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NOTICE

This report was prepared to document work sponsored by the United States Gov-—
ernment. Neither the United States nor its agent, the United States Depart-

ment of Energy, nor any Federal employees, nor any of their contractors, sub-
contractors or their employees makes any warranty, express or implied, or as-
sumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product or process disclosed, or
represents that its use would not infringe privately owned rights.




FOREWORD

This report presents a technical summary of the Detroit Diesel Allison (DDA)
project to develop an automotive gas turbine powertrain system under NASA Con-
tract DEN 3-168 (Department of Energy funding). It covers the 9-month period
October 1979 through June 1980. Future reports will cover 6-month periods.

The basic objective of this project is to develop and demonstrate, by May
1985, an advanced automotive gas turbine powertrain system that will. when
installed in a 1985 Pontiac Phoenix vehicle of 1360 kg (3000 1bm) inertiz
weight, achieve a fuel economy of 18 km/L (42.5 mpg), meet or exceed the 1985
emission requirements, and have alternate fuel capability.

Several General Motors Divisions and other companies are major contributors to
this effort. They are: Pontiac Motor Division--vehicle, Delco Electronics
Division--electronic control, Harrison Radiator Division and Corning Glass
Works--regenerator, Hydra-Matic Division-~transmission, The Carborundum Com-
pany and GTE~—ceramics.

The DDA Program Manager for the AGT 100 is H. E. Gene Helms; design effort is
directed by James Williams; materials effort is directed by Dr. Peter Heitman
and project effort is directed by Richard .Johnson. The Pontiac effort is
headed by J. Kaufeld, and the Delco Electronics work is managed by Robert
Kordes. The NASA AGT 100 Project Manager is Paul T. Kerwin and Assistant Pro-
ject Manager is James Calogeras.
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SUMMARY

Detroit Diesel Allison (DDA), Division of General Motors Corporation, has re-
cently initiated a 68 month Advanced Gas Turbine Powertrain System Develop-
ment project under contract DEN 3-168 to NASA Lewis Research Center, sponsored
with funds from the Department of Energy Office of Transportation Programs.

The objective of the project is to develop an experimental powertrain system
that demonstrates; (1) a combined cycle fuel economy of 17.9 km/L (42.5 wpg)
using diesel fuel No. 2 in a 1984 Pontiac Phoenix of 1364 kg (3000 lbm) weight
on a 15°C (59°F) day; (2) emission levels less than federal research stan-—
dards; and (3) the ability to use a variety of fuels. It is intended that the
technology demonstrated through this project could assist the automotive in-
dustry in making a go/no go decision leading to production engineering devel-
opment of gas turbine powertrains.

While meeting the project objective, designs are constrained to: (1) achieve
reliability and life in the turbine powertrain comparable to 1985 vehicles;
(2) achieve initial and life cycle powertrain costs competitive with 1985
powertrains; (3) demonstrate vehicle acceleration suitable for safety and ma-
nueverability: and (4) meet 1985 federal vehicle noise and safety standards.

The Pontiac Phoenix 1984 X-body automobile has been selected as the demonstra-
tion vehicle with a Hydra-Matic four-speed transmission. A Delco Electronics
control system, using z basic automotive electronic control to be introduced
in early 1980 General Motors cars, will be modified to service the turbine
engine. Harrison Radiator Division will supply the regenerator system for the
engine. The Corning Glass Company (regenerator disks and other parts), the
Carborundum Company (most hot flow path parts), and the GTE Sylvania Company
(ceramic rotors) will supply the ceramic components.

Key elements of the project are developing small, high-performance turbine
engine components as well as ceramic components to meet engine requirements.
Emphasis on component aerodynamic and ceramic component development initiated
this project.

This report covers the work for the time period October 1979 through June
1980. The major accomplishments for this period are given in the succeeding
paragraphs.

VEHICLE SYSTEM DEVELOPMENT

The main thrust of the design work at Pontiac has been to integrate the power-
train with the vehicle. Preliminary layouts have been made for the exhaust
system, air induction system, and battery installation. Points of interfer-
ence have been identified and resolved by altering either the vehicle or en-
gine designs.

ENGINE/POWERTRAIN DEVELOPMENT

An engine general arrangement has evolved as a result of studies to meet the
vehicle e *‘ne compartment constraints while minimizing the duct pressure
losses anu the heat rejection. A power transter system (between gasifier and
power turbines) has been developed to maintain nearly constant temperatures
throughout the entire range of engine operation.
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An advanced four-speed automatic transmission has been selected to be used
with -he engilne.

Performance calculations comparing the current fixed geometry reference power-
train design (RPD)* engine with an earlier conceptual design (ref. 2) using
variable geometry show improvements in component efficiencies and an in-
crease in fuel economy from 18.1 to 18.3 km/L (42.5 to 43.1 mpg).

COMPRESSOR DEVELOPMENT

A 4.5:1 R., single-stage centrifugal compressor design has been completed

and released for procurement. The impeller has 16 full blades and 16 split-
ters. The maximum power efficiency goal (15°C, 59°F) is 82.82. The collecter
is designed to maintain a circumferentially constant static pressure at design
point, and the low exit velocity minimizes losses in the regenerator ducting.
The compressor rig layout design is complete, and rig testing will be started
during the next reporting period.

GASIFIER TURBINE DEVELOPMENT

Development activity concentrated on preliminary design of the RPD gasifier
turbine and transition duct, preliminary design of the Mod I gasifier turbine,
bench testing of the interturbine transition duct, layout and fabrication of
the gasifier turbine test rig, and turbine facility checkout. Aerodynamic
d. - ign details for the RPD flow path, scroll, vanes, and the rotor are pre-
sented. Initial design details of the Mod I turbine are also given. In the
Mod I flow path, effort has been made to minimize aerodynamic penalties when
exchanging metal and ceramic components. A cold flow test of a metal inter-
turbine duct is described.

A layout of the curren: mechanical design of the gasifier scroll is presented
and the revised design is discussed. The design of the metal Mod I rotor is
presented with a design discussion of the ceramic rotor.

The gasifier turbine aerodynamic rig activity has consisted of the design and
fabrication of parts for the first turbine rig assembly and test.

POWER TURBINE DEVELOPMENT

Effort has focused on preliminary design of the RPD power turbine and exhaust
duct, preliminary design of the Mod I power turbine, layout and finrication of
the interturbine duct/scroll bench rig, and layout of the power turbine test
rig-

The RPD and Mod I rotors are both designed for efficient high-response oper-
ation and ease of manufacture.

The Mod I (metal) rotor design is underway. A potential inducer bending pro-
blem has been eliminated, and calculations show a stress-rupture life greater
than 50,000 h for this design. Finite element analyses and dynamic analyses
of the ceramic rotor are progressing. The design of both the RPD and Mod I
scrolls is in progress.

*The RPD is presented as a "Concept” of a fully developed production engine.
It will be updated as the project continues. The Mod II demonstrator engine
will converge toward the RPD as the project nears completion.
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COMBUSTOR DEVELOPMENT

The aerodynamic and mechanical designs of the RPD and Mod I combustors are
presented. Both these designs are low-emission combustors in which the fuel
is mixed and vaporized in a prechamber before being ignited in the main burn-
ing zone. The temperature control required is maintained by adjusting the
division of primary and dilution air.

The RPD layout is complete. The Mod I layout and detailed drawings are com—
plete, and parts are on order for fabrication.

A new combustor rig has been designed and a layout is presented. Also a pre-
chamber test is described, and test data are presented.

REGENERATOR DEVELOPMENT

The layout describing the RPD regenerator is complete; excerpts are presented
in this report. A thermal analysis of the disk is partially complete, and
disk temperatures have been calculated for idle, 100% engine speed, and 32%
cngiae spced (48.3 km/h (30 mph) vehicle speed). The effects of variation in
inlet gas flow disi-ibution have been examined and are shown at 100% engine
speed. Mechanical desigae of both hot and cold seals are discussed.

The Mod I regenerator system has been designed and varies only slightly from
the RPD design.

Several rigs are required for the regenerator program. A hot test rig has
been designed, and fabrication of parts has started. A cold flow distribution
rig is in the design layout phase. The capability will exist to simulate both
air and gzas sides of the regenerator with this latter rig. A sealing leaf
leakage test rig layout has been started.

SECONDARY SYSTEMS

Four general areas are treated here--the block and insulation, gearbox and
power transfer, rotor bearings, and secondary airflow system and thrust bal-
ance.

The mechanical design of the block is strongly influenced by the need to con-
trol metal temperatures and heat rejection by insulation. Because of the high
temperatures expected in some localized areas, a nickel alloy (Ni-Resist) has
been selected for the initial block material to ensure dimensional stability
and minimize risk in the development engines.

The gearbox is described, and the principal features of the power turbine and
gasifier gear trains are identified. The starter geartrain is also described.

Operating lives have been predicted for the four main bearings. These range
from 1780 h for the No. 3 bearing to 730,000 h (infinite life) for the No. &
bearing. The lives of bearings No. 1 and No. 2 are 4500 and 3000 h, respec—
tively.
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Secondary flow losses are defined and tabulated for the entire gas path, and
the thrust L~ "nces are also tabulated. Five engine conditions from idle to
full power are :onsidered.

MATERTALS DEVELOPMENT

The DDA design support effort and the Carborundum effort are discussed. DDA
work has concentrated on defining the materials for the RPD and Mod I designs.
Carborundum is the principal ceramic supplier, and its unique work is de-
scribed. In the rotor development effort, it has been shown that reaction-
bonded SiC is stable and compatible with engine operating comditions. Ultra-
sonic machining methods have been successful, but cutting rates are slow.
Thixotropic casting studies on the Mod I gasifier rotor have been moderately
successful. Transfer molding studies were not successful and were termi-
nated. For stativnary parts, slip casting has been selected as the primary
method of fabrication, but mandrel-coating techniques are being pursued as an
alternative method.

CONTROLS DEVELOPMENT

The controls effort is divided between Delco Electronics and DDA. Delco's
main effort is concerned with the electronic control unit. DDA maintains
overall control system responsibility. Work has beszn dcme to define interface
sensors and key areas of the control system specification with Delco. The DDA
effort has been in three areas—-—-defining key hardware items, defining the con-
trol mode, and developing the necessary digital simulations and related
analysis techniques.

TRANSMISSION DEVELOPMENT

A four-speed automatic transaxle transmission will be used with the AGT 100
engine. Output power requirements range from 0.79 kW (1.055 hp) at 16 km/h
(10 mph) to 14.9 kW (20 hp) at 96 km/h (60 mph). This transmission gives
maximum frel economy at steady state road load by utilizing the power transfer
system to minimize engine output shaft speed.

SUPPORTIVE MANUFACTURING, COST, AND MARKETABILITY

Pontiac has been assessing manufacturing feasibility of compoments as the
designs are finalized to assess manufacturing feasibility. The studies
concentrate in three areas—-—-analysis for machinability and assembly, recom—
mended changes to improve producibility, and tooling and piece-rate studies to

determine production costs.




INTRODUCTION

This is one of a series of semi-annual reports documcnting work performed on
an Advanced Gas Turbine (AGT) powertrain system development project for auto-
motive applications. The work is performed under NASA/DOE contract DEN3-168.
The objective of the project is to develop an experimental powertrain system
that demonstrates: (1) a combined cycle fuel economy of 17.9 km/L (42.5 mpg)
using diesel fuel No. 2 in a 1984 Pontiac Phoenix of 1364 kg (3000 lbm) weight
on a 15.5°C (59°F) day, (2) emission levels less than federal standards, and
(3) the ability to use a variety of fuels. It is intended that the technology
demonstrated through this project would assist the automotive industry in mak-
ing a go/no go decision regarding the production engineering development of
gas turbine powertrains.

In meeting the project objective, the design is constrained to: (1) achieve
reliability and life comparable to conventional 1985 vehicles, (2) achieve
initial and life cycle powertrain costs competitive with 1985 powertrains, (3)
demonstrate vehicle acceleration suitable for safety and manueverability, and
(4) meet 1985 federal vehicle noise and safety standards.

A team concept is used in this project, with many of the team members being
General Motors Divisions. Detroit Diesel Allison is the prime contractor and
team leader with responsibility for the overall powertrain and controls. Pon-
tiac Motor Division (PMD) has vehicle responsibility. Delco Electronics will
develop the electronic control, and Delco Remy will develop the starter/boost
system for the engine. Hydra-matic Division will produce the four-speed auto-
matic transmission that will be used with the engine, and Harrison Radiator
Division (HRD) is involved in the regenerator design and fabrication. The
primary non-GM groups on the team are Carbordundum and GTE, both of whom are
involved in the ceramic effort.

Prior to this contract, DDA and PMD conducted a gav turbine powertrain concept
study (contract DEN3-28). Imn July 1979 the results of the concept study (ref.
1) were published by DDA. 1In this study, several coufigurations had been
evaluated and a two-shaft regenerative engine, coupled with a conventional
automatic transmission, was recommended as providing the potential for meeting
the established goals. Further results of the concept study were published in
March 1980 (ref. 2) wherein the long-lead technology development tasks re-
quired to support the design and development of an Experimental Advanced Gas
Turbine Powertrain were presented. Both these studies were funded through
NASA contract DEN3-28.

The current project became effective October 1979. As shown in Figure 1 the
program is 68 months long, and divided into two phases. Phase I is 45 months
long and Phase II is 23 months. Establishing and maintaining a Reference Pow-
ertrain Design (RPD) is a continuing activity, as is component development
effort. In addition, two experimental powertrain versions will be designed,
fabricated and tested. Mod I, the first, is the early version and is a step-
ping stone to Mod II, which is the final project version. Powertrain testing
will be conducted on an engine dynamometer, as well as in vehicles.
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A Reference Powertrain Design (RPD) is a preliminary engineering design of the
powertrain system that has the best potential for meeting the goals and objec-
tives of the project. The RPD can incorporate timely emerging technologies,
and it will be updated as project activity progresses.

The RPD in this current program evolved from the earlier studies identified
previously. The RPD is presented as a "concept” of a fully developed produc-
tion powertrain. The Mod I and Mod II experimental engines should converge
toward the RPD as this development project proceeds.

The main development challenges in the program are in building small, high-
performance gas turbine components and developing ceramic components for the
required high engine cycle temperatures. Because of the small size engine,
0.35 kg/s (0.77 lbm/sec) airflow, extensive rig testing is planned for compo-
nent development. A major ceramic component development program is being pur-
sued, and the ultimate success of the engine depends heavily on the success of
this activity.

This report is structured on a component priority basis (e.g., all work relat-
ing to the gasifier turbine rotor, including rig work and ceramic rotor devel-
opment, is discussed as a part of the gasifier turbine section). Exceptions
to this are functional areas that are not peculiar to any one major component.
Engine Subsystems cover structures, gearbox and power transfer, rotor bear-
ings, shafts/seals, and secondary flow. There are separate sections for mate-
rials development and controls developument.

The report treats the largest icem, the vehicle, first, then the engine/power-
train, then the major components of the powertrain, followed by the subsys-
tems, materials, and controls. The transmission and manufacturing feasibility
and cost efforts are treated last. Within each section the work discussed is
identified as it pertains to the RPD, Mod I, or Mod II designs.
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I. VEHICLE SYSTEM DEVELOPMENT
1.1 VEHICLE DESIGN

The main thrust of the design work at Pontiac has been to integrate the power-—
train with the vehicle. Preliminary layouts have been made for the exhaust
system, air induction system, and battery installation. Interference points
ave been identified and resolved by either altering the vehicle or the engine
designs.

Vehicle Specifications

Compact sedan Wheelbase 2.654 m (104.5 in.)

Vehicle accessories Power steering,
power brakes,
heater/air conditioning

Vehicle drive trair Transverse-mounted engine,
torque converter with lockup clutch,
four-speed automatic transmission,
2.84 rear axle ratio,
185/80R13 tires

Vehicle weight, curb 1235 kg (2723 1b)

test 1370 kg (3021 1b)
Fuel tank 34 L (9 gal) capacity
Range 610 km (380 mi)
Roominess index 7018 mm (276.3 in.)
Luggage capacity 0.37 m3 (3.1 fe3)

Exhaust System

The basic layout of the exhaust system has been completed relative to the ve-
hicle installation with only the connector between the duct and the engine yet
to be completed. The duct will be 194 em? (30 in.2) in cross-sectional

area with turns designed to minimize flow restriction. The rear section of
the duct passes under the rear seat, over the rear axle beam, and exits under
the bumper at the right rear. The floor of the car has been modified to pro-
vide a tunnel large enough to accommodate the large exhaust duct. However,
this has not affected the design of either the front or rear seats, and has
maintained ample foot well area for two passengers front and three passengers
rear, consistent with the current passenger capacity of the front wheel drive
X-body car.
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Engine Air Induction System

The induction system initial design includes two separate air cleaner assem~
blies. The AGT-100 engine has airflow of 0.349 kg/s (0.77 lbm/sec) with a
required air filter area of approximately 0.226 m¢ (350 in.2). Several
schemes were studied to optimize the air inlet and the air cleaner size. Re-
sults as proposed for the RPD are shown by the schematic in Figure 2 and the
layout in Figure 3. Air flows into the air cleaner through an opening in the
inner fender skirt, through poly foam filters, and into the compressor air
inlet through a plastic duct system. The ducts will be attached to the air
inlet with flexible connectors to accommodate the relative motion between the
engine on its mounts and the ducts, which are attached to the vehicle.

Battery Installation

Space utilization suggests that the battery, 330.2 mm long x 172.0 mm wide x
238.8 mm high (13.0 in. long x 6.8 in. wide x 9.4 in. high), be initially re-
located to the rear cargo area. The spare tire well was redesigned to accom-
modate the battery with the necessary hold down clamps. The cover of the bat-
tery compartment is sealed, and the battery is vented to outside air. The
electrical connections are via an O-gage positive cable from the battery to
the starter and short ground cables from the body to the battery and body to
the engine similar to the system used on the General Motors Corvette since
1968. The spare tire is then mounted on top of the battery cover in the cargo
area. The schematic for this system is shown in Figure 4. Additional
installation studies are being conducted.
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Figure 2. - Induction System Schematic--Conventional (Outside-In) Flow.
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Figure 3. - AGT-100 Induction System.
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Figure 4.
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- AGT-100 Vehicle Battery/Starter Schematic
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II. ENGINE/POWERTRA LOPMENT e Y

2.1 REFERENCE POWERTRAIN DEVELOPMENT

General Arrangement

An engine general arrangement evolved as a result of studies (ref. 1) to meet
the vehicle engine compartment constraints while minimizing the duct pressure
losses and engine heat rejection.

The general arrangement was also impacted by decisions to:

o Add power transfer and reduce the number of variable geometry elements-=-
This change precipitated further study to use the space vacated by the
variable geometry mechanisms for lower loss ducting and improved insula-
tion.

o Modify and enlarge the starter to provide a power boost to the gas genera- f
tor rotor during accelerations thereby providing improved transient re- |
sponse~~The engine driven accessory locations and drives were modified to
accommodate this change.

o Relocate the transmission--The engine was modified by shortening the en-
gine gearbox and reducing the length of the gasifier-to-power turbine in-
terconnecting duct.

The general arrangement that resulted from these studies and changes is shown
in Figure 5. The arrangement is also being used as a basis for the Mod I en-
gine design, accessory mounting, and installation studies. s
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Figure 5. = RPD Engine General Arrangement.
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Performance

At the beginning .. this reporting period a review of the AGT-100 design cen-
cept (ref. 2) was conducted. Detailed design work and supplier cost analysis
had indicated a high degree of risk and cost associated with the proposed ce-
ramic fully variable geometry configuratio. relative to the gasifier and power
turbine variable nozzle vanes. The objective of the review was to define a
lover risk and cost fixed geometry configuration with little or no driving
cycle fuel economy loss compared with the proposed fully variable configura-
tion.

The configuration selected was a two-shaft engine with power transfer. Tur-
bines and compressor outlet are of fixed geometry design and variable geometry
is retained in the combustor and the compressor inlet guide vanes.

Combustor variable geometry is required for emission control, and variable
compressor inlet guide vanes provide low power modulation. By modulating in-
let guide vanes at low power airflow, the gasifier idle speed can be raised
from that required for an all fixed geometry engine while minimizing fuel con-
sumption. The higher gasifier idle speed results in improved vehicle accele-
ration performance.

Table I is a tabulation of max power cycle parameters, predicted driving cycle
fuel economy, and predicted wide open throttle vehicle response for both the
fully variable geometry and the fixed geometry configurations. Table I shows
the fixed geometry engine to have 1.4X better driving cycle fuel economy than
the variable geometry engine, due primarily to improved component efficiencies
and a slower idle speed. Vehicle response (in time to 96.6 km/hr), is
reduced to an unacceptable level.

Several methods for improving vehicle response were investigated. Table II is
a summary of the results of this investigation including estimated fuel econo-
my penalty associated with each method for improving vehicle response. The
methods investigated are described below:

o Gasifier rotor hoost--Uses the engine starting motor to assist the accele-
ration of the gasifier rotor. Estimated usage is 152 one-second pulses
per 161 km (100 mi) of combined EPA driving cycle mileage. The fuel eco-
nomy penalty is based on a continuous battery recharging load of 0.33 kW
(0.44 hp).

o Gasifier rotor boost and scheduled power transfer--The specifications are
the same as above but with the addition of power transfer at the beginning
of the acceleration. The transfer is reduced to zero when gasifier rotor
speed increases to 60X. The transfer retards the gasifier rotor accelera-
tion and reduces the 4.0-second vehicle response but improves the 1l.0-sec-
ond response. The driving cycle fuel economy is the same as with rotor
boost alone.

o 55% gasifier idle speed--Gasifier rotor acceleratior time is reduced, and,
consequently, vehicle response is improved by increasing gasifier idle
speed. However, aa alternate method must be used to reduce steady-state
power to acceptable idle level. Two methods of doing this are 1) throttled
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compressor inlet or 2) exhaust gas recirculation to the compressor lulet.
Either method results in a loss of driving cycle fi 1 economy, the
throttled inlet being somewhat worse.
TABLE I. AGT-100 RPD ENGINE/VEHICLE PERFORMANCE
Engine Cor:ept
Fully variadle fied geowetry Change from
——fronetny vith power transfer vagtable to tixed Comment s
n Maz powet cYcle parametets
Altitude/ambient tesp, *C (°T) $L/1% (3% L1819
Shaft power, kW (hp) Th.6 (100) T4.6 '00)
Specific fuel coneumption, ug/W.h (1ha/hp-h) 214.% (03527 198,11 (0.32%7) -7.72 Improved cvzle performance
Cospressor inlet air flow, kg/m (1dw/e) 0.17 (0.81) 0.4 (0.76) -8.2% To maintain 74.6 ki (100 hp)
Compresser pressure ratio 6.9 3
Gesiffer turbine inlet temp, °C (P 1288 (2330 1288 (273%C)
Component effictemy
o Comptesune (T°$), 2 RO, " LFs ] +2.7 pts. Reduced serodynasic losses
s Regenerstor, % %%, Y4a. " +0.6 rts. leduced flow
o Burnet 99.% 49.9
o Gasifler turdine (T-T), e LT +1.0 pts. Reduced aserodynesic losses
o Power turhine (T-T), 3 RS.4 LU +1.1 pts. Reduced asrodynasic losses
Total duct pressure loss, I 1%.¢ 15, -3.9 pts. Reduced flovw and (mproved
design
Secondary flow, I "0 N «1.0 pts. feduced turbine vane leshage
Primary flov peth “est retection, kW ‘dtu/s) et (261.4) 2.8 0 1Y0) -eAX leproved {nsulation
Mechanica]l loss, kW (%p) 5.0 (8.0} S.R (LAY -2.52 improved bearing and spin
losses
n Driving cycle fuel econcmy
Gastfter {dle spoed, I %0 <0

Driving cvele fuel economy®, km/L (mpE)

o Wide open throttle vehicle response

] re2.9)

HLES IEC PRV

Casiflor 1dle speed, L] 50
“ax gasifier turdine inlet temp, ‘C ("D 134) (26%50) 1%) (2650)
Rotor sccel time, idle o 1062, o 1.9 .9

4 N
Gastfler rotor inertts, vg-9° (Itin."}
Ergine output tnertis kg-» lhwtn.")
Vehtcle performance

2.,000% (1.92)
DJ1R7S (660,7

.00071 12.4))
Q.2983 (AR2.M)

o Distance in 1.0 sec, & (t¢) 1.4 (3.8) 0.30 (1.0) ®oFez, SL 15°C (39°F)
a Diatance tn «.0 sgc, ® : 12 IR,7 (94) le,h (a%)
2 Time to Yh.h km hr R0 aph), e 13.0 18,3

TABLE II.

