOx emissions
index, respectively,to fuel-air ratio. These plots show that at fuel-air

ratios above 0.007, NOx emissionsmay vary by one or two orders of magni-
tude. High NOx is symptomaticof "flashback,"which occurs in a premixed-
prevaporizedc_mbustorwhen the flame moves from the primarycombustionzone
back into the premixingzone. There dropletdiffusioncombustionoccurs
with a much higherflame temperature,which results in higherNOx forma-
tion. Flashbackapparentlyoccurs in this combustorwhen the engine is
operatingat high speeds. It is characterizedby a step change in NOx
emissionsof one or two orders of magnitude. This problemis discussedin
reference11.

Figures 36 and 37 show that CO and HC emissionsare very high at idle
conditions. High levels of HC and CO, which are productsof incompletecom-
bustion,are thoughtto be caused by the torch burning rich at idle. The
torch is kept burning in order to relightthe combustorafter it goes out
when fuel flow shuts off during deceleration. It is thoughtthat the torch
burns fuel rich and that, while the engine is near idle, the combustionof
the torch fuel is incomplete.

Emissionsindex is directlyrelatedto vehiclefuel economy and emis-
sions level. Figure 38 shows this relationshipfor various vehiclefuel
economies. It cannot be determinedfrom only steady-statetests of the
engine whether or not a vehiclewith this engine will meet 1984 emissions
standards(0.4 g NOx/mile,0.41 g HC/mile,3.4 g CO/mile). However,fig-
ure 37 can be used to calculatewhether or not the measured steady-state
emissionsare less than the emissionsstandards.

If it is assumedthat a vehiclewith an improvedChrysler upgraded
engine could get at least 20-mpg fuel economy,an emissionsindex less than

" about 2.8 over the drivingcycle would result in meeting the vehicleemis-
sions standardsfor HC or NOx. Any CO emissionsindex below 24 would meet
the emissionsstandardsfor CO. As shown in figure 35 the only time the

" NOx emissionsindex was above 2.8 was then the combustorwas in "flash-
back" condition. Figure 36 shows that under normal steady-stateoperating
conditionsthe CO emissionsindex exceeds its allowablelevel only at idle.
Figure 37 shows that HC does not exceed the allowableemissionslevel,even
at idle.

However, at idle conditionsboth the CO and HC emissionsare very sen-
sitiveto regeneratorinlet temperature. Figures39 and 40 show that the
emissionslevelsclimb dramaticallywith only a 70 K decrease in regenerator
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inlet temperature. Thereforethere would definitelybe high emissionsof HC
and CO during a cold startupbefore the combustor inlet comes up to
temperature.

COMMENTSONENGINEINSTRUMENTATION

In retrospect,some comments can be made about the extent,type, loca-
tion, and adequacyof the engine instrumentation.These comments should be
considered in the instrumentationof future automotivegas turbineengines:

EnBine inlet and compressor.- The temperaturemeasurementsat the
engine inlet showed that there was no measurabledifferencein air tempera-
ture between stations1 and 1.1. Thereforethe temperaturerake at station
1.1 could have been eliminated. Also, the pressuresmeasured at stations
1.9 and 2 were the same. Thereforethe pressuremeasurementsat station1.9
could have been eliminated.

Regenerator.- The measurementsshowed that the temperaturesnear the
surfacesof the regeneratordo vary with location. Thereforea temperature
rake is needed at each regeneratorsurfaceto obtain accurateaverages.
However, it is not known whether the radiationerror was significantat any
of these thermocouplelocations,and in retrospectthere would be more con-
fidence in the individualtemperaturemeasurementsif the thermocoupleswere
shielded.

Combustor.- The instrumentedcombustordid not prove to be worth-
while. The temperaturemeasured at station5 could not have been the true
averagetemperatureat that station. It is felt that a true averagetem-
peraturecould not have been measured at that plane without a much more
extensiverake, which would have affectedengine performance. A thermo-
couple locatedwithin the premixingregionwould have been helpfulfor the
immediatedetectionof flashback.

Compressorturbineand power turbine.- The amount of instrumentation
in the turbine stages had to be limitedso that engine performancewould not
be seriouslyaffected. The locationswere far too inaccessiblefor the type
of traversingprobesused in a turbine componenttest. It was noted that
the temperaturesin any plane varied from one locationto the next to such
an extent that the average of three thermocouplereadings at each station
was not reliableenough for performancecalculations. It can then be con-
cluded that the calculationof specificwork cannot be accuratelybased on
temperaturemeasurements.

It is not known whetherthe extensiveinstrumentationwithin this
engine significantlyaffectedengine performance. However, partially
instrumentedenginesof the same design showea similarpoor performance.

CONCLUSIONS

A Chrysler upgradedgas turbineengine built of originaldesign compo-
nents was tested, and its steady-stateperformancewas characterized.
Becausethe engine testedwas highly instrumented,certainconclusionscould
be made regardingcomponentefficiencies,duct losses,and heat loss, in
additionto overallengine performance.

Analysis of the data led to the followingconclusions:
1. The engine power was about 50 percentbelow the design goal at

100 percent of design gas generatorspeed (58 500 rpm), and it remainedat
about 50 percentbelow the design predictionall the way down to idle.
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2. The specificfuel consumptionwas 84 percenthigher than the design
goal at 100 percentof design gas generatorspeed and over 100 percent
greaterthan the design predictionat idle.

3. The compressortotal efficiencywas about 7 percentagepoints lower
than the design predictionsover the entire engine operatingrange.

4. The compressorpressureratio was 9 percent lower and mass flow was
8 percent lower than the design predictionsat 95 percentof design gas gen-
erator speed, and about equal to the design predictionsat idle.

5. Engine data indicatethat the compressorturbinetotal efficiency
approachedits goal at 95 percentof its design speed but fell short at
lower speeds.

6. The interstageduct had a significanttotal-pressure-lossratio

that increasedfrom 1 percentat iale to about 7 percentat 95 percentof
design gas generatorspeed.

7. Under all engineconditionsthe power turbineoperatedat a very
low efficiency,at least partly as a result of poor inlet conditions.

8. The regeneratoreffectivenesswas 2 percenthigher than its design
goa] at 95 percentof design gas generatorspeed and met its predictedper-
formance at idle.

9. The gas generatorair bearinghad poor durabilityas there were two
air bearingfailuresduring the testingof this engine.

10. Heat loss from the enginecavity,which containsthe burner,vor-
tex, and high-pressureregeneratoroutlet,was equivalentto about 12 per-
cent of the energy in the fuel.

11. Carbon monoxideand hydrocarbonemissionswere high at idle condi-
tions, especiallywhen the combustorinlet temperaturewas below design.

12. Oxides-of-nitrogenemissionssuddenlyincreasedone or two orders
of magnitudeabove 80 percentof design gas generatorspeed as a resultof
apparent"flashback"of the flame into the premixingregion.

Many of the performanceproblemsencounteredin this engine are being
resolvedby engine modificationsand retrofittingwith redesignedcomponents.
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APPENDIXA

ENGINEDESCRIPTION

The Chrysler upgraded gas turbine engine is a two-shaft, regenerated
configuration. It has variable inlet guide vanes (VIGV) for power augmenta-
tion, a radial backswept compressor, a ceramic regenerator, two axial-flow
turbines, and variable stator vanes in the power turbine nozzle. Design
output power without augmentation is 78 kilowatts with a compressor pressure
ratio of 4.185 at 100 percent of design gas generator speed (58 500 rpm).
The engine housing is nodular cast iron. Heat loss is reduced through the
use of linerless ceramic insulation. A schematic of the engine with the
temperatures and pressures at the design point condition is shown in fig-
ure i. An upgraded engine that has been expanded for display purposes is
shown in figure 2.

This appendix contains a brief description of each major component that
was in the original engine tested at Lewis. A more detailed description is
given in references I and 2.

The compressor consists of variable inlet guide vanes, a 24-blade steel
inducer, a 24-blade, 30°-backswept centrifugal rotor of cast aluminum, a
14-radial-vane diffuser, and 60 axial straightening vanes. Figure 41 shows
the inducer and the compressor rotor. The rotor is 0.155 meter in diameter
with a maximumoperating speed of 58 500 rpm and a burst speed of
89 500 rpm. Compressed air is diffused into a three-chamber collector that
is enclosed by the compressor cover. Two large chambers lead to the regen-
erator, and one smaller chamber sends cooling air first to the bulkhead
located in the interstage area between the gas generator and power turbine
sections and then to the regenerator inlet.

The regenerator is a single ceramic disk that rotates at 112204th of
the power turbine speed on a self-alining graphite bearing. The disk is
made of lithium aluminum silicate with a sinusoidal passage geometry and is
0.083 meter thick with an effective outside diameter of 0.502 meter. The
nigh- and low-pressure halves of the regenerator are isolated by graphite
D-shaped seals. The regenerator system is limited to a low-pressure-side
inlet temperature of 748° C (1378 ° F) for all engine conditions.

A single-stage, fixed-geometry, premixed-prevaporized combustor is
used. The combustor and vortex layout is shown in figure 42. The hot air
leaving the high-pressure side of the regenerator passes over the outside of
the reactor tube, supplying air to the primary and secondary air ports and
also cooling the reactor tube. Atomizing air is supplied to the fuel nozzle
from the compressor discharge, and ignition is accomplished with a torch
igniter and spark plug. The combustor discharges directly into the vortex.
Swirling combustion products from the vortex enter the compressor turbine
through its nozzle, which contains 15 fixed stator vanes. The compressor
turbine rotor, shown in figure 43, is axial with 62 blades and has an out-
side diameter of 0.113 meter and a blade height of 0.0126 meter. It is made
of MAR-M246, can withstand an inlet temperature of 1052° C (1925 ° F) and a
gas generator speed of 58 500 rpm at design point conditions, and has a °
burst speed of 95 500 rpm. A commonshaft that holds the compressor and the
compressor turbine is supported Dy an oil journal-thrust bearing and by an
air bearing on the hot-compressor turbine end.

The power turbine nozzle has 23 variable stator vanes that can be
closed down to 28° from radial or turned to 150° for maximumbraking. The
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axial-flowpower turbine has 53 blades with a tip diameter of 154.5 milli-
meters and a blade height of 17.8 millimeters,as shown in figure 44. The
rotor material MAR-M 002, operates at design at an inlet temperatureof
1142 K and a gas generatorspeed of 50 000 rpm and has a burst speed of
84 000 rpm. Oil journal bearingsare used to supportthe power turbine
shaft, which isgeared to the output shaft by a 14.89-pressure-ratio,
double-reductionspeed reducer. In addition,the regeneratorand the engine
accessoriesare poweredfrom the power turbine.

Air exits the power turbine diffuserand passes throughthe regenerator
low-pressureside, where the air temperaturedrops from 1017 K to 560 K at
engine design-pointconditions,and is then exhaustedfrom the engine.
Table III summarizesthe engine description. Detaileddiscussionsof the

- compressorturbine and power turbinedesignscan be found in references12
and 13, respectively.
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APPENDIXB

ENGINEINSTRUMENTATION

The instrumentation was carefully positioned throughout the engine so
as to obtain the most meaningful information without significantly impeding
the flows. The following is a list of instrumentation that was used in
these tests. Measured parameters are listed according to the station within
the engine at which they are located. The station numbers are shown on a
schematic diagram of the engine in figure 3 and on a cutaway view of the gas
generator in figure 45.

