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TEST RESULTS OF THE CHRYSLER UPGRADED AUTOMOTIVE
GAS TURBINE ENGINE - INITIAL DESIGN

David Horvath, Guy H. Ribole, Jr.,
Edward Warren, and James C. Wood

National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

SUMMARY

As part of the Department of Energy Heat Engine project the Chrysler
Corp., witn aerodynamic design support provided by the NASA Lewis 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 highly 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 tne engine was not able to reacn 100 percent
of design gas generator speed (58 500 rpm). Therefore 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-hour (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 nydrocarbon emissions at idle, espe-
cially when the combustor inlet air temperature was less than design, and
also high oxides-of-nitrogen emissions at nigh engine speeds.

Some test 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
the engine that were not present in component tests, and difficulties in
measuring mean temperatures and pressures at certain locations within the
engine.



SYMBOLS

Cp specific heat at constant pressure
Cy specific heat at constant volume
h total enthalpy, kd/kg
Lpar parasitic losses
M Mach number
m mass flow rate, kg/sec
ND dynamometer (propeller shaft) speed, rpm
NGG gas generator speed, rpm
NGGP corrected gas generator speed expressed in percent of 58 500 rpm
P absolute total pressure, kPa
P power
T absolute total temperature, K
TORO output shaft torque, N-m
U turbine blade speed at mean blade height, m/sec
v fluid velocity, m/sec
W relative velocity, m/sec
Weomp compressor work
WA engine inlet air mass flow, kg/sec
WF fuel mass flow, kg/hr
Y ratio of specific heats
Ystd 1.4
8 absolute error
( Ystd )
| » \ Vst , + (F1)
c Ystd (QE—*_T) (1)



n efficiency

o standard deviation
Y
o () () T
Subscripts:
A,8,C designates which probe at a given station
calc calculated
comp compressor
corr corrected
cr critical
ct compressor turbine
cv combustor-vortex
des design
exh engine exhaust
f fuel
id ideal
in inlet
leak leakage based on design predictions
net net
par parasitic losses
pt power turbine
r regenerator
ref reference conditions (101.3 kPa; 302.6 K)
S static
std standard
T total
w wall



X axial

0.5 engine inlet

1 variable;inlet-guide—vane inlet

1.1 compréssor rotor inlat

1.5 compressor rotor outlet

1.9 compressor diffuser outlet

2 compressor collector outlet

3 high-pressure-side regenerator inlet
4 high-pressure-side regenerator outlet
5 combustor outlet

5.2 compressor turbine stator inlet

5.5 compressor turbine rotor inlet

6 compressor turbine rotor outlet

6.3 power turbine stator inlet

7 power turbine rotor outlet

7.5 power turbine diffuser outlet

8 low-pressure-side regenerator inlet
9 low-pressure-side regenerator outlet

INTRODUCTION

A program started by the Environmental Protection Agency (EPA) and pre-
sently continued by the Department of Energy (DOE) to find alternatives to
the standard automotive spark ignition engine nhas been in progress for sev-
eral years. The Chrysler Corp., with funding through DOE contract and
assistance from the NASA Lewis Research Center in the design of aerodynamic
components, developed a state-of-the-art design for an automotive gas tur-
bine engine that was intended to demonstrate lower emissions and better fuel
economy than a standard spark ignition engine.

This state-of-the-art engine is termed the Chrysler “"upgraded gas tur-
bine engine." It is a design upgraded from Chrysler's sixth-generation
(baseline) gas turbine engine. When first tested at Chrysler in July 1976,
the engine was substantially deficient in power and exhibited high specific
fuel consumption. A program to correct this deficiency was undertaken. One
of the first steps was to test a highly instrumented original version of the
upgraded engine at Lewis in order to better define the cause or causes of



the performance shortfall. Separate component test facilities were also
used to evaluate the performance of the regenerator and the turbomachinery.
This report briefly describes the engine, the test procedures, the instru-
mentation, the facility, and the data acquisition system and summarizes the
test results. The appendixes contain a more detailed description of the
engine and instrumentation, an estimate of errors, and a tabular summary of
the data. The test performance of tne engine and individual components is
presented and is compared with the Chrysler design performance predictions
in order to identify the problems and to quantify shortfalls. Lewis compo-
nent test results and Chrysler engine test results were also compared.

ENGINE DESCRIPTION

The 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 turpines, and variabole 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 /8 kilowatts
with a compressor pressure ratio of 4.185 and a turbine inlet temperature of
1325 K at 100 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 1.

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.

ENGINE INSTRUMENTATION

The engine was instrumented extensively, botn 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
correspond to the stations used in the analytical design of the engine.
Another criterion was to choose stations matching those used in the individ-
ual component tests - the purpose being to compare engine test data with
both analytical predictions and component test results. A schematic diagram
of the engine gas flow path showing the numbering and positions chosen for
the instrumentation stations is given in figure 3. Details of the location
and type of measuring probes used at each station are given in appendix B.

At most stations, multiple temperature and pressure measurements were
made in order to determine whether or not large spatial distripution of tem-
perature and pressure occurred. Total pressure probes were installed only
at stations where tne gas velocity was predicted to exceed Mach 0.2. Below
that velocity the difference between static and total pressure would be less
than 3 percent. A1l pressures were measured with strain gage transducers,



and all temperatures were measured with thermocouples. The rotational
speeds of the gas generator and output shafts were measured with magnetic
pulse counters, and the torque on the output shaft was measured with a load
cell on the dynamometer. Turbine flowmeters were used to measure the flow
rates of engine inlet air, fuel, and lubricating oil. The accuracy of these
measurements has been estimated by summing the potential root-mean-square
errors for each element between (and including) the measuring instrument and
the data reduction system. These values and their subsequent effect on some
of the more sensitive calculated parameters are given in appendix C.

FACILITY AND DATA ACQUISITION SYSTEM

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 hydrocarbons, 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 programmed to perform the detailed data reduction and to print out
the raw data and calculated parameters on a line printer. A1l the measured
parameters and some of the more important calculated parameters, such as
corrected speed, airflow, fuel flow, and some corrected temperatures, were
monitored in real time by using the minicomputer along with cathode-ray-tube
and lignt-emitting-diode displays located in the control room. A schematic
diagram of the data acquisition system is shown in figure b. 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 done 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 tnerefore 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 SAE Gas Turbine Engine Test Code Jll6a for automo-
tive engines. The reference inlet air pressure was 1 standard atmosphere.
All tne engine performance parameters were corrected for reference condi-
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tions in accordance with the test code. Part way into the testing, equip-
ment installed in the test facility to 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 emissions tests were taken with the
engine inlet air temperature held at 303 K. The lubricating oil temperature
at the engine inlet was set at 339 K for all testing.
The pressure transducers were calibrated before each day of testing.
With the engine at idle, at least 15 minutes was required for all the tem-
peratures within the engine to reach equilibrium. Therefore all the data
presented in this report were taken after this warmup period.
The test operator had three basic controls on the engine:
(1) Gas generator speed
(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 1imit the low-pressure-side regen-
erator inlet temperature Tg to about 1021 K. This was the station 8
temperature Timit recommended by Chrysler.
A11 the engine operating points were set in this manner, and all the
engine data were taken with a Tg of 1021#5 K and the VIGV set at 0°
(no power augmentation).

RESULTS AND DISCUSSION
Engine Performance

The Chrysler upgraded gas turbine engine, as tested at Lewis in its
original condition, showed poor performance and high fuel consumption over
the entire engine operating range. The design specifications of the engine
and the individual components are contained in reference 2, and predicted
performance at various operating conditions is summarized in tabie I. The
flow leaks and heat leaks are also tabulated in table I and shown schemat-
ically in figure 7. Table II shows the performance test results and corre-
sponding design performance for the engine's maximum power point at 100 per-
cent of design gas generator speed. At that operating point power was 50
percent below and specific fuel consumption 84 percent above the design goal.