AGT-100 RPD ENGINE/VEHICLE WIDE OPEN THROTTLEZ RESTONSE AND

DRIVING CYCLE FUEL ECONOMY

Tise to
Sasifier Distance in Distance in  98.6 ka/hy Rotor accel Oriving cvele
1dle speed Canifler Scheduled i.iow, ~.U 8, i»0 aph), time fuei econ,®
1 rotor Soust  pover teanstef w ifty aife) ] s W/l wpg)
Rase fized gecmel?vy v powmr t(Tanster 0 No No 2,30 (L. lu.h (o8) 15.3 2.490 8.3 el )
5 setiflat roror hoost 30 Yas No .9 (1.3 0.1 (68 160 2.00 7.0 relied
: issifier rotor Moost and
scheduled power tranefer’ s Yes Yes «b 1.3) 9.2 A L. .18 7.6 ial.e)
s S%2 idle, throttled iniet A3 No No Claad 8.0 .8l le, 7 2.e8 1. 4kl )
8T idle, exhavet gas recifoulation ] Ne No e3 il H.ECI 3} et N DTLY el

eNpRY SLOLNTC 9t

Yhie cese selected Tor WP,

‘; A
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Optimization of compressor inlet guide vane schedule for best driving cycle
fuel economy is shown in Table III. The optimum schedule shows a 1.0% fuel
economy improvement relative to the base 0° IGV schedule.

TABLE III. AGT-100 RPD INLET GUIDE VANE OPTIMIZATION FOR FUEL ECONOMY

oPé2 B 13°C (39°Y)

Nominal ICV O=deg 10-deg 40~deg $0-4eg Optimised
trgine Casifler Driving cycle

Point powet, speed, time/ 161 km (100 ®1), Tuel rate, Fuel tate, Fuel rate, Tuel rate, Fuel rate,
So.& ™ (%) 2 h kg/br _(ive/h)  xg/h (ide/h)  kg/h (lbe/h)  kg/h (ibw/d)  kg/h  (1be/hn)
1 b} “n n 0.038 .92 (13.2%) 6.9¢ (15.39) 7.32  (16.14) 8.02e%  (17.60) »92 (1329
H k3] [$3)] b2} 0.098 .87 (10.78) .87 (10.7)) 496 (10.94) Jube (12.44) 4,87  (10.73)
) 1§ (19) 75 LIRS} 431 (9.5 421 (9.2%) 4.03  (8.9)) .21 (9.29) 405 (3.9))
¢ 19 %) 60 %.3N 3.93 (8.98) 3.93  (8.6]) 3,98 (8.77) 4,32 (9.30) 393 (8.00)
s 12,3 (1e.3) 61 0,423 2.77  (6.10) 2.7%  (6.08) 2,802 (6.2D) 2.4 (8.0 2.7%  (0.06)
n 0.6 "14) 32 0,408 2,48 (5.30) 2.«8  (3.40) 2,50 (5.32) 2,60 (3.73) .48 (3.48)
? 9.3} (1M ol 0.207 246 (539 2.6 (3.30) Zaas (58] 2.5 (3.6%) 2,66 18.37)
L] 3.2 N 41 0.719 1.3 (3,40) .52 ().3e) .52 (3.3¢) 1,59 (3.50) .52 (3.8)
9eee .3 (1.8 23 1,669 2.86 (1.86) 0,804  (1.86) 0.86  (l.88) 0.8 (1.89) 0.84  (1.88)

Fuel used par 161 ks (100 ai), kg (1dm) T.48 (16,56, V.66 (14.40) T.a8  (16.48) T.84 (17.29) Y 3 (16.34)

Tuel economy, ka/L (ampg) 18,32 143.10) 18.42 (43.3%) 18.34 (43.14) 17,48 (el.11) 18,30 (eX.91)

Parcent change {rom dase BSese +0.¢ +0.1 ~6.b *1.0

*Nine steady state points representacive of the combined Federal Driving Cvcle
aet0-dog ICV
*e0pl] {die polnts at 40-deg 1CV

Figure 6 is a study of vehicle creep speed at 50 and 55% gasifier idle speed
showing estimated creep speeds of 1+.5 km/h (9.0 mph) at 50% idle and 19.3
km/h (12 mph) at 55% idle.

Figure 7 shows estimated engine braking power versus vehicle speed in each
transmission gear range. A 1980 Pontiac Phoenix spark ignition engine braking
chart is shown for comparison.

A diyital computer prograr, which combines the engine component matching pro-
gram with vehicle simulation and control simulation programs, is being devel-
oped. The engine simulation has been updated to include heat rejection, heat
storage, and volume dynamics. The program will be used for control mode stud-
ies and to predict vehicle driving cycle fuel economy and transient perform-
ance.

Mod I
Estimates of AGT-100 Mod I performance indicate that fuel economy will be 1l 1

km/L (26 mpg) with 70% gasifier idle speed. Wide open throttle vehicle re-
sponse from idle is:

Distance in 1l s 0.5 m (1.7 f¢)
Distance in &4 s 14.3 m (&7 ft)
Time to 96.6 km/h (60 mph) 29.7 s
Rotor accel time (idle to 100%) 1.8 s
Gasifizr rotor boost Yes
Scheduled power transfer Yes
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Work is continuing to further refine the Mod I cycle by incorporating updated
component performance and secondary flow system characteristics.

2.2 MOD1

Design

The Mod I engine design 1s essentially the same as the RPD except in areas
where technology advancements require demonstration before committing to en-
gine hardware. These consist of some of the ceramic flow path components in-
cluding the turbine rotors.
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Figure 8, - Mod I General Arrang:zment.

The close similarity of the RPD and Mod I engines allowed the Mod I detailed
design layouts to be initiated fcom the RPD general arrangement. The Mod I
general arrangement has recently beon completed and is shown in Figure 3.

Accessory mounting and external arrangement work, as well as installation in
the vehicle, has been accomplished to date based on the general arrangement,

individual design layouts, and sketches.

Fabrication

Tooling for selected eagine parts and long lead time 1tems have been ordered.
These items include:

o Metric cutters for gears

o Gears

0o Compressor impelier assembly
o Inlet duct

WEse e
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o Compressor scroll
o Compressor shroud i
o Metric bolts, washers, seals
0 Bearings

o Assembly tooling

Compressor impeller blanks were ordered and have been delivered. Machining on
these items has been initiated.

In addition to the above, engine block casting and casting tooling vendors are
being selected with tooling release expected during the next reporting period.
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III. COMPRESSOR DEVELOPMENT

3.1 COMPRESSOR AERODYNAMIC DEVELOPMENT

This section describes the aerodynamic design of the single-stage centrifugal
compressor engineered for use in the AGT-100 engine. This compressor design
as well as three inlet variations, has been released for hardware procure-
ment. Compressor rig testing and development are scheduled to begin during
the next semi-annual reporting period.

The AGT-100 compressor illustrated in cross section in Figure 9 satisfies all
automotive installation requirements and incorporates DDA's latest technology.
It also makes use of variable inlet guide vanes (IGV) to enhance low-power
engine performance. The aerodynamic design features and background rationale
used in the compressor design are included in this document.

Design

The AGT-100 compressor must satisfy a wide range of operating requirements.
The engine was sized to provide sufficient power for suitable driveability and
high-altitude operation even though operation occurs mostly at low power set-
tings. Table IV outlines compressor operation through the range of steady-
state driving conditions.

TABLE IV. AGT-100 COMPRESSOR OPERATING POINTS

Design point,

48 km/h 80 ka/h standard day,
ldle (30 =ph) (50 aph) 3ax power
Equivalent flow,
L s " %g/sec (lbm/sec) 0.10% (0.231) 0.107 (0.23%) 0.134 (0.299) 0.347 (0.764)
Equivalent speed,
N/JF . rad/s (rpw) 4405 (42063) 4405 (42065) 5290 (50513) 9027 (86200)

Equivalent speed,
Percent of design 48.8 «8.8 58.0 100

Pressure ratio
Total/static 1.41:1 1.56:1 1.84:1 4.5:1

Efficlency goal,

Tar-s 74.9 80.1 8l1.6 82.8

IGV induced preswirl,
deg from axial 50 0 0 0

The compressor design point is the maximum power operating condition, with
parameters biased selectively for part power operation. Review of the current
state of the art, as represented by the DDA Industrial Gas Turbine (IGT),
reveals that the efficiency goals of the AGT-100 are quite aggressive. Ad-
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justment of the IGT compressor performance for size effects in Table V reveals
that a 2.5% efficiency improvement will be required during the program.

TABLE V. AGT-100 COMPRESSOR PERFORMANCE CHALLENGE

83.02 gp-g @ 4.5:1, WVY9/8 = 2.0 kg/s (4.5 lbm/sec) - IGT compressor
=2.7 Size effect to 0.34 kg/s (0.76 lbm/sec)

80.3%2 state of the art at 4.5:1, Wy@/s == 0.34 kg/s (0.76 lbm/sec)
82.82 AGT-100 efficiency goal

2.54 Improvement required

To meet the goals of Table IV, an efficiency fall off with reducing speed must
be minimized. The AGT-100 compressor design uses the philosophy incorporated
in the IGT compressor. Use of this technology should enhance design point
performance and provide for a very favorable efficiency-speed lapse as demon-
strated by the IGT. While this flat lapse-rate enhances the AGT-100 low-power
fuel economy, variable inlet guide vanes are also employed to meet the lowest
power efficiency goals. These vanes provide preswirl ir the direction of ro-
tation to efficiently reduce impeller work and flow. Cycle simulations indi-
cate that the vanes improve fuel economy at steady-state operation below 48
km/h (30 mph). The compressor also uses DDA's patent-pending inducer shroud
bleed. The bleed slot is positioned a short distance aft of the impeller
leading edge and communicates with ambient conditions. At low speed, pressure
rise in the inducer causes flow out of the slot. Therefore, more flow is gen-
erated through the inducer, which reduces inducer incidence and alleviates
stall if it exists. At high speed, near choke, the static pressure in the
inducer is less, and flow occurrs inward through the slot. This flow bypasses
the throat, which effectively increases the impeller flow capacity. For a
given flow requirement, the inducer can, therefore, be closed slightly, which
further improves low flow performance.

The AGT-100 compressor configuration is challenged in its automotive applica-
tion. Constraints result from the operational environment, underhood space
limitations, and engine features incorporated to enhance fuel economy and re-
sponse. Major constraints include:

o Provisions for air filtration

o Length and diameter restrictions

o Bearing span and shaft geometry configured to satisfy critical speed re-
quirements

o Engine configured for power transfer

o Engine configured for regeneration

The specific impact of these considerations is discussed in the following de-
sign section.
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Inlet/IGV OF POOR QUALITY

Three IGV configurations and two inlets have been designed. Two of the IGV
configurations are axial and are designed for use in the same axial duct. One
of these, designated the prime design, has low camber and should provide good
performance from the axial setting through 40 or 50 deg of preswirl. The
alternate axial IGV design has increased camber for more preswirl capability.
The third IGV configuration is a radial design and is intended for use with
the second inlet configuration. This inlet is a modification of the basic
design.

The inlet configuration is a compromise between available space and aerodynam-
ic considerations. Underhood space limitations precluded the use of a large
single-element air filter and an axial air inlet. As shown in Figure 10, two
smaller air cleaners are used to achieve adequate filtration with acceptable
pressure loss. Each of these is ducted to individual ports of a bifurcated
compressor inlet. These ports are perpendicular to the compressor centerline
and are located opposite of each other. The use of two opposed ports is felt
to reduce the probability of inlet distortion compared to use of a single port
asymmetric inlet. Pollution considerations require that all engine leakage
air be routed through the gearbox and ducted back to the inlet providing posi-
tive internal ventilation. This vent air enters halfway between the ports on
the left side (see Figure 11).

Air Air
cleaner cleaner
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housing
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Figure 10. - AGT-100 Air Ialet Ducting.
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The inlet has an annular plenum in the plane of the ports, which feeds the
axisymmetric ducting ahead of the impeller. This plenum is symmetric from
port to port with the exception of an internal bump that encases the power
transfer drive. This drive is perpendicular to the compressor centerline and
the output shafting. Viewed from the front this drive is located 45 deg
counterclockwise from the center of the bottom port.

The inlet system is shown in Figure 1ll. The compressor shroud forms the tip
wall contour forward of the impeller. The hub wall is formed by a centerbody
piloted in the inlet duct and by the shafting just forward of the impeller.

Several design compromises were necessary to satisfy shafting critical speeds.
For example, the inlet duct length was minimized to shorten the bearing span
at the expense of increased local surface diffusion. Also, restrictions on
the centerbody diameter in the region of the front bearing constrained the hub
flow path.

Despite these compromises, an iterative definition of wall shapes provided for
duct flow with no evidence of boundary layer separation. Boundary layer cal-
culations using design point duct surface velocities shown in Figure 12 indi-
cate that neither these flow conditions nor those resulting from low—-power
operation should produce any separations.
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Figure 12. - AGT-100 Axial Duct Velocities.
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The axial IGV's have a rotational axis that is canted 15 deg off a radial line
in the meridional plane. Vanes are located approximately 19 mm (0.75 1in.)
ahead of the impeller. They are cantilevered from a full chord length but=
ton. The button employs a modified spherical shape to avoid any projections
into the tip flow path as the vane is reset. The vane hub section opposes a
conical flow path to minimize arc drop clearance increase as the vane 1is re-
set. The vane hub chord has been minimized to further reduce arc drop effects.

The prime IGV design incorporates fifteen vanes having 15 degrees of camber
and is shown in Figure 13. The vane profile was generated using an analytical
curvature specification procedure. Vane surface velocities were generated for
conditions spanning the range of intended usage. Vane shapes were selected
using an iterative generation-surface velocity analysis procedure. The se-
lected vane provides for separation-free operation at both design point and
idle conditions with up to 40 deg of preswirl. Design point, idle with 20
deg, and idle with 40 deg of preswirl surface velocities are shown in Figures
14 through 16, respectively.

Alternate Axial IGV

The alternate axial IGV configuration is a direct replacement item for the
prime IGV design. Its profile is shown in Figure 17. It was designed using
the same procedure as the prime design. It employs 32.5 deg of camber to in-
crease the IGV turning capability. Analysis of this vane indicates that it
should be capable of more than 60 deg of turning at idle flow without any sep-
aration. The van:, however, has excessive diffusion in the design point oper-
ating mode, and a local separation is predicted near the pressure surface
leading edge. Surface velocities for this vane at design point and idle with
40 and 60 deg of preswirl are shown in Figures 18 through 20, respectively.
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Figure 13. - Prime IGV Design Cross Section.
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Figure 16. - Prime IGV Idle (40 deg Preswirl) Surface Velocities.
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Figure 17. - Alternate Axial IGV Cross Section.

Alternate Radial Inlet/IGV

The third inlet/IGV configuration, as shown in Figure 21, is a radial design
that maintains the bifurcated inlet features. The outer diameter of the guide
vane cascade permits a 360° plenum to exist outboard of the cascadcv, but with-
in the inlet duct. To minimize required hardware modifications, the radial
duct uses as much of the axial duct contour as possible. Boundary layer anal-
yses indicated that this modified duct should have no separation at any oper-
ating condition. Figure 72 presents the wall velocities for the radial duct
at design conditions and for idle with 30 deg of preswirl.

The radial vane was generated using the same generation-analysis system as the
axial vanes. The vane shape shown in Figure 23 provides for separation-free
operation from design flow to idle with 40 deg of preswirl. Vane surface ve-
locities for these design point and idle with 20 and 40 deg of preswirl are
shown in Figures 24 through 26, respectively.

The effect of both radial and axial IGV's on inducer flow conditions was as-~
sessed. A comparison cf inducer incidence for varied levels of preswirl out
of the IGV is shown in Table VI. Both axial designs will produce the numbers
listed.

DDA and external source data for compressors with IGV's, both axial and ra-
dial, show efficiencies peaked at 20 to 40 deg of preswirl for low and inter-
mediate speeds. At the peak efficiency setting, a slight flow reduction was
incurred. Larger values of preswirl produced significant flow reductions, but
this was largely a result of simple pressure drop in the IGV's.

28



Covcn oy
OF PUUIL QuaiLi Y :
Legend !
O Suction surface
OPressure surface
UFreestream relative velocity

0.6
@)

0.4 z°988eeeeaee999888888888888

Tip
y

: ﬁ O Meridional chord = 13.79 mm (0.543 in. )
3 0.2}

| 2
& E 0& ] 1 1 1
§e 0 0.2 0.4 0.6 0.8 L0
, K Meridional chord ratio
2 0.6
i o)

OL; 1 | 1 |
0 0.2 0.4 0.6 0.8 1.0

Meridional chord ratio

TE80-921

Figure 18. - Alternate Axial LGV Design Poiat surtace Velocities,




ORIGINAL 7
OF POOR GuUAL:Y
Legend
O Suction surface
O Pressure surface
¥ Freestream relative velocity

0.6
0.4 Tip
. Meridional chord = 11,86 mm (0,467 in.)
0.2 Poooooooo
0000000000009 o
938838
i £0000000000000C000
g 0 1 | | 1
E 0 0.2 0.4 0.6 0.8 1.0
e Meridional chord ratio
>
o 0.6
2
=
o Hub
0.4 Meridional chord =7.82 mm (0.308 in.)
0-2M0000000000000000
00
(000000000000%C
Joo°
0 | | ] ]
0 0.2 0.4 0.6 0.8 1.0
Meridional chord ratio
TE80-922
Figure 19. - Alternate Axial IGV Idle {40 deg Preswirl) Surface Velocities.

30



QO Suction surface
O Pressure surface
¥ Freestream relative velocity

ORig o=

0.4
Tip
Meridional chord = 8,6¢ mm (0,342 in.)
0.2 OOO Q
°000wooooooggeev
0000
oooO°°°°°o
o 0 Je=LoN i
'*§ 0 0.2 0.4 0.6 0.8 1.0
= Meridional chord ratio
8
2
s
= 04
& Mendlonal chord =5.74 mm (0.226 in,)
oooo
000°
0 & 1 A Y 1
0 0.2 0.4 0.6 0.8 1.0
Meridional chord ratio
TES0-923
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Figure 26. - Alternate Radial IGV Idle (45 deg Preswirl) Surface Velocities.

TABLE VI. INDUCER INCIDENCE AT IDLE AS A FUNCTION OF IGV PRESWIRL

Vane exit Incidence
configuration/preswirl Hub Shroud

(measured from

meridional)
Radial 20 deg +17.1 deg +10.7 deg
Radial 30 deg +11.8 deg +10.3 deg
Radial 40 deg + 1.9 deg + 9.8 deg
Axlial 30 deg +10.1 deg +10.2 deg
Axial 40 deg + 1.4 deg + 9.9 deg
Axial 50 deg -20.9 deg + 9.9 deg

Experimental evaluation of the three IGV configurations will serve to:
o Identify the IGV most effective at efficiently reducing part speed flow

o Determine if an IGV can provide a more significant flow veduction than has
been demonstrated in the past
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Basic impeller design parameters were selected using previous preliminary de-
sign studies (ref. 2) and recent DDA industrial gas turbine (IGT) compressors
development experience. At the AGT-100 cycle pressure ratio, DDA experience
indicates 50 deg of backsweep as being aerodynamically desirable and mechani-
cally achievable. Preliminary design efforts resulted in selection of 16 full
blades/16 splitters to achieve blade loadings comparable to those of the IGT.
A compatibility study, between the compressor and turbine, resulted in a spe-
cific speed selection of 80. Compressor specific speed is defined as:

3/4

(

&2 (Rc(y-l)/v_l) T

c_J]
Tlp

The effect of inlet specific flow and hub/tip ratio on design-to-idle inci-
dence growth has been assessed and is shown in Figure 27. Increasing hub/tip
ratio and decreasing design point specific flow reduces the design-to-off de-
sign incidence swing. Minimization of the inducer tip relative Mach number is
achieved by assigning moderate specific flows, 146-161 kg/m *s (30-33 1bm/
ftz-sec) and as small a hub/tip ratio as practical. The hub/tip ratio was
constrained by a minimum hub value required to satisfy rotor critical speeds
and impeller bore provisions. These and other aerodynamic considerations led
to selection of a design point specific flow of 146 kg/m *s (30 1bm/ft-

sec) and an inducer hub/tip ratio of 0.45.

Subsequent engine cycle modifications reduced the final specific inlet flow
value to 143 kg/m *s (29.3 lbm/ft2-sec). This value of specific flow
provides for a 0.93 relative tip Mach number, relative tip flow angle of 60.7
deg, and a near minimum design-to-~idle incidence swing.
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Figure 27. - The Effect of Inlet Specific Flow and Hub/Tip.
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The flow-path length was selected after assessing the shroud velocity diagrams
from the preliminary designs. The selected length scales closely to the IGT

impeller. The length provides for moderate shroud curvatures.

The impeller exit width was selected to provide for a impeller exit absolute
flow angle of 80.0 deg. This angle was felt to be a limiting design value and
allows for the possibility of maximal impeller diffusion. The large exit
width which results adds flexibility to the development program. Variation of
the original width, the shroud contour and the exit width is included in the
test rig program.

The impeller diameter was set at 60.07 mm (2.365 in.) using DDA's performance
model. This model uses a jet/wake concept in which flow in the jet is con-
sidered isentropic. Flow in the wake includes the inviscid effects. The jet
and wake are then mixed to arrive at impeller exit flow conditions. Basic
impeller and diffuser performance parameters must be input. These are derived
from empirical correlations. Assumed performance parameters were estimated
conservatively since the data base is significantly smaller than that used in
establishi.ig the basic correlations. This approach should minimize the possi-
bility of not achieving the desired pressure ratios using the original hard-
ware.

The compressor uses DDA's inducer shroud bleed. Feasibility was demonstrated
using a reduced flow capacity IGT compressor. The bleed slot location and
size was scaled from that test. The slot is 4.28 mm (0.170 in.) wide and is
centered at 16.5% of the shroud meridional distance.

A summary of the impeller design parameters is presented in Table VII.

TABLE VII. AGT-100 IMPELLER DESIGN PARAMETERS

Design corrected flow, kg/s (lbm/sec) 0.35 (0.76)
Stage design pressure ratio, total-to—static 4.5:1
Design corrected speed, rpm 86,200
Design specific speed 79
Design inlet specific flow, kg/mz's (lbm/ft2-sec) 143.1 (29.3)
Inlet hub/tip ratio 0.45
Inlet hub radius, mm (in.) 14.00 (0.551)
Inlet tip radius, mm (in.) 31.09 (1.224)
Mrel Tipiplet (design point) 0.93
Axial flow=-path length, mm (in.) 38.10 (1.5)
Number blades/splitters 16/32
Inducer bleed location, % meridional distance 16.5
Inducer bleed width, mm (in.) 4.32 (0.170)
Impeller exit backsweep, deg 50
Exit radius, R, mm (in.) 60.07 (2.365)
Impeller exit width, mm (in.) 5«44 (0.214)
Impeller exit angle, deg 80
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The impeller internal design parameters were assessed using a computer pro-
gram which provides for an axisymmetric radial equilibrium flow solution, in-
cluding the effects of enthalpy and entropy gradients. The flow-path shape,
blading angles, and blading thicknesses were iteratively adjusted to alter
diffusion rates, loading distributions, and stress levels.