Station 0 - filter inlet:
TOR- right-side temperature
TOL - left-side temperature

Station 0.5 - filter outlet:
TO.5A, TO.5B - two thermocouples

Station 1 - VIGV inlet (fig. 46}:
TIA, T18 - two thermocouples
PITA, PITB, PITC - three total pressure probes
PISA, PISB, PISC - three static pressure taps

Station 1.1 - VIGV outlet (fig. 47):
TI.IA to TI.IE - five thermocouples
PI.1SA, PI.ISB, PI.lSC, PI.ISD - four static pressure taps

Station 1.5 - compressor diffuser (fi 9. 48}:
TI.5TA, TI.5TB, TI.5TC - three total temperature probes

Station 1.9 - compressor diffuser outlet (fig. 49):
TI.gTA to TI.9TD - four total temperature probes
PI.gSA to PI.gsJ - nine static pressure taps

Station 2 - compressor collector outlets (fig. 50):
T2A to T2F - six thermocouples
P2A to P2F - six total pressure probes

Stations 3, 4, 8, and 9 - high- and low-pressure sides of regenerator
(figs. 51 and 52):

T3A to T3Q z 16 thermocouples at each station

T4A to T4Q } temperature measured at those positions
TSA to TSQ where insulation obstructed the flow
TgA to T9Q were not used in the calculations

P3TA, P3TB, P3TC1

P4TA, P4TB, P4TC three total pressure
P8TA, P8TB, P8TC probes at each station
P9TA, PgTB, P9TC

Station 5 - combustorexit (fig. 53). Becauseof the high temperaturesat
this station,the instrumentedcombustorwas only used for a short periodof
time:

T5TA to T5TD - four total temperatureprobes
T5WA to T5WD - four wa]l temperaturethermocouples
P5TA to P5TD - four total pressureprobes °
P5SA to P5SD - four staticpressure taps

Station5.2 - compressorturbineinlet (fig.54}:
T5.2TA,T5.2TB,T5.2TC - three shieldedtotal temperatureprobes
P5.2TA,P5.2TB,P5.2TC - three total pressureprobes
P5.2SA,P5.2SB,P5.2SC - three static pressuretaps
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Station5.5 - compressorturbine stator outlet (fig.55):
P5.5SA,P5.5SB - two static pressuretaps

Station6 - compressorturbineoutlet (figs.56 and 57):
T6TA, T6TB, T6TC - three shieldedtotal temperatureprobes
T6WA, T6WB, T6WC - three wall temperaturethermocouples
P6TA, P6TB, P6TC - three total pressureprobes
P6SA, P6SB, P6SC -.three staticpressure taps

Station6.3 - power turbineinlet (fig. 58):
T6.3TA, T6.3TB,T6.3TC- three shieldedtotal temperatureprobes
T6.3WA, T6.3W_,T6.3WC - three wall temperaturethermocouples

" P6.3TA, P6.3TB,P6.3TC - three total pressureprobes
P6.3SA, P6.3SB,P6.3SC - three static pressuretaps

Station7 - power turbineoutlet (fig. 59):
° T7TA, T7TB, TTTC - three shielaedtotal temperatureprobes

T7WA, TTWB, T7WC - three wall temperaturethermocouples
P7TA, P7TB, P7TC - three total pressure probes
P7SA, P7SB, P7SC - three staticpressuretaps

Exhaust flange:
TEXHA, TEXHB - two thermocouples
PEXHA, PEXHB - two static pressureprobes

In additionto these temperaturesand pressuressome parametersexternalto
the engine were measured:

Airflow to right-sideengine inlet
Airflow to left-sideengine inlet
Fuel flow

Fuel temperature
Right-sideair inlet temperature
Left-sideair inlet temperature
Torque at dynamometer
Dynamometerspeed
Turbine nozzleposition
Engine oil inlet temperature
Engine oil outlet temperature
Oil flow rate
Dewpoint

The accuracyof the measurementshas been estimatedand is presentedin
appendixC.
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APPENDIX C

ESTIMATIONOF ERRORS

The accuracyof the measurementswas estimatedby summingthe potential
root-mean-squareerrors.foreach element between (and including)the test
apparatusand data reductionsystem• The root-mean-squareerror corresponds
to 1 standarddeviation• Each measurementand its estimatedaccuracy is
listedbelow:

Pressure,percentof full scale .................. *0.6
Temperature(basedon 65.6° C referenceoveni, percent:o

At 20 C .............................. *2.0
o ,.

At 200 C .............................. _ID.3
1000° C 0 6At .......................... • .

Volumetricairflow,percent ...................... _0.55
Volumetricfuel flow, percent ..................... ±0.55
Torque,percent *0 6• • • • • • • • • • • • • • • • • • • • • • • • • • • • •

Speed, percent ............................ ±0.22

These data acquisitionerrors have been combined into estimatesof the accu-
racy of the efficiencycalculations•

Error = __ I_BpBnm)(aPm_2
where

Pm measured parameterin given calculation

6Pm error associatedwith that measuredparameter

n number of independentvariablesin given calculation

_n/BPm partialderivativewith respectto Pm in given calculationof n

The data were reducedby using a digitalcomputerfor accuratesimulationof
the propertiesof humid air with combustionproducts• However,for estimat-
ing the error in terms of percentagepoints,the followingapproximateequa-
tions were used:

_-_p Y-_ iI
TIt 2,T

ncomp = hl - h2 " T2 - T1

where y = 1.4.
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h5.2 - h6

nct = h5.2 - h6,id

_]Zcomp\ m5 / par

= ahid

(.min_
h5.2 " h6 + _comp + L

" \m5 i par

I_i_ -T11)0.241_ _n'- _leak)_//comp_--_)= (T1.5 . in +

For lack of more accurateinformationthe parasiticlossesand leakagesare
assumedto be the same as those predictedin table I.

I _I P6'T Y

( " )mqn

ah - (T1. 5 - T1.1)0.24 _in +_f - _leak + kpar

Ah
nct "

c + -
where Cp and y are evaluated at 900 ° C and y = Cp/C v = 1.324 and

Cp = 1o174 kd/kg K.

_net + _par

, npt " (min + n_f- mleak)ahid

d + Cpm6 J -_P0-_3,TJ ]

Assuming parasiticlossesand leakagesas predictedin the engine design and
constant specificheats gives
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@net + @parI

npt 11
m6Cp(T7,T+ {P'

where Co and y are evaluatedat 780° C and Cp = 1.152 kJ/kg K and
y =1.332_

T4 T3

nr = T8 - T3

From these equations a table can be made of estimated errors as a function
of gas generator speed for typical data (table IV). The values given in
table IV represent i standard deviation of the random error due to inaccura-
cies in the instrumentation and the data acquisition system. There are also
systematic errors that are not accounted for. The arithmetic average tem-
perature or pressure at any station can differ significantly from the true
mean value simply because of the spatial variation of temperature and pres-
sure at each station, A compromise was made between the number of probes at
each station and blockage.
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APPENDIXD

SUM_ARYOFDATA

CALC_LLTED Pk_AhKTER5

)

IRH ENOGP EHDC HPC SFC MAC MFC ETA€ ETACT ETAPT ETAREG ETAB THe
PERCEHT RPM KN G/N-HR KG/SEC KO/HR DEGREES

104 49.88 1019. 2.53 0.208 0.685 0.775 0.606 0.956 36.2
105 49.96 1019. 2.50 0.207 0.684 0.774 0.600 0.956 36.7
106 49.97 1019. 2.53 0,207 0.677 0.773 0.599 0.957 36.2
107 60.10 1338. 5.73 0.260 0.728 0.788 0.60; 0.953 35.1
108 60.00 1337. 5,79 0.260 0.725 0.789 0.610 0.953 35.1
109 69.97 1638. 10.96 0.320 0.743 0.805 0.620 0.948 35.2
110 69.94 1638. 10,90 0.320 0.743 0.804 0.619 0.948 35.7
111 80.10 2038. 18,48 0.391 0.749 0,820 0.648 0.941 35.8
112 80.06 2038. 18.49 0.391 0.744 0.821 0.650 0.942 35.6
154 49.88 599. 2.31 0.208 0.678 0.780 0.497 0.948 35.4
155 49.99 795. 2.56 0.208 0.680 0.778 0.560 0.952 36.1
156 49.96 I010. 2.60 0.207 0.673 0.781 0.606 0.936 36.0
157 49.89 1197. 2.42 0.207 0.675 0.779 0.630 0.957 36.5
158 49.86 1399. 2.02 0.208 0.674 0.780 0.636 0.958 36.3
159 49.90 1400. 2.05 0.208 0.674 0.781 0.641 0.957 36.6
160 49.99 1197. 2,42 0.208 0.675 0.777 0.629 0.957 36.7
161 49.97 1013. 2.56 0.208 0.674 0.780 0.606 0.957 35.7
162 49.98 797. 2.53 0.208 0.674 0.779 0.362 0,955 35.5
163 50.03 600. 2.30 0.208 0.672 0.781 0.498 0.952 36.1
164 59.97 851. 5.20 0.260 0.726 0.791 0.526 0.949 34.8
165 59.98 1105. 5.73 0.259 0.723 0.791 0.576 0,952 34,8
166 59.95 1355. 5.81 0.259 0.718 0.791 0.618 0.953 35.6
167 59.96 1599. 5.47 0.260 0.718 0.791 0.638 0.955 35.5
168 59.91 1897. 4.78 0.259 0.719 0.789 0.639 0.953 35.3
169 59.91 1910. 4,73 0,260 0.717 0.791 0.637 0.953 35.0
170 59.88 1599. 5.44 0.259 0,718 0.789 0.640 0.955 35.2
171 59.86 1351. 5.82 0.258 0.718 0.793 0.617 0.955 35.7
172 59.86 1104. 5.66 0.259 0.720 0.794 0.579 0.954 35.1
173 60.00 853. 5.21 0.260 0.721 0.794 0.527 0.949 35.0
174 70.04 1098. 10.07 0.321 0.762 0.804 0.548 0.942 35.7
175 69.93 1350. 10.68 0,320 0.743 0.806 0.590 0.948 3_.7
]76 69.91 1637. 10.95 0.319 0.742 0.80_ 0.622 0.951 35.7
177 69.94 2003. 10.17 0.320 0.741 0.804 0.641 0.949 35.7
178 69.90 2399. 8.72 0.320 0.740 0.801 0.629 0.946 35.7
179 69.91 2397. 8.73 0.320 0.741 0.804 0.630 0.946 35.6
180 69.95 1997. 10.21 0.320 0.742 0.805 0.641 0.950 35.6
181 69.98 1638. 10.92 0.319 0.742 0,805 0.621 0.951 34,9
182 69.93 1351. 10.61 0.319 0.742 0.806 0.589 0.948 35.3
183 69.91 1104. 9.87 0.319 0.739 0.807 0.551 0.944 35.7
184 79.98 1201. 16.00 0.391 0.751 0.823 0.558 0.937 36.3
185 79.91 1647. 17.90 0.389 0.746 0.821 0.617 0.943 35.7
1_6 80.02 2029. 18.24 0.390 0.746 0.821 0.648 0.946 36.2
187 80.01 2445. 16.96 0.391 0.745 0.821 0.657 0.943 36.7
188 79.96 2897. 14.33 0.391 0.744 0.819 0.626 0.940 36.7
189 79.98 2897. 14.51 0.391 0.746 0.819 0,632 0.940 36.9
190 80.02 2447. 17.00 0.391 0.746 0.823 0.658 0.943 36.9
191 79.96 1986 18.35 0.389 0.746 0,822 0.643 0.946 36.6
192 79.99 1648 17.92 0.359 0.745 0.023 0.614 0.944 36.8
193 80.00 1197 16.10 0.390 0.745 0.826 0.561 0.939 36.6
221 49.9_ 1025 2.41 1.111 0.207 2.683 0,676 0.774 0.569 0.955 0.940 36.1
222 49.93 1023 2.45 1.086 0.207 2.657 0.670 0.776 0.574 0.956 0.932 36.1
223 60.00 1339 5.77 0.740 0.259 4.271 0.715 0.795 0.602 0.952 0.905 35.0
224 60.01 13_1 5.79 0.728 0.259 4.220 0,714 0.797 0.603 0,953 0.897 35.0
225 69.92 1639. 10.73 0,599 0.319 6.429 0,739 0.809 0.610 0.945 0.930 34.8
226 69.98 1639. 10.70 0.602 0.319 6.434 0.737 0.809 0.609 0.945 0.931 34.7
227 79.97 20_4. 18.07 0,51_ 0.389 9.294 0.744 0.827 0.639 0.935 0.973 36.1
228 79.98 2045. 18.28 0.512 0.389 9.354 0.739 0.827 0,646 0.935 0.968 36.1
243 50.05 1025. 2.50 1.113 0.206 2.777 0.694 0.777 0.594 0.955 0.896 36.1
244 50.09 1028, 2.52 1.090 0.206 2.745 0.692 0.779 0.600 0.956 0.889 36.2
245 60.03 1340. 5.73 0.760 0.257 4.356 0.750 0.788 0.606 0.951 0.886 35.5
246 59.98 1339. 5.69 0.748 0.257 4.260 0.733 0.794 0.605 0.953 0.879 35.6
247 69.93 1635. 10.85 0.598 0.318 6.489 0.750 0.808 0.623 0.946 0.892 35.0
248 69.92 1634." 10,89 0.593 0.318 6.457 0.749 0.809 0.626 0.946 0.896 35.1
249 79.99 2045. 18.69 0.509 0.388 9,312 0.753 0.826 0.653 0.939 0.917 35.7
250 80.02 2045. 18.36 0.514 0.389 9.438 0.750 0.825 0.654 0.939 0.918 36.2
251 70.00 1640. 11.11 0.581 0.317 6.430 0.740 0.813 0.635 0.948 0.884 35.5
252 70.04 1640. 11.05 0.576 0.317 6.358 0.743 0.813 0.632 0.946 0.927 35.5
253 59.87 1342. 5.92 0.696 0.256 4.119 0.719 0.803 0.635 0.955 0.878 35.1
254 59.95 1342. 5.93 0.70_ 0.256 4.175 0.724 0.802 0.636 0.954 0.865 35.1
255 49.94 1026. 2.63 0.999 0.204 2.625 0.672 0.787 0.621 0.957 0.902 35.7
256 49.91 1025. 2.63 1.004 0.204 2.635 0.674 0.789 0.620 0.958 0.875 35.7
321 50.00 602. 2.28 1.223 0.208 2.789 0.673 0.777 0.515 0.948 0.929 35.7
322 49.93 801. 2.53 1.058 0.207 2.673 0.669 0.779 0.579 0.953 0.928 36.1
323 49.94 999. 2.56 1.039 0.206 2.657 0.668 0.778 0.621 0.955 0.942 36.1
324 49.94 1193. 2.41 1.105 0.206 2.664 0.664 0.778 0.642 0.956 0.945 36.0
32_ 49.93 1407. 2.03 1.295 0.207 2.629 0.661 0.781 0.653 0.955 0.929 36,6
326 60.00 797. 5.00 0.818 0.260 4.092 0.715 0.792 0.520 0.945 0.932 34.9
327 59.96 1101, 5.62 0.697 0.258 3.916 0,711 0.792 0.591 0.952 0.949 38.0
328 59.97 1301. 5.79 0.705 0.258 6.083 0.710 0.791 0.622 0.953 0.939 35.0
329 59.95 1607. 5.44 0.741 0.259 4.032 0.708 0.792 0.647 0.951 0.947 35.0
330 " 59.92 1805. 4.99 0.803 0.258 4.008 "0.710 0.789 0.653 0.951 0.956 35.2
331 69.95 1104. 9.86 0.647 0.320 6.382 0.741 0.803 0.558 0.940 0.925 35.5
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IRH EHGGP EHDC HPC SFC MAC MFC ETAC ETACT [TAPT [TAREG [TA8 THP
PERCEHT RPM KM G/M-HR KG/SEC KG/HR DEGREES

