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SUMMARY

A study was conducted to establish & viable program to improve the specific fuel consumption,
by use of ceramic materials in the Detroit Diesel Allison Model 404 industrial gas turbine en-
gine (herein called the base line engine). Thege ceramic materials permlt increases in cycle

operating temperatures and contribute to improved component efficiencies. The overall pro-

gram objectives. using ceramic materials, were to accomplish the following goa’s:.

' ® Improve the specific fuel consumption from 274 mg/W-h (0. 45 1b/bhp-hr) to 213 mg/W+h
(0. 35 Ib/bhp-hr) in a five-yéar program
8A commercmlly viable engine
@ Conformance with eurrent and projected noise and emission standards

The study conducted assessed (1) the improvements that can be made to the current engine by
use of ceramic materials and component efficiency unprovements, {2) truck and bus perfor-
mance and life cycle costs from engine improvements, and (3) the risk or technical feasibility

~of engine 1mprovements to achieve the fuel consumption goal in five years. ‘The study estab-

lished that the fuel consumption objective could be met by the use of ceramics in the regener-
ator disks and seals, turbine inlet vanes and stationary turbine tip shrouds, turbine inlet
plenum, gasifier rotor blades, combustor, and exhaust diffusers along with component effi-
ciency 1mprovements in the compressor, turbines (gasifier and power), and regenerator disks.
At a turbine inlet temperature of 1204°C (2200°F), the fuel consumpiion is within 2% of the
goal, and at 1371°C (2500°F) the goal was exceeded.

At the 213 mg/W+h (0. 35 1b/bhp-hr) sfc level, fuel savings achieved were 116, 000 litres
(30,600 gal) per truck or 100, 000 litres (26, 500 gal) per bus in a typical 805, 000-kilometre

~ (500, 000-rnile) engine life. In addition, it was shown that the engine-related life cycle costs of

a typical highway truck or an intercity bus are improved by 5% io 15% (depending on the cera-
mic materials and fuel cosis that are assumed). Nmse and emission regulatmns can be met
by the improved engines with minimal- development. -

The development risks associated with cere,mic materials vary with the components—the regen-
erator being the lowest risk and the turbine rotor hiade the highest risk in'the time chosen for
the program. Components selected for development are considered to be feasible for demon-
stration in the program planned. '

An engine development plan was prepared, using the resulis of the study effort, which addressed
the overall program objectives. The steps involved in the program are to increase the furbine
inlet temperature successwely from 1002°C (1835°F) (base line engine) to 1038°C (1800°™) to -
1132¢C {2070°F) to 1241°C (2265°F) with stepwise increases in the numbers of ceramic com-
ponents, and to the aerodynamic component efficiencies. Ceramic regenerators'are the first

”

M



components to be tested in the engine. Next, ceramic turbine inlet vanes and stationary rotor
tip shrouds are introduced with a modest temperature increase. In the 1132°C (2070°F)
engine, the ceramic turbine inlet plenum and gasifier rotor blades are introduced. Finally,
in the 1241°C (2265°F) engine, a ceramic combustor, an exhaust diffuser, and power turbine

nozzles are introduced along with improved aerodynamic components and the fuel consumption
goal demonstrated.

In the development plan, ceramic components will be tested in considerable depth with rigs

as well as engines to establish the feasibility of introducing ceramic components into production
engines. Data achieved will be carefully and thoroughly integrated into a probabilistic design
~nethodology procedure. The objective of this activity will be to establish design techniques
which consistently predict ceramic material behavior. With the design method, proper ma-
terial specifications, demonstrated inspection and quality control techniques, and significant

rig and engine experience, the applicability of ceramic materials to a commercial engine can
reasonably be expected to be established.
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S o _ . INTRODUCTION

Bt This investigation is a part of an overall study of gas turbine engine fuel consumption improve-
‘ -ments that is being managed by the Lewis Research Center of the National Aeronautics and
o Space Administration under sponsorship of the Energy Research and Development Administra-
F i tion. - The sfudy, reported herein under’ contract number NAS3-20064, involves the assessment
: - of the potential for 1mprov1ng the Detroit Diesel Allison (DDA) Model 404 industrial gas turbine
o ) _ engme, herein called the base line engine, as applied to line haul trucks and highway buses
through the use of ceramic components and aerodynamic efficiency improvements, The output
T _ - of the study was used to generate a viable program plan for the develnpment and n:nplementa- .
R : - tion of the recommended mod:ﬁcatmns. ' T

e,

F 7 _ _ Detroit Diesel Allison has been active in developmg an industrial gas turbine for more than
L i - ' "twenty years. In this time, the all-metal gas turhine engine has progressed from an installed
F specific fuel consumption of approximately 426 mg/W+h (0.7 Ib/bhp-hr) to 274 mg/W+h (0, 45 b/

bhp-hr) Further, more than three million mﬁ.es of truck, bus, and other velucles usage have
~ been compiled," Includmg deve!ﬂpment iest stand runnmg, more than 200, 000 hours of engine -
S operation have been completed. These engines are the Model 404, rated at 224 kW (300 hp),
F‘ v ‘and the Model 505, rated at 201 kW (390 hp). A third engine, the Model 605, is planned for
' the same eng‘me block and gearbox (95% commonahty of parts). it is rated at 347 kW (465 hp).

The objective of this long-term development program has been to prmnde a new engine whlch

can successfully compete in the heavy duty engine market placé. ‘Typical applications for tis

type engine are in highway heavy duty trucks, intercity buses (coaches), generator sets, boats,

air compressors, and heavy duty equipment (loaders, scrapers, haulers, ete). To compete
' successfully in the market place, the engine must give fuel economy that is equal to or better:

than that of current heavy duty engines, must meet all government regulaticons on noise or |
¥ emissions, must possess the durability and rehabxhty characteristics equal to those of engines, ’|
X . <nd must not cost significartly more than the engines if is to replace, 'Most of these require-. .
ments have been met by the all—metal engme. and volume production is receiving serious con- i

51deratxon.

[ Advanced versions of development and production gas turbine engﬁxes receive continuous con-
su.deratmn, and ceramic engine components have been the subject of studies for many years.

' ' H:gh risk has been assigned to céramic gas turbine engine components, and only minimal -

o funding has been affordable for this high technology area. With the recent emphasis, by gov-
Vo ernment, on expediting the ceramic materials technology, a program to introduce ceramics

‘ : i the base line engine was conceivéd and presentsd for government support. Benefits offered
. by ceramic materials are evident from their potentially high-strength, high-temperature char-
acteristics. Higher turbine inlet temperature, higher regenerator operating temperature, b
! -and the potential for:low cost are some of the benefits to be. derived. Recent progress, -gvalving '

from government supported programs, has begun to indicate the potential of such ceramics:as




silicon nitride, silicon carbide, and alumina-silicate materials. Other materials, such as
sialons, lithium-alumina-gilicate, and magnesium-alumina-silicate, are also candidate ma-
terials under development.

Specific problems arise in trying to incorporate ceramic components in any engine. The brittle
nature of ceramics establishes a need for a new design methodology which recognizes the proba-
bilistic nature of inherent flaws from fabrication. Design must provide attachments between
ceramic and metal parts which properly distribute contact loads since, unlike metals, ceramic
materials break rather than yield and redistribute local loads. Thermally induced stresses re-
sulting from either transient or steady-state operating conditions must be accurately predicted

over a comp‘iete operating cycle and geometry, or operation must be varied to accept the limi-
tations of the ceramic materials, Inspeciion methods historically used for metals must be
modified or new techniques must he developed to sort good fabricated parts from bad fabricated
parts.  New fabrication techniques must be forthcoming to produce consistenily reliable, low-
cost ceramic parts. Testing must be monitored closely to ascertain properly the environmental
conditions which cause failures or produce chemical instability in ceramic parts. These and
othier problems muit be solved to bring ceramic materials to-a state of production readiness.
In the progzram, each of these problems will be addressed in developing ceramic components

for the engine.

Propér program planning and technical advances can be achieved only with a careful assessment
of the current state of the art and by realistic projections of how improvements may be accom- _
plished. A study to make asseasments of potential improvements to the base line engine was - ~_~,
established, and the resulis are reported herein. In the study, ceramic materials and the '
resulting improved component efficiencies were incorporated as candidate means of achieving

the improved fuel economy objective of the program in the time frame specified (by the end - : _::_.iv %
of 1981), | | o

A seguence of evaluation and study was established and a set of griteria was selected for _ ST
choo'sing improvements for the base line engine. The study sequence selected was as follows. '

® Assess sensitivities of engine parameters that might be changed. An increment of change
in parameter yielding a 1% change in specific fuel consumption (sfc) was established.

# Select components for improvement from the sensitivity study based on ceramic materials
capablllhes and on feasible cumponent efflclency or performance improvements.. Tec:h—-
nical specialists studied current and projected improvements and established goa.ls.

# Calculate performance 1mprovements of the engine and vehicles with the improved engines.

: Steps in improvement were selected to obtain maximum expenence with current engine,

' geometry and parts. ’I‘hls course was pursued to minimize program hardware costs and
maximize the potential for early introduction of ceramic components in the production
_engines: ' ' ‘
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~ and to obtain improved fuel economy. The balance of this report describes the details of how
‘this work was accomplished and of the results obtained.

' Improved fuet economy is bound to, have a mgmfmant unpact on buses and trucks used on United
- Statées’ h1ghwa.ys. The unproved heavy du’cy gas turbine engme emissions and noise (relative
- to diesel engines) will meet all current and projected regulations. The hours of testing pro-
~ posed w111 begin to establish a viable commercial application of improved components and

-tabhsh an excellent technology base _a._pphc_ab_l_e to othe:_- highway passenger cars and vehicles.

#® Establish preliminary designs of engines for each increment of improvement.

@ Hvaluate costs for improvemerts to the base line engine (current all-metal engine). This
included ceramic and metal engines produced at the rate of 6000 engines per month.

® Calculate life cycle costs to establish the customer benefits for having the improved

' engines at each step in development. '

® Apply selection criteria for establishing work o be accomplished in the development
progra.m

® Plan the program recognizing time, fundmg, and technical feasibility for accomplishment,
Allow for iterations in work for ceramic components and for learning methods on design,
fabrication, and test. '

® Establish program schedule, manpower requirements, costs, and program management.

The engine cyele and program activity' selection criteria were based on the following factors:

& Applicability to the base line engine
& Fuel savings accomplished

' @ Risk level for technical accomplishment

® Cosis imposed on customers from engine-related life cycle cost studies {(a typical line
. haul truck and a highway bus were used as base line vehicles.)

A1l components selected are applicable io either early or advanced versions of the basge line
engine, Each step recommended shows a fuel saving. The risk level was considered medium

- for all ceramic components except for the turbine rotor blade, which was assessed as high

risk, The risk level for component efficiencies wag congidered medium. A recommendation
for reconsideration of temperamre goals is to be exercised in the program as progress ig
achieved..

'The work accomplished under this contract consisted of a rigorous design study to establish
a program plan for introducing ceramic materials into a current industrial gas turbine engine

‘ceramic components. Success with the ceramic materials applied to the components will es-
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CF BASE-LINE ENGINE
DESIGN DESCRIPTION

The Detroit Diesel Allison Model 404 and 505 industrial gas turbine engines, which are currently
in the latter stages of development, are regenerative, free-turbine-type, heavy duty industrial
engines., These engines are sized and configured for vehicular, marine and stationary applica-
tions. Their principal vehicular applications are in line haul (highway) trucks, hichway buses,
and transit coaches. The engine is also suited to off-highway applications, such as lor track-
laying vehicles, either industrial or military. Typical stationary applications include electric
generator sets and air compressors. The multifuel capakbility of the engine is a particularly
attractive feature for these applications. The two engine models, which have the same frame
size and are basically identical with respect to mechanical design configuration, have different
power ratings by virtue of differences in their compressor and turbine aerodynamic capacities.
Approximately 90% of the parts are common between these two models.

For this investigation, the Model 404 engine will be used as the base-line engine because its 224
kW (300 hp) power rating makes it applicable to the line haul truck as well as the highway bus.
The basic external arrangement of this engine is shown in Figure 1; its basic gas path is shown
schematically in Figure 2. These illustrations show that the engine consists of a gasifier

Figure 1. Base line engine.

Preceding page blank
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Figure 2. Engine airflow schematic.

assembly, a power turbine, a combustor, a regenerator system, a reduction and accessory
drive gearbox, a power transfer system, and a fuel management system. The primary struc-
tural frame of the engine is a two-piece cast iron block. Air enters the single-stage, radial
compressor from an inlet filter and silencer. The air discharging from the impeller flows
through a vane-type diffuser and is then directed to the regenerator covers at the sides of the
engine. The compressor discharge air then flows inward through the regeneratcr disks to the
combustor. The gases from the combustor are directed to the gasifier turbine nozzle by the
turbine inlet plenum. After the gas expands through the gasifier turbine, it flows through a
transition to the power turbine. After expansion through the power turbine, the gases are
directed outward through the two regenerator disks and then exit from the regenerator covers
into the exhaust pipes.

The mechanical general arrangement of this engine is depicted by the cross section drawing
of Figure 3. The gasifier assembly mounts into the front of the block with the axis of rotor
rotation on the engine center line. This rotor consists of a single-stage, cast aluminum,
compressor impeller at the front and a single-stage, axial-flow, gasifier turbine wheel at-
tached to a common shaft. The rotor is supported by a ball thrust bearing behind the impeller
and a roller bearing in front of the turbine wheel. The two bearings mount into a cast iron
gasifier support which also houses shaft seals and gasifier lube system components. A vane-
type compressor diffuser mounts between a cast iron compressor cover and the gasifier sup-
port. The air-cooled gasifier turbine nozzle is supported and piloted at the aft end of the
gasifier support. Sheet metal heat shielding surrounds the gasifier support and also serves to
duct compressor discharge air to the gasifier turbine nozzle to satisfy cooling requirements
and shaft seal environment control.

A single-can-type combustor mounts into the top forward section of the block with its axis
aligned on the engine vertical center line. The combustion gases are directed to the gasifier
turbine by means of a sheet metal plenum which encircles the gasifier support. The single fuel
nozzle and igniter are attached to a sheet metal combustor dome. This dome also supports
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the combustor. Internal surfaces of fhe blo'c'k.' which would be exposed to hot gases and radia-
tion from the combustor and turbine inlet plenum, are protected by insulation material and
_ sheet_meta_l liners. , ' ' :

' The single- stage, axial-flow power turbme, wluch is ahgned with and to ihe rear of the ga.smer'
U turbine, consists of a nozzle ‘assembly supported from the hlock center bulkhead and a rotor ‘
- _supported on two bearmgs. ‘These two- bearmgs—a roller bearmg immediately behmd the tur-
bine wheel and a ball thrust bearing at t‘ne aft end of the rotor shaft—are mounted in the for-
ward case of the gearbow. A sheet metal e\:haust dxﬂ‘user enc:.rcles th.e power turbme rotor

“support strucmre. ' c e L . R

The regenerator system consists of two metal matrix disks, disk eeele, cast iron regeneretor
covers, and a disk drive system. A disk is mounted in each side of tlie block so that the axis -
- of rotation 15 on the engme transverse horizontal center line, Iach disk is supported and
driven by a sprocket and shaft assembly wh1c11 is supported from the regenerator covers.
These sprockets are driven by roller chains which are, inturn, driven by sprockets connected
' by shafts to the. regenerator drwe gearbox at the {op center of the engme. The regenerator
drive gearbox mout'ts to and i 1s driven from the front case of the mam engine gearbo*:. “The
regenerator covers bolt to the block and direct the compressor discharge a:uflow from t‘ue L

black inward ﬂlrough the forward portion of the disks and direct the turbme e\haust gas out- ‘ o |

ward through ﬂze rear portion of the dxsks to the exlmust pipes.

The:main engine gearbm: conta.ms the reductmn geermg IJetween the power turbme rotor and the
engine output shaft and gearing for accessory dmves. 'I‘he engine lube pump and re}ated aom-

ponents are assembled in this geerbo\. The engme accessories and the regenerator drive
system are. driven by the gasifier rotor. Other accessories as required for different applica-
tions can be mounted to the gearbox driven by the poWer turbine, ‘Also, a simple gear substi~
tation within the gearbox p1~ov1des a change in output speed and/or a reversal in rote.t:.on as
~desired for a po.rtmular application. A shafi whmh attaches to the rear of ihe gasﬂler rotor

and e\tends through the power *t:urbmo rotor irito the gee.rbow: prov:.des ‘the (Imve from the gasi~

fier rotor. This shaft is mterconnected by sailtable gearmg toan oxl-cooled oﬂ-pressure-—
modulated, multxple-plate cluteh which, in turn, is gea.red 1o the power turbine rotor. This

: system constmltes the mechamcal portmn &t the power transfer system. When the clu’cch 1s
fully locked up, the engme operates as'a smgle-sheft engme. i

. box, an electric fuel me’cering valve, an electric. eluteh. ‘sexvovalve, a throttle sensor, a
compressor inlet temperature sensor, and thermocouples and speed pickups. This system
‘provides for attomatic sequencing of engme startmg func‘uons, automa‘i::.c schedulmg of fuel
flow and turbine inlet temperature, automatm programming of power transfer cluich engage—

. ment, road Speed governor function, and automatlc shutdown protection agamst abnormal con-

volt d-c power. g

o "i‘hefpriﬂcipai i:dinponents“a‘f the f'oei tﬁaﬁege‘iﬁeﬁﬁ'eys’cen& "e;ré an electrvnic contiel, a’ relay 0

ditlons dunng sterting and operauon._ The system is demgned to. operate on e1ﬂ1er 12- or 2=
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The engine was sxzed and conhgured to meet the performnce charactenstms, rehabulty, en-
durance life, hfe-cycle cost, mamtamablhty. ermsswns and compet1t1ve production cost re-
quirements of the intended apphcatlons. ' '

The engine was designed to have & time between overhaul (TBO) of 7500 hr in the highway

iruck application, with the majority of the parts having a minimum life of 15,000 hours. Design

criteria wzth respect to wear ra:i:es, omdatlon rates, and allowable stress levels were estab—

~lished to be conmstent with these goa.ls. A detajl descr1pt10n of the componento used m the
base line engme 1s contained in the appendlx. - N

| PERFORMANCE AND OPERATIGN' e

The industrial gas turbine perfernience objective is to provide general-purpose engines, com-
petitive in fuel economy with other commercially available power sources in the same horse-
power range, meeting current and projected noise and emission standards. The power rating

of the base line engine at 224 kW (300 hp) (at SAE standard day conditions) was selected on ‘
" the basis of a vamety of apphcatmns mcludmg trucks, buses, off-hmghway vehicles, boats. air
compressors, and generator sets. In mary of these applications, the duty cycle is such that

" miost of the fuel is consumed at engme throttle settmgs above 50% power. For this reason, an.
.-additional reqturement 18 to maintain the. sfc vs hp curve as flat 4s possable between 50% and
lqn%power and, with ’che sfe at _50% power, no ‘more than 8% avbove that at 100% power,

‘The sfe reqmrements were esta.bhshed to be competltlve on an mstalled basm Wlﬂl chesel
engines used in the same applications. This ruled out nonregene-retwe cycles. In addmon,

- part-load temperature control must be used to flatten the sfe curve. The wide range of loads
to be driven also favored the two-shaft approach to match a variety of output rpm and torque
combinations. The simplest c':enfiguration meeting these requirements is the low-pressure-ratio
centrifugal compressor driven by a single-stage gasifier turbine combmed with a smgle stage _
power turbine. Because of the engine size limitations. for truck and bus applications; the re-
generator offered better performance and lower materlal coat than the recuperator. Table I
shows the base line engine cycle parameters at 100% power. Th1s engme ha.s a demgn pomt

~sfe of 274 mg!W h (0. 45 lb/hp-hr) SRR T

The control of turbine temperature is by means of power transfer whlch cons1sts ofa shppmg

- clutch in whlch one set’ of plates is geared fo the gasifier shaft and the other to the’ pewer turbine

‘ shaft, as showu in Flgure 4, Thermocouples at the gass.ﬂer turbme inlet sense ’the temperature :
to be controlied by a closed=loop system which drwes a servovalve modulatmg ’che pressure _
apphed to.the plates of the shppmg clutch, - In the normal. range ‘of operatmn, -the relatlve R
speeds are such that increasing clutch pressure exiracts power from the gas1f1er shaft raising
the turbine inlet temperature to the desired level, This power, minus shp losses, is trans-

ferred to the output shaft.. Turbine inlet temperature is ‘maintained constant as power is reduced

unhl the regenera.tor temperature hm1t of 774°C (1425“]5‘) 1s reached As power is reduced

11
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further, the regenerator temperature is maintained at the maximum limit.'until"_'t'hegasifier'
reaches idle speed (53%), at which time the clutch is completely disengaged. The clutch is
also locked up to provide engine braking for downhill operatmn and for power turbme over-

- .speed protection. . For genera'tor sets, the clutch is. disengaged for starting, then locked up

at rated speed for accurate governing. This method of temperature control also has several

“advantages as a result of the closed- ~loop system. First, accessory loads apphed to the gasi-
- fier do not affect turbine temperature, thus minumzmg changes in output power and engine life. )
Second. trnnmmg or selection of componente on the productmn hne is not required to maintain
' the desired temperature. Thlrd, fouhng or detemorahon cf engme components m serw.ce has ‘
L a minimum effect on power and engine life, - LT )

Most of the proposed vehicle apphcatmns are in a we1ght class where velncle acceleratlon is

- slow and where an engme 1d1e-tc~memum acceleratlon tune up {fo-4 seconds is acceptable. o

This acceleretmn can be achieved by d1sengagmg the power transfer clutch and raising turbine
temperature about 93°C (200°F), still under closed loop cotitrol. Because of the large heat
capacity of the regenerator system, fuel flow is shut off ccmpletely for a deceleration with the
throttle at 1dle. This fuel step, - howev'er, lowers turbine temperature by only 371°C (700°F),..
so the lot eec’cmn temperature ’cre.nsz.ents tend to be less severe than in most ges turblnes al-

. though they a.re very frequent,

e ':"_Performance development he.e been contmuoue, and unprovements have been demonstrated by
‘engine test stand calibrations of instrumented engmes. The instrumentation was deexgned to

pernnt the analysxs of component performe.nce for verification of test. r1g reeults on.the sep- - _
arate components. The base lire engme demonstrated performance is shown in F1gure 5.  Com-
ponent developm.ent is contmnmg, and unprovements will contmue to be introduced in 10g1ca1 -
steps as the engine matures. These changes will be in e.dch.tmn to those which result from the .

'- hlgher temperature capelnhhes of ceramics and wﬂl be pnreued m parallel W1th the ceramxcs

program

: '_Fleld expemence with base line engmes has shown coneldereble scatter i fuel economy data

when the vehicles are used by customer’ personnel in regu]ar serviee, d resuli whs.ch is also
evident for d1ese1—powered ve]ucles. If such variables as road speed, vehicle conflgura.tion,

- we:.ght, tires,” accessory loads; ‘wind veloclty, and dmbient tempF.'rai:ure are recorded however,
7 good correlation be’cween measured and predmted fuel economy can be obtamed. Ccntrolled

tests as well as routine operatmn e.re 1mpcrtant parte of the field test program tc perrn:.t the

._ﬂ'evaluatmn of fusl’ economy as well as 1-e1iabilit3r and durahlhty. The Pesponges ‘of t‘ne eng‘me
‘and vehicle are another mportant e.spect of f1e1d testmg 'Whlch has become an mtegral part -

of control eystem development. In general the tranments experlenced durmg ~~ap1d che.nges

- from engine. braking to maximum power are more severe ‘n'the vehiclee than durmg "'dyneu -
mometer teetmg and are used tc evaluate surge rnargm. -

ETI
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Figure 5. Base line engine performance

VEHICULAR APPLICATIONS

‘

Twao different vehieular applications were used in the study program for fuel economjf and life

cycle cost estimates: a highway tractor-trailer truck witira gross vehicle weight of 31, 700 kg

'(7.0, 000 1b), herein called a line haul truck, and a highway bus with a gross vehiele weight of
16, 300 kg (36, 000 1b). These veh:.cles are snmla.r to those powered by base line engmes

durmg DDA'S field test program. “In add:.tmn, they are snmlar to production vehicles powered'

by diesel engmes of the same power rating as the hase line gas turbine, Listed in Table II are
the pertinent vehmle characteristics for both apphca'hon, frontal area, tire size, axle raho,
and type of transmission, that will be used in the study. ' Figure 6 shows the road load power
requirements for both vehicles under level-road, steady-speed operating conditions, Shown
also é.re the accessory load and drive line loss increments. The accessory loads are higher

* for the bus because of the heavy air conditioning and electrical system loads. Sumlarly, the

bus datia show higher drive line losses, primarily because a nine-speed manual transmission
was selected for the truck as opposad to a four-speed automatic for the bus. The automatic is
less effmxent, pr1mar11y because. of the oil pump and oil couler losses. ‘The a.utoma‘l.m trans-

~mission was selected for the bus because it is becoming the standard configuration in the bus

mdustry ‘The use of the nine-speed mamual transmission in the truck data is typical of the

‘heavy truck industry although nine forward speeds are not required with a free-turbine eng:me

because of 1ts mherent torque characteristics.

" The scheduled meintenance during this period is summarized in Table III, These data are

o Do 1K il - 7 e

for a "mature" engine from which all of the early production and engineering deficiencies have
been worked out. These data will be used in the lzfe cycle cost analyms section of ﬂ1e study

‘progran,
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TABLE IL VBHICLE CHARACTERISTICS

Line haul truck _ Interci_fy bus

‘Gross vehicle weight, kg (Ib) 31, 700 (70, 000) 16, 300 (36, 000) |
Frontal area, m? (ft2) ' | i 9.48 {102) - 6.9 (74) o
Tire revolvtions per kilometre (mile) .~ | . . 208480 = [ 308(497) SR
L S| (10X 22'tires) (12,5 X 22.5 tires)
 Axle ratio b aBes , 4. 330
Transmission ) .. . | Fuller TR9500A .| Allison HT 740 CT|
AT o IR (9-speed manual}) | (4-speed automatic)

' TABLE 0I. SCHEDULED MAINTENANCE, BASE-LINE ENGINE

| Thousand kilometres | 145 | 217 | 200 | 434 | 579 | 652 | 724 | 869 | | -
. (Thousand miles) - (90) | (135) | (180) | (270) |(360) |(405) {(450) {(540) |

Change igniter X X
© | Cleamaircleaner -~ | = |° X |
| *Change oil B R
| Change hot seal b
‘Change fuel nogzle R
Overhaul .

% _

b 54 54 b

. Change turbine gas path components -~
' Regenerator components )
__ Other items as required .




M_ETHOD OF ANA LYSIS AND RESULTS

& study was ‘conducted to 1dent1fy means of aclnevmg szgnﬁzcant reduction in i’uel coneumptmn _

. of the base. line gas turbine engme. It was also of interest in this study to retain or improve

the marketability of the engine for application i in iughway trucks and buses. Therefore, engine

changes to achieve reduced fuel consumptmn cannot szgmficantly increase engine purchase cost
- and vehicle operating cost or reduce engme rehabzhty “The éngine- mod:.ﬁcetmns must, in
addition, provide enviranmentally acceptable emissions and noise characteristics.

. BASE LINE :eeeroeMANce' smsmm:

o ’In the enalysxs. a performance sensmv;ty study of a11 the engme performance parameters

' affeetmg the base h.ne engine was conducted. Input data for this program were determmed from
instrumented engine and component rig. performance measurements along with some theoretical
data. These parameters, their base line values. and their sensitwltles. as determined by

- using a eycle matching computer program, are presented in Table IV, The parametmc '
sensitivities shown represent the required change in the parameter besm value which is required
to produce a 1% ehenge in engine specific fuel consumptmn {sfc). The changes requn'ed m the

- component. eff:c:enc:.es for the compressor, combustor. ges:.f:.er turbme, power turbine, | ‘and

regenerator are large compared w;th the potential technology improvements which can be expected

in these components within the 1 next few years, Therefore, the total engine. mprovement avaxl—
_ able irom technology gain on these components must be only in the order of a few percent in-
engme sfe, ‘ '

-

- . A similar review of the mdwmdual parametric pressure losses, lealxages and cooling flows,

o power 1osses, and heat losses produces the same conclusmn-—-—:.. e. » 10 eubstantial gain is
available from any smgle element. ' '

'I‘he eens:.twlty to engme pressure ratxo change shown mdxcates that a s:.gmf:.eant reductmn in

~ engine pressure ratio is required to produce a 1% benefit in engine sfe, The benef:.c:.e.l effect :

- of rec ueed pressure ratio reeults from the sensitivity of engme sfe to recreneretor Ieekage \vhmh .
'1s strcngly pressure ratm dependent. ' -

It is well known that gas turbme engmee heve shc:\vn significant reductions in. sfc as engme cycle
temperature is mcreased The hase line engme parametmc sensitivity for temperature change

is 12°C { 22"]-3‘) in metal engmes, gir coolmg of metal structures is neeessara.ly requu-ed to _
- _.__aclneve higher cycle temperatures. : L‘ngme performance peneltles associated with this cooling

' utilization rapidly diminish. the real fuel economy gams achievable w:.th increasing engme

S »temperature. However, w:.ﬂx the va.ew thet eere.m:.c materlele can be evolved and apphed

S engme temperature change represente a truly eigmfment potentml for improvement in engme sfc. -
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TABLE IV. BASE-LINE ENGINE PERFORMANCE PARAI\ETERS

AND SENSITIVITIES

Turhine inlaf temperature = 1002°C (1835°F)

Specific fuel consumpHon (sfc) = 274 mg/Wh (0.45 tb/bhp-hr)

Paramatar

. Paramater
Parameter value ' sonsfHivity*
Ccmpnne_nt_afﬂr.'loncics. %b
C.m'npfé.ss'or . 82.4 '+0..66
Cambuster 99.9 +1,00
Gasifier tutbine 87.0. . 0,92
Paower turhine 89.7 +1.32
" Regenerator effectivencss - B%.8 .. 40,92
Prossure losses {AR/P), %
[nlat §.50
_ Regeneratar alr side ..0.18
‘Cambustor and hsrbine Inlet pléndm 2,20
Interturbine duct .  0.67
Turbing diffuser 2.75
Regenerator gas side 3.06
Exhaust 1.18
R 11.55 ~0,80
Leakoge end cooling f[nw“, % .
Turbina piston ring Iénkage O.i?
Turhine rotor. couling 1.54 .
1.7% -0,62
Ovorboard leakage {splitlines . .
and main bearing seals) B 18- B < 0,74
Regenerator laakages, 5.12% T
Rim and cressarm cold seal and
disk carryover .1.48 -0.70
Croszarm hot seal 1.956 -0,40
. Rim hotseal "~ . 1.48 ~1.47
- Alr side bypass 0,20 =1.64
Inher muif coollng . : 1,78 ~1.46
Black and outer muff cooling 1.78 ~1.66
Gsfffer turbine nozzle cosling 1.00 R B
Power losses, kW (tip)
Gasifier driven accossorins Fual
) pump, ol pump, regensrators) C6.71 {8.0) ~2.5 (~3.3)
Pawer turbine driven agcessories . -{0.0) e
Gaurbax windage and friction 9. 03 {12.11) ~2.3(=3.0)
Gastfler main bearings 1.28(1.72) ~2,5 (-3.3)
Pawer turbine main bearings 0,89 (1.19) C=2,3(-3.0)
S 17.91 {74.02)

- Hoat losses, kW (Btu/min} _
tto lubirication system . 5.25 (306) ~7:12 {-405) |
External. ’ - 10.54 (400) ~7.12 (~405)

" Engina pressure tatio - . . S e
_ ) 40 0,34
Erigine cycle temperature, °C ¢F) :
Turhihé.(rqt_ot)-!nle.l'_: el |- :.1002 .(1.5_35)

TR 0

Sensiti\)ihes shown are tho chonge inthe pnrumerar vuluu fo produce al.0% reduchon in engline hsfc.