The impeller flow path is shown in Figure 28. The leading edge of the split-
ters are positioned in a plane perpendicular to the centerline as indicated on
this flow path.

The impeller blade thicknesses are presented in Figure 29. The thicknesses
were adjusted in the inducer region to allow adequate draft for stability.
They also reflect exit region thickness modifications, which reduced the im-
peller bore stress. Blade elements and blade normal thicknesses are linear
between equal meridional locations on the hub and shroud.

The design point impeller relative velocity distributions are shown for hub
and shroud sections in Figures 30 and 31, respectively. The: hub distribution
limits the inducer suction surface diffusion to 45 m/s (148 ft/sec). The
shroud exhibits essentially linear diffusion from inlet to exit. At design
point the impeller choke flow margin is S.3%Z. The impeller is set to this
relatively small choke margin to enhance low-speed performance and to improve
the potential shroud bleed performance.
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Figure 28. - AGT-100 Impe’ler Flow Path.
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Design running clearances are 0.076-0.18 mm (0.003-0.007 in.) over the inducer
and 0.127-0.229 mm (0.005-0.009 in.) at the exit. While smaller clearances
are desirable, these values were achieved only after a careful review of the
mechanical configuration and stack tolerances. An abradable coating now under
development may provide the potential for clearance reduction at a future time.

Diffuser

The AGT-100 uses a modified wedge, vane island diffuser. The diffuser vane
cross section is shown in Figure 32. The diffuser has 21 vanes and employs a
vaneless space of length equal to 8% of the impeller exit radius. The vane-
less space meridional flow path has a 15% contraction, which produces an
annulus area ratio between impeller exit and diffuser inlet of 0.939. The
meridional vaneless space contraction allows for some impeller exit width
reduction during development without incurring a smoke shelf configuration.

The flow path through the diffuser vane has a constant axial dimension so that
the 4.04:1 diffuser area ratio is achieved using an 8.5-deg divergence between
vane walls. The diffuser passage inlet throat, w,, is nominally 4.31 mm
(0.170 in.) and the meridional width, b,, is equal to 4.7 2 mm (0.186 in.),
Therefore, the diffuser throat aspect ratio, b/w, is 1.10. Thic diffuser geo~-
metry is shown in Table VIII.
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Figure 32. - AGT-100 Diffuser Vane Section.
TABLE VIII. DIFFUSER GEOMETRY s
Numpoer of vanes 21
Vane inlet radius, Rj 64.87 mm (2.554 in.)
Vane exit radius 129.5 mm (5.10 in.)
Vane leading edge radius 0.25 mm (0.010 in.)
Design incidence (pressure surface) ~-0.25 deg
Suction surface radius of curvature 446.3 mm (17.57 in.)
Passage divergence angle 8.50 deyg
Design inlet throat dimension 4.32 mm (0.170 in.)
Meridional width 4.72 mm (0.18b in.)
Design vaneless space, R3/R; 1.08
Design area ratio 4.04
Throat aspect ratio 1.10

Collactor

The AGT~100 regenerative engine configuration requires a compressor exit col-
lector. A front view and a typical cross section of the collector are illus-
trated in Figure 33. The collector is an overhung single exit port design.
C-oss sections beginning with the minimum scction at the tongue or splitter
are maintained as circular as possible to minimize friction losses. Tne mean
radius of each section is placed at the diffuser exit radius. This placement
is a compromise between overall size and increased loss assoclated with lower-
ing the collector radius relative to the diffuser exit radius.
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Figure 33, - AGT-100 Compressor Collector.

The collector provides for an approximate 2:1 area ratio dump for flow exiting
the diffuser. This reduces the collector through-flow Mach number to minimize
the pressure drop. The exit Mach number is computed to be 0.08, which is re-~
quired to minimize losses in the regenerator ducting.

The collector was designed to maintain a circumferentially constant static
pressure at design operation. A nearly linear area distribution was used be-
cause analysis indicated that such a distribution would closely approximate
the constant pressure condition. The minimum section under the tongue has an
area of 25.8 mm? (0.04 in.2) to allow for some recirculation in order to

avoid stalling or separation at this point. The collector area then increases
to 3426 mm? (5.31 in.2) at the collector exit.

Rig Design

An auxiliary gearbox is required to increase the speed capability of the DDA
compressor test facility. A 3:1 step-up ratio is needed to keep gear and
bearing loaiss and speeds within acceptable limits. This design 1s shown on
Figure 34. The gearbox is designed for 96,000 rpm output shaft speed. All
detailed drawings are completed and parts released for fabrication.

The compressor rig design is shown in Figure 35. The compressor rig will be
mcnnted on the auxiliary gearbox and driven by a splined coupling shatft be-
tween the auxiliary gearbox output shaft and the test equipment shaft. This
latter shaft replaces the gasifier turbine rotor and serves as the tiebolit for
the rig rotor. The rig will use the engine inlet, which provides a bifurcated
pinum. The necessary elbows and tubes will adapt through a piate to the
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existing test rig inlet plenum. The inlet configuration i{mproves accrssabilie
ty to the rig and should provide adequate spacec for mountinyg a strain gage
signal transfer device to be requi-ed at a later time. The r:g will use en-
gine parts except in those cases where procurement could be expedited by re-
piacing castings with machined parts or (as in the case of a number of parts
in the rear bearing area) where materials with lower temperature pruperties
can be used. The dynamic analysis of the rig indicated that use of the test
equipment rear support eliminated the necessity for a mass isolator. Conse-
quently, the rear bearing cage will be provided. The rig design permits re-
placement of the test equipment parts by engine parts in subsequent portions
of the compressor rig program.

The engine scroll is modified to provide four tubes which port the inducer
bleed Wir Lo an external control system. This wiil allow investigation of the
effect c¢f inducer flow rates on compressor performance during the rig testing.
The external system includes an ejector, flow measurement devi.es, and appro-
priate valving that wiil allow a controlled var® tion of the inducer bleed
cavity sink pressure.

The layout and most of the detailing was completed on the test equipment
parts. Only a few engine parts replacements in the rear bearing area remain
to be detailed.

3.2 COMPRESSOR MECHANICAL DEVELOPMENT
Design

The engine gasifier module is configured such that the compressor impeller and
gasifier turbine rotor ar» mounted on two ball bearings. An angular contact
bearing (No. 1) is forward of the impeller, and a split ball bearing (No. 2)
is approximately midway between the compressor impeller and the gasifier tur-
bine rotor. The No. 1 bearing mounts in the center body, which in turn is
attached to the inlet duct. The No. 2 bearing mounts in the bearing support,
which has attached to it the scroll, compressor diffuser shroud, and retaining
ring. The variable geometry inlet guide vanes are asscambled into the shroud
and operated by a levei, ball, and separator mechanism. The power transfer
drive bevel pinion attaches to the end of the compressor impeller shaft and
drives through a vertical shaft, bevel gearbox, and horizontal shaft back to
the power transfer ciutch in *tihe gearbox. The general arrangement of the com-
pressor module is delineated :iu Figure 5, Section 2.l. {(See Section V1II for
further details of bearings, shafts, gears, etc.)

Compressor Rotor aad Diffuser

The initial prototype impellers are machined firom a solid cast billet (produc=-
tion impellers will have the blades and splitters processed in place). The
diffuser selected is a fixed-vane channel type with 21 wedge-shaped vanes.

The compressor rotor is an aluminum iipeller pressed onto a steel shaft. Heat
transfer and sticss analysis studies are complete.
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Inlet Guide Vane

The 15 variable geometry vanes have a range of 75 degrees from idle to full
power. This movement is accomplished by a vane-mounted lever engaging a ball
contained in a separator ring, which is moved by an externally mounted
actuator. The vane bushing and lever bill are plastic material to reduce ;
frictional losses. Work continues on the selection and mounting of the IGV :
actuator.

e - e e 28

Containment

One of the design objectives of the engine program is to ensure containment of
the compressor impeller should a burst occur. An analysis of the capability
of the compressor cover to absorb the energy of the impeller failure was com-
pleted. The revised compressor configuration shown in Figure 5, Section 2.1,
will provide containment to 150% cf the impeller design speed, whereas impel-
ler burst with =3 material will be at 144% speed. Experience on the IGT en-
gine indicates that elastic and plastic deformation of the compressor impeller
will produce rubbing with the cumpressor cover at speed only slightly above
the design speed. This rubbing rapidly becomes self-perpetuating because of
heating of the impeller and material transfer to the cover, and a rotor termi-
nal velocity is achieved at less than 115% gasifier rotor speed. The similar-
icy of the configurations between the IGT and AGT-100 compressors would sug-
gest that the same sequence of events would occur and that containment capaci-
ty of the cover is more than adequate.

Work is proceeding on static deflections of the bearing support and surround-
ing structure to provide hot and cold compressor tip clearances. Ribs were
added to the shroud support fingers to reduce the local bending stress in that
area. The layout of the shroud was revised and pattern equipment is ordered.

Compressor Structural Analysis

The impeller was analyzed for three conditions:

o Cold build, or assembly

o Standard day ambient inlet, 100% design speed (86,200 rpm)

o Ambient inlet temperature of 52°C (125°F), maximum overspeed of 115%
(99,130 rpm)

The standard day ambient inlet, 100% speed operating condition was used to
evaluate the low cycle fatigue life of the impeller and the high cycle fatigue
margin of tre blade. The hot day overspeed (125°F day, 115% speed) was used
to evaluate the yield criteria and to determine the burst speed of the impel-
ler. The hot day overspeed condition was also analyzed to ensure that the
radial pilot between the shaft and impeller bore is maintained.

Two finite element models have been employed in analyzing the impeller wheel:
o Triangular Plate Model - This model consists of separate blade and back-
plate substructures, joined together by constraint equations. The model

is used for preliminary sizing of blade and backplate thicknesses, and for
the final hot-to-cold geometry iterations.
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o 3-D Cube Model - This model includes the entire wheel and blade, and a
detailed modeling of the fillet between wheel and blade. This model cal-
culates the concentrated stress in the fillet, and allows determination of
the stress concentration associated with the peak stress.

The low cycle fatigue goals for the AGT-100 impeller are based upon the com
bined urban and highway EPA driving cycle. To evaluate impeller stresses, the
speed excursions associated with the driving cycles are reduced to an equiva-
lent number of zero to max rpm cycles. The total design life of 100,000 miles
is equivalent to 33,600 zero to maximum rpm cycles. The impeller material is
expected to be silverless KOl aluminum (AA-206). Low cycle fatigue lives are
based on smooth bar test data for that material. A material LCF model was
developed from these test data.

The results listed below pertain to the final configuration impeller:

o Low Cycle Fatigue (LCF)
The low cycle fatigue lives of the impeller are summarized in Table IX.

o High Cycle Fatigue
The high cycle fatigue margins for the blade and backplate are summarized
in Table X. The regions identified are areas of high mean stress, or lo-
cations of maximum vibratory stress for the computed modes.

o Burst Speed
The impeller wheel has a calculated burst speed of 115,000 rpm, or 133%
speed using -3o material properties. The burst speed with mean properties
is 124,000 rpm, or l44% speed. Burst occurs when the average tangential
stress exceeds 91% of the ultimate strength.

o Impeller Yield
Design criteria require that no significant volume of material exceeds
yield strength, to ensure no permanent deformation of the wheel shape at
125°F ambient inlet, 115% speed. Although some local yielding occurs in
the bore, this will not result in bore deformation.

o Radial Pilot Contact
A radial interference fit of 0.048 mm (0.0019 in.) between the impeller
bore and shaft is sufficient to ensure radial contact at 125°F ambient
inlet, 115% speed.

The computed average (mean) low cycle fatigue iife of 12,500 cycles is not
considered desirable. A materials program has been started to evaluate
strength lmprovement by prestressing. See Section 9.1.

A thermal and stress analysis is in process to determine the structural de-
flections of the compressor shroud and surrounding structure that reflects on
compressor blade tip clearance. Design effort continues on the power transfer
bevel drive and gearbox, variable geometry inlet guide vane mechanism, and the
turbine bearing support.

Power Traasfer

The power transter drive consists of a clutch in the gearbox and connecting
shafting to the gasifier rotor. A horizontal quill shaft connects the main
reduction gearbox to the bevel drive gearbox, which 1is attached to the inlet
duct. The drive to the compressor rotor is accomplished by a radial sharft
with bevel gears at each end. The design of the drive 1s nearing completion.
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TABLE IX. AGT-100 COMPRESSOR IMPELLER LOW CYCLE FATIGUE

A {
g ORIGINAL PACE 18 !
OF POOR QUALITY
C
¥
D
Stress—-—MPa (ksi) Life-cycles
Location Mean Alternating Maximum Mean =3
Blade
A 228 (33.1) 114,000 43,900
Backplate
B 259 (37.6) 52,200 21,400 N
Wheel
C 139 (20.2) 140 (20.3) 279 (40.5) 22,500 9,100
D 371 (53.9) 98 (14.2) 470 (68.1) 12,500 6,800
Noise

An analysis to determine the amount of rotor noise reduction required to pro-
duce a comfortable near-vehicle noise ievel was conducted. Noise from gear
mesh induced tones is not predictable and will be measured during engilne test.




TABLE X. H_.H CYCLE FATIGUE MARGINS FOR THE AGT-100 IMPELLER

Y
- R = 2.365
oRiciAL F&‘-'«'"’—\,‘ri
UAL
oF POUR Q R < 2.0
D
C
Vibration Stress concentration Mean equi.iv. -3 allowable
Location mode factor stress ksi vibratory stress

Blade

A% 1.09 19.0 5.4

B* 1.46 22.6 4.0 v

c 3.0 9.3 3.7

D** 4 3.0 7.3 3.9

E®% 1 1.4 13.5 5.8

Frex 5 1.0 2.3 9.2

G¥*® 2,3 1.0 2.7 9.1
Splitter

H* 3.0 7.6 3.3

Jw* 1 1.0 7.0 3.2

S 2 1.0 5.1 8.7
Backplate

B* 1.29 29.1 3.3

*Locations of high steady-state stress and/or high stress concentrations due to
foreign object damage
**Locations of maximum vibratory stress
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IV. GASIFIER TUKBINE DEVELOPMENT
4.1 GASIFIER TURBINE AND INTERTURF NE DUCT AERODYNAMIO DEVELOPMENT

High efficiency over a broad operating range is the primary goal for the gasi-
fier turbine. Aerodynamic design to achieve this goal must be consistent with
stress, heat transfer, vibration, and mechanical design requirements. To be
competitive in the automotive market, this goal must be achieved with recogni-
tion of the requirement for low cost and low ipertia. Achievement of high
efficiency for the AGT-100 gasifier turbine is challenging because of the
small size, ceramic construction, and relatively low Reynolds number.

Development activity during this period has focused on preliminary design of
the RPD gasifier turbine and transition duct, preliminary des: gn of the Mod I
gasifier turbine, bench testing of the interturbine {(transition) duct, layout
and fabrication of the gasifier turbine test rig, and turbine facility check-
out.

RPD Gasifier Turbine Design

The RPD engine cycle requirements for the gasifier turbine at the maximum pow-
er, sea level static, condition are:

Inlet temperature, °C (°F) 1283 (2350)
Inlet pressure, kPa (psia) 438.4 (63.58)
Fuel/air ratio 0.0129
Equivalent flow, Wof ., /8, kg/s (lbm/sec) 0.178 (0.391)
Equivalent work, Ah/g.,, kJ/kg (Btu/lbm) 42.07 (18.09)
Equivalent speed, N/yF .,, rpm 37630
Expansion ratio (total - total) 1.8726
Efficiency with inlet screll (total - total) 8a.1

Although the turbine operates at the maximum power point only a small fraction
of the time, this point does represent the most severe steady-state structural
design condition. The maximum power condition, therefore, has been selected
as the design point to ensure a systematic integration of fabrication, aerody-
namic, heat transfer, stress, and vibration design disciplines. The design
process commences with aerodynamic definition of flow path, vane and blade
contours, and thickness distribution.

Flow Path Selection

Several factors are involved in the sclection of "optimum" flow-path parame-
ters. First is the realization that part power is empnasized at the expense
of full-power performance. Caution must be used, however, to dvoid any severe
efficiency reduction at maximum power, which would result in unacceptable ve-
hicle response. A second major factor 1s the selection of aercsdynamic and
geometric parameters consistent with structural design for fabricability, long
life, and low cost. This second factor became particularly important with
respect to achieving adequate life of the ceramic wheel. A third important
consideration in design relates to selecti-a of flow-path parameters conduc-
tive to low inertia.
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The gasifier turbine flow path selected to satisfy the AGT-100 turbine design
criteria is illustrated in Figure 36. This turbine features a symmetrical
vane with endwall contouring and a low—inertia rotor. Salient featuves of the
turbine design are:

Vane inlet diameter, mm (in.) 147,38 (5.802)
Rotor tip diameter, mm (in.) 112.52 (4.43)
Vaneless space diameter ratio 1.078

Rotor tip width, mm (in.) 8.38 (0.330)
Exducer hub/tip radius ratio 0.30

Rotor tip diameter/exducer tip dlameter ratio 1.600

Rotor tip width/rotor tip diameter ratio 0.0745

Operating at the sea level static (SLS) maximum power condition, the turbine
exhibits a tip speed of 508 m/s (1667 ft/sec), an zerodynamic loading parame=-
ter (U/C - Tip Speed/Isentropic Spouting Velocity) of 0.700 and a specific

speed of 75. Turbine specific speed is defined as: N Ql/‘/(Ahis)3/A. Turbine

parameters for several engine operating points under road-load conditions are
presented 1n Table XI.

3.0r ‘
0
25t !
60t 1
Tip speed « 508 m/s \
) L (1668 ft/sec) i
¢ 20 =0 Max power SLS i
I I |
E E} |
oL g |
: 7z
0+
Lok 12 blades ‘
20+
0.5t \1
10} ‘
oL 0

0 10 20 30 @ 50
Hot axial length—mm

o

0.5 1.0 1.5 2.0
Hot axial length=~in,

TEaC-939

Figure 36. - RPD Gasifier Turbine Flov Path.
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TABLE XI. RPD GASIFIER TURBINE PARAMETER FOR VARIOUS ENGINE OPERATING POINTS

Speed, so.h (aph) R 312 02m «N 30 R (5 102 (TN M4x pover® Max power (5L
Turtinoe power, W DM ST e T N IS DA LTS Pl 1480 119.45) 26.51 135.9%) b9 18a,uN) T8 S
Irler temperature, ‘C ¥ A3 1281 AR 179 T e Y P SRS} 1231 (2169) 1233 (2350 LORR 1580
Fautvalent tlow, kg oy lhe sec: RPRRL IR D) RIS L NINN LN volsel (a0 Q167 (0.35T) 0.172 (0.3 Q176 (0387 QL7 (039
Taalvalent work, x0 A2« 8to Lhe) Lhoe (7,05 18,79 (~79) 16.20 (A.88) 204 (9.99) J.ey 1 13.11) 3340 (17.10) ~208 L 13auey
Zoulvalent eed, ¥ LR 3Ls 1.9 rLS AR 100.00 JV LAWY
Sepanston ratto (T - DY BN 1o 1.l%9 1.s07 1.5h0 1.847 1,473
[l R AL 1,587 0,382 u.nls ¢.T07 (U
Mean reactio . "8 Nl T 0393 D=3y 2.9 [N}
Ng LR ~3.R 59.3 60,7 LR RS Taly
Sqv Tn, 200 R TI 24,800 e, 500 PRI a1, 300 K8, S0u
S.trl angle, deg 6.2 +1.2 =78 =1l.» -3.1 ~J.7 “lae
?‘N RIS S 0.112 ¢.119 o154 Q.78 0.21% 0.21%

XLt
TRERAT Temperature: 2970 (ISTFY | gltttuder 182 = SO0 fr).
*einbient temperature: 15°C {S9°F), ajlritude: sea ievel.

As evident in Table XI, the turbine is required to operate over a wide speed
and power range. This gives rise to a substantial variation in equivalent
flow and work. The aerodynamic loading parameter (U/C) varies from 0.582 to
0.71¢. The mean s*atic pressure reaction ranges from 0.393 to 0.515. The
maximum variation of exit swirl is +16.2 to -11.6 deg. This low turbine exit
swirl range is most important for minimizing losses in the transition duct and
power turbine.

The power transfer engine concept allovs cycle temperatures to remain high
over a wide operating range. This is accomplished by extracting additional
work from the gasifier turbine, necessary work at the power turbine shaft.
Figure 37 illustrates the ratio of gasifier turbine power to compressor power
over the engine road-load operating range.

The flow-path selection has been verified through a sensitivity study of cri-
tical design parameters. This study included specific speed, tip diameter,
vane exit angle, exducer hub/tip radius ratio, and exducer area.

Specific Speed

Proper selection of the gas generator rotative speed is important for achiev-
ing the maximum efficiency in both the compressor and turbine. Normally the
RPM selection for peak efficiency is common to the compressor and turbine.
The additional work of the gasifier turbine in the power transfer engine,
however, results in a specific speed slightly less than the optimum value as
shown in Figure 38. An increase in RPM to achieve the optimum specific speed
is not warranted since it would result in reduced compressor efficiency and
increased turbine blade stress.
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Figure 37. - Ratio of RPD Gasifier Turbine Power to Compressor Fower.
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Figure 38. - Eifect cf Specific Speed on RPD Gasifier Turpine Efficilency.
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Tig Diameter

For a specified rotative speed, tip diameter defines the tip spead and aerody-

namic loading parameter (U/C). Turbine efficiency is a strong function of tip ‘
speed with peak efficiencies generally occurring at a U/C value of 0.7. §
Figure 39 presents the effect of tip diameter change on turbine efficiency. ;
The RPD turbine design selection provides a good compromise between idle, 80

km/h (50 mph), and maximum power conditions.

Vane Exit Angle

Figure 40 presents the effect of vane exit angle on turbine efficiency. The
RPD gasifier turbine vane angle occurs close to the predicted optimum value.
Since a high reaction level is desirable to ease the aerodynamic loading of
the rotor, the vane exit angle has been selected as large as possible. Fur-
ther increase would result in reduced efficiency as a result of increasing
vane trailing edge blockage.

Exducer Hub/Tip Radius Ratio

Low hub/tip radius ratios are desirable for attaining low inertia. Fortunate-
ly, turbine efficiency favors low hub/tip radius as illustrated in Figure 4l.
Further reductions in hub/tip radius ratio from the 0.3 value selected for the
RPD gasifier would result in hub diameters too small for dynamic balance.

80,5 kmth

- {50 mph)
—
]
K
z , ‘ ‘
§ 81+ ’/’ \.\(—Max power .
= ok /7 : ‘

_—
9+ ! Increased stress\
1Increased inertia

Reducea . ess | :
Reduced inertia 4= T 0 “esin
ST 9 o
Percent change from desiyn tip diameter
Te80-942

Figure 39. - Effect of Tip Diameter on RPD Gasifier Turbine Efficiency.
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Figure 4l. - Effect of Exducer Hub/Tip Rotor on RPD Gasifier Turbine Efficizncy.
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Exducer Area

Turbine exit area should be as large as possible to minimize the Mach number
through the interstage duct. However, too large an exducer area will result
in excessive blade stress, reduced first mode frequency, and low reaction.
Figure 42 presents both total-to-total and total-to-static efficiency levels
as a function of exducer area change. A 10% increase in exducer area would
result in a slight gain in total-to-static efficiency but would create a risk
in structural design and reduced turbine reaction, as well as a slight
decrease in total-total efficiency. The exducer area selected for the RPD
engine appears to be a good compromise between area and structural design
criteria.

