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SMALL ENGINE
COMPONENT TECHNOLOGY
(SECT) PROGRAM
FINAL REPORT

SUMMARY

Small Engine Component Technology (SECT) studies are the
first step in a new NASA initiative to improve the domestic tech-
nology base for year-2000 small gas turbine engines in the 186 to
746 kW (250 to 1000 shp) or equivalent thrust range. The studies
address four engine applications, including rotorcraft, commuter
(turboprop), cruise missile (turbojet), and auxiliary power unit
(APU). The objectives of the studies are to identify high payoff
technologies for year-2000 engines and to provide companion tech-
nology plans for guiding future government research and technol-

ogy efforts.

GTEC has conducted this SECT study for all four engine
applications of interest. The study approach, methodology, and
results are documented in this final report. The study approach

is outlined as follows:

o Year-2000 aircraft and missions as well as performance
and configuration data for current-technology engines
were defined. Based on this, reference cost and cruise
missile range data were estimated. Trade factors were
computed to assess benefits of technology changes to

the engines.

o Technology projections to year 2000 were made. Based
on these projections, cycle studies were made to define

and,conceptualize year-2000 engines.
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The year-2000 engines were evaluated for the aircraft
and missions defined for this study.

o Engine performance and aircraft cost/missile.range data
were compared for the year 2000 versus current technol-
ogy engines. High payoff technologies were identified
and benefits were quantified. Based on this, technol-
ogy plans were defined for each of the four engines of

this study.

The results of this study show that an aggressive small
engine component technology program of high-payoff technologies
can produce significant benefits for year-2000 engines. These
benefits, as expressed in reductions in fuel burn and aircraft
direct operating costs (DOC), are summarized in Table I for the

rotorcraft, commuter, and APU engines.

TABLE I. PROJECTED DOC REDUCTIONS FOR ROTORCRAFT, COMMUTER,
AND APU ENGINES

DOC _Reduction
Reduction
In Low Fuel High Fuel
) i Fuel Burn Price* Price**
Application Cycle (Percent) {Percent) (Percent)
Rotorcraft Simple 21.9 7.0 8.7
Recuperated 41.6 7.4 11.4
Commuter Recuperated 35.0 5.7 11.1
APU Simple 43.2 36.7 38.3
Regenerated 70.8 39.0 47.0
*Low fuel price assumed for this study was $0.264/liter ($1l/gal)
**High fuel price assumed for this study was $0.528/liter ($2/gal)
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Study results further show that dramatic mission benefits
can be realized for the reduced volume engines as projected for
year-2000 cruise missiles. These benefits are summarized in
terms of missile range and cost/range (Table II) for three mis-
sile engine combinations that were defined for this study, and
for the separate effects of slurry fuels.

TABLE II. PROJECTED MISSION BENEFITS FOR YEAR-2000
CRUISE MISSILE ENGINES

ACost/
AEngine Kilometer
Volume ARange (nm)
Missile/Engine (Percent) (Percent) (Percent)

Current Missile (Rocket - -56 +126
Powered)

Current Missile (Near-Term Reference Reference Reference
Turbojet, 1989 373 cm3 126 km $3970/km
Technology) (6111 in3) (68 nm) ($7353/nm)

Advanced Missile (Year=-2000 -41 +32 -27
Turbojet)

Advanced Missile (Year-2000 -41 +84 -

Turbojet plus Slurry Fuels)

The high payoff technologies were identified and are cate-
gorized in Table III for the four engine applications of this
study. Discrete technology programs were defined for high payoff
technologies in these categories. Overall technology plans were
defined for each engine application as recommended guidelines for
future research and technology efforts to establish technology
readiness by the year 2000.
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TABLE III. HIGH-PAYOFF TECHNOLOGIES i