332 69.97 1300. 10.39 0.610 0.3TT 6.340 0.735 0.805 0.$93 0.9q3 0.917 35.3
333 69.95 1600. 10.82 0.$91 0.318 6.391 0.735 0.803 0.626 0.947 0.927 35.0
334 69.97 1802. 10.77 0.580 0.318 6.248 0.732 0.804 0.650 0.945 0.948 35.0
335 69.91 2206. 9.68- 0.651 0.319 6.302 0.734 0.803 0.659 0.944 0.t32 35.6
336 80.00 i602. 17.75 0.528 0.389 9.371 0.750 0.817 0.629 0.936 0.931 36.1
337 79.99 1904. 17.97 0.517 0.389 9.292 0.742 0.819 0.651 0.940 0.935 36.2
318 79.99 1999. 18.07 0.314 0.388 9,277 0.741 0,819 0,695 0.940 0.9t3 36,2
339 79.99 2207. 17.89 0.517 0.388 9.256 0.743 0.819 0.003 0.938 0.953 36.2
340 79.93 2407. 17.33 0.536 0.388 9.294 0.742 0.819 0.667 0.939 0.939 36.2
341 89.91 1899. 26.84 0.495 0.468 13.276 0.741 0.839 0.648 0,929 0.933 37.9
342 89.92 2104. 27.22 0.688 0.468 13.294 0.740 0.837 0.663 0,929 0.943 38.2
343 89.87 2198. 27.27 0.490 0.468 13.356 0.740 0.838 0.671 0.930 0.935 38.3
344 89.09 2305. 27.27 0.489 0,468 19.328 0.738 0.838 0.679 0.932 0.940 38.4
345 89.96 2504. 26.50 0.499 0.469 13.232 0.738 0.839 0.693 0.931 0.946 38.6
3_6 89.90 2808. 25.25 0.324 0.469 13.296 0.739 0.838 0.695 0.930 0.945 38.4
366 94.90 2191. 30.61 0.530 0,513 16.216 0.732 0.845 0.696 0.924 0.902 41.2
437 49.90 995. 2.58 1.054 0.206 2.720 0.681 0.790 0.609 0.992 0.974 35.9
4_8 80.05 1998. 19.16 0.305 0.387 9.679 0.743 0.833 0.646 0.936 0.952 35.9
439 90.03 2259. 28.64 0.481 0.469 13.783 0.742 0.847 0.678 0.934 0.913 37.9
440 93.39 2258. 31.30 0.501 0.500 15.665 0.730 0.836 0.671 0.931 0.896 38.9
441 94.92 2260. 32.69 0.403 0.512 15.777 0.729 0.859 0.678 0.933 0.910 39.3
4_2 94.86 2261 32.76 0.485 0,513 15,895 0.724 0.862 0.679 0.929 0.910 39.9
443 97.16 2259 34.71 0.491 0.534 17.052 0.726 0.864 0.695 0.928 0.887 40.6
444 97.04 2255 34.34 0.511 0.533 17.536 0,720 0.865 0.694 0.930 0.852 41.1
4_5 97.68 2261 34.44 0.509 0.531 17.544 0.729 0.838 0.680 0.919 1.033 40.8
4_6 97.06 2257 34.11 0.513 0.532 17.494 0.721 0.861 0.692 0.928 0.865 41.1
447 97.05 2260 34.11 0.503 0.532 17.171 0.721 0.863 0.696 0.926 0.882 41.2
448 79.97 2000 19.16 0.503 0.385 9.634 0.734 0.836 0.649 0.939 0.933 36.3
4_9 70.09 1605. 11.35 0.569 0.314 6.463 0.713 0,829 0.630 0.947 0.90_ 95.1
450 59.75 1308. 5.93 0.699 0.253 4.144 0.692 0.810 0.619 0.956 0.891 34.5
451 49.93 1009. 2.61 1.037 0.203 2,712 0.637 0.805 0.612 0.959 0.877 35.1
432 50.21 1304. 5.03 0.825 0.248 4.153 0.728 0.802 0.617 0.954 0.827 35.1
453 58.26 1305. 5.32 0.784 0.245 4.170 0.714 0.803 0.621 0.995 0.842 34.5
458 50.06 1000. 2.35 1.297 0.207 3.053 0.735 0.756 0.585 0.947 0.959 36.5
_e9 49.99 1000. 2,45 1.145 0.206 2.810 0.697 0.776 0.609 0.951 0.977 36.8
470 60.04 1301. 5.81 0.765 0.257 4.447 0.733 0.797 0.608 0.990 0.925 34.2
471 70.03 1598. 10.94 0.599 0.317 6.553 0.734 0.817 0.625 0.945 0.937 35.0
_72 79.92 200_. 18.41 0.517 0.385 9.515 0.742 0.833 0.649 0.937 0.963 35.6
473 _9.97 2258. 28.30 0.488 0.466 13.819 0.735 0.853 0,673 0.931 0.953 57.6
_74 94.97 2257, 32.00 0,498 0,509 15.931 0,721 0,863 0,678 0.930 0.953 40,6
475 97.49 2255. 33.96 0.508 0.529 17.258 0.718 0.860 0.688 0.928 0.961 41.0
476 97.72 2257. 34.61 0.497 0.534 17.209 0.713 0.867 0.593 0.928 0.955 41,3
477 97.60 22_0. 34.26 0.502 0.533 17.194 0.714 0.866 0.692 0.929 0.947 41.3
47_ 9_ !_ 2257. 33.79 0.508 0.530 17.151 0.712 0.866 0.693 0.931 0.926 41.3
_ 9_._2 _58. 32.21 0.493 0.509 16.034 0.721 0.864 0.678 0.930 0.952 40.8
4_0 90.02 2266. 27.73 0.483 0.455 13.381 0.723 0.858 0.674 0.932 0.974 38.7
_1 80.0€ 2006. 18.65 0.504 0.384 9._08 0.728 0.841 0.650 0.939 0.967 36.3
_3 69.92 16:0. I0.91 0.589 0.313 6.428 0.713 0.826 0.629 0.950 0.922 35.3
_84 59.95 1297. 5.73 0.695 0.253 3.985 0.667 0.820 0.621 0.957 0.945 34.8
_5 49.85 100_. 2.50 0.987 0.202 2.462 0.598 0.813 0.624 0.960 0.953 35.7
5_I 89.87 2261. 27.84 0.491 0.468 13.677 0.728 0.842 0.676 0.938 0.916 38.4
502 95.04 2259. 32.38 0.497 0.513 16.107 0.669 0.888 0.668 0.937 0.914 40.2
511 89.94 2261. 27.73 0.50_ 0.467 ]4.084 0.735 0.843 0.675 0.956 0.899 38.0

UNCORR£CTED TEMPERATUR£S-(KELVZH)

I !

ZRN T0.5 T1 TI.IT T1.ST TI.9T T2 T3 T4 T5T T5,2T T6T T6.3T T7T T8 T9 TSCALC

104 309.5 309.8 309,8 364.4 365.0 364,2 380,6 1016.1 1137.7 1088.1 1089.5 1060.S 1045.5 445.2 1139,9
105 309.5 309.8 309.8 364.4 365.1 364.2 380.7 1016.7 1157.9 1087.6 1085.0 1060.6 1046.2 445.3 1139.4
106 309.2 309.5 309.5 364.2 365.1 354.5 383.3 1019.3 1139.6 1089.0 1086.0 1061.7 1047.7 449.0 1140.8
107 309.1 310.0 309.8 387.5 386.6 385.2 401.0 1012.2 1160.0 1089.6 1087.8 1056.3 1042.5 472.0 1162.6
108 309.2 310.2 310.0 387.6 386.9 385,5 401.6 1013.4 1159.1 1089.2 1087.3 1056.4 1043.2 473.0 1162.2
109 309.0 310.0 309.7 414.5 412.4 410.2 423.2 1010.2 1189.8 1095.7 1094.9 1054.9 1042.3 301.1 1193.3
110 309.1 310.0 309.8 414.4 412.6 410.4 423.8 1010.4 1190.3 1096.7 1096.0 1055.5 1042.4 901.9 1194.3
111 3_8.9 309.5 309.6 445.4 442.4 439.1 448.6 1006.5 1227.0 1103.3 1104.4 1053.2 1041.3 932.8 1229.1
_12 308.9 309.4 309.8 443.6 442.9 439.7 450.2 1006.6 1226.0 1102.8 1103.9 1052.8 I041.0 534.3 1228.7
154 306.9 307.2 307.4 361.1 362.2 361.3 374.6 1006.7 1128.7 1078.7 1076.0 1055.7 1041.1 447.2 1129.9
155 307.3 307.6 307.9 361.8 362.8 361.9 377.6 1008.5 113_.1 1082.2 1078.S 1055.0 1040.S 444.9 1133.7
156 307.5 307.8 308.0 362.1 363.2 362.4 379.2 1011.2 1133.1 1082.1 1079.0 1054.4 1040.3 445.0 1133.9
157 307.8 300.2 308.4 362.3 363.5 362.7 380,1 1010.8 1130.9 1079.9 1076.5 1052.6 1039.1 444.3 1131.3
158 308.1 308.4 308.6 362.6 363.7 363.0 380.8 1007.1 1123.7 I074.S 1071.9 1048.7 1034.7 444.9 1126.0
159 3C8.2 308.5 308.7 362.8 363.9 363.2 381.2 1006.7 1125.1 1074.8 1071.9 1048.6 1034.8 445.4 1126.4
160 308.4 308.7 308.8 363.1 364.3 363.5 381.8 1009.9 1132.2 1081.4 1078.5 1052.9 1038.2 446.3 1133.2
161 308.4 308.9 308.9 363.2 364.4 363.7 382.3 1012.4 1131.6 1081.2 1078.2 1053.9 1040.6 448.4 1133.0
162 308.6 309.0 309.2 363.4 364.6 363.9 382.8 1011.6 1131.9 1081.0 1078.1 1095.0 1041.3 451.6 1132.7
163 308.6 309.0 309.2 363.6 364.8 364.1 353.6 1010.8 1134.6 1082.0 1079.0 1057.5 1042.7 457.8 1133.9
1_4 308.9 309.6 309.6 386.6 385.8 384.2 399.7 1010.2 1154.9 1084.3 1081.6 1055.7 1043.2 477.3 1157.0
165 309.1 310.0 309.9 387.1 386.6 385.1 401.0 1017.1 1164.1 1092.9 1090.4 1060.5 1047.9 474.3 1165.9
165 309.4 310.1 310.1 387.3 386.9 385.5 401.7 1016.4 1162.5 1092.3 1089.8 1058.6 1045.1 473.6 1165.4
1_7 309.3 310.1 310.0 387.3 386.9 385.5 402.0 1012.2 1157.9 1087.S 1084.9 1053.7 1041.0 472.9 1160.3 4
168 309.5 310.4 310.4 387.3 387.0 385.7 402.2 1011.3 1156.8 1086.8 108_.2 1054.0 1041.5 472.6 1159.5
169 309.8 310.5 310.4 387.6 387.3 385.9 402.5 1011.8 1157.8 1088.0 1055.6 1055.1 1042.1 473.0 1161.1
170 309.9 310.7 510.7 387.8 387.4 386.0 402.8 1013.3 1159.8 1089.4 1086.8 1055.4 1042.3 473.7 1162.2
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ZRH T0.5 TI TI.1T TI.3T T1.gT TZ T3 T4 T3T T3.2T T6T T6.3T T7T T8 T9 T3CALC