Gasifier Turbine Performance

The aerodynamic performance of the RPD gasifier turbine has been calculated to
include the inlet scroll. The efficiency goal for the gasifier turbine is
illustrated in Figure 43 as a function of engine road-load power. The lower
efficiencies at 48 and 64 km/h (30 and 40 mph) reflect increased turbine load-
ing of the power transfer system.

These engine operating points are superimposed on the equivalent torque-speed

verformance map illustrated in Figure 44. As can be noted, the turbine design
has been tailored to emphasize part power performance. Equivalent flow, equi-
valent work, efficiency, exit swirl, and exit Mach numbers are illustrated 1in

Figures 45 through 49 as a function of total-to—total expansion ratio.
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Figure 42. - Effect of Exducer Area on RPD Gasifier Turbiue Efficiency.
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Figure 43. - Efficiency Goal--RPD Gasifier Turbine with Inlet Scroll.
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Figure 44. - Predicted Performance Map--RPD Gasifier Turbine with Inlet Scroll.
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Figure 45. - Predicted Equivalent Flow--RPD Gasifier Turbine.
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Figure 46. - Predicted Equivalent Work==RPD Gasifier Turbine.
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Figure 47. - Predicted Efficiency--RPD Gasifier Turbine.
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Figure 49. - Predicted Exit Mach Number--RPD Gasifier Turbine.

The preceding turbine performance estimates are calculated through the use of
the DDA mean-line performance prediction program. This initial effort was
f«° ~wed with a more detailed design analysis using a quasiorthogonal meri-
di . nal flow analysis. Meridional flow analysis Mach number diagrams for max
power (SL3), 80 km/h (50 mph), 48 kam/h (30 mph), and idl. are presented in
Figures 50 through 53.

Scroll Design

Low loss delivery combustor air to the turbine inlet is the primary goal for
the design of the gasifier turbine scroll. The aero design to achieve this
goal must be consistent with available space in the engine compartment and
with stress, heat transfer, and mechanical design requirements.

The scroll design is based on specification of cross-sectional siape and geo-
metry to ensure minimum loss and delivery of circumferentially uniform flow to
the turbine vane row. This was accomplished by designing for low through-flow
velocity and uniform exit flow angles. Engine arrangement and compartment
size limit the cross-sectional area and outside diameter of the scroll. These
limitations prohibited the use of circular cross sections, wnich provide the
most favorable hydraviic diameter.
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Scroll cross-sectional shapes at various angular locations dre shown in Figure
54, The constraint on maximum diameter rxesults in the scroll being approxi-
mately rectangular ia cross section for the first 180 deg. Cver this 180-deg
arc, the scroll width has been circumferentially reduced on the shroud side.
The mean flow radius of the scroll was designed to progress radially inward
using an Archimedean spiral. At the location where the scroll closes (the
tongue), the outer scroll surface is blended into the nearest wvane. This
eliminates flow crossuver at the 360-deg location.

Inlet to the scroll from the combustor is illustrated in Figure 55. This in-
1zt provides a transition from the circular cross saction at the ~ombustor
exit to the scroll cross-sectional shape at the O-deg scroll station.

The through-flow Mach numbers and scroll exit flow angles are shown i:u Table
X1I for various engine road-load operating conditions. The relatively small
variation in exit flow angle is desirable to minimize vane incidence losses.

TABLE XII. SCROLL THROUGH-FLOW MACH NUMBERS AND EXIT ANGLE--
RPD GASIFIER TURBINE

Through-flow Exit angle
Operating condition Mach number from radial
Max power 0.070 43
80 kin/h (50 mph) 0.079 54
48 km/h (30 mph) 0.058 30
32 km/h (20 mph) 0.056 50
Idle 0.057 49

Vare Design

The RPD vane is illustrated in Figure 56. Designed for low cost and ceramic
construction, the vane exhibits a trailing edge diameter of 0.762 mm (0.030
in.), a leading edge diameter of 5.08 mm (0.20 in.), and a true chord of
26.772 mu, (1.054 in.). The vane number of 18 results in a solidity of 1.265
based on true chord, a throat width of 6.3 mm (0.2480 1in.), and a trailing
edge blockage of 10.8%. Should future effort on ceramic vane development pro-
vide a trailing edge diameter of 0.508 ma (0.020 in.), the trailing eagge
blockage would be rcduced to a more favorable value of 7.2%.

The vane design 1s symmetrical to offer cost reduction in mass production as-
sembly through not requiring the vanes to be assembled into the wall slots
with a particular orientation. The symmetrical design exhibited essentially
the same aerodynamic characteristics as the cambered version.

Endwall contouring has bdeen incorporated to improve aerodynamic loading ot the
vane. Suction and pressure surface velncity distributions for the SLS max
pcwer design point are illustrated in Figure 37. Suction surface ditfusiom
has been effectively avcided through the use of endwall contouring. Boundary
laver displacement thickness and incompressible tform rfactor for each suriace
are illustrated 1n Figures 58 and 5Y, respectively.
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Design features
o Symmetrical design
o Enawali contouring
o Ceramic construction
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Figure 56. - RPD Gasifier Vane Design.
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Figure 57. - RPD Vane Velocity Distribution.
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Rotor Design G [

The rotor has been designed with emphasis on low cost through use of radial
blading, low inertia through use of fully scalloped backplate and deeply cut
hub, low exit Mach rumber to minimize transition duct loss and relatively high
maximum power reaction tc achieve a broad efficiency band. Corsistent with
ceramic construction, the minimum blade thickness is 0.762 mm (0.030 in.).

The blade thickness distribution is that of an optimum '"dog leg." At each
axial location, the blade thickness is constant from the tip inward to a spe-
cified radius and then follows a logarithmic profile toward the hub. The hub
contour was selected to provide balance between blade and hub stress levels.

The blade shape is illustrated by radial section cuts in Figure 60. The rotor
throat, trailing edge diameter, and blade angle are presented in Figures 6l
through 63.

Blade-to-blade velocity distributions for hub, mean, and shroud under SLS max-
imum power operation are illustrated in Figures 64 through 66. Velocity dis-
tribuciors Zor 92.6 km/h (50 mph) are illustrated in Figures 67 through 69.
Idle velscity distribution are shown in “figures 70 through 72.

Rotor exit swirl and Mach number, as calculated from the meridional flow anal-
ysis program, are illustrated in Figure 73. The radial variation in turbine
total-to-total efficiency is presented in Figure 74.
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Figure 60. - RPD Gasifier Turbine Rotor Airfoil Sections.
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Figure 64. - RPD Gasifier Rotor Hub Velocity Distribution--Maximum Power.
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Figure 65. - RPD Gasifier Rotor Mean Velocity Distribution--Maximum Power.
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Figure 66. - RPD Gasifier Rotor Tip Velocity Distribution—--Maximum Power.
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Figure 68. - RPD Gasifier Rotor Mean Velocity Distribution--80 km/h (50 mph) .
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Figure 70. - RPD Gasifier Rotor Hub Velocity Distribution--ldle.
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Figure 71. - RPD Gasifier Rotor Mean Velocity Distribution--ldle.
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Figure 72. - RPD Gasifier Rotor Tip Velocity Distriburiwvu--Idle.
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Figure 73. - Predicted Radial Distriburion of txit Swirl and Mach Numpber--
RPD Gasitier Turbine.
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Figure 74. - Predicted Radial Distribution of Stage Efficieacy--RPD
Gasifier Turbine.

Interturbine Duct

The intervturbine duct is thc connecting flow path between the discharge or the
gasifier turbine and the inlet to the power turbine scroll. The offset of the
two shafts, the axial positioning of the turbine, the center discharge of the
gasifier turbine, and the circumferential feed of the power turbine produced a
unique three-dimensional design problem. Further complicating this design was
the need to diffuse the flow, from Mach 0.25 at the gasifier turbine exit
plane to Mach 0.l at the entrance plane of ths scroll (at maximum power), in
order to miuimize scroll losses.

Several approaches were considered in designing the interturbine ductiny.
These approaches are summarized in Figure 75 and include:

o Diffusiug and discharging axially into the power turbine scroll--This re-
quired either rotating the gasifier 90 deg or adding additionmal gearing to
maintain the orientation of the power shart.

o Diffusing axially and dumping into a plenum having a Y0-deg orff-take into
the power turbine scroil.

o Using the available space to turn the flow through a diffusing 9u-deg el-
bow with discharge into the power turbine scroll--Betn the first and sec-
ond approaches were eliminated hecause of the nonfeasibility of rotating
the gasifier shaft anc the iunadequacy of length for dirffusion prior to
dumping the flow. The third dpproach was chosen as the most tfessible tor
use ia the AGT-100 engine.

o
o
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Figure 75. - Approaches to Irierturbine Ducting.

Axial and radial positioning of the gasifier ana power turbine within the en-
gine was constrained primarily by available space and required location for
the output shaft. This position defined the envelope of the interturbine
duct. Based on work by Miller at BHRA (Reference 3), a 90-deg diffusing bend
with L/D (meanline length divided by diameter), similar to the ducting that
will fit in the engine envelope, would have a maximum area racio of 1.5 for
minimum loss and exit distortica. Therefore, an area ratio of 1.5 was
selected, and a layout of the interturbine duct was made.

The discharge of the interturbine duct is the inlet to the power turbine
scroll. This requires a transition in cross section from circuiar at gasifier
exit to approximately rectangular at scroll inlet. Figure 76 shows the inter-
turbire duct and presents the dimensions for defining the cross section of the
transition. Inlet aund discharge Mach number from the duct are simmarized for
various engine operating conditions in Table XIII. Projected losses for tic
interturbine duct based on the work hy Miller are also presented in Table XIII.
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TABLE XIII. INTERTURBINE DUCT PERFORMANCE=~-RPD ENGINE

Operating Gasifier turbine exit Interturbine duct

condition MNABS Swirl angle Exit MnaBs AP/P, %
Idle 0.119 +10.0 0.079 0.25
32 km/h (20 mph) 0.112 + 1.2 0.075 0.20
48 km/h (30 mph) 0.119 - 7.8 0.079 0.25
80 km/h (50 mph) 0.154 -11.6 0.102 0.50
102 km/h (70 mph) 0.178 - 8.1 0.118 0.80
Maximum power 0.219 - 2.4 0.144 1.10

Mod I Gasifier Turbine Design

Commonality with the RPD gasifier turbine is an important design factor for
the Mod I turbine. Because of differing cycle conditions between the Mod 1
and RPD engines, an exact duplication of flow path is not possible. Conside-
ration was, therefore, directed to a Mod I design that would provide iater-
changeability of metall.c and ceramic hardware with the minimum acrodynamic
penalty.

The Mocd I engine cycle requirements for the gasifier turbine ac the maximum
power, sea level static, condition are:

« . . STA 3

- . %3

. ' : = N‘ TR SCED

Co AP =
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DiMLNSL NG N MM

TEa0-1304

Figure 76. - Interturbine Duct Configuration.
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Inlet temperature, °C (°F) OF POOR QUALITY 1080 (1976)
Inlet pressure, kPa (psia) 438.6 (63.62)
Fuel/air ratio 0.0110
Equivalent flow, w”cr‘ /8 - kg/s (lbm/rec) 0.162 (0.357)
Equivalent work, ah/g ., - kJ/kg (Btu/lbm) 51.73 (22.24)
Equivalent speed, N/4§ ¢y, rpm 40348
Expansion ratio (Total - Total) 2.2583
Efficiency with inlet scroll (Total - Total) 82.60

Flow-Path Selection

The preliminary flow path for the Mod I engine is illustrated in Figure 77.
With the exception of vane height change and rotor shroud trim, the Mod I and
RPD flow paths are identical. Operzting at the SLS maximum power condition,
the turbine exhibits a tip speed of 508 m/s (1667 ft/sec), an aerodynamic
loading parameter (U/C - Tip Speed/Isentropic Spouting Velocity) of 0.666 and
a specific speed of 69.2. Turbine parameters for several engine operating
points under road-load conditions are presented in Table XIV. The Mod I gasi-
fier turbine is required to produce approximately 5% more power under maximum
power (SLS) conditions than the RPD. The Mod I equivalent flow 1is approxi-
mately 8.7% less than the RPD. Because of the higher Mod 1 .ork requirements,
both the U/C and specific speed (Ng) are lower than the RPD turbine. As
illustrated in Table XIV, the exit swirl values are favorable over the entire
operating range.

] r
.0F
0t 18
vanes
25r sl Tip speed = 508 mis
{1668 ftisec)
2.0+ 504- Max power, SLS
2 £
= =
U A o
=S
Y =
304 12 hiades
Lo+
vt o
0.5¢
10
I I

| . .

¢ i0 20 30 40 50
Hak axial fength—mm

i -

- ] L
0 0.5 Lo 1.5 2.0
Hot axiai length-in,

TE80-1365

Figure 77. - Mod I Gasifier Turbine Flow Path--Preliminary.
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TABLE XIV. MOD i GASIFIER TURBINE PARAMETERS FOR VARIOUS
ENGINE QOPERATING POINTS (PRELIMINARY)

Speed kam/h (aph) Idle 32 48 30 102 Max* Maxt*
(20) (30) (50) (70) power power (SLS)
Turbine power, kW (hp) 10.07 11.49 13.19 26.20 46.86 67.52 75.03
(13.351) (153.41) (17.68) (35.13) (62.84) (90.55) {100.6)
Inlet temperature, °C (°F) 797 1034 1080 1080 1080 1080 1080
(1466) (1894) (1976) (1976) {1976) (1976) (1976)
Equivalent flow, kg/s (lbm/sec) 0.135 0.161 0.145 0.158 ".162 0.160 9.162
(0.299) (0.310) (0.319) (0.348) 10.357) (0.35%) (0.357)
Equivalent work, kJ/kg (Btu/lbm) 25.26 24.84 25.72 36.10 45.78 50.61 51.73
(10.86) (10.68) (11.06) (15.52) (19.68) (21.76) (22.24)
Equivalent speed, I 67.3 61.0 60.0 72.2 87.4 100.0 100.0
Expansion ratio (T-T) 1.455 1.459 1.490 1.763 2.045 2.211 2.258
Ui 0.647 0.584 0.559 0.570 0.618 0.674 0.666
Mean reaction 0.426 0.370 0.350 0.362 0.410 G.467 0.461
K 61.1 56.2 54.4 57.3 63.5 69.6 69.2
Nge 39,4C0 32,300 33,800 48,000 67,9C0 88,700 96,4C0
aichaguips +11.8 -0.05 -4.9 -8.1 -5.5 +0.3 -1.7
Mexit 0.132 0.135 0.143 0.18% 0.217 0.230 0.230

*inbient temperature: 26°C (85°F), altitude: 132 o (500 £t).
**iabient temperature: 15°C {39°F), alzitude: sea level.

Aerodynamic Performance

The efficiency goal for the Mod I gasifier turbine including iniet scroll 1is
illustrated in Figure 78. Efficiency levels are on the order of 1-2 per-
centage points lower than the RPD gasifier turbine. Work is continulng toward
finalizing the Mcd I gasifier design. Velocity diagrams and blade-to-bplade
velocity distributions for selected operating points will be generated during
the next period.

Scroll Design

The flow path for the Mod 1 gasifier scroll is the same as that for the RPD
engine. Mechanically, the main difference is that the Mod I scroll is fabri-
cated from metal, whereas the RPD scroll is ceramic. The ceramic scroli 1is
assembled with a circumferential flange at the maximum diameter of the scroll.
A rope seal 1is employed at this flange to minimize flow leakage. 1ln the Mod 1
engine, this joint will be welded to eliminate leakage.

Vane Design

The wvane design for the Mod I gasifier turbine is identical to the RPD en-
Zine. In order to satisfy Mod I cycle requirements, the vane height must be
reduced by 15.8%. Consideration was given to a vane angle reset t.. accommo-
date the Mod 1 engine requirements; however, this 1dea was discarded because
of efficiency penalties associated with reduced reaction levels and increased
van2 trailing edge blockage.
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Figure 78. - Efficiency Goal--Mod 1 Gasifier Turbine with Inlet Scroll.

Rotor Design

Preliminary structural design studies conducted on the Mod I gasifier turbine
rotor revealed that a partial backplate would be required to provide an in-
ducer vibratory mode above fourth engine order. The preliminary studies also
revealed that the stress rupture life in the inducer portion was unacceptable.
These preliminary structural analyses used the same thickness distribution as
emploved for the RPD gasifier. In order to improve the inducer stress rupture
life, a new thickness distribution was generated for the Mod I turbine. This
new thickness incorporated a logarithmic taper, which began at the tip of the
wheel. Thus, the constant thickness portion of the inducer, which was used
for the RPD turbine, was eliminated. Not only did this new thickness distri-
bution provide improved stress rupture life, it also provided sufficient 1in-
crease in inducer stiffness to avoid the requirement for a partial backplate.

Approximate blade-to-blade velocity distributions based on the quasiorthogonal
meridional flow analysis are presented in Figures 79 through 8l. These pre-

liminary Mod I distributions were generated for the SLS maximum power design
point.

During the next period, the Mod I rotor design will be finalized, and master
charts for engine hardware will be finalized and generated. Experimental data
from the turbine development program will be incorporated into the final Mod 1
gasifier turbine design.
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Figure 79. - Approximate Hub Velocity Distribution--Mod I Gasifier Turbine.
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Figure 30. - Appvoximate Mean Velocity Distribution--Mod I Gasitier Turpine.
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Figure 81. - Approximate Shroud Velocity Distribution--Mod I Gasifier Turbine.

Interturbine Duct

The interturbine duct for the Mod I design is essentially the same as the RPD
design. The Mod I gasifier turbine exit diameter is the same as the RPD exit
diameter, and, therefore, the interturbine duct inlet diameter is the same.
The Mod I duct and the Mod I power turbine scroll will be fabricated from me-
tal. The scroll through-flow area was increased by the difference 1in thick-
ness of the metal walls relative to the ceramic walls due to Mod I power tur-
bine requirements (see Section V). This results in an increase in area at
.nterturbine duct exit of approximately 5%. The Mod I interturbine duct is
being designed to accommodate this increased area ratio.

Interturbine Duct Cold Flow Testing

Overall engine length for the RPD configuration is strongly influenced by the
length of the interturbine duct. This duct, a diffusing 90-deg elbow, must
provide low loss flow transfer from gasifier turbine exit to the power turbine
inlet scroll and must accept a range of inlet Mach numbers and swirl angles.
To estabiish the feasibility of the diffusing bend design approacn, a cold
flow test rig was designed, fabricated, and tested.
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The interturbine duct cold flow test rig consisted of 1) a radial inflow inlet
section with variable turning vanes to provide desired swirl at duct inlet, 2)
a 180-deg constant area discharge tube to simulate a constant velocity scroll
at interturbine duct exit, and 3) a set of three interturbine duct models.

The Jduct models and scroll simulator were made from epoxy with aluminum chip
filler. A sketch of the test setup is shown in Figure 82, and a photo of the
hardware is shown in Figure 83. The three test models covered the range of
expected available length for the interturbine duct and were tested over a
range of swirl from -60 to +60 deg and a range of inlet Mach number from 0.1
to 0.5. Purpose of this testing was to establish the sensitivity of duct loss
to duct length and inlet conditions and to provide needed information to
assist in the design of the ducting.

Each test model was circular in cross section, had an area ratio of 1.5, and
turned the flow 90 deg. Duct centerline radii of curvature were 5.25, 5.75,
and 6,50 in. (133, 146, and 165 mm), respectively. Prior to testing, an anal-
ytical estimate was made of the expected losses for the interturbine duct
models. This estimate is shown crosshatched in Figure 84. Measured total
pressure losses as a function of inlet absolute Mach rumber and swirl angle
for the 146 mm (5.75 in.) radius of curvature duct is shown in Figure 84. At
0 and 20-deg swirl, losses for the elbow are notably less than the analytical
estimate. At higher swirl (40 deg), however, the measured loss approaches the
analytical estimate. The effect of length on loss is of second order but not
insignificant. With the fixed geometry AGT-100 configuration, maximum ex-
pected swirl variation is from -10 to +10 deg.

Figures 85 and 36 are examples of the wall static pressure measurements for
the 146 mm (5.75 in.) radius elbow. Figure 85 is for O-deg swirl, and Figure
86 is for 40-deg inlet swirl. A comparison of these plots reveals a
significant change in the static pressure recovery on the bend side radius and

in the cverall recovery to the end of the elbow. This decrease in recovery
corresponds to the increase in loss seen in Figure 84.

Some difficulty was experienced in measuring elbow exit total pressure and
swirl angle at high inlet swirl angles. This measurement difficulty resulted
from a highly distorted flow field at the elbow exit. In order to evaluate
the degree of flow distortion qualitatively, the cold flow rig was modified to
include a 6~in. clear plastic straight section downstream of the elbow. Wool
tufts were traversed across the passage and regions of high turbulence and
stalled flow were identified. Results are illustrated in Figure 87. A
possible separated flow region is present on the inside of the bend at zero
swirl, which was not present at 40-deg swirl. In both cases, however, a
strong vortex was noted near the outside of the bend, which apparently is the
remains of a vortex shed from the centerbody of the turbine.

Conclusions drawn from the interturbine duct testing follow:

0 Measured elbow losses were less than expected for swirl angles less than
20 deg.

O Duct length did not have a strong influence on loss magnitude.

o Exiting flow from the elbow was highly distorted.

o Static pressure variation through the elbow 1s influenced by swirl,
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Figure 83. - Interturbine Duct Test Rig.
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Figure 84. - AGT-100 Interturbine Duct Losses.
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Figure 85. - AGT-100 Interturbine Duct Cold Flow Data--Zero Swirl.
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Figure 86. - AGT-100 Interturbine Duct Cold Flow Data--40-deg Swirl.

Based on this testing, the decision was made to design and fabricate a similar
test rig to evaluate the specific configuration of the RPD engine. In order
to include the effect of flow distortion at the duct exit and determine its
influence on duct/scroll performance, the new rig i1s being designed to include
1) the inter%urbine duct with transition in cross-sectional shape, 2) the RPD
scroll configuration, and 3) the power turbine inlet vane row to simulate pro-
per flow distribution at scroll exit. A cross-section of the rig is shown in
Figure 88. This cold flow test rig will include swirl generation at the
interturbine duct inlet to simulate engine conditions and turbine inlet vanes
at the scroll discharge to simulate back pressure. Instrumentation will in-
clude static pressure taps on the interturbine duct and scroll walls, total
pressure and swirl measurement at the duct inlet, and a circumferential total
pressure survey using a Kiel probe at the vane exit. The rig is being con-
structed from epoxy with aluminum chip filler. The back wall will be con-
structed with clear plexiglass to permit visual observation of the flow field.
Tufts of wool and/or smoke may be used for flow visualization. Testing 1is
planned to include a range of inlet Mach numbers and swirl angles to cover the
expected environmental engine conditions. Testing will be accomolished at
ambient pressure and temperature.
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Figure 88. - Interturbine Duct/Power Turbine Scroll Test Rig.

Gasifier Turbine Aerodynamic Development Rig

The gasifier turbine rig activity consisted of the design and fabrication ot
parts for the first buildup. Coincident with parts fabrication for the first
buildup, the inlet scroll and the interturbine duct designs were completed and
released for fabrication.

Parts for the turbine rig have been fabricated and instrumented for test. The
turbine wheel was machined on a tape-controlled 5-axis milling machine.