Application* K
Ceramics R, C, A -
Carbon-Carbon (coated) M i
Heat Recovery Devices .
Recuperators R, C .
Regenerators A ﬁ
Turbine Metallics R, C ‘
wcold” Materials (for cold parts) R, C, M, A L
Turbine Performance
axial R, C, M U
Radial A
Combustor Technologies i
Reverse-flow R, C, A :
Through-flow M
Compressor Performance i
Centrifugal R, C, A
Axial M B
System Technologies
Seals and Lubricants R, C, A U
Advanced Thrust Nozzles M
Advanced (High Temperature) Accessories M
Ceramic Bearings M -
Foil Journal Bearing A -
*R = Rotorcraft, C = Commuter, M = Cruise Missile, A = APU .
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SMALL ENGINE
COMPONENT TECHNOLOGY
.-i (SECT) PROGRAM

FINAL REPORT

1.0 INTRODUCTION

)

NASA has identified the need for a small engine component
technology initiative, based on a widely known performance dis-
parity between large and small gas turbine engines. Small gas
turbine engine performance in the 186 to 746 kW (250 to 1000 shp)
size range is significantly lower than that of large engines.

B2
Y

This is primarily because the component efficiencies of small
engines are lower than those of large engines; analytical design
and manufacturing techniques of large engines are not directly
transferable to small engines,

o 4=y e N
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Foreign competition in the small engine market is growing

CaN ik adia &

and the U.S. percentage share of this market has been steadily
decreasing. NASA Lewis Research Center and U.S. Army Aviation

Research and Activity Center - Propulsion Directorate have
addressed this problem with the initiation of the Small Engine
Component Technology (SECT) Studies. The scope of this program
has been defined to include small gas turbine engines for rotor-
craft, commuter aircraft, tactical cruise missiles, and auxiliary
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power units (APU).

The purpose of this effort is to provide technology plans

A Chn b/

for guiding future research and technology efforts. The program
addresses the technology requirements as envisioned for small
turbine engines of 186 to 746 kW (250 to 1000 shp) suitable for 1
use in commercial or military rotorcraft, commuter aircraft, tac- '

tical cruise missiles, and auxiliary power units (APU). Parallel
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payoff technologies for year-2000 eungines and to establish tech-
nology plans for guiding future NASA-sponsored research and tech-
nology efforts to establish technology readiness by year 2000.
The studies documented in this report are in the following sec-
tions:

2.0 Rotorcraft Engines

3.0 Commuter Turboshaft Engines

4.0 Cruise Missile Turbojet Engines
5.0 Auxiliary Power Units

The SECT study consists of four major tasks, which are des-
cribed in the following paragraphs:

Task I - Selection of Evaluation Procedures and Assumptions

Year-2000 aircraft and missions were defined, along with
current technology engines (reference engines), for baseline
data. Environmental constraints were projected to assess the
potential impact on year-2000 engines, and economic models were
defined to facilitate evaluation of aircraft operating costs.
Trade factors were computed for primary engine features to allow
for quantifying beneficial engine changes that might result from
technology advancements to the year 2000. These studies are
reported in paragraphs 2.1, 3.1, 4.1, and 5.1 for the respective
engines.

Task II - Engine Confiquration and Cycle Evaluation

Technology projections and engine cycle and configuration
studies were made to conceptualize year-2000 engine performance
levels, weights, envelopes, and costs. Results were compared to
the reference, engines, and trade factors were applied to gquantify
potential gains. Promising engine candidates were selected for

S
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further evaluation. These studies are reported in paragraphs
2.2, 3.2, 4.2, and 5.2 for the respective engines.

Task III - System Performance Evaluation

Operating costs of aircraft with selected year-2000 engines
were computed and compared to data for the reference engines.
These studies are reported in paragraphs 2.3, 3.3, 4.3, and 5.3
for the respective engines.

Task IV - Small Engine Component Technology Plan

Technology advances as projected for year-2000 engines were
isolated, and benefits for each were quantified in terms of air-
craft/missile operating costs. High-payoff technologies were
identified and technology plans were defined for each of the four
engine applications of this study. These studies are reported in
paragraphs 2.4, 3.4, 4.4, and 5.4 for the respective engines.
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] 2.0 ROTORCRAFT ENGINES

ology, and results as established for the rotorcraft engines as
envisioned for the year 2000. The section is organized into four

4 This section presents Garrett's SECT study approach, method-
l major tasks as conducted an¢ described in paragraph 1.2 of this

report.