Values are parccm of supply point aisflow

At




Thig study was conducted based on the extensive use of ceramic components in areas where
cooled metal components would otherwise be required, It is acknowledged that the ceramies
technology necessary to satisfy all of the engine requirements for all of the components studied
is not available today. However, it is felt that the identification of the benefits of ceramics in
specific applications can focus the rapidly evolving ceramics developments and technology to
provide for availability within 2 few years.

IMPROVED ENGINE STUDY

A series of engines of increasing cycle temperature levels were conceived for this study. For
these engines, the basge line engine was used as a siarting point; however, the number of
ceramic components and component design improvements increased as the engine cycle tempera-
ture was increased. Specific engine température levels were selected which corresponded

with the necessary replacement of the metal components because of life limiting thermal con-
ditions. The first metal component that becomes life limited and must be replaced by a ceramic
part is the gasifier nozzle and tip shroud. Without air cooling, it was shown to be life limited

at the 954°C (17530°F) turbine inlet temperature level of an earlier version of the bage line
engine. All other metal components have acceptable lives up to 1038°C (1900 °F) turbine inlet
temperature, Above 1038°C (1900°F), ceramic blades must be used in the gasifier rotor,

The turbine inlet plenum and combustor walls are cooled by regenerated air. Figure T shows
the effect of the engine rating temperature (at turbine inlet) on the regenerated air temperature
for the design point (maximum power) and the maximum off-desipn operating conditions, This
curve shows that above 1038°C (1900°F), the metal turbine inlet plenum becomes life limited
and must be replaced by a ceramic part. Above 1200°C (2200°F), the combustor becomes
limnited and must be replaced by a ceramic part. These limiting points are shown as temperature
ranges in Figure 7 because it is impossible to prediect the hot spot temperature and its effect

on a given component, Figure 8 shows the effect of engine rating femperature on power turbine
inlet temperature and the associated life limiting points for the power turbine nozzle and rotor.
A change to ceramic nozzles must be made above 1171°C (2140°F), The single-stage power
turbine rotor is life limited at the same time and must he replaced by a iwo~stage design
{metal rotors) operating at a lower speed to reduce the stress level. Above 1296°C (2365°F),
ceramic blades must be used in the power turbine rotors.

Figure 9 shows the effect of engine rating temperature on turbine exhaust temperature along
with the exhaust diffuser limiting temperature which occurs above 1135°C (2075°F). At this
rating temperature, however, an improved metal part (better material) will suffice since the
maximum off-design exhaust temperature of 982°C (1800°F) will be encountered for only a small
percentage of the operating cycle. However, as the rating temperature is increased, the
pércentage of operating time spent at the 982°C (1800°F) turbine exhaust temperature condition
will increase, thus requiring a change to a2 ceramic part,
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To flatten the part-load sfc curve, part-load temperature control is used in the base line

engine which causes the regenerator hot side gas inlet temperature (turbine exhaust temperature)
to increase as enéi.né. power is reduced. When the regenerator system temperature Limit

(704°C (1425°F) on the base line engine metal system) is reached, the engine conirol system _
starts reducing turbine inlet temperature to control the regenerator hot side temperétufe as
power is further reduced. As the engine rating temperature is increased, the 704°C (1425°F)
regenerator temperature limit will be encountered at ever increasing power levels, This raises
the part-load low power sfc, Ceramic regenerator disks and seals will allow operation at highér
pai‘t-load temperatui'es and are therefore included as an integral part of this analysis.

From the above kmowledge of the life limiting temperatures of the various t:omﬁb’nents. five
engines were selected for the analysis. The cycle temperatures ar< ceramic component
content of these study engines are presented in Table V with the base line engine included for
reference. In addition, component aerodynamic improvements are incorporated in the com-
pressor, gasifier and power .turbines, and fegenerator system for the 1204°C (2200°F) and
1371°C (2500 °F) engine configurations as noted in Table V. The 1002°C (1835°F) study engine
is identical with the base line engine except for the addifion of ceramic regenerator ‘disks and
seals. Engine performance configurations were defined in which engine flows and losses were "
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TABLE V, CERAMIC COMPONENT CONTENT OF STUDY ENGINES
, | Base line Study Engines
' Engine Cycle Temperature °C 1002 1002 1038 1132 1204 1371
(°F) (1835) (1835) = (igo00) (2070) (2200) (2500)
Regenerator Disl{ and Seals M C C C C* C*
Gasifier Nozzle and Tip Shroud ™ M c c c* C#
Plenum M M M c c c
Gasifier Rotor Blades i M M C C# C*
Single Stage Power Turbine M M M M
Two Stage Power Turbine Nozzles ' C#* C#*
Two Stage Power Turbine Blades M#* C*
Exhaust Diffuser M M M 1 C C
Combustor M M M M M C
M - metal component C - ceramic component
1 - improved metal component % - aerodynamic improvements »

adjusted in concert with the temperature increases and component improvements to keep engine
power constant at 224 kW (300 hp). These configurations were evolved in an iterative manner
to facilitate the propor assignment of efficiencies and losses (flow, pressure, heat, and
mechanical) as functions of the differing cycle conditions and mags flows. The effects of flow
size on component eificiency were included, The final study engine performance definitions
along with component characteristic maps were used to define engine off-design perforrdance
characteristics and maps. These engine performance maps were then used with the truck and
coach vehicle characteristics and two typical vehicle routes to defme vehicle road load fuel
consumption characteristics and average route fuel consumpt:.on.

A mechanical configuration concept general arrangement layout wasg generai:ed for each of the
study performande configurations to provide a definition of the ceramic components and
attendent engine changes. Volume production costs were obtained for all of the ceramic and
metal parts unique to each of the engines. '

Projection of engine reliability for the study engines proved o be impossible with any useful
level of confidence. Therefore, the engines were assumed to have equal rehablhty mdependent
of ceramic content or temperature level, ;

The engme cost, rehabzhty agsumption, and average vehicle mission fuel consurnptmn data
were ut111zed in a life cyele cost analyms performed. for ileet operation of linehaul hiy® - -
trucks and highway buses..

~'Noise and exhaust emission evaluations of the study engine configurations were also performed.
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BEngine Performance

The performanee coni‘igurntiohs for the analysis study engines were evolved in an iterative -
manner to facilitate the proper assignment of efficiencies, flows, and losses as functions of
differing enginn eycle conditmns tmd mass ﬂows.

Since the line haul trucks and highway buses used in the analysis are both speed and weight
limited, they are, therefore, maximum power limited for best fuel economy. It is then necessary
to reduce engine airflow when increasing turbine inlet temperature in order to maintain a
constant maximum rated power. Reducing the flow results in decreased compressor and turbine
efficiencies, for a given technelogy level, us shown in Figure 10, because of running clearance
and other acrodynamic effects, The two lines shown represent the current component technology
and the advanced technology expected to be available within the time frame of this program,

The airflow reduction also hts a negative effect on regenerator system and overhboard 1aa1mges
since thoy tend to be constant aciual mass flows at a given cycle pressure. Therefore, these
loakages, expressed asa parcentuge of the eycle flow, will increase, Technology advances

in the area of regencrator leakage are expected to be available within the time frnme of this
program and were muluded in the purformunoe zmalysis.

Comprossor Guslflar turbine Pawor turbine
90.0" Advanced
technology
Advancad
o4 15 Advanced 0 39 5
"4 technolopy " tachnology a‘l; E
o 53] 5 §
Ey § g
QU :n
§ B2~ & 871 ¥ g9.0-
% @
$ b £
o) Current & 4
5 Bl technology 'g‘ g Cusrant
g N ' 3 - technelogy
€0~ & 06 88,5
g @ Qurrant
79 tachnology
TB i L T 1] ] 85 : ) . -y ¥ L] 33.0 | T T L)
LRS00 TN - S U IR 1 0.5 0.4 0,7 0,8 1.0 1.2 14 16 .8
Corractad flow—ha/s '
T T ™ T 5 ] —t ) T T 3 T T
2.0 3.0 4.0 1.0 1.4 1.8 28 30 A5 40

{Ib/ame)

Tigure 10. Effect of size on component efficiency. -
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A significant improvement in regenerator effectiveness will result from the airflow reduction,

as shown in Figure 11, This improvement is a result of the increase in the heat transfer

coefficiont in passages, Lines are shown for the base line metal regenerators, the 0.008~-mm

{0, 003 i) thin-\vall almnina silicate cemmic regenemtors nnd an advanced technology ceramic

~ regencrator.  This curve also shows the significant benefits of using ceramic regenerators,
d_eri_ve_d pr_ix_nmfily_ from th_e 10_\_\'_01‘ c_onduc.t_ion_ lp_sses with .ceramic mn_teri_als. -

Another Dbenefit of reducing the airflow isa reduetion in cycle pressure logses for a glven
_ _phyaicnl size engine (dueting, regenerator, ate), Some of this beneﬁt will be lost, however.
'as pas tempemturea increase. 'I'hese es‘.‘fects are included in the performance analys:.s.

) "I‘nble VI shows the cycle parameters at the maximum power rating [224 kW {300 hp)] of the

. base line and study engines déterminéd at 29°C (85°F) and 162 m (500 £t) ambient conditions.,
Also shown is the maximum part load regenerator hot side temperature, The compressor,
gasifier turbine. and power tmbme performance clmra.cteristms for tlie 1038°C (1900 °F)
“engine are the same as for the base line engme. The component chavacteristics for the ‘hhln-
wall alumia silicste ceramic regenerator were also used in this engine. "The ‘base line com-
pressor, gasifier turbine, and power turbine characteristics were flow scaled for size effects

" for the 1182°C (2070 °F) engine. The thinwwall alumina silicate ceramic regenerator character-

istics were adjusted for ajrflow effects.

. Advanced=technalogy

"E caramic roganarator

3
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Figure 11, Effect of afvflow on regenerator effectiveness, .
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TABLE VL.

CYCLE PARAMETERS AT MAZIMUM POWER ~ STUDY ENGINES
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“For the 1204°C (2200°F) and 1871°C. (2300°F) engmes, the base lme compressor performance
characteristics were scaled to the advanced technology levels shown in Figure 10. A new,
advanced-technology, smgle-stago gasifier turbine and a two-stage power turbine are introduced
snd scaled for flow s;ze effeci:s. Other technology advancements in these engines include-

. Reduced heat rejection (shown as burner effxclency)
‘@ Reduced overboard leakage .
. Reduced mechamcal losses :
' @ Icreased regenerator effectiveness (per I‘1gnre 11) through increased frontal area,
: mproved flow distribution, or advanced technology in matrix deszgn . "

Maximum-power specific fuel consumptmn is shown in Fxgure 12 for the base lme a.nd the five

- . study engines.. The dlscontmuxty in the sfc curve shown in I‘lgure 12 behveen the 1132“0 {2070°F)

and the 1204°C (2200°F) engines is the result of the moorporatxon of advanoed-technology com-
ponents. Of the 11, 6% sfc improvement between the two engines, 3.9 percentage pom’l:s are .

- attributable to the 72°C (130°F) increase in cycle temperaturc and the other 7.7 percentage
pomts to the advanced-technology componenis. Flgure 12 also shows a diminishing improve-
‘ment in sfc as temperature is increased from 1204°C (2200 °F) to 1371°C (2500°F). As noted

: _-'m Table VI, the.1204°C (2200 OF) i engme shcws a 20.7% sfe lmprovement mrer ‘ihe base line
engme while the 1371°C (2500°F) engme has an unprovement of 23, 5%.

29°C {BS°F) compressor inlok tempcrolum .
" 182 . (500°f1) wititude: -
" Inlst and. exhopst loss included -
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‘Figure 12 Max power sfe vs turbine inlet temperature.
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The basé line engine performance gensitivities indicated that the specific fuel consumption is
improved as cycle pressure ratio is reduced. However, this trend is reversed at higher cycle
temperatures, as shown in Figure 13, which is a plot of sfe versus pressure ratio for the

1371°C (2500°F) engine. For this engine, the optimum pressure ratio is 4, 7. 'The benefit
is small, however—less than a 1% improvement.

The part-power sfc of the engines is shown in Figure 14. The part~power sfc improvement of
the 1002°C (1835°F) study engine (base line engine with ceramic regenerators) is caused by the

increased hot~-side temperature limit of the ceramic regénérator 982°C (1800 °F‘) versus 774°C

(1425°F) for the base line metal regenerator . Part-power sfe improvements similar to the
maximum power improvements are sustained for the 1038, 1132, and 1204°C (1900, 2070,

and 2200°F) engines, The part-power performance of the 13‘?1 °C {2500°F) engine approaches
the 1204°C {2200°F) perfox mance levels at approxmxately 50% power because of the reduction

of turbine inlei temperdture required to maintain the 982°C {1800 °F) temperature limit at the
regenerator hot-gide inlet,

Full engine performance maps showmg fuel flow over the i‘ull power range at various output
shaft speeds for the base line and study engines are shown in Appendix B, as are performance
maps for the advanced-technology gasifier and power turbine used in this analysis. A station~

by-station tabulation of the cycle parameters ai 100% and 50% power and idle for the base line
and study engines is also given in the appendix.

In summary, significant sic mprovements (20% or betier) over the full usable engine power
range are possible by inereases in turbine inlet temperature, through the use of ceramm com-
ponents, and by improved efficiencies through the use of advanced technology components.

0.345)- 210~ R o
" Note: Power held constant os
» pressure ratio varied
x 5 b
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f-? 0.340} %
| |
&) ”~
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) ! 1 \
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Figure 18. Effect of compressor pressure ratio on sfc—1371°C (2500°F) engine,
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I-Iowever, only three additional percen‘cage pomts of sfc improvement are ‘achiéved by ncreasing.
the temperature from 1204 °c (2200°F) to 1371"0 (2500°F), and this lmprovement 1s :not sustamed
at part power becs.use of the 982°C (1800"}5‘) regenera.tor tempera{.ure limit.

Vehicle Simulation

Vehicle fuel consumption was determined for the line haul truck and intercity bus, using the

. base line and. study engme performance estnnates. The vehicle character:.stms and road load

power requlrements are discussed in the "Base Line Engme” section of this report (ref Table

oo and Figure 8), A vehicle/route simulation computer program was used: to predict vehicle
- performance. Input i:o the program mcludes vehicle charactemstxcs (vehicle aerodynamms,

'engme, transm:lssmn, and dr:.velme) and the route’ profx.le versus t:u.ne (starts ! stops, speed ‘
- limits, and grades} Two routes were selected:

. Clncago to Boston (Inters’ca’ces 80 and 90)—1626 2 km (1010 5 mles) rollmg terram, e1ght
starts/ stops. - : :
@ Lios Angeles to Salt Lake Clty (1562 Trallways Bus Route)-—ll'? 6 km ( 731 mﬂes)
moun’camous terrain; 89 starts/stops. - ' L SRR




Tables VII and VIII show tabulated percent time at engine speed and net torque for each vehicle
and route. These distributions reflect the differing power demands and operating requirements
of the vehicles.

Average predicted fuel consumption is shown in Table IX and is yflotted against turbine injet '
temperafure in Figure 15, As expected, these daia show a significant improvement in vehicle ;

fuel economy as the cycle temperature and the aerodynamic component technology level is increased,

The effect of axle ratio was investigated (Tablé X), using the 1371°C (2500°F) study engine for
both the truck and bus vehicles., The effects were found to be negligible with the base line
ratios selected being optimum.

Curves showing the level road fuel consumpiion against vehicle speed along with the average
5 _ fuel consumption and route speed are shown in Appendix B for both vehicles and routes for using
the base line and the five study engines. '

Figure 16 shows the total fuel savings, compared with the base line engine, for both vehicles
for the average route based on an 805 000-km (500, 000-mile) engine life. '

Gas turbine engines are sensitive o ambient inlet conditions, and the data presented herein
are for 20°C (85°F) and 152~-m (500 ft) altitude (SAE rating conditions). The following data are
shown to illustrate this sensitivity to inlet conditions and to guantify the realistic improvement
the turbine offers relative to data shown in this study. These data at 16°C (60°F), sea level
inlet conditions were not used to impact recommendations or conclusions from the study program. ]
Figure 17 shows that lower temperatures produce lower specific fuel consumption values, ’
Altitude has little effect on sfc. The increase in sfc below 4°C (40°F) is caused by the reduction
in turbine inlet temperature needed to avoid compressor surge. The average ambient tempeﬁa—
ture in the United States is 13°C (56 °F) (Ref 1). At this condition, sfc is reduced approsimately
5% from the SAE rating conditions.

Vehicle performance for the base line and study engine configurations calculated at 16°C (60 °F),
sea level, ambient conditions is presented in Table XTI and Figure 18 for comparison with the

29°C (85°F), 152-m (500-ft) inlet condition, Table XII shows a percentage mprovument for the
line haul truck and intercity bus ingtallations.

Study Engine Configuration

General arrangement layout draiings were made to identify the ceramic components and additional
engine changes (not requiring ceramic components) agsociated with each of the analysis study
engines [1038"0 (1900°F), 1132°C (2070°F), 1204°C (2200°F), 13'?1 °C (2500°F) cycle tempera-
tures] The unique parts for each of these engines were defined in sufficient detail to evaluate
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. '¥ABLEVIL PERCENT TIME AT ENGINE SPEED AND TORQUE—LINE HAUL TRUCK

; ENGINE SPEED (PFM) ] 600

800

1000 | 1200

_1800_| 1800

2000

9900

2400

2600 __l 2800

TORGIUE
N-m - (lbﬂ')

ENMGINE

LOS ANGELES 7O SALT LAI’E CITY_

140

1356 (1000}’

1085 ( 800)

0.05

0.02

0.02

0.02 | 0,02

189 |

0.09

o (e

0,02

6,84

18.08

27.52

8.64 1 2.14

| 542 ( 400),

0.02

0,34

8.52

.50

0

| 271 (200

0.03

3.79

7.50

0.05

0.47

0.14

0.06 | 0.04

0.05 -

0,04 o‘ﬁ_oz

2.31

4.82

0.43 ‘

0.38

271 (-200) _

0.04: |

0.04

0.08

0.32

2.02

0.28

0.24

09‘03 -

2542 - (~400)

1<0.07

0.38

0.79 1]

0.65

0.17

CHICAGO

TO BOSTON

b ]356 (1000)

1035 < BDD}

3

<0.01

<0.01-

- 3.53

0.291

wa

313 ( 600r

0.33

15.79

44.76 i

542 { 400)
271 ¢ 200)

L e ]

0.89

21. 61

5.14

0
--271 (-zoo)

002

r.-_.,u«.«.—— Iactamncoaly e el R F Rk S

1 0.01

waf ——t o mnea

- 0,08

0.13}

-

10,01

0.71

2.44

A

~542 (400) o - 4o b 1o Q. 11 0.98
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'TABLE VIL PERCENT TIME AT ENGINE SPEED AND TORQUE~~INTERCITY BUS
ENGINE SPEED (RPM) | 600 | 800 | 1000 | 1200 | 1400 | 1600 | 1800 | 2000 | 2200 | 2400 | 2600 | 2800
ENGINE - |
N ) LOS ANGELES TO SALT LAKE CITY
356 (ooo) T 0.01 ] 0.02 | <0,01 ] T
1085 ( 800) | "7 w.01| 02| 0.05] o. 03 "0.09 | 0.32 | 0.33 | <0.01 R
813 ( 600) | 0.18 | 2.86 | 11.78[ 14.68] 6.58 | 3.17 | 0.10
542 { 400) *.— ) 0.21 | 0.33 | 0.40 | 0.42 | 23.86] 0.49 | 2.55 | 2.06
T 271 ( 200) | 0.01 0.03 | 0.06 | 0.26 | 2.90 | 0.64 | 2.06 | 9.38 | 1.40 |
o '!" 0.68] 0.57 | 0.48 | 0.19 | 0.50 | 1.1Z | 0.30 | 0.48 | 3.36 | 0.20 | 0.71 | 0.07
o1 (200 | 0.26 | 014 1.31 | 048 | 0.16 [<0.01
542 (400 T 7 T | Josa | 0.31] 0.9 [<0.01 | 0.06 féo 01 |
i | CHICAGO TO BOSTON
i " 1356 (1005)—==L ' <0.01 [<0.01 | | i o B
L1085 (800) + T o2 | T | <0.01 [ <001 | 0:02 | 0.77 o
818 (600 | u 1 T | 0.38 5.9_i | 26.51] 1.15 | 0.95 | 0.05 |
P 542 { 400) 1.58 |- 52.93] 0.02 | 0.19
271 (200) , 0.03 | 0.03 | 0.56| 6.35 | il
o0 . - 4 T T 0.09| 0,14 005 o. 07 | 0.06 | 0.04 | 0.01 | <0.0T [ 1.94 [
!‘-271 R A e e P
| -542 {~400) ; T T Tes 10| N
_ : ‘ .
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TABLE IX, VEHICLE FUEL CONSUMPTION
Fuel Consumption=——tm /2 (mpg)
Los Angeles to Chicago Average Average
Vehicle and Engine Salt Lake City to Boston Route improvement
Line Haul Truck—4. 886 Axle Ratio
Base Line 1002°C {1835°F) Engine 1, 47 {3, 45) 1,64 (3. 88) 1, 55 (3, 65} -
Base Line Engine With Ceramic Regenerators 1. 53 (3, 60) 1,68 (3.95) 1. 57 (3. 69) i, 1%
1038°C (1900°F} Engine 1,69 (3.75) 1.74 (4.10) 1. 67 (3,94} 7.9%
1132°C (2070°F) Engine 1,68 {3,95) 1.83 (4. 30) 1,76 {4, 15) 13, 1%
1204°C (2200°F} Engine 1,91 (4.50) 2,06 {4.85) 2,00 {4, 70) 28,8%
1371°C (2500°F) Engine 1,98 (4, 65) 2.1z (5_._00) 2. 05 (4, 82} 32, 0%
Intercity Bus—4, 330 Axle Ratio
Base Line 1002°C (1835°F) Engine 1,64 (3. 85) 1,76 (4. 15} 1,70 (4.01) : —
Base Line Engine With Ceramic Regenerators 1,70 {4.00) 1.178 (4. 20) 1,75 (4.12) 2. 7%
1038°C (1300°F) Engine 1.'78 (4, 20) 1,87 (4. 40) 1.82 (4, 28) 6. 7%
1132°C {2070°F) Engine 1,85 (4.35) 1.95 {4.60) 1,91 (4.49) 12, 0%
1204°C {2200°F) Engine 2.12 (5. 00) 2,19 (5.15) 2, 16 (5,00) 26,9%
1371°C (2500°F) Engine 2.17 (5. 10} 2, 23 (5, 25) 2,20 {5.17) 28, 9%
" NOTE: SAE STD Day Engine Performance
0 Lot Angeles to Salt Lake City
/s Chicago to Boston
Note: SAE std day enpine performance
Line haul truck {mpg) Intercity bus
6.0 -‘ 6.0 km/t 27%
2.4 30% 2.4+ Improvement
o improvemant T
- - P 9.2
e NI :
11 2.07 . . 4 2.0 4 A 0%
5 1.8 35% 1.84A4 : 9
540 5 | g&/a . 4.0
E | § 1. 8,9/'0 | 1.61
8 1.4 14
304 = A 3.04 X
1.2 1.2
2 | 1
) 1.0~ . . 7 1.0y
2.0 J ] 7 - ¥ T T 2,04 T . T T T
1000 11000 12000 1300 §400. 1000 1100 1200 1300 - 1400
Turbine inlet temperature—°C Turbine inlet temporature—°C
R e T e S C e
1800 2000 2200 2400 2600 1800 2000 2200 2400 - 24600
(°F) ' )
Figure 15, Improvement in fuel economy with increasing temperature.
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TABLE X, EFFECT OF AXLE RATIO ON FUEL CONSUMPTION
[1371°C (2500¢F) Study Engine]
Los Angeles to Chicago to
Salt Lake City Boston
Average Fuel Average Fuel
Asxle Ratio Speed Consumption Speed Consumption .
Vehicle Ratio ¥ km/h (mph) km/2 {mpg) km fh (mph) km/2 {mpg)
Line Haul Truck 4,625 -5.3 74 {46) 1,95 (4, 59) 23 (53) 2,10 (4.94)
*4, 886 0.0 74 (46) 1,98 (4.65) 93 (58) 2.12 (5, 00) i
5,290 +8,3 74 {46) 1.95 (4,60) 43 {58) 2,11 (4,97
5.570 +14.0 T4 (46) 1. 93 (4. 54) 93 (58) 2,00 {4,91)
.Intercity Bus 4,110 -5,1 B0 (50) 2,13 (5.02) 95 (59) 2. 23 (5, 24)
#4, 330 0.0 80 (50) 2,17 {5, 10} 95 (59} 2. 23 (5, 25)
4,625 +6.8 80 {50) 2. 15 {5, 06) 85 {59) 2,23 {5,25) §'
4,880 +12.7 80 (50} 2.15 (5. 05} 95 (59) 2. 22 (5, 23} .
#*This Axle Ratio Was Used As A Base Line.
OF POO AGE
. ALITy
Avarage of LA, to Salt Leke City ond Chicago to Bosten Routas
Base line engine uses:
For truck—~518601 [itres (137,000 gallons)
) Far bus—473 176 litres (125,000 gallens)
151 416
{40,000}
g 13562 }—
= (30,000) y
R:) ) 7
2 ] 7 7
;[5, 75708 |— % % '
g (20, 000} / /
s - 7 %
E Truck / : /
\ . Bus . ! /
37854 [— / % /
(10, 0003 L7 . 7 "
- 18] 813 3|8 8|8
g =] 2|2 glg 8|8
A L 2 a < -
1037°C 1132°C 1204°C 1371°C
{1900} (2070°F) (2200°%) (2500°F )
Engina stze—223 kW Engine lifa—B04 &72 kilometres
(300 hp) (500, 000 miles)
Figure 16. Fuel savings of study engines.
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TABLE X1, VEHICLE FUEL CONSUMPTION AT 16°C (60°F) AMBIENT

FUEL CONSUMPTION —km /2 (mpg}

-Los Angeles to Chieago to
Vehicle and Engine Salt Lake City Boston Composite
Line Haul Truck
Base Line 1002°C {1835°F) Engine 1.61 {3.78) 1,62 (3.97) 1,65 {3.89)
Base Line Engine & Ceramic Regenerators 1,63 (3. 84) 1. 74 (4.00) 1.68 (3.98)

1038°C (18900°F) Engine
1132°C (2070°F} Engine
1204°C (2200°F) Enginc.
1371°C (2500°F) Engine

Intercity Bus

Rase Line 1002°C (1835°F} Engine

Basge Line Engine & Ceramic Regenerators
1038°C {1800°F) Engine

1132°C (2070°F) Engine

1204 °C {2200°F) Engine

1371°C (2500°F) Engine

1.71(4.02}
1,82 {4.28)
1,99 (4.67)
2.03(4.77)

1.68 (3.98)
1.77{4.17)
1,83 {4, 30)
1,90 (4.48)
2,18 {5. 13}
2.19 {5, 16)

1. 80 (4,23)
1,89 (4, 45}
2.13 (5.01)
2,18 (5.08)

1,81 (4. 26)
1,86 {4.37)
1.92 (4.52)
2,02 (4, 75}
2.24 (5.28)
2.27(5.33)

1.76 (4. 14)
1. 86 {4, 38B)
2,07 (4, 88)
2,10 (4.95)

1.76 (4. 14)
1,82 {4.28)
1.88 {4.42)
1,97 (4.63)
2.22 (5.22)
2.24 {5.26)

152 m (500 fr} pressuro altitude

1524 m {5000 ft}

762 m (2500 ft) -\

2801~ 0.46}-
£
3
L oenog-
T [F0ME 524 m (5000 ) T5a rariog
R 762 m (2500 ft) polnt
g I
9 0l 152 m (500 1)
]
‘g 0.42 /AVE .5,
ts { temperature
a 1
& 2§D b . ] 13.3°C 99,4%C
| '-' § (s6) @5°F)
p.4pbll { 1 [ o
20 40 &0 80 100
{°F)
1 L ' 1 1 l
-10 10 20 30 40

Pigure 17. - Effects of ambient conditions on base line engine sic.

Ambient temperatura—°C
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- Figure 18. T;ﬁproveineht' in fqel ecox_mniy with temperature at 16°C (60°F) ambient. .

: "TABLE XII, AMBIENT EFFECT ON VEHICLE FUEL CONSUMPTION _
; _ o soo s [SAE to 16°C (60°F) ambient inlet eomparison] e
- Comiposite Route Simulation

% Imprcvement
Engine : | Truck Bus

Base Line 1002°C (1835°F) Engine 1 s 4% C 3.5%

Base Line Engine With Ceramic Regenerators - 7.6% o 4.0%

1038°C (1800°F) Engine . . o BA% | 3.3% -

1132°C (2070°F) Engine . ol s b 3019

1204°C {2200°F) Engine : : C o 3.5% 2. 8%
) 1.3_710_0 (2500°F) Engine SRR R § 2'4% o _'1_'.'8.%’
probable volume cost and development effeci:s.. Parts llsts were ’then prepared to 1dent1fy the L
i : spec:1f1c changes which each engme would requ:.re :E‘rem the bas _ me"engme. Addltzonal ' i
descriptions of the engines; eomponents, and parts are guren m tb.e "Program Plan and o

"Techmcal Approach" sectmns. K _

_ __3_5




iomw’:‘ (1900 °F) Engmé c'onfimu#aiio_n o

_ The gmeml arrangement layout and part numbers for the turbine for the 1088°C (1900 *I'} engine
are shown in Figure 19. The concapt ndopted for the gaaiﬂm‘ turbim'z nozzle nses individual '
ceramic vanes {~1) with integral end platforms which forin the flow path inner and outer walls.

~ The individual vanes are located between o cantinuous ceramic ring (-8) on the inner dinmeter

" and the continuous ceramic tip shroud ving {=2) on the outer diameter. The approach uttEmpts
to diminish the individual ceramic part size, complexity, and thermally introduced strass,

This assembly of vanes and rings is centered from a tang/slot pattern which centers the tip
shroud indirectly from the engine block. Iach of the individual vanes is keyod at the leading
edge of the jnnor and outer platforms to an ecmbossed sheet metal plate which provides the proper

= circumfevewhial spacing to the vanes ond mucts the vane taugenﬂal aerodynumic londs. 'rhe

vane o.\iul uerodynamic and pa-aasur& londs are reneted from the vanes to the cammic {nner -
and outey contintous rings, The ings eontact a contmuous surfaca on metal pnrts (-18 ond wB)
- to accommodate both the lond veaction :mci and senli.ng. _ ’l‘lm motal part: (-13) which ei‘feqts this

axial looation function &t the vane cuter platform can be' shinmled {=15) to enaurc tlmt the prnp&r -

vane inier and outer platform axial relationship is mamtamad

The gasifior turbine p shroud (-2) defined in Flgure 19 is o complete ving of velatively simple
section shape. It incorporates slots to engage on the centoring tangs of the supporting metal

pnrts (-18) and o low density coramic on the bore to provide an nbradnble mmterial for rubbing
the ganifier turbine rotor blades, ' ’ :

This engine incorporates cernmic thin wall regonerator disks and utilizes an engine block in
which the cross-arm members are flat rather than cont:ourc:d as iz requi o to accomquata
the thermally induced deﬂeetion oi‘ the matal ragunemtor ‘

1132“0 (30?0 "]3‘) Eugme configumtinn

'I‘he hu.mer und turbine geneml nrrnnp;ement for tho 1132 °C (30'?0 “F) engme is preaented in
I‘igura 20. This engina incorpomtas the same cemmic guaiﬁar turbine novsle and tip shroad -
conecept deseribed praviously but also-has a ceramie turbine inlat plentm and ceramic gnsiﬂar
turbine rotor bladus. The ceramie plenum is configured in throe parts (~-16, -1‘?, -18) to facilitate
withdrawal of o part or patterns from casting or molding tooling and also to diminish the part-
induced thermal stresses. The three parts consist of a forward element (-1?), a rcmr element

- 18). and the center hub (- 16). The pm:ting surfaces between these olements are defined as

simple p‘lmms to facilitate finishmg to a flat condition,  The contuct loads. induced bet\vaen the . .

plenum elements by the engine comhustcr Pressure drop are supplomented by sheet mat:al dt;:tnils
which clump the elements Logather 'rlm plexmm is londed into contact with the gasiﬁtr nonsle

' oui.er pln'l:form by a metallm ‘wave sprinﬂ (~22) pro\rided at. thc plnmam I, A cm:wnic seal

rmg (-28) ot the plenum outlet diameter pravcmt.s bypass 1ealmga of regenomtad ajr. past tlm

combus__tm_v A Bimilar sennnp; fuuquon is provldod a.'t: me lmb by metnl details (-a?. '-36) Tlm v




CONU S Conlocompenet

TMgure 19, “I*urhihe'geheml n.rrmageniant for 1088°C (1900“1“) study engine,
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Figure 20, Combustor and turbine general avrangement for 1132°C (2070°F) study engine.