Figure 89 shows this wheel as 7t was removed from the milliing machine, ana
Figures 90 and 91 show the wneel after finish machining. This wheel is made
from a 410 series stainless steel nardened for improved machining characteris-
tics.,

The gasifier nozzle vanes shown in Figure 92 are also made Irom 410 series
stainless., They are assembled by inserting into pockets in the fore and aft
walls as a freely suppurted structure. This design permits easy rework of the
wall contours by simnly removing the vanes. Three vanes have a hoie through
the center of the leading edge radius to permit the 1lnstallation of adjustable
tiebolts. The tiebolts permit small adjustments in the wheel-to-siiroud clear-
ance using the temporarily installed dial indicator gages as parallel ana pas-
sage wicth indicators. Matched machined plugs replace these indicators during
the tests. The tiebolts further restrain the walls from changing clearance as
a result of the pressure and temperature forces. A shimming arrangement al-
lows 3 close clearance setup to minimize the adjustment required with tnese
tiebolts. This serves to limit the tensile stress in the bolts during testing
to approximately 480 kPa (79,000 psi). The bolts are made ot Type AZdo stain-
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Figure 89. - Photo of Rough-Machined Gasifier Turbine Wheel.

Figure %0. - Pnoot of Finish-Machined Gasifier Turbine Wheel (top).
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Figure 91. Photo of Finish-Machined Gasifier Turbine Wheel (bottom).

Figure 92. - Photo of Gasifier Nozzle Vanes.
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less steel with a minimum yield of 590 kPa (85,000 psi) at the operating tem—
perature of 149°C (300°F). The normal pressure forces tend to separate the
walls thus opening the clearance and applying a tensile load to the bolts.
Placement of the rear piston ring seal between shroud support and cover helps
to minimize this effect by minimizing the area subjected to pressure differ—
ence.

Instrumentation in the flow path consists of wall static pressures, adjustable
Kiel-type total pressure and temperature probes installed at the inlet and a
traversing yaw probe survey at the exhaust. Provisions have been made to per-
mit control of the backplate pressure and, if desired, the flow—-path leakage
in that area. A system of tubes leading back through the module mounting
flange allows pressure or vacuum control of the backplate. A leaf spring mass
isolator system over the roller bearing moves an objectionable natural fre-
quency reasonance out of the operating speed range at 55,000 rpm.

Testing has been conducted using the proposed AG”-100 module and drive system
to evaluate potential dynamic problems. Natural frequencies up to 55,000 rpm
have been charted by running with and without the gasifier turbine wheel in-
stalled. A gearbox extension mount was installed to reduce a resonance ampli-
tude at approximately 30,000 rpm.

The new low—torque, high-speed torquemeter assembly is ready for installation.
A dynamic calibration will be made when a new high—speed water brake dynamome-
ter unit is delivered. A previous dynamic calibration of the existing torque-
meter has been made with a similar water brake dynamometer capable of speeds
up to 20,000 rpm. These tests indicated the feasibility of using this ap-—
proach to verify accurate repeatable torque readings. Since the turbines to
be tested for the AGT-100 program are very small and have low torque [under 27
Nem (20 ft-1bm)], the dynamometer drive system motors the reductiou gearbox,
and because temperature differential measurements could contain inaccuracies
because of leakage flows, a new turbine torque measuring system is essential
to obtain the accuracies required.

The turbine system is designed to permit the interchangeability of the gasi-
fier or power turbine configurations without removal of the module or drive
system from the test facility. The wheels are attached to a common shaft in
the module, and balancing of the rotor is accompiished by using a dummy bal-
ance shafr. This system permits the various turbine configurations to be
changed on the test facility in a shorter period cf time.

An inlet scroll uses a removable fiberglass insert to simulate inlet condi-
tions into the turbine. This insert is mounted to the inlet casing with alu-
minum bulkheads imbedded in the insert and supported by the existing struc-
ture. The inlet instrumentation is designed to be rotated to the anticipated
air inlet angles when running with or without this scroll installed. Addi
tional wall static pressure taps are provided for flow evaluations of the
scroil.

An interturbine duct on the rig exhaust simulates the engine “esign and re-
places the standard cylindrical exhaust diffuser. The exhaust spool is re-
placed by an adapter plate to allow the larger diameter telescoping exhaust
header to be moved forward over the duct. This modification permits the ex-~
haust flow to leave the rig unrestricted. Additional configurations will be
defined after aerodynamic evaluations of these tests.
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RPD

Scroll Design

The gasifier turbine scroll takes gas from the combustor, distributes it, and
then directs it through a series of vanes into the gasifier turbine rotor.

The RPD gasifier turbine scroll assembly design has been initiated. The
design was influenced by the manufacturing processes agreed upon between DDA
and Carborundum. Figure 93 shows a cross-sectional view of the scroli
assembly. Carborundum is to produce the scroll/shroud by the slip casting
process. The upper backplate will be made by the mandrel coating method. o
process has been selected as yet for the lower backplate, but the simple shape
lends itself to many choices. These three parts will be made of alpha silicon
carbide.

The cross key arrangement, which secures the scroll assembly to the block, 1is
basically the same as for the power turbine and is described in Section 5.2.
Figure 94 describes the scroll assembly.

TES0-1378

Figure 93. - Cross Section of Gasifier Turbine.

109



Cr. ?\3"

""m"y

i
{ ¢ 00
:; ‘7 -
n——t
’YM'

‘ - - -
g0 .
!

| N

B

AL PLaY

WATL Mgl S0y gpnpvg)

A o3
A ' 00
= - ER -1
1 ~
N
1 M ” |
A
vs00 iy
. i b
LY, .4 -
o, R
i
g -
-
- - 3%

(X3

Wets weCR BAL K PLATE
BatL S TERID MPea 3 COW (ARD:IBE

EOLDOUT ERAME

Pwp sorgur- AdE9Y
V COUPIR LoReLL
MATL - M- AEMST DETUE 100N
T D2
-aLiRNd s sumonr 4 wses
LR !'-‘lﬂ‘ 0( GANPIER

MATL - W ATHIT BTl 1
Tt »-39

~ REP ALIDISS
ook

0F 130179 -4
T (o ao

il
. !l'
o Taney ow Bads ey o [73e
eCT L-L

PLATE OWLY IOwee
€ ALPBA 31LICON CARBIDE

ROTOR WT PASLIDUAT:
Him ROTOR TO OBTAIN
CLrARANCE

WEALUAT Twis D

TO ST CifARANCE Daa -
SATWEEN YWWROVO aAND
Tvammr wettL AN

waty - im

YARE raviTies
03008

- TR T
[~ [P
- JA
. ./ , ey
- . .
- T 2 - [IRXTN
= EY
VN > . T N
e e -
4 - & ,
. v N
t L ! n ., P 2> * hhad A L st
e § g L K
r ! g - ol Yyrem
Vi ! / 3 Va
/ ™ 3 too \ R
ik . - z300%0:¢
[ [ . Vo, e s # 10 2]
i A - -
) - i . o wiLCoe
u N —=1% “ '—J’.’i’/l Whcoox W
o i ® ‘\\ ' oo
b .
o ' I ,! LK 32
~ i ’ (-rwlu ‘ -
\\ fm - /‘ ! \
A =TT \ -

\
Gzt )

TN s s00 wir Lol
< < -
. :
.} 3 so e scrion M=
-
o8
- ‘\?'
M F 0%
‘ hR- vom conroue M
T Tamsy On BAMY ME w9819
XK 4

e KoK
APMLL GELY BNOWN
WATL - WRTEIRED ALPEA il CARSIE



ORIGINAL Faan i
R QUALITY

— Pwp Servoar- ARy
[T e T

\ MATL- W BBUST DUCTWE  (AON
Trm D-2

"R

@ muan sumoar- Ay
| GANPER WROW
MATL - M ARLRTT RO (e
Treg 230
/

o~ REP AL 99W9
"o
|,’ — | %0

A 11094088 ROPE PACA N
! (s 004 Qimea)

7 fg;ké\\

N
¢ I \
_\m,. ‘\"’ I‘ - e
VL, ComanTON ~ §\ ///
AL tEDRe - )
s
.
% | v
S
e
m:mvu / \<,>\ )
A

o N/ -~ r
\ g/ //sun
|

DRATRSEMY ART wOT (OmDITiOW (RPD Twe)

TE80-1379

8 FOLDOUZL ERang
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To a large extent, the basic cross-sectional shape of the scroll assembly was
determined with the aid of a two-dimensional finite element model. This ap-
proach defined the basic shape and uncovered problems that should be elimi-
nated early in the design prior to building a more detailed three-dimensional
model. A study was made of axisymmetric sections at various locatioms through
the scroll assembly. It was found that a section about 120 deg into the

scroll yielded the highest stresses and deflections. Thils location was ther
used to define the 'wo-dimensional model that was common to all later analyses.

e, gL mp
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A heat transfer analysis was run at the section under study for maximum power
steady-state and transient conditio: . Points were analyzed every 10 seconds
from 0 to 200 seconds corresponding to a cold start followed by an accelera-
tion to maximum power. Figure 95 shows the time versus gas temperature used
in this analysis. An early section is shown in Figure 96 and Figures 97 and
98 present the steady-state temperature and principzl stress plate of that
section. As shown, the stress levels were not too severe at the steady-state
condition.

The most severe stresses in the transient were found to occur at 60 seconds
into the transient run. Figures 99 and 100 present plots of the transient
temperatures and stresses. The stresses were found to be unacceptably high

1500
2500 + ] {120
1250 + l Gasifier turpine I ——
2000 4100
1000 -
- © L 480
W 100 ) Turbine inlet temperature — -
g 5 ot 2
g g Turbine speed_.\ 160 g
E 1000+ § 5
= T 5001 o
. 140
500 + Coid '1 idle - wort acceleration———197km/h
250 | / start | 160 mph) 20
oL . S . H ! | : 0
0 5 10 15 20 25 30 35
£lapsed time-s
P TE80-1380

Figure 95. - Temperature vs Time Plot Used in Scroll Analysis.
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Figure 97. - Temperature Distribution of Early Model.
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Figure 100. - Sixty-Second Principal Stress of Early Model.

(1222 MPa (177 kpsi)), and, therefore, it was necessary to change the scroll
geometry to reduce the stresses. Some of the major changes were:

o Removal of the continuous flange at the top of the scroll to allow for
more even heating and thereby to reduce thermal stresses

o RBounding backplate side to add some spring effect

o Split backplate to lower stresses throughout the upper plate and to elimi-
nate a deflection problem that existed throughout the transient run (This
also resulted in a much easier assembly process, which is explained in
Section 5.2.)

The configuration shown in Figqure 101 evolved from these changes. The temper-
ature distribution and principal stresses at steady—state conditions are shown
on Figures 102 and 103. The same information for the 60 seconds transient
point, which still yielded the highest transient stresses, are presented in
Figures 104 and 105. The maximum principal stress occurs in the transient
analysis and is an acceptable 236.48 MPa (34.3 ksi).

The scroll assembly layout drawing was then completed using this shape. A
three-dimensional finite element model was started at the completion of the
RPD lavout and is in the final stages of modeling. Final alterations and/or
acceptance will be accomplished with the three-dimensional finite element
model.
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Mod 1
Rotor

The design of the Mod I (metal) gasifier turbine is in progress. Previous
analytical work indicated satisfactory disk stress levels but fairly low blade
stress-rupture life, even though the properties of Mar-M24b were assumed in
the analysis. An additional problem was an inducer vibratory mode that
necessitated a partial backplate to stiffen the blade.

A new blade thickness distribution has been devised to increase blade thick-
ness and thereby increase stress-rupture life and eliminate the need Ior a
partial backplate. The resulting speed-frequency diagram is shown in Figure
106. The first inducer bending mode (mode 2) is above the fourth engine order
and thus satisfies one of the design criteria.

Heat transfer and stress analyses were performed using a two-dimensional
axisymmetric finite element model. The results at the maximum power (steady-
state) condition are shown in Figures 107 and 108.

Stress-rupture life has also been calculated, including the effects of off-de-
sign operation. The time distribution at various gasifier rotor speeds was
estimated using power demand during the combined Federal Driving Cycle (FDC)
and the output power characteristic of the Mod I engine. The distribution
indicates a significant amount of time (approximately «0%Z) at idle or at low
power settings where the turbine inlet temperature 1s less than maximum. Cal-
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Figure 106. - Speed Frequency Diagram for Mod I Metal Gasifier Turbine.
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Power.
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culations indicate very long stress-rupture life at these conditions. The
distribution of operating time at the rated turbine '“let temperature of
1080°C (1976°F) follows:

Combined FDC

Gagifier speed, % time fraction, %
100 .6%
95 1.5
: 90 1.3
85 6.7
80 8.6
‘ 75 13.8
E 70 28.7

Using this distribution the estimated mean stress-rupture life on the combined
FDC is 779 hours. At .he design point operating condition, the mean life is

? 210 hours. The relatively small improvement in life at offdesign conditions
i{s attributed to the increase in blade metal temperature resulting from the
increase in total relative gas temperature at lower rotor speeds. Thus, tne
increased metal temperature partially offsets the effect of reduced stress at
lower speeds.

The maximum individual engine test time accumulation planned for the Mod I
vers‘on 1s 250 hours, thus the design life meets the requirement.
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The layout of Mod I metal back-up parts 1s nearing completion. Construction

and running of a three-dimensional finite element model for these narts will

start shortly. This model will be somewhat less detailed than tie RPD model

as the primary concern is deflection during transients. The three-dimension-
al analysis should be completed during the next reporting period.

Rotor Dynamics

The initial RPD gasifier turbine rotor critical speed analysis was presented
in Ref 2. The geometric representation of the rotor system is shown in Figure
109. Subsequent analyses were performed using this model to predict rotor
responses to component unbalances. Responses were computed for in-phase and
out-of-phase unbalances at the compressor and turbine of 0.000933 N-m
(0.000826 lbm-in.) and 0.000726 N-m (0.000643 lbm-in.), respectively. These
unbalances are commensurate with a 0.0254 mm (0.001 in.) offset of the compo-
nent center of gravity from the center of rotation. The maximum response
levels computed for the steady-state operating speed range were found LO be
0.102 mm (4 mils) at the turbine blade tip and 0.051 mm (2 mils) at the com—
pressor blade tip. Use of a squeeze film damper at the compressor end bearing
provides enough damping to reduce the lower mode response, which occurs in the
transient speed range because of the out-of-phase unbalance. Calculated bear-
ing dynamic loads resulting from out-of-balance indicate that tne front bear-
ing load 1s sensitive to out-of-phase unbalance while the rear bearing load 1is
sensitive to in-phase undalance. The maximum computed dynamic loads 1in the
operating speed range because of the assumed unbalances are 222.4 N (50 lbf)
at the front bearing and 333.6 N (75 lbf) at the rear bearing.

5|
- 100
—— —r—
3r Compressor
g ' b o joint
A 50 N n s
3 £ L .~ ! % / .
2 E Pinion < 3 Turbine
& 1t gear e %
I ey
-8 0F = = : i -
e —IN

-40 0 40 8d 120 160 200 240
Engine station—mm

i L
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Engine station=in,
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Fizure 109. = AGT-100 RPD Gasifier Turbine Rotor System Geometric
Representation.
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Following these calculations, a change was made in design philiosophy, which
resulted in a modified gasifier turbine rotor configuration. A change to the
power transfer arrangement allowed the shortening of the rotor shaft overhang
from the compressor end bearing by 20.32 mm (0.80 in.). Additionally, the
material of the interface joint between the steel shaft and ceramic turbine
was changed. The modified geometric schematic is shown in Figure 110. Figure
111 shows the computed critical speeds and mode shapes for the rotor supported
with a 3.5 MN/m (20,000 1bf/in.) spring rate at the front bearing and a 10.5
MN/m (60,000 1bf/in.) rate at the rear bearing. These rates provide a steady-
state operating speed range free of critical speeds. Table XV shows the com-
puted critical speeds of the firsc three modes for three values of joint
stiffness. The third mode (shaft bending mode) is not semsitive to this
change in stiffness.

TABLE XV. SENSITIVITY OF FREQUENCIES RESULTING FROM ROTOR/SHAFT JOINT
STIFFNESS FOR AGT-100 RPD GASIFIER ROTOR

Modulus of
Temperature elasticity Mode No. Frequency, cpm

538°C 1.21 x 10° MPa 1 29,283
(1000°F) (17.5 x 10° psi) 2 33,921

3 142,237
760°C 0.917 x 10° MPa 1 29,281
(1400°F) (13.3 x 10° psi) 2 33,921

3 142,139
982°C 0.758 x 10° MPa 1 29,279
(1800°F) (11.0 x 10° psi) 2 33,920

3 142,003

Further analyses have been initiated to include the asymmetric coupling be-
twean the gasifier turbine rotor and the power take-off drive train. Prelimi-
nary results from this three-plane s:mulation indicate that coupled critical
speed exists in the gasifier operating speed range. Design perturbatious are
being investigated to synthesize a viable configuration.

4.3 CERAMIC GASIFIER TURBINE ROTOR

The gasifier and power turbine wheels for the RPD engine have been defined and
are undergoing detailed design analysis. Because the gasifier turbine is ex-
pected to operate in a more severe thermal environment and at higher speeds,
much of the initial analysis has concentrated on this rotor.
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Figure 110. - AGT-100 RPD Gasifier Turbine Rotor for RPD Power Transfer Design.

Work accomplished was in four areas. These are summarized below and detailed
later in this section.

o Proof testing--The existing two-dimensional model was used to examine the
effect of proof tests on increasing survival probability. This work 1is
applicable in concept to both gasifier and power turbines.

o Three-dimensional finite element model--A computer routine generates a
three-dimensional finite-element model of any radial turbine given flow-
path coordinates and blade thickness data. Two- and three-dimensional re-
sults for the gasifier turbine compare favorably.

o Shaft joint analyses--Three design schemes have been investigated which
would apply to either the gasifier or power turbine rotors.

o Revised two—dimensional analytical models--The models have been revised to
reflect power transfer, balance stock, gas recirculation, ang joint ef-
fects in the current RPD designs of both turbines.

Proof Testing

Work has been performed to predict analytically the impact of proof testing on
probability of survival. The existing two-dimensional model and Weibull sta-

tistics were used for these studies. Previous analyses of a severe cold start
to maximum power transient indicated that high strengths (mean strengths) were
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Figure 111. - AGT-100 RPD Gasifier Turbine Rotor Critical Speeds and
Mode Shapes.
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required to meet reliability goals because of the wide scatter in strength
data. The use of cold spin testing had been proposed as a proof test to elim-
inate the low-strength rotors. This would have permitted the use of material
with lower-than-desired mean strength and still achieve the desired survival
probability. However, studies to date indicate cold spin testing is not ef-
fective for these purposes because it does not test the most critical failure
parameter--stressed volume--adequately.

The computed rejection rate for cold spin proof testing of the gasifier tur-

bine is shown in Figure 112 for three material strength levels. Assuming the
rotor has been proof tested to the stress state occurring in a cold spin, the
probability of survival has been computed for the maximum transient condition.

The results are shown in Figure 113 for the same three material strength
levels.

For low rates of proof test rejection (less than 20%), negligible improvement
in the transient probability of survival was computed. As an example, if a
20% cold_spin test rejection rate is assumed, the proof test speed would be
115 x 103 rpos (Figure 112) for 413.4 MPa (60-ksi) material. That test speed
has only incr:2ased the maximum transient survival probability from 0.63, at 80
x 103 rpm, to G.7v, at 115 x 103 rpm (Figure 113). This effect is ap-
parently the result of the dissimilarity between a cold spin stress state and
that created during an engine transient. The probability of survival is a
function of stressed volume, and the stress distribution is more uniform for a
cold spin test compared to the transient. Figure 114 shows the relative
stress levels for each condition. It can be seen that the solid disk portion
of the wheel is more highly stressed relative to the blade for the cold spin
case (A/B is low). Duplicating the peak stress level in the blade root that
occurs in the transient would result in a very high proof test rejection.

0.0001 ~0.99%9
weibull
Material MOR modulus

0.0003 1 A MR GOKs) 10 |

0.0005 |- B 43MPai0ksd 10 %%

0.0010 C 482 MPa (70 ksi) 10 40.9990
5 -
2 0.0030} 40,9970 2
- >
< 0.0050 Ho.9950 5
£ 0.0100 b 40.9900 2
2 =
g \s g
£ om0t % Jo.9m0 €

0.0500 |- &, Ho.%00 *

0.1000 + § +0.9000

o200} 2 -0,8000

0.3000 4 0. 7000
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Figure 112. - Proof Test Rejection Rate for AGT Gasifier Turbuine.

116



CRIGIVAL Pals (5

OF PCOR QUALITY

0.0001 Weibull 709999
Material  MOR Modulus
0,00 | A 344 MPa GOksit 10 40.9997
B 43 MPa (0 ksi) 10
0.0065 - C 42 MPa (T0Ksi) 10 10-99%
0.0010 | -0.99%0
2 s
3 0.080p H0.9970 3
= o.0050 |- | 10.9%0 2
§ oo | 40.9%0 2
£ g
0.300 |- ' 40.910 X
0.0500 - 10.9500
0.1000 6. %000
0.2000 |- 0.8000
e T
05 T —— : e
W% 0 10 20 130 W B0
Cold sp.n proof test—rpm x 1(]3
TE80-1398

Figure 113. - Maximum Transient Failure Rate After Proof Test.

Sintered alpha-silicon carbide material

A B
max blade stress Max disk stress =~ A/B

Mech only (86,240 rpm) 105 MPa (15,3 ksi) %2 MPa (13,4 ksi) 114
Max steady state 125 MPa (18.2 ksi) 104 MPa (15.1 ksi) 1.20
Max transient 260 MPa (37.8 ksi) 998 MPa (28.8 ks1) 1.3l

TE80-1399

Figure 114. - Stress Distribution Variation.
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The cold spin proof test cannot, therefore, significantly reduce material
strength requirements. However, it is still useful as an independent verifi-
cation of material strength in the wheel.

Three-Dimensional Finite Element Model

A computer routine has been developed to automatically generate a three-dimen-
sional finite element model of the radial turbine, given flow-path coordinates
and blade thickness data. This program reduces the amount of manual effort in
constructing this complex model. The model uses 20 noded solid elements and

generates a one-blade sector of the wheel. An example is shown in Figure 115.

A direct comparison has been made between axisymmetric (two-dimensional) and
three-dimensional models of the gasifier turbine. The axisymmetric model ele-
ment mesh was defined to simulate the three-dimensional mesh closely. Heat
transfer and stress analyses were performed at the maximum power steady-state
condition, and a probability of survival computed using the properties of
sintered silicon carbide material. The results are shown in Figure 116,

The results show excellent agreement even when individual element probability
of survival is compared. It was anticipated that some difference in the sur-
face probability of survival would be noted because the three-dimensional
model includes the surface area between blades. However, the surface proba-
bility of survival is not as significant as the volume probability of survival
for the gasifier turbine. The small difference in volume probability of sur-
vival is primarily a result of the addition of fillets in the blade root of
the three-dimensional model.
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Figure 115. - Three-Dimensional Finite Element Model of Radial Turbine.
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Finite element analysis at max power steady state
(sintered alpha silicon carbide, MOR =50 ksi, m = 8)

Axisymmetric (2D) model

B Probability of survival

Surface 0. 9974
Volume 0.8333
Total 0.8312
® Max principal stress 170 MPa (24,7 ksi)

3-D Model
Probability of Survival

Surface 0.9955
Volume 0.8100
Total 0.8063
® Max principal stress 169 MPa (24.6 ksi)

TE80-1401

Figure 116. - Comparison of Two- and Three-Dimensional Finite Element
Model--Results for Ceramic RPD Gasifier Turbine.

Shaft Joint Analysis

The attachment of the ceramic rotors to metal shafts has been investigated,
and several approaches have been defined for further analysis. One configura-
tion uses a slotted spool of an intermediate expansion material (e.g., Colum-
bium) to adapt the ceramic wheel to the metal shaft. The proposed adaptor
material has to have a relatively high temperature capability because of the
high conductivity of silicon carbide, which is a candidate rotor material.
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Without modification, the joint temperature would be 1n excess of 870°C
(1600°F). However, a temperature below 650°C (1200°F) is required to mini-
mize the oxidation problem and permit the use of low expansion superalloys

such as Incoloy 903. Possible means of lowering this joint temperature have
been investigated.