2.1 Task I - Selection of Evaluation Procedures and Assumptions

The following paragraphs present the study results for the
reference rotorcraft, mission, engine, projected environmental

constraints, economic model, and the trade factors.

2.1.1 Reference Rotorcraft

A reference rotorcraft was configured and sized for *his
study using NASA computer program HESCOMP. (Reference 1)

The configured aircraft, which is a derivative of the
Sikorsky S76 Mark II rotorcraft, represents a year-2000 reference
aircraft. Major technology projections, including weight reduc-

improvements in the main rotor, and improved aerodynamics, were
applied to the §76. Additionally, the reference engines as
dofined for this study in paragraph 2.1.3 were incorporated into

Lk the reference rotorcraft.
v
E; The technology factors applied to the weight predictions

represent the component weight savings as shown in Table 1.

The combination of fixed engine power and rotorcraft system
takeoff performance requirements act to determine the rotorcraft
takeoff gross weight. The critical sizing condition is as shown

in Table 2.
PRECEDING PAGE BLANK NOT FILMED

/. I tions in the airframe and associated subsystems, figure-of-merit
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The combination of fixed engine power and rotorcraft system
takeoff performance requirements act to determine the rotorcraft
takeoff gross weight. The critical sizing condition is as shown

in Table 2.

TABLE 1. ROTORCRAFT COMPONENT WEIGHT SAVINGS

Weight Savings
Component (percent)
Main rotor blades 1
Main rotor hub 30
Main rotor drive system 11
Horizontal tail 40
Tail rotor blades 20
Fuselage 2
Landing gear 13
Main rotor controls 8
Rotor systems controls 70
Cockpit controls 60
SECT
S76 Rotorcraft !
Figure-of-merit, main rotor 0.75 0.78
NOTE: Figure-of-merit = induced
i power/total power !
Gross weight/effective flat 4101 kg/m?2 3750 kg/m?
plate area (840 1b/ft2) (768 1lb/£t2)
TABLE 2. CRITICAL SIZING CONDITION.
Pressure altitude 1219 m (4000 ft)
Outside air temperature 35C (95F)
Intermediate rated power (IRP) 95 percent
Rate of climb 152 m/min (500 f£t/min)
Thrust-to-weight ratio 1.03

The characteristics of the resultant sized vehicle that meet

this takeoff criteria and the reference mission are shown in

10
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SIKORSKY $76 MARK Il ROTOHCRAF{
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ORIGINAL PAGE IS
OE POOR QUALITY

TECHNOLOGY ADVANCEMENTS
e WEIGHT REDUCTIONS IN AIRFRAME
AND SUBSYSTEMS (~ 18 PERCENT)

e REDUCED DRAG

1985 SECT REFERENCE ENGINES
INSTALLED WEIGHT = 336.6 KG (742 LB)
(BOTH ENGINES)

o TWIN ENGINE 746 KW (1000 SHP EA(% TECHNOLOGY

o WEIGHTS (INCLUDING PILOT
WEIGHT OF 95.3 KG (210 LB)
EMPTY — 1985 KG (4375 LB)
FUEL — 591 KG (1303 LB)
PAYLOAD — 1667 KG (3676 LB]
TOGW — 4338 KG (9564 LB}

65-281-53

Figure 1.