38

Tt e e R P L o e SN e b e g e e LT el



ceramic turbine blade (-15) uses & relatively conventional platform and stalk configuration with
a single lug dovetail. The stalk and dovetail are aligned with the airfoil to minimize induced
bending from centrifugal effects. The turbine hlades are retamed axlally in ’che wheel by .
. segmented ring elements at both the forward (- 28) and rear {- 24) wheel faces. 'I‘hose elements
are retained to the wheel by a coned pilot surface and by riveis (-25). -The segmented ring
elements also seal the’ eavities between blades to prevent ﬂow- leskage under ‘the blad_e platfo__rms. o

vSeveral turbme seotmn metal parts are reconfzgured to fa.clllta.’ce 1oca.tlon or see.lmg of the
" eéeramic components. ‘

: 'I‘hé coo:tbi:Stor liner' 'mounting sf ’the‘fu‘el nozzle is moooified,topr"ovide rﬂexibility 'which p'ermits
j : R 't.he combustion liner to engage the pienum without signi_fioant load_s from_ misslignment.
¥

;

' -The combustor outlet gas oondlhons for tlus engme ex.oeed the engme ﬂ:ermocouple capsh:.lﬁ;y,
therefore, the' éngine control logm 1s modxfxed to schedule fuel ﬂow using . temperatures . oo
- -_sensed at the regenerateﬂ e:-.w.t (combustor mlet) and mrbme outlet statmns. - ' S

' The engme meluc‘les the aforementmned ceramm thm—-wall regenerator disks w1th assocmted
-seals and hlook contour chsnges.=’“ RRNTE R ' "

1204°C (2200°F) Engine Configuration

The burner and turbine general arre.ngeioeht for‘ the 1204°C {2200 °F) engine is shown in Figure :
_ _2_1». This engine mcorporates a new turbine flow. path. of reduced diameter o reflect the engine RO ;

masg flow reduction to mamte.m power output constant. In addltlon, the power turbme is changed '
~toa two-stage oonflguratxon to increase effmz.ency and reduce the blade stress 1evels by operation

at reduced power turbme rotor speed. 'l‘he two-stage power turbme also eliminates the mter-'

turbine duct and thé assoo:.ated pressure 1688, A metal prechamber combustor is shown as a

part of this engine configuration. Efficiency increases are also specified for the compressor

and gasifier turbines, o : ' '

‘The general configuration and construetion of the ceramic g'asiﬁér turbine nozzle, gasifier tur-
' 'bme tip shroud, turbine inlet plenum, and. gasﬁler turbine rotor blades are the ssme as those
" in the 1204°C (2070 °F) engme prevmusly dJ.SC‘.'LlSSEd :

Tms engme moorporates oeram:Lo nozzles in both power turbme stages. Indwldual vanes ( 63
.-B4- and =60, -61} with' m’cegral huh and tzp platt‘orms are used in these stages ina manner
" snmlar to the gas:ﬁer vanes. The vane hub- platforms enga.ge an annular chammel ina oontmuous
' ceramm rmg (-88 and -48) wh:.ch forms the inner bsnd and: effeots the. stator—to—rotor seal, .
- :"--'.'The m:ner rmg inoorporates a Iow-densztty coatmg on the inner dlameter to. reduoe abrasmn )
- on the rotor seal lcn:r.ves. Six of the vanes (-64 and -6 1) in each of the stages mcorporate a
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- eylindrical projection at the hub end which engages a hole in the inner ring to provide a ring

. antirotation feaﬁire. ' Thé axial fit of the vane hub platforms into the immer ring annular channel
controls the twist displacement of the vanes about their axis. The vane tip platforms are
trapped at assembly between continuous ceramie rings (-65 and -62, -62 and -8). -

A tang on each of the vane outer platforms engages slots in the outer coniinuous rings to provide
; circumferential spacing and react the vane row aerodynamic torque. The radis]l dimensional
< fit of the vanes, outer rings, and inner rings controls the vane radial position and the relative
axial position of the inner ring to the outer rings. Circumferentially continuous surfaces are
provided on the outer rings to react the vane aerocdynamic axial loads and {o provide seal lands

- 6;,‘|<‘I". e

o to prevent vane bypass leakage. The outer rings are centered through a key/slot pattern to :
' metal members which are supported from the engine block bulkhead., S sz

Stationary shroud rings are provided over the power turbine rotors as an integral part of the
power turbine vane outer rings.

The ceramic turbine exhaust diffuser consists’ of ‘contoured inner wall (-52), outer wall (~-57)
and two spli‘tters {~53 and ~54) which are all surfaces bf'revolution except for their mounting
features, The splitters and inner wall are all located radially from the outer wall by six sets
of rods and spacers (-55, -70, =67, ~868), The six ceramic rods (-55) engage axial holes in the
outer wall (-57) to provide a slip fit for asgsembly. The 4inner wall {~52) is retained axially and

oriented gircumferentially by sheet metal details (-49 and -50) at its forward flange, The
diffuser outer wall i{s located both radially and axially from a set of radial pins (~58) through
a flange (-59) mounted on the engine block, '

Thin-wall ceramic regenerator disks' are used with this engine with increased effectiveness be-
cause of improved matrix geometry and/or increased frontal area with improved flow dis-
tribution. Reduced leakage is also assumed. ’

The control changes identified for the 1132°C (2070°F) engine are also used with this engine,
Improved insulation is required {o protect the engine block against the higher cavity temperatures,
and the block cross-arm construction is modified to isolate the cross-arm thermal growth from
constraint by the block,

B T T U TP PO T T PO L PP R Ty = e . X -3 i

1371°C (2500°F) Engine Configuration

The general arrangement for the turbine and combustor sections of the 1371°C (2500 °F) engine
is presented in Fi.gure 32, Thi» amerine mcorpo'r'atrm the same flow path ag the 1204°C (2200°F)
fengme, ‘and the conf;guration and ‘construction of e gasifier turbine nozzle, gasifier tip shround,
.. plenum, gasifier turbine rotor, power turbine nozzles and tip shrouds, and turbine exhaust. -
d1ffuser are also similar. The 1371°C ("500"1‘) engme. in addition, incorporates ceramm

:
;

power turbine rotor blades and a ceramic combustor,
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The ceramic blades (-42 and ~56) in both of the power turbine stages provide an integral platform
at the airfoil hub, a stalk transition section, and a single lug dovetail, The blade dovetails are
aligned with the airfoil to minimize bending stresses induced by centrifggal loading. The blades
are retained axially in the turbine wheels by flanged cover plates and seal plates (-39, -47, -43
and ~-51) which are piloted to the turbine wheels and retained by the power turbine rotor assembly

bolts (-40 and -41),

The ceramic combustor comprises a geries of cylindrical shells {-72, -73, -76, -79) to
restrict the axial temperature difference occurring in any one part. A separate ceramic ring
(-87) is incorporated at the exit of the prechamber section where high local heat transfer can
occur, (Thermal isolation of the combustor dilution holes may similarly be required.) The
combustor cylindrical sections are joined using sheet metal bands (-'75, -77) which impose a
slight clamping effect in addition {o the small compressive load which exists because of the
operating combusior drop. The prechamber dome (-84) is also a ceramic cylindrical section
which is located by a sheet metal sheel (-82) that supports the metal swirl vane assembly (-80,
-81, -82, -83, -85), The swirl vane agsembly is sealed at the prechamber outer wall {-79),
using a ceramic seal ring (-868), The combustor is located by engagement with the turbine inlet
plenum and the prechamber swirl assembly. The prechamber sw1r1 assembly clamps to the
combustor cover in conjunction with the fuel nozzle assemhly.

The improved compressor, gasﬁler turbine, and regenerato" characteristics are reiained from
the 1204°C (2200°F) engine, as is the control logic.

Noise

Exterior sound level tests were performed in 1871 and 1976 to compare diegel and gas turbine-
powered intercify buses. The tests were conducted in accordance with the SAE J 366 procedure
for acceleration and deceleration operating modes below 57 km/h (35 mph). The specified test
gite layout is shown in Figure 23. The test resulis are presented in Table XIIf as "A" scale
weighted sound pressure levels, The turbine-powered bus in both acceleration test series has
produced sound levels diminished by at least 5 dB from those of the diesel. The deceleration
test series resulis have been about equivalent for the turbine and diegel. The turbine-powered
bus currently satisfies the 80~dBA limits proposed for 1878 by the California Standards and
proposed for 1980 by the Federal Sté.ndards. The dieselﬁm#éred bus value of 85, 3 exceeds

the current California Standard of 83 dBA.

The base line engine has three sources of noise: compressor inlet, exhaust, and the gear case.
The use of inlet air cleaners greatly attenuates noise originating from the compressor, The
remaining engine noise ig helieved to be prunarlly exhaust related, Exhaust noise is the product
of three components: combustion noise, turbine noise, and jet or pipe flow noise, Turbine
noise oceurs at the rotor blade passage frequency which (for the base line engme) is well above
the audible range. Jet or pipe flow noise will decrease because the engine exhaust velocity will
decrease from 66. 1 m/s (217 ft/sec) to 32,3 m/s (106 ft/sec) for the 1371°C (2500°F) engine,
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Nute. Test Iuyout for heuvy trucks and buses per SAE J366
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Figuré 23, Exterior sound level test site layout.

TABLE XTIII, EXTERNAL NOISE COMPARISON DIESEL~ AND
: ' TURBINE-POWERED BUS

S i8%iTests - - | 1976 Tests

. Engine Diesel BV-71 furbine 404-1 - | Diesel 8Y-71 Turbine 404-3
. Corch Merl Chammger MC-"( * Challenger MC-T Challenger MC-7 Turboliner MC-7
‘Transmission . of Allison HT 740 . - [ Allison HT-740 €T .| Spicer 4 Spd Aliison HT 740 CT

' Averagé Sound Pressure Levels - db } . _ .
MAY Seale Weighted ' '

SAY J366 Operation

. Acceleration . )
C LefEBide [ ee U TBAo S TET g S b 7 BS.3 : _ 76.5
Right Side. . | . 80 - .5 82.5 ' 76.9

Deceleration T _ _
ettside Vo | R T T e T - 78.8 : . TE
“RightSide . | . v - | - 75 1 76.8 | 7.4
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Combustion noise will also decrease as the turbine inlet temperature is increaged, This is
based on the use of three combustion noise pred:ctmn models, the resulis of which are shown
in Figure 24. These data are based on a 954°C (1750 °F) turbme inlet temperature because the
engines used in the intercity bus sound level tests were earlier versions of the base line engine
and were rated at that temperature, Except for the turbomachmery flow size and coolmg, these
earlier engines are nearly identical with the current base line engine. A reduction in combustion
noise of 4 to 9 dB is predicted (depending on which model is used) for the 1371°C (2500°F)
engine. This projection is consistent with DDA experience where engme cycle developments
leading to reduced fuel consumption have also reduced engine exhaust noise. The predicted 7
reduction is shown as an incremental reduction in sound power level. Because the combustion
noise specira have been shown to be essentially constant (refer to NASA TM X71627), the
reduction in combustion sound power will translate directly to a reduction on the "A" weighted
scale. Vehicle noise, however, will probahly show a lesser reduction because other vehicle
noise sources will provide a noise floor which will mask the full effect of lower engine exhaust

noise,

Three combustion noise prediction models were used in this study. The methods recommended
by the NASA Aircraft Noise Prediction Program (ANOPP) and proposed by the SAE A21
Committee for Aircraft Noise are identical in form except for the inclusion of a turbine attenua-
tion term in the A21 method, which accounts for the lower noise predicted by the A21 method

as compared with the ANOPP method. The third prediction model was developed for the FAA

Noise prediction models
‘O NASA TMS 71627
3 SAE A2t proposed
A FAA ALAA 76-579

e pi

T I. - N - T » T 1
200 1000 1100 1200 1300 1400

Turbine inlet femperature—°C
] i i o] T T T 1 ]

1700 1900 2100 2300 2500
{°F) - '

Reduction in exhaust noise sound power—dBA

Figure 24, Effect of iricréasing cycle temperafure 611 exhaus't- noiée'..
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- under contract DOT-FA75~WA-3663, This model attempts to describe the combustion noise
13 generation process in a more theoretical and rigorous way than the ANOP or A2l methods,
Attenuation thruugh the regenerator is not included in any of the ‘models used. However, this

D attenuation should be constant at all cycle temperatures because the regenerator represents
a constant msertmn loss.

" Emission Ar;af.ljrs.ié.‘b.f StudyEngines

An analysxs was performed to predict the em1ssmn characteristics of the study engmes. The
program poals require maintenance of emission levels within known and projected legal require-
ments, The existing standard most apphcable to the gas turbine would be the Heavy Duty Engine/

Vehicle emission ccntrol requxrement for dxesel un—hlghway vehxcles. For 1977, these standards
are as follows-

1977 Constituent, mg/W-h (g/hp~h)

_Standard ~ HC co NO, HC + NOy,

Federal BT ' ' 54 (40) Commm o 2104(16,0) o
California - . @ . 1L.8(L0) .- 33 (25) 10 (7.5) 6.7 (5.0) (Optional)

At a-public hearing on October 5, 1976, the California Air Resources Board passed the follow-
- ing standards for heavy-duty diesel engines used in highway vehicles:

Model Year . .
Effective HC= coO - NOy HC + NO,
1979 2.0 (1.5) 33 (25) 10 (7. 5) 6.7 (5.0) (Optional)
1980 1.3 (1.0) ~ 33(25) ——- 8.0 (6,0} '
1983 0.7 (0.5) 33 (25) -—-- 6.0 (4.5)

*Measured with flame ionization analyzer,

. New Federal standards for heavy duty diesel engines are also being considered for 1978,

ein 1 The
proposed new rules set emission levels as follows: :
HC €O ) | HC + NO,, i
2.0 (1.5) 33 (25,0) T |

13,4 (10.0)

Projected standards are very difficult to predict and are sometimes postponed because of other
conSlderatmns, such as new mstrumen’cahon base lines, cost, ‘and fuel economy trade~offs, For
this reason, it is advisable to concentrat:e our attentmn to the 1980 California emissions levels

1 when estimating the point in {ime when combustor development may be requv:ed. It is ulso

recogmzed that the 1983 Cahforma standards will reqmre adchtmnal eombustor development.
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Gaseous pollutant emissions were predicted for the advanced models of the diffusion flame
combustor, The emissions were predicied as a function of combustor geometry and inlet -
conditions by means of a "characteristics time model" developed at Purdue University under
the direction of Professor A.M, Mellor. The substance of this emission prediction model is
described in a paper presented to the Sixteenth Symposium (International) on Combustion held
at MIT, Cambridge, Massachugetts in August, 1976 and published by the Combustion Institute,
Pitisburgh, Pa. The title of the paper is Characteristic Times for Combusiion and Pollutant
Formation in Spray Combustion by Tuttle, Colket, Bilger, and Mellor, R

Emissions prediciions were made for the four study engine cycles at the combustion inlet

" conditions of each power level of the 13-mode Federal Heavy Duty Diesel Cycle, ‘This

represents 100%, 75%, 50%, 25%, and 2% power poinis at both intermediate and maximum engine
output speeds plus three (3) idle conditions for each engine cycle. The weighied composite re-
sults, in units of milligrams per watt hour (grams per brake horsepower hour) are listed in

the foliowing tabulation:

Base Line - Study Engines
Engine lo3geC 1132°C 1204°C 1371°C
Constituent Actual Data (1900°F) (2070°F) (2200°F) (2500°F)

HC* 0. 19 (0.14) 0.4 (0.3) 0.3 (0.2) 0.4 {0, 3) 0.3 (0. 2)

NO,, 5.36 (4.00) 5.2 (3.9) 7.1{5.3) 5.4 {4.0) 8.0 (6.0)
HC + NOy 5,55 (4. 14) 5.6(4.2) - 7.4(5.5)  5.8(4.3) 8.3 (6.2)
coO 1,57 (1.17) 2,3(1.7) 1.6 (1. 2) 2.3(1.7) 1.3 (1.0)

*HC values are estimated from previous DDA experience with HC/CO ratios and
the predicted CO value. The base line data represent actual measurements.

The resuits show that gaseous emissions for the four engine configurations remain very near
or below the tentative 1980 standard. The amount by which the HC + NOy emissions are
predicted to exceed the projected standard for the 1371°C (2500°F) cycle engine is so small
that only minor modifications will be required to be made to the combustor in order to meet.
the legal requirements. To meet the 1983 standard, additional development will be required.

The pollutant of most concern is NOx which is predicted to inerease about 53% in progressing
from the 1038°C (1800°F) cycle fo the 1371°C (2500°F) cycle. This increase is largely because
of the higher combustor inlet air temperatures and the associated higher flame temperatures,

A discontinuity in the predicted emissions trends occursg between the 1132°C (2070°F) and the
1204°C (2200°F) engines becauée of a combustor size adjusiment ivhich would occur af this
phase if the engine output horsepower were held constant, The prechamber combustor will have
very little eifect on the emigsions because it will be of the diffusion flame variety. The emissions
were predicted and are compared above for a constant 224 kW (300 hp) engine, All emissions
except NOy should be reduced ag the cycle temperaiures increase. HC, CO, and smoke all
would benefit (be reduced) from these more favorable combustion environments,
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s ~ Engine Cost

Detail part defmltmns were generated for all of the ceramic and metal parts which are unique
" to the turbmes and comhustors of the analys:.s study engines. This was done only in sufficient
detail to facilitate the generation of part pricing data. The definitions include bagic part size,
shape and features, eritical dimensions and tolerances, special surface finish requirements,
: : and materials (where possible) and are shown on the engine general arrangement layout draw- E
“ 0 ings (Figures 19, 20, 21, and 22). y

b

Part produotioh volunies equivalent io 6000 engines per month were assumed for the part pricing
‘activities.  The 000 per month engine production rate is consistent with the engine "maturity”
level osed__ in the life-cycle~cost analyses. .

Volume production cosis were provided for all of the unique metal paris by the Detroit Diesel 7
Allison Production Mamufacturing Department. The basis for this pricing was the same as that
for the base line engine volume production part manufacturing costs.

_ The volume product:.on prices for all of the ceramic component details were generated by the :
' Research and Development Divigion, Carborundum Company, Nla.gara Falls, New York. i

Volume pricing data for the regenerator system disks and seals were provided by Harrison i 1
Radiator Division of General Motors, who supplied the equivalent data for the base line engine
regenerator parts.

Pricing increases in the block insulation were assumed as a percent of base line block insulation
prices for the 1204°C (2200°F) and 1371°C (2500°F) engines. Anticipated changes to the basic 47
engine block are not, however, expected to increase engine production cost. |

The engine electronic control assembly has adequate sensor and amplifier quantities and micro- ;
processor capacity for application to the advanced engines to operate at turbine inlet conditions !
up to 1371°C (2500 °F). Thermocouple locations will be changed as the local environments in

the engines exceed thermocouple durability temiperature limits, and control logie will be changed
to reflect the revised sensor locations. However, engine control system costs will not change
significantly as a resull of these sensor location and control logic modifications.

A summary of thie 6000 engines per month volume production parts costs is presented for each
of the- s:.gmfmant component changes and for each of the ancxlysls study engines in Table XIV,
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TABLE XIV, COMPONENT COST DATA FOR STUDY ENGINES :
. N :
{6000 /month engine production volume) :
Percent Of Parts cost Increase as a percentage of base-line ”
Base Line enginc coat® e
Engine Component Replacement 1038°C Engine 1132°C Engine 1204 °C Engine 1371°C Engine
Purts Cast (and Asgociated Parts) {1800°F) {2070°F) (2200°F) (25N0°F)

14,2 Ceramic Regen Disk and Seals 3.6 3.8 3.6 3.6 .
5.0 Ceramic Gnsifier Nozzle and Tip Seal -0.8 -1.1 -1 -1 h
1.5 Caramic Gasifier Rotor Blades 1.5 1.2 1.2
1.5 Caramic Turbine Inlet Plenum 2,9 2.9 2,8
2.3 Ceramic Power Turbine Nozzlos (2 Stage) | C 5.4 o 5.4 .

2.3 Metal Power Turbine Rotor (2 Stage)
* Ceramic Power Turbine Blades (2 Stage) ) 4,7
0.2 Turbine Exhaust Diffuser : T8 7.8
L5 i Metal Pre-Chamber Combustor . . 0,7 )
- ’ Ceramic Pre-Chamber Combuster ' ' 2.9
100 Total Engine 2.2 1.2 22,8 27.5 ;
*(Replacement Componcent Cost) « (Base Line Part Cost) X 100%
(Basc Line Engine Parts Total Cost) ‘

The summary shows an increasing total engine parts cost with increasing engine cycle tempera
level and with increasing ceramic component content, The ceramic components are in general
more expensive than their base line engine metallic counterparts, ‘However, metal components o
with operating capability at the study engine temperature levels would similarly be more ¥
expensive than the bage line components and would result in additional associated performance
deterioration. The one exception is the gagifier turbine nozzle, wherein the base line metallic
counterpart price reflects a complex air-cooled assembly. In this case, the ceramic com-~

ponent replacement assembly provides a cost reduciion,

The ceramic components which are dependent on ceramic casting practices show relative cost
increases of substantial magnitude compared with the counterpart metallic components:

X Component Relative Cost Increase
Turbine Inlet Plenum (2.9/1.3) X 100% = 2209% |
Turbine Exhaust Diffuser (7.9/0.8) X 100% = 990% .
= 130%

Combustor (2.98/1.5 +7) X 100%

of the 22. 8% engine parts cost increase _of the 1204°C {2200°F) engine over_v' the base line engine,
B. 2% is attributable to the incorporation of the two-stage imprbved poWer turbine and thevpre-
chamber combustor: L :
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~ Qomponent .o o0 o Inerease (G

Two«Stage Metal Power Turbine Noazle | j 7%

- Two-Stage Metal Pewer Turbine Rotors .- 2.3
Matal Pre-clmmber Comhuator - o : 0.7
| & 2%

'.'l‘his asaumca thut an addmonal metal po\vm- turhine 1\0:;5"10 would hr.we ahcmt tho same e.ost aa -
tlm bnqe line par e -

The Qﬁgim'aaaemhly and teét costs are assumed to be the 'samé as those ét t’hé b:iaé line engine,

In additiun. it {s assumed the engine selling prico wnl rem,ct tlm aume pereemagu marl\up '

' over cost 48 the basu lirie enging,

L_.iie Cy_cle Cost Annlysis

~ Life cycle costs i‘or the base line snd study engines were ovaluated. The ct.rnmic eugina purts
_wore rocognized for each enging., Relativo values for fuel, maintenance material and labor,

" and 'en'giim ncqxiiéit{bﬁ gosts ware caloulated ond wsed in & ‘computer medel, This model:is the .~

rapult of work done since 1968 and represents a "stute-ofnum-art.“ analysis tool, The mnduim\
- _capaeity of tlm mndel wag: merciaed to fit an aaeumad mumtenance eoneept. . o

A ling hawl truek proﬁla was usml t@ develop a nmintenance .md operai.ing sctmm‘io fm‘ thn \rm‘itms' o -

_ anghma. This sconm‘io is shown in Table XV with respoot to basie data inpu, Thesn valugs:

were selocted to npp]y an 805 000-Eilemctre- {500, Oon-mila) average for ench trusk: “The labey ™. ¢

rates uged do raﬂect the labor costs common to lm*gar line haul truck operations. ".L‘ypical
maintenonee allocations by percent for anch lovel of maintenanue are shown in Fipure 26, Theae

_-nlloeaﬁcns are fuvther modxﬁed. using the- gohodiled muintononoe eonsapt ag defined: i the:

bage line engine ﬁascription {rof Table III) The percem nllocations AWVOLe. hu‘ld ccmstant fox each
. of thce study Bngines. ’ ’

i, '_rha life cycle cost mmlyai’s vegults for the line haut fruck are prosentod in Figures :3(‘ tirough
29, Al values in the cnmpnrisen ta.bles m.‘e showii as o paraent of the base lng enpgine operating

Tt 1GOE°C (1885°F). E\nmme.ticm of tha sensitivliy dota indiontes that the cost has uhreulc point - - :

' -het:wecm 1183°C (2070°I) and 1304"(: {23200°1), This subsl.nntial impro\rt,ment reﬂects not nnJy

a mum efffoiont oyele but also taelmnlcgy imprmmmenta in the fovin of luﬂher ei“ficmncy o= o

L "'.'--panorts. _Comparison eurves are shown which. indma‘te me oioct of ommmg the teemwlng:,f
_improvemmts o.nd mlying ouly on the basic. aycle improw.mmt. ' S
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TABLE XV, LINE HAUL TRUCK LIFE CYCLE COST ANALYSIS INPUT DATA

Program Assumptions
# Fleet Size
# Utilization

& Average Speod
”a Mamtenancu Lovels

@ Engine Turn-Around
@ Labor Rate

& Program Time

# Tleet Age

100 Tractors _

14 500 km (9, 000 Miles) Per Month For
Kach ’rractor »

T2 I{ﬂometres Pvr Hour (45 MPIT)

‘Garvage - In-Frame -

Out-Of-Frame

Rebuild  Major Repair

© Qwverbaul
Maximum Of One Month At All Levels
$17.00 Per Man-Hour At All L.evels

60 Months

Uniformly Distributed Over 805 000 km

(500, 000 Mile) Age Profile)

Rabuiid

10%
ln~frame Cut of frame ) Ovarhau}
o Gil S - : :
o Fool < - & OIl change o Campleto englne
o Oil filter

# |gniter

* Bumor

» Fuel filtar

s Fuol valve
“e-Fuel nozzle
« Worm gear
# Cloteh valve @0
# Disk change

Lo e Hot seal
"4 Cold sool

Majer rapalr

@ Rolating componont
in gos path .

o Gearbox o

& Wark beyand sl\up
capability

a1
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Figure 28, Line haul life cycle cost adjusted for increased fuel price.
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The basic effect of the increased cyecle temperature is shown both with and without recognition

of the component technology improvement in Figure 26. This curve indicates that there is no
benefit in increasing temperature beyond 1132°C (2070°F) unless improved efficiency components
are introduced. Furiher, only a minor drof: in life cycle cosis is shown for the 1371°C (2500 °F)
engine compared to the 1204°C (2200°F) engine even with improved components.

Recognizing that the confidence for ceramic material prices decreages as more ceramic material
ig introduced, the sensitivity for an assumed increase in the cost of the ceramic materials
v{rith'temperature is shown in Figure 27. The material content was varied in 5% steps for each
engine after the 1038°C (1900°F) configuration, There was an initial material adjustment of

10% for the 1038°C (1800 oF) engine. With this assumption, the 1204°C (2200°F} engine shows

the lowest life cycle cost.:

Fuel may be the principal cost driver, In the previous calculations, a cost of 11 cents per litre
{40 cents pér pallon) for fuel was used. Figure 28 shows the impact of fuel at 16 cents per litre
(60 cents per gallon). The percentage contribution of the higher-cost fuel represents a substantial
increase to the cost of operation. Even with the higher fuel cost, the 1371°C (2500°F) engine

life cycle costs are only slightly better than the 1204 °C (2200°F) engine.

The previous data were aimed at an average distance of 805 000 km (500, 000 miles) per tractor.
Since some users areé concerned about cost to first overhaul, a 483 000 km (300, 000 mile) per
tractor data set was calculated. These data are depicted in Figure 28, which shows a relatively
small change in life cycle cost, with the 1204°C (2200°F) engine as the optimum,

It appears that the 1038°C (1900°F) and 1204°C (2200°F) engine configurations show the most
benefit in cost saving. The 1132°C (2070°F) version is marginally better than the 1038°C

{1900 °F) version. When one considers the relative risk of operéti.ng the engine at higher
temperatures, it would seem that a question could be raised concerning overall engine reliability.
However, a basic premise of this siudy was that the agsociated metal parts complementing the
ceramic engines would maintain a constant premature removal rate,

An intercity bus application generally follows the cost trends of the truck. The bus life cycle
cost is somewhat more labor intensive because of installation constraints., However, there
were no other significant trend changes over a line haul truck. Specific values of fuel and the
labor-material mix will change. A summary of the operational values is listed in Table XVI.
However, Figures 30, 31, and 32 indicate curve shapes very similar o those of the truck, even
with these changes introduced.
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! TABLE XVI,  INTERCITY BUS LIFE CYCLE COST ANALYSIS INPUT DATA
Program Assumptions
‘@ Fleet Size - _ - 100 Bus Fleet
@ Utilization 26 500 km (16, 500 miles) Per Month For
Each Bus
® Average Speed 72 Kilometers Per Hour (45 MPH)
® Mainienance Levels - Garage In-Frame
' | Out-Of-Frame
. Rebuild . Major Repair -
- . ~ Overhaul _
® Engine Turn-Around’ V, Masximum Of One Month At All Levels
‘® Labor Rate - : L $17.00 Per Mam-Hour At A11 Levels
@ Program Time 60 Months : o
® Fleet Age Uniformly Distributed Over 805 000 km
DI ' (500,000 Mile) Age Profile
109 ‘_bf“’"--_._.__,
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' o b Fual + eparating cost
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] Figure 80, Effect of cycle temperature on {ntercity bus life cycle cost.
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The prineipal reason for more labor being required in the operation of the bus is that less
maintenanee can be done "in-frame, "' Current bus designs do not allow regenerator disks and
geals to be changed in-frame in the manner that a "enh-over" semi=tractor truck will allow.
Therefore, the garage level labor content increases in the operating cost category over a truck
application. Fortunately, the relative total percentage does not vary & great deal, thereby
preserving the general curve shapes common to the line hau_‘l___truck. .

In summary, the view from a life cycle cost standpoint seems to center on three recommendations:

1. The 1088°C {1900 °F) level of ceramic content should be pursued,
9, The 1304°C {2200°F) level of ceramic eontent and technology appears very attractive
from a ecost/benefit weighting, :

8. The 1871°C (2500 SF) level should be deemplmsi**ed pmdmrv mor : "bus.lding hluck"
 technology work. The potential fuel savings are desirable, but today's understanding
of the other enn*ine ftems which must also be low cost adds a depree of risk, . This

risk does not appear to be sttbstantially offset by life cycle cost savm"s.