An engine performance map showing the relationship between power, out-
put shaft speed, and gas generator speed is presented in figure 8. The map
clearly shows the deficiency in power and output shaft speed. There is
noticeable scatter among the 90 and 95 percent gas generator speed points in
figure 8. For a given gas generator speed the higher values of power were
obtained while the engine was being tested for exhaust emissions. It was
found that the reason for this scatter is that the engine performance was
very sensitive to small variations in actual Tg. When the engine was
performance tested, a l4-thermocouple average was used to control Tg; but
when the emissions data were taken, only four thermocouples were used. The
result was a difference of about 10 K. Reference 5 presents a sensitivity
analysis of various operating parameters on this engine and shows that a
10 K increase in Tg causes a 2.5-kilowatt increase in engine power.

The specific fuel consumption is presented in figures 9 and 10. Figure
10 shows the relationship between propeller shaft speed, gas generator



speed, and specific fuel consumption at the maximum power operating condi-
tions for each gas generator speed.

Overall engine performance is summarized by the following observations:

(1) The engine power was about 50 percent below the design goal at
100 percent of design gas generator speed (58 500 rpm) and remained at about
50 percent below the design prediction all the way down to idle.

(2) The specific fuel consumption was 84 percent higher than the design
goal at 100 percent of design gas generator speed and over 100 percent
greater than the design prediction at idle.

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

Further conclusions were drawn about the performance of the individual
components, and these conclusions are discussed in the following sections.
However, the poor performance of the engine is indicated qualitatively by
the temperature-entropy diagram of the engine's thermodynamic cycle based on
engine test points. Figure 11 shows the temperature-entropy diagram of data
taken at 95 percent of design gas generator speed. The heavy solid lines
are constant-pressure lines that can be used as a reference to indicate
pressure drops in the ducting. The diagram shows low efficiency in both the
compression and expansion processes. Figure 12 is a temperature-entropy
diagram of the turbine stages and is an enlargement of the expansion portion
of figure 11. It clearly indicates that the major problems in the turbine
stages are high interstage (interturbine) duct pressure loss and low power
turbine efficiency at that engine operating point.

The engine exhibited some mechanical and stability problems as well as
low power and high specific fuel consumption. During the performance test-
ing the engine intermittently showed unstable fuel flow at high engine
speed, and this resulted in temperature and pressure fluctuations. Another
symptom of this unstable combustor condition was that oxides-of-nitrogen
(NOy) emissions showed high spikes. At these times NOy emissions would
jump from between 5 and 15 ppm to between 100 and 250 ppm. After the ori-
fice change in the fuel system at the end of the engine performance tests,
the engine was much more stable, but the spikes in NO, emissions at high
engine speed continued. This is discussed in more detail in the exhaust
emissions section of this report. A problem was also encountered with the
durability of the gas generator air bearing. It failed twice during these
tests as the bearing foil weld failed. Except for the bearing and the shaft
seals no significant damage to the engine occurred as a result of the air
bearing failures.

Compressor Performance

At 95 percent of design gas generator speed the test data indicated a
total-to-total efficiency of 73 percent, almost 7 percentage points below
the design goal at this speed. Figures 13 and 14 present the installed-
compressor performance as determined from the engine measurements and the
performance measured from the component tests, respectively. In addition,
the predicted compressor operating points taken from table I are shown. The
test data shown in figures 13 and 14 were calculated from temperatures and
pressures taken at the VIGV inlet (station 1) and the compressor collector
outlet (station 2), respectively.



The speed lines in figure 14 represent constant gas generator speed and
are taken from Lewis component data presented in reference 6. In refer-
ence 6 the compressor component data are presented for an inlet temperature
of 289 K and for a 1.259-times-size scale model of the actual compressor
used in the engine. Therefore the component data presented in figure 14
have been corrected for size and temperature.

The compressor pressure ratio was significantly lower than expected. A
predicted performance map for the compressor is contained in reference 2.
When the map is entered with compressor weight flow and 95 percent of design
gas generator speed, the map shows a pressure ratio 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 compressor pressure ratio was
encountered for all conditions above 70 percent of design gas generator
speed. However, the component data show no significant deficiency in pres-
sure ratio and efficiencies that are very close to design. The most prob-
able reasons for the disagreement between engine and component test data are
the following:

(1) There may have been different tip clearances in the engine and com-
ponent test rigs.

(2) The component test rig used a symmetrical compressor diffuser and
the engine did not.

(3) There was difficulty in accurately measuring temperatures and pres-
sures within the engine.

(4) The component test rig had no VIGV.

(5) The component test was performed with a compressor that was scaled
up in size by a factor of 1.259.

(6) Heat transfer effects in the engine tests were different from those
in the component tests.

There was evidence of heat transfer effects in the engine compressor.
The thermocouple measurements at stations 1.5, 1.9, and 2 (appendix B)
showed a decline in the total temperature of the air as it passed through
the diffuser and the collector. This deciine in temperature, shown in fig-
ure 15, varied from about 1 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 conducted away through the aluminum diffuser and the outer com-
pressor cover. There is also evidence of heat being transferred into the
compression process through the shroud or impeller. The gas temperature
rise in the compressor rotor is almost 7 percent higher than the design pre-
diction when the engine is operating at steady state near full speed. This
would contribute to poor compressor performance.

Compressor Turbine Performance

, Turbine performance was difficult to determine because of the un-
certainty of the temperature measurements. Stations 5.2, 6, 6.3, and 7 each
had three combination probes (total temperature probe within a Kiel probe).
These probes represent a compromise between obtaining a mean temperature and
pressure at each station and not significantly impeding the flow with a
large number of probes. However, the three thermocouples at each of the
stations in the turbine section did not closely agree with each other and in
some instances disagreed by as much as 40 K because of spatial distribution
of temperature. Therefore there would be little confidence in the turbine
efficiency calculations if the measured difference in temperature across the
turbine were used to calculate specific work.



As a substitute for measured temperature differences, the ah across
the compressor turbine was calculated from the compressor work.

_ (hy,5 = hy 1)y, * Far

ct
Min B = Maak

ah

The specific work of the compressor (h; 5 - hy_.1) was determined from

the temperature measurements at the compressor rotor inlet and outlet (sta-
tions 1.1 and 1.5). The estimates for gas generator shaft parasitic power
and regenerator seal leakage Mmjeax were taken from reference 2.

However, if there is a significant amount of heat being transferred
into the compression process, as described in the compressor discussion,
this method of calculating compressor turbine work may be high by as much as
several percentage points. ‘

A simple test was made to determine if there was general agreement be-
tween the calculated compressor turbine inlet temperature (Tg5 o ca1c) and
the measured temperature. The turbine inlet temperature was calculated as
follows:

T =T +

6,T Cp

where Cp is the specific heat for the temperature (Ts p 1 + Tg T)/2.

Then Tg5 2 ¢ was compared with the measured compressor turbife inlet
temperaturés in figure 16. This plot shows that the calculated and measured
temperatures tended to agree, except for the high-temperature points that
were taken at very near full throttle. This agreement lends some evidence
that at low speeds the three-temperature average is a close approximation to
the mean fluid temperature and that the leakage and parasitic loss estima-
tions made by Chrysler (refs. 1 and 2) are reasonable.

Compressor turbine efficiency is compared with the design predictions
in figure 17. Here it is shown that the efficiency at idie was several per-
centage points low and that the efficiency at full throttle was about as
predicted when measured at the design work factor. Also, the pressure ratio
across the turbine was higher than predicted because of the low compressor
efficiency. The compressor turbine pressure ratio was 13 percent high at
full throttle and 4 percent high at idle. The relationship between pressure
ratio, mass flow, and gas generator speed is shown in figure 18.