171 310.2 310.9 310.7 308.1 387.8 386,4 403.3 1021.1 1168.0 1097.3 1094.5 1063.1 1050.1 475.2 1170.6
172 310.2 311.2 310.9 388.1 387.8 386.5 403.5 1018.0 1161.6 1091.6 1089.1 1039.9 1047.9 476.9 1164.7
173 310.5 311.3 311.2 388.7 388.3 387,0 404.0 1014.9 1139.3 1089.4 1087.0 1060.2 1047.3 481.7 1162.8
174 310.9 311.3 311.3 413.9 412.9 410.0 421.9 1013.3 1194.1 1098.4 1097.6 1061.3 1030.1 304.3 1196.4
175 311.1 311.8 311,7 416.4 414.3 412.1 425.2 1018.0 1196.4 1100.8 1100.1 1061.7 1050.4 303.2 1199.0
176 311.0 312.0 312.0 416.5 414.7 412.3 426.2 1021.0 1201.0 1103.9 1103.2 1064.1 1031.7 305.0 1204.0
177 311.1 311.9 312.0 q16.3 414.8 412.5 426.6 1012.0 1192.5 1097.2 1096.0 1033.4 1043.3 503.9 1193.3
278 311.2 312.0 312.2 416.3 414.8 412.5 426.6 1012.3 1192.1 1097.4 1096.5 1037.4 1045.7 503.4 1193.3
179 311.2 312.1 312.0 416.3 414.7 412._ 426.7 1012.1 1192.3 1097.0 1096.1 1036.9 1043.3 503.6 1193.1
180 311.4 312.3 312.2 416.8 415.0 412.8 427.0 1014.5 1194.7 1100.1 1099.1 1037.9 1045.7 504.3 1198.3
181 311.5 312.5 312.3 417.2 413.4 413.1 427.4 1021.9 1203.0 1107.4 1106.7 1063.2 1032,6 306.2 1203.7
182 311,6 312.7 312,5 417.3 415.3 413.3 427.6 1019.1 1197.6 1102.4 1101.7 1063.0 1031,3 307.7 1200.8
183 311.8 312.6 312.7 417.3 413.7 413.4 427.8 1016.4 1194.0 1098.9 1098.0 1062.4 1051.5 510.4 1197.2
184 311.5 312.0 312.3 447.7 444.3 441.0 430.6 1010.5 1225.4 1100.8 1102.8 1058.1 1048.2 341,6 1227.1
185 311.9 312.4 312.8 448.3 443.6 442.4 433.2 1017.3 1233.7 1110.8 1113.2 1062.3 1031.6 538.8 1237.2
186 312.2 312.8 313.1 449.2 446.4 443.1 454.3 1019.4 1237.7 1II2.6 1113.2 1062.5 1031.7 538.1 1239.7
187 312.3 313.0 313.3 449.3 446.9 443.6 435.0 1014.3 1232.7 1108,0 1110.8 1038.4 1048.0 537,9 1235,0
188 312.4 312.9 313.3 449.2 446.7 443.5 453.0 1014.7 1232.0 1107.1 1100.3 1060.6 1050.7 538.0 1233.9
189 312.5 "313.2 313.4 449.3 446.7 443.5 453.2 1015.6 1232.2 1107.7 1110.1 1061.3 1031.2 338.6 1234.6
190 312.6 313.2 313.3 449.6 446.9 443.7 453.5 1014.8 1233.2 1108.4 1111.1 1038.9 1048.3 338.7 1235.6
191 313.0 313.3 313.8 430.2 447.6 444.3 436.0 1024.1 1243.7 1118.4 1120.9 1067.6 1036.4 340.3 1243.8
192 313.1 313.7 314.0 450.4 447.7 444.3 456.3 1021.0 1239.0 1113.7 1116.3 1063.4 1034.8 342.2 1241.0
193 313.1 313.7 313.8 430.3 447.7 444.6 456.4 1018.1 1231.7 1107.4 1109.7 1063.0 1034.8 347.9 1234.8
221 297.3 298.1 298.3 350.3 351._ 330.7 367.7 979.9 1097.4 1049.2 1046.1 1021.6 1008.8 433.2 1098.8
222 297.4 297.9 298.3 330.7 331.7 331.1 368.4 981.3 1096.8 1048.8 1043.6 1021.9 1009.6 434.2 1098.5
223 298.0 298.9 299.2 373,8 373.4 372.1 386.6 976.3 1120.6 1052.1 1019.6 1018.; 1006.2 457.3 1122.3
224 297.9 298.9 299.1 373.8 373.3 372.2 387.1 976.9 1117.7 1050.1 1047.3 1017.3 1006.3 438.; 1120.4
225 297.7 298.3 298.9 399.4 397.4 395.2 ;06.7 972.1 1132.0 1033.4 1053.0 1011.7 1004.8 485.4 1149.3
226 298.0 298.9 299.2 399.9 398.1 396.0 408.2 972.3 1132.6 1036.3 1033.8 1015.2 1003.1 486.7 1130.2
227 298.2 299.0 299.5 430.2 427.3 424.5 433.6 968.4 1191.0 1062.7 1067.3 1012.9 1005.7 317.0 1184.0
228 298.1 298.7 299.5 ;30.2 427.8 424.8 436.7 968.2 1191.3 1062.6 1067.1 1012.6 1005.4 318.2 1183.9
243 298.6 299.1 298.2 331.2 351.7 351.0 365.3 982.3 1099.6 1032.0 1049.6 1024.4 1011.2 431.0 1102.3
241 298.7 299.0 298.2 351.3 331.9 351.2 366.3 982.6 1097.6 1050.3 1048.0 1023.6 1011.2 432.3 1100.9
245 298.6 299.4 298.3 373.0 371.4 369.8 382.2 976.4 1121.3 1053.3 1031.0 1019.3 1007.2 433.1 1123,4
266 298.9 299.5 298.6 373.5 372.6 371.2 381.7 979.4 1120.2 1033.2 1031.0 1020.4 1008.9 ;36.2 1123.7
267 299.6 300.3 299.; ;00.6 398.6 396.5 407.9 974.6 1130.2 1059.1 1058.0 1018.1 1007.0 483.5 1153.3
248 299.6 300.; 299.4 400.7 398.7 396.7 408.3 974.8 1130.3 1039.4 1038.2 1018.4 1007.0 486.1 1153.8
249 299.3 299.9 299.5 431.0 427.8 ;24.7 433.3 975.6 1190.9 1071.3 1072.6 1021.0 1010.9 316.6 1193.2
250 299.6 300.1 299.8 131.4 428.5 423.3 433.0 972.5 1186.7 1066.8 1068.1 1017.7 1007.4 318.0 1188.8
231 300.5 301.3 300.5 402.6 401.2 399.4 414.2 980.9 1154.6 1063.3 1062.6 1022.7 1012.1 493.6 1158.7
252 300.4 301.2 300.2 402.4 400.8 398.9 413.4 980.5 1160.2 1064.1 I064.; 1023.0 1013.1 492.3 1159.4
253 299.8 300.5 299.7 375.0 374.8 373.7 390.5 979.3 1116.3 1050.8 1048.4 1018.3 1007.1 461.9 1121.6
25; 299.9 300.8 299.8 373.3 37_.9 373.8 390.2 979.7 1116.; 1050.0 i0_7.3 1017.9 1007.9 _61.6 I121.0
255 300.0 300.5 299.8 _.3 356.7 35_,4 37_.8 987.? II01.0 i05_.I 1051.1 1026.9 1015.1 ;60.5 110_,9
256 300.0 300.3 299.7 353.1 35_.4 354.0 376.3 987.7 1098.0 1052.3 1049.2 1023.6 1014.4 440.0 1103.0
321 302.4 302.1 302.9 356.2 356.8 355.9 369.6 98_.9 1107.2 1055.7 1052.5 1032.I 1018.8 441.8 110_.9
322 302.3 302.0 302.8 355.9 357.0 356.1 371.2 990.7 1108.4 1058.1 1055.0 1033.0 1021.2 ;38.9 1108.3
323 302.4 302.2 303.0 356.1 357.0 356.3 371.9 991.9 1110.8 1060.9 1058.3 1034.1 1021.4 436.9 1111.1
326 302.1 301.9 302.7 335.9 357.0 356.3 372.3 991.9 1111.3 1061.2 1058.3 1031.0 1020.3 436.4 1111.3
325 301.3 301.6 302.3 355.3 356.7 356.0 372.8 987.4 1102.9 1033.3 1050.6 1028.0 1016.1 436.7 1103.7
326 302.0 302.3 303.0 378.5 377.8 376.; 390,0 983.3 1126.8 1036.8 1053.9 1029.5 1017.8 468.4 1127.4
327 302.1 302.3 303.2 378.7 378.; 377.2 392.1 989.0 1129.5 1060.1 1057.; 1030.0 1019.2 463.1 1130.7
328 302.2 302.3 303.2 370.9 378.4 377.2 392.1 990.7 1133.6 1063.9 1063.0 1033.0 1020.; ;63.7 1136.7
329 301.9 302.2 302.9 378.5 378.2 377.0 392.0 987.7 1131.8 1062.6 1039.8 1029.7 1018.1 ;62.0 1133.3
330 302.3 302.6 303.; 378.8 378.3 377.2 392.2 987.6 1132.6 1062.6 1060.1 1029.8 1018.4 402.2 1133.2
331 301.9 302.4 303.2 404.8 402.6 400.4 411.4 982.8 1162.1 1066.8 1064.3 1030.1 1019.4 493.3 1161.2
332 302.2 302.9 303.3 ;05.3 403.7 401.8 413.9 983.2 1160.1 1066.1 1063.4 1027.9 1017.7 494.3 1160.8
333 302.3 302.9 303.6 ;05.7 401.0 ;02.0 411.3 989.; 1170.1 1073.1 1072.7 1033.8 1021.7 496.2 1169.9
334 301.9 302.; 303 2 403.3 403.6 401.7 414.3 986.7 1167.3 1072.3 1069.6 1030.9 1019.7 ;92.7 1167.2
335 301.9 302.7 303.4' 405.1 403.4 401.6 414.2 983.5 1162.4 1068.2 1065.3 1027.6 1017.1 492.1 1162.6
336 302.1 302.6 303.6 ;35.3 432.1 628.8 ;36.9 980.7 1197.3 1073.0 1073.1 1027.7 1017.8 522.2 1196.6
337 301.9 302.6 303.3 433.6 ;32.9 430.0 439.8 980.5 1196.1 1074.1 1072.0 1025.9 1013.0 323.4 1193.9
338 302.0 302.6 303.3 ;35.7 433.0 430.1 410.1 981.3 1199.3 1077.0 1073.3 1027.4 1013.8 523.3 1198.9
339 301.7 302.6 303.; 435.4 432.7 429.9 440.0 982.6 1201.8 1079.4 1076.8 1029.0 1018.6 322.1 1201.2
340 302.0 302.8 303.8 435.7 133.1 ;30.3 4_0.5 983.7 1200.3 1079.2 1077.6 1029.3 1019.2 522.8 1200.8
341 301.9 302.4 303.8 169.1 465.3 461.; 467.8 976.3 • 1230.3 1078.1 1077.6 1022.2 1015.0 356.8 1229.9
342 301.7 302.3 303.7 468.9 ;65.3 461.6 468.8 978.3 1235.3 1082.3 I081.; 1026.3 1017.1 356.5 1234.0
343 302.2 302.7 303.9 ;69.4 465.9 ;62.2 ;69.8 980.; 1236.9 1084.4 1084,0 1028.9 1019.0 537.6 1236.3
34; 301.9 302.2 303.5 669.0 465.5 661.8 469.8 931.0 1238.2 108_.8 1081.6 1029.7 1018.6 336.9 1236.7
3_5 301.8 302.2 303.5 ;69.2 465.8 462.1 470.; 976.9 1233.4 1080.1 1079.1 1025.8 1014.3 556.2 1232.0
346 302.0 302.6 303.7 ;69.3 ;65.9 462.1 470.4 978.9 1233.4 1082.3 1081.3 1028.2 1017.4 556.0 1234.2
366 289.6 289.5 290,9 468.; 466.7 460.6 ;64.9 930.; 1195.3 1028,6 1029.2 976.7 968.9 354.3 1190.9
;37 302.4 301.9 302.6 356.3 357.0 353.8 364.8 989.8 1116.1 1063.8 1060.3 1036.4 1021.1 430.3 1114.5
438 302.6 302.2 303.3 ;37.3 435.0 431.8 438.4 984.6 1214.6 1089.7 1089.3 1034.6 1021.9 513.3 1213.2
439 302.8 302.2 303.5 471.3 467.6 663.5 468.6 983.8 1241.3 1092.7 1086.8 1033.9 1020.; 557.0 1246.5
460 302.9 301.6 303.5 68_.1 ;80.5 676.2 481.4 9e0.6 1269.5 1087.3 1081.8 1027.5 1017.5 570.6 1252.6
141 302,6 301.7 303.1 488.8 685.2 681.1 486.3 980.1 1249.0 1085.; 1082.5 1026.3 1013.6 376.3 1253.6
;;2 302.8 301.6 303.4 689.8 ;86.2 482.0 488.2 977.9 12_8.8 1083.2 1079.; 1023.6 1013.6 376.9 1253,8
443 302.6 301.7 303.3 498.8 494.3 489.9 495.0 98;.6 1255.3 1084.2 1077.2 1028.1 1022.7 386.7 1262.9
464 302.9 301.7 303.3 498.2 49_.4 490.1 495.7 982.; 1250.8 1081.; 1080.1 1028.6 1019.3 586.3 1262.5
443 303.2 302.2 303.9 ;99.0 ;94.9 490.7 496.4 981.3 1308.3 1117.1 1111.2 1049.3 1024.2 386.3 1293.5
_66 303,1 302.2 303.8 698.6 494.8 490.6 496.6 980.6 1253.1 1085.4 1080.8 1028.4 1018.4 386.7 1263.4
447 302.9 301.9 303.3 498.3 694.6 ;90.4 496.7 979.9 1252.3 1082.3 1076.2 1026.3 1018.4 586.5 1260.8
448 302.6 302.4 303.2 437.7 435.9 433.1 ;;5.7 989.4 1214.7 1092,1 1092.2 1038.1 1024.7 331.2 1213,8
4;9 302.2 302.; 302.8 ;07.6 407.5 406.0 422.; 989.8 1169.9 1077.0 1075,2 1035.0 1021.4 503.1 1174.0
450 302.; 303.0 303.5 380.2 381.6 380.5 399.3 997.2 1139.3 1073.8 1068.7 1040.3 1024.8 474.6 1145.6
451 302.3 303.1 303.2 35_.1 361.1 361.0 383.2 993.0 1109.7 1062.7 1037.3 1036.0 1021.4 431.3 1114.4
432 302.0 302.4 302.9 374.3 373,6 372.0 389.2 976,2 1111.8 1030.3 1044.7 1019.0 1004.3 460.7 1117.3
453 302.6 303.0 303,4 3?5.8 375.7 37;.3 390.9 992.3 1131.8 1069.4 1063.5 1036.1 1020.6 462.7 1137.2
468 301.3 301.1 301.6 334.1 352,9 351.0 352.6 986.0 1078.2 1121.8 1069.3 1064.0 1039.4 1019.2 117.3 1118.8
460 302.5 302.6 303.0 336.3 356.5 353.2 362.3 987.3 1054.3 1117.7 1065.3 1062.0 1036.6 1019.6 428.0 1115.6
;70 302.6 302.7 303.0 379.3 378.1 376.2 385.2 991.6 1078.0 1117.5 1076.1 1072.5 1038.9 1023.6 ;57.2 1167.6
471 302.; 302.6 303.2 406.5 404.9 402.6 113.2 985.8 1113.5 1171.1 1075.5 1071.6 1031.0 1018.9 691.8 1171.2
472 302.? 302.5 303.5 436.8 434.2 431.1 439.4 983.2 1155.1 1213.3 1083.8 1086.0 1029.0 1019.9 522.4 1206.5
473 302.9 302.2 303.4 171.4 468.1 ;64.; 471.; 985.1 1180.1 1256.8 1093.8 1103,2 1031.0 1023.3 558.3 1247.8
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• 474 303.0 301.S 303.5 "489.9 486.3 482.2 488.7 981.2 1133.4 1267.2 1085.6 1096.1 1023.0 1018.2 576.7 1256.3
;75 303.1 301.5 303.7 499.3 493.5 491.2 497.1 084.9 1148.7 1284.7 1003.5 1105.3 1031.1 1022.6 587.1 1272.5
q76 302.9 301.0 303.2 500.4 496.4 402.2 498.3 983.6 1147.1 1278.4 1087.5 1097.5 1026.9 1021.4 588.5 1268.0
477 302.7 301.1 303.3 499.7 495.8 491.8 498.2 982.4 1143.6 1274.9 1085.3 1095.3 1025.2 1019.0 588.1 ;265.;
478 302.8 300.9 303.3 498.7 495.2 491.2 498.0 982.1 1137.5 1269.2 1083.0 1094.2 1023.6 1018.1 587.5 1261.8
479 303.0 301.6 303.4 490.0 486.4 482.4 490.3 983.0 1135.1 1270.5 1087.3 1098.4 1024.6 1020.0 578.1 1258.1
480 302.7 302.0 303.4 472.0 469.6 466.4 477.3 982.0 1196.1 1251.4 1084.7 1098.0 1024.4 1018.7 563.7 1239.q
481 302.5 302.4 303.3 437.8 436.2 433.7 447.6 989.2 1162.3 1218.0 1083.1 1093.7 1030.0 1024.6 531.7 1209.0
;83 302.6 303.0 303.6 407.5 407.3 405.8 423.2 993.2 1108.9 1176.8 1075.8 1078.8 1032.8 1023.0 503.7 1172.0
404 302.3 303.2 303.5 381.2 383.6 383.q 404.3 993.1 1064.0 1138.5 1064.; 1067.1 1020.9 1019.8 478.8 1136.8
485 302.4 303.3 303.7 358.9 363.6 364.3 388.7 993.4 1053.8 1109.6 1056.4 1036.6 1030.5 1020.8 457.3 1108.4
5C,1 302.4 300.9 302.9 470.3 466.7 463.0 083.2 1240.0 1091.1 1090.5 1033.4 1021.3 553.9 1244.5
5:2 303.1 301.1 303.3 490.4 486.2 482.0 985.8 1261.1 1004.5 1093.8 1034.8 ;024.4 376.1 1276.3 k
311 302.8 301.4 303.3 470.8 466.7 462.8 081.9 ;242.3 1090.5 1089.4 1032.9 1020.6 555.3 1243.0