~ Life cycle cost analyses were prepared for the line haul truck and intercity bus applications

using sed level, 18,6°C (60 °F) vehicle simulation data and a 16 cents per litre {80 cents per
gallen) fuel cost (projected 1980 cost). These data are compared with the previo'us resulis
(SAE standard day)} for the truck and the bus in Figures 38 and 84, respectively. A significant
reduction in life cycle cost is shown for sea level, 15,6°C {60°F) day operation, with the base
line engine showing the greatest improvement, '

‘Markatability

The market concept for the range of ceramieo angmes was based on an extensxmu of the all-metal
base line engine, It was considered that the metal engine would be offered at a competitive
pm‘.ce to a comparably rated power diesel when installation considerstions were included., Also,
benefits toward meeting environmental oonstrainﬁs were uot eredited to the turbine, nor were

‘they assessed aﬁ‘amst the diesel installation, One could have some concern that the higher

temperature ceramic engines might move outside the competitive price range, Therefore, the
importance of the operating and support costs to offset the mvestmem. cost becomes very
significont. One could conclude from this prehminary study that the 1204°C (2200 °F} engine
would represent the upper limit that would probably fit a competitive market. The 18371°C
{2500 °F) engine will need more dev'elooment to prov*de i‘urthu: reductions i.n life cycle costs

in order to be accepted, ' '
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STUDY CONCLUSIONS AND RECOMMENDATIONS

 The purpose of the foregoing study was to use selection criteria on performarnce {213 mg/W: hr

(0. 35 Ib/hp-hr) sfc], durability (qualify ceramic parts for use in a base line gas turbine pro-
gram), and cost {competitive for truck and bus applications) and establish a program plan for _
an mproved engine which could be demonstrated by the end of 1981. Based on the study results

1

2.

8.

discussed, the following conclusions were drawn:

Ceramic components can be introduced into the current base lineé engine and a 213-mg/
Wehr (0. 35 lb/hp-hr) sfe can be demonstrated by 1981, The risk of successful com-
pletion of this work is considered high because of the hlgh i.echnology mv'olved in
applying ceram:.c components to gas turbine- engmes. ’
Ceramic components (which permii increased turbine and regenerator inlet tempera~-
tures) as well as improved component eff:.c:.enmes are requzred to meet the performance
objective by 1981, ‘ e , ' : S '

Ceramic materials require substantxal characterization and development activity fo
achieve the durability requ:.red to qualify ceramic components for introduction in a
production engine.

Program planning should emphasize the early durability evaluation of ceramic regenerators
and early development testing of ceramic vanes, blades, and tip shrouds.

. Approximately a 1204°C (2200 °F) turbine inlet temperature is the near-term limit of

temperature capability for ceramic materials and for achieving the 213-mg/W+h

{0.35 Ib/hp-hr) sfc goal. At this turbine inlet temperature, fuel savi.nge are appr0x1mate1y
29% for a line haul truck and 27% for a highway bus. : :

Life cycle costs show fuel cost to be exiremely important to overall cost and that
improved sfc will become overriding in importance as fuel costs increase, (It appears
that fuel will cost much more than 80 cenis per gallon by 1981). This fact should lend
increasing importance to the fuel conservation aspects of future powerplants.

The cost of ownership of line haul trucks and highway buses is reduced by 9% by
achieving the 1204°C (2200 °F) operational capability. Only a 1% additional reducticn is
realized by achieving 1371°C (2500°F} (based on current knowledge of ceramics). The
increased risk with minimum assessed payoff does not justify a progra.m plan whlch

 goes much above the 1204°C (2200°F) level,

Integral ceramic turbine blade and wheel rotor assemblies requ:.re more than ﬁve
years to develop to a stage of readiness for initial production engines. This technology
should result from a program funded separately from the one planned herein,

‘Noise and emission standards through 1980 regulations can be met by 1204°C (2200 °F)

engines. Work on combustors should he performed in the planned program to meet

o _proposed em1ss1on standarde for 1983 and beyond‘ .
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PROGRAM PLAN
PROGRAM GBJECTIVES

Two primary objectives were selected for the planned program;

1. Incorporate ceramic components jnto the base line engine io demonsirate the applicability

of current ceramic materials technology by the end of 1981.

2, Demonstrate improved fuel consumption from the benefits derived by having improved
ceramic and aerodynamic components. The fuel consumption improvement desgired is
to change from a 274-mg/W-h (0. 45 lb/hp-hr) to a 213-mg/W-h (0. 35 lb/hp-hr) sfc
by the end of 1981,

The program also has two secondary objectives:

1, Meet current and projected federal noise and emission regulations.
‘2. “Demonstrate commercial capability for the improved engines.

‘These obje'ctivés were established with NASA}ERDA at the inception of the program and were

used' as criteria in the study conducted, The scope of the schedule, technical accomplishment,
and endurance testing was defined by thege objectives, the feasibility fo meeting the objectives
was assessed in the study program.

RISK FACTORS
The program plan which follows recognizes the relatively "high risk'' of incorporating ceramic
components in a gas turbine, and the plan is _intended to permit iterations on materials and

geomeiry of ceramic componenis.

The risk factor for incorporating ceramic components varies with each component. Risk levels
weré assigned as follows (lowest risk factor is-lowest number, highest risk is highest number):

Regenerator

Combustor

Stationary Turbine Tip Shrouds ; %

. Turbine Nozzle Guide Vanes T ey u
: . - - d .;FE ..;

rhf-ult\:n—&

5, Turbine Inlet Plenuin

6. Turbine Exhaust Diffuser

7. Turbine Rotor Blades—Metal Wheel
8. Turbine Rotor Blades and Wheel

- Preceding hage- blamk -~ 61
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These risk factors recognize the current state of the art demonstrated in the various industry
programs to incorporate ceramic materials in gas turbine engines, A second ranking of ceramic
components was made to illustrate the performance benefits possible in the program. The
following list shows the relative performance payofif; the lowest numbers indicate ihe highest
payoffs, and the highest numbers the lowest performance gains. ‘

la. Regenerators

Ib. Turbine NMozzle Guide Vanes
lec. Turbine Rotor Blades

2. Stationary Turbine Tip Shrouds
3. Turbine Inlet Plemim

4, Combustor

5. Turbine Exhaust Diffuser

Two items are noteworthy in comparing these two lists of components. First, ceramic turbine
rotor blades and wheels were not considered io be feasible in the time frame of the objectives
and were dropped from the second listing, This combined blade and wheel ceramic technology
compaonent development should be pursued in a separate program of longer duration. Second,
three components are ranked in the highest performance payoff category (regenerators, vanes,
and hlades), This equal ranking reflects the importance of each component in achieving the
increased turbine inlet temperatures required for obtaining the 213-mg/W+h (0, 35 Ib/hp-hr} -
sfc objective. The regenerators and vanes give immediate benefits at the 1038°C (1900°F)
level, and their development should be given emphasis, The ceramic rotor blades (or oplional
air-cooled blades) are required at the 1132°C (2070°F) and 1241°C (2265°F) turbine inlet
temperatures and should also receive early program emphasis because their learning curve for
application will be the gteepest of all components shown,

Two benefits of ceramic components are derived in gas turbine performance: higher cycle
temperature and improved component efficiencies. Significant conceniration on both of these

in the development program is required to schieve the performance objective established. The
following plan is presented as a suggestion of an approach foward achieving the potential benefiis
offered by ceramic materials,

PROGRAM PLAN SUMMARY

The incorporation of ceramic comporiéﬁfé and component efficiency improvements leading to
the demonstration of the 213~-mg/W-h (0. 35 1b/hp~hr) specific fuel consumption goal will be

achieved stepwise through successive increases in turbine inlet temperature., A detailed
description of the program plan including demonstrator engine performance, configuration,

and testing is given in the remainder of this section. ‘
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Lemonstration Engine Performance and Configuration

The engine configurations and cycle temperatures which are necessary to satisfy the development
and demonstration activities outlined for the program are very nearly identical with those con-
ceived for the study program. Only three significant differences exist:

@ The study engine configured for 1204°C (2200°F) will be designed {o operaie at 1241°C
{2265°F) to achieve the 213-mg/W+h (0, 35 Ib/hp-hr} gpecific fuel consumption objective.
The component performance required to meet this objective is discussed later in this
section. '

® The 1241°C (2265°F) demonstration engine will use the ceramic pre-chamber combustor
that was configured for the 1371°C (2500°F) study engine to obtain acceptable life.

® The flow capacities of the turbines and compressor will be coordinated with the base line
program to exploit the availability of components to the fullest extent and minimize program
costs. The horsepower of the engines will not remain constant, Table XVII presents the
various stages of engine performance demonstrated from the base line as temperature is
increased to the 1241°C (2265°F) turbine inlet temperature engine.

The part-load fuel consumption of the 1002°C (1835°F) demonstrator engine (base line engine
with ceramic regenerators) will not be as good as was predicted in the study program because
the regenerator inlet temperature will be limited to 774°C (1425°F) by seal wearface material

temperature limits. At full power, the trade-off in increased ceramic regenerator pressure drop
offsets its increased effectiveness, resulting in slightly lower power—218 kW (293 hp)~—at the same

specific fuel consumption of 274 mg/W+h (0.45 1b/hp-hr),

Tn the 1038°C (1900 °F)} demonstrator engine, the use of the ceramic regeneraior is continued,
and the gasifier turbine nozzle vane assembly and rotor tip shroud are replaced with ceramic
components. This will permit the rotor inlet temperafure to be raised to 1038°C (1900°F),
thereby increasing the power to 231 ¥W (310 hp) and lowering the sfc to 262 mg/W-h (0. 43
1b/hp-hr). These power and sfc improvements carrr through the entire power range and will
be demonstraied on the test stand and in a vehicle.

The next step in the program is to replé.ce the gasifier turbine inlet plenum and the gasifier
turbine rotor blades with ceramic paris. The turbine inlet temperature can then be raised

to 1132°C (2070°F), and the engine power and sfc are raised to 261 kW (350 hp) and 243 mg/W-h
(0.40 Ih/hp-hr), respectively. These increases carry through the full power range., Demonstra-
tions will be made on the test stand and in the vehicle.
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TABLE XVII, PERFORMANCE DEMONSTRATION ENGINES

[29°C (85°F), 152 m (500 it) altitude]

© C ~ Ceramic
* - Single Stage Metal

. Ref
Engine Performance Base Line .

Turbine Inlet Temperature °C (°F) 1002 (1835) 1002 {1835) 1038 (1800} 1132 (2070) 1241 (2285)
Max Part Load Regenerator Temperature °C " {°F) 774 (1425) 774 (1425) 899 {1650) 979 (1795) 082 {1800)
Design Capability Of Regeneratsor °C {°F) 774 (1425) 774 (1425) 982 (1300) 982 (1800) 882 (1300) i
Compressor Airflow kgls {Ibfsec) 1.56 (3,45} | 1.56 (3.45) 1,56 (3,.45) { 1,58 (3.43) | 1.37{3.03)
Shaft Power kW (hp) 224 (300} 218 (293) 231 (310) 261 (350) 287 (335)
Specific Fuel Consumption mg/Weh {lb/hp-hr} 274 (0, 45) 274 (0. 45) 262(0.43) 243 {0, 40} 213 (0. 35)
- Test Stand Demonstration Yes Yes Yes: Yes

* Vehicle Demonstration Yes Yes Yes

Introduetitm“of Ceramic Components

- Regenerator Disk And Seal M c c C c
Gasifier Nozzle Assembly M M C Cc C
Gasifier Tip Shroud M M C C C
Plepum’ M M M C C
Gasifier Rotor Blades M M M C C .
Two Stage Power Turbine Nozzle ® * # * c k
Two Stage Power Turbine Rotor Blades * * * ¥ M

. Exhaust DHffuser : M M M M C

. Combustor M M M M - c
M - Metal




The next step in thé demonstration program is to redesign the entire hot section gas path to
make use of advanced component technology to raise the level of performance of- euch part.
With reference to the all-metal base line ongine. the compressor efficiency is ralsed 1. O%
from 82, 4% to 83, 4% and the corrected flow capacity is reduced from 1.66 kg/s (3.68 h/sec)
to 1, 45 kg/s (8.20 Ih/sec) at a constant 4.0 _pressure ratio. The gasifier turbine is redosxgned oy
" fora1,0% effmiency improvement from 87, 0% to 88. 0%, and the corrected flow eapac.ity deoreaees l
from 0,835 kg/s (1. 84 1b/ses) to 0. 745 kgfs (1. 73 1b/see) to match the reduced flow eapao:ty
~ ofthe eompressar. The power. turbine is redemgned from one to two gtages with ceramie.
o "'_nozzle vane assemblies. The eff1e1ency of the power turbme is unchanged from thet of thc
- -smgle-etage base line engine at 88, 7%, As in the gasifier turbme. the poiver turbme correctod
 flow capacity is reduced, from 1.62 kg/s (3,58 1b/sec) to 1.38 kg/s (3.04- lb/eeo), for proper L e
:matchmg with the gue1f1er gection, Regenerator effectWeness increases 6. 1% frnm as. 9% to
95.0%. Regenerator leakage and pressure drop increase by 0, 4% (4, 9% to 5. 3%) and 0, 6% (3. 2%
to 3.8%), respectively; however, regenerator leakage flow is reduced from 0.075 kg/s (0, 165 '
" 1b/sec) to 0.068 kgle (0,152 Ib/sec), and total cycle pressure loss is reduced by 1.1% from
11,.8% to 10. 8% as the result of the reduced cycle mass flow. The details of how these com-
ponent r.mprovements are to be eccompl1shed are digcussed in the Technical Approach section,

I
aedl

Ceramics are used in the combustor and power turbme exhaust diffuser. These changes allow
, the gasifier rotor inlet temperature to be raised to 1241°C (2265°F) to attain the sfé goel of
_ __213 mng-h (0.35 lb/hp-hr). : S - e :

The compressor sets the engine flow ‘oe'paeity size, and the resultant power level is 28'? kW
(385 hp). If the compressor.were to be resized smaller to maintain 224 kW {300 hp), the gasifier R
" ghait rotational speed would have to be mereaeed and a complete redes1gn of the high-speed . !
sheftmg and gearing would be neeeeeery. This would result in additional ewpense. effort, and
time. S .

' 'Engina Development Plan

" The initial activity scheduled in the enginé development program is the evaluation of the durability
and chemical stability of ce.  ic regenerator digks in an eustmg engme with a 774"0 (1425“25‘) '
_regeneretor temperature hmit E SR S RER
4 The oe\rti ’e’otivi%& is the rig evaluation of rim-driven ceramic regenerator ‘d"iel:e." 'indiiridoai- h
t ceramic gasifier nozzle vanes, and an individual ceramic gasifier tip'shroud and the incérpora- =
" {ion of these parte into two- bese line engines for test demonetratmn at 1038°C (190{) o) turbme
©inlet temperature with a 774°C (1425°F) regenerator tempereture hmﬁ;. These first two .
_.1038 °C (1800°F) engines are. designated as Design I A regeneretor system development pro-f-".-'.. NOREE
_ Cpram for the advancement of regeneretor performance and mechanical technology in the areas 2
. of ceramic matmx geometry. seels. and drive system is begun and is conti.nued throughout the . af
~_--program,"' _ el e , . :
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located in the lower temperature regions at turbine outlet conditions and combustor inlet conditions.
- Component improvement programs for several of the engine aerodynamic componenté are
. conducted conr-urrenﬁy with the testmg. This testing involves the compressor, regenerator,

'. gamﬁer tur-bme, and power turbine and is directed toward providing the specific performance
' character;stws required for the 1241°C (2265°F) engine configuration, 213 mg/W.h (0. 35

. ponents mproved from those prevmusly engine tested and the addition of ceramic power turbine
" An overview of this pfogram as has been outlined is presen_fed in'Figure 35,
' A'detailed des,cripti::m of the test plan follows,. . A

‘Rig Testmg T S e e e "‘Y -

- The untml expemence gamed irom these activities is applied to design fabrication, component

test; and engine test (two engines) of improved ceramic regenerator disks and associated parts,
mtegrated ceramic gasifier vanes and nozzle assembly, and integrated ceramic tip shroud.

The des1gna.t1on of thesge two engines is Design II. These turbine parts are alsp tested to the

1038°C {1900 °F) turbine inlet temperature condition. The regenerator temperature Limit is
iricreased to 982°C (1800°F); however, the engine is capable of producing a regenerator inlet

) te_mperature of only 899°C (1650°F) as indicated in the study program earlier in this report.:

An activity for design sfﬁ‘ﬂies. ‘fabrication of test specii‘nens; and bench testing of the cera.mic'.' '.

gaszfler blade to metal turbine wheel attachment conﬁguratmn is also begun near the start of

' the prog1 am.’

. oW

A further jncrease in engine ‘turbine inlet temperature to 1132°C (2070°F) is scheduled as the
next activity for improvement of the engine. This femperature increase is supported by design,
fabrication, componeni test, and engine test of an improved ceramic regénerator system and ]
gasifier nozzle assembly and tip shroud with the incorporation of ceramic gasifier furbine rotor

" blades and a ceramic turbine inlet plenum. The engine elecironic control system is also modified

for this engine to accommodate engine control logic that is compatible with temperature gsengors

1b l bp-hr) afe, which is the next program step. Turbine exhaust diffuser aerodynamic develop-
ment is also conducted to ensure compat;.bﬂ].ty with the power turbine and to prmnde an improved
flow distribution to the regenerator system.

The engine configured for development and demonstration of the 1241°C (2265°F) turbine inlet ke
temperature level incorporates the improved aerodynamic components and the ceramic com- R

nozzles, a ceramic combustor, and a ceramic exhaust diffiser. - -

N S
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The testmg program formulated was concewed to address specific reqmrements apphcable to -
the content of ceramic mater:.als in the engme "These specific requirements vary from com-~ . .

ponent o component, For example, ceramic regenerators and their testing represént a _relativelj B
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straightforward step as opposed to ceramic turbine rotor blades. This suggesis that a reasonably
firm test plan for regenerator evaluations can be formulated, whereas the test plan for rotor
blades {because of the higher learning curve) will be more subject to change with program
activities, Stationary ceramic components represent a development risk between regenerator
disks and rotor blades, and testing will be conducted on a demand bhasgis. '

Iterations from one step to the next design step were of prime consideration in establishing the
~ plans for the rigs and engine, Because of the unknown performance of the ceramic designs

tobe evaluated the test plans shown (while used to establish program costs and manpower) w:.ll
‘be sub;ect to adgustrnent and may vary 51gn1f1cant1y with program exeeutmn.

In formulatmg the r1g and engine test plans, the rig programs were established to be relatwely
short tests, cyclic in nature; with a level of instrumentation that should help identify problems -
to be encountered or performance characteristics as required. It was found that engine testing
could be accomphshed for approximately the same cast (or less) as rig tests in many cases.
Engine testing is preferred to rig testing because of the realistic environment in the engine

and the inability of rigs to exactly reproduce the engine environment,

The rig testing and engine testing candidate plans are discussed in the following paragraphs. -
The target numbers of hours; numbers of componehts,- numbers of tests, or numbers of rig

. _bu:.lds are given depending on whmh of these factors is most mgmfmant from a techmcal
accomphshment cons:.deratmn. Table XVIII is a summary of the rig test plan.

Re_generator Rig Testiﬁg

The-regenerator rig will be used to evaluate the various regenerator system configurations
developed during the program. The drive system for the rsgenerator plus system performance
(disks and seals) are evaluated under acf:ual steady-state engine conditions over the speed range .’
Drive torque, disk effectiveness, pressure drop, and seal leakage data are obtdined durmg rig
testing. In year 3, a high~{emperature rig will be used to evaluate ceramlc regenerator hardware
at temperatures to 982°C (1800°F), o S IR '

Durmg the first year, two regeneraf:or rig test programs are planned. The f:.rst is designed

to evaluate hub-driven ceramic disk and seal hardware and provide feedback for the design. acthty.
The second test program is intended fo evaluate the first rim-driven ceramic disk. hardware

which was designed early in the year. These two test programs will accumulate testing which

© il provide drive system functional chieekout and torque data and dlSk effectweness and’ pressure :
drop and seal leakage data. Limited durability data will be also obtamed
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. Year -

Rig Test Programs

Burne.i_'; and Cascade Rig

Cold Flow Rig -

‘ Régehératér Internal Lehkage Rig

Regenerator Seal 'Ijaa.f:Lsalm_ge Rig
Vibration Rig -

Spin Pit

Compressor Rig Tests

Regép_ératdr Rig;ﬁigh, Temperature -

_li30 ﬁr

B

14 Disks -
12 Se_a_-lé
192 ke

-ﬁozzle & Shroud -

1" 6 Gasifier Nozzles |
. 10.Disks

| 128ea1s

224br

Nozzle, “Plenus;

‘ &Slvadésvv .

| 34 Tests -

6 Builds

4 Builds

560 hr

[ G_asiﬁer Nozzles

10 Disks

12 Seals-

C224hr

Nozzle, Plepums,
& Blades

34'.31'_ests

3 Builds

2 Builds

790 hr

6 Gasifier Nozzles

12 Power Tw:hi_.né
Nozzles

8 Disks
12 Seals
324 hr

Nozzles, Plenum,

Blades, & Exhaust.

Di_ffi.lser
34 Tests

3 Builds

420 hr

6 Gasifier Nozzles
12 Power Turhine

‘Nozzles

"B Disks

12 Seals ‘

284 hr

" Nogzles, Plenums,

& Exhaust Diffuser

.4 Tests

Turbine Rig Tests
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During years 2 through 5, regenerator hot rig testing of each regenerator system configuration r
will be conducted. Starting with year 3, testing will be at a maximum temperature of 1800°F,
Two supporting ambient temperature rigs are provided to help develop regenerator system ;
components. A disk internal leakage rig will be used to measure the leakage through the walls [
of the matrix that occurs as the result of fabrication defects or material porosity. A seal leaf
leakage rig will be used to measure seal leaf leakage over the engine pressure (speed)} range.
These ambient temperature rigs will be used to evaluate a majority of the disks and seals to be
tested in the regenerator hot rig. These data will provide feedback to the next stage of design
activity.

Cold Flow Rig Testing .o Lo - Co

The cold flow rig will be used to evaluate the various gasiiier and power turbine nozzle configura-
tions developed during the program. Information to be obiained will consist of nozzle flow
capacities, data for prediction of engine operating characteristics, and functional checks on
ceramic components under aerodynamic loading. The cold flow rig will be capable of simulating
engine pressure and flow conditions over the speed range with ambient temperature air,

e i o i Mo s et .

During each of the first three years, six gasifier nozzle assemblies will be tested. The first-

- year configuration will feature individual vanes in a metal ring; the following years will feature
ceramic assemblies with integral shrouds, The fourth- and fifth—year configurations will
consist of ceramic gasifier and hvo-stagé-poxver turbine nozzle assemblies with integral shrouds.
Rach year, 18 tests of the gasifier and two-stage power turbine nozzles will be conducted.

R

Burner and Cascade Rig Testing

The burner and cascade rig will be used to evaluate the various turbine nozzle and shroud 3
assemblies, metal and ceramic combustior, plﬁs metal and ceramic plenums developed during ‘
the program. The burner and cascade rig provides testing of components with aerodynamic

loading plus thermal effects that simulate actual engine conditions., In the fourth year, a high-

temperature burner and cascade rig will be used to evaluate ceramic components at temperatures
up to 1241°C (2265°F).

L Tt R T P

Various combustor configurations plus turbine nozzle and shroud assemblies will be tested i
during all five years. For the first year and part of the second year, combustor {esting will i
be concentrated on metal configurations; the remaining combustor tests will be with ceramic '
components, During the second year, ceramic plenum work will begin and will continue through
the fifth year, During all five years, burner rig work in support of engine testing will be conducted
as required, The folloiving" isa summé.ry of the wg}‘k planritad for the burner and cascade rig;
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Year

Vibration T esting

Component tested

Metal combustor and engine support

.Separaté ceramic gasifier tip shroud

Individual ceramic gasifier nozzle vanes

Metal combustor (ceramic simulator) - .-
and engine support.. —
Gasifiexr nozzle & shroud assembly

~ Ceramic plenum . -

Introduce high temperéture burner rig

Metal combustor (ceramic simulator) and . -
engine support

Gasifier nozzle & shroud assembly

Ceramic plenum’ . :

Metal combustor and engme support
Ceramic.combustor- : - s
Ceralmc plenum

Gasifier nozzle & shrond assembly
Power turbine nozzle & shroud assembly

Metal combustor and engme support
Ceramic combustor . ; g
Ceramic plenum

Gagifier nozzles shroud assembly
Power turbine nozzle & shroud assembly

~ Vibration bench testing consists of two parts: (1) shaker table frequency surveys for all of the
various statiornary ceramic paris and (2) more extensive iesting of turbine blades. For each
turbine blade design, a frequency survey of 10 separate blades is run from 0 to 30, 000 Hz to
locate resonances.  Mode shapes are mechanically measured on two blades, the stress distribu-
tion in the blade is measured on one blade, fatisue strength is determined for five blades, and
the damping characteristics are defined for 1-blade (19 total blade tests per desxgn) ‘Bxcitation
of the blade is provided by an acoustic siren. The followmg is the breakdown for vibration

testing:
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Year 1
One gasifier nozzle with individual ceramie vanes

% shaker table
One separate gasifier nozzle shroud

Year 2
One integrated gasifier shroud and nozzle
One metal inlét plenum '
One gasifier blade design (2 materials) 38 blade {esis

g shaker table

Year 3
On ifier nozzle and oud
e gasifier nozzle shr ( shaker table
Two ceramic inlet plenums

One new gasifier blade design (2 materials) 38 blade tests

Year 4
One new gasifier nozzle and shroud
Two power turbine nozzles

shaker table
One new plenum

One ceramic exhaust diffuger _ .
One new gasifier blade design (2 materials) 38 blade tests

One power turbine design (2 stages) 38 blade tests
Year 5

One new gasifier nozzle design
Two new power turbine nozzles.

shaker table
Two new plenums

One exhaust diffuser

Spin Pit Testing

The spin pit will be used to evaluate the various ceramic gasifier blade configurations developed
during the program, Spin pit testing provides cenirifugal leading of the blade and blade {o
wheel attachment at ambient temperatures, ‘

Spin pit testing will begin in the second year with testing of the gasifier blades. Thirty~four L {

tesis are planned to evaluate the blades and blade attachment. The third and fourth years will
also inchw: = 34 tests each year. The 34 tesits are described as follows:

T2
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# Spin two blades to overspeed failure - 10 tests
{two ceramic materials X 5 tests)

# 110%, proof gpin tests on blades - 12 tests
{two materials X § engine tests)

@ 110% proof spin tests on rotor assemblies - § tests
(two materials X 3 rotor assemblies)

@ Cyclic spin tests 10% to 1109 - 500 cycles - 6 tests
(two materials X 8 tests)

Spin pit testing in the fifth year will consist of 110% proof spin tests of four rotor assemblies.

Compressor Rig Testing

]
. . o
Compressor rig testing will be accomplished to achieve an increase in efficiency while decreas- g 1

ing compressor airflow from 1. 56 kg/s (3. 45 Ib/sec) to 1. 87 kg/s (3.03 Ib/sec). Corrected L
flows (NASA std) drop from 1. 66 kg/s (3.65 tb/sec) to 1.45 kg/s {3.20 Wb/sec). In the initial Y

year of the program, design analysis and correlation of existing data will lead to new design
parameters to be evaluated in subsequent years. In year two, six compressor rig builds are L
identified, and in each build more than one design variation will be evaluated {such as rematching, "
alternate diffuser passages and variations in instrumentation readings, yaw probe surveys of
temperature, pressure and angle), All tests will be heavily instrumented to provide maximum
diagnostic data on which to base further development,

Additional compressor builds are shown in each of the two subsequent years to achieve refine-
ments and improvements to compressor efficiency, This type compressor program is necessary
to achieve the technology improvement being sought.

Turbine Rig Testing

Turbine rig testing is required to achieve two program objectives:

# Incorporate ceramic components in the turbine
® Incorporate improved turbine efficiency while preserving the basic engine configuration

The incorporation of ceramic turbine vanes and blades will require new aerodynamic configura-
tions of these airfoils, The current air cooled metal vane is not near to optimum for minimum
thermal and mechanical stresses in ceramic vanes and must be replaced with a hew row of
airfoils, Similarly, ceramic blades will require a new configuration in the rotor hecause of
aerodynamic, vibration, and structural considerations. A turbine rig program is mandatory
to achieve these changes. Simulianeously, an opportunity to achieve improved aercdynamic
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performance is presented and will be utilized to achieve the projected fuel savings in the program
objective. This turbine rig program will be the evaluation phase of performance paraineters

achieved with the new configurations required to place ceramic components in both the gasifier
., and power turbines,

The power turbine in the current engine is structurally inadequate above the 1132°C (2070°F)
temperature level and must be replaced with a new two-stage power turbine to run the 1241°C
{2265 °F) turbine inlet tempe: ature conditions. This requires evaluations in the turbine rig

program to consolidate and improve performance in hand and achieve improved performance
necessary for the program objective.

The turbine rig test program is designed to evaluate new airfoils required including ceramic
optimized geometries. Specific tests planned are

# Nozzle Vane Aspect Ratio Evaluation

# Rotor Blade Aspect Ratio and Tip Clearance Tests

@ Trailing Edge Thickness Effects (blade and vane)

® Airfoil Surface Roughness Effects (blade and vane)

@ Gasifier and Power Turbine Performance Analysis Tests

In addition to the new turbine airfoils and flowpath walls, the turbine exhaust diffuser will be

new and must be evaluated. A rig program to achieve optimum power turbine performance
(considering regenerator blockage) by proper exhaust diffuser geometiry design will be conducted.
This program will also provide as uniform a flow into the regenerator as possible to maximize
regenerator effectiveness.

Builds on the turbine test rigs will be initiated in the second year of the program addressing
the 1132°C (2070 °F) engine and continue through the fourth year of the program when the
1241°C (2265°F) turbine geometry will be completed.

Engine Testing
Three types of engine testing are planned in this program to accomplish the following:
@ Evaluate ceramic component capabilities in special, accelerated tests

@ Evaluate engine performance (specific fuel consumption, emissions, horsepower,
component efficiencies, etc)

@ Evaluate durability of ceramic materials and other engine components operating with
typical duty cycles encountered in buses and trucks. This endurance will be accumulated
at advancing turbine inlet temperatures [1033°C (1900°F) to 1241°C (2265°F) .
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Figure 36 is a summary of the engines planned in the program and target endurance hours used
for planning purposes. In recognition of the fact that high-risk programs require adjustments
to planning as progress shows either greater or less success than planned, adjustments to the
proposed hours will be made as technical accomplishment, timing, and funds will permit. An
objective of this program is to qualify ceramic components for introduction in a production
engine program. The endurance hours shown will provide the opportunity to address this
objective, '

Figure 36 indicates that advancing turbine inlet temperature progresses from the current engine,
1002°C (1835°F), to the program target engine of 213 mg/W+h (0, 35 sfc} over the five-year
period in definite steps. Each step is designed to provide increasing technology for a succeeding
step in temperature and performance, This evalvation of technology should promote both early
acceptance of ceramic components and an advanced temperature capability applicable to highway
gas turbine engines.