Data on compressor turbine performance were also obtained from engine
tests done by Chrysler and from Lewis compressor turbine component tests.
Care must be taken in comparing engine and component performance numbers
because the pressure measurements used come from slightly different loca-
tions. The total adiabatic efficiency is based on engine data taken at two
stations. The first is the compressor turbine nozzle inlet. The second
station is about one chord length beyond the compressor turbine rotor out-
let. Compressor turbine efficiency is shown in figure 17. The Chrysler
engine test data and the Lewis component test data are not shown in fig-
ure 17. Chrysler evaluated compressor turbine efficiency from engine data
by using an off-design vector diagram analysis computer program. This
method modified loss parameters until the program closely predicted the work
required to drive the gas generator and the tip static pressures measured at
the stator and rotor exits. The Chrysler method resulted in a compressor

5.2,calc
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turbine efficiency about 5 percentage points less than the efficiency shown
in figure 17 for ﬁo percent of design gas generator speed.

The Lewis compressor turbine component data also showed significantly
less efficiency than engine data indicated. At 95 percent equivalent speed
conditions the component data showed about 7 percentage points less in adia-
batic efficiency than any of the engine data.

Lewis engine data plotted on the compressor turbine component map are
shown in figure 19. A1l the lines in the plot were derived from compressor
turbine component test information that is yet unpublished. The equivalent
specific work shown in the plot is corrected to 302.6 K. Figure 19 shows
that for any speed, turbine inlet temperature, and specific work, the mass
flow ~ speed parameter from the engine test is 5 percent higher than the
component test data indicate. It is expected that thermal expansion of the
engine caused at least 2 percent greater equivalent flow than experienced
during the compressor turbine component tests, which were run near ambient
temperature. The cause of the remainder of the disagreement is not known.
The large symbols in figure 1Y represent the off-design predictions and were
calculated from the temperatures, pressures, speeds, flows, and heat leaks
given in table I.

An interstage duct located between the compressor turbine and the power
turbine transmits the exhaust from the compressor turbine into the power
turbine. The design total pressure loss in the interstage duct is 2 percent
at 100 percent of design gas generator speed. The total pressure loss in
the engine is shown in figure 20. At 98 percent of design gas generator
speed the loss was 7.4 percent, and at idle (50 percent gas generator speed)
the loss was 1.1 percent. The reason for the excessive 10ss is probably
flow separation. Component tests reported in reference 7 revealed severe
flow separation on the outer wall of tne duct. Chrysler reported similar
results (excessive pressure loss) at gas generator speeds up to 80 percent
(ref. 8). The performance of a similar interstage duct is reported in ref-
erence Y, showing very bad separation on the duct walls. It is important to
note that the high pressure Toss shown in figure 20 contains some of the
mixing loss associated with the compressor turbine exhaust.

Power Turbine Performance

Power turbine performance was evaluated from the power measured with
the dynamometer and the measured pressures and temperatures at stations 6.3
and 7. To obtain turbine power, the parasitic losses given in reference 2
were added to the engine output power. Chrysler obtained these losses by
motoring a power turbine shaft, with no power turbine disk, and turning the
regenerator. 0il temperature was 339 K. These parasitic losses are shown
in figure 21.
A The power turbine efficiency calculations use the following relation-
ships:

ah

n pt
pt Ahid
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pt
fip * e = Miaak

—~

h., =T c f1 - P11
id = T6.3,71 Cp XX

b

where Pp ot is the power measured at dynamometer, 2 is the parasitic
losses shown in figure 21, myaax 1S the predicted leakage based on fig-
ure 7 and table I, and Cp ang vy are the specific heat and ratio of
specific neats for air with water vapor and combustion products at the
average temperature through the stage.
' A comparison similar to that used on the compressor turbine was made to
determine if there was a general agreement between the power turbine work
measured with the dynamometer and the work calculated from the temperature
measurements and flow rate. Figure 22 shows the comparison. In almost
every case the measured temperature was significantly higher than the cal-
culated temperature, and the difference was fairly consistent. This differ-
ence might be due to heat losses and leakage flow from cooler and higher
pressure parts of the engine coming in through the variable stator mech-
anism. The points above the line, where the calculated power turbine inlet
temperature is greater than the measured, represent engine operating condi-
tions above 95 percent of design gas generator speed. Considering that tem-
perature drop across the power turbine stage is as small as 24 K at idle,
there can be Tittle confidence in using measured temperature difference to
calculate the power turbine efficiency.

The power turbine performance is summarized in figures 23 and 24.
Figure 23 shows the relationship between pressure ratio, mass flow, and gas
generator speed. Gas generator speed can be related to actual mass flow by
referring back to figure 14. The design-goal engine operating line is also
plotted in figure 23 in order to show the disparity between the operating
conditions and the predicted conditions. The efficiency is compared with
the design prediction in figure 24. Here efficiency based on measured
engine output power and turbine pressure ratio is plotted against work fac-
tor. The plot shows that efficiency was at least 17 percentage points low
at the design work factor of 1.25., The design work factor and efficiency
were taken from reference 2.

The power turbine was also tested in a component test facility at
Lewis. The results showed significantly higher efficiency for the component
tests than for the engine tests. Entering the power turbine component map
with corrected engine parameters shows a difference in efficiency of about
7 percentage points. This lower efficiency in the engine test may be caused
by severely distorted inlet flow conditions resulting from separation in the
interstage duct.

There was also a consistent disagreement between the power turbine sta-
tor angle measurements made in the Lewis component and engine tests and in
the Chrysler engine tests for any given set of equivalent conditions. The
stator angles measured in the turbine component tests must be the most
accurate, since the problems of gears and Tinkages and inaccessibility are
not as great for the component tests as for the engine tests. It appears,
then, from the component tests that_the stator angle measurement presented
in appendix D may be consistently 3° 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 with the minimum in figure
25 are the speeds that will cause axial flow for a g1ven flow rate and gas
generator speed. The locus of points that form the engine operating line of
maximum power tends to follow the minimums, as would be expected, since a
large swirl at the rotor exit would cause a large pressure drop in the
diffuser.

Regenerator Performance

The data show that the regenerator was performing at or better 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

Effecti TT—T—-)-(T" ~ 1)
ffectiveness =
8~ '3
where T3 is the average value of 12 temperatures at station 3 ( to

T3Q)» T4 s the average value of 12 temperatures at station 4 (T4

T4q), and Tg 1is the average value of 14 temperatures at station g (TSB
to Tgg). The temperatures T3a, T4a, Tgas T3Hs T3Ms TaMs T3nN. T4y, and
Tgy _are not contained in the average because the flow by those tNermo—
couples was obstructed to an unknown.extent by engine insuiation. 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 the design engine
conditions were simulated and shieided thermocoup]es were used. The corre-
sponding regenerator component test results are shown in figure 29 and were
taken from reference 10. v

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 shows that for a
given flow rate, the regenerator pressure drop was close to the prediction.
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Combustor Performance

Pressure Toss 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. Some of 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 jnstrumented 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).

Ty T57)
cv = (Ty - T5,idy

where Tg 4 is the ideal combustor outlet temperature based on the mea-
sured Tg4, 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 (station 3). This accounts for the measured increase in temperature
between stations 2 and 3. The heat transferred to the outside air was
lost. The heat transmitted to the compressor rotor increased the work
required to compress the gas.

No correlation could be made between the combustor-vortex efficiency
and fuel flow, engine speed, or duration of engine operation.