One approach would be to cool the joint region with compressor discharge air.
But analysis of this approach indicates an unacceptable level (4%) of engine
airflow would be required to lower the peak joint temperature to 650°C
(1200°F), as shown in Figure 117. This is again a result of the high con-
ductivity of the silicon carbide rotor, which transmits the heat to the joint
interface.

Another approach would be to reduce the heat conducted to the joint by inter-
posing a low conductivity thermal barrier. This approach appears promising
and is currently being followed.

Revised Two-Dimensional Analysis Results

Refinements have been made to the two-dimensional finite element models of

both the gasifier and power turbine to reflect the power transfer configura-
tion, the addition of balance stock, the effects of gas recirculation result-
ing from backface pumping, and the new joint configuration. The steady-state
maximum power results are shown in Figure 118. 1In addition, transient sched-

ules shown in Figure 119 were used to generate thermal conditions for a severe
engine transient.

——
=
8
nl

=

2
g

AGT gasifier turbine
Max adapter temperature
Off design 55 mph

SiC rotor material

—

un

8
L

Maximum adapter temperature—"F
L) 1
Maximum adapter temperalure—"C

g
8

650

—

1
1
1
4 6 8
Percent engine airflow

TE80-1402
Figure 117. - Effect of Cooling Air on Joint Temperature.
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Figure 118. - AGT RPD Gasifier Turbine, Steady-State, Maximum Power Results.
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Figure 119. - AGT-100 Cold Start to Maximum Transient.

Calculation of the gasifier rotor's probability of survival using Weibull ma-
terial parameters indicate a minimum point is reached at the 32 seconds
elapsed time. The corresponding stress and temperature results are shown in
Figure 120.

The transient analysis results have also been used to establish the required
material strength for each wheel to achieve the design probability of survival
goal. Figure 121 compares the required strength levels for s’ red alpha
silicon carbide for both rotors. The gasifier turbine requirement is slightly
less than the level reported previously. Even though the power turbine oper-
ates at a higher tip speed, the material strength requirement is less than
that for the gasifier. This is explained by reduced chermal stresses in the
power turbine as a result of lower operating temperatures and reduced thermal
gradients.
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Figure 120. - Ceramic Gasifier Turbine Maximum Transient Kesults.
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Figure 121. - Material Strength Requirements for Ceramic Turbines.
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V. POWER TURBINE DEVELOPMENT

5.1 POWER TURBINE AERODYNAMIC DEVELOPMENT

Similar to other AGT-100 components, the power tu-bine is required to operate
over a wide range with high efficiency. Aerodynamic design to achieve this
goal must be consistent with stress, heat transfer, vibration, and mechanical
design requirements. To be competitive in the automotive market, the high
efficiency must be achieved with recognitior ol the requirewent for low cost
and low inertia. Although larger than the AG.-100 gasifier turbine, the de-
sign of the power turbine is challenging because of small size, ceramic con-
struction, and relatively low Reynolds number.

Development activity during this period has focused on design of the RPD power
turbine and exhaust duct, preliminary design of the Mod I power turbine, lay-
out and fabrication of the interturbine duct/scroll bench rig, and layout of
the power turbine test rig.

RPD Power Turbine Design

The RPD engine cycle requirements for the power turbine at the maximum power,
sea level static, condition are:

Inlet temperature, °C (°F) 1109 (2028)
Inlet pressure, kPa (psia) 229.06 (33.22)
Fuel/air ratio 0.0129
Equivalent flow, WV¥@ ., ¢/3, kg/s (lbm/sec) 0.322 (0.707)
Equivalent work, h/8.p, kJ/kg (Btu/lbm) 49.24 (21,17)
Equivalent speed, N/yF cr, rpm 31,450
Expansion ratio (Total - Total, 2.004
Efficiency without inlet scroll (Total - To:al) 86.70

Although the turbine operates at the waximum power point only a small fractionm
of the time, this point does represent the most severe steady-state structural
design condition. The maximum power cordition, therefore, has been sel-cted
as the design point to ensure a systematlc integration of fabrication, . rody-
namic, heat transfer, stress, and .ibration design disciplines., The design
process commences with aerodynamic definition of flow path, vare and blade
contours, and thickness distribution.

Flow Path Selection

Several factors are involved in the selection of "optimum' flow-patn parame-
ters. First is the realization that part power 1s emphasized at the expense
of full-power performance. Caution must be used, however, to avoid any severe
efficiency reduction at maximum power, which would result in unacceptable ve-
hicle response. A second major factor is the selection of aerodynamic and
geometric parameters consistent with structural design for long lLife and low
cost. This second factor becomes particularly important witi respect to
achieving adequate life of the ceramic wheel. A third important consideration
in design relates to selection of flow-path parameters conductlve to low 1n-
ertia.

§
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The power turbine flow path selected to satisfy the AGT-100 turbine design
criteria is illustrated in Figure 122. This turbine features a symmetrical
vane with endwall contouring and a low inertia rotor. Salient features of the
turbine design are:

Vane inlet diameter, mm (in.) 186.02 (7.324)
Rotor tip diameter, mm (in.) 148.08 (5.830)
Vaneless space diameter ratio 1.06

Rotor tip width, mm (in.) 11.04 (0.4346)
Exducer hub/tip radius ratio 0.300

Rotor tip diameter/exducer tip diameter ratio 1.652

Rotor tip width/rotor tip diameter ratio 0.0745

Operating at the SLS maximum power condition, the turbine exhibits a tip speed
of 527 m/s (1730 ft/sec), an aerodynamic loading parameter (U/C - Tip Speed/
Isentropic Spouting Velocity) of 0.724 and a specific speed of 80. Turbine
parameters for several engine operating points under road-load conditions are
presented in Table XVI.

TABLE XVI. RPD POWER TURBINE PARAMETERS FOR VARIOUS ENGINE OPERATING POINTS

Speed, km/h (mph) Idle 32 48 80 102 Max* Max power**
(20) 30 (50) (70) power (SL)
Turbine power, kW (hp) 1.48 2.56 4.30 9.31 21.10 64.98 74.09 v
(1.98) (3.44) (5.76) (12.49) (28.30) (87.1%) (99.36)
Inlet temperature, °C (°F) 634 979 1106 1128 13 1113 1109
(1174) (1795) (2022) (2062) (2033) (203%) (2028)
Squivalent flow, kg/s (lbm/sec) 0.159 0.168 0.175 0.224 0.261 0.314 0.322
(0.350) (0.369) (0.385) (0.493) (0.574) (0.691) (0.707)
Equivalent work, kJ/kg (Btu/lba) 5.07 7.02 10.30 15.96 26.45 46.87 49.24
(2.18) (3.02) (4.43) (6.86) (11.37) (20.15) (21.17)
Equivalent speed, I 24.5 32.8 47.0 53.0 T4.6 99.9 100.00
Expanslon ratio (T-T) 1.075 1.099 1.149 1.237 1.441 1.99¢ 2.064
o' C 0.545 0.638 0.751 0.688 0.745 0.740 0.724
Mean reaction 0.356 0.434 0.543 0.479 0.537 0. 546 0.533
Ng 55.7 $3.3 Tl.e 08.4 74,7 80.3 79.8 \
NRE 29,000 20,800 20,300 28,100 39,200 A8, 100 74,200
Swirl angle, deg -9.9 +4.1 +23.0 +0.2 +14.0 +1.6 -2.0
‘“\l 0.071 0.076 0.092 0.117 0.160 0.254 0.269
Texit

*Ambhient temperature: 29°C (85°F), altftude: 152 m (500 ft).
**Anhient temperature: 15°C (59°F), altitude: sea ievel.

The power turbine is required to operate over a much larger range of speed and
flow than the gasifier turbine. 1In order to accent part power performance the
aerodynamic loading coefficient (U/C) was selected to be larger than optimum
(U/C = 0.7) at the high power points. Mean static pressure reaction varies
from 0.356 at idle to 0.546 at the maximum power condition. The exit swirl
variation is from -9.9 deg at idle to +23 deg at 48.4 km/h (30 mph).

T
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Figure 122. - RPD Power Turbine Flow Path.

The power transfer engine concept assists the power turbine. This results in
a cycle component match that allows the power turbine to operate at nearly
peak efficiency over most of the operating range. Figure 123 illustrates the
ratio of power turbine power to the power turbine shaft power over the engine
roed-load operating range.

Similar to the work performed on the gasifier turbine, a sensitivity study of
critical design parameters was made to verify flow-path selection. This study

included specific speed, tip diameter, vane exit angle, exducer hub/tip raaius
ratio, and exducer area.

Specific Speed

Speed selection for the power turbine is more flexible than that encounteread
for the gasifier turbine since considerations for compressor performance are
not present. 4As shown in Figure 124, the RPD design specific speed of 30 1is
nearly optimum. <Consistent with the requirement for long life, the selection
has been made toward lower specific speed to provide reduced blade stresses.

Tip Diameter

The emphasis to part power performance necessitates a tip diameter larger than
that dictated by the maximum power cperating point. As shown in Figure 125,
the RPD design tip diameter has been selected to provide a gooa compromise of
performance over the operating range.
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Figure 123. - Ratio of RPD Power Turbine to Total Shaft Power.
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Figure 125. - Effecr of Tip Diameter on RPD Power Turbine Efficiency.

Vane Exit Angle

Figure 126 presents the effect of vane exit angle on turbine erfficiency. Sim-
ilar to the gasifier turbine, the angle selection was made toward the hign
vaiues to allow higher reaction levels.

Exducer Hub/Tip Radius Ratio
The hub/tip radius ratio of 0.3 for the RPD design is identical to the gasi-
fier. This value provides for high efficiency, as evident in Figure 127 and
adequate hub area for dynamic balance.

Exducer Area
Figure 128 illustrates the effect of exducer area on power turbine etfi-
ciency. An increase in area over the RPD design would result in higher total-

static efficiencies, but would pose higher risk in structural design.

Aerodvnamic Performance

The aerodynamic performance of the RPD power turbine has been calculated witn-
out the inlet scroll. The efficiency goal for the power turbine is 1llus-
trated in Figure 129 as a function of engine road-load power. The trend
toward higher efficiency at part power is desirable for the automotive duty
cvcle.

=
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Figure 126. - Effect of Vane Exit Angle on RPD Power Turbine Efficiency.
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Figure 128. - Effect of Exducer Area on RPD Power Turbine Efficiency.
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Figure 129. - Efficiency Goal--RPD Power Turbine without Iniet Scroll.
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Engine operating points have been superimposed on the torque—speed performance
map as illustrated in Figure 130. The majority of the engine operation occurs
within the peak efficiency island. Equivalent flow, equivalent work, effi-
ciency, exit swirl, and exit Mach number are illustrated in Figures 131
through 135 as a function of total-to—total expansion ratio.

The preceding turbine performance estimates were calculated through the use of
the DDA meanline performance prediction program. This initial effort was
followed by a more detailed design analysis using a quasiorthogonal meridional
flow analysis. Meridional flow analysis Mach number diagrams for max power
(SLS), 80 km/h (50 mph), 48 km/h (30 mph), and idle are presented in Figures
136 through 139.

Scroll Design

The RPD power turbine scroll is similar to the gasifier scroll with regard to
design philosophy. However, packaging in the engine compartment more severely
constrains the power turbine scroll. In addition, the scroll must accept any
flow distortion emanating from the gasifier turbine and interturbine duct.

Scroll cross-sectional shapes at various angular locations are shown in Figure
140. Because of a maximum diameter constraint, the scroll outer diameter does
not quite follow an Archimedean spiral. In order to achieve the desired
cross-sectional area for the scroll, it was necessary to permit the scroll
inner diameter to be less than the vane inlet diameter for 270 deg of the
scroll circumference. As with the gasifier scroll, width is circumferentially
reduced from the shroud side. The scroll tongue is blended into the nearest
vane to minimize flow crossover.

Equivalent toryue, Te /8 —ft-Ib

8 6 D
R a32.2 km/h 20 mph)
\ e TT 40% 50% 0
i 2.4 607 048.3 kmih (30 mp:h)
z 2.0 o 80.5 km/h (50 mph)
S 4 80%m 17 o 112.7 km/h (70 mph
«X
[ E v Max power
g
T 5 ~10%
o 2
g
oL 0
0 20 40 60 80 100 120 140
Percent equivalent speed, %N/ \/ecr TE80-1415

Figure 130. - Predicted Performance Map--RPD Power Turbine without
Inlet Scroll.
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Figure 131, - Predicted Equivalent Flow--RPD Power Turbine.
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Figure 132. =~ Predicted Equivalent Work=-RPD Power Turbine.
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Figure 133. - Predicted Efficiency- -RPD Power Turbine.
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Figure 134. - Predicted Exit Swirl Angle--RPD Power Turbine.
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Figure 135. - Predicted Exit Mach Number--RPD Power Turbine.

Through-flow Mach numbers and exit swirl angles for the power turbine scroll
are shown in Table XVII. Mach numbers are higher than for the gasifier scroll
because of limitations of available space and an acceptable diffusion area
ratio of the interturbine duct. The scroll exit angle is circumferentially
uniform and varies over the operating range.

Vane Design

The RPD vane is illustrated in Figure 141. Designed for low cost and ceramic
construction, the vane exhibits a trailing edge diameter of 0.762 mm (0.030
in.), a leading edge diameter of 5.08 mm (0.20 in.) and a true chord of 31.U04
mm (1.222 in.). The vane number of 20 results in a solidity, based on the
true chord, of 1.26, a throat width of 7.4 mm (0.2912 1in.), and a trailing
edge blockage of 9.34x.

The vane design is symmetrical to offer cost reduction in mass production as-
sembly. Cost reduction would occur through not requiring the vanes to be as-
sembled into wall slots with a particular orientation. The symmetricali design
exhibited essentially the same aerodynamic characteristics as the cambered
version.

Endwall contouring has been incorporated to improve aerodynamic loading of the
vane. The favorable effect of meridional contouring on suction surface velo-
city is evident in Figure 142. Contouring provides a 20% reduction in vane
profile loss. Boundary layer displacement thickness and adiabatic form factor
for each surface of tne RPD vane are illustrated in Figure ld43 ana i&w.
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Figure 143. - Boundary Layer Displacement Thickness—-RPD Power Turbine Vane.
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Figure 144. - Boundary Layer Form Factor--RPD Power Turbine Vane.
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TABLE XVII. POWER TURBINE SCROLL PERFORMANCE

Scroll discharge

angle
Operating Through—-flow (from radial),
condition Mach No. deg
Idle 0.079 57
32 km/h (20 mph) 0.075 54
48 km/h (30 mph) 0.079 56
80 km/h (50 mph) 0.102 57
Maximum power 0.144 55

Rotor Design

The rotor has been designed with emphasis on low cost through use of radial
blading, low inertia through use of fully scalloped backplate and deeply cut
hub, low exit Mach number to minimize exhaust loss, and relatively high maxi-
aum power reaction to achieve a broad efficiency band. Consistent with ceram-
ic construction, the minimum blade thickness is 0.762 mm (0.030 in.). The
blade thickress distribution is that of an optimum "dog leg.” At each axial
location, the blade thickness is constant from the tip inward to a specified
radius and then follows a logarithmic profile toward the hub. The hub contour
was selected to provide balance between blade and hub stress levels.

The blade shape is illustrated by radial section cuts in Figure 145. The ro-
tor throat, trailing edge diameter, and blade angle are presented in Figures
156 through 148, respectively.

Blade-to-blade velocity distributions for hub, mean, and tip (see figure)
under SLS maximum power operation are illustrated in Figures 149 through 151.
Velocity distritutions at 80 km/h (50 mph) are shown in Figures 152 through
154, 1Idle velocity distributions are presented in Figures 155 through 157.

Rotor exit swirl and Mach number, as calculated from the meridional flow anal-
ysis program, are illustrated in Figure 158. The radial variation in turbine
total-to-total efficiency is presented in Figure 159.

Power Turbine Exit Diffuser

The power turbine exit diffuser converts the dynamic head of the turbine dis-
charge into static pressure and directs the flow at the regenerator face.
Figure 160 shows the diffuser in cross section.

A diffuser area ratio of 1.5 was based on design guidelines for conical
diffusers and the available length for diffusion. Because of the orientation
of the regenerator with the power turbine, it was necessary to bend the dif-
fuser 30 deg near the power turbine exit. Diffuser cross section was Kept
circular. Extension of the flow field to the regenerator face produces a
football-shaped footprint across the face of the regenerator. Discussion of
the importance of this footprint on regenerator performance is presented in
Section VII.
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Figure 149, - RPD Power Turbine Rotor Hub Velocity Distribution--
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Figure 151. - RPD Power Turbine Rotor Tip Velocity Distribution=-
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Figure 155. - RPD Power Turbine Rotor Hub Velocity Distribution--Idle.
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Performance of the power turbine exit diffuser has beea estimated and is a
strong function of diffuser inlet Mach number and swirl. Table XVIII sum-
marizes the diffuser loss for five engine operating ccnditions.

TABLE XVIII. POWER TURBINE EXIT DIFFUSER PERFORMANCE

Operating Turbine exit

condition MN Swirl AP/P, 4
Idle 0.071 - 9.9 1.06
32 km/h (20 mph) 0.076 + 4.1 1.13
48 km/h (30 mph) 0.092 +23.0 1.37
80 km/h (50 mph) 0.117 + 9.2 1.74
Maximum power 0.269 - 2.0 3.86

Mod I Pcwer Turbine Design

Similar to the gasifier turbine, one of the more important design criteria for
the Mod I power turbine is flow-path commonality with t 2D configuration.
This design criteria is important to allow interchangeability of metallic and
ceramic hardware.

The Mod I engine cycle requirements for the power turbine at the maximum power
SLS condition are:

Iniet temperature, °C (°F) 883 (leo2l)
Inlet pressure, kPa (psia) 188.2 (27.30)
Fuel/air ratio 0.0110
Equivalent flow, Wy .. «/8 = kg/s (lbm/sec) 0.350 (0.772)
Equivalent work, ah/9cp, kJ/kg (Btu/lbm) 36.03 (15.49)
Equivalent speed, N/¥§ r, rpm 27,500
Expansion ratio (Total - Total) 1.706
Efficiency withcut inlet scroll 84.7

Flow-Path Selection

The preliminary flow path for the Mod I power turbine is illustrated in Figure
161. Because of reduced work level, the maximum power speed for the Mod I
power turbine has been reduced to 54,390 rpm. This speed change from the RPD
dzsign has been achieved through a relatively minor change in the reduction
geartrain. With the exception of vane heignt change and rotor snroud trim,
the Mod I and RPD flow paths are identical. Operating at the SLS maximum pow~
er condition, the turbine exhibits a tip sweed of 422 m/s (1384 ft/sec), an
aerodynamic loading parameter (U/C - Tip Lpeed/lsentropic Spouting Velocity)
of 0.729 and a specific speed of 80. Turbine parameters for several engine
operating points under road-load conditions are presented in Table XIX. The
Mod I turbine power is 404 less than the RPD. The Mod I equivalent flow 1s
9.2% higher than the RPD turbine. As a result of the speed change, aerody~
namic parameters are quilte similar to the RPD design. In order to provide a
favorable exit swirl variatio:, the Mod I turbine rotor blade angle has been
reduced (from axial) by approximately & deg.

e
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Figure 161. - Mod I Power Turbine Flow Path (Preliminary).

TABLE XIX. MOD I POWER TURBINE PARAMETERS FOR VARIOUS ENGINE OPERATING
POINTS (PRELIMINARY)

Speed, ka/s (amph) ldle 32 48 80 102 Max* Max power**
(20) (30) (50) (70) power (sL)
Turt ' ne power, kW (hp) 1.64 2.50 4,11 8.91 21.13 39.19 4b.TE
(2.20) (3.39) (5.51) (11.99) (28.33) (52.5%) 160.02)
Inlet temperature, °C (°F) 713 937 977 939 304 £89 883
(131%5) (1718) (1790) (1723) (1659) (1628) (1621)
Equivalent flow, kg/s (lbm/sec) 0.192 J.201 0.211 9.270 0.319 0.327 0.350
(0.424) (0.442) (0.465) (0.59%) (0.703) 1 0.721) (0.772)
Equivalent work, k. /kg (Btu/ldm) Gaal 5.82 B.68 13.68 23.66 34,017 36,03
(1.92) {2.50) (3.73) (5.88) (10.17) (14.69) (15.49) 0
Equivalent speed, I 2s.8 1G.6 @9.2 $2.1 76.0 59.8 100 E
Expansion ratio ' T-T) 1.07% 1.090 1.127 1.212 1.398 1.857 1.708
vic 0.481 0.542 0.681 0.822 J.674 J.748 4.729
;
Mean reaction 0,344 0,387 0.500 (1.450 0.5C0 0,576 0.562 ;
3
Ng 54,5 50.5 7.6 8.9 7543 B4.b B3.% é
NgF 32,300 26,400 27,500 10,000 57,800 76,370 83,500 ;
Swir]l a<ile, Jeg -17.2 -10.7 7.3 -390 Dety 5.9 2o
2.090 0.9%3 .99 0,136 C.184 n.233 Q.247
“exit

*Ambie~t temperature: J9°C (RS°F), altitude: 152 @ 70 ft).
**Aabient temperature: 5°C (S9°F), altitude: ses leve!.
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Aerodynamic Performance

The efficiency goal for the Mod I power turbine without inlet scroll 1s illus-
trated in Figure 162. Efficiency levels are on the order of 2 percentage
points lower than the RPD power turbine. Work is continuing toward finalizing
the Mod I power turbine design. Velocity diagrams and blade-to-blade velocity
distributions for selected operating points will be generated during next per-
iod.

Scroll Design

The flow path for the Mod I power turbine scroll is the same as the RPD en-
gine. Mechanically, the Mod I scroll is fabricated from metal, whereas the
RPD scroll 1is ceramic. The ceramic scroll is assembied with a circumferential
flange at the maximum diameter of the scroll. A rope seal is employed at this
flange to minimize flow leakage. In the Mod I engine this joint will be
welded to eliminate leakage.

Vane Design

The vane design for the Mod I power turbine is identical to the RPD engine.
In order to satisfy Mod 1 cycle requirements, the vane height must be in-
creased by 21.2%. In the case of the power turbine, a vane reset to open the
throat i1s a viable alternate design.

90~ 48.3km/h 96.6km/h  112.7 km/h

(30 mph) (60 mpn) (70 mph) Max power
N ¥ 4 152.4 m (500 ft), 29°C (85°F)
] ~— 80,5 km/h /
- (50 mph) " \
: ax power
®
LT T 64,4 kmih 0m {07), 15°C (59°F)
ey (40 mph)
AU pad AN
s | 32.2 kmih
= (20 mph)
O idle
70 L ] L ] | J
0 20 40 60
Engine shaft power ~k\W
| L A : L i 1 1 J
0 20 40 60 80
Engine shaft power—hp TE80-1707
Figure lol. - Efficlency voal--Mod I Power Turbine without Inlet Scroll.




Rotor Design

As previously mentioned, the power turbine rotor throat was iancreased (reduced
; blade angle) to provide favorable exit swirl angles over the operating range.
i In addition, the same type of mondifications to btlade thickness distribution as
was used on the gasifier turbine were employed for the power turbine wheel.
This change in thickness provided sufficient increase in inducer stiffness to
avoid the requirement for a partial backplate.

Approximate blade-to-blade velocity distributions based on quasiorthogonal
meridional flow analysis are presented in Figures 163 through 165. These pre-
3 liminary Mod I distributions were generated for the SLS maximum power design

3 point.

! During the next reporting period, the Mod I rotor design will be finalized,

i and master charts for engine hardware will be generated. Experimental data
»é from the turbine development program will be incorporated into the final Mod I
i power turbine design.