Work Breakdown Structure

The recommended work breakdown structure (WBS) for the proposed five-year plan is shown
in Table ¥IX. This WBS is the result of many iterations to provide a manageable and concise
way of tracking the technical progress and financial expenditures by work packages.
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Figure 36. Candidate hours—engine test program.
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TABLE XIX, WORK BREAKDOWN STRUCTURE

1.0 Engines
1.1 Design
1.1.1 Deaign Engine Modifications
1.1.2 Design Two-Stage Metal Power Turbine
1. 1. 3 Performance Analysis
1. 1.4 Support for Design, Fabrieation, and Test
1.1.5 Engine Controls
1, 1.6 Compressor
1.2 Procurement and Fabrication
1.2.1 Engine Hardware (noneeramic)
1.2.2 Assembly Tools
1. 2.3 Test Equipment—Instrumentation, etc
1. 3 ‘Bench and Rig Tests
1, 3.1 Controls Bench Test
1, 8.2 Two-Stage Metal Power Turbine Vibration Test
1, 3.3 Compreasor Vibration Test
1.4 Engine Assembly and Test
1. 4.1 Hub Drive Regenerator Test Engine
1.4,2 1038°C (1800°F) Basic Engine—Design 1
1.4,2.1 Engine S{N C-1
1.4.2.2 Engine S/N C-2
1.4, 3 1038°C (1900°F) Basic Engine—Design II
1. 4,3.1 Engine 8/N C-3
1.4, 3.2 Engine 3/N C-4
1.4.4 1132°F {2070*F) Improved Engine
1.4.4.1 Engine S/N C-5
1.4.4.2 Engine S/N C-6
1.4.5 1240°C (22§5°F) Improved Engine
1,4.5.1 Engine S/N C-7
1.4.5.2 Engine $/N C-8
1. 4.5, 3 Engine 3/N C-9
Vehicle Test
1.5.1 Engine S/N ©-1
1,5,2 Engine S/N C-5
1.5, 3 Engine S/N C-7
2,0 Ceramic Materials Development
2.1 Materials Characterization
2,2 Component Materials Qualification
2,3 &. por .or Design, Fabrication, and Test
3.0 Ceramic Hegenerator
3.1 Design znd Development
3.2 Procurement and Fabrication
3.3 Rig Test
3. 3.1 Regenerator Hot Performance Rig
3. 3.2 Seal Leaf Leakage Rig
3, 8.8 Disk Internal Leanage Rig
3. 3.4 Regenerator System Bench Tests
4,8 Ceramic Combustor and Turbine Components
4.1 Design
4. 1.1 Gasifier Turbine Nozzle and Shroud
4.1, 2 Gasifier Turbine Blade
4. 1.3 ‘Turhine Inlet Plenum

1.

(4]

4, 1.4 Power Turbine Nozzle
4, 1.5 Combustor

4. 1.

6 Turbine Exhaust Diffuser

4.2 Procurement and Fabrication
4,21 Gasifier Turbine Nozzle and Shroud
4, 2,2 Gasifier Turbine Blade
4,2.3 Turbine Inlet Plenum
4,2,.4 Power Turbine Nozzle
4. 2.5 Combustor
4, 2.6 Turbine Exhaust Diffuser
4, 3 Bench and Rig Tests
4. 3.1 Gaslfier Turbine Nozzle and Shroud

4, 3.1,1 Burner Rig Test
4, 53.1.2 Vibration Test
4,3.1.3 Cold Flow Test

4, 3.2 Gasifier Turbine Blede

4, 3.2.1 Interface Material
4, 3.2.2 Burner Rig Test
4, 3. 3.3 Vibration Test
4,3, 2.4 Spin Test

4,3, 3 Turbine Inlet Plenum

4. 3.3.1 Burner Rig Test
4, 3. 3.2 Vibration Test

4, 3. 4 Power Turbine Nozzle

4. 3.

4. 3.4.1 Burner Rig Test
4. 3. 4.2 Vibration Test
4. 3.4. 3 Cold Flow Test

. 5 Combustor

4. 3. 5.1 Burner Rig Test
4. 3.5.2 Vibration Test

6 Turbine Exhaust Diffuser
4, 3.6.1 Burner Rig Test
4, 3. 6.2 Vibration Test

5.0 Component Aerodynainic Research

5.1

5.2

Tesat Equipment Design

5.1.1 Compressor

5.1.2 Turbines

5.1.3 Turbine Exhaust Diffuser

5, 1.4 Regenerator Flow Distributicm
Rig and Test Equipment Hardware
§.3.1 Compressor

5.2.2 Purbines

5, 2. 3 Turbine Exhaust Diffuger

5. 2. 4 Regenerator Flow Distribution
Testing and Data Reduetion

5. 3.1 Compressors

5. 3.2 Turbines

5. 3. 3 Turbine Exhaust Diffuser

5. 3. 4 Regenerator Flow Distribution

5.0 Program Management

6.1
8.2

Program Manragement
Reporting Requirements
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TECHNICAL APPROACH

This section is a description of the technical approach toward implementing the engine develop-
ment plan. The ceramic component design and the design approach are discussed for each
ceramic part, as are the metal component modifications. The aerodynamic component develop-
ment details for the compressor, turbines, and exhaust diffuser and the regenerator flow dis-
tribution are also digcussed. ' Finally, the details of the maierial aspects of ceramic component
design including the materials development program are preésenied; S ' '

CERAMIC COMPONENTS

Regenerator Sysiem

Alihough the regenerator sysiem. of the base line engine represents a highly developed aero- -
dynamic/thermodynamic component, substantial improvements in engine performance can be
projected with continued development effort. The base line sensitivities presented in Table IV
indicate that engine performance improvemenis can result from increased regenerator oper- -
ating temperature capability, increased effectiveness, reduced leakage, and reduced pressure
loss. These improvements must also have inherently acceptable reliability/durability character-
istics. In addition, the regenerator disk mount and drive systems must be designed and developed
to accommedate significantly higher tempe_ra‘tufes. ' V

Disks and Seals

The five-year plan includes the development of a rim-driven ceramic regenerator system with
a performance level matched with the 1241°C (2265°F) engine components to produce 213
mg/{W*h (0.35 lb/hp-hr) sfc. At least two disk matrix geomeiries and two ceramic materials
will be evaluated.

The first year is devoted to demonstrating the feasibility of an alumina silicate (AS) regenerator
featuring rim drive and hub support. The rim drive ring gear will be elastomer mounted,
Performance will be compromised because of disk and seal gize limitations dictated by the engine
block casting. | | " |

The hot seals to be used in the initial test activities will utilize a nickel oxide crossarm wear:
face and a graphite rim wear face, The maximum tempt ‘ure capability of the regenerator
gystem will be limited to 774°C (1425°F) by graphite oxidation.

The design emphagis late in the first and early in the second year will be on an improved-per-
formance regenerator system plus improvements in the rim drive-hub mount systém- as indi-
cated by previous testing, New technology will be incorporated into the seals, disk, and drive
system. The performance improvements are planned to result from devélbpmént of the thin-
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wall AS material disk or a new rectangular matrix disk plus seal design improvements. The
maximum temperature capability of the seal desipn will be 982°C {1800°F), which is adequate
for operation of the 1241°C (2265°F) engine. Testing during the second year will evaluate the
first year hardware. :

The design emphasis late in'the second and- ee;i*ly'in the third yéar. will be on performance and
on achieving the 982°C (1800°T)} maximuin -seal temperature capability. Performance im-
provements will be explored with a new ceramic disk rectangular matrix geometr and or

flow area changes. A new ceramic disk material will also be evaluated. Any rim drive system
modifications indicated by previous testing will be incorporated.

‘ Testiﬁg during the third year will evaluate the second year hardware, -

Design activities late in the third year will provide a second round of performance improvement
work. Two ceramic materials and matrix geometries will be-evaluated along with seal and
drive system improvements indicated by third year rig testing, The 982°C (1800°F) maximum
temperature capability will be maintained in the seal design.

The des'ign emphasis during the fourth year will be on defining the best peviormance configura-
tion with the best durability life at 983°C (1800°F) maximum temperature., Testing of the

tiird year hardware will be used to define the best ceramic disk material and matrix geometry. .
Seal and drive system improvements indicated by previous testing will be incorporated.

During the fifth year, fabrication and test evaluation of the fourth year design hardware will
be accomplished. ending with an engine demonstration of 218 mg/W.h (0, 35 ib/hp-br) sfec ai
1241°C (2265“1“) turbine inlet temperamre with a 982°C (1800"1“) regenerator inlet temperatur
limit, - : = : S

Digk Dyive and Mounting ,

The dominant tasks involved in the design and development of a rim drive system for a ceramic
regenerator disk are defined in terms of essentially two features, each of which is directly
related to the disk rim gear: first, the gear-to-disk attachment, and second, the support system
for the gear and disk assembly. The balance of the rim drive system, in contrast, is within

the scope of experience in the base line engine development program, which includes a rim
drive system for hub-mounted metal disks. (In another variation of the metal disk/hub drive
regenevator system used in the base line engine, testing of hub-driven ceréinic disks will be
conducted. )

The difficulty of satisfactorily attaching a peripheral gear to & ceramic disk is well known and
arises primarily from two inherent characteristics of ceramie: iis very low tliermal coeffi-
cient-of expansion and.its lack of ductility. (These .chara_cte::is,tics,. in: fact, musi be thoroughly
addressed when ceramic parts are mounted in any metal engine' parts subjected to elevated
temperatures, )
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- Design of a gear ond disk assembly in which a 360-degree band of elastomer is used as the attach-~
‘ment medium was begun., Klastomer appears promising ns a slibrtwterm solution to the sttach-

_ tended periods of engine operation at the s1gnificant1y higher disk temperatures that will result

' fmm the scheduled increases in turbine temperature is unknown. Early in the program. heat

‘and analyzed as their merits may warrant; then at least one alternate will be selected for test

. The selectmn of the best method of supportmg the gear and d;sl\ assembly, at the hub or rim,

' these loads. In & rim mmmt system, fthe hub is essentmlly unloaded and the d:.sk rim is nnt

“hub, where a sphemcal carbon bearmg isa leadmg candidate,

ment problem, but the capability of any elastomer to adequately refain its prbpérties OVEer ex-

transfer, stress, and deflection analyses of thie elastomer-bonded gear and disk assembly will
be made to. ensure the optimization of the initial design. Other attachment concepts will be studied

evaluation,

requires a careful trade-off study of several desxgn consxderations. A hub mount is atirac-
tive because of its greater s1mp11cxty and resultant lower cost, but it imposes greater loads
upon the dislk matrix, which transmits both the pimon-to -gear sepamtmg load and the weaght
of the gear and disk to the hub spindle. Tlxerefore, a rigorous stress analysis of the disk
matm\, particula -1y in the huh area. is & 4sen'c1a1 for detex‘mmmg the disk's tolermme for

subJected to the pinion -to ~gear ueparating load as in the case of a hub mount, except to the
extent that the gear is distortsd put of rovud by the pinion and/or the rim support rollers.

In either support system, the disk matrix is also subjected to stresses arising from thermal
gradients and face seal friction. A rim support system requires more bearmgs {2 pair for each
rim roller}), although they are far more accessible for oil or grease lubrmatmn than one m the

The drive system will be affected by the scl1edu1ed increases in engme operation temperature
in at least {wo areas: first, by the rise in the disk rim temperature, which is particularly
significant in the case of an elastomer gear attachment; and second, by the greater thermal
transients in the engine block and regenerator, insofar as they affect the center-to-center
distance between the drive pinion and gear. Although the pinion and gear mesh will be rela-
twely ingeénsitive to the variations in tooth engagement that result from the thermal grachents,
sufficient c‘learance must he provided to a\ro:;d mterference at any time. ' -

Design studies of the hub and rim support systems were started, but the hub support wAas
selected as the best stnrtmg point for regenerator evaluation testing because of its much greater
adaptability to the existing engine housing castings and also because of experience with hub~
mounted disks. As a result, testing will begin earlier, and at less expense, than would be
possible with a rim support system. Meanwhile, analytical work will proceed on both systems;
if: the _1‘;e_su1f$ indicate that a rim support system should be developed in addition te, or in leu
of, the hub suppo:c'-t' system, then appropriate action will be taken, . It is recognized, of course,
th_at_the' pérfinent analyses may indicate that the two systems are equally feasible, in which

case the ultimate choige would be made on the basis of evaluation of test results (with emphasis
on duvabilif.y) and/for cost comparisons.
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Four basic rim drive configurations will be designed and analyeed, with fabrication and syste-
matic test evaluation following as necessary. (These ave designated as Designs "A, " "B, "

g, M and ", ") These four designs represent the deive combinotions that are possible with

two disk support designs (hub or rim) and two gear-to-disk attachment designs {(elastomer or

an alternate design yet to be sele -+ 1), Other design variations in the drive system are certain
to be introduced and/or some of these four eliminated as rig and engine test evaluation proceeds,
but these four are the major ones that will receive attention at the onset of the program.

Design "A" - elastomer nttachment/hub support - has been selected as the initial candidate for
fabrication and test evaluation in the regenerator rig and an engine. Design "B - elastomer
attnchment/rim support - will also be released for both rig and engine test evaluation, although
the scope of that testing will be contingent upon the results of Design "A" testing. For example,
if the durability of the Design "A" drive system hub features are sufficiently promising (even
though design modifications may be necessary), testing of Design "B' may be limited to the

rig, or postponed. In any event, Design "C" will be released shortly after Design "B" to
assure the timely availability of an alternate gear-to-disk attachment that avoids the use of
elastomer. It will be adapted to either or both the hub and rim support systems (resulting in
Design "C" or Design "D, " respectively), depending upon their development status.

Ceramic Gasifier Nossle and Tip Shroud

Improvements in engine specific fuel consumption require significant increases in turbine inlet
temperature, Substantial oxidation and sulfidation improvements for small metal gasifier nomsle
vanes with elevated turbine inlet temperature cannot be achieved with currently known alloy and
coating combinations unless elaborate cooling schemes are employed, Sensitivity studies indicate
that a 1% increase in gasifier nowzle cooling air decreases engine sfc by 0, 6%.

Introduction of a gasifier ceramic vane will eliminate the need for cooling the gasifier nogzle
at current turbine inlet temporature levels and also will permit escalating the turbine inlet
temperature levels as required in the program, The ceramice gasifier nozele scheme is dis-
cussed in this report (see Migure 19). At present, it is anticlpated that this design schome ean
be uged as the turbine inlet temperature is escalated, Some revision will be required to ac-
cormmodate flow path changes and pussible material changes; however, the basic design scheme
offers sufficient flexibility to allow the design modifications for increased temperature to be
based on design tost experience,

The introduction of a ceramic gasifier tip shroud is based primarily on the need to achieve
improved gasifier rotor clearance. Ceramic materials offer the advantage of having a low
coefficient of thermal expansion which consequently permits closer control of the rotor tip
clenrance. Therefore, a ceramic rotor tip shroud combined with an abradable coating permits
major improvements in the control of rotor tip clearance over the current metal design. In
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addition, increases in turbine inlet temperature will also require either improved matei'ials
and coatings for oxidation resistance or additional cooling air to maintain metal temperature
near current levels. Use of a ceramic tip shroud will allow the scheduled increases in turbine
inlet temperature without increases in shroud cooling air. The combination of improved raotor
tip clearance and the ability of a ceramic shroud to function without increases in éooling air
will effect improvements in engine sfe, The design scheme selected for the ceramic gasifier
turbine tip shroud is shown in Figure 19 and discussed in the study section of this report, The
basic design selected can be used as the turbine inlet temperatures is increased. IHowever,
as was the case for the ceramic gasifier nozzle, modification will be required to accommodate

change in flow path size.

The turbine general arrangement for the 1132°C {Z070°F) engine is shown in Figure 20; that of
the 1241°C (2265°F) engine is presented in Figure 21, Examination of these arrangements
shows that the gasifier nozzle and shroud concepts are similar to the design presented in
Figure 19; the differences are related entirely to the flow path changes. The construction de-
tails of the ceramic nozzle and tip shroud are described in the 1038°C (1800°F) study engine

description earlier in this report.

To gain experience with ceramic turbine parts, the first- two 1038°C (1900°F) development
engines, designated Design I engines, will use modified versions of the ceramic nozzle and

tip shroud described earlier. The first engine will be built and tested with a ceramic tip shroud
and a base line metal nozzle assembly. The second engine will be built and tested with ceramic
vanes installed in place of half of the metal vanes and a metal tip shroud. These designs are
designated as individual ceramic tip shroud and individual ceramic vanes as opposed to the
integrated ceramic tip shroud and vane assemblies used in the third and fourth 1038°C (1800°F)
engines, which are designated Design II engines. |

Ceramic Gasifier Turbine Rotor Assembly

The primary benefit associated with the incorporation of ceramics in the gasifier turbine rotor
assembly is to permit increased engine cycle temperature levels without the associated severe
penalties for rotor blade cooling using engine cycle air., Aerodynamic blade shape penalties

are also _i_.ncurred when air cooling is applied to turbines in the small flow size of the base line
engine, At temperatures above 1038°C (1900°F), the gasifier turbine metal blade life is reduced
rapidly, and beginning with the 1132°C {2070°F) engine, the blading temperature capability must
be significantly upgraded, A new configuration will be designed which would have potential for
development for the 1241°C (2265°F) application. Gasifier blade and disk temperature capability
is significantly upgraded through the use of ceramic blades.

A composite construction utilizing ceramic blades in a metal wheel was selected for this
effort. A unitized ceramic rotor was considered to be beyond the scope of near~term ceramic
capabilities at the rotational technology level of the engine, The rotor assembly is shown in
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Figure 37, and & pmliminary sketch of the blade geometry is shown in Figure 38. The ceramic
turbine blade shown incorporates a relatively conventional platform and stalk confipuration with
a single lug dovetail. The stalk and dovetail are aligned with the airfoil to minimize bending
induced by cént:;iﬁ;gal effecta. The turbine blades are retained axially in the wheel by seg-
mented ring elements at both the forward and rear wheel faces., These elements are retained
to the wheel by a coned pilot surface and by rivets. The segmented ring elements also seal

the cavities between blades to prevent leakage of turbine working gas around the blade row.
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Figure 38, Ceramic gasifier turbine blade.
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The selected geometry for the blade can be provided from any of the currently available high-
strength silicon carbide or silicon nitride materials. Further, any of the eurrently used pro-
cesses, such as molding, slip casting, and "iso-pressing, ' can be used to form the green body.
Dimensienal tolerance capabilities of many processes are not established, but the design can
be machined as required including machining all over to meet required tolerances in develop-
ment stages. o

The gasifier rotor design provides a disk geometry with inherent advantages for improved

cyclic life, Disk outermost continuous fibers are not exposed to the gas path, and thermal pro-

tection is provided by the blades and blade retainer plates. This will significantly reduce radial
temperature gradients and resulting stress levels durwag transient conditions. However, care- :
ful attention must be given the blade attachment doveiail design to provide adequate cyelie life

in this area, '

Blade, attachment, and disk will be designed with the same criterion used for the base line
metal rotor (15, 000 hours useful life and with adequate cyclic life~~assuming 7500 start-stop
cycles and 37, 500 run-brake-run cycles), This can be accomplished with currently available
design methodologies. A \vell:developéd computer program is available which can optimize
the dovetail shape while recognizing a wide range of material characteristics, stress limits,
dimensional limitations, and low cycle fatigue limits, Other tools including two-dimensional
and three-dimensional heat conduction and stress analyses will be used. However, design cri-
teria are dependent upon adequate statistical materials property data for both metals and
ceramics. Active pursuit of the candidate ceramic materials characterization program is
imperative if success is to be achieved in the blade and attachment design,

Revisiong in gasifier turbine airfoil shape and flow path radii will be required between the :
1132°C (2070°F) and 1241°C (2265 °F) engine designs to obtain desired performance levels.
However, the same blade attachment concept will be used in both engines, and the experience i
gained in the 1182°C (2070°F) engine program will be directly applicable to the 1241°C (2265°F)

design,

To partially offset incrensed gas temperature effects on turbine disk temperature gradients
and resulting thermal stress levels, disk cooling airflow rates are increased for both rotors
as follows:

1002°C (1835°F) 1132°C (2070°F) 1241°C (2265°F)

Base line engine Engine Engine o ]

¥

Gasifier Disk Front Face . 0, 53% 0.75% 0. 89% i o
Gasifier Disk Rear Face 0. 55% 0. 50% 0.63% -

These increased flow rates are ineluded in the engine performance analyses.
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Ceramic Power Turbine Nozzle and Tip Shroud

The increasing temperature levels in the program necessitate & change to a ceramic material
in the power turbine nozzle assembly as the metal long-term oxidation limits ure exceeded as
established in the study section of this report. This change is required in the 1241°C (2265°F)
engine in order to meet the 15, 000~hour life objective. A major redesign activity is scheduled
to achieve a configuration that is compatible with the life requirements and avoids the perform-
ance penalty associated with the use of cooling air.

The design will feature a two-stage power turbine with ceramic nozzles in both stages, The
two-stage design is required fo improve the power turbine efficiency, which is discussed
subsequently, The maximum local (hot spot) gas temperatures at the first- and second-stage
nozzles will be 1171°C (2140°F), and 1082°C {1980°F), respectively, at design point conditions.
These temperatures will increase approximately 55°C (100°F) at off-design operating conditions,

The design will also feature ceramic power turbine rotor tip shrouds in the two-stage power
turbine design. The ceramie tip shrouds allow improvement in rotor tip clearance and also
eliminate the need for cooling a metal shroud. Both of these advantages translate into improved
engine sfc, , ‘

The scheme for the ceramic powef turbine nozzle design is shown in Figure 21. 'The con-
struction details are described under the 1204°C (2200°F) study engine description earlier in
this report. This arrangement must satisfy the 15, 000-hour life criteria and the aerodynamic
and vibratory constraints needed for a production engine,

Ceramic Turbine Inlet Plenum

The metal temperatures achieved in the bage line engine turbine inlet plenum have essentially
reached the temperature capability for uncooled metals, The incorporation of surface boundary
cooling in the plenum could extend its operating gas temperature capability to some intermediate
level. This cooling would not represent an engine performance penalty if regenerated air were

. used. However, at the engine cycle temperaiures of interest in this program, regenerated air
is inadequate for cooling of the plenum. To avoid the engine performance penalty associated
with the use of compressor discharge air for cooling, a ceramic turbine inlet plenum will be
used,

Figure 7 illustrates the gas temperature characteristics and indicates the metal plenum limits.
A change to a ceramic plenum appears to be necessary at the 1038°C (1900 °F) engine rating
temperature to meet the 15, 000-hour life objectives because the plenum inner surface "sees"
engine rating temperature levels and the outer surface "sees" regenerated air temperatures.
However, the ceramic plenum will not be introduced until the 1132°C (2070°F) engine because
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of the risk associated with introducing a complex ceramic part early in the demonstration pro-
gram., In addition, the life of the metal plenum should be adequate for the demonstration and
scheduled durability of the 1038°C (1900°F) engine,

The construction of a ceramic plenum has been conceived as shown in Figure 20. The ceramic
plenum is configured in three parts to facilitate withdrawal of the part or patterns from casting
or molding tooling and also to diminish the part-induced thermal stresses. The construction
details are described under the 1132°C (2070°F) study engine description earlier in this report.
Initially, a metal combustor will be piloted on the OD of the plenum entrance, but in the final
1241°C (2265°F) engine, a ceramic combustor will engage the plenum opening. The unsup-
ported combustor shell will impose a slight compressive load on the plenum inlet flange.

Life of the ceramic plenum will be a function of the ceramic material oxidation/deterioration
characteristics and ceramic material fracture characteristics resulting from the surface
temperature distributions and mechanical stresses, neither of which can be adequately predicted

at this stage. During the program, this information will be developed along with the tools to make

a life assessment,

Ceramic Combustor

The base line engine uses regenerated air (combustor inlet) {o provide cooling to the combustor
dome and walls by {ranspiration, using Lamilloy® * rnaterial,

As the engine rating temperature is increased in the program, the temperature of the cooling
air available for transpiration cooling of the combustor walls becomes a critical factor. Figure
7 depicts this temperature characteristic and the associated values as limited by the metal
temperature of the combustor walls. It is apparent that a change to a ceramic material is
required at the 1241°C (2265°F) engine rating temperatur=,

In addition, a continuous burning combustor is currently in development for the base line engine,
which employs a pre-chamber to sustain combustion at very low fuel flows. This combustor
will diminish only slightly the engine dynamic braking capacity but will significantly reduce

the thermal shoeck effects on the turbine and regenerator systems which resulted from the
combustor relights. The low emission capability is also significantly improved with the pre-
chamber configuration. Therefore, the pre-chamber combustor configuration is introduced
during the program.

The technology for a ceramic combustor is not as well established, and this phase of the com-
bustor development program will be more extensive. The ceramic combustor will be designed

following accepted guidelines for the aerodynamic design of combustors. Thus, such concerns
as reaction rate and heat release rate will determine the basic combustor size. Exhaust

*Lamilloy is a registered trademark of the General Motors Corporation.
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tempefaturé peftern and requirements and emission requirements will govern the appropriate
flow splits and pressure drop. In addition, the problems peculiar to the design of 2 ceramic
combustor require substantial input in such areas as heat transfer and stress. Various regions
of the ceramic liner will be modeled in order to determine transient temperature response.
Particular attention will be paid io the areas between holes in the combustor and to areas of
ceramic and metal interfaces. A finite element model, along with the heat transfer resulis,
will be used in order to predict the local stress distributions in the liner walls. Naturally,

as changes in the design are made during deveJopment of the ceramic combustor, the results
of these analyses must he re\newed. The de51gn of ’che ceramie combustor must therefore be
an fterative loop. ) IR

X

The initial combustor for the 1241°C (2265°F) cycle will consist of a metallic structure made 1o
the shapes and dimensions planned for the desired ceramic version. A ceramic combustor is o (ﬂ
not easily patched and reworked, as isa metal combustor, ‘so the simulated combustor will R
eliminate some of the d:fficulty in the transition from a metal (Lamilloy) combustor to a cera-
inic combustor. This will permit elimination of any aspects in the design of the combustor
which are incompatible with a ceramic design while reworking of the combustor is still rela-
tively easy.

When an acceptable design has been estabhshed with a Lamllloy combustor, a ceramic combustor
will be fabricated. This ceramic combustor will be rig tested and modified as necessary to
establish a design sufficient for engihe layout and de51gn. While engine design is under way,
combustor rig development will continue, This nine~-month period will permit the necessa
"fine tuning" of the ceramic design fo prepare it to run in the engine. Continued iterations

of these practices will be utilized throughout the continued engine development and test pro-
gram.

.E
‘i

A preliminary design of a cerami¢ combustor has been conceived as shown in Figure 22, The

construction of this combustor is described in the 1371°C (2500°F) study engine configuration
section of this report. It is anticipated that the pre-chamber combustor technology will be
o ' available for incorporation in the 1241°C (2265°F) engine; . : . . .. e

P

The principal difference between the metal and ceramic combustors will be in durab111ty The
life of the ceramic version will be dependent on surface temperamre distribution {thermal -
gradients) and the ceramic material strength characteristies. - At this time, there is insufficient
information to make a life predlctmn, but the information and the necessary analytlcal tools

will be developed during the program. o ' '
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Ceramic Exhaust Diffuser

The increasing temperature levels in the program necessitate a change to a ceramic material

in the turbine exhaust diffuser as the metal long-term oxidation limits are exceeded. Figure 9
shows the gas temperature characteristics and indicates the point at which the metal exhaust
diffuser is limited. A change to a ceramic material is required in the 1241°C (2265°F) engine
in order to meet the 15, 000-hour life objective, It is important to note that the average temper-
ature level of the exhaust diffuser at the engine rating condition is not limiting. The actual
limitation arises at the off-design operating conditions when the radial temperature profile is
superimposed on higher average temperature levels. In this situation, the splitiers are par-
ticularly vulnerable to local hot spots.

A design scheme for a ceramic exhaust diffuser has been conceived as shown in Figure 21. The
construction details are deseribed under the 1204°C (2200°F) study engine description earlier in
this report. The walls are simple, annular shapes and are attached to the engine structure
through keying arrangements to accommodate differential thermal growth, Splitters are incor-
porated, a&s in the metal design, to improve the aerodynamic stability of the diffusing passage.
The splitters are also mounted through a slot and post arrangement to accommodate thermal
growth,

Relatively high costs associated with the cast ceramic diffuser members indicate that a compo-
site construction using metal inner and outer walls and ceramic splitter elements would be
more cost effective, (Gas temperatures are diminished along the walls by temperature

profile effects whereas the splitters are exposed to the local gas temperature hot spot. This

approach will be evaluated during the detail part design phase.

The size and shape of the exhaust diffuser flow passage will be designed to obtain optimum loss
characteristics, and, consequently, a negligible performance change is anticipated, The life of
the ceramic exhaust diffuser will principally be a function of the surface temperature and
strength distribution of the ceramic material which cannot be adequately predicted at this stage.
Information developed in the materials characterization effort and the use of elemental models
will be combined to make a life assessment as the program progresses,

OTHER ENGINE MODIFICATIONS
Engine Controls
The controls mechanization for the engines will be similar to that currently applied in the base

line engine, However, control modifications of two types are proposed for application to the
elevated-temperature engines.
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The initial modifications would alter only the conirol settings and dynamics. These changes
along with improvements in sensor capability will accommodate the needs for the 1038°C (1900°F)
and 1182°C (2070°F) engines. '

The control logic and parameters for the 1241°C (2265°F) engine will be significantly different

from those of the previous configuration because the high cycle temperatures will make direct

sensing and closed-loop control of turbine inlet temperature impractical. Instead, the fuel !
limiting will nost probably be open-loop, based on the utilization of burner inlet temperature

along with other engine parameters, The power transfer control may continue to be closed-

loop, most probably based on controlling the regenerator inlet (power turbine exit) gas tempera~

fure. Also, at this time, the basic electronic control mechenization would be .of the micropro-

cegsor rather than the analog discrete component type.

Gagifier Turbine Rotor for 1038°C (1900°F) Engine

The base line gasifier rotor will be used without change for the 1038°C (1800°F) engine. Gasifier
blade inlet temperature is increased from 1002°C (1835°F) to 1038°C (1900°F). A preliminary
review of turbine blade life potential indicates that the gasifier blade stress rupture life would

no longer meet the design criterion of 15, 000 hours on a mission basis but would have approximately
a 4500-hour life, which is considered adequaie for the ceramic gusifier nozzle and tip shroud
development program.

Cyclic life of the turbine disks will be adversely affected by increased gas temperatures. How-
ever, the disks are considered satisfactory for the desired program with minor revisions in
cooling flow rates as follows:

1002°C (1835°F) 1038°C (1900°F) -

Base line engine Engine S
Gasifier Disk Front Face 0.58% 0. 64% S
Gasifier Disk Rear Face 0. 55% 0. 55%

(% is percent of compressor mass flow)

The increased flow rates are modest and are included in the performance analyses,

Power Turbine Nozzle for 1038°C {1900°F) and 1132°C (2070°F) Engines

Substantial oxidation and sulfidation improvements will be required for the current power tur-
bine nozzle as the rated tnrbine inlet temperature is elevated to achieve the specific fuel con-
sumption objectives. Some improvement can be achieved in long-term oxidation and sulfi-
dation resistance by upgrading the power turbine alloy and combining it with a protective
coating. The engine configuration rated at 1038°C (1900°F) will have gas conditions that
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produce power turbine nozzle metal temperature levels approaching 835°C (1715°F). The
existing Hastelloy S alloy and design configuration is satisfactory for use with this engine.

The next step in turbine inlet temperature is to a level of 1132°C {2070°F), and metal temperature

estimates for the power turbine nozzle approach 1021°C (1870°F). This temperature level will
not permit engine testing using the existing Hastelloy S hardware. However, engine operation
at this temperature can be achieved by converting to an improved material, such as Mar-Ma08
alloy, with a corrosion~resistant coating. In addition to the improved material and coating,
long«term life (15, 000 hr) might require air cooling of the airfoils since the metal temperature
predicted is approximately 39°C (70°F) higher than the current fe':nperature level accepted for
long life.