Exhaust Emissions

A separate test was run to evaluate the exhaust emissions from the
engine. The results of this test show the performance of the premixed-
prevaporized combustor and its fuel system in an actual operating engine
environment. The data from this test are included at the end of appendix D.

Oxides-of-nitrogen emissions were definitely bimodal at high overall
fuel-air ratios, which correspond to gas generator speeds of over 80 percent
of design. Figures 34 and 35 relate gas generator speed and NOy emissions
index, respectively, to fuel-air ratio. These plots show that at fuel-air
ratios above 0.007, NO, emissions may vary by one or two orders of magni-
tude. High NO, is symptomatic of "flashback," which occurs in a premixed-
prevaporized combustor when the flame moves from the primary combustion zone
back into the premixing zone. There droplet diffusion combustion occurs
with a much higher flame temperature, which results in higher NO, forma-
tion. Flashback apparently occurs in this combustor when the engine is
operating at high speeds. It is characterized by a step change in NOy
emissions of one or two orders of magnitude. This problem is discussed in
reference 1l. -

Figures 36 and 37 show that CO and HC emissions are very high at idle
conditions. High levels of HC and CO, which are products of incomplete com-
bustion, are thought to be caused by the torch burning rich at idle. The
torch is kept burning in order to relight the combustor after it goes out
when fuel flow shuts of f during deceleration. It is thought that the torch
burns fuel rich and that, while the engine is near idle, the combustion of
the torch fuel is incomplete.

Emissions index is directly related to vehicle fuel economy and emis-
sions level. Figure 38 shows this relationship for various vehicle fuel
economies. It cannot be determined from only steady-state tests of the
engine whether or not a vehicle with this engine will meet 1984 emissions
standards (0.4 g NO,/mile, 0.41 g HC/mile, 3.4 g CO/mile). However, fig-
ure 37 can be used to calculate whether or not the measured steady-state
emissions are less than the emissions standards.

If it is assumed that a vehicle with an improved Chrysler upgraded
engine could get at least 20-mpg fuel economy, an emissions index less than
about 2.8 over the driving cycle would result in meeting the vehicle emis-
sions standards for HC or NOy,. Any CO emissions index below 24 would meet
the emissions standards for CO. As shown in figure 35 the only time the
NO, emissions index was above 2.8 was then the combustor was in "flash-
back" condition. Figure 36 shows that under normal steady-state operating
conditions the CO emissions index exceeds its allowable level only at idle.
Figuge 37 shows that HC does not exceed the allowable emissions level, even
at idle.

However, at idle conditions both the CO and HC emissions are very sen-
sitive to regenerator inlet temperature. Figures 39 and 40 show that the
emissions levels climb dramatically with only a 70 K decrease in regenerator
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inlet temperature. Therefore there would definitely be high emissions of HC
and CO during a cold startup before the combustor inlet comes up to
temperature.

COMMENTS ON ENGINE INSTRUMENTATION

In retrospect, some comments can be made about the extent, type, loca-
tion, and adequacy of the engine instrumentation. These comments should be
considered in the instrumentation of future automotive gas turbine engines:

Engine inlet and compressor. - The temperature measurements at the
engine inlet showed that there was no measurable difference in air tempera-
ture between stations 1 and 1.1. Therefore the temperature rake at station
1.1 could have been eliminated. Also, the pressures measured at stations
1.9 and 2 were the same. Therefore the pressure measurements at station 1.9
could have been eliminated.

Regenerator. - The measurements showed that the temperatures near the
surfaces of the regenerator do vary with Tocation. Therefore a temperature
rake is needed at each regenerator surface to obtain accurate averages.
However, it is not known whether the radiation error was significant at any
of these thermocouple locations, and in retrospect there would be more con-
fidence in the individual temperature measurements if the thermocouples were
shielded.

Combustor. - The instrumented combustor did not prove to be worth-
while. The temperature measured at station 5 could not have been the true
average temperature at that station. It is felt that a true average tem-
perature could not have been measured at that plane without a much more
extensive rake, which would have affected engine performance. A thermo-
couple located within the premixing region would have been helpful for the
immediate detection of flashback.

Compressor turbine and power turbine. - The amount of instrumentation
in the turbine stages had to be Timited so that engine performance would not
be seriously affected. The locations were far too inaccessible for the type
of traversing probes used in a turbine component test. It was ncted that
the temperatures in any plane varied from one location to the next to such
an extent that the average of three thermocouple readings at each station
was not reliable enough for performance calculations. It can then be con-
cluded that the calculation of specific work cannot be accurately based on
temperature measurements.

It is not known whether the extensive instrumentation within this
engine significantly affected engine performance. However, partially
instrumented engines of the same design showed similar poor performance.

CONCLUSIONS

A Chrysler upgraded gas turbine engine built of original design compo-
nents was tested, and its steady-state performance was characterized.
Because the engine tested was highly instrumented, certain conclusions could
be made regarding component efficiencies, duct losses, and heat loss, in
addition to overall engine performance.

Analysis of the data led to the following conclusions:

1. The engine power was about 50 percent below the design goal at
100 percent of design gas generator speed (58 500 rpm), and it remained at
about 50 percent below the design prediction all the way down to idle.
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2. The specific fuel consumption was 84 percent higher than the design
goal at 100 percent of design gas generator speed and over 100 percent
greater than the design prediction at idle.

3. The compressor total efficiency was about 7 percentage points lower
than the design predictions over the entire engine operating range.

4. The compressor pressure ratio was 9 percent lower and mass flow was
8 percent lower than the design predictions at 95 percent of design gas gen-
erator speed, and about equal to the design predictions at idle.

: 5. Engine data indicate that the compressor turbine total efficiency
approached its goal at 95 percent of its design speed but fell short at
lower speeds.

6. The interstage duct had a significant total-pressure-loss ratio

that increased from 1 percent at idle to about 7 percent at 95 percent of
design gas generator speed.

7. Under all engine conditions the power turbine operated at a very
low efficiency, at least partly as a result of poor inlet conditions.

8. The regenerator effectiveness was 2 percent higher than its design
goal at 95 percent of design gas generator speed and met its predicted per-
formance at idle.

9. The gas generator air bearing had poor durability as there were two
air bearing failures during the testing of this engine.

10. Heat loss from the engine cavity, which contains the burner, vor-
tex, and high-pressure regenerator outlet, was equivalent to about 12 per-
cent of the energy in the fuel.

11. Carbon monoxide and hydrocarpon emissions were high at idle condi-
tions, especially when the combustor inlet temperature was below design.

12. Oxides-of-nitrogen emissions suddenly increased one or two orders
of magnitude above 80 percent of design gas generator speed as a result of
apparent "flashback" of the flame into the premixing region.

' Many of the performance problems encountered in this engine are being
resolved by engine modifications and retrofitting with redesigned components.
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APPENDIX A
ENGINE DESCRIPTION

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 1. 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 1 -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
l4-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 maximum operating 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 champers 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 1/2204th 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
high- 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-M 246, 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 common shaft that holds the compressor and the
compressor turbine is supported by an 0il 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 maximum braking. The
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axial-flow power 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 temperature of

1142 K and a gas generator speed of 50 000 rpm and has a burst speed of

84 000 rpm. O0i1 journal bearings are used to support the power turbine
shaft, which is geared to the output shaft by a 14.89-pressure-ratio,
double-reduction speed reducer. In addition, the regenerator and the engine
accessories are powered from the power turbine.

Air exits the power turbine diffuser and passes through the regenerator
low-pressure side, where the air temperature drops from 1017 K to 560 K at
engine design-point conditions, and is then exhausted from the engine.