Power Turbine Exit Diffuser

The power turbine exit diffuser for the Mod I engine 1s exactly the same as
the RPD engine except that the Mod I diffuser will be fabricated from metal.
Area ratio and geometric shape are the same.
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Figure 163. - Approximate Hub Velocity Distribution--Mod 1 Power lurbine.
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Power Turbine Aerodynamic Development

The power turbine rig basic configuration is shown in Figure 166. This rig is
similar to the gasifier turbine rig because of the interchangeable features
that permit conversion from the gasifier turbine rig on the test facility by
asing the same shaft and module.

Activity for this period cousisted of layout design of the basic rig. Instru-
mentation locations are similar to those defined in the gasifier turbine rig
so as to provide good correlation. Because of the larger size of the power
turbine, the clearance adjustments have been simplified. Four tiebolts sup-
port the shroud for clearance adjustments to prevent the shroud from moving
away from the wheel in the direction of the pressure forces. Other structural
support controls movement in the opposite direction and provides the concen-
tricity control.

The power turbine rig uses the loose-vane concept, which reflects the engine
design, and the contoured endwalls are part of the basic configuration rather
than an alternate design for test purposes. The rig is shown with a cylindri-
cal exhaust diffuser; a subsequent design will define a divergent diffuser.
The fiberglass inlet scroll insert is constructed over a removable wood form.
Aluminum bulkheads are spaced around the scroll and are used to position it 1n
a pressure casing similar to the gasifier turbine rig. This feature allows
replacement of the scroll as an insert to study changes in configuration.
Plans call for a flow simulator to be attached to the inlet, which will pro-
vide flow profiles into the scroll similar to those obtained from flowpipe
model testing of th- interturbin~ du-t. .

5.2 POWER TURBINE MECHANICAL DEVELOPMENT
RPD

Scroll Design

The pow=r turbine scroll forms the gas flow path from the gasifier turbine
exit, via the interturbine duct, to tue power turbine rotor. The cylindrical
inlet section mates with the outer shroud of the gasifier turbine and is de-
signed to diffuse and turn the gas exiting the gasifier. A constant velocity
involute distributes the gas uniformly to the radial inflow turbine rotor in-
let. The rotor blade tip shroud is integral with the power turbine scroll,
thus forming the flow path through the rotor.

The RPD power turbine scroll design is presented in Figure 167. As shown, the
scroll that forms the gas flow path 1s a three-piece assembly composed of the
scroll-forward, scroll-aft, and backplate. The general contour of the forward
and aft scrolls was determined from a preliminary two—-dimensional stress and
deflection analysis, which assumes an axisymmetric shape. A detailed explana-
tion of the method of analysis is covered in Section 4.2. The three-dimen-—
sional finite element model, which takes into account the changing cross sec-
tion, will either verify the design or define necessary changes to ensure
structural integrity. Based on the two-dimensional analysis the most crici-
cal operating condition for the scroll is the cold fire-up t¢ maximum rower
transient condition.




The three-piece construction was selected primarily because it simplified the
assembly of the vanes into forward and aft scroll assembly. The split line
between the aft scroll and the backplate was located outboard of the rotor
diameter. This allows the scroll and vane assembly to be installed with the
rotor in place.

Also shown in Figure 167 is the scroll cross-key mounting arrangement. The
scroll has five mounting lugs located around the outer circumference. Two
mounting rings that bolt to the engine block have machined slots to accept the
scroll lugs. This design allows for differential thermal radial growth be-
tween the ceramic scroll and the steel mounting rings while holding a close
tolerance on the scroll lateral motion. Control of the scroll lateral motion
is critical in order to maintain shroud to rotor tip clearance. Several joint
design review meetings between DDA and Carborundum were held to discuss the
scroll functional design features and their impact with respect to slip cast-
ing and mandrel coating. The resulting design gives consideration to the man-
ufacturing processes. Carborundum plans to investigate both the slip casting
and mandrel coating techniques in its process development program. The se-
lected scroll material is alpha silicon carbide, with a peak operating temper-
ature of 1220°C (2230°F).

Rotor Dynamics

The RPD power turbine rotor was analyzed to predict rotor responses and bear-

ing dynamic loads resulting from simulated rotor unbalances. The turbine was

assumed to have a 0.0254-mm (0.001-in.) eccentricity of the center of gravity

from the axis of rotation, resulting in an unbalance value of 0.000123 N°m v
(0.00109 1b-in.). The maximum response level in the steady-state operating

speed range is G.0762 mm (0.003 in.) at the turbine blade rip. If a squeeze

film damper is employed at the turbine end (front) bearing support, a 50% re-

duction in response is achieved at the first mode resonance, which occurs in

the transient speed range. The maximum dynamic loads coumputed are 62.3 N (14

1bf) and 133.4 N (30 1bf) at the front and aft bearings, respectively.

In conjunction with rearrangement studies of the engine, two optional config-
urations of the power turbine rotor were analyzed. The power turbine rotor
was rearranged so that the turbine outlet was at the shaft side of the wheel
(see Figures 168 and 169). The exit hub~tip radius ratio was increased to
provide radial space for the rotor support bearing. Hub-to~tip ratios of 0.5
(Figure 168) and 0.6 (Figure 169) were studied to minimize turbine overhang.
The weights, inertia, and other pertinent parameters for both Figures 168 and
169 are listed in Table XX. The modes for both rigid (infinite stiffness) and
formal supports were calculated. Results show that the first bending mode
appears in the operating speed range. Critical speed sensitivity studies of
the front mount spring rate for both configurations indicate that a rate of
7500 lbm/in. at the front bearing reduces the pitching mode (mode 1) below the
idle speed. However, the first bending mode (mode 2) has only a 19% speed
margin above the maximum continuous speed for Configuration A and 18%, speed
margin for Configuration B. The results are summarized in Table XXI. These
two configurations are unacceptable because of the reduced margin.
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Figure 167. - AGT-100 Power Turbine Cross Section.
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TABLE XX. POWER TURBINE MECHANICAL PARAMETERS FOR CONFIGURATIONS A AND B

Figure 168 Figure 169
(Configuration A) (Configuration B)

Hub/tip radius 0.5 0.6
Weights

Turbine, kg (lbm) 0.723 (1.593) 0.867 (1.911)

Shaft, kg (lbm) 0.761 (1.678) 0.803 (1.771)
Inertias (roll)

Turbine, kg m2 (lbm-lg 0.000495 (1.693) 0.000593 (2.027)

Shaft, kg* mé (lbm=in.%) 0.000983 (0.336) 0.000111 (0.378)
Turbine overhang
beyond front bearing, mm (in.) 76.15 (2.998) 57.27 (2.247)
Bearing span length, mm (in.) 107.19 (4.22) 121.92 (4.80)
Bearing bore diameter, mm (in.) 29.97 (1.18) 29.97 (1.18)
Coupling OD, mm (in.) 21.59 (0.85) 21.59 (0.85)

TABLE XXI. SUMMARY OF POWER TURBINE CRITICAL SPEED ANALYSIS

Figure 168 Figure 169
(Configuration A) (Configuration B)

Rigid support

Mode 1 37,962 cpm ( 56%) 39,564 cpm ( 58%)
Normal support*

Mode 1 28,352 cpm ( 42%) 30,249 cpm ( 44%)

Mode 2 110,224 cpm (162%) 102,618 cpm (151%)
Mass isolator®*

Mode 1 6,997 cpm (10.2%) 7,226 cpm (10.6%)

Mode 2 81,199 cpm (119%) 79,932 cpm (118%)

*Mount spring rates assumed to ve 52.5 MN/m (300,000 1bf/in.).
**Front mount rate 1.312 MN/m (7,500 lbf/in.). Rear mount rates assumed
to be 52.5 MN/m (300,000 lbf/in.).

After the new gearbox was designed, the modified power turbine rotor shown in

Figure 170 was analyzed. The critical speed analysis indicated that one crit-
ical speed occurred at 61% of the operating speed range (18 to 100% of 68,000

rpm) for a normally supported rotor. When a controlled spring rate (isolator)
of 0.875 MN/m (5,000 1lbf/in.) is used at the turbine end bearing, the turbine

rigid body mode is eliminated from the operating speed range. The mode shapes
for this configuration are shown in Figure 171.
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Figure 171. - AGT Power Turbine Rotor for a New Gearbox.

Preliminary calculations of the rotor response to various maneuver's loads
were performed using three different conditions: 1.5 rad/s turn, 3g's static
load, and 6 g/0.05 s half sine shock pulse. The areas of interest were the
turbine tip, piston seal, and pinion gear mesh clearances. The results indi-~
cated that the critical area was the turbine tip clearance at the trailing
edge. Calculations were made for three different isolator radial clearances,
results of which are shown in Table XXII. As can be seen, smaller responses
occur at smaller clearances. However, sufficient radial deflection must be
available so that the rotor can have the isolated rate during the passage
through critical speeds excited by normal unbalances. This trade-off will be
investigated further.

TABLE XXII. THE BLADE TIP RESPONSE AT TRAILING EDGE RESULTING FROM THREE
DIFFERENT MANEUVER'S LOADS

Isolator radial 0.0508 mm 0.0762 mm 0.1778 mm
clearance (2 mils) (3 mils) (7 mils)
1.5 rad/sec gyro, mm (mils) 0.1346 (5.30) 0.1930 (7.60) 0.1935 (7.62)
3g static load, mm (mils) 0.1085 (4.27) 0.1085 (4.27) 0.1085 (4.27)

6 g/0.05 s half sine shock, mm (mils) 0.1135 (4.47) 0.1648 (6.49) 0.1943 (7.65)
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Additional calculations are presently being made to assess the effects of pow-
er extraction ou the power turbine frequencies and response to unbalance.

Mod I

The Mod I design incorporates metal flow-path components--both rotating and

static--which will allow engine development testing prior to the delivery of
ceramic components. Commonality between RPD and Mod I designs will be main-
tained whenever possible.

Rotor Mechanical

The design of the Mod I power turbine rotor has been initiated. The blade
thickness distribution is being selected to raise the inducer bending mode
frequency. Initial review of the latest design iteration indicates that the
desired increase in frequency has been accomplished. The rsults of initial
heat transfer and stress analysis also show more than adequate stress-rupture
life (in excess of 50,000 h), which is primarily a result of the significantly
reduced tip speed (454 m/s (1384 ft/sec)) of the Mod 1 power turbine.

5.3 CERAMIC POWER TURBINE ROTOR

Much of the work done this period on the ceramic gasifier rotor is also rele-
vant to the power turbine. Refer to Section 4.3 of this report.

Revised Two-Dimensional Analysis Results

The two-dimensional finite element model of both turbines was revised to re-
flect the power transfer configuration, the addition of balance stock, the
effects of gas recirculation from backface pumping, and the new joint configu-
ration. The steady-state maxi{mum power results are shown in Figure 172.

Transient schedules, shown in Figure 173, were used to examine non-steady-
state conditions. The results are shown in Figure 174. Calculation of the
power turbine rotors probability of survival using Weibull material para-
meters indicate a minimum point is reached at 38-s elapsed time.

Transient analysis results relating material strength to design probability of
survival were given in Section 4.3, but the plot is repeated here for conveni-
ence {Figure 175).

Power Turbine Dynamic Analyses

Preliminary analyses have been performed on the power turbine blade. Figures
176 and 177 present speed-frequency relationships for silicon carbide and sil-
icon nitride materials. The potentially most troublesome mode (inducer bend-
ing) clears fourth engine order in both cases and thus satigfies one of the
design criteria.
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RiGIAL FAGE 19 Temperature
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A 800.0 426 .67
B 900.0 482,22
C 1000.0 537.78
D 1100.0 593.33
E 1200.0 648.89
F 1300.0 704 .44
G 1400.0 760.00
H 1500.0 815.56
| 1600.0 871.11
J 1700.0 926.67

1800.9 982.22
1844.6 1006.98
Min 758.4 403.58

|

Max principal stress
ksi MPa
A =6.0 -41.37
3 -3.0 -20.68
C 0 0
D 3.0 20.68
E 6.0 41,37
F 9.0 273
G 12.0 82.74
H 15.0 103.42
Max 17.6 121.04 4
Min =7.7 -52.89

TEBO-1458

Figure 172. - AGT Power Turbine--Steady-State Maximum Power Analysis Results.
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Figure 174. =~ Ceramic Power Turbine Maximum Transient Results.
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VI. COMBUSTOR DEVELOPMENT

6.1 RPD

The design of the combustor for the AGT-100 RPD has closely followed the
design of previous DDA low-emission combustors. The fuel and a portion of the
inlet air are combined in a swirling mixture within a prechamber. The fuel is
vaporized within the prechamber because of the high temperature of the pre-~
chamber walls and the inlet air. When the fuel and air leave the prechamber,
they enter the main burning zone in a highly premixed and prevaporized condi-
tion.

To keep the exhaust emissions below a specified level, the burning zone tem-
perature must be carefully controlled to stay within narrow limits. This con-
trol is accomplished by adjusting the division of primary and dilution zone
air through the use of variable geometry.

At idle, sufficient air is admitted into the prechamber through a fixed
swirler to maintain the proper combustion zone temperature. As the fuel flow
rate is increased above idle, the variable geometry must be moved to introduce
more air into the fuel yreparation zone. This is accomplished by uncovering a
swirler that allows air to feed into the prechamber, combining with the air
entering the prechamber through the axial swirler.

As the variable geometry is opened further, the flow area can become a signif-
icant portion of the flow area through the prechamber, especially when a large
diameter centerbody is used with the prechamber as it is in the AGT~100 RPD
design. When these areas become similar, the total flow through the precham-
ber is less than that which would be expected for the open areas of both the
swirlers. This flow reduction, which can be accounted for by reducing the
value of flow coefficient for the swirler openings, must be known before the
prechamber can be properly sized.

Aerodynamic Design

The RPD combustor conditions for steady state operation are given in Table
XXI1I. The last column of this table lists the total effective area required
for the combustor if it is to operate at the design pressure drop of 2.5Z.
The prechamber diameter was sized to permit sufficient flow through the
swirler for a given movement of the variable geometry.

Max power
80 ka/h (50 aph)
32 wa/h (20 mph)

Idle

171

[ABLE XXIII. AGT-100 RPD COMBUSTOR CONDITIONS AT 152.4 m (500 ft), 29°C (85°F)
Mod 1
Total effective
Wa, BIT, BIP, wr, BOT, ares o
kg/s (lbm/sec)  °C (°F) kPa (psis) E/A i kg/h (lba/hr) C (°F) tn.?)
0.299 (0.638) 727 (1341) 416,44 (60.4) 0.0106  0.0219 (0.448) 10.98 (24.2) 1080 (1976) 1665 (2.58)
0.156 (0.345) 839 (1543)  2u/.54 (33.0) 0.0073  0.0229 (0.468) 4.13 (9.1) 1080 (1976) 1735 (2.69)
0.105 (0.<31) 854 (1570)  166.17 (24.1) 0.0052  0Q.0212 (0.432) 1.95 (4.3) 1025 (1877) 1606 (2.49)
0.111 (0.245) 616 (1140)  158.59 (23.06) 0.0038  0,0219 (0.426) 1.54 (3.4) 749 (1380) 1581 (2.45)
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The values of discharge coefficient, which were determined from prechamber
experiments (described later in this section), were used for the swirlers. An
iterative solution was followed to arrive at the proper combination of pre-
chamber diameter, swirler opening area, annulus area, and centerbody diameter.

A determination of the required dilution zone area can be made after a primary
zone flame temperature has been selected for each operating point. This flame
temperature can theoretically be as high as 1649°C (3000°F) without producing
excessive emissions. For the AGT-100, RPD combustor, however, this tempera-
ture has been limited to values consistent with previous DDA low emission ex-
perience.

The flame temperature can be used with the condition of Table XXIII to deter-
mine what portion of this total airflow should pass into the primary zone and
take part in the combustion process. The total effective area shown in Table
XXIII is required to operate at the design pressure drop of 2.5%. Multiplying
this area by the percent primary flow determines the required primary zone
area. At idle and low speed, the actual primary zone area, which is made up
of the swirler area and the leakage area under the variable geometry band, is
larger than the ideal primary zone area. As a result, the total combustor
area must be increased to maintain the proper percent primary flow, and there-
fore, the combuztor pressure drop will decrease at vehicle speeds below 24
km/h (15 mph). ‘he dilution zone area is found by subtracting the primary
zone effective aiea from the total combustor effective area. Figure 178 pre-
sents curves ~f cotal, primary, and dilution effective area as a function of

vehicle operating speed.
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Figure 178. - Var.ition with Vehicle Speed of AGT-100 Combustor Areas.
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The relation between dilution effective area and variable geometry movement is
shown in Figure 179. This relationship is the most ideal variatiom possible
and would result in a nearly constant pressure drop over the operating cycilc
at speeds above 24 km/h (15 mph). It is necessary to select an actual dilu-
tion hole shape that will follow as closely as possible the ideal relationship
of effective area versus variable geometry.

Several dilution hole configurations were considered. Each configuration pro-
duced a slightly different total area for any given flow split to the primary
zone. Since the total area changed, tne combustor pressure drop also changed,
and it was necessary to evaluate the resulting pressure drop for the various
configurations. Three dilution hole options are shown in Figure 180. Option
1 represents the simplest shape to fabricate. Option 4 represents a configu-
ration that would maintain a reasonably constant pressure drop, and optiomn 7
represents the maximum amount of contouring that would seem feasible for a
ceramic liner. The pressure drops for options 1 and 7 are also shown in Fig-
ure 180 as a fuaction of vehicle speed.

Option 7 offers a slightly more uniform pressure drop; however, the difference
between the two configurations is of little significance and, therefore, the
simple shape of option 1 was selected. The final relationship for the RPD
combustor between total effective area, variable geometry position, and pri-
mary zone flow split is shown in Figure 181.
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Figure 179. - Ideal Variation of Di_ution Area for AGT-100 RPD Combustor with
Variable Geometry Posit._ ..
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Figure 180. - Dilution Hole Geometry and Its Effect on Liner Pressure Drop.
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Analytical Analysis

A computer program has been developed by DDA to analyze swirling, reacting
turbulent flow in axisymmetric combustors. The program is entitled COSMIC
(Computation of Swirl/Mixing in Combustors) (ref. 4), and it can be used to
predict velocities, pressures, temperatures, species concentrations, and tur-
bulence quantities throughout the region of interest.

The COSMIC computer program was first used to predict the flow field to deter-
mine the appearance of the flow in a combustor whose performance had previous-
ly been determined. Two conditions were analyzed-—-idle and maximum power.

For the idle point, all of the primary zone air was assumed to enter through
the axial swirler at the beginning of the prechamber. The predicted stream-—
lines for this condition are shown in Figure 182. The large recirculating
zone enclosed by the "zero"” streamline begins almost immediately downstream of
the axial swirler and extends beyond the exit of the combustor. Approximately
23% of the flow recirculates in this zone. The dilution holes are not shown
in this figure and were not included in the computer analysis. The leadiig
edges of the dilution slots were located at about 241 mm (9.5 in.) from the
prechamber axial swirler. The computer analysis indicates that the dilution
hole location might have ailowed some dilution air to recirculate to the pri-
mary zone.

When the operating conditions are changed from idle to maximum power, the var-
iable geometry is moved to decrease the dilution slot area and to expose an
increased area at the prechamber. Figure 183 shows the flow streamlines at
the maximum power condition. The recirculation zone now begins at the end of
the centerbody and is completed before reaching the dilution holes. In addi-
tion, only 8% of the flow is involved in the recirculating flow. The combus-~
tor included a trip (orifice) located at the exit of the prechamber; however,
this geometric flow blockage was not included in the computer analysis shown
here.

The flow field within the AGT-100 RPD combustor was also analyzed using the
COSMIC computer pvongram. The program was modified to include the proper con-
tour at the exit of the combustor, the spherical end on the prechamber center-
body and the prechamber trip. The analysis was made at idle, 32 km/h (20
mph), 96 km/h (6" mph), and max power. The resulting streamlines for the idle
condition are shown in Figure 184. Two differences can be noted between this
flow field and that for the first configuration. First, a recirculation zone
can now be seen in the corner of the main chamber. This zone hac been ob-
served both analytically and experimentally in other combustors, and its
existence is related to the angle of the combustor dome wall and the angle of
swirl. Above 70% of the total flow is involved in this zone. Second, the
center recirculation zone is slightly larger and contains more flow than the
first configuration. The center zone recirculates almost 35% of the flow,
about 1.5 times that of the first combustor.

The flow streamlines shown in Figure 185 are for a vehicle speed of 96 km/h
(60 mph), and the results are similar to other speeds. At this speed, the
recirculation zones appear to be established well within the length of the

combustor.
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At this time, there has not been sufficient correlation between actual combus-
tion experiments and COSMIC predictions to understand the total significance
of thase regults. It would intuitively seem that larger recirculation zones
would improve stability and reduce CO, whereas NO, might increase because of
the increased residence times. The ultimate value of the COSMIC results, how-
ever, is in predicting trends. Should an experimental test proCuce promising
results, the COSMIC program can be applied to determine what aerodynamic
charge resulted, Additional experimental modifications can first be evaluated
by a COSMiC analysis at greatly reduced cost to determine whether the desired
aerodynamic change is enhanced by the particular modification.

The COSMIC computer analysis was also performed on the RPD combustor at the
conditions corresponding to a vehicle speed of 32 km/h (20 mph) for & matrix
of conditions to determine the effect of trip height, axial swirl angle, and
dome wall angle on the internal flow field. The general appearance of the
flow was the same regardless of the height of the trip used. The quantity of
flow in the outer corner recirculation zone, however, increased significantly
with the size of the trip. A similar effect was noted by increasing the axial
swirler angle by 5 deg. The general appearance of the flow field looked the
same for both angles, but the outer corner recirculation zone was smaller and
contained less mass wher the swirl angle was increased from 75 to 80 deg.

When the dome wall was augled toward the exit of the combustor, the outer
corner racirculation zone initially remained unchanged. However, as the angle
was increased further, the corner zone abruptly disappeared, and the center
recirculation zone volume was enlarged. The minimum dome angle ~ecessary to
eliminate the outer corner recirculation zone was less for an 80-deg axial
swirler than for 75 deg.

Figure 186 compares the baseline combustor with 75-deg axial swirler angle and
straight dome wall t» "he modified design with 80-deg axial swirler and 30-deg
dome angle. It should be pointed out that no evidence exists to indicate that
one of these flow patterns is more desirable than the other. The main purpose
of this analysis was to determine whether changes in internal flow field were
easily achieved with changes in geometry, and to determine which geometric
variables were the most significant.

Heat Transfer and Stress Analysis

To evaluate the stresses and probabilities of survival of the ceramic combus-
tor components, a finite element model of the RPD combustor was developed. A
representative section through the ceramic barrel and cover of the model is
shown in Figure 187. Also shown is a 45-deg segment of the barrel model
(viewed from inside the combustor) and a 45-deg segment of the cover model
(viewed from above). The parti:ular barrel segment depicted shows half of a
dilution hole and the pilot burner hole. The other barrel segments have a
regular mesh in place of the burner hole as described by the section view.

A heat transfer analvsis was performed on the combustor at the conditions cor-
responding to a vehicle speed of 96 km/h (60 mph). The COSMIC computer pro-
gram was used to generate the internal flow field and to define the velocities
and temperatures used as the boundary conditions for this analysis.
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Figure 186. - Comparison of Internal Flow Fields for Two AGT-100 RPD
Combustor Concepts.
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Figure 187. - Representative Section Through Ceramic Combustor
Barrel and Cover.

The combustor temperatures predicted by the heat transfer analysis were rela-
tively low and quite uniform. The maximum temperature on the cover plate
(dome) was 1041°C (1906°F) and was located near the outer diameter, whereas
the minimum temperature of 1037°C (1888°F) was located near the prechamber
exit. The maximum temperature on the cylindrical portion of the combustor was
1170°C (2138°F) and was located at the exit; the minimum was 1020°C (1886°F)
located about 1.3 mm (0.5 in.) below the front edge of the cylinder.