ADVANCEMENTS
(RESIZED)
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YEAR-2000 SECT ROTORCRAFT

SECT Reference Rotorcraft.
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TABLE 3. SECT REFERENCE ROTORCRAFT DATA
HESCOMP Summary
Rotors Main Rotor Tail Rotor

Diameter, m (ft)
No. of Blades
Solidity
Ct/Sigma
Disk Loading,
(1b/£t2)
Tip Speed, m/s (ft/sec)
Drive System Rating, kW (shp)
Weight, kg (1b)

kg/m2

12.93 (42.41)
4

0.075
0.080

33.05 (6.77)
213.4 (700)
1342.8 (1800)
244.72 (540)

2.44 (8.00)
4

0.172
0.070

56.05 (11.28)
213.4 (700)
149.2 (200)
53.63 (118)

Propulsion (Primary Uninstalled]

Number of Engines
Power Per Engine, kW (shp)
Weight Per Engine, kg (1b)

2
746 (1000)
137 (303)

Dimensions

Area, m2 (£t2)
Aspect Ratio
Taper Ratio
Span, m (ft)

Fuselage Length, m (ft)

Vertical Tail

1.93 (20.8)
2.04
0.48

1.98 (6.5)

12.98 (42.6)

Horizontal Tail

2.00 (21.5)
4.35
0.50

2.96 (9.7)

Overall Length, m (£ft) 16.31 (53)

Fuselage Width, m (ft) 2.13 (7)

Weights, kg (1b)

Propulsion 905.6 (1997) Payload 1667.4 (3676)
Empty 1984.1 (4374) Structure 618.6 (1364)
Fuel 591.4 (1303) Gross 4337.9 (9564)
Aercdynamics

Flat Plate Area, m2 (£t?)
Mean Skin Frlctlon, Coeff1c1ent
Wetted Area, m< (ft )

1.15 (12.3)
0.1683
68.1 (733)

12

¢ o————
——

———
[

y——
——



~

s eI b o A e R T R ATt loe. 4 St iaasrie
* . L . ¢ t

N

2.1.2 Reference Migsion For Rotorcraft

Both military and civil helicopter missions were considered
for the SECT rotorcraft application. A survey of the civil and
military markets included the three following typical mission

types:

Heavy lift missions are typified by moving heavy loads

short distances. The engine can be expected to go from
idle to full power and back in less than a minute.
This mission has a large'numbet of transient cycles and
is the most demanding on the mechanical design of the
engine because the severe transients in speed and tem-
perature have an adverse effect on engine life.

Inspection/surveillance/scout missions are character-

ized by long periods of operation at low flight speeds,
the speed being established by the observer's ability
to visually inspect objects from the airc. As illus-
trated in Figure 2, the power required for level flight
of a generic rotorcraft during such missions is sub-
stantially less than the power available. The engine
can be expected to be operating well below full-power
rating during most of this type of mission. This
emphasizes the importance of engine part-power fuel

economy for rotorcraft engines.

Ferry missions are characterized by long periods spent

at a cruise setting. This mission is similar to the
inspection/surveillance/scout mission except that the
power level is somewhat higher. Low specific fuel con-
sumption at these higher power levels is of major
importance for the ferry mission.

13
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Figure 2. Operating Profile of Typical Rotorcraft.
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On the basis of recommendations by helicopter manufacturers,
NASA-Ames, and Garrett project personnel, a mission was defined
that is representative of some military and civil ferry applica-
tions, including TV coverage. The selected reference mission
consists of five cruise legs separated by periods of hover at
each destination point. The mission, along with mission data, is

depicted in Figure 3.

2.1.3 Reference Engine For Rotorcraft

Engines under development at GTEC were surveyed and evalu-
ated to establish the reference engine for the rotorcraft appli-
cation. The performance and operating parameters of these
engines were adjusted to define the reference engine and to rep-
resent 1985 engine-demonstrated levels of component technology.

Confiquration - The reference engine is shown schematically in

Figure 4. The engine is a two-spool design that uses a two-stage
centrifugal compressor driven by a two-stage axial turbine. A
reverse-flow annular combustor placed around a high-pressure (HP)
turbine results in a compact HP spool. The low-~pressure (LP)
spool consists of a two-stage axial power turbine with a front
drive arrangement. The engine also has an inlet particle separa-

tor (IPS) with a mechanical blower system.