Table III summarizes the engine description. Detailed discussions of the
compressor turbine and power turbine designs can be found in references 12
and 13, respectively.
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APPENDIX B
ENGINE INSTRUMENTATION

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, T0.58 - two thermocouples
Station 1 - VIGV inlet (fig. 46):
T1A, T1B - two thermocouples
P1TA, P1TB, PL1TC - three total pressure probes
P1SA, P1SB, P1SC - three static pressure taps
Station 1.1 - VIGV outlet (fig. 47):
T1.1A to T1.1E - five thermocouples
P1.1SA, P1.1SB, P1.1SC, P1.1SD - four static pressure taps
Station 1.5 - compressor diffuser (fig. 48):
T1.5TA, T1.5TB, T1.5TC - three total temperature probes
Station 1.9 - compressor diffuser outlet (fig. 49):
T1.9TA to T1.9TD - four total temperature probes
P1.9SA to P1.9SJ - 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 - 16 thermocouples at each station

T4A to T4Q | temperature measured at those positions
T8BA to T8Q ¢ where insulation obstructed the flow
TY9A to T9Q J were not used in the calculations

P3TA, P3T8B, P3TC

P4TA, P4TB, P4TC | three total pressure

P8TA, P8TB, P8TC { probes at each station

PITA, PYTB, PITC
Station 5 - combustor exit (fig. 53). Because of the high temperatures at
this station, the instrumented combustor was only used for a short period of
time:

T5TA to T5TD - four total temperature probes

T5WA to TSWD - four wall temperature thermocouples

P5TA to P5TD - four total pressure probes

P5SA to P5SD - four static pressure taps
Station 5.2 - compressor turbine inlet (fig. 54):

T5.2TA, T75.2T8, 75.2TC - three shielded total temperature probes

P5.2TA, P5.2TB, P5.2TC - three total pressure probes

P5.2SA, P5.2SB, P5.2SC - three static pressure taps
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Station 5.5 - compressor turbine stator outlet (fig. 55):
P5.5SA, P5.55B - two static pressure taps
Station 6 - compressor turbine outlet (figs. 56 and 57):
T6TA, T6TB, T6TC - three shielded total temperature probes
T6WA, TOWB, TO6WC - three wall temperature thermocouples
P6TA, P6TB, P6TC - three total pressure probes
P6SA, P6SB, P6SC --three static pressure taps
Station 6.3 - power turbine inlet (fig. 58):
T6.3TA, T76.3TB, T6.3TC - three shielded total temperature probes
T6.3WA, T6.3WB, T6.3WC - three wall temperature thermocouples
P6.3TA, P6.378, P6.3TC - three total pressure probes
Po.3SA, P6.3SB, P6.3SC - three static pressure taps
Station 7 - power turbine outlet (fig. 59):
T7TA, T7TB, T7TC - three shielded total temperature probes
T7WA, T7WB, T7/WC - three wall temperature thermocouples
P7TA, P7TB, P7TC - three total pressure probes
P7SA, P7SB, P7SC - three static pressure taps
Exhaust flange:
TEXHA, TEXHB - two thermocouples
PEXHA, PEXHB - two static pressure probes

In addition to these temperatures and pressures some parameters external to
the engine were measured:

Airflow to right-side engine inlet
Airflow to left-side engine inlet
Fuel flow

Fuel temperature

Right-side air inlet temperature
Left-side air inlet temperature
Torque at dynamometer
Dynamometer speed -

Turbine nozzle position

Engine oil inlet temperature
Engine o0il outlet temperature

0il fiow rate

Dewpoint

The accuracy of tne measurements has been estimated and is presented in
appendix C.
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APPENDIX C
ESTIMATION OF ERRORS

The accuracy of the measurements was estimated by summing the potential
root-mean-square errors .for each element between (and including) the test
apparatus and data reduction system. The root-mean-square error corresponds
to 1 standard deviation. Each measurement and its estimated accuracy is

listed below:

Pressure, percent of full scale . « v v v v v v o « &

Temperature (based on 65.6° C reference oven), percent:

At 20°C . . oo uu .
At 200° C v v v v v v w w0
At 1000°C . . . . . ...
Volumetric airflow, percent .
Volumetric fuel flow, percent
Torque, percent « . . . . . .
Speed, percent . . .. . ...

e o e & o o
. e o o . .
* o o ¢ e
L] e o 0 . o
. e o o . .
.
. e o o o o
. * e o
. e o o * e o
. * o o e o
¢ o o
. ¢« e o * o

These data acquisition errors have been combined into estimates
racy of the efficiency calculations.
2
an
Error = (a—P->(5Pm)
m
M=
where
Pm measured parameter in given calculation
6P error associated with that measured parameter
n number of independent variables in given calculation

.« ... 0.6

. %2.0
. 0.3
0.6
+0.55
%0.55
+0.6
£0,22

of the accu-

an/aPp, partial derivative with respect to P, in given calculation of o

The data were reduced by using a digital computer for accurate simulation of

the properties of humid air with combustion products.

However,

for estimat-

ing the error in terms of percentage points, the following approximate equa-

tions were used:

where y = 1.4,
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For lack of more accurate information the parasitic losses and leakages are
assumed to be the same as those predicted in table I.
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where C, and y are evaluated at 900° C and v = Cp/Cy = 1.324 and
Cp = 1.174 kd/kg K.

+
g’net ‘?par‘

in T M = Mg )ehiy

"ot ¥ Tm

y-1

P Y
P, ross) ( 7,T )
Ah-'CT +_g.___ 1_ 3>
id p<‘7,T Cpm6 Pb.3,T

Assuming parasitic losses and leakages as predicted in the engine design and
constant specific heats gives
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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 1 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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APPENDIX D

SUMMARY OF DATA
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TABLE 1. - UPGRADED ENGINE CHARACTERIZATION2

[Inlet air temperature, 29.4° C (85° F); 1.013 bar (14.696 psia).)

{a) SI units

Gas generator speed, rpm
29 2501 357100 ] 40 950 | 46 80O | 52 650 | 55 575 | 58 500
Gas generator speed, percent of design
50 60 70 80 90 95 100
Power turbine speed, rpm 26 000 | 34000 | 40 600 | 44 500! 50 000 | 52 000 | 50 000
Compressor pressure ratio 1.498 1,788 2.177 2.700 3.383 3.77% 4,185
Component efficiency:
Compressor, 1-2b 0.769{ 0.784| 0.798{ 0.804| 0.804} 0.797} 0.785
Compressor turbine, 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
Parasitic loss, kW:
Gas generator 0.63 0.90 1,23 1.61 2.03 2.26 2.51
Power turbine 1l.46 2.15 3.12 3.90 5.15 5.73 5.57
Output power (net), kW 4.86 10. 69 20.71 36,25 56.71 67.49 77.83
Fuel flow (diesel), kg/hr 2.41 4,02 6.44 10.07 15.01 17.85 20.83
Specific fuel consumption, g/W-hr 0.496 0.376 0.311 0.278 0.265 0.265 0.268
Gas flow, kg/sec:
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
Station 8 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
Station 1 101.17( 101.05| 100.89 | 100.64 | 100.28 ! 100.05 99.80
Staticr 2=3 151.55] 180.68 | 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
Station 5 147,95 175.90| 213.67 | 264.35 | 330.56} 367.86 | 407.76
Station 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
Station 9 101.59{ 101.79| 102.12 | 102.68 | 103.54 | 104.11 | 104.77
Temperature, 'C: :
Station 1 29.4 29.4 29.4 29.4 29.4 29.4 20.4
Station 2 77.7 99.2 123.8 152.6 185.4 203.4 222,17
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
Station 6 776.1 792.1 812.6 834.1 855.5 863.4 868.5
Station 7.5 747.8 747.8 747.8 747.8 747.8 747.8 747.8
Station 8 741.3 742.3 743.0 743.6 744.1 744.3 744.5
Station 9 131.1 155.1 182.3 214.7- 250.9 269.5 289.6
Flow leaks (stations i to j),
kg/kg of compressor airflow:
ij =20 0.00242 | 0.00251 § 0.00257 | 0.00266 }0.00280 | 0.00285 | 0.00286
25 0.00431 | 0.00360 | 0.00308 |0.00270 [0.00242 | 0.00230 |0.00218
34 0.00251 | 0.00220 1 0.00199 }0.00170 |0.00152 {0.00143 |0.00135
36 0.00910 | 0.00942 | 0.00971 {0.01011 |0,01068 {0.01093 |0.01104
38 0.00345 1 0.00360 | 0.00371 {0.00384 {0.00399 | 0.00404 {0.00402
39 0.00478 1 0.00546 | 0.00616 {0.00696 [0.00785 | 0.00826 | 0.00852
4k 0.00539 | 0.00577 | 0.00616 |0.00667 |0.00735 { 0.00768 | 0.00792
48 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
Heat leaks, J/kg of compres-
sor airflow:
ij = 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 17277 1416 1163 1056 970
83 2089 1593 1219 G926 721 635 574
8 rom refs. 1 and 2.