UMCORRECTEDPRESSURE$-(KPA)

t

IR_ PIT PI.IS Pi.93 P2 P3 P4 PSS P3.2T P6T P6.3T P7T P8 P9 PEXH

104 99.7 98.5 148.5 148.9 148.0 146.7 143.8 112.9 111.6 102.0 101.2 99.4 99.3
1_5 99.8 98.6 148.6 148.8 148.1 146.8 143.9 112.9 111.7 102.0 101.2 99.4 99.3
lC6 99.8 98.6 148.6 148.9 148.1 146.9 144.0 113.0 111.8 102.0 101.2 99.4 99.3
]07 99.6 97.7 176.1 176.5 175.2 173.8 170.0 121.6 119.7 103.0 101.7 99.5 99.3
2_0 99.5 97.6 175.8 176.2 175.0 173.5 169.7 121.6 119.7 103.0 101.7 99.5 99.3
109 99.3 96.4 211.6 212.2 210.5 209.1 204.2 132.2 129.5 104.4 ;02.4 99.6 99.3
II0 99.3 95.4 211.5 212.2 210,4 209.0 204.1 132.2 129.4 104.4 102.4 99.6 99.3
IIi 98.9 94.4 238,4 239.4 257.0 255.4 249.4 144.9 140.6 ;06,6 103.4 99.9 99.4
I12 98.9 94.4 258.0 239.0 256.7 255.2 249.2 144.9 140.5 106.6 103.4 99.9 99.4
154 99.9 98.7 1_8.5 148.7 148.0 146.8 143.7 113.1 111.9 102.3 101.2 99.5 99.4
155 99.2 90.6 148.7 149.0 148.2 146.9 143.9 113.1 111.9 102.1 101.2 99.5 99.4
1_6 99.8 98.7 148.7 149.0 148.3 147.0 143.9 113.1 111.9 102.1 101.2 99.5 99.4
I_7 99.8 98.6 148.5 148.7 148.0 146.8 143.6 113.0 111.8 102.2 101.2 99.3 99.4
158 99.8 98.6 148.3 148.6 147.8 146.6 143.5 112.7 111.3 102.4 101.2 99.5 99.4
159 99.8 9_.6 148.4 148.7 1_8.0 146.7 143.3 112.8 111.6 102.4 101.2 99.5 99.4
160 99.8 98.6 148.7 148.9 148.3 146.9 143.9 113.0 111.8 102.2 101.2 99.5 99.4
101 99.8 98.6 148.6 118.9 140.2 146.9 143.8 113.0 111.8 102.1 101.3 99.5 99.4
162 99.8 98,6 148.6 148.9 148.1 146.9 143.8 113.0 111.8 102.1 101.2 99.5 99.4
163 99.8 98.6 148.7 149.0 148.2 146.9 143,8 113,0 111.8 102.3 101.2 99.5 99.q
164 99.6 97.8 175.6 176.0 174.9 173.3 169.3 121.4 119.6 103.4 101.7 99.6 99.4
165 99.6 97.8 175.6 176.1 174.9 173.5 169.4 121.7 119.8 103.1 101.8 90.0 99.4
166 99.6 97.8 175.4 175.9 ;74.8 173.3 169.3 121.5 119.7 103.1 101.8 99.6 99.4
167 99.6 97.8 173.3 175.8 174.3 173.1 169.2 121.3 119.3 103.4 101.8 99.6 99.4
168 99.6 97.8 175,2 175.7 174.3 173.0 169.0 121.2 119.4 103.7 101.9 99.6 99.4
169 99.7 97.8 175.1 175.6 174.4 173,0 169.0 121.2 119.3 103.8 101.9 99.6 99.4
170 99.6 97.8 175.1 173.6 174.3 172.9 169.0 121.2 119.4 103.4 101.8 99.6 99.4
171 99.6 97.8 175.3 175.8 174.5 173.0 169.1 121.6 119.8 103.2 101.8 99.6 99.4
172 99.7 97.8 175.2 175.7 174.4 173.1 169.1 121.5 119.6 103.1 101.8 99.6 99.4
173 99.6 97.8 173.4 176.1 174.8 173.4 169.4 121.5 119.6 103.4 101.7 99.6 99.4
174 99.4 96.4 212.0 212.7 211.0 209.7 204.3 132.4 129.5 104.9 102.5 99.7 99.4
175 99.4 96.5 211.1 211.9 210.1 208.8 203.6 132.1 129.3 104.4 102.3 99.7 99.4
176 99.4 96.5 211.2 211.9 210.2 208.9 203.6 132.3 129.5 104.5 102.5 99.7 99.4
177 99.4 96.5 210.9 211.7 210.0 208.5 203.4 131.7 128.9 105.0 102.5 99.7 99.4
178 99.4 96.4 210.6 211.4 209.7 208.3 203.1 131.5 128.7 105.7 102.6 99.7 99.4
179 99,; 96.3 210.6 211.q 209.3 208.1 203.1 131.5 128.7 105.7 102.6 99.7 99.4
180 99.4 96.5 210.7 211.5 209.7 208.3 203.2 131.8 129.0 105.0 102.5 99.7 99.4
181 99.6 96.5 211.0 211.9 210.0 208.6 203.5 132.3 129.4 104.6 102.3 99.7 99.4
182 99.4 90.5 210.7 211.6 209.7 208.3 203.3 132.0 129.2 104.4 102.5 99.7 99.4
]83 99,4 96,5 210.5 211.3 209.6 208.2 203.1 131.8 129.0 104.8 102.5 99.7 99.4
184 99.0 94.5 256.8 257.9 235.6 254.1 247.7 144.1 139.3 107.0 103.3 99.9 99.4
183 99.0 91.6 236.6 257.8 255.5 253.8 247.5 144.5 140.0 ;06.4 103.4 99.9 99.4
186 99.0 94.5 257.2 258.4 256.0 254.5 248.1 144.6 140.1 ;06.6 103.5 99.9 99.4
107 99.0 94.5 256.9 258.1 255.8 254.2 247.9 144.2 139.6 107.2 103.5 99.9 99._
188 99,0 94.5 256.7 237.9 253.6 253.9 247.6 143.9 139.3 108.0 103.6 99.9 99.4
189 99.0 94.3 256.7 257.9 255.6 254.0 247.7 143.9 139.3 108.1 103,7 99.9 99.4
190 99.0 94.5 257.0 258.2 255.9 254.3 247.9 144.2 139.7 107.3 103,5 99.9 99.4
191 99.0 94.5 237.2 258.4 256.1 254.4 248.1 144.9 140.3 106.5 103.5 99.9 99.4
192 99.0 94.5 257.0 258.2 253.9 254.3 247.8 144.6 140.1 106.3 103.4 99.0 99.4
193 99.0 94.5 257.1 238.3 256.0 254.4 247.9 144.4 139.9 107.3 103.3 99.9 99.4
221 99.4 98.2 148.0 148.0 147.4 146.3 143.2 112.6 111.4 101.5 100.7 99,0 98.9
222 99.4 90.2 148.0 148.0 147.3 146.2 143.2 112.6 111.4 101.5 100.7 99,0 98,9
223 99.2 97.6 175.0 175.2 174.1 172.8 168.7 121.3 119.4 102.6 101.2 99.1 98.9
224 99.2 97.4 175.1 175.3 174.2 173.0 168.7 121.3 119.4 102.6 101.2 99.1 98.9
225 99.0 96.1 210.4 210.8 209.2 207.9 202.5 131.6 128.8 103.9 101.9 99.3 98.9
226 99.0 96.1 210.4 210.8 209.2 208.0 202.3 131.6 128.8 103.9 101.9 99.3 98.9
227 98.6 94.2 256.4 257.0 254.9 253.5 246.6 144.0 139.5 103.8 102,8 99.5 99.0
228 98.6 9_.2 256.3 257.0 254,8 253.4 246.5 144.0 139.3 105.8 102.8 99.5 99.0
2_3 98.8 97.6 147.5 147.6 147.0 145.7 142.7 111.9 110.7 100.9 100.2 98.5 98.3
244 98.8 97.6 147.6 147.7 147.1 145.7 142.7 111.9 110.7 100.9 100.2 98,5 98.3
245 98.6 96.7 174.5 174.7 173.6 172.2 168.1 120.5 118.6 101.9 100.6 98.5 98.3
246 98.6 96.7 174.2 174.4 173,3 171.9 167.9 120.5 118.5 101.9 100.6 98.5 98.3
2_7 98,4 95.4 209.6 209.6 208.3 206.9 201.7 130.8 120.0 103.3 101.3 98.7 98.3
2_8 98.4 93,4 209.4 209.8 208.3 206.9 201.7 130.8 120,0 103.3 101.3 98.7 98.3
2_9 98.0 93.6 255,7 2_.3 254,3 252.7 246.5 143.9 139.4 105.3 102.3 98.9 98.4
_0 98.0 9_,5 255.5 256.1 254.1 232.5 246.2 143.4 138.9 105.4 102.3 98.9 98.4
251 98.4 95.5 209.8 210.3 208.7 207.5 202.2 131.3 128.2 I03.4 101.4 98.7 98.4
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252 98.4 95.5 210.0 210.5. 209.0 207.7 202.2 131.3 128.2 103.4 101.4 98.7 98.4
253 98.6 96.8 173.7 174.1 173.1 171.8 167.8 120.6 118.5 102.0 100.7 98.6 98.3
254 98.7 96.8 174.0 174.4 173.4 171.9 168.0 120.6 118.6 102.0 100.7 98.6 98.4
255 98.8 97.7 147.3 147.6 146.9 145.6 142.7 112.2 110.8 101.0 100.2 98.5 98.3
250 98.8 97.7 147.2 147.5 146.9 145.6 142.7 112.2 110.9 101.0 100.2 98.5 98.3
321 99.3 98.1 148.0 148.0 147.2 146.0 142.9 112.2 110.9 101.7 100.6 99.0 98.8
322 99.3 98.1 148.1 148.1 147.3 146.1 142.8 112.2 111.0 101.5 100.0 99.0 98.8