Materials - The materials used in the reference aircraft engine
are based on present Garrett technology as reflected in 1985
engine-demonstrated components. The materials for the major com-
ponents, as selected for the reference engine, are as listed in

Table 4.
performance - The reference engine performance is based on exist-

ing engine components as adjusteg to represent 1985 engine-demon-
strated levels. These components have been scaled as necessary

15
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{43% POWER)

344
figg o 20 MIN. HOVER
o) AT SEA LEVEL
[4S% POWER) (TYPICAL. 0.C.0)

344 gy
flag My
129%

Powey,
(48% POWER)
CAUISE AT
VBEST AANGE
344 kM
NOGE® AT T/W + 103 {186 AW
Np'e + 98 Vpgc * 00 {39% POWER)
820 KM ALT = BEA LEVEL
8.7 NM} [TYPIGAL — ALL
{37% POWER| FIVE LEGS}
CRUISE AT

Vaest aanse

o [48% POWER)

CAUISE AT
VBEST MANGE
[41% POWER}*

“HOVER OUT OF GROUND EFFECT
**PEACENTAGE OF SLS T/0 RATING 7486 KW {1000 SHP|

MISSION LENGTH: 241 KM (130.4 NM)
MISSION TIMES:
HOVER — 1 HOUR, 20 MINUTES
CRUISE — 59 MINUTES
BLOCK — 2 HOURS. 19 MINUTES

65-281-51

Figure 3. SECT Rotorcraft Mission.
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SEPARATOR (IPS] COMBUSTOR POWER TURBINE

1

!

4

P
TWO-STAGE TWO-STAGE AXIAL i

CENTRIFUGAL HP TURBINE i

HP COMPRESSOR TRIT (IRP) = 1149C (2100F) i

PR = 135 ;
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Figure 4.

a

Rotorcraft Reference Engine Configquration.

17




18

CIRERATIN S S T S
RS \‘\.,‘._4 .}\\,\_\ \:\' o
Nl - :

R
\>w N,

TABLE 4. MATERIALS FOR

VI 1 SIS

ROTORCRAFT REFERENCE ENGINE

Accessory Gearbox Cases

Compressor

Stage 1 Impel.ier

Diffuser

Stage 2 Impeller

Diffuser
Combustor

HP Turbine

Stator
Blade
Disk

Stage 1

Stage 2 Stator
Blade

Disk
LP Turbine
Stator

Blade
Disk

Stage 1

Stage 2 Stator
Blade

Disk

Shafts INCO 718

[y

Aluminum

Titanium 6-4
INCO 718 6-2-4-2

Titanium
INCO 718

HS 188

MAR-M 247 DS - Cooled
MAR-M 247 DS - Cooled
Waspaloy B

MAR-M 247 Equiaxed - Uncooled
MAR-M 247 DS - Uncooled
Waspaloy B

MAR-M 247 Equiaxed
MAR-M 247 Equiaxed
Superwaspaloy

MAR-M 247 Equiaxed
MAR-M 247 Equiaxed
Superwaspaloy
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to meet the power output of 746 kW (1000 shp). The resulting
engine and component performances are summarized in Tables 5
rd 6.

The reference engine achieves 746 kW (1000 shp) at the sea
level, static, ISA condition at a turbine rotor inlet temperature
of 1149C (2100F). At this condition, the compressor inlet cor-
rected flow is 3.037 kg/s (6.696 lbs/sec) and the reference HP
turbine cooling flow is 6.8 percent. The engine achieves a spe-
cific fuel <consumption (SFC) of 0.285 (kg/hr)/kWw (0.468
(lb/hr)/hp). The two-stage centrifugal compressor has a 13.5:1
pressure ratio with an adiabatic efficiency of 78.7 percent. The
HP and LP turbines have efficiencies of 87.0 percent and 88.5
percent, respectively. Shaft power output is transmitted at 2408
rad/s (23,000 rpm).