Numbers refer to station nctation (fig. 3).




TABLE I. - Concluded.

(b) U.S. customary units.

Gas generator speed, rpm

29 250} 35 1004[740 950‘ 46 800) 52 650| 55 575 | 58 500

Gas generator speed, percent of design

50 60 70 80 90 95 100

Power turbine speed, rpm 26 000| 34 000 | 40 600| 44 500 50 000] 52 000 | 50 000
Compressor pressure ratio 1.498 1.788 2.177 2.700 3.383 3.770 4.185
Component efficiency:

Compressor, 1-20 0.769 0.784] 0.798[ 0.804 0.804 0.7971 0.785

Compressor turbine, 5-6 0.832 0.836 1 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
Parasitic loss, hp:

Gas 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
Output power (net), hp 6.52 14,33 27.76 48.59 76.02 90.47 | 104.32
Fuel flow (diesel), 1b/hr 5.32 8.86 14.19 22.20 33.09 39.36 45,93

Specific fuel consumption, 1b/hp-hr 0.815 0.618 0.511 0.457 0.435 0.435 0.440
Gas flow, 1bfsec:
Station 1 0.433 0.564 0.713 0.900 1.110 1.223 1,335

Station 3 0.421 0.549 0.694 0.875 1.078 1.186 1,295
Station 4 0.421 0.548 0,693 0.874 1.076 1.185 1.293
Station § 0.423 0.550 0.695 0.876 1.079 1.187 1,296
Statfon 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
Station 1 14,673 14,657 { 14.633| 14,596| 14,584 14.511( 14.476
Station 2a3 21.980| 26.206 | 31.856| 39.409] 49.201| 54.706| 60.580
Station 4 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
9

Station . 14,734 14.764 | 14,811 14.893| 15.018| 15.100| 15.196
Temperature, F:

Station 1 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 1524,91 1588.4 | 1665.1{ 1750.3| 1841.9| 1885.2| 1925.0
Station 6 1429.0| 1457.5 ] 1484.6 | 1533.4| 1571.9| 1586.2 | 1595.2
Station 7.5 1378.0}1 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 9 268.0 311.3 360.2 418.4 483.6 517.1 583.3

Flow leaks (stations { to j),
1b/1b of compressor airflow:

ij =20 0.00242 | 0.00251 | 0.00257 | 0.00266 ; 0.00280 | 0.00285 | 0.00286
25 0.00431 1 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 | 0.01104
38 0.00345 0.00360 [ 0.00371 | 0.00384 | 0.00399 | 0.00404 | 0.00402
39 0.00478 { 0.00546 1 0.00616 | 0.00696 | 0.00785 | 0.00826 | 0.00852
46 0.00539 1 0.00577 | 0.00616 | 0.00667 | 0.00735 | 0.00768 | 0.00792
48 0.00133 | 0.00186 | 0.00245 | 0.00312 | 0.00386 | 0.00422 | 0.00450
68 0,00230 | 0,00245 | 0.00247 { 0,00245 | 0.00239 | 0.00232 | 0,00218

Heat leaks, Btu/lb of compres-
sor airflow:

ij = 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 2,656 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
63 0.339| 0.266| 0.210| 0.164| 0.131 0.117 | 0.107
60 ‘1.2131 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] o0.247

& rom refs, | ana 2.
Ohumpers refer to station notation (fig. 3).




TABLE II. - COMPARISON OF MAXIMUM-POWER OPERATING POINT TO DESIGN GOAL

Engine operating conditions Design Peformance datad
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, kg/hr 20.8 19.1
Specific fuel consumption, g/W-hr 0.268 0.494
Engine inlet airflow, kg/sec 0.606 0.560

3Corrected to reference conditions (302.6 K; 101.3 kPa).




TABLE III. — DESCRIPTION OF UPGRADED ENGINE@

General A
TYPE & v v e it e et e e e e e e e e e e e e Regenerative gas turbine

Rated output gwer (at 3280—rpm OULPUL & v ¢ v ¢ o o o o o o o o « 92 (123)
shaft speedg

Rated output torque (at zerooutput . . . 4 4 0 e e e e .0 . o 480 (355)
shaft speed)D, N-m (1b-ft)

Augmentation « « «+ ¢ « 4 ¢« ¢+ 4+ + 4+ « o Variable inlet guide vanes (VIGV)

and water injection

we‘ght kg (]b) L] L] L] . L] L] L] * . . . L] L . L] . L] . L] L[] * 180 (400)

Engine configuration « « « « « ¢ ¢ + + & “Free rotor (designed for compact-

vehicle installation

Maximum gas generator acceleration . . « v v ¢ 4 ¢« 4 ¢ ¢ ¢ ¢« o o o o« L.
(idle to full speed), sec

Fuels &+ ¢« & o o o« « o ¢« o« s o « o o +» « « Unleaded gasoline, diesel fuel,

kerosene, JP-4, etc.

Components
Compressor « « « « « &
Compressor turbine . ,
Power turbine ., . . .
Regenerator . . . . .
Combustor .« . . . « &

Backward-curved centrifugal with VIaV
L ] L] L ] » L] L] L] [ L] . L] L] * L] L ] Axia]
Axial; variable-geometry stator

« +« + One rotating ceramic disk

e o« s o« o o o« o « Fixed geometry

Design-point characteristics
Maximum gas generator shaft speed, rpm . . . . . . B T 58 500
Maximum power turbine speed, rpM « « o « o « o o o« ¢« o s ¢« o« o « o« » 70 000
Maximum output speed (after reduction . .« « ¢ ¢« ¢ ¢ o+ ¢ o ¢« o o« o« « 4 700
gears), rpm
Maximum regenerator speed, PM « & + « o o ¢ o o o s o o o s o o s o o o 31
Compressor pressure ratio:
DeS]gn L] L] . L] . L] . » L] L ] L] . . [ ] [ ] L] L] L] [ ] [ ] [ ] L] . . L ] L] L] L] L] L] L] 4.2
Augmented .+ &« o v ¢ ¢ ¢ ¢ 2 s s s e . e e e s e e s e e e e e s 4.9
Compressor airflow, kg/sec (lb/sec)
DeS1gn L[] L] L ] [ ] . . [ ] . L] L] L] L] L] [ ] [ ] . . L] L] L ] L] [ ] L] L] L] L] [ ] 0061 (1.34)
Augmented .+ ¢« « ¢ ¢ 4 0 0 s . W e e e e e e e e e e« 0,69 (1.52)
Compressor turdipe inlet temperature s s s e e s s s s e o o« 1062 (1925)
(design), °C (°F) .
Power turbine outlet temperature, C (F) « « ¢« ¢ ¢ « « « . o 748 (1378)

3 rom ref. 1. . .
bambient conditions: temperature, 29° C (85" F);
pressure, 101.3 kPa (14.696 psia).