323 99.3 98.1 148.0 147.9 167.1 145.9 142.8 112.2 111.0 101.4 100.7 99.0 98.8
324 99.3 98.1 147.9 147.9 147.0 145.9 142.8 112.3 111.0 101.5 100.6 99.0 98.8
325 99.3 98.1 147.8 147.7 147.1 143.8 142.6 112.1 110.8 101.8 100.7 99.0 98.8
326 99.1 97.2 174.9 174.9 173.8 172.3 168.3 120.6 118.5 102.8 101.1 99.0 90.8
327 99.1 97.2 174.9 174.9 173.8 172.3 168.2 120.7 118.6 102.4 101.2 99.0 98.8
328 99.1 97.2 174.9 175.0 173.8 172.4 168.3 120.8 138.8 102.5 101.1 99.0 98.8
329 99.1 97.2 174.8 174.9 173.8 172.2 168.2 120.7 118.7 102.8 101.2 99.0 98.8
330 99.1 97.2 174.7 174.7 173.6 172.0 160.1 120.6 110.5 103.1 101.2 99.0 98.8
331 98.8 98.9 210.3 210.6 208.9 207.5 202.2 131.1 128.0 104.1 101.8 99.2 98.8
332 98.9 93.9 210.4 210.7 209.0 207.7 202.3 131.0 127.9 103.8 101.8 99.2 98.8
333 98.8 93.9 210.4 210.8 209.0 207.6 202.3 131.4 128.3 103.8 101.8 99.1 98.8
334 98.8 95.9 210.4 210.7 209.0 207.6 202.3 131.3 128.2 104.1 101.8 99.1 98.8
335 98.8 95.9 210.0 210.3 208.6 207.1 201.9 130.9 127.8 104.7 102.0 99.1 98.8
336 98.5 93.9 256.4 236.8 254.7 253.1 246.8 143.5 138.7 105.6 102.6 99.4 98.8
337 98.5 94.0 235.8 236.4 254.2 252.7 246.5 143.3 138.5 105.7 102.7 99.4 98.8
338 98.5 94.0 256.0 256.5 254.2 232.6 246.5 143.6 139.0 105.9 102.7 99.4 98.8
339 98.5 94.0 256.1 256.7 254.4 232.9 246.5 143.8 139.2 106.2 102.8 99.4 98.8
340 98.4 93.9 255.7 256.2 254.0 252.5 246.2 143.7 139.1 106.5 102.8 99.3 98.8
341 97.9 91.1 311.8 312.7 310.0 308.3 300.8 156.6 149.2 107.7 103.7 99.6 98.8
342 97.9 91.1 312.0 312.8 310.0 308.3 300.8 156.8 149.5 107.9 103.7 99.6 98.8
343 97.9 91.1 311.9 312.8 309.7 308.1 300.7 157.0 149.6 108.2 103.8 99.6 98.8
3;4 97.9 91.1 311.9 312.8 310.0 308.3 300.8 157.1 149.7 108.5 103.9 99.6 98.8
345 97.9 91.1 512.2 313.1 510.1 308.5 301.0 156.7 149.2 109.2 103.9 99.6 98.8
346 97.9 91.1 312.0 312.8 309.8 308,3 300.8 156.7 149.3 110.1 103.9 99.6 98.8
366 97.9 89.5 346.4 347.5 344.3 343.1 333.7 161.9 150.5 109.3 104.7 100.3 99.3
;37 100.4 99.3 150.2 150.3 149.4 148.1 144.4 113.7 112.4 102.6 101.7 100.0 99.9
438 99.6 96.2 263.1 263.6 261.3 259.6 251.4 147.6 142.9 107.1 103.8 100.5 100.0
439 99.2 93.9 321.6 322.2 319.3 317.7 507.5 161.0 154.0 110.1 105.1 100.8 100.1
440 99.0 92.9 342.9 343.4 340.5 330.9 328.0 164.9 156.0 110.2 105.5 101.0 100.1
441 98.9 92.4 351.7 352.3 3_9.0 347.9 337.4 166.5 156.6 110.4 105.7 101.1 100.1
4;2 98.9 92.4 351.9 352.4 349.4 3;8.0 337,6 166.6 156.7 110.4 105.7 101.1 100.1
443 98.8 91.7 368.9 369.0 366.6 365.3 353.5 169.3 157.5 111.3 106.1 101.2 100.1
444 98.8 91.7 366.4 366.9 364.0 362.7 351.5 160.6 157.0 111.3 106.1 101.2 100.1
4;5 98,8 91.8 369.4 371.0 365.0 363.6 353.0 168.6 156.9 111.3 106.1 101.2 100.1
446 98.7 91.7 365.9 366.5 363.4 362.1 351.2 168.3 156.8 111.2 106.1 101.2 100.1
447 9A.8 91.7 366.8 367.2 364.2 362.8 351.6 168.3 156.6 111.2 106.1 101.2 100.1
448 99.7 96.2 262.6 263.0 260.8 258.9 250.9 147.7 143.0 107.2 103.9 100.5 100.0
449 100.0 97.7 215.3 215.6 21_.0 212.3 205.9 134.4 131.4 105.3 103.0 100.3 100.0
450 100.2 98.7 177.5 177.8 176.5 174.9 170.3 123.0 121.1 103.8 102.3 100.1 99.9
451 100.4 99.4 150.3 150.4 149.6 148.1 144.6 114.0 112.8 102.7 101.8 100.0 99.9
452 100.3 98.8 172.7 173.0 171.8 170.2 165.7 121.0 119.2 103.6 102.2 100.1 99.9
453 100.3 98.8 173.1 173.3 172.2 170.6 166.1 121.6 119.8 103.6 102.2 100.1 99.9
468 99.4 98.3 148.9 149.0 148.3 147.1 142.5 143.4 112.4 111.0 101.6 100.7 99.0 98.9
469 99.4 98.3 148.6 148.7 147.9 146.7 142.3 143.0 112.3 111.0 101.6 100.7 99.0 98.9
470 99.2 97.5 176.3 176.5 173.2 173.9 167.8 168.9 121.7 119.3 102.6 101.2 99.1 98.9
471 98.9 96.5 212.2 212.6 210.9 209.6 201.4 203.1 132.3 128.9 104.0 101.9 99.2 98.9
472 98.6 95.0 258.5 258.9 256.7 255.2 245.0 247.0 145.1 140.1 105.9 102.7 99.4 98.9
473 98.2 92.9 316.8 317.4 314.6 313.1 300.6 303.1 159.6 151.6 208.8 104.0 99.8 99.0
474 97.9 91.3 347.4 3;8.2 343.0 343.5 329.8 332.1 164.2 153.5 109.2 104.6 100.0 99.0
475 97.7 90.5 363.5 364.5 360.9 359.5 345.4 347.9 166.8 154.4 110.1 105.0 100.1 99.1
476 97.7 90.4 365.1 366.1 362.6 361.1 348.1 350.6 167.6 155.1 110.3 105.1 100.1 99.1
477 97.7 90.4 363.9 36_.8 361.4 359.9 346.8 349.5 167.2 154.8 110.2 105.I 100.1 99.1
478 97.8 90.5 362.5 363.5 360.2 359.0 345.0 3_7.1 166.5 154.2 110.1 105.0 100.1 99.1
479 97.9 91.3 347.3 348.2 345.0 343.3 329.9 332.1 164.5 153.9 109.3 104.6 100.0 99.0
480 98.2 92.7 315.6 316.4 313.5 311.9 299.7 302.1 158.7 150.7 108.6 104.0 99.8 99.0
481 98.6 05.0 258.8 259.4 257.2 255.5 245.4 247.6 145.7 140.5 106.0 102.7 99.4 98.9
483 98.9 96.3 211.3 211.8 210.2 208.7 200.7 202.5 132.4 129,0 104.0 101.8 99.2 98.8
484 99.1 97.5 175.3 175.7 174.5 172.9 167.0 168.4 121.4 119.2 102.6 101.2 99.0 98.8
485 99.3 98.3 147.9 148.1 147.4 146.1 141.7 142.7 112.4 111.I 101.5 100.7 98.9 98.8
501 97.9 92.7 314.4 31446 312.0 310.4 301.5 157.5 150._ 108.4 103.8 99.5 98.7
502 97.7 91.3 346.9 3_7.4 344.2 342.8 333.0 163.7 153.7 109.1 104.4 99.8 98.8
511 98.5 93.5 317.4 317.9 314.9 313.4 303.4 158,7 151.4 109.0 104.4 100.1 99.4

EHI55IOHS TESTS- CALCULATED PARAMETERS

I

IRH EHGGP EHDC HPC SFC WAC THP FAR EIHC EICO EIHO
PERCENT RPM KW GIW-HR KGISEC DEGREES GIKG GIKG G/KG

13 50.04 602. 2.20 1.520 0,211 34.8 0.00440 1.56 67.35 1.27
14 49.95 1000. 2.47 1.372 0.210 35.3 0.00449 0.69 50.89 1.24
15 49.92 1395. 2.01 1.643 0,210 35.3 0.00438 0.53 50.69 1.31
16 49.76 601. 2.00 1.680 0.213 36.5 0.00439 10.78 102.12 1.07
17 49.99 1006. 2.16 1.546 0.214 36.5 0.00435 10.47 104.25 0.98
18 50.00 1398. 1.57 2.086 0.214 56.5 0.00426 8.82 100.61 1.03
19 49.99 1329. 1.28 2.597 0.217 39.6 0.0042_ 35.89 121.22 1.17
20 49.95 998. 1.80 1.862 0,217 39.6 0.00428 38.69 129.19 1.18
21 49.94 602. 1.84 1.848 0.217 38.6 0.00435 37.99 126.88 1.15
22 59.96 800. 5.00 0.934 0.261 33.4 0.00497 0.30 11.78 1.08
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ZRH ENGGP ENDC NPC SFC WAC THP FAR Lv'£'HC ZZCO _KO
PERCENT RP_ KU G/H-HR KG/SEC DEGRF,T.S G/KG G/KG G/KG