At a cruise condition (37 percent power) the reference
engine achieves an SFC of 0.381 (0.627), or 34 percent higher
than at the design point. Turbine inlet temperature decreases
from 1149 to 853C (2100 to 1567F) and compressor inlet corrected
flow decreases from 3.037 to 2.173 kg/s (6.696 to 4.796 1lb/sec),
respectively.

Weight - The reference engine weight, including the IPS and
engine accessories, has been computed to be 138 kg (303 1b), as
shown in Table 7. This weight was generated with the WATE-S com-
puter program originally established by GTEC for NASA. (Refer-
ence 2} The program inputs for this computation included cycle
information, materials definition, and measured and calculated
weights for the IPS, engine controls, and accessories. This same
computer program and reference engine weights for IPS, controls,
and accessories were also used for follow-on computations for
year-2000 engine weight estimates to achieve comparable weigt:
data. Engine size estimates &re an overall length of 40.4 inches
and a maximum diameter of 14.4 inches.

19
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ROTORCRAPT REFERENCE ENGINE DESIGN POINT DATA

Design Point Performance-Sea Level, Static, ISA, IRP,
Uninstalled With No Production Margins

Overall Engine Performance

Engine Rating, kW (shp)
8PC (kg/hr)/kw, (lb/hp)/hr
Turbine Inlet Temperature
© HP Turbine, C (F)

O LP Turbine, C (F)
Overall Cycle PR

Inlet Wo/5, kg/s (1lb/sec)

Compressor Inlet Ws /45,
kg/s8 {lb/sec)

Npp., rad/s (rpm)
Ngp, rad/s (rpm)
Fuel LHV, kJ/kg (Btu/lb)

746 (1000)
0.285 (0.468)

1149 (2100)
769 (1416)
13.37
3.604 (7.941)

3.037 (6.696)
2408 (23,000)
4679 (44,690)
42,798 (18,400)

TOTAL CHARBEABLE COOLING FLOW = 8.8%

\
NONCHARGEABLE  CHARGEABLE

UNCOOLED

Component Performance
IPS
o WY/, kg/s (1b/mec) 0.62 (1.36)
Bypass Flow
o Extraction, kW {(shp) 5.5 (7.4)
o AP/P, © 3.6
HP Compressor
Stage 1
o PR 4.73 !
© Tap, & 8l.8 :
3 |
o] npoly, 1 3 85.3 E
Stage 2 :
o PR 2.85
© Tap, ® 81.6
© T"poly., ¢ 84.0
Overall ‘
o PR 13.5
O Tap, 78.7
0 Mpoly: § 84.7
o Exlt'Wi/s, kg/s 0.32 (0.69)
{lb/sec)
Combustor
o N, 99.98 {
© AP/F, % 4
HP Turbine
© WV /5, kg/s (lb/sec) 0.50 (1.10) |
o Tap, & 87.0 ;
o Cooling Flow, § 6.8 '
© Interturbine, % 1.4 |
(aP/P) [
LP Turbine
i
o WYe/5, kg/s (lb/sec) 1.95 (4.30) |
o Tap., . ,
© LPT-NOZ P/P, % 2.5 |

*Stator and blade cooling flows are shown.
cooled. The balance of the cooling flows (4.9%) are used for disk and firtree cooling.

20

The second-stage stator and blades are un-

oA

\{E_




=

ni

TABLE 6.

ROTORCRAFT REFERENCE ENGINE DESIGN DATA

Cruise Performance-Sea Level, Static,
Uninstalled With No Production Margins.