Power Turbine Rofor for 1038°C (1900°F) and 1132°C (2070°F) F igines

In the base line engine, the power turbine inlet design point gas temperature is $14°C (1488°F),
which inereases to 845°C (1554°F) and 938°C (1720°F) in the 1038°C (1900°F) and 1132°C
(2070°F) engines, respectively. A preliminary review of power turbine blade stress rupture
life potential indicates that life is more than adeguate for the 1038°C (1800°F)} engine and would
have approximately a 7000-hr life in the 1132°C (2070°F) engine application. This is just under
half the engine design goal of 15, 000 hr but is considered adequate for the development program
involving ceramic components in other locations in the engine. Therefore, the base line power
turbine rotor will be used without modification in the 1038°C (1900°F) and 1132°C (2070°F}
engines,

Cyclic life of the power turbine disk will be adversely affected by increased gas temperatures.
However, the disk is considered satisfactory for the desired program with minor revisions in

cooling flow rates as follows:

1002°C (1835°F) 1038°C (1900°F) 1132°C (2070°F)

Base line engine Engine Engine
Power Disk Front Face 0.23% 0, 40% 0. 50%
Power Disk Rear Face 0.15% 0,22% 0. 33%

{% is percent of compressor mass flow)
The increased flow rates are modest and are included in the performance analyses,

Two-Stage Power Turbine Rofor

At a gasifier turbine inlet temperature of 1241°C (2265°F), the power turbine design point rotor
inlet temperature will be 1040°C (1805°F). A significant change to the power turbine is re-
quired because the base line power blade stress-rupture life drops to a very low level at this
temperature. To accommodate required blade me.al temperatures, a two-stage power {furbine

01

5




operating at reduced speed (and stress levels) will provide desired performance and required -
life without the use of ceramic blading, The power turbine rotor general arrangement for the
1241°C {2265°F) engine is shown in Figure 39,

The power turbine rotor agsembly uiilizes two integral digk and blade cast wheels which are
cantilever mounted on a steel shaft. The second-~-siage disk is inertia welded to the shaft as in
the base line power rotor. The first-stage wheel is centered by a hub pilot to the second-stage
wheel and retained by multiple bolts to a continuous seal drum which is, in turn, bolted to the
second-siage wheel. A continuous interstage seal ring is also secured to the firsi-stage power i
turbine wheel front face using the wheel mounting bolts. This construction was selected be- i@i
cause of its simplicity and does not alter the currently developed guill shaft and gasifier turbine
wheel attachment or the power rotor shaft and bearing arrangement, Tentative materials
gelected for power rotor components include Waspaloy for the two seal rings and Mar-M246 with
a corrosion-resistant eoating for the two wheels.

Power turbine rotor design criteria require a 15, 000-hr useful life and adequate eyclic life
ineluding 7500 start-stop cycles and 37, 500 run~brake~run cycles. Designing for minimum
production part cost (with such features as blade passage pullability) is emphasized. Other
criteria involving blade vibration characieristics will be the same as observed in the base line
engine design,

Rotor disk face cooling flow rates have been tentatively szlected for use with these parts and
are included in the performance analyses.

Disk and blade casting,
first stage

e

First=stoge
seaf ring

Disk and blade costing,

second stoge W ?AGE ig
B8 POOR QUALITY

Interstage seal drum . * :

. Steel shoft
Inartic
weld /
9 =]

3 —

S TSNP N

Figure 39. Advanced engine two stage power turbine rotor.
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Combhbustor for 1038°C (1800°F) and 1132°C (2070°F) Engines

An analysis of combustor wall temperatures for a Lamilloy combustor has shown that existing
technology is sufficient to permit the design and development of metallic combustors suitable
for use in the 1038°C (1900°F) and 1132°C (2070°F) engines. Because of the higher cycle
temperatures in the 1132°C (2070°F) engine, the Liamilloy for the combustor in that engine will
have to be made from a higher grade of stainless steel material, such as Haynes 188 or perhaps
the new Incoloy alloy MA 856, The design and development of the combustors for the 1038°C
{1900°F) and 1132°C (2070°F) engines will draw heavily on experience ag well as existing

technology. and these phases in the combustor development program will follow conventional
design procedures,

Engine Insulation

Changes to the engine block insulation will be required to maintain the engine block metal
temperatures at accepiable Ievels and to Hmit the engine heat rejection as engine eycle temper-
atures increase. The existing engine block and bearing support housings are protected by in-
sulating blankets and[ or sheet metial liners. However, the regenerated air temperature which

is exposed to the large combustor and forward block cavity is increased during the course of

the program from approximately 704°C (1300°F) in the base line engine to 943°C (1730°F)

in the 1241°C (2265°F) engine., (These values are associated with the part-power operation of
the engine.) The block rear cavity, which contains the turbine exhaust gas, must accommodate a
similar increase from 774°C (1425°F) to 983°C (1800°F).

Engine Block

The engine block crossarm in the hase line engine is exposed without insulation for a very limited
surface arez to the gas temperatures which prevail in the block forward and rear cavities=
704°C (1300°F) and 774°C (1425°F}, respectively—at the engine power transfer operating condi=
tion. A cored passage within the crossarm is provided {o accommodate cooling air, which is
supplied from the compressor discharge location, to diminish the blnck crossarm temperature.

At the eleveted gas conditions which will exist in the 1241°C (2265°F) engine—943°C (1730°F)

in the forward cavity and 982°C (1800°F) in the rear cavity—a separate facing member is expected
to be required to isolate the block casting from direct contact with these gas conditions. This
member must, in addition, be free to grow relative to the block to avoid severe induced thermal
stresses and distortions.

The engine block and regenerator cover erossarm lands are flat in this engine rather than con-

toured since the ceramic regenerator disks do not exhibit the thermal expansion associated with
metal regenerator disks.
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It ig also anticipated that the engine block will require modification to accommodate a larger
regenerator disk drive gear. Several factors are interacting to indicate this:

@ If improved disk matrix technology is not achieved, a greater disk effective flow area will
be required

@ Regenerator seal face widths may need to increase to satisfy durability and leakage goals

@ The current skewing of passages in current ceramic disks leaves approximately 7.6 mm
(0. 80 in,) of disk rim ineffective.,

® If elastomer is retained for the gear-to-disk connection system, a substantial radial width
may be required for thermal isoclation of the elastomer.

The initial program activities will permit an evaluation of these problems.

The block may also require a change to accormmodate relocation of the rim drive system in cea-
junction with the cavity increase.

AERODYNAMIC COMPONENT DEVELOPMENT

The analysis program results indicated that a significant contribution in accomplishing the

213 mg/W+h (0.35 lb/hp-hr) objective of the 1241°C (2265°F) engine would come from near-term
component performance improvements, even though the coniribution from any one component is
small. Also, this engine will necessarily feature a flow path reduced in size from that of the
current base line engine. As the flow path size becomes smaller, the scaling factors influencing
compressor and turbine performance become more significant and must be given proper considera-
tion if the desired component efficiencies desired are to be achieved. The factors influencing
component performance can best be evaluated by rig testing. Consequently, the rig testing will
include the compressor, gasifier turbine, power turbine, turbine exhausgt diffuser, and the
effect of the exhaust diffuser on regenerator flow disiribution and effectiveness. The programs
scheduled for each of tiiese components are described in more detail in the following paragraphs.

Compressaor

Performance objectives for the 1241°C (2265°F) engine reguire improvements in component
efficiency as well as an increase in turbine inlet temperature. Usable compressor efficiency,
for instance, must be raised a full percentage point above that of the base line compressor.
This increase in efficiency must be obtzained in conjunction with a corrected flow decrease from
1.65 kgfs (3.65 Ib/sec) to 1.45 kg/s (3.2 Ib/sec). A compressor redesign is required to
accomplish these objectives,

The compressor design effort encompasses a three-month period. This design period includes

not only aerodynamic design but also stress analysis, dynamic analysis, and mechanical design.
Fabrication of component rig test pieces including instrumentation will be completed in six
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months, Eight more months will be devoted to testing and analysis to develop the compressor
to its full potential., A total of six compressor builds are plarmed. These tests will include a
new-design base line test, rematch as necessary, alternate diffusers, roior exit yaw probe
surveys of temperature pressure and angle, and, possibly, a rotor-only test. All tests will be
heavily instrumented to provide maximum diagnostic data on which o base further development,

Continual compressor rig support at a reduced level is provided during the 1241°C (2265°F)
engine demonstration activity.

Gasifier Turbine .

The gasifier turbine development effort is directed toward evaluating size effects for the reduced
flow path. Initially, aerodynamic analyses will be performed to establish a preliminary flow
path for the 1241°C (2265°F) engine. A gasifier turbine rig will be degigned and fabricated to
permit early testing of the preliminary flow path components, The activities are scheduled to
begin during the second year of the program and will allow the test resulis to be introduced into
the initial design of the engine.

Ttems to be tested are (1) rotor blade aspect ratio and tin clearance effects, {2) nozzle vane
aspect ratio, (3) rotor biade and nozzle vane irailing edge thickmess effects, (4) rotor blade and
nozzle vane airfoil surface roughness effects, and (5) performance testing of the 1241°C (2265 °F)
engine hardware. These test areas are outlined as follows:

Rotor Blade Aszspect Ratio Test and Rotor Clearance Test

The objective of this test is to evaluate the cost versus performance trade-oif agsociated with
reducing the blading agpect ratio (reduced number of blade, constant solidity) for the smaller
size. Three aspect ratios would be tested on the new, reduced-siue turbine rig to complete
the size effect versus aspect ratio trade-off study. In addition, the rotors would be tested with
at leas: two different clearances. These data would then be used to perform trade~off studies
and to provide the insight needed for possible turbine improvements,

Nozzle Vane Aspect Ratio

The objective of this test is to evaluate the effect of nozzle vane aspect ratio (vary number of
nozzle vanes while maintaining constant solidity) on turbine performance. Two different aspect
ratios will be tested in the small engine size, The data from this program would be used for
correlation with the base line size hardware. These data will provide the information needed

to perform trade-offs between endwall losses and Reynold number (gize) effects on performance,
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Trailing Edge Thickness Effect (Rotor Blade and Nozzle Vane)

The objective of this test is to assess the effect of increased airfoil trailing edge thickness

on aerodynamic performance. Currently, the effect of blade trailing edge thickness on perform-
ance is being investigated in the base line hardware program under other funding. This effort
will be extended to include the 1241°C (2265°F) engine size hardware for blade as well as vane
airfoils. The blade and vane will be tested separately and together. The information gained
would provide the data needed to determine the aerodynamic design of ceramic blade and vane
trailing edge radii for engine hardware.

Rotor Blade and Nozzle Vane Surface Roughness

The objective of this effort is to evaluate the effect of airfoil surface roughness on aerodynamic
performance and to provide the basis to correlate a boundary layer loss model with surface
roughness., In the test program, the hardware from the programs deseribed would be used,
and the effect on turbine performance would be evaluated for at least two different surface
finishes, The data from these two tests would give size effect and surface roughness effect
turbine performance data that could be applied to the engine,

1241°C (2265°F) Engine Gasifier Turbine Test

The testing as outlined for evaluating the size effects on turbine performance will be integrated
into the engine design. This hardware will be tested in a rig io assess the aerodynamie per-
formance. The daia obtained will provide the basis for correlating the aerodynamic design
tools with the performance obtained. This test will also influence the aerodynamic design for
the engine redesign, scheduled in the fourth year of the program.

Power Turbine

The 1241°C (2265°F) engine incorporates a two-stage power turbine. Aside from including the
additional stage, the power turbine design will be smaller in size that that of the base line
engine. The objective of this program is to provide aerodynamic data for the power turbine
design that can be used to verify the design before committing it to the actual engine configura-
tion. The effort would tie in the testing of the base line size single-stage power turbine design
with the aerodynamic considerations for the two-stage 1241°C (2265°F) engine power turbine
design,

Rig testing will include the evaluation of two~stage turbine aerodynamic base line performance,
rotor blade tip clearance, and airfoil resets. The initial two-stage turbine base line testing
will be completed before the engine design and will ensure that the aerodynamic techniques used
have been correlated with test results. The program also provides for rig testing of airfoil
resets prior i{o committing them to the final two-stage power turbine design., In addition to the
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basic aerodynamic data obtained, the data can be correlated with the single-stage test data to
identify at what point it is most advantageous aerodynamically to change from a single-stage b
I to a two-stage power turbine.

Exhaust Diffuser

The power turbine exhaust diffuser performance is dependent on the inlet gas conditions exiting

ator system. The program is consequently broken down into two distinct areas of investigation:
(1) exhaust diffuser performance without dowmstream influence to achieve opiimum power tur-
bine perfermance and (2) exhaust diffuser performance to achieve optimum power turbine per-
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the power turbine and is also dependent on the downstream blockage effects from the regener- 1

i

1

!
formance with the influence of the regenerator cover blockage. These programs are discussed ;

here. A supplemental program to evaluate exhaust diffuser influence on regenerator disk
o effectiveness is discussed under the next subheading, i

The turbine exhaust diffuse. must provide not only efficient pressure recovery but also proper i
hot gas distribution to the regenerator matrix, The objective of this program is to design and .
develop the turbine exhaust diffuser for the 1241°C (2265°F) engine. Initially, an exhaust
diffuser will be designed and fabricated for the two-stage power turbine. This diffuser will be
base line vrig tested, and five iterations are expected to be made before the final exhaust diffuser
configuration is determined. The configurations will be tested, using the two-stage power.
turbine rig to more nearly simulate engine operating conditions, The combined effects of power

SR

L

turbine Mach number, swirl angle, and tip leakage will be evaluated because these combined
effects influence the exhaust diffuser static pressure recovery. Foliowing data analysis, a final
design will be fabricated and tested with the redesigned (reset airfoils) two-stage power turbine.
The data obtained from this program will provide the necessary input for the design of the furhine
exhaust diffuser.

The next test is to define the downstream influence of the regenerator cover on the turbine
exhaust diffuser and power turbine system performance. Further, the program will be used to
optimize the turbine exhaust diffuser and regenerator cover configurations that provide the
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best power turbine aerodynamic performance. This effort will complement the previously described
exhaust diffuser work. Initially, a rig test will be conducted, using a two-stage power turbine,

an exhaust diffuser, and a regeneratoyr cover to determine the effects of the cover blockage,

These data will be uged to agsessg the cover influence on the flow redistribution in the exhaust
diffuser and on the ¢uhaust diffuser pressure recovery. Two subsequent modifications to the
exhaust diffuser geometry will be tested with the reset two-stage power turbine to assess the

final exhaust diffuser degign.
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Regenerator Flow Distribution

The regenerator effectiveness is influenced by the flow distribution into the heat transfer matrix
from the turbine exhaust diffuser. Modifications in flow distribution to the regenerator matrix
for improved regenerator effectiveness can influence the performance levels of the exhaust
diffuser and power turbine. The objective of this program is to determine the regenerator per-
formance with the two-stage power turbine and exhaust diffuser configuration and to determine
if improvements in regenerator effectiveness can be achieved without compromising the estab-
lished turbine diffuserfpower turbine system performance.

The program effort will be closely related to the exhaust diffuser program. Initially, circum-
ferential and radial pressure and temperature measurements will be made to map the regenerator
disk core energy distribution. These data will be combined with known cold-side flow distribu-
tions to determine overall regenerator effectiveness, Winor modifications to the flow distribu-
tion will be made to optimize regenerator e;fectiveness without compromising the established
diffuser/power turbine system performancs.

DESIGN WITH CERAMIC MATERIALS

The inherent characteristics and propertics of ceramic materials differ sufficiently from metal-
lic structural material properties to require special attention at all phases of the design effort.
In some cases specifically different practices are necessary.

The need for change in design practice is not 2 new phenromenon to gas turbine engine experi-
ence. Materials use has continually progressed to lower ductility levels through the incor-
poration of higher-strength steel alloys, superalloys, and high-strength titanium. The
necessary changes in design methodology have addressed refined criteria definitions, im=-
proved fatigue characterization through finite element modeling and combined loading conditions,
use of fracture mechanics technology, and application of probability/reliability practices. The
advent of ceramie materials, therefore, represenis a logical extension of these changes in

the design disciplines.

The detailed structural analysis techniques employed for final design evaluation are hased on the
finite element methaod., Finite element computer programs using plate, ring, and cube elements
for efficiently and accurately analyzing gas turbine components are available, The ability to
adjust the finite element size from the small elements needed in areas of high stress concen-
tration to large elements in Iower stress areas results in a considerable reduction in analytical
effort without a sacrifice of accuracy. Automated model generation and output plotting features
are used extensively to facilitate rapid evaluation of candidate designs. These basic element
types are employed for modeling engine components, depending on their geometric character-
istics. Many of the critical components can be accurately analyzed, using the two-dimensional
plate or ring elements; however, the three-dimensional cube element is required for complete
general modeling of gecmetric shapes and loadiug eonditions.
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The established metallic materials quality control practices and their relatively large critical
flow size at low stress levels usually permit design optimizaticon activities to concentrate on

the reduction of part-peak stresses. However, the greater flow sensifivity of ceramic materials
and their generally greater strength variability requires that design activities for ceramic parts
must consider flaws of significant size even in low-siress areas of the paris. Therefore, degign
failure probability evaluations of ceramic parts must address the siress distribution of the en-
tire part. Comparative designs can most easily be agsessed by comparison of a failure
probability value on risk of rupture index associated with the entire part. Design procedures
will be evaluated to provide a direct coupling of the existing finite element model stress ouiput
with the ceramic material volume/stress/probability and surface area/stress/probability
characteristics to provide the desired risk of rupture distribution and part index,

A desgign procedure for general application to all of the ceramic componenis in the program is
available, The plan begins with the identification of appropriate backg-owad data and progresses
through the preliminary design, detail design, and fabrication/test phases. A continual information
exchange is maintained with the materials test program and nondestructive inspection (INDI}
program. Iterative design loops are used to provide direct feedback of test data and results to

the analytic activities and thereby provide for revision of geometric configurations.

The parametric studies conducted a5 a preliminary design activity are used to establisl .he
sensitivity of component dimensions, material properties, environmental factors, and part
functional recquirements on part stress, life, or cost objectives. Thus, the eritical parameters
or parametric combinations can be identified and component preliminary design activities can
be rapidly converged tc optimization, If revised engine or component operating limits are im-

plied, their sensitivity can also be evaluated.

A b S T bt

Component design criteria, critical analysis conditions, material selections, and a grometric
configuration are all defined from the preliminary design activities to initiate the detail design
effort. Materials test and NDI programs are also defined {o ensure that proper emphasis is
placed on the identified critical parameters,

A component heat transfer analysis, using finite element modeling technigues, starts the detail
design analytic activities, The output from this model iz then incorporated in gimilar finite

e gt s el ¥

element models for determination of stress and deflection, eritical flaw size/loecation, and

T

permissible initial flaw size. The necessary materials properties for these anslyses are con-
tinually updated from the materials test program. Also, component data obtained from rig and
engine tests can be fed back through these analytic models for correlation of the analytic tech-
niques. This feedback provides improved analytic predictive capability for evaluation of subse-
quent geometric configurations and environmental conditions., The flaw size/loeation informa-
tion generated can be used for revision of the NDI program.
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In the component fabrication and test phase of the plan, the ceramic specimens and components
are initially subjected to materials and NDI {esting for verification of desired properties, charac-
terigtics, and quality. However, the initial rig or engine test for some components may be
performed with a metal part fabricated to simulate the characteristics of the ceramic component.
This practice will permit the evaluation of selected critical environmental situations without
major risk to either the simulated ceramic component or other rig or e¢ngine parts, Proof

tests will be defined to simulate the part limiting operational conditions, and parts will be proof
tested for quality segregation prior to functional rig or engine testing.

Evaluation of Regenerator Disk and Seal Materials

The regenerator design plan requires that materials development work be conducted to assist
in component development and evaluation of a rim drive ceramie regenerator disk and seal system,
This support will address the needs in the following areas:

@ Experimental test and evaluation

@ NMaterials and processing - engineering design
® Component fabrication - shop/inspection

@ Fajlure analysis

A detailed description of the five-year program plan is given in the following paragraphs.

® First year—The current ceramic disk hot seal {nickel oxide/calcium fluoride (NiO/ CaFy)
hot crossarm, graphite rim wear face) is temperature limited in the rim ares to approxi-
mately 774°C (1425°F) by graphite oxidation.

During the first part of this period various mixtures of plasma-sprayed NiG/CaFq coatings
will be lab evaluated on the friction and wear test rigs to determine their suitability as a
high- and low-temperature (to replace graphite) seal wear face material, Rig testing of the
various mixtures will be evaluated against the alumina silicate (AS) 152-mm {6 in.) regen-
erator disk triangular matrix, The materials having the best coefficient of friction at
various temperatures and good wear properties will be implemented into the design of full-
scale hardware, Thermal stability tests will be conducted on "selected” coating/wear face
materials over various substrates in the evaluation of a coating-to-substrate compatibility,
The details for the test parameters, specimen configuration, and test rig descriptions for
the aforementioned tests are presented following the program plan review.

@ Second year—The materials and design emphasis in the second year will be on an improved-
performance regenerator system. The maximum capability of the seal design will be 882°C
{(1800°F}, In addition, improved performance resulting from the development of the thin-
wall AS ceramic disk is planned. The thin-wall AS disk matrix will be friction and wear
tested and evaluated against the "current selected' seal-wear face material. Evaluation of
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® Third year—The seal-wear face materials evaluation and design emphusis during this period
will be on obtaining improved performance and obtaining a maximum seal capability of
082°C (1800°F).

Performance improvement plans are to evaluate and incorporate (1) a new ceramic ma-

terial (probably magnesia alumina silicate—MAS) in addition to the AS disk, (2} a rect-

angular matrix geometry, and (3) flow area changes. Sufficient lab testing of materials,
disk, and seal systems will be conducted to assist the design and implementation of full-
scale hardware.

@ Fourth year—This period of work effort calls for defining the seal material and disk
configuration that will give the best performance and durability at 882°C (1800°F). Materials
Engineering support will continue to address the needs of the program plan.

@ Fifth year—Asgsistance in the fabrication, inspection, and tesi evaluation of the fourth year
design hardware will be accomplished, resulting in an engine demonstration of 213 mg/W-h
{0. 35 Ib/hp-hyr) sfec at 1241°C (2265°F) turbine inlet temperature and regenerator inlet
temperature of 982°C (1800°F).

Initial Friction and Wear Test

AN initial frietion and wear tegting during the scope of this evaluation will be conducted on
seal-wear face materials over a temperature range of 204°C to 982°C (400°F-1800°F) at
sliding velocities of 6.4 and 32 m/min (21 and 105 ft/min) with normal forces of 63 kPa (10 psi),
In addition, long-range wear rates for each candidate coating during the first year will be estab-
lished at temperatures of 316°C and 774°C (600°F and 1425°F) at 32 m/min {105 ft/min} sliding
velocity and 69 kPa (10 psi) load. Pending design requirements, wear rates at temperatures up
to 982°C (1800°F) will alsc be conducted on selecied wear face materials.

Thermal Distortion and Warpage Test

Thermal distortion and warpage tests of various coating systems will be conducted in duplicates
in the evaluation of a coating-to-substrate compatibility at preselected test temperatures. The
material systems will be subjected to a maximum of six heating and cooliig cycles over a
temperature range of 21°C to a maximum of 982°C to 21°C (70°F to 1800°F to 70°F) for the
measurement of possible deflection at various test temperatures. Afier each cycle, total war-
page of the coating-to-substrate system is measured and then retested up to six cycles or when-
ever stability occurs.

Materials Selection=-Turbine Flow Path Parts

In selecting candidate ceramic materials for application in the turbine flow path, four criteria
must be met: (1} mechanieal, physical and chemical properties must be compatible with com-
ponent design requirements, (2) materials must be definable to allow processing parameters
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to be frozen during component development, (3} material must be fabricable into complex
shapes with a minimum of diamond grinding, and (4) 2 competent manufacturing source must be
available. Using these criteria, tentative materials selections have been made for use in the
1038°C (1900°F) and 1132°C (2070°F) engine phases, These selections are shown in Table XX,
along with probable green body fabrication techniques. Also included are some of the emerging
materials which will be factored into the program as they mature.

TABLE XX. CANDIDATE CERAMIC MATERIALS TURBINE FLOW PATH

Co:nponent Material Fabrication Technique
Vane Assemblies RRB SiC Transfer Molding
RB SigN, Injection Molding
Turbine Tip Shroud RB SiC Compression Molding
MAS Isostatic Pressing
Blades Sintered - 5iC Transfer Molding
Plenum REB 5iC Slip Casting
Impregnated SiC Slip Casting
Emerging Materials CNTD SiC Gas FPhase Deposition
Sintered SiglNg4 Molded, isostatic, etc.
8iC/C composites Molded, isostatic, etc.

Materials Testing and Evaluation Program

A complete characterization of the mechanical, physical, and chemical properties of candidate
ceramic materials is an absolute requirement for the effective support of the component de-
velopment tasks. Such a program consists basically of five subtasks:

® Generation of material properties ineluding thermal expansion, thermal conductivity,
specific heat, elastic modulus, Poisson's ratio, and strength required to employ a linear
elastic probabilistic approach to structural design

@ Generation of time-dependent properties including thermal fatigne, creep, and erack propa-
gation characteristics with emphasis on the probabilistic nature of these properties

@ Evaluation of environmental effects including oxidation, hot corrosgion, and erosion which
could cause property degradation of candidate materials during long-term use

® Developmient of the relationship between material structure and mechanical properties with
special emphasis on establishing the size, type, and distribution of strength-limiting defects

@ Development of high-resolution inspection technique to detect eritical size defects in
candidate ceramic materials ‘
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A program of this scope should be applied only to mature materials whose processing is suf-
ficienily well established to justify freezing all process parameters for the duration of a
component development phase. Newly emerging materials, however, will be continually moni-~
tored in a timely fashion and factored into the program as appropriate.

During the first year, data will be generated in four materials—RB SiC, RB Sigify, MAS, and
sintered SiC—to a temperature of 1145°C (2100°F) and in sufficient depth {o support the design
effort for a functional vane/shroud agsembly for the 1038°C (1300°F) engine and the initial blade
studies. Characterization to 1371°C {2500°F) will be completed for all four materials during
the second year. In addiiion. a subtask to develop new nondestructive evaluation (NDE)
techniques will he started during the second year. During the third year, two more mature
materials will be completely characterized for application in the 1241°C (2265°F) engine,

Also, the NDE will continue. In the fourth year, a final mature material will be evaluated for
use in the final iteration of the 1241°C (2265°F) engine. The NDE development program should
be completed. Finally, in the fifih year, selected materials will be examined at temperatures
to 1538°C (2800°F} in an effort to assess the feasibility of raising turbine inlet temperature to
1371°C (2500°F}),

The following are detailed descriptions of the testing procedures to be applied, A summary of
the NDE development program is also given.

Thermal Properties

Thermal conductivity, thermal expansion, and heat capacity will be measured from room temp-
erature to the expected flow path hot spot temperature.

Specific heat will be determined, using a Bunsen ice calorimeter in which heat given up by the
specimen melis ice which is in equilibrium with outgassed distilled water in the clozed calori-
meter well, Mercury enters the system from an external weight accomnting source to make up
the change in volume. The weight of the mercury making up the volume change is directly
proportional to specimen enthalpy or heat liberated by the specimen when cooling from an ele-
vated temperature to the ice point. The values of the changes in enthalpy and femperature can
then be used in calculating the specific heat,

Thermal conductivity will be determined from thermal diffusivity measurements, using the flash
laser technique. In this technigue a thin, disk-shaped specimen is positioned in the isothermal
zone of a furnace and the front face is heated by a short-duration laser pulse. As the heat pulse
travels through the specimen, the back face temperature rise is recorded as a function of time.
This temperature-time history is directly related to thermal diffusivity, Thermal conductivity
can then be caleulated from the values of thermal diffusivity, specific heat, and density.
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Thermal expansion studies will be performed, using a direct-view dilatometer. The expansion
and coniraction of the test specimen are measured directly by tracking, during heating and
eooling, the relative displacement of fiducial marks on tantalum end caps located at both ends
of the specimen. To calculate expansion, the total expansion of end caps and specimen is cal-
culated, after which the end cap expansion, obtained by previous dilatometer measurements,

is subtracted from the total expansion.

Elastic Properties

Longitudinal and shear moduli and Polisson's ratio will be measured over the range of room
temperature to the expected flow path hot spot tempevature. Elastic properties will be measured
by a thin-wire untrasonic pulse-echo technique, In this measurement technique, the %est sample
is attached by a long, thin wire to a modulus transducer that is capable of generating and detect-
ing longitudinal and torsional waves. ‘The sample is suspended in & furnace and excited by the
transducer. The exiensional and torsional wave velocities are measured independently, and the
respective moduli are computed. Poisson's ratio is then calculated by elastic theory.

Material Sirength

Strength and Surface Fipish

The primary objective of this subtask is to establish the relationship between strengih aud sur-
face finish for each ceramic material to establish the finish requirements for machined surfaces,
particularly for blade attachment areas. In addition, an in-house ceramic machining capahbility
is desirable for expediting the rework and alteration of components where necessary,

Preliminary grinding and cuiting parameters for all candidate ceramic materials will be es-
tablished from (1) available literature and (2) contacts with appropriate equipment and materials
vendors. Initial studies will include fabrication of round rods and rectangular beams of each
material, using a range of grinding parameters, Subsequently, the surfaces of each rod or beam
will be characterized to establish surface finish and extent of damage. Specimens will then he
tested to failure and subjected {o fracture surface analysis. The results of these tests and
analyeces in conjunction with surface finish measurements will be used to arrive at grinding
procedures for each of the candidate ceramic materials,

Material Defect Strength Distributions

In order io specify the probability of failure of a component subject to a given stress state or
equivalently establish the maximum design stress at a specified level of reliability, a knowledge
of the material defect strength distribution per unit volume is required. Such information, of
course, is derived from experimentally measured fracture probahility data. The usual approach
has been to empirically correlate measured data, generated on a simple test configuration, with
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a selected distribution function (e.g., the Weibull * power function), and then extf'apolate to large
complex geometries and low stress levels to obiain component failure probabilities. Such
practices have seldom met with success. This should not be altogether unexpected because,

aside from the difficulties associated with extrapolation to stress levels well below the range

of measured values, defect populations in ceramics are quite often found to be muliimodal?

and, clearly, a single distribution function, such as that proposed by Weibull, cannot effectively
describe the statistics of fraciure under these circumstances.

Fortunately, work is now appearing in the literature®* which suggests that the required defect
strength disiributions can, in fact, be obtained directly from measured fracture probability data
and a knowledge of the location of the fracture controlling flaws without resorting to assumptions
about the nature of the distribution function, WNote that even with the validation of such tech-
niques, extrapolation to stress levels below the range of measured data (i.e., low failure proba-
bilities) is still prohibited because such extrapolations can yield unconservative estimates of
component failure probabilities, This aspect can be minimized only by obtzining fracture
probability data on specimens of relatively large volume or by testing a large number of speci-
mens. The former approach is adopted in the following program.

To establish the required defect strength distributions (and, simmultaneously, the applicability of
the Weibull power function), a program is planned to (1) measure fracture probability data for

a wide range of specimen sizes and (2} establish fracture origins for each specimen, where pos-
sible, through SEM fractographic analysis., These data will be analyzed in light of the afore-~
mentioned statistical techniques to arrive at valid defect strength distributions for each ma-
terial given serious consideration in the component development efforts. In all, four specimen
geometry-loading arrangements will be used; three- and four-point loading of rectangular beams,
uniaxial tensile testing of cylindrical rods, and burst testing of rectangular cross section rings.
Fifty specimens of each arrangement will be tested to ensure a statistically significant sample
size. These four arrangements should cover a sufficiently wide stress range to be appropriate
for most of the componeuis under consideration in this program.