TABLE IV. — ESTIMATED ERROR

Corrected | Compressor |Compressor | Power |Regenerator
gas genera- turbine turbine
tor speed,
percent of Estimated error
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
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Figure 1. - Schematic of Chrysler upgraded engine.

Figure 2. - Expanded display of Chrysler upgraded engine.
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Figure 5 - Chrysler upgraded engine installed in Lewis test cell.

High-speed
printer

Plots

132 Temperatures
79 Pressures

3 Speeds

5 Flows

1 Humidity

9 Emissions

Central computer

1

IBM 360/67

1

Central data
collector

i

Central
minicomputer

facility
T Testhaiy 1 —0 t
Signal Micro- dips?)::yosr
conditioners computer
interface
f Number
entry and
Res?arch function
gngllneers' switches
isplay
Y 4
. Control
Typewriter typewriter

Figure 6. - Schematic diagram of data system.




1

39

Heat leaks Compressor Flow leaks
) t 25
2 [
k) % y38
83 Regenerator
40
4
i ol
” "4 >’ r
63 Compressor turbine
“
60 ) [
6
8 L
1.5
80 -
8
Regenerator
9
Exhaust pipe
Figure 7. - Characterization schematic of Chrysler upgraded engine.
r 0
100 -
70—
90— o
Corrected
gas generator
80— 60— speed,
a = NGGP,
'::_ ":._ v percent of design
5§ &, o %
% < Engine operating o 60
. 00— « line of maximum power A 10
. . [ &
5 ] v %0
g o & o= o %
k- B 0 100
c c
B B
Large symbols denote
g 40— ?‘: 30— off-design predictions
8 8 from table [
” —
20 —
20 —
10—
10—
= |
0 1000 2000 3000 4000

Corrected output shaft speed, rpm

Figure 8, - Engine map - corrected power as a function of corrected speed. Deslgn speed,

58 500 rpm.



Specific fuel consumption, Ib/hp-hr

Specific fuel consumption, I'hp-hr

25—

20—

Lo

2.0

Lé

1.2

Specific fuel consumption, ky/kW-hr

14— Corrected
B gas generator
speed,
m] NGGP,
1.2 0 percent of design
z o %
o El o] 60
3 E A 70
210 o 8
[=9
5 V %
2 o %
8 ¢ 100
3 8
pr
2
A 6 %
(o]
) T N R N S . S R
0 5 10 15 20 25 30 35 40
Net engine power, 201, kW .
L | | | | J
0 10 20 30 40 50

Net engine power, #01, hp

Figure 9. - Engine operating line - specific fuel consumption as a function of characteristic power.
Design speed, 58 500 rpm,

L5

-
o

v

Corrected gas
generator speed,
NGGP,
percent of design

50
60
70
80
%0
95

ogtma O
odopoD

Large symbols denote off-

design predictions from
% fe) table I
& Mao

- 0 %6 %
© JAY
& vo
I l 1 |
1000 2000 3000 4000

Dynamometer speed, corrected, rpm

Figure 10. - Engine operating line - specific fuel consumption as a function of dynamometer

speed.



Temperature, °F

Intet air

L30

1200 pressure,
F kPa
2000 — 368
1800 — 1000 }—
1600 |—
80 101
[ Station
1400 — 8
(&)
o
& ¢
) 2 600f—
5 8
g o2
2 P
=
= 80—
40 -=-O--~ Engine data
L —{— Design prediction
600
Constant pressure
00— 00—
200 — .
| | |
-l 0= .4 .8 1.2 L6
Entropy relative to engine inlet, J/g K
L ] | ' |
0 .1 .2 .3
Entropy relative to engine Inlet, Btu/lb °R
Figure 11. - Temperature-entropy diagram - engine. Gas generator speed,
95 percent of design.
-=O-= Engine data
—{— Design prediction
Constant pressure
1050 —
1900~ __ Compressor
turbine _
1000 }— inlet —
1800 |—
950 F— ,/’
~“Low pressure
1700 — and fiow
&
g W=
T
1600 [— g
S 80—
1500 1— Low power
800 — turbine’
High Interstage efficlency
1400 — duct loss
750 —
1300~ 700 | ] ] ]
110 . L15 1.20 .25
Entropy relative to engine inlet, ki/kg K
L I | ]
2 .28 29 0

Entropy relative to engine inlet, Btu/lb °R

Figure 12. - Temperature-entropy diagram - turbine stages. Gas generator speed, 95 percent of design.



Total pressure ratio, PJPy 1

Corrected gas
generator speed,
NGGP,
percent of design
w] 50
(o] 60
A 70 °
Lo 80
v 9%
o 95
Large symbols denote .
off-design predictions
from table I
.86 — A 9O \% o)
o 011
~ 1,
= O, "2 =m .
R e L g % “op +0m
ks instrument %
L2 accura
= uracy A
10, 22
A S
(]
p l [ | | |
21. 0 16 2.2 2.8 3.4 4.0

Compressor pressure ratio, P2 TIP1 T

Figure 13. - Compressor efficiency as a function of pressure ratio -

p, Uiy
engine tests. Efficlency = Ty (Fl_> VAR

5 —
NGGP
100
4 % D\
%0 0\0\
3 v i N\
800@0\
10
. O'é\
. O
(i1}

) | | | | | |
.1 .2 .3 .4 .5 .6 T
Corrected compressor inlet airflow, 'hln,corr' kalsec
L I | I | J
4 .6 8 1.0 1.2 L4

'Corrected compressc;r Inlet airflow, rflm'co". Ibisec

Corrected gas
generator speed,
NGGP,
percent of design

%0

60

70

80

9

95
Design point (100 percent

speed, 58 500 rpm)

Surge limit
Lewis component test data

Large symbols denote off-design
predictions from table I

e 0qoDbOO

(a]

Figure 14. - Compressor pressure ratio and mass flow characteristic - component tests. (Component data
were interpolated from data in ref. 12 and corrected for a scale factor of 1, 259 reference inlet temperature, )



Temperature difference across diffuser,
115,71~ T2 degF

160

5.

8

Calculated turbine inlet temperature, Ts, 5 1. °F

8
|

e o ) (o]
Sl ® @(8 8
e ]
'
s o8 20
o —
= ° g0 %
5
32 o
.-E o @ § %
8 o
L
B ®o %
§ 0]
2
= 8 :
— 2 o}— O
£
ET 8% o
20 | ] | 1 ] | 1 i ]
60 80 100 120 140 160 180 200 220 240
Compressor rotor outlet actual temperature, Ty 5 1, °C
L | | | | | 1
180 220 260 300 340 380 420
Compressor rotor outlet actual temperature, st Of
Figure 15, - Compressor alr heat loss In diffuser and collector,
1040 — ’
1850 —
° s
1000(— <83/ 4
1800 8
&
1750 w5
i %60/— "
g _ /
1700— & ﬁ
E
2 0
i
1650{— 2 4
5
E )
1600 L 3w~ 8
S F
l | | I
84240 880 920 9%0 1000
Measured turbine inlet temperature, Ts 5 1. oc
[ | | | ]
1600 1650 1700 1750 1800

Measured turbine inlet temperature, Ts, 5 1. oF

Figure 16. - Comparison of measured and calculated turbine inlet temperature,
m.
in
{hy 5~ 1’<—m_—+m —hy o )*Ah
. - - in * Mg - Mygay /~7PAC
T5.2, calc™ T6,7* G




Efficiency, ns, 2,6

Total pressure ratio, Ps 5 1/Pg 1

Corrected gas
generator speed,

NGGP,
percent of design
a 0
lo] 60
A 10
Lo 80
v %0
(o] 95
o  Design point
(100 percent speed,
58 500 rpm)
90 }— Large symbols denote off-design
- predictions from table I
oo & O VO 0%
“r ' a ® v +,008
+ 015 +,011
20055 £0%5 *02
70— tlo
instrument
accuracy
60 l | | | ] j
1.0 1.2 L4 1.6 1.8 20 22
Total pressure ratio, Ps 5 {/Pg 1
Figure 17, - Compressor turbine efficiency (based on compressor work and predicted parasitic
losses and leakage).
ng* Yeomp * '-Par,des
A higlMip *+ Mg = Mygg)
22—
Corrected gas
generator speed,
o NGGP;
lo% percent of design
20— Desfgn-goal o o 50
engine operating line —~ _ | o 60
A 70
Lo 8
v 9%
° Design point (100 percent
speed, 58 500 rpm)
Large symbols denote off-design
16— predictions from table I
14—
| l l
L z 2% .28 .