23 59.96 1200. 5.76 0.797 0.261 33.4 0.00488 0.26 8,72 1.14
24 50.96 1402. 5.79 0.815 0.260 33.5 0.00504 0.21 3.26 1.15
23 59.93 1803. 3.07 0.929 0.260 33.9 0.00503 0.18 5.37 1.14
26 69.93 1100. 10.12 0.668 0.320 33.5 0.00586 0.14 0.32 0.82
27 69.92 1603. 11.20 0.609 0.319 33.9 0.00594 0.11 0.35 0.84
28 69.90 2198. 10.22 0.663 0.319 33.9 0.00590 0.11 0.19 0.84
29 79.95 2398. 18.38 0.541 0.389 34.5 0.00710 0.08 0.10 0.59
30 79.99 1996. 19.24 0.314 0.389 35.0 0.00706 0.07 °0.44 0.37
31 80.01 1805. 19.10 0.519 0.389 35.1 0.00708 0.06 0.64 0.39
32 80.05 1199. 16.72 0.583 0.390 35.1 0.00694 0.07 0.65 0.64
33 90.10 1600. 28.04 0.301 0.473 36.6 0.00824 0.05 0.70 0.60
34 90.07 2007. 29.70 0.482 0.472 36.7 0.00841 0.05 0.77 0.54
35 90.01 2198. 20.89 0.470 0.473 37.1 0.00824 0.03 0.67 0.57
36 89.93 2606. 28.$3 0.481 0.472 37.2 0.00806 0.03 0.77 0.54
37 90.04 3004. 26.71 0.328 0.473 37.7 0.00826 0.05 0.77 0.53
38 95.03 3209. 30.41 0.530 0.320 39.8 0.00859 0.06 0.79 0.62
39 93.0_ 2802. 33.06 0.499 0.518 39.8 0.00882 0.07 0.65 0.65
40 95.23 2398. 33.53 0.472 0.519 39.3 0.00895 0.07 0.81 0.74
41 94,98 2003. 34.90 0.469 0.516 38.8 0,00880 0.08 0.77 0.73
42 "98.28 2000. 36.75 0.494 0.543 40.4 0.00924 0.15 1.04 25.83
43 98.01 2404. 36.76 0.490 0.543 40.5 0.00921 0.16 1.02 23.99
44 98.60 2792. 34.92 0.519 0.549 41.5 0.00915 0.23 0.63 24.04
43 99.32 2796. 36.17 0.519 0.$55 _1.5 0.00938 0.28 0.75 23.61
46 98.19 3193. 30.88 0.567 0.546 41,5 0.00890 0.30 0.39 22.00
47 99.97 3196. 16.59 1.029 0.569 51.5 0.00832 0.32 0.52 16.93
48 8_.08 2001. 17.47 0.353 0.394 35.6 0.00603 0.33 2.10 5.31
49 80'.08 2000. 19.05 0.518 0.389 35.1 0.00704 0.27 2.35 14.97
50 80.07 1801. 19.23 0.530 0.389 35.1 0.00729 0.22 1.72 12.68
51 00.04 2200. 29.67 0.476 0.472 37.1 0.00830 0.16 0.60 5.10
52 90.03 2399. 28.45 0.494 0.472 37.2 0.00826 0.06 0.54 5.97
53 93,02 2404. 34.93 0,472 0.517 38.3 0.00886 0,05 0.50 18',43
54 94.93 2803. 33.01 0.492 0.517 38.8 0.00872 0.05 0.39 8.13
55 99.78 2802. 26.48 0.672 0.566 47.7 0.00872 0.06 0,34 20.18
36 99.76 2392. 28.65 0.612 0.567 47,7 0,00838 0.03 0.44 0,85
57 99.85 1998. 29.00 0.618 0.368 47.7 0.00876 0.03 0.40 0,93
58 99.84 1997. 31.98 0.373 0.366 40.2 0.00898 0.05 0.29 0.98
59 50.06 604. 2.25 1.497 0.210 33.2 0.00446 4.12 42.79 1.44
60 49.79 1000. 2.44 1.364 0.210 33.6 0.00439 3.36 36.45 1.06
61 49.92 1402. 1.91 1,718 0.211 36.1 0.00432 2.34 31.22 1.13
62 59.94 1398, 3.74 0.839 0.262 34.6 0.00523 0.34 3.13 0.90
63 39.91 1800. 4.99 0.972 0.261 35.0 0.00517 0.31 11.42 1.02
64 59.93 1203. 5.75 0.833 0.261 34.5 0.00510 0.56 13.52 0.87
65 59.84 802. 4.98 0.943 0.261 34.3 0.00500 0.60 16.55 0.84
66 69.90 1094. 10.06 0.674 0.322 34.0 0.00505 0.30 7.51 1.36
67 69.91 1601. 11.18 0.621 0.321 34.0 0.00601 0.27 5.60 1.64
68 80.04 1796. 19.14 0.523 0.391 34.5 0.00712 0.19 2.90 1.38
69 80.02 2007. 19.41 0.528 0.389 34.6 0.00717 0.18 2.04 0.59
70 00.04 1597. 27.64 0.308 0.472 37.1 0.00825 0.13 1.29 3.17
71 90.04 1999. 29.63 0.486 0.471 37.2 0.00849 0.15 1.23 7.66
72 89.97 2197. 29.71 0.463 0.471 37.1 0.00814 0.16 1.10 6.04
73 89.99 2607. 28.89 0.490 0.471 37.2 0.00835 0.16 I.I0 14.48
74 90.04 3001. 26.24 0.533 0.473 37.7 0.00020 0.17 1.04 5.16
75 94.98 3201. 30.06 ' 0.530 0.517 40.4 0,00887 0.16 0,81 22.12
76 95.10 2807. 33.02 0.497 0.517 40.4 0.00880 0.17 0.86 21.43
77 93.09 2393. 34.80 0.477 0.517 39.9 0.00892 0.16 0.67 24.23
78 95.12 2001. 34.48 0.483 0.516 39.4 0.00896 0.16 0.76 24.10
79 100.04 1999. 37.51 0.509 0.561 42.6 0.00944 0.16 0.74 27.17
80 100.00 2400. 58.71 0.494 0.560 42.6 0.00947 0.16 0.83 27.88
81 99.98 2796. 35.99 0.523 0.561 43.1 0.00930 0.16 0.83 26.04
82 94.90 3199. 31,44 0,585 0.562 43.7 0.00908 0.17 0.72 25.51
83 100.02 2408. 30.34 0.595 0.566 47.3 0.00884 0.18 0.73 19.32

UHCORRECTEDTEMPERATURES-CKELVZH| PRESSURE$-(KPA| EMZSSZOHS-(PPM)

J

ZRH T1 T2 T6 T8 TEX PI P2 P6 P8 HC CO NOX

13 302. 357. 1063. 1023. 425. 98.0 146.7 111.7 103.3 14,0 305.6 3.5
14 303. 337. 1068. 1022. 413. 98.0 146.8 111.9 103.3 6.3 235.5 3.5
13 303. 358. 1070. 1023. 412. 98.0 146.6 111.9 103.3 4.8 228.6 3.6
16 303. 337. 1027. 991 429. 98.0 145.6 110.6 103.3 97.6 462.3 2.9
17 303. 357. 1027. 989 417. 98.0 146.1 110.8 103.3 93.9 467.5 2.7
18 303. 357. 1028. 989 413. 98.0 146.2 110.8 103.3 77.3 441.7 2.7
19 303. 357. 988. 954 411. 98.0 145.8 109.8 103.3 313.4 529.2 3.1
20 303. 357. 988. 954 413. 98.0 145.8 109.8 103.3 341.7 370.4 3.2
21 302. 357. 989. 957 426. 98.0 145.7 109.9 103.2 340.5 568.6 3.1
22 303. 378. 1068. 1021 447. 98.0 173.6 120.6 103.7 3,1 60,2 3,3
23 303. 378. 1072. 1022. 440. 98.0 173.6 120.7 103.7 2.6 43.8 3.5
24 303. 378. 1078. 1024. 438. 98.0 173.6 120.9 103.7 2.2 27.3 3.6
25 303. 378. 1076. 1022. 434. 98.0 173.4 120.8 103.7 1.8 27.8 3.6 4
26 303. 402. 1080. 1022. 467. 97.9 209.4 132.0 104.2 1.6 1.9 3.0
27 303. 403. 1086. 1022. 462. 97.9 209.3 132.2 104.3 1.4 2.1 3.1
28 303. 403. 1086. 1023. 461. 97.9 209.2 132.1 104.3 1.3 1.2 3.1
29 303. 430. 1098. 1022. 486. 97,9 256.1 145.7 105.1 1.2 0.7 2.6
30 302. 431. 1100. 1022. 493. 97.9 256.1 145.9 105.0 1.1 -3.2 2.5
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ZRH TI T2 T6 T8 TEX Pl P2 P6 P8 HC CO _OX

31 302. 431. 1098. 1021o 495. 97.9 236.3 165.9 105.0 0.9 4.6 2.6
32 302. 431. 1090. 1021. 502. 97.9 236.3 145.5 105.0 1.0 4.6 2.8
33 302. 463. 1100. 1020. 530. 97.9 315.6 160.8 106.0 0.9 5.9 3.1
34 302. 463. 1104. 1020. 529. 97,9 313.1 161.0 106.0 0.9 6.6 2.8
35 302. 463. 1105. 1021. 528. 97.9 314.9 160.8 100.1 0.9 5.7 2.9
30 302. 463. 1099, 1019. 523. 97.9 314.2 160.1 106.1 0.8 6.4 2.7
37 302. _63. 1100. 1021. 524. 97.9 314.5 160.2 106.2 0,9 6.6 2,7
38 302. 480. 1096. 1019. 540. 97.8 347.3 166.1 106.8 1.1 6.9 3.3
39 302. 480. 1101. 1018. 541. 97.9 347.4 166.8 106.7 1.2 5.9 3.6
40 302. 481. 1110. 1021. 543. 97.8 349.4 168.2 106.7 1.4 7.5 4.1
41 302. 480. 1111. 1022. 548. 97.8 347.5 168.0 106.6 1.5 7.0 4.0
42 302. 493. 1110. 1019. 559. 97.8 371.2 170.4 107.0 2.8 9.9 148.8
43 302, 492. 1108. 1019. 539. 97.8 368.8 169.7 107.0 2.9 9.7 137,7
44 302. 494. 1101. 1017. 558. 97.8 372.S 169.2 107.2 4.3 S.9 137.2
43 302. 495. 1109. 1020. 538. 97.8 378.1 171.0 107.3 5.3 7,2 149.8
46 302. 493. 1013. 1018. 556. 97.8 369.0 167.8 107,2 5,4 5,4 122.1
47 • 302. 497. 1041. 992, 533. 97.9 378.2 159.9 107.3 5.5 4.5 87.9
48 302. 431. 1049. 988. 491. 97.9 255.0 163.1 103.0 _.6 14.7 23.5
49 302. 431. 1087. 10)9. 493. 97.9 255.8 145.7 105.0 3.9 17.0 43.8
SO 302. 432. 1093. 1023. 497. 97.9 230.1 146.3 105.0 3.3 12.9 57.7
51 302. 463. 1099. 1023. 527. 97.9 314.7 160.8 106.1 2.8 5.1 26.4
52 302. 463. 1094. 1021. 523. 97.9 314.2 160.2 106.1 1.1 4.6 30.7
53 302. 480. 1104. 1021. 343. 97.9 348.4 167.5 106.7 1.0 4.6 101.9
54 302. 480, 1096. 1019, 5_2. 97.9 346.5 166.3 106.7 0.9 3.5 44.3
55 302. 496, 1031. 988. 553. 97.9 378.3 163.1 107.4 1.0 4.8 109.7
36 302. 497. 1041. 980. 536. 97.8 376.7 163.4 107.2 0.9 3.9 4.5
57 302. 497. 1038. 976. 559. 97.9 377.0 163.2 107.1 0.8 3.6 5.2
$8 302. 498. 1056. 987. 561. 97.9 378.1 166.2 107.1 0.9 2.7 S.5
59 303. 359. 1069. 102_. 441. 98.0 146.2 111.9 103.3 37.8 196.3 4.0
60 303. 359. 1062, 1021. 428. 98.0 145.6 111.6 103.4 30.4 16_.8 2.9
61 303. 358. 1067, 1023. 423. 98.0 145.9 111.6 103.4 20.8 138.9 3.0
62 303. 375. 1078. 1025. 439. 98.0 172.9 120.8 103.8 3.6 27.6 2.9
63 303. 378. 1075. I02q. 438. 98.0 172.4 120.6 103.8 5.5 60.8 3.3
64 303. 378. 1075. 1023. 44_. 98.0 172.6 120.7 103.8 5.9 71,0 2.8
65 303. 378. 1068. 1023. 450. 98.0 172,3 120.S 103.7 6.2 85.2 2.6
66 303. 401. 1076. 1021. 47Q. 98.0 208.3 131.7 104.3 3.6 45.3 5.0
67 303. 402. lO83. 1022. 466. 98.0 208.3 132.0 104.3 3.3 34.6 6.1
68 302. 429. 1090. 1020. 492. 98.0 253,8 145.8 105.0 2.8 21.2 6.1
69 302. 431. 1094. I011. 49;. 98.0 255.5 146.2 105.0 2.6 15.0 2.6
70 302. 463, 1092. 1016. 530. 97.9 314.2 160.3 106.0 2.2 11.0 16.3
71 302. 463. 1106, 1022. 529. 97.9 314,8 160.9 106,0 2,6 10,7 40.6
72 302. 463. 1100. 1020. 528. 97.9 313.7 160.5 106.1 2.7 9.2 30.7

73 302, 463. 1107. 1023. 526. 97.9 314.4 160.2 106.1 2.8 9.4 75.4
74 302. 463. 1096. 1020. 523. 97.9 313.9 159.8 106.1 2.9 8.8 26.4
75 302. 479. IIC6. 1022. 538. 97.9 34?.6 166.3 106.8 3.0 7.4 122.3
76 302. _80. 1105, 1018. 5_I. 97.9 3;8.3 166.6 106.7 3.1 7,8 117.7
77 302. _81. 1111. 1019. 5_5. 97.9 3;8.q 167.3 106.6 3.0 6.1 13_,9
78 3C2. 482. 2111. 20Z0. 5_8. 97.9 3_.9 167.5 106.6 3.0 7.0 13_.6
79 302. 498. 1106. 1019. 563. 97.9 382.7 171.8 107.2 3.0 7.1 159.9
80 302. 499. 1113. 1023. 56_, 97.8 382.9 172,5 107._ 3.1 8,0 16_.5
81 302. 499. 1105. 1019. 563. 97.9 382.2 171.1 107.4 3.1 7.9 150.9
82 302. 498. 1096. 1020. 560. 97.9 381.1 169.6 107.4 3.1 6.7 I_,_
83 302. 498. 1061. 989. 561. 97.9 379.5 164.7 107.3 3.3 6.6 106.6
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TABLE I. - UPGRADEDENGINE CHARACTERIZATIONa

[inletair temperature,29.4" C (85"F); 1.013 bar (14.696 psla).]