During the first year, the initial four candidate materials will be evaluated in four-point bending
at room temperature and at two elevated temperatures., Test temperatures will be determined
individually for each material from expected component operating temperatures in the 1638°C
(900°F) engine. Testing of the remaining geometries will be completed in the second year.

Note that where strength is changing rapidly with temperature, sufficient additional testing to
"fil1" in the curve will take place. In this case, however, sampling size will be kept to a level
{15-20) sufficient to determine mean strength values only.

Prior to tesiing, all specimens will be rigorously inspected. All specimens will be radiographed
examined with dye penetrant techniques, and scrutinized under a low-power light microscope, In
addition, density and surface finish will be measured. Selected surfaces will also bhe examined

in the scanning electron microscope.
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Where possible, all testing will be instrumented with transducers so that acoustic emission sig- u
natures can be recorded. This information is not only useful in establishing material failure
mechanisms but also iinportant in accessing damage to components during proof testing.

RSP TSR
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REffect of Environmental Exposure on Material Strength

Bend specimens of each of the candidate materials will be exposed to an oxidizing environmant
for extended periods of time at two different temperature levels, The temperature levels jor 4
each material will be selected on the basis of preliminary oxidation measurements derived :
from (1) differential thermal analysis and {2) component operating temperatures. After exposure,
bars will be tested to failure, Subsequenily SEM techniques will be used to evaluate surface

oxide character and fracture surface topography so that strength degradation, if any, can be
related to critical microstruetiral features. Such information, in the case of degraded materials,
is expected to lead to rational alierations in chemistry and/or structure so as to obviate the ob-

served strength reductions.

Lot=to=Lot Material Strength Variability

Because the chemical properties of britfle materials are expected to have a general sensitivity ;
to slight variations in raw materials and processing procedures, the lot-to~lot variability will '
bé assessed for all materials for which design data are to be generated. This will be accom-
plished by fabricating separately and independently at least three lotg of bend bars for each
material of interest. Each lot will contain at least 5¢ specimens to ensure a statistically sig-
nificant sampling size. Testing at room temperature will minimize the cost. All specimens
will be fractographically analyzed to establish relationships between iracture stress and the
size and nature of the defects causing fajlure, These data will be analyzed, along with the data
developed initially in the subtask, using the appropriate statistical techniques.
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Stress Intensity Factor/Crack Velocity

A1l eandidate materials will be experimentally examined o assess whether a slow crack growth
mechanism is the dominant time-dependent failure mechanism. The stress intensity factor

can then be calculated.

Creep Rupture

!
4
:
:
i
H

The creep rupture properiies of candidate materials will be measured. A direct tension test

will be used to generate the required data. The use of such a testing procedure is required by
the fact that valid creep data can be generated only when a statically determinate stress distri- 4
bution is developed within the test specimen. For this reason, other samples and less expensive :

S

{:’ tests (e.g., bend testing) are not applicable,
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Thermal Fatigue

The thermal fatigue behavior of candidate airfoil materials will be established in an operational
fluidized bed test, In this test, a wedge-shaped specimen is cycled between fluidized beds
maintained at different temperatures, Transient thermal stresses which simulate those found

in airfoils are thus generated within the specimen.

A three-dimenszional finite element transient thermal stress code is used to relate the stress
state developed in the test specimen to the difference in hed temperatures. Thus, by selecting
the proper bed temperatures as determined by thermal siress code, any desired transient can
develop in the test specimen.

WMicrostructure and Fraciure Topography

The microstructure of all candidate materials will be documented by both optical EMS and

SEM micrography. Fracture surfaces of all test specimens will be examined and characterized
in the scanning electron microscope. Such microstructural analysis will be used to establish
both a structure/property relationship for the candidate material and a base line for hardware
failure analysis.

Evaluation of Abradahle Tip Seal Materials

A viable abradable seal material must not only demonstrate acceptable abradability, it must
alse possese sufficient resistance to hot gas and particulate erosion, thermal shock, and oxi-
dation. Because thege requirements oppose each other, trade-offs must be made so that

an acceptable balance of properties is achieved. This task is designed to supply the data re-
quired to make the necessary trade-offs.

Oxidation and Corrosion

Viable ceramic turbine materials must possess long-term resistance to highly oxidizing environ-

ments which contain alkali metal and sulfur bearing compounds. Work by Ervin® has shown
that the oxidation of silicon carbide in the presence of alkali metal glasses (e.g., NagO * 4Si02)
can be accelerated as much as a hundredfold.

Work in this laboratory, using a standard crucible test as developed for superalleys, has shown
that silicon carbide can be strongly attacked by molien salis containing NagSO4. More recently,
Tressler et a.l.ﬁ have shown similar results for commercial grades of reaction-sintered and
hot-pressed silicon nitride and silicon carbide, with the carbide suffering catastrophic attack.
In-house work at DDA, on the other hand, has shown that preoxidized hot-pressed and chrome
oxide-bonded as well as hot-pressed silicon niiride with large amounts of MgO are unaffected
by molten NaSO4~NaCl salis. Further, thermogravimeiric study, using various SOzl 50z ratios
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in a nitrogen/oxygen mixture, has shown that affer a short period of time the oxidation kinetics
; for hot-pressed silicon carbide over the temperature range of 982-1371°C (1800-2500°F) were
S equivalent to those in pure oxygen. This suggests thal for this material, at least, high-

: sulfur fuel will have little effect on component performance.

Clearly, the effect of sulfur and alkali metals in the oxidation characteristics of furbine ceramics
is poorly understood. Available information suggests that serious degradation of some materizls
could occur in the presence of these elements, Thus, a program to evaluate the effect of these

elements on long-term oxidation is in order,

The task planned for this program will include two phases. In the first phase, a preliminary
thermogravimetric study of all materials will be conducted to establish the sensitivity oxida-
tion rates to various ievels of sulfur and alkali metal compounds., The second phase will follow
up with burner rig testing of suspect materials under conditions which will closely simulate the
environment to be encountered by actual components.

Quality Assurance of Ceramic Components

Because ceramic materials are highly probabilistic in nature, design stresses are very sensitive
to allowable risk and degree of material variability. An extensive quality assurance program

is therefore essential to the successful utilization of ceramic materials in gas turbine engines.
Such a program has two primary objectives:

@& Reduciion of property variability
® Early rejection of defective components

These cbjectives will be accomplished by implementation of a highly detailed nondestructive
.-. and desiructive evaluation program.

Nondestruciive Evaluation Program

The nondestructive phase of the quality assurance will be applied in four distinet stages as
shown in Figure 40.

@ Raw Material and Process Control—The fabrication of ceramic components must be closely
controlled so that repeatable properties, insofar as possible, can be consistently obtained,
Factors requiring control include: chemistry, particle size, shape and distributicn, binder
chemistry and content, open body processing parameters, and sintering time, temperature,
pressure, and atmosphere. The primary burden for this task lies with the ceramic producer.
A1l manufacturers selected to fabricate components will be required to maintain complete

' traceability records for all hardware and test specimens produced, This will allow the

: complete and detailed processing history, starting with the raw materials characteristics’

for specific individual components, to be examined as required.
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| Quality assurance of ceramics

Y \

Ra'av material Gross defect Nondestructive Proof
an . ropert :
pracess control detection Emea[x)suriment testing
* Chemistry * Radiography ¢ Ultrasonic velocity « Component rejection
» Particle » Ultrasonics ® Ulirasonic attenuation e Detection of damage
{size and o Penetrants » Density variations
distribution) e Visual o Holographic
¢ Particle = Density interferometry during
(shape and s Surface finish thermal transients
distribution) and stress
* Time
¢ Temperature
®* Pressure

7093-2005

Figure 40. Major categories of quality assurance of ceramics,

Gross Defect Detection—Normal nondestructive techniques will be used to find gross cracks,
voids, and inclusions. The techniques to be used are very well known and will require liifle
adaption for use with ceramic materials. However, the resolution limiis of these tech-
niques are well above the critical flaw size (10-1004) for ceramic materials., Thus, addi-
tional inspection techniques with increased resolution are required. Such technigques, in-
cluding ultrahigh freguency ulirasonics, will be developed under a separate task and fac-
tored into the program as success dictates, .
Nondestructive Property Measurement—To assess variations of chemistry, density, and,
in some cases, microstructure, property measurement techniques will be used. These
techniques including ultrasonic velocity, ulirasonic atienuation, and density variation are
widely known and have been successfully applied to ceramic systems in the past with good
results. An additional technique potentially germane to ceramic material is being proposed:
holographic interferometry during thermal as well as sitress transients. This technique
will be evaluated under a separate task and factored into the program as success dictates,
Proof Testing—Because of the insufficient resolution of currently available defect detection
techniques and the formidable difficuliies in predicting component strength ai realistic
reliability levels by extrapolation of measured fracture probability data, proof testing is
required to establish maximum defect sizes and thus an upper limit to component failure
probability. To this end, all components will be proof tested prior to rig and/or engine
testing. Tests designed to apply realistic loadings under simulated turbine environmental
conditions will be used where possible. For example, in the case of inlet guide vanes and
blades, a pressurized hot gas cascade facility will be used to induce thermal stresses to
levels in excess of those expected to result from the most severe engine transients.
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In addition, blades, because of the requirement of high-load-carrying capability, will be subjected
o centrifugal and vibrational loading in specially designed spin and vibration tests. Further, all
ring structures including turbine tip shrouds will be proofed with an internal pressurization

test, using a rubber membrane and iydraulic fluid. Acoustic emission techniques will be used
where possible to assess damage during proofing by comparing acoustic signatures with those
measured during the laboratory mechanieal property investigations.

Destructive Evalualtion

Bend strengths of components will be evaluated from specimens either processed simultaneously
with or cut directly from actual hardware.

Sampling size will be sufficient (30-50 specimens) to develop statistically significant data. In
addition, selected components will be tested to failure during proofing. Fracture surfaces of

all specimens and components will be examined to establish, where possible, the types and sizes
of defecis cauging failure, The microstructures of all hardware will be examined in detail,

using available EMS, SEM, and EMP techniques. The sum total of the information generated
will be ca':ﬁpa red with that developed from lahoratory test materials from which design data were
obtained in an effort to assess expected component reliability and performance. In addition,

this information is crucial to the successful evaluation of the results of component rig and

engine testing.

Failure Analysis of Ceramic Materials

Material failure analysis is a requisite part of any program promoting the use of a "new" class
of materials. It is especially meaningful with brittle malerials because of the statistical nature
of expected failures. Analysis of hardware failures allows the separation of poor design from
material insufficiencies, defects, or improper fabrication procedures and suggests the appro-
priate corrective measures. Analysis of laboratory test specimens yields information on the
detailed mechanisms which control the response of a given material, Such information gives
insight into ways in which processing, chemistry, and microstructure can be altered to yield
enhanced properties. Furthermore, this information feeds back into the hardware failure
analysis and provides the base line.

Fractographic analysis is one of the rnost powerful tools for the failure analysis of an engine or
rig component. A careful study of the minuie features of the topography of a fracture, by
scanning electron microseopy or by fracture replicas viewed on an electron microscope, pro-
vides a wealth of information concerning tre failure mode, A handbook of fractographs for
metallic materials has been published to aid in the identification of failure modesg using trans-
mission electron microscopy replication technigues. Fatigue, stress-corrosion, etc, are
characterized by eleciron fractographs and the techniques used to produce them. There is no
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comparable fractography handbook for ceramic materials. Furthermore, there is virtually
no information relating failure mechanisms, particularly under conditions of high-temperature
creep and fatigne, to microstructural features for the materials considered in this process.

During the screening and design data testing portion of the program, typical specimen fractures—
produced in the ceramic materials by thermal shock, thermal fatigue, flexure, tensile, and

* creep-rupture loadings—will be documented by optical, scanning electron microscopy and
transmission electron microscopy (replica) techniques. The handbook of standard fractographs,
thus compiled will be used in failure analyses of rig and engine-run ceramic components.

The failure analyses of specimens as well as components will also include optical and electron
microscopy studies of the microstructure, crack propagation, and arrest behavior in ceramic
materials, As an example, an attempt will be made to determine how the critical flaw size

of a ceramic body is related to its microstructural features, particularly the type, size, and
distribution of phases and pores as well as grain sizes. If pores are larger than the average
grain size, the critical flaw size will be related to pore diameter. On the other hand, if pore
size is small with respect to grain size, the critical flaw size will be the grain diameter. The
size of surface flaws introduced by machining is also related to microstructure., Because grain
boundaries may be effective crack stoppers, the depth of penetration of such flaws is limited to
about one grain diameter. The precise flaw depth is, of course, dependent not only on grain
size but also on the severity of the machining operations. Surface finish would be expected to
be more important in high-density than in low-density materials.
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CONCLUSIONS

This document reports the results of a study program to establish how ceramic materials can
be introduced into the Allison Model 404 industrial gas turbine engine. The following were the
objectives for the study program engine development: .

® Obtain improved fuel economy [Goal: 213 mg/W+h (0. 35 lb/hp-hr) sfc at 100% power] by
1981 through the use of ceramic materials and improved component efficiencies.

@ Meet current and projected federal emission and noise regulations.

® Commercial application capability in highway buses and trucks.

The study program was to produce a program nlan to meet these objectives, recognizing the
technical feasibility for meeting géals, costs for program plan, usage and cost of engines by
truck or bus customers, and maximum applicability of advanced components to the current all-
metal engines (which are planned for early production).

The following conclusions were established from the resulis of this study program.

1. The 213-mg/W-h (0.35 Ib/hp-hr) sfc objective can be achieved by the end of calendar year
1981 with an engine operating at 1241°C (2265°F) turbine inlet temperature. This engine

will incorporate ceramic components as follows:

@ Regenerator disks

® Combustor

@ Turbine iniet plenum

® QGagsifier turbine inlet vanes

® QGasifier turbine rofor hlades

® Gasifier turbine stationary tip shrouds
@ Power turbine inlet vanes

# Turbine exhaust diffuser

In addition to ceramic components, improved efficiency for the compressor, gasifier tur-
bine, power turbine, and ceramic regenerator will be incorporated. A new, two-stage,
metal power turbine is required for the 1241°C (2265°F) operating temperature., More
than 80% commonality of parts with the current all-metal engine will be maintained.

2. 1pgical steps in turbine inlet femperature are from 1002°C {1835°F) to 1038°C (1900°F)
to 1132°C (2070°F) to 1241°C (2765°F). These steps allow a sequential introduction of
ceramic components to promote early qualification of ceramic componenis for further
development and field evaluations preparatory to production.
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The order of state of development of ceramic components is as follows;

@ Ceramic regenerator disks—highest state of development

® Ceramic turbine gasifier inlet vanes

@ Ceramic turbine statiopary tip shrouds

# Ceramic combustor

@ Ceramic turbine inlet plenum

® Ceramic exhaust diffusers

® Ceramic turbine rotor blade-—least development, highest risk

Current and projected federal noise and emission standard can be met by all improved en-
gines, Combustor development will be required to maintain a 25% production margin for
Noxl

A five-year program will achieve the target fuel economy with some ceramic components
qualified for development leading io commercial engine production,

A major emphasis on ceramic material characterization, design methodology, nondestruc-
tive inspection, and techniques for rig and engine testing with ceramic components is re-
quired to meet program objectives.

Increasing the turbine inlet temperature to 1371°C (2500°F) does not appear to be techni-
c¢ally feasible in a five-year time frame. Further, the best analysis with current tech-
nology does not show a payoff in engine-related life cycle costs for buses or trucks. This
conclusion should be reevaluated in the third and fourth years of the program.
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APPENDIX A. BASE LINE ENGINE COMPONENT DESCRIPTIONS
BASE LINE REGENERATOR SYSTEM

The base line engine regenerator system consists of two sets of hardware, one on each side of
the engine. Figure 41 shows one set of regenerator hardware, which consists of an inboard
seal, a stainless steel disk, an outboard seal, and two rub blocks. The disk is driven at the
hub (see Figure 42) by a chain drive system with a viscous damper to damp frictionally induced
vibrations in the system. The disk is a copper-brazed assembly, made from 0.05-mm (0. 002
inch) thick stainless steel corrugated into a triangular shape and spirally wound on a sleeve.
The seals have two sealing faces. One is a wear face (graphite on all surfaces except the hot
seal crossarm (which is Met-Net) which contacts the rotating regenerator disk; the other face
has a leaf structure which seals against the cast iron engine block surfaces. Two rub blocks,
located on the outboard side of the disk with the outboard seal, are provided to maintain the
disk in a position parallel to the engine block sealing surfaces.

QUTBOARD OR BLOTK DISK

COLD SEAL n INBOARD OR

HOT SEAL

CR

SSARM

L aaiama allate o

GRAPHITE

e \! L T
BACK UP/" WEAR FACE

RING

RUB BLOCKS ROTATED
180° TO SHOW WEARFACE

COPY 313788 1

Figure 41, Base line metal regenerator disks and seals.
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Figure 42. Base line engine regenerator drive system.

The regenerator system performance in the base line engine is summarized as follows:

?" Leakage 4 to 5%
’ Effectiveness 86 to 89%
; Pressure loss* 3.3 to 4.0%

*The pressure loss includes ducting losses in
the regenerator housing.

BASE LINE COMPRESSOR

The base line engine incorporated a fixed-geometry, single-stage centrifugal compressor with
a channel-type radial diffuser. The compressor general arrangement is shown in Figure 43.
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Figure 43. Base line compressor general arrangement.
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The air is chscha,rged from a diffuser into an 1rregu1ar1y shaped cavity in the engine block.
This cavity contains a ‘balfle at the top and bottom 1o effect an approximate equal division of the
air to both sides of the block which open to the regenerator system.

g

The specific rating point performance objectives for thé compressor are as follows:

~Design Point Performance—29°C (85°F) day, 152 m (500 ft)_' altitude

Rotational .

.. Speed = . ~ Airflow ' ~ Pressure Ad_iabaﬁc }
‘rpm ¢ 7 kgls (Ibfsee) . - Ratio ~  ~ Efficiency L
36905 . 1.56 (3.45) - 4.0 82.4

e s s i

A full performance map for the base line compressor' is..sho'w'n in F'i'gux'-e 44,

The mechanical life ob;:ectlves for the compressor are the same as those for the engine—i. .,
two overhaul periocds consisting of 7500 engme operating hours each (15,000 hr total)

. Compressor-'lmpe]ler_-_ _

The compressor unpeller is an alummum alloy castmg produced by a rubber pattern process.
L The impelier cons1sts of 15 fu}.l-length blades and 15 sphtter blades. 'I'he c:ontours of the full
and splitter blades are identical near the 1mpe11er exit. ‘The blade thickness d1str1but10n in the
inducer area was selected to prowde for both adequate draft during casting and for sufficient
stiffness. to. sa.t:.sfy the blade resonant frequency b ol qulrements. The mpeﬂer blades have. sub—
stantial backsweep at the 1mpeller ex1t. The blade bendmg, which is induced by the backsweep.
is reduced by providing hlgh thickness taper in the blades. '

A steel bushmg is permanently mstalled mto the 1mpeller bore by press f1tt1ng. The bushmg
- incorporates two mterference pilot diameters and a drwe spline. The bushmg rear ﬂange _—
contains a pilot diameter, face, .and slot which mate. Wl.th shaft features to provide for 1mpe11er

_ 1ocat1on and drive. The compressor impeller is retamed to the gasﬁ:.er rotor shaft wzth a smgle
- central he bolt. CA: rmg of matemal is prowded at the rear of the 1mpe]ler backplate to pernnt
correctlon for unbalance by material removal. Material removal by dr]llmg is permitted at the '
front of the impeller for unba_.lanc_e‘ coxjrs_ctmn.

CompreSsoJ: Diffuser

The compressor diffuser is of the radial channel-type and containg 24 passages with parallel” .
front and rear surfaces. The front diffuser passage surface is provided by the diffuser rear
plat_e. The additional passage geometry is provided by 24 equally spaced diffuser vanes.
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Figure 44. Base line compressor performance.
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The dlffuser is clamped between the gaSIfIEI‘ bearing support a.nd the compressor cover Wl‘th

22 bolis which pass through holes in 22 of the diffuser vanes. A pm is pressed into each of the a

remaining two diffuser vanes, engaging both the compressor cover and the gasitier :b_e_armg
support to provide accurate radial'andfcircumferential location of the support to the cover. -

Compressor Cover

The compréssor cover is a sand casting which contains radial stiffening ribs on its:'fron{: face,
- The cover bore and rear face are machmed to a’ contonr which matches the :.mpeller blade t1ps :

at engine operating condm.ons. ' o -7 -

The compressor cover also serves as the forward pressure: d1aphragm at the front of the en—- Ty
gme ‘to react the pressure 1oads associated with the compressor discharge pressure condltlons. '

The gasifier rotor thrust bearmg reactlon, gasxfs.er turbme nozzle loads, ‘and gaS1f1er bearlnﬂ
support pressture loads are addltlonally reacted into the engine block through the compressor’
cover-to-block outer sp11tlme. The gasfﬁer bearing support is ahgned and located axlally Wlth
respect to the engine block through the support-to-diffuser-to-cover clampmg and the cover-
to—block splitline.. : :

-The compressor cover must contain any fragments whmh mlght result from a compressor im-

peller failure to prevent damage to. ad3acent eqmpment, property, or personnel

B ASE TINE CASIFIER NOZZLE AND TIP SHROUD

The gas1f1er nozzle aseembly in the base lme engme 1s an alr-cooled assembly de51gnec1 to pro- - :

vide the desired life objective of 15,000 hours of mission operetlon. One percent of the com- -

pressor airflow is required to accomphsh thls at.the 1002°C: (1835 "F) engme cycle tempera‘f:ure R Lo
of the base line engine. The gasﬁler nozzle assembly compmses an: annular nozzle castmg Wlth ,

air-cooled airfoils, a gasifier tip shroud over the rotor, a nozzle sapport strueture, and sea1~
ing features to prevent nozzle coolmg air loss dn:-ecﬂy io the ﬂow path.: -(See Flgure 45.). The
nozzle is cast from Martin Metals 509 alloy and is- coated with-a Detroit Diesel Alllson—de- -
veloped corrosion-resistant coating to improvehot corrosion resmtance. The combustor out;- :

let temperature proflle results in a gasifier nozzle inlet temperature condrtlon as. shown. o PR R RS

Figtire 46, The engine lee ob;jectwe of'15, 000 hours dlctates that the nozzle peak metal tem—

perature must not exceed 882°C (1800°F) for 1ong term. oxlda.tlon and su]fldatmn re51stance.

prowde adequa.te coolmg for the awfmls when the unpmgement coohng ﬂow is d1str1buted as

shown in Figure 47. Cooling air enters the vane impingement tubes at. the hub and: :LS dlstrlbuted =
sot that 0. 6% of compressor. dlscharge flow is distributed umformly from the hub to the t:.p at thez <y
leading edge. This @it then splits equally aad flows between the tube and the. suctmn and pres-

sure sides of the-airfoil, An additional 0. 2% of coolmg air 1s requlred at both the vane mid- -

charmel suctmn side smd the mxd-channel trzulmg edge to prov;Lde proper coolmg. Tl_;e;__c_oo;_ung: ChinTEe

. vl 3 ed i ST . Caem Wi

o

. The gas1f1er nozzle heat. transfer. ana1y51s shows that 1% of the compressor dlscharge flow- wﬂl R e
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Figure 45. Base line engine turbine schematic.
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air from the tube leading edge, suction side, and trailing edge exits from the airfoil through a
vertical slot in the vane pressure surface near the trailing edge. In addition to the cooling air
vane, a boundary of cooling air, 1.76% of compressor flow, is supplied along the gas path sur-

faces of the inner and outer bands.

Attention was given to the selection of the number of gasifier nozzle vanes to ensure that the
gasifier blade vibratory modes did not intersect vane passage frequencies in the high-speed
operating range. The gasifier blades are clear of the vane passage frequencies (20th engine
order) in the operating range except for the fundamental mode interference just above idle
rotor speed. The design maintained the axial vane trailing-edge-to-rotor-blade spacing in
accordance with earlier development engine blade vibration experience.
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Figure 46. Base line gasifier nozzle temperature profile at maximum circumferential
temperature location.
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Figure 47. Base line gasifier vane cooling system.
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The gasifier nozzle casting provides the support for the gasifier stationary rotor shroud. The
shroud performs the following functions: (1) provides the gasi‘fier rotor tip gas boundary and
serves to control rotfor tip clearance, (2) provides the support for the gasifier piston ring,

{3) provides the prirh‘arx,_restriétqr;to_c_dn?rol the outer nozzle band cooling airflow, and (4)
forms the outer flow path wall between ,f;lté gasifier and 4p6wer turbines. The shroud is attached
to the rear of the gaSifier nozzle outer band by five radially oriented headed pins which serve
hoth as cross-key centering features and as axial retaining features. ‘The headed pins are re-
tained by weldment to the shroud The shroud is cast in NX 188 matenal and is cooled to
704°C ( 1300°F) by three mbs that are exposed to a flow of caoling air, A sheet metal cover is
provided at the periphery of the shroud to induce the flow of cooling air around and through the
labyrinth formed by the shroud circumferential ribs and thée staggered rib slots. This cooling
aiy is then int’roduced'inio the flow path as outer noz’zie. band cooling air.

The gasifier nozzle loads mduced by the shroud and the aerodynamm gas loading on the vanes

are reaeted by the gasmer nozzle support which is a structural mémber that is cast in Inco 718
material, e : ‘

Sealing of the support and nozzle at the rear requires a combliant member to accommaodate
differential axial thermal growth, The compliance was achieved by using an-""E" seal design
fabricated from Inco 718 material,

Sealing is also required between the turbine inlet plenum and the nozzle support casting. This
seal is achieved by engaging an extension of the plepum to the gasifier nozzle support when the
engine is assembled.

The considerations outlined in materials selection, aerodynamics, air cooling, and mechanical
design contribute to a gasifier nozzle and shroud assemhly that is intended to provide 15,000
hours of useful life when used in the engine at a rated turbine rotor inlet temperaiure of

1002°C (1835°F).

BASE LINE GASIFIER TUREINE ROTOR

The base line engine features high-technology turbine design considering the long-life objectives
of the engine. Turbine operating conditions are severe for a long-life engine and require air
cooling of the gasifier nozzie and careful attention to blade reaction levels and taper ratios to
achieve design life goals in the blading. Rotors are designed with useful life goals of two 7500~
hour overhaul periods or 15,000 hours at mission operating conditions. The approach to the
design of the turbines involved an iterative loop approach. This process began with the engine
cycle definition and terminated with completion of the detail drawings. Between these two end
points, appropriate tedhnologies were selected for aerodynamics, cooling, vibration criteria,
structural criteria, materials, combustor pa.ttern, manufacturing methods, and quality. The
resulting turbine- general arrangement and secondary flow system are shown in Flgure 48,
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Figure 48. Base line engine turbine cooling system.

The gasifier turbine rotor comprises integral disk and blades which, by impulse and reaction,
extract power from the main gas stream to drive the compressor, regenerator, and certain
accessories and provide a portion of the engine power output. The rotor is of cast Mar-M246
material and the airfoils are coated with a DDA -developed coating for oxidation resistance.
The gasifier rotor has 56 blades. It is secured to the shaft by a tie bolt which mates with the
turbine wheel forward stub shaft and is retained by a transverse pin. The gasifier rotor shaft
pilots on the outer diameter of the wheel forward stub shaft and extensions of the bolt retaining
pin engagement slots in the shaft to provide the torsional connection between wheel and shaft.
The energy absorbed by the gasifier rotor is transmitted to the compressor through the gasifier
shaft and to the engine output during power transfer through the quill shaft. The quill shaft
pilots on the rear of the gasifier disk and is retained by six bolts and nuts,
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Turbine performance objectives were selected to match a performance cycle producing 224
shaft kW (300 hp) and 274 mg/W-h (0.45 1b/hp-hr) sfc. The turbine design point performance
conditions are listed in Table XXI. The full turbine performance map is shown in Figure 49,
The approach to aerodynamic design considered the application of several technological ad-
vances to improve performance or maintain performance in the configuration. The following
are some of the more significant considerations:

@ Vane endwall contouring was used in the gasifier turkine to reduce secondary flows and
their attendant losses in the vane row.

® Controlled vortex velocity diagrams, which handle the continuity, momentum, and energy
equations in a radial equilibrium flow solution, were used.

® Flow path radii and blades solidity were selected to minimize inertia of the gasifier rotor.

TABLE XXI., BASE LINE GASIFIER TURBINE DESIGN POINT CONDITIONS

Parameter

Value

Blade Inlet Total Temperature

Vane Inlet Total Pressure

Blade Inlet Gas Flow

Blade Inlet Corrected Gas Flow
Blade Inlet Fuel/Air Ratio
Rotational Speed

Corrected Rotational Speed
Direction of Rotation as Viewed from
the Rear of the Turbine

- 1002°C (1835°F)

382.7 kN /m? abs (55.51 psia)
1.461 kg/s (3.221 1b/sec)
0.8328 kg/s (1.836 1b/sec)
0.0115

36,905 rpm

17,770 rpm

Counterclockwise

Power 309 kW (415 hp)

Work 212 kJ/kg (91.1 Btu/lb)
Corrected Work 49,1 kJ/kg (21. 1 Btu/1b)
Expansion Ratio 2. 065 (total-total)
Efficiency Goal 87.0 (total-total)

Vehicle miss:on simulation analyses were conducted to establish the sensitivity of turbine blade
stress rupture life and turbine wheel cyclic life to the various vehicle operating modes and

their distribution. These studies indicated that if a 2400-hr life can be provided in the gasifier
turbine blade at the éngi.ne power rating condition, the blade will have a 15,000-hr life capability
at the normal mission condition distribution. The 15,000-hr mission life objective is equivalent
to 1 200 000 km (750, 000 miles) (two overhaul periods). This study also indicated that the tur-
bine wheels will be exposed to a large number of major thermal cycles during this 15, 000-hour
mission life.

Turbine disk cyclic life design criteria were defined by the two cycles as described below. The

wheels must be capable of withstanding 7500 cycle A and 37, 500 cycle B alterations without
failure.
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Design point parameters

Temperature = 1002°C (1835°%)
Expansion Ratio = 2,06 (total-to-total)
Efficiency = 87% (total-to-total)
Speed = 36,905 rpm (= 100% N/V8)
36-}
80
32 4 120 10 150=%N/VE
7 10075 =
| 70 - 9?, ~— 110 3.5
-
28 > [ 3.0
< Limiting B 7 \ 2.8
~ 60 loading i A ~—2.6
_ A ) 60 2 2.4
o s
S $ 50- B &5 2.2
& 7 & 4 A/ o 2.0
- 16 T a0 d0 - /“ o 1.8 R
. € .
2 | sl A
12 2301 N TLTY T Al 1.6
5 i M e 1.5
g 20 - 75% 1.4
1.3
4 = lo 1 1 1 L) | 1 1 U 1 1 ™ |
40 50 60 70 80 9 100 110 120 130 140 150
Percent of design flow-speed parameter
Figure 49. Base line gasifier turbine performance map.
Cycle A

A. Rapid acceleration from cold start to design point
B. Stabilize metal temperatures at design point

C. Dynamic braking from design point

D. Shutdown from dynamic braking

/-VA\ 7500 Cycles

126

casiie



N

T e it

Cycle B

A. Dynamic braking from design point
B. Dynamic braking to design point

-,
.