30 .32
Mass flow at station 5.2 corrected to 303K,

mcrrr, 5.2. kol STC

L |

.58 .62 .66 .10
Mass flow at station 5. 2 corrected to 303K,

Meorr, 5,2+ 1bfsec

+ Figure 18, - Compressor turbine pressure ratio and mass flow characteristic,

 (in *+ g~ i) Y €

P5 21

101 kPa

Meorr



Equivalent compressor turbine specific work, Jig

Corrected gas generator speed,
NGGP, percent of design (rpm);
turbine inlet temperature, °C -
95 (35 575); 9807
90(52 650); /’
965~
52 1~ N IO Tota! pressure
80046 8005 ™~ | B 2.2 ratl,
90~ Ps,2,1P6, T
48~ 70(40 950);
890~ _
20 Corrected gas
7y - 60(35 100); generator speed,
/ NGGP
Percentof : rpm
4 18 design
=} 0 =2925
% o 60  =35100
17 A 70  =~40950
(o 80  =~46800
2 v 0 =52650
o 9% 555715
®  Deslgn point (100 percent speed,
58 500 rpm)
B —— Lewls component test data
(interpolated from data given
In ref, 12)
U Large symbols denote off-design
predictions from table I
20
1693 ] | | | | |
400 500 600 700 800 900, 1000

Mass flow - speed parameter, kq-t'adlsec2
Figure 19. - Compressor turbine map - component tests,
(585.0) NGGP (i, + My = Myq)

Mass flow ~ speed parameter = 60 H

Psat
101, 3kPa

hye~hy )iy, + 2
Equivalent compressor turbine specific work » thy, 5Ny, 1) Min * 2par
Min + Mg = Mygag) Ogp

.08 —
- (o]
.07 @
8
P
S .06 - 8
=
= o
a.
- 05— o
< g
E ol
bl
2
g
a é
s ‘B
k3
.02 — S g
Design @
5]

Q ] ] ] ] J
o 60 70 80 %2 100
Corrected gas generator speed, NGGP, percent of design
Figure 20, - Interstage duct pressure loss.



Parasitic power, "par- hp

T

Calculated power turbine inlet temperature,
Ts.3

8§ — 6
5
6 |-
= 4
-
&
a4 g 3
k)
g
s 2
2 —
q
o 0 | | | | 1
1000 1500 2000 2500 3000 3500
Output shaft speed, ND, rpm
Figure 21. - Power turbine shaft parasitic losses. Dummy power tur-
bine shaft; gas generator and regenerator installed; oil inlet temper-
ature, 66° C; gas generator speed, NGG, 80 percent of design; low~
pressure-side regenerator inlet temperature, Tg, 74%° C.
o 60—
Qo
1560 — o
10— ©
d
2
1B2—S
€ 80—
] o°
=
Lo (o}
w-e | o§
3
100 — & 1g0l
B 780
1400 __8 760 I l l I |

160 780 800 820 840 80
Measured power turbine inlet temperature, Tg_ 3T 0¢

L | | | |
1400 1440 1480 1520 1560
Measured power turbine inlet temperature,
Te.3,1 °F

Figure 22. - Comparison of measured and calculated power turbine
inlet temperature,

Znet + Zpar

Te.3,T,calc " T7,7
' Wiy +mg-myga) G



Total pressure ratio, Pg 3 1/P7 1

L8 —

L1~

Lo

Design-goal engine i
operating line = Corrected gas

N ) generator speed
N, NGGP,
percent of design

50
60
70
]
%
95
Design point (100 percent
speed, 58 500 rpm)
Large symbols denote
off-design predictions
from table I

eogqoDOMO

3

| ] I |
4 5 6 7

" Mass flow at station 63 :glrrede'd t0 303K,
m sec
Lo 6.3 1

.8

10 1.2 1.4

Mass flow at station 6, 3 corrected
to 303K, Meoep 6 3 Ibisec

Figure 23, - Power turbine pressure ratio and mass flow characteristic,

: S e 6.3, T
. Mo + Mg =M el
e M * My - Myeay) P 353 €
P6.3,1
101 kPa
Corrected gas lo
generator speed, Instrument
NGGP,” accuracy
percent of design
90— a] 50 0.042
(o] 60 .07
b A 70 .018
o ] .014
80— v % 012
0 95 010
. Design point (100 percent speed,
- 0 58 500 rpm)
T s
g ﬁéu v &
s @
~ & A,g@
© o -
s0f~ 1=
1 | | | I 1 1 |
0 .5 L0 L5 2.0 25 3.0 3.5
Work factor
Figure 24. - Power turbine efn‘clency {based on dynamometer).
. Znet ¥ Ppar
Efficlency =

My * Mf = Myggd X Ahyg

2 . +2
Work factor= " net ™ “par

(i + it = ygqy) X U



' Total pressure loss, (Py 1 - PgiP7 1

Regenerator effectiveness, percent

.05

.03

.0l

Constant gas
generator speed,
NGGP,
percent of design

50
60
70
80
90
95

N/

¥_—Lines of constant gas
generator speed

odqopoD

| | I I | I

500 1000 1500 2000 2500 3000
Engine output shaft speed, NGG, rpm

Figure 25, - Power turbine diffuser pressure loss. Design speed,
58 500 rpm.

Corrected gas
generator speed,
NGGP,
percent of design

50
60
70
80
9%
95
Design point (100 percent speed,
58 500 rpm)

Large symbols denote off-design

LR Kol Jojn]

[ g g predictions from table I
BRI
o ¥8
—  Instrumentation Vo
errorband = _ T

(lo)——" Q

| 1 | | £ |
1 .2 .3 .4 5 .6 q

Engine inlet flow rate, 'i;ln' kglsec

Figure 26. - Regenerator performance, Effectiveness = I“ - 13
i : 8713



C-77-1439

Figure 28. - Regenerator instrumentation - view into engine housing with
regenerator disk and turbine shafting removed.

Figure 27. - Regenerator instrumentation - a view of inside of regenerator
cover showing thermocouple grid.
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Figure 41, - Compressor rotor with inducer,

Figure 42, - Combustor and vortex.
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Figure 44. - Power turbine wheel.
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Figure 45, - Gas generator instrumentation station locations.
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Figure 48, - Station 1.5 - compressor diffuser and straightening vanes.

<& Static pressure tap
A Total temperature probe

€SS0 f/
Compressor Q

cover ~__
\\

P1.9SG
TL9TC g
P1.9sC
P1.9SF TL.9TB

Figure 49. - Station 1.9 - compressor diffuser outlet.
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Figure 50, ~ Compressor collector outlets.
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Figure 58, - Station 6, 3 - power turbine stator inlet.
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