(a) SI units

Gas generatorspeed, rpm

Gas generatorspeed,percent of design

50 60 70 80 90 95 100

turbine speed, rpm 26 000 34 000 40 600 44 500 50 DO0 52000 50 000
Compressor pressure ratio 1.498 1.788 2.177 2.700 3.383 3.770 4.185
Component efficiency:
C{xnpressor,I-2b 0.769 0.784 0.798 O.B04 0.804 0.797 0.785
Compressorturbine, 5-6 0.832 0.836 0.841 0.843 0,846 0.847 0.846

turbine,6-8 0.719 0.719 0.741 0.755 0.764 0.765 0.762
Co_nbustor 0.998 0.998 0.999 0.999 0.999 0.999 0.999
Regenerator 0.957 0.948 0.939 0.928 0.916 0.911 0.905

Parasiticloss, kW:
generator 0,63 0.90 1.23 1.61 2.03 2.26 2.51
turbine 1.46 2.15 3.12 3.90 5.15 5.73 5.57
power (net), kW 4.86 10.69 20.71 36,25 56.71 67.49 77.83

flow (diesel),kglhr 2.41 4.02 6.44 10.07 15.01 17.85 20.83
Specificfuel consumption,glW-hr 0.496 0.376 0.311 0.278 0.265 0.265 0.268

flow, kglsec:
Station 1 0.196 0.256 0.323 0.408 0.503 0.555 0.606
Station 3 0.191 0.249 0.315 0.397 0.489 0.538 0.587
Station 4 0.191 0.249 0.314 0.396 0.488 0.537 0.586
Station 5 0.192 0.250 0.315 0.397 0.489 0.539 0.588
Station 6 0.194 0.253 0.320 0.403 0,497 0.548 0.598
Station8 0.196 0.255 0.322 0.407 0.502 0.554 0.604
Station 9 0.197 0.256 0.324 0.410 0.506 0.558 0.610

Pressure,kPa:
St_tio_ i 101.17 101.05 100.89 100.64 100.28 100.05 99.80
Stati:" 2:3 151.55 160.68 219.64 271.71 339.23 377.19 417.69
Station 4 150.40 179.38 218.23 270.20 337.66 375.60 416.08
Station5 !47.95 175.90 213.67 264.35 330.56 367.86 407.76
Statlon 6 120.41 132.10 147.31 165.41 186.19 195.61 203.37
Station 8 103.30 104.13 105.20 106.76 108.84 110.10 111.48
Station9 101.59 101.79 102.12 102.68 103.54 104.11 104.77

Temperature,"C:
Stationi 29.4 29.4 29.4 29.4 29.4 29.4 20.4
Station 2 77.7 99.2 123.8 152.6 185.4 203.4 222.7
Station 3 86.2 105.4 128.2 155.8 187.6 205.2 224.3
Station 4 705.1 703.5 701.7 699.0 696.0 695.3 694.4
Station 5 829.4 864.6 907.3 954.6 1005.5 1029.5 1051.7
Station6 776.1 792.1 812.6 834.1 855.5 863.4 868.5
Station 7.5 747.8 747.8 747.8 747.8 747.8 747.8 747.8
Station8 741.3 742.3 743.0 743.6 744.1 744.3 744.5
Station9 131.1 155.1 182.3 214.7 250.9 269.5 289.6

leaks (stationsi to j),
of compressorairflow:
20 0.00242 0.00251 0.00257 0.00266 0.00280 0.00285 0.0(3286
25 0.00431 0.00360 0.00308 0.00270 0.00242 0.00230 0.00218
34 0.00251 0.00220 0.00199 0.00170 0.00152 0.00143 0.00135
36 0.00910 0.00942 0.00971 0.01011 0.01068 0.01093 0.011(34
38 0.00345 0.00360 0.00371 0.00384 0.00399 0.00404 0.00402
39 0.00478 0.00546 0.00616 0.00696 0.00785 0.00826 0.00852
46 0.00539 0.00577 0.00616 0.00667 0.00735 0.00768 0.00792
46 0.00133 0.00186 0.00245 0.00312 0.00386 0.00422 0.00450
68 0.00236 0.00245 0.00247 0.00245 0.00239 0.00232 0.00218

leaks,J/kg of compres-
airflow:

30 609 712 722 795 812 812 788
40 2998 2349 1854 1468 1196 1084 996
43 6178 4654 3503 2624 2010 1761 1582
50 .2468 2058 1737 1463 1263 1175 1096
60 495 402 328 267 226 207 191
63 788 619 488 381 305 272 249
80 2821 2231 1777 1416 1163 I05_ 970
83 2089 1593 1219 926 721 635 574

refs. I and 2.

bkumbers referto stationnotation (fig. 3).



TABLE I. - Concluded.

(b) U.S. customaryunits,

Gas generator speed, rpm

Gas generator speed, percent of design

50 60 70 80 90 95 100

turbine speed, rpm 26 000 34 000 40 600 44 500 50 000 52 000 50 000
Compressorpressure ratio 1.498 1.788 2.177 2.700 3.383 3.770 4.185
Componentefficiency:
Compressor,I-2b 0.769 0.784 0.798 0.804 0.804 0.191 0.185
Compressorturbine, 5-6 0.832 0.836 0.841 0.843 0.846 0.847 0.846
Power turbine, 6-8 0.719 0.719 0.741 0.755 0.764 0.765 0.762
Combustor 0.998 0.998 0.999 0.999 0.999 0.999 0.999
Regenerator 0.957 0.948 0.939 0.928 0.916 0.911 0.905

Parasiticloss, hp:
generator 0.84 1.21 1.65 2.15 2.72 3.04 3.37

Power turbine 1.95 2.89 4.19 5.22 6.90 7.68 7.46
power (net), hp 6.52 14.33 27.76 48.59 76.02 90.47 104.32

flow (diesel),Iblhr 5.32 8.86 14.19 22.20 33.09 39.36 45.93
Specific fuel consumption,Iblhp-hr 0.815 0.618 0.511 0.457 0.435 0.435 0.440

flow, Iblsec:
Station i 0.433 0.564 0.713 0.900 1.110 1.223 1.335
Station3 0.421 0.549 0.694 0.875 1.078 1.186 1.295
Station4 0.421 0.548 0.693 0.874 1.076 1.185 1.293
Station5 0.423 0.550 0.695 0.876 1.079 1.187 1.296
Station 6 0.428 0.558 0.704 0.889 1.096 1.207 1.318
Station 8 0.431 0.562 0.711 0.898 1.107 1.220 1.332
Station 9 0.433 0.565 0.715 0.904 1.116 1.230 1.344

Pressure,psia: I
Station 1 14.673 14.657 14.633 14.5961 14.544 14.511 14.476
Station 2=3 21.980 26.206 31.856 39.409 49.201 54.706 60.580
Station4 21.814 26.017 31.651 39.190 48.974 54.476 60.348
Station 5 21.458 25.513 30.990 38.341 47.944 53.353 59.141
Station 6 17.463 19.159 21.365 23.990 27.004 28.370 29.495
Station 8 14.983 15.102 15.258 15.484 15.785 15.968 16.169
Station 9 14.734 14.764 14.811 14.893 15.018 15.100 15.196

Temperature,'F:
Station I 85.0 85.0 85.0 85.0 85.0 85.0 85.0
Station 2 171.9 210.6 254.8 306.8 365.8! 398.1 432.8
Station 3 187.1 221.6 262.8 312.4 369.8 401.4 435.7
Station 4 1301.2 1298.3 1295.0 1290.1 1284.8 1283.6 1281.9
Station 5 1524.9 1588.4 1665.1 1750.3 1841.9 1885.2 1925.0
Station 6 1429.0 1457.5 1494.6 1533.4 1571.9 1586.2 1595.2
Station 7.5 1378.0 1378.0 1378.0 1378.0 1378.0 1378.0 1378.0
Station 8 1366.4 1368.1 1369.4 1370.5 1371.3 1371.7 1372.1
Station 9 268.0! 311.3 360.2 418.4 483.6 517.1 553.3

leaks (stationsi to J),

of compressorairflow: 0 00242ZO . 0.00251 0.00257 0.00266 0.0028010.00285 0,00285
25 0.00431 0.00360 0.00308 0.00270 0.00242 0.00230 0.00218
34 0.00251 0.00220 0.00199 0.00170 0.00152 0.00143 0.00135
35 0.00910; 0.00942 0.00971 0.01011 0.01068 0.01093 0,01104
38 0.00345 0.00360 0.00371 0.00384 0.00399 0.00404 0.00402
39 0.00478 0.00546 0.00616 0.00696 0.007851 0.00826 0.00852
46 0.00539 0.00577 0.00616 0.00657 0.00735 0.00768 0.00792
48 0.00133 0.00186 0.00245 0.00312 0.00386 0.00422 0.00450
68 !0.0023b 0.00245 0.00247 0.00245 0.00239 0.00232 0.00218

leaks,Btullb of compres-
airflow:

30 0.262 0.306 0.332 0.342 0.349 0.349 0.339
40 1.289 1.010 0.797 0.631 0.514 0.466 0.428
43 2.b56 2.001 1.506 1.128 0.864 0.757 0.680
50 1.061 0.885 0.747 0.629 0.543 0.505 0.471
60 0.213 0.173 0.141 0.115 0.097 0.089 0.082 •
62 0.339 0.266 0.210 0.164 0.131 0.117 0.107
80 1.213 0.959 0.764 0.609 0.500 0.454 0.417
83 0.898 0.685 0.524 0.398 0.310 0.273 0.247

refs. I ano 2.

°_umbers refer to station notation (fig.3).



TABLE II. - COMPARISONOF MAXIMUM-POWEROPERATINGPOINT TO DESIGN GOAL

Engine operating conditions Design Peformance data a

• Gas generator speed 58 500 rpm 100 percent of design
Output shaft speed, rpm 3358 2400
Power turbine speed, rpm 50 000 35 736
Compressor pressure ratio 4.185 3.91
Net output power, kW 77.8 38.7
Fuel flow, kglhr 20.8 19.1
Specific fuel consumption, g/W-hr 0.268 0.494
Engine inlet airflow, kg/sec 0.606 0.560

aCorrected to reference conditions (302.6 K; 101.3 kPa).



TABLEIII. - DESCRIPTIONOF UPGRADEDENGINEa

General
Type ....................... Regenerative gas turbine,
Rated output power (at 3280-rpm output .............. 92 (123)

shaft speed)D, kW(hp)
Rated output torque (at zero output .............. 480 (355)
shaft speed)D, N-m (Ib-ft)

Augmentation.............. Variableinletguidevanes (VIGV)
an, water injection

Weight kg (Ib) 180 (400), elemeoemmeelmomoommmmmem

Englneconfiguration.......... Free rotor (designedfor compact-
vehicleinstallation

Maximumgas generatoracceleration.................. 1.1
(ialeto full speed),sec

Fuels .................. Unleadedgasoline,dieselfuel,
kerosene,JP-4, etc.

Components
Compressor............. Backward-curvedcentrifugalwithVIGV
Compressorturbine............. . . . .-- .... Axial
Power turbine .............. Axial_variable-geometrystator
Regenerator . ................. One rotatingceramicdisk
Combustor ......................... Fixed geometry

Design-pointcharacteristics
Maximumgas generatorshaftspeed,rpm ............... 58 500
Maximumpower turbinespeed,rpm .................. 70 000
Maximumoutputspeed(afterreduction ............... 4 700
gears),rpm

Maximumregeneratorspeed,rpm ..................... 31
Compressorpressureratio:
Design............................... 4.2
Augmented ................... 4.9

Compressorairfiow,'kg/secilb/sec):
Design........................... 0.61 (1.34)
Augmenteo ............... 0.69 (1.52)

CompressorturbineiniettemperatureZ ............ 1052 (1925)
(design),°C (°F)

Power turbineoutlettemperature,"C (°F) ........... 748 (1378)

aFromref. 1.
bAmbientconditions:temperature,29" C (85° F);

pressure,101.3kPa (14.696psia).





TABLE IV. - ESTIMATEDERROR

Corrected Compressor Compressor Power Regenerator
gas genera- turbine turbine
tor speed,
percentof Estimatederror
design

50 0.022 0.055 0.042 0.002
60 .014 .035 .027
70 .011 .023 .018
80 .006 .015 .014
90 .005 .011 .012
95 .004 .008 .010 _r

0
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Figure1. - Schematicof Chrysler upgradedengine.

Figure2. - Expandeddisplayof Chrysler upgradedengine.
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Figure4. - Lewistest facility.



Figure5. - Chryslerupgradedengine installedin Lewistest cell.
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Figure6. - Schematicdiagramofdatasystem.
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Figure 27. - Regenerator instrumentation - a view of inside of regenerator
cover showing thermocouple grid.

•

Figure 28. - Regenerator instrumentation - view into engine housing with
regenerator disk and turbine shafting removed.
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Figure32. - Instrumentedcombustor.
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Figure48. - Station1.5 - compressordiffuserandstraighteningvanes.

Figure49.- Station1.9- compressordiffuseroutlet.



Figure50. - Compressorcollectoroutlets.
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