37, 500 Cycles
@La

In a‘ddition*td blade stress-rupiure life, disk cyclic life, and gasifier nozzle cooling requiremernts, .
a number of specific mechanical parametr:.c limity were defined to ensure that the mechamcal "
; design objectwes would be achieved in accord with the aerodynamic design of the turbine. The e
. constraints addressed the following problems: : o 1

g 1 T

g - s e

® Rotor degree of reaction and blade area distribution must satisfy blade life objectives

e Blade trailing edge radius must equal or eéxceed 0.254 mm (0.010 in) to ensure adequate
cast part q_uahty level

® Blade thickness distribution near the trailing edge at the base must taper ra.dzally to
minimize fatigue concentration factor,

® Blade frequency musf avoid coincidence with vane numbers within the engine operating

i

|

. o

@& Axial spacing between vane trailing edge and blade lending edge must be eqgual to or greater i
.

speed range to avoid blade fatigue excifation,
than 10 mm (0, 40 in. ) in gagifier turbines and 6.3 mm (0. 250 in.) in power turbines to

diminish blade excitation.
® Turbine blade geometry must provide that the passage between adjacent blades can be . L
extracted along a straight line without rotation to facilitate high-volume/low-cost foundry - ;
practice.
@ Gasifier furbine nozzle vane shape must permit the incorporation of an untwisted impinge-
ment cocling tube within the vane,

The blade design for the gasifier turbine was completed and all aerodynamic and mechanical
considerations were satisfied, Designing blades for pullabilify required the development of a
AR ' new methodology,

"Pullability" refers to blade geometry which allows the passage shape between blades to be
extracted on a straight line without rotation to facilitate high-volume/low~cost foundry practice,

The engine provides dy'namié brékiﬂg for vehicié 6perafion. In the dynaxﬁic bréking .mode,. the

engine is motored up to 85% rated gasifier rotor speed in a fire-out condition. This operation
‘quickly cools-turbine votor blading and disk rim, reversing normal disk temperature gradients,
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Because of the criticality of accurate determination of disk and blade metal temperature, a
two-dimensional finite element model was developed for heat conduction analysis. Heat trans-
fer analysis methods were correlated with data obtained from a previous model gasifier wheel
during engine test. Finite element two-dimensional model analysis methods were used to es-
tablish stress distributions in the turbine disks. Temperature and stress distributions were

established for the following conditions:

® Fire-up from stabilized ambient conditions
® Stabilized conditions at design point
@ Prolonged dynamic braking from design point

Based on computer stress comparisons with available low cycle fatigue data available for Mar-
M246 material, the turbine disk designs have a satisfactory steady-state and cyclic life.

BASE LINE POWER TURBINE NOZZLE

The hot gases from the gasifier rotor are directed to the power turbine nozzle through an inter-
stage duct. This duct is a diffusing passage whose inner wall is formed by the gasifier shroud.
The inner duct material is Hastelloy X and has an estimated metal temperature 704°C (1300°F).
The power turbine nozzle assembly arrangement is shown in Figure 50.

Nozzle
casting

Seal support

Gasifier rotor
cooling air

baffle Turbine interstage

labyrinth seal

Figure 50. Base line power turbine nozzle assembly.
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The power turbine nozzle is an investment casting in Hastelloy S alloy. The nozzle is supported
at the outer band by five radially oriented headed pins that are, in turn, welded to an AISI-410 .
sheet metal support. The pins serve as a cross-key centering feature which permits the nozzle
casting to prow thermally independent of the support. The number of headed pins and airfoils
were selected jointly to permit slotting the nozzle inner band to effect a reduction of thermal
! stress level in the airfoils. The nozzle support ig piloted and attached to the engine block and
provides the piston ring seal bore feature. The nozzle inner band is flanged on the inside _
diameter and is slotted radially at five locations ¢o provide a cross-key centering feature, The
male portion of the key feature is provided by five tangs that project from a sheet metal ring Ao
; that is positioned axially to the nozzle flange by the duct inner wall and by the interstage '
) labyrinth seal supporting sheet metal. These sheet metal members are"'clamped ‘tégethei- o
around the nozzle flange by ten rivets, The static member of the turbine labyrinth seal and '
the gasifier turbine rotor rear cooling air baffle are piloted to the supporting sheet metal and
retained by six rivets, This design retains the radial centermg feature reqm.red by the labyrinth
seal and inmer duct wall but permits the nozzle casting to grow thermally without induced thermal
stress from the supported members.

The nozzle casting contains 40 airfoils cast iniegrally with the inner and outer bands. The e
4 Hasgtelloy S alloy selected for the casting does not reqmre a coating when used in an engme with
! a rated gasifier furbine rotor inlet temperature of 1002°C (1835"1"‘). ‘The POwWET turbme ‘nozzle

maximum metal temperature of 902°C (1655°F) nccurs at the 35% span and is assumed to equal
t the stage gas temperature because air cooling is not employed This temperature level (below

the 954°C (1750°F) limit for Hastelloy S matemal) satisfies the 15, 000~hour long-term oxida-

; tion and sulfidation requirement.

The power turbine rotor tip shroud is provided by a rearward extension of the nozzle outer _
; band. The shroud incorporates a é¢irctmferential rib to provide increased stiffness to maintain i
the roundness of the power turbine blade track, i

The materials Seiection. aerodynamic design, and mechanical design provide a power turbine .
nozzle assembly intended to provide 15,000 hours of life in the base line engine.

BASE LINZ POWER TURBINE ROTOR

The power turbine rotor (Figure 51) comprises an integral disk and blades which, by impulée
and reaction, extract power from the main gas stream to provide desired engme power. output
In the base line engine, the power rotor is of cast Mar-M246 material and the a1rf01ls are
coated with a Detroit Diesel Allison-developed coating for oxidation resistance. The power
rotor has 48 blades. The disk is inertia~welded directly to a steel shatft which supports the
disk mass and transmits torque to the reduction gear system and power output shaft, The disk
also provides the rotating labyrinth seal members for the front and rear disk cooling airflows,

kg Bt Vb s o e

Prgen

oy

The codli'ng airflows metered by these labyrinth seals are. approximately 0. 14% at.the front and
0. 10% at the rear. The internt of these metered flows is to prowde a supply of a1r that wﬂl pre-
vent hot flow path gases from entermg the d1ek CaVLty
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Disk.and blade
costing

Inertia Stee!
weld shoft

Figure 51. Base line power turbine rotfor.

Turbine performance objectives for the base line engine were selected to match a performance
eycle producing 224 shaft kW (300 hp) and 274 mg/W+h (0.45 1b/tp-hr) sfc, Power turbine de-
sign point performance conditions are listed in Table XXII. A full performance map for the
base line power turbine is shown in Figure 52,

TABLE XXII. BASE LINE POWER TURBINE DESIGN POINT CONDITIONS
Parameters 1 Values :
Blade Inlet Total Temperature 814°C " (1498°F)
Vane Inlet Total Pressure 184.1 kN/m2 abs (26. 71 psia)
Blade Inlet Gas Flow - 1.488 kg/s (3.280 Ib/sec)
Blade Inlet Corrected Gas Flow 1.623 kg/s (3.5%8 Ib/sec)
Blade Inlet Fuel/Air Ratio ' 0.0113
Rotational Speed 30, 705 rpm
B {90. 0%)
Corrected Rotational Speed 15,980 rpm
Direction of Rotation as Viewed from
the Rear of the Turbine Clockwise
Power 1 212 kW (285 hp}
Work 143 kI /kg {61.5 Biu/ih)
Corrected Work 38.8 kJ/kg {16.7 Btu/1b)
Expansion Ratio 1.721
(total-axigl)
BEfficiency Goal 89.7
; ~ (total-axial}
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Design point parameters %D
Dm PA

Temperat = B14°C (1498°F)

E:mor:"r:ﬁo = 1.72 (total-to-cxial) m m Qu Q B
Efficiency = 89.7 (total=to-axial)

e = 30,705 rpm (= 50% N/V8)

36 - Limiting loading
w -
160 = % N/V/.,
% 3.5
70 -
- 3.0
2.8
® 2.6
2% -
g 2.4
i 50 -
20 | -§ 2.2
= &
S & %] 2.0
3 6]
£ 3
2 30 4 1.8= %
2d & T-TX
8. 20 4 1.6
1.5
4 10 4
0- 0 T T T y -5 T T T
0 40 80 120 160 200 240 280

Percent of design flow~speed parameter

Figure 52. Base line power turbine performance map.

The approach in aerodynamic design considered the application of several technological ad-
vances to improve performance over previous development versions of the engine. The follow-
ing are some of the more significant considerations which affected the power rotor:

@ Controlled vortex velocity diagrams, which handle the continuity, momentum, and energy
equations in a radial equilibrium flow solution, were used.

@ Detailed flow analyses were used with iteration on airfoil contours to provide pressure
and suction surface velocity distributions which minimize suction diffusion and loss.

@ The power turbine requires peak efficiency at about 90% power turbine rpm when the
gasifier is at 100% so as to have a wide range of output shaft rpm over which the engine sfc
is close to optimum.
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Vehicle mission simulation analyses were conducted to establish the sensitivity of turbine blade
stress rupiure life and turbine wheel cyclic life {o the various vehicle operating modes and

their distribution. \T‘he':sé'studiesf-indicated that if 2 '1750-hr life can be provided in the power
turbine biade at ihe engiﬁé power rating condition, the blade will have a 15,000-hr life capability

-at the normal mission condition distribution. This study also indicated that the turbine wheels

will be exposed to a large number of major thermal cycles during this 15,000-hr mission life.
These cycles result both from engine fire-ups which initiate at stabilized ambient conditions
7nd from vehicle operation in the prolonged dynamic braking moede (with engine fuel shut off).
Turbine cyclic life criteria established that disks must be capable of withstanding 7500 start-
run-~stop cyeles and 37, 500 run~brake-rin cycles,

In addition to blade stress-rupture life and disk cyclic life, a number of specific mechanical
parametric limits were defined to ensure that the mechanical design objectives would be achieved
in accord with the aerodynamic design of the turbine. The constraints addressed the following .
power turbine problems: ' '

@ Rotor degree of reaction and blade area distribution must- sat1sfy blade life objectives.

@ Blade trailing edge radius miust equal or exceed 0.254 mm {0.010 in.) to ensure adequate
cast part quality level,

@ Blade thickness distribution near the trailing edge. at the base must taper radially to
minimize fatigue concentration factor,

@ Blade frequency should avoid coincideéence with vane passage number within the engine
operating speed range to avoid blade fatigne excitation.

@ Axial spacing between vane trailing edge and biade leadmg edge must be equal to or greater
than 6,35 mm (0. 250 in.) to diminish blade excitation because of vane number in power
turbines. :

® Turbine blade geoinetry must provide that the passage between adjacent blades can be
extracted along a straight line without rotation to facilitate high-volume/low-cost foundry
practice.

The power turbine blade design was completed and all aerodynamic and mechanical considera-.

-tions were satisfied.

The power turbine duty cycle requirements for the base line engine were given considerable
attention in rotor designs. Temperature and stress d1str1but10ns were estabhshed for th,e
following conditions:

@ Fire-up from stabilized ambient conditions

@ Stabilized conditions at design Poﬁit '
® Prolonged dynamie braking from design point
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Based on computed stress comparisons with available low cycle fatigue data available for
Mar-M246 material, the power turbine disk design has a satisfactory steady-state and cyclic
life.

BASE LINE TURBINE INLET PLENUM

The turbine inlet plenum is a transition piece which collects the combustor outlet gas flow and
turns and directs it to the gasifier nozzle annulus. In the base line engine, the plenum is a
metal structure mounted on the rear of the gasifier bearing support and piloted by a mating

seal flange on the containment ring support (Figure 53). The combustor can is piloted in the

ID of the plenum entrance opening, and the plenum exit annulus is spaced away from the gasifier
nozzle annulus te allow for the introduction of boundary (muff) cooling flow. The net free body
loads on the plenum induced by static pressure distribution are shown in Figure 54.

The shape of the plenum is designed to provide a gradually diminishing flow area from top to
bottom as the gas flow is distributed to the nozzle annulus and is known as a ''constant velocity"
design. Because of requirements for strength and oxidation resistance, Hastelloy X has been
selected as the plenum material.

The performance objective of the plenum is to distribute the combustor outlet gas flow uniformly

to the gasifier nozzle annulus with a minimal total pressure loss (AP/P). Based on testing in
the burner rig, the performance objective has been satisfactorily met. The plenum durability

Combustor Containment ring support

Turbine inlet ‘\\

plenum \
Gasifier bearing A

support k . ;‘ - :

Gasifier nozzle

*Tr'u‘_:\-——l S ORIGINAL pAGE 1B

Figure 53. Base line turbine inlet plenum arrangement.
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Figure 55. Effect of turbine inlet temperature on plenum metal temperature—base line engine.
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Figure 56. Base line combustor arrangement.
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BASE LINE EXHAUST DIFFUSER

The turbine exhaust diffuser is a device designed to obtain low-loss diffusion from the power
turbine exit to the regenerator disk inboard faces. ¥or the base line engine, the configuration
chosen consists of two assemblies which combine to form a curved annular flow path (Figure
57). The inner diffuser assembly consists of an inner wall, insulation blankets, and an insula-
tion retainer. Struts and flow splitters are also mounted on the inner wall. The outer diffuser
assembly is a simple sheet metal shell which is mounted on the engine bulkhead via a keying
arrangement to accommodate thermal growth.

The performance objective of the exhaust diffuser is to recover as much as possible of the
dynamic head leaving the power turbine while distributing the gas uniformly to the regenerator
disks. Within these constraints, the current exhaust diffuser design has achieved adequate
distribution with a total pressure loss of 2.62% at the design point operating conditions.

With respect to durability, the goal is an equivalent of 15, 000 hours of engine operation. Based
on the results of limited durability testing, the life of the exhaust diffuser appears to be accept-
able.

Exhaust diffuser
G )< o7

= ORIGINAT) PAGE 1§
[~ OF POOR QUALITY

Figure 57. Base line exhaust diffuser arrangement.

136




F PEANRNTEL ey S SRTwes W%

DE POOR QUALI

APPENDIX B. ENGINE AND VEHICLE PERFORMANCE
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Figure 58. Base line engine performance.
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Figure 59. 1002°C (1835°F) study engine performance.
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Design point parameters

Temperature = 1204°C (2200°F)

Expansion ratio = 1.929 (total-to-total)
Efficiency = 86.1% (total-to-total)
Speed = 43,000 rpm (= 100% NAB)
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Figure 64. Advanced technology gasifier turbine performance map.
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Figure 65. Advanced technolegy power turbine performance map.

141

R T TN IR —— "8 x



(- Ges condition station numbers [[]1- Secordary flow station numbers

All temperature (T) and pressures (P) are totals except T} is static ¢
To = TAMB, Po = PAMB

Secondary flow percentages are referenced to upstream station locations (opprox)

ol o

Figure 66. Performance station locations.
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TABLE XXIII.

BASE LINE ENGINE FERFORMANCE

100% Power

POWER 300 HP
SFC 0.450 LB/HP/HR

FUEL FLOW 135 LB/HR

50% Power (APPROX)

POWER 138 HP
SFC 0.500 LB/HP/HR

FUEL FLOW 69 LB/HR

Approx. ldle

POWER 3.3 HP
SFC 4.120 LB/HP/HR

FUEL FLOW 13.6 LB/HR

STA NO.

- -
NADCWE NI VS WN-

STA NO.

- s
NG DO NS N -

STAR NO.

-k
Nk DO NO VDU NS

°R

TEMPERATURE
0.54467DF 03
G.E63102E 03
0.162628E 04
0.229500E 04
0.197620€ 04
0.195755¢ 04
0.195765E 04
C.173792E 04
0.172386F 04
C.104937E D&
0.0
C.104575F 04

TEMPERATURE
0.544670% 03
C.750767¢ 03
0.176823¢ 04
C.228449E 04
C.202567€ (4
C.200839¢ 04
0.2CU839F 04
0.188457¢ 04
0.186697F C4
0.964545E 03
c.C
0.963220¢ 03

TEMPERATURE
0.544670¢ 03
0.619234F 03
0.132227¢ 04
G.151629F 04
0.1642913F 04
C.141519€ D&
0.141519€ 04
C.140585F U4
C.139323F 04
0.756425F 03
c.0

0.756185F 03

iSIA

PRESSURE
0.14216CE 02
J2.56B599€ 02
0.567589€ 02
0.555102€e 02
0.268R19E 02
0.268819tf 02
0.266962E 02
0.15508CE (2
0.150801€e 02
0.146173€ C2
0.0
0.144322€ 02

PRESSURE
0.142160F 02
0.369173¢ 02
0.36R234E 02
0.359742€ 02
0.202164E (2
0.202164% 02
C.201147¢ 02
0.149879E 02
C.147966F 02
0.145004F 02
c.0
0.144317€ 02

FRESSURE
0.142160F 02
C.200391E 02
0.199769€ 02
J.196383€ 02
0.150197€ (2
0.150197€ 02
C.149924E C2
0.145907€ C2
J.145492EF 02
J.144474F D2
0.0
J.144320CE C2

LB/SEC

CORR. FLOW
0.365488E (1
0.103051e 01
0.139C02e M
0.183585E 01
0.34372%9 0
C.348278F 01
0.357995€ 01
C.569008E 01
0.6G3262¢ 01
0.4926568 01
0.0
0.0

CORR. FLOW
C.232822¢ 01
0.942981F 00D
C.142316F C1
0.179530¢ 01
0.294397¢ 01
0.298226¢ (1
G.205938F C1
0.389747E (1
C.4C6776F 1
0.302710¢ D1
c.0
c.0

CORR. FLOW
0.125231F 0%
0.84REPSE 0
0.122019e 01
0.141982F C1
0.177824€ (01
0.1#0221€ 01
G.1E2746F 01
G.184921F 11
G.191153¢€ G1
0.143925¢ 01
0.0
.0

LB/SEC

MASS FLOW
0.345015€ 01
0.309083€ 01
0.303188F 01
0.322118¢ 01
0.322118¢ 01
0.328018¢ 01
0.328030F 01
0.32803CF 01
0.339552¢ 01
0.344509€ 1
0.344509€ 01
C.34450%E 1

MASS FLOW
0.219781E 01
0.196891¢ 01
0.193136€ 01
0.204729E 01
0.204729E 01
0.208487F 01
0.208531€ 01
0.208531¢ 01
0.215871E M
0.219029¢ 1
0.21902%¢ M
0.219029F 01

MASS FLOW
C.11E216F M
C.105904E M1
G.103884E 1
0.109489¢ (1
0.109489E (1
£.111510E 1
0.111519fF C1
0.111519¢ 01
0.115466E C1
0.117165 ™M
0.11716SE 01
0.117165€e (1

PRESSURE RATI10S
0.399971€ 01
0.177658€E-02
N.220001€-01
0.206496E 01
0.1CCOORE 01
0.690973¢-02
0.172144E 01
0.275920€~C1
0.306912e-01
0.0
0.0
0.128288E-01

PRESSURE RATIOS
0.2596E8E (L1
0.254279€-02
0.230618E-D1
C.177945E 01
0.1C0000F 01
0.5029B86E-02
0.134206E 01
0.127657€~01
c.20C0142e-01
0.0
0.0
0.476170F-02

PRESSURE RATIOS
0.140962E 01
G.310445€E~02
0.1€9531€~-01
0.130750F 01
0.100000€ 01
0.181538€e~-02
N.102753e 01
D.2845B8BE=-02
0.6%9639€E-02
0.0
0.0
0.1067168-02

EFFICIENCY
0.823972F 00
0.0
0.976000€ 0O
C.B69996E 00

97054 N0

n
0
2
i)
HBES42E 00
0
0
0

[=E-E=R~ N L= NN

EFFICIENCY
0.%25032¢ 00
0.C
N.976000F 0O
C.862243E 00
c.0
n.c
0.°87509€ OC
0.0
«913509€ 00

~aom
[ le =1+

FFFICIENCY
0.752C050€ 0D
n.o
0.97600CE 00
C.ES7538E OC
0.0
0.C
G.93532¢E 00
2.0
.910341F 00
0.0
c.0
o0

ioaes el i
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TABLE XXIV, 1002°C (1835°F) STUDY ENGINE PERFORMANCE
BASELINE ENGINE WITH CERAMIC REGENERATORS
IFI
;. °R PSIA LB/SEC LB/SEC
‘.
STA ™, T=MPERATIRE PRESSIRE CORR. FLNW MaS5 FLO PRE £
1 T RL&G6TIE A2 $142157%E 0> CJAKRSINIE D] r:.n.:s.v% Yoy R f"‘“%v’éé'.l?s a"SS:’.‘éé‘EECSo
100% Pov-er 2 ALBA12235 N3 NL5AO1CAE (2 AL107A0aE A1 CLA0ROTIQNE A :..'»6%5";-07 290
100% Fover 2 0,1644925 04 9,567%007 62  0.13971AF A1 023030185 A1 02233265501  0.9760005 00
4 O’ 09¢ qa g JB64a57C o: 0.182462E 01  0.221949% 01  0.205792F 01 0,870022% 00
00 HP 2.197787€ 06 3 #269K95E 03 1,342637C 91 0.321849€ 01  0,100090F 01 0.0
POWER 3 b H.19F988E A4 §.2A0KGEE 7> AJ34T0ERE N1 N.33TT45E 31 0.685728E-32 0.0
7 0,19538RE N4 A,3473455 02 [,3R64616E 01  0,327768E 01  0,1704A5E 61  H,.3965T77F 00
SFC 0.450 LB/HP-HR 5 01173404t 04 '%23&%&‘5 02 0.361939€ 61 0.3a7768¢ 01 Oo2a%0aie-0l  0%0
. «172904F 3 2307 5 -
H‘ j.!\,‘?ﬁvgc t4 11.51:.1: 0o DA TLETE g} 2 1&42;;: 2} g,g"”‘“s ot 8:8“"675E o
4 220 : 244237~ . 5
E_ FUEL FLOW 135 LB/HR 12 N.1021324F r4 -.h’-u‘n: 32 DN L344537% F1 :.?'msvs-c-x 3.3
:
} STA 'O, Twnnnuas PRESSURE ORR. FLOW F
« 1 RIS r.lanTare 02 0T293ia7E 31 0a31a1alE 01 | B.360077¢ 810 0.n2eG12E B0
2 n 7r.mae= m 003467752 02 A.920149E 09  0.196354E N1 0.356168E=02 .0
| 50% Power (APPROX) 3 0.171032€ 04 0,368408E 02  0,143894Z 01  0,192609¢ 01 Ge+2357656=01  0.976000€ 00
i T e——— 4 2 C,359727F €2  (,179349E 01  0,2040485 01  D0.177448E 01 0.8621R1E 00
! & ) 022027208 03 2.293366€ 01  0.704048E 91  D.1000005 01 0.0
POWER 140 HP & : 3.202733E 02 3,207177E 31  H,2077965 01  2.4994212-02 0,0
7 ADCI7IRE 03 A,30468545 01 0,707944F 01 0.132763F 01 0.88T101E 00
| 3 g.}:gzgzg gg g.zgz;zzg g% 8.;0131.:2 01  0.128364E-01 0.0
\ o AR 12 fi144020F 03  0.208712% 01  Dao18312E O Qb | T OF  Qigtstas 00
: %_1, Bel .. .. 30 J3.218312€E 01 2.0 2.0
i FUEL FLOW 66 LB/HR & «144213F 07 £.0 0.718317FE O1 0.454225-02 0.0
STA MO, TEMPERATUIRE PRESSURE CORR, FLOW MASS FLDW  ORESSURE RATIDS  EFFICIENCY
1 N .5446T0F 0.142160F 02  0,124701F 01  0,117716E 01  0.141275E 01  0.755T44E 00
1l 2 A.619378E A3 A.200327F 02  D.943254F 20 0,1054565 21  2.453883F-02 0.0
_ Approx. ldle 2 0.1369285 D& :\.}fwozsﬂ 02 0,123551F 31  0,103445E 61  0,173810E-31 0.976000E 20
i . A.1537R3E N4 0,19645°C 03  0,1417925 01  C©,10R067E 21  0,130595¢ 01 0.857317E 00
I POWER 5 0.1440165 04 0,150428€ 02 0,177287¢ A1 N,1089567F 01  0.100000E 01 0.0
E 3.3 HP & 0.147602€ D4  0.15042HE 02  0,179774E 01  0.110980E 01  0.180686E-02 0.0
7 2.142602E 04  21.159156E 22  0.182304F 01 0.1{00"!? 01 0.102660F 01 0.935212E 00
i 2 3.141693E 94 A,146265E 37  0,184317F 21 0,.110091F 01  0.282598E-02 9.0
i SFC 3.641 LB/HP-H Q P.1604B4E A4 £ 145867E 0P  A,190871E 01  0,114922E 91  0,950789F-32  2,957074E 00
_g{ ;? g.gzyaqac 03 2.%&&%59 n2 2.‘1)4'\024'? ol | S.ug&n; M 2.0 0.0
2 . . - 613 0O 0.0 <N
FUEL FLOW 12.0 13 Te722468F 03 3.144319% 02 3.0 21188132 21 3:%00ecse-0z  8:3
|
kmj_AA“__ Ui et e S e U et i i i R e o e s i s R e e D ik s b il i
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1132°C (2070°F) STUDY ENGINE PERFORMANCE

TABLE XXVI.
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f TABLE XXVII, 1204°C (2200°F) STUDY ENGINE PERFORMANCE
f
i |
k|
i |
| R PSIA LB/SEC LB/SEC
; STA NO. TEMPERATURE PRESSURE CORR. FLOW MASS FLOW  PRESSURE RATIOS  EFFICIENCY
{ , e D 54AB7SERNYT TIN5 2VE T2 G.26ROTTERO]  D.253697E+0T J.GOUNIISECDY  0.829005€E+00
| 100% Power 2 3.8512126¢93  3.57)391E402  2.750111€423  J,225319F+01  D.193281E-02  C.0
1 T—— 3 U.174072F 406 3.5532612432  5.1135756¢31  1.221305F#01  1.220010€=01  0.978300E+D)
| POWER 300 HP b D.e5%0UJEXDY T.5554435E¥02 AL TR2090E+ 0T T D.2%2925E+07 J.190278E+01 D.E7D299E40)
; 5 0.23%675E40%  ).2924378¢22  0.24R651F 31  1.232926F+01  3,100003e+d1 0.0
| 5 3.229359c 006 J.292637E+22  0.25429%k+31  1.240839€401  J.) B0
: SFC 0.357 LB/HP-HR ————— 5735,350rv 04 3.222457E492  1.260277F+21  1.267625£401  1,1%35156¢31  0.597997€+2)
| 2 D.2103565E+34  D.156804F+02  7.450390F¢01  0.2606250401  0.245938E-31 0.0
’ FUEL FLOW 107 LB/HR ) 1.1335975¢06 1.15)5136402  U,476500E¢01  D.269557E4N1  1,2812264E-01  0.952418E+D)
T 0.103553F#0% X, 1652B3E+32 3. 357342E+01 3.2533%2E+ 01 ) 6.0
11 00 3. 952 1.2533926401 1.0 0.2
| 12 .D.9032756406. D.146329E#02 0.5 0 0.233392F401  0,135156€-01  C.C
i 'STA KO, TEMPERATURE PRE3SURE CORR. TLOW  MASS FLOW  PRESSURE IATIOS  EFFICIENCY
S 0 DOSUGRPICNSS T ILTATSIVENT2NATOPISI¢TT DL TS1ATRE40T  0.259529E401  0.E30D39E4D)

50% Power (APPROX) 2 D.7595310033  D.37)111E422 . 1.5¢€573240)  D.143858E4D1  1,29257%E-32 6.0 -

i e g 3 S.2113155474 10363375202 0,1133227401  J.1409B26#01  3,231353E-01  0.976I00E#D)
| POWER 137 HP TR T UTL2RENYR D, T TEL3ESIFEVTY UL IAUATTE 401 T 0. TCIIFZEN01 T TLVAIRINESDT  0.086041E6+40)
: 5 3.2396235406  3.2143765432  0.2175135¢01  D.147782F4C1  D.1000006¢01 0.0

5 1.23655%50 36 2.216334E632  3,222554E01  1.152875E401 3, 0.0

! o 0.393 LB/HP-HR —— 7 — Ge@3WESATA T IONASAENT  1.7277647740)  3.132792E401  1.143577E431  0.R33105E40)
g HE e 0.217705540%  J,1649525E+02  0,20793%e+d1  D.1529P2€401  J.113239e-31 0.0
i | FUEL FLOW 54 LB/HR e 3.21555560 6 3.1479236422  1,3213776#31  D.1585726401  3.1873436-01  0,.972272€+2)
i i ToISIIITERIS TTLVASTSIENI2 0. 2207B5ER DY TOJISAONISEREY T .0 0.9
e 1" 3.3 3.3 3.3 3.1561015E401 1.0 0.2
R 12 D.9587706473  1.16%3298432 1.0 3.181015F4C1  0.499821€-02 0.0

{ STA ND4 TEMPERATJRE PRESSIRE CORR. FLOW MA3S FLOW  PRESSURE ATIOS  FFFICIENCY
- Py TLSLGEPIEFTE  TILTR292TEN02  0.Y13223040)  DLPAL2S4E4CY  J.TANISTEIN 0.751590£403
E | b1 2 3.51E9746405  1.231514Ee02  C.512E83E#03  D.759286E+0)  0,359529E-22 0.0
b | Appeox. Idle 3 3.163%32649%  0.2307576452  J.2P053JE0D  .753705E40)  3.173)28E-31  0.97EI03€¢D)
z;‘ T DUTEIISIERIY T NLISYIAIC T2 OUAITIINSIC4IN 307363936400 Y. 9ZED60EI1  [.983333E¢3)
& | 5 0.1764276406  3,156523E402  D.1353986471  3.786303F40)  2.1000006+31 0.0

POWER 8.0 HP < So171017800%  3.1565285902  1.133568Fe3) D B12663Ee0) 1.0 0.0

! =) SoAZVII7EYAL T 001555235402 U 160700001 D.E12256E40%  2,107311€431  0,599503€4D)

! SFC 1.218 LB/HP-HR ¢ J.155294F 406 3.1645757E¢32 3, 147414E#31  D,P12255F400  D,2596116-02 0.0

9 Do1S6655E006  D.1656°1F402  L.1525SEEDT D 042553F40)  ).S675356-32  0.974622F¢0D

¢ FUEL FLOW  10.3 LB/HR 3 fn Je LePEE537ERTT TR S YOR 02 0 UL DR ESTY J.555747E410 J.J 0.0

i 1 3 3.3 1.555767F400 3.2 0.0

g 12 (D,748301E¢03 ),144350Ee02 3.0 1.P55767F400  D.1107226-02 0.0
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Figure 67. Line haul truck fuel consumption Figure 68. Line haul truck fuel consumption
with base line engine. with 1002°C (1835°F) study engine.
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Figure 69. Line haul truck fuel consumption Figure 70. Line haul truck fuel censumption
with 1038°C (1900°F) study engine. with 1132°C (2070°F) study engine.
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Figure 71. Line haul truck fuel consumption

with 1204°C (2200°F) study engine.
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Figure 73. Intercity bus fuel consumption

with base line engine.
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Figure 72. Line haul truck fuel consumption

with 1371°C (2500°F) study engine.
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Figure 74. Intercity bus fuel consumption

with 1002°C (1835°F) study engine.
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A\ Chicago to Boston route simulation

O Los Angeles to Salt Loke route simulation
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Figure 75. Intercity bus fuel consumption Figure 76. Intercity bus fuel consumption
with 1038°C (1900°F) study engine. with 1132°C (2070°F) study engine.
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Figure 77. Intercity bus fuel consumption Figure 78. Intercity bus fuel consumption
with 1204°C (2200°F) study engine. with 1371°C (2500°F) study engine.
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