These temperatures were then used as boundary conditions for a stress analysis
of the steady state, 92 km/h (60 mph) coundition. An analysis of the cover
plate (dome) was not made because the thermal gradients were obviously too low
to produce any significant stresses. In the cylindrical portion of the com-
bustor, the computer analysis predicted low stresses with the maximum stress
being approximately 10 MPa (1.45 ksi). This level would yield a probability
of failure of about 10-12,

A typical cold start ctransient cycle was also defined to evaluate the heat
transfer and stress analysis of the RPD combustor during transient conditions.
The assumed cycle was similar to one that had been used 10or the gasifier tur-
bine analysis. In this cycle, the engine is started from ambient conditions
and accelerated to idle ir 10 seconds. Idle speed is maintained for an addi-
tional 10 seconds followed by a 15 seconds full-power accejeration. The 35
second c¢ycle was divided into nine increments of time and a COSMIC analysis
of the flow and temperature fields was made at each of the nine conditions.
These COSMIC results were used as step inputs into a transient heat transfer
analysis of the ceramic combustor. A stress analysis will be made at whatever
point(s) during the cycle the thermal gradients appear to be the most severe.
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A drawing of the RPD combuster is shown in Figure 188*. The components that
make up the total combustion system are summarized below.

Continuous flame pilot fuel chamber
Starting fuel nozzle

Wall film fuel injection
Prechamber

Variable geometry

Ceramic liner

0000 O0O0C

The following description presents the combustor mechanical features, in the
order in which the particular compcnent functions during an engine light-off,
start, and run cycle. The engine light-off is initiated in the pilot fuel
chamber, which is located on the side of the main combustion liner. Atomized
fuel is ignited as it enters through the pilot fuel nozzle and mixes with air
entering through the swirler surrounding the nozzle tip. The pilot flame
burns continuously during all engine operations. The pilot cowmbustion pro-
ducts enter the main combustion liner in a tangential direction because the
pilot chamber centerline is not radial to the main combustion liner. A flame
sensor sends a signal to open the starter fuel nozzle valve after a flame is
detected.

*Modified to delete certain patent-sensitive items.

SECTION A=A\

TES0-1475
Figure 188. - RPD Combustor Layout (Modified to Delete Certain Patent-
Sensitive Items).
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The starter fuel nozzle is located on the burner centerline inside the pre-
chamber centerbody. Compressor discharge pressure (CDP) air, which flows
through the centerbody and surrounds the nozzle to prevent coking, discharges
through nozzle swirler vanes. Fuel from the starter nozzle is ignited by the
pilot flame, =2nd the starting nozzle provides a diffusion flame during the
start and warmup process. The starter fuel accelerates the engine to near
idle speed until the burrer inlet temperature (BIT) has increased sufficiently
to permit operation of the main fuel system. After the main fuel system be-
gins operation, the starter fuel shuts off and remains off during the remain-
der of the engine operation.

The prechamber and variable geometry components which are exposed to combustor
inlet air temperature of 1023°C (1875°F) are made of Hastelloy X material.

The liner dilution sliding band, which is exposed to the 1288°C (2350°F)
burner out temperature is made of sintered alpha silicon carbide (S-5iC).

Above idle speed, the main fuel is supplied from a manifold around the pre-
chamber. The manifold is air—cooled and is located downstream of the swirler.
The prechamber was sized to be lcng enough o provide sufficient area for fuel
vaporization but short enough to prevent high residence times, which could
cause preignition. The velocity of the fuel/air mixture within the prechamber
is maintained appreciably above the flame speed to prevent combustion from
occurring within the prachamber itself.

As the engine speed increases above idle, more primary zone flow and thus more
flow area is required to maintain the desired flame temperature. This is ac-
complished by a control signal to the variable geometry actuator shaft, which
lifts the variable geometry mechanism toward the top of the combustor. Ini-
tially, the supply port to the swirler is uncovered which allows more flow to
pass into the prechamber to mix with the vaporizing fuel. When the variable
geometry linkage is lifted to open this prechamber port, the dilution air port
is closed since the two bands are linked together. The design is such that
the dilution air is nearly closed for monst operating conditions above idle.
The ignition of the premixed fuel/air ratio takes place at the prechamber exit
inside the liner.

The liner material, which will be exposed to maximum peak temperature of
1455°C (2650°F), is sintered alpha silicon carbide. The ceramic liner
consists of three components: the dome, the body, and the exit flange. The
dome is basically a flat machined disk which forms the top of the combustor.
The body is a cylinder with 5-mm (0.2-in.) walls and has cut-outs for the
dilution air ports and the pilot fuel chamber. The flange, located at the
combustor exit, rests on an additional ceramic structure, which is located
between the combustor and the engine block.

A seal at the exit flange prevents high—-pressure air from bypassing the com-
bustor. A normal force must be maintained on this seal under all operating
conditions. Because there is a three~to—one difference in thermal expansion
between the ceramic liner and the cast iron block, they cannot be rigidly at-
tached. Therefore, the liner positioning and sealing force in the vertical
direction is provided by spring loading, which accommodates the differential
thermal growth. The liner lateral Loads are reacted by radial stops, which
extend from the burner housing block/cover flange.

184

i



ONQNM.HQ;;a

6.2 MOD I DESIGN OF POOR QUALITY

The Mod I combustor conditions for steady-state operation are given in Table
XXIV. The last column of this table lists the total area required for the
combustor to operate at 2.5% rcessure drop. The prccedure followed in
designing the Mod I combustor was very similar to that followed for the RPD.
The axial swirler was kept identical to the RPD. The flow factors for the Moa
I conditions are less than the flow factors for the RPD conditions. There-
fore, less flow area is required to maintain the same pressure drop. Because
of this situation the prechamber diameters are slightly less for the Mod I
combustor than they were for the RPD.

TABLE XXIV. AGT-100 MOD I COMBUSTOR CONDITIONS AT 152.4 m (500 ft),
29°C (85°F)

Mod I

Total effective
Wa, BIT, 8IP, Wg, BOT, ares, m~
kg's (lbm/sec) ‘c (N kPa (psia) F/A Fy kg/h_(lbm/hr) ¢ (°F) in.¢)

Max power J.289 (0.638) 727 (1341) 416,44 (60.4)  0.0106  0.0219 (0.448) 10.98 (24.2) 1080 (1976) 1665 (2.58)
30 kash {50 mph)  J.156 (0.345) 839 (1543) 227.54 (33.0) 0.0073  0.0229 (0-468) 4.13 (9.1) 1080 (1976) 1735 (2.69)
32 kamsh (20 ;ph)  0.105 (0.231) 854 (1570) 166.17 (24.1)  0.0052  0.0212 (0.43) 1.95 (4.23) 1025 (1877) 1606 (2.49)

Wle 0.111 (9.245) 616 (1140) 158.59 (23.0; 0.0038  0.0219 (0.42%) 1.54 (3.5) 749 (1380) 1581 (2.45)

The maximum burner outlet temperature for the Mod I combustor is 1071°C
(1976°F). The flame temperature necessary to maintain low emissions was as-
sumed to be constant at 1204°C (2200°F). This temperature and the conditions
of Table XXIV were used to define the required dilution area. The variation
in dilution area was best met by using triangular dilution holes rather than
the rectangular openings used for the RPD. The final Mod I combustor design
is shown in Figure 189.

No ceramic material was used in the Mod I design. Instead, Lamilloy(:Zk was
used for the main body and pilot flame tube. A one-dimensional heat transfer
analysis was conducted to determine the proper LamilloyE>configuration. A
three ply coaposite with a flow coefficient of approximately 0.004 was chosen
for use in the main body. For the smaller diameter pilot flame tube, a two-
ply structure was chosen with a flow coefficient of 0.013. The dome area and
the exit c¢ylindrical portion of the Mod I combustor are exposed to high
temperatures but are difficult to cool because of their design and location.
It may be necessary to add a ceramic coating on both of these areas to provide
additional thermal protection.

Combustor Rig

A new combustor test rig as shown in Figure 190 was designed for the AGT-100
test program. This rig has the capabiiity of operating at the actual high
inlet and exit temperatures of the AGT-100 engine cycle. It incorporates the

R
*Lamilloy 1is a registered trademark of the General Motors Corporation.
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Figure 189. - Mod I Combustor Layout.

engine flow path, insulating features, and combustor orientation and can con-
trol the variable geometry in the same manner as it will be controlled on the
engine. The engine fuel delivery and ignition systems will also be incorpo-
rated on the rig. Because of the higher combustor exit temperature, much of
the discharge section has been water cooled to allow use of conventional mate-
rials. Instrumentation for this higher temperature rig will be designed spe-
cifically for this application. Previous DDA experience has shown that water-
cooled gas sampling probes perform satisfactorily at burner exit temperature
levels that will be encountered in testing the AGT-100 combustors and that
temperature and pressure probes should be fabricated from thoriated platinum.

Features of the combustor instrumentation are as follows:

o Combustor exit temperature will be obtained from four radial rakes, each
having four single-element closed junction thermocouples made from plati-
num-rhodium alloy. The thermocouples are located at radial positions that
are in the center of four equal-area sectors.

o The exit total pressure is measured by a single element located on each of
the four radial rakes. The four pressure taps will be connected to a
single manifold external to the rig.

o The gas sampling probes consist of four additional radial rakes, each hav-
ing sampling openings located in equal area zones across the exit flow
path. The gas sampling rakes are water cooled, and gas samples at the
four radial depths are combined into a single, water—-coolad manifold with-

in each rake. An external manifoid is used to collect the samples from
the four rakes.
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o Inlet temperature and pressure instrumentaton bosses are positioned at
several locations along the flow path from the air preheaters to the inlet

to the combustor rig. Four thermocouples and four inlet static pressure
taps will be posiiioned immediately upstream of the combustor section for
monitoring the inlet test conditions.

Prechamber Test

An experimental investigation was condu:ted to determine the flow characteris-—
tics of a typical prechamber. A prechamber model, which included an axial and
a variable area radial swir.er and also made use¢ of two different diameter
centerbodies to change the annulus area, was constructed. A schematic of the
test setup is shown in Figure 191, and a photograph of the prechamber is shown
in Figure 192. 1Initially, the prechamber was replaced with a known diameter
orifice. Sufficient data were recorded to determine that the orifice dis-
charge coefficient was 0.599, thereby verifying the accuracy of the experimen-
tal instrumentation.

The first series of tests with the prechamber flow model revealed several in-
teresting results. !iea flow angle exiting the prechamber annulus was found to
vary considerably w ... radial locatiun and quite significantly with radial
swirler opening. It was also found that that exit flow angle was constant at

any particular radial position for any given radial swirler opening regardless
of pressure drop (and hence airflow through the prechamber).

V.. control Static tap

Static tap G L / "
\ enum

N i
Centerbody I_—_\
(Iwrssssea -
Air inlet
: I,

—J
//
NG

Axial swirler

Cobra prob'e
Radial swirler TE8Q-1479

Figure 191. - Prechamber Test Setup.
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Figure 192. - Prechamber Flow Model with Centerbody.

Another series of tests was performed to determine in what manner the total
flow through the prechamber changed and whether the flow through the axial
swirler was decreased as the radial swirler area was increased. Both the
large and small diameter centerbodies were used to determine the effect of
annulus flow area. The angle of the flow exiting the annulus area when the
radial swirler was closed was somewhat more axial for the smaller annulus
area. However, the change in exit flow angle, which occurred when the radial
swirler was opened, was very similar for the two different anrualus areas.

The total flow through the prechamber was found to increase proporticnal to
the increase in radial swirler area until the radial swirler area became about
75% of the area in the annulus between the centerbody and the prechambar ID.
Beyond that point, the total flow increased much more slowly with radial
swirler opening. As the radial swirler flow area was increased, the flow
through the axial swirler decreased; however, the apparent C4 for the

swirler did not decrease much more than the apparent C4q for the radial
swirler.

Figure 193 compares the results for the two different centerbodies. The ratio
of radial swirler area to annulus area is probably not the optimum correlating
parameter, and the effect of axial swirler angle has not been included. How-
ever, the data can be readily used to size the AGT-100 combustors more accu-
rately, and ro ensure that the required pressure drop will be obtained.

ORIGINAL PAGE
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Midstream
Exit flow angle, degrees

o

Radial swirler
flow coefficient

= Open symbols—annulus area = 1387.1 mm2 (2,15 in.2)

Solid symbols—annulus area = 2025.8 mm2 (3.14 in.z)
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Figure 193. - Prechamber Flow Characteristics--Effect of Radial Swirler
and Annulus Area.
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VII. REGENERATOR DEVELOPMENT OF POOR QUALlTY

7.1 RPD

The general arrangement and principal features of the RPD regenerator system
are illustratad in Figure 194. The illustration is an excerpt from the design
layout, which is essentially completed. A description of the major components
and related, in-progress thermal analyses follows.

Regenerator Digk and Gear Assembly

General Description

The regenerator will be driven by a geartrain from the gasifier turbine rotor
and, at 100% rotor spead, turn at 23.58 rpm. The disk will ha''e an OD of
467.4 mwm (18.4 in.), a thickness of 74.7 mm (2.94 in.), and an effective core
frontal area of about 0.131 m? (203 1n.2). The Corring Glass Works' alu-
minum silicate T14-20 matrix configuration (sinuscidal triangle) was selected
as the baseline configuration for disk performance and structural calcula-
tions, although other matrices will be studied and possibly developed. The
T14-20 matrix has a surface area-to-volume ratio of about 54.1 cm /cm3

(1650 ftz/ft3) Corning's aluminum silicate disks are currently limited

to an operational temperature of 1100°C (2012°F), but 1200°C (2192°F) disks
are being developed. This uprating is considered essential to the AGT-100
regenerator in order to provide an adequate operational temperature margin.
Although the AGT-100 regenerator inlet temperature will be controlled to a
1066°C (1950°F) 1limit, that is an average value; higher localized temperatures
will occur, particularly during engine accelerations.

—Sealing leat and adacter assembly
/ Ceramic 1nbaard sea!

Cardon bearing
Disk supgort spinale T

Regenerator
\ housing . .
£ngine b R RSN
LNgIng biock ! hd - ’
" ; /,d/ "\«K‘_
‘h' e Loy,

TR TEA0- 1482

Figure 194. - AGT-100 RPD Regenerator System.
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The regenerator disk will be rim driven and center supported by a spindle
mounted on the outer enclosure, or housing, of the regenerator cavity. The
disk drive and support system is an adaptation of the ome performing satis-
factorily in the Ceramic Applications to Turbiae Engine (CATE) program. As in
the CATE, a solid ceramic hub fused into the disk will distribute the hub re-
action loads into the matrix and provide a precision pilot for & carbon hub
bearing. The bearing is designed with a modified spherical OD surface to ac-
commodate slight tilting of the disk as the disk reacts to axial excursions of
the face seals. The disk wiil be driven with a ring gear that is attached to
the outboard ('cold") side of the disk rim with a heat-resistant elastomer.

As shown in Figure 194, Section B-B, the adapter between the gear and elasto-
mer will be made the full width of the disk ~im to protect the rim from
handling damage. The gear and adapter will be made of carbon steel, with
suitable coatings to provide resistance to oxidation and tooth wear. The
elastomer will be a room-temperature-vulcanizing (RTV) rubber that, to date,
has functioned satisfactorily in the CATE regenerator system. Because uf the
insulating effect of the compressor discharge air and the disk rim, iie tem~

peratures of the gear, adapter, and elastomer are not expected to 2xceed 275°C
(528°F).

Figure 194, Section D-D, illustrates a feature that will be incorporated 1in
the regenerator system to facilitate assembly. Because the d4isk and gear as-
sembly will be hub mounted on the regenerator housing, it must be preassembled
with the housing (i.e., placed on the hub spindle) befor. it is installed in
the engine block. Since the hub spindle is canted 35 deg downward in the
engine, the disk and gear assembly must also be axially secured to the housing
during its installation and removal. The stop shown in Figu.e 194 will pro-
vide the necessary control of the disk and gear assembly during its installa-
tion or removal. (As the disk and gear assembly is seated in its operational
position, it will be shifted out of contact with the stop, as illustrated.)

Disk Thermal Analysis

A thermal analysis of the regenerator disk has been partially completed. The
analysis is used to predict the thermal gradients that will occur in the disk
during various operational conditions; these gradients, in conjunction with
the associated mechanical and prneumatic loads, provide a basis for computing
disk stresses. (The analysis is also used to compute regenerator performance
or "effectiveness".) To date, disk temperatures have been computed for the
following three operational conditions:

o 100% engine speed (disk RPM of 23.58) cr a 29.4°C (85°F) day at 152.4 m
(500 ft) above sea level

o 48.3 km/h (30 mph) car speed (disk PI* of 11.79), at above ambient condi-
tions

o Engine idling (disk RPM of 1l1.79), at above ambient conditions

The effects of variations in the inlet gas flow distribution were also exam-
ined; these included, for the 100% engine speed condition, both the "best' and
"worst' conceivable distributions--completely uniform tlow versus an extreme
velocity gradient. The latter distribution was based upon the assumption that
the gas leaving the power turbine exhaust duct would not be diffused but would
rather impinge upon the regenerator disk in a elliptical spot correspondirg to
a projection of the conical diffusing section of the duct. (Further informa-
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tion about the duct is presented later in this section of the report.) Figure
195 illustrates, in a radial section of the disk, the effect of these two as—

sumed gas flow conditions upon disk temperatures. The effect of the resultant
thermal graodients upon matrix stresses has not yet been computed.

Further heat transfer computations also remain to be done, including a disk
thermal analysis of the "most likely" flow distribution. Also, the effect of
maximum engine accelerations upon disk temperatures and stresses will be an
important part of the study.

Inboard (Hot) Side Disk Seal Assembly

General Description

This seal assembly will consist of two separate components: first, the member
that will interface with the disk, comprised of a ceramic platform (substrate)
and the rubbing wearface material and, second, a static sealing leaf assembly

of heat resistant alloys that will be sandwiched between the ceramic platform

and the engine block. (R2fer to Figure 195, Section A-A.)

The initial candidate for the ceramic seal platform will be a one-piece stric-
ture of lithium aluminum silicate (LAS) produced by the Corning Glass Works.
This material was selected because of its very low coefficient of thermal ex-
pansion and low thermal conductivity; the former characteristic is desir-ble
for minimal seal warpage, whereas the latter will provide some thermal protec-
tion for the static sealing leaves that are pressure-loaded against the plat-~
form. The insulating characteristic of the LAS ceramic was considered in the
selection of the initial platform thickness.

°f F
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A 883 1621 A 920 1688
B 661 1221 B 698 1288
D 216 421 D 253 488
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146.3 (5.76) °© -
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97.5 (3.R4)
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73.2 (2.88)

48.8 (1.92)
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L i
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0 ' H ] 1 § |
0 24,4 48.8 73.2 0 24,4 48.8 73.2
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Disk thickness—mm (in.}

TEBO~ 1483

Figure 195. - The Effect of Inlet Gas Flow Distribution Upon Regenerator Disk
Temperatures at 100X Engine Speed (Uniform Flow at Left, Extremely Distorted
Flow at Right).
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The ceramic seal wear‘-ce material presencs a dual development task: first,
finding a material with a satisfactory wear rate over the operating tempera-
ture range 621°C (1150°F) to 1066°C (1950°F) and, second, developing a method
“or attaching the wearface material to the ceramic substrate. One particular-
ly important characteristic that will influence the methud of attaching a
wearface material to the LAS substrate will be its coefficient of thermal ex-
pansion; although Figure 194 depicts bonding, a mechanical interface joint may
be necessary to accommodate thermal girowth mismatch.

Specimens of LAS ceramic were ordered for laboratory test evaluation of candi-
date seal wearface materials now under development at DDA. These specimens,
6.3 x 25.4 x 38.1 mm (0.25 x 1.0 x 1.5 in.) in size, vill be used to screen
the wearface materials from the standpoint of bonding techniques, rubbing
fri..ion, and wear characteristics over the full range of engine operational
tempe-atures. The results of the work with these specimens, scheduled for
delivery shortly after the close of this reporting period, will then be ap-
plied to full-scale cerimic seals for hot test rig evaluation.

Thermal Anaiysis

An enlarged cross-sectional view of the inboard seal rim ana adjacent parts is
shown in Figure 196. A three-dimensional, finite element model of ~he nega-
tive half of the seal crossarm and adjacent components was prepared .or the
anaiysis, as shown in Figure 197. It is toward this half of the crossarm that
the regenerator disk rotates from the exhaust gas cavity, and the region of
the inboard seal assembly that will reach the highest operational tempera-
tures. The crossarm model was divided into eight sections of 44 elements per
section, one of which (section 4) is shown in Figure 198. The metal sealing
leaves were not included in the three-dimensional model but were analyzed sep-~
arately, using the results from the finite element analysis to define the
thermal boundaries. Figure 199 shows the two-dimensional model that was made
for the rim section of the seal, where the leaves are agai.. excluded.

Figure 200 presents some of the highest temperatures computed for the crossarm
and sealing leaf adapter at four operational conditions. The temperature cal-
culations included radiation effects.

The maximum computed temperatures for the crossarm sealing leaves and cooiing
air baffle, based on operational Condition 1 listed in Figure 200, are pre-
sented in Figure 20l1. The only seal rim temperatures computed to date are
presented in Figure 202.

Conclusions that can be drawn from the portion of the thermal anaiysis com-
pleted to date follow:

o In the crossarm area, the radiation heat transfer across the air gap sepa-
rating the ceramic seal and the static sealing leaf adapter is greater
than the convective heat transfer resulting from either the 0.5 or 1.0%
cooling airflow rate at the 48.3 km/h (30 mph) condition.
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TEB80-1484A

Figure 196. - Cross Section of Seal at Rim of Regenerator.
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Section 7
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Section ¢
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Figure 197. - Three-Dimensional Finite Element Analysis of Regenera:or Seai.

195



ORIGINAL Fi&i i
OF POOR QUALITY

/ 151 152 13 | 14 155 \
157 158 159 160 161
156 121 158
|
. | 176 189
6/ / il
170] | 1%
164 165 166 167 168 169
185 191
177 172 173 174 175 184 192 193
_ Vi) ¥ 180 i 2 183 187 1%
TE80-1486
Figure 198. - Three-Dimensional Finite Element analysis of Section 4 Crossarm.
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Figure 199. - Two-Dimensional Model for Regenerator Seal Rim Section.
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Cross section of cross arm |~
Temperatures—"C ('F)
Location Condition
1 2 4
A-—Wearface surface 1038.9 {1902) | 1037.8 (1900) | 1038.9 (1902) | 906.7 (1664}
B—wearface/ceramic interface | 1016.7 (1862) | 1012.8 (1855) § 1025.6 (1878) | 8%.8 (1639}
C—Coolant surface of ceramic 876.7 (1610) | 854.4(1570) | 881.7 (1619} ] 800 {1472)
D~—Coolant surface of metal 911.7 (1313) | 698.9(1290) | 712.2 (1314) | 636.1 {1177)
Condition Description

1 48,3 km/h (30 mph), 0.5% cooling air, 0% of wearface gone
2 48.3 kmih (30 mph), 1.0% cooling air, (" of wearface gone

3 48.3 kmih (30 mph), 0.5% cooling air, 50 of wearface gone
4 Max power, 0.5% cooling air, 0% of wearface gone

TE80-1488A
Figure 200. - Summary of Temperatures Calculated for the Regenerator Crossarm.

o The 48.3 km/h (30 mph) condition produces higher temperatures and gra-
dients in the regenerator seals than the maximum-power condition.

0 A change in the thickness of the wearface material from 2.5 to l.J mm
(0.10 to 0.05 in.) results in little change in the iLemperature level or
the thermal gradients in the ceramic seal.

o The temperature distribution in the regenerator disk greatly afrects the
temperature distribution that will result in the ceramic seal.

o The sta