ISA, 37% Power,

Overall Engine Performance

Component Performance

Engine Rating, kg (shp) 276 (370) 1PS
SPC, (kg/hr)/kW (1b/hp)/hr 0.381 (0.627) o We/8, kg/s (lb/sec) 0.529 (1.1€7)
Bypass Flow
Turbine Inlet Temparature o0 Extraction, kW (shp) 4.0 (5.3)
o AP/P, © 2.73
o HP Turbine, C (F) 853 (1567)
HP Compressor
© LP Turbine, C (F) 553 (1028)
Staye 1
Overall Cycle PR 8.50
o PR 3.66
Inlet W/8/8, kg/8 (lb/sec) 2.678 (5.904) o Map, 83.3
© TMpolys § 86.0
Compressor Inlet NJGVO,
kg/s8 (lb/sec) 2,173 (4.791) Stage 2
Npp., rad/s (rpm) 2408 (23,000) o PR 2.34
[} nADl ) 82.7
Nyp, rad/s (rpm) 4679 (38,501) o Tpoly. 84.5
Fuel LHV, kJ/kg (Btu/lb) 42,798 (18,400) Overall
o PR §.55
] nAD' 1} B0.7
o Tpolys ¥ 85.4
o ax?:yw¢§75, kg/s 0.33 (0.73)
{lb/sec) :
Combustor
o 7, % 99.97
o 4P/P, A 4.3¢ ;
t
HP Turbine !
o W/8/8, kg/s (lb/sec) 0.457 (1.096) |
o Map, % B6.1 !
o Cooling Flow, § 6.8
o Interturbine, % 1.3 '
(aP/P) }
i
LP Turbine
]
o W/8/6, kg/s (lb/sec) 1.859 {4.098)
] AD 88.6
© LPT-NOZ AP/P & 1.13 !
° 21
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TABLE 7. MODULAR WEIGHT BREAKDOWN

Weight

Module {1b)

IPS 31.5
Compressor 33.6
Combustor 51.3
HP Turbine 34.5
LP Turbine 72.7
Controls and Accessories 79.6
TOTAL 303.2

Cost - The reference engine cost was estimated at $185,000 (1985
dollars). This cost is based on a mean sell price for turboshaft
engines in this size class, as shown in Figure S5A. The sell
price range is based on a GTEC market survey of presently avail-
able turboshaft engines in the 447 to 895 kW (600 to 1200 shp)

range.

2.1.4 Environmental Constraints

Environmental constraints for the year 2000 were projected
for rotorcraft engines based on a review of existing requlations
and projections. Two major areas, noise and emissions, were
addressed to establish year-2000 quidelines as based on the fol-

lowing sources:
Noise

Federal Aviation Administration (FAA)
International Civil Aviation Organization (ICAOQ)
Committee on Aircraft Noise (CAN)

Aerospace Industries Association (AIA)

General Aircraft Manufacturer's Association (GAMA)

22
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SELL-PRICE K$/ENGINE
?:

TURBOSHAFT ENGINE
PRICE RANGE

ROTORCRAFT REFERENCE
ENGINE

1985
£5-281-84

T T T
522 597 L]
(700} (800) (900)

| I i
148 820 885
(1000) (1100) (1200)

KW {SHP|/ENGINE (SLS, ISA )

»
Figure 5A. Rotorcraft Engine Cost.
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Emissions

U.S. Air Force AFR 19-1 (1979)
International Civil Aviation Organization (ICAO) (1982)
Environmental Protection Agency (EPA) (1984)

Governmental noise 1limits and standards for helicopters
remain in the infancy stage. The FAA proposed a set of noise
limits for helicopters several years ago, but the proposed regu-
lation was withdrawn because of significant inadequacies. The
FAA currently is working on the subject and should develop a-new
helicopter noise proposal in the next few years. Significant FAA
funds have been spent on the development of a helicpoter noise
data base and standard measurement procedures. ICAO has pub-
lished a noise standard for helicopters, which includes 1limits
for takeoff, approach, and overflight conditions. In May, 1983,
the ICAO CAN/7 delegates voted to recommend a 3 dB increase in
the noise 1limits; however, the member states have not yet

approved the change.

Research in helicopter noise, which will continue for the
next 20 years, will concentrate on the reduction of rotor noise.
The technology funding for the reduction of helicopter gas tur-
bine engine noise will be somewhat limited unless the associated
environmental impact becomes a greater concern to the various
governments. Overall, no great increases in the stringency of
the existing standards are expected. The exceptions would be
rules imposed by local governments without federal intervention.

The 3 dB relaxation in stringency proposed at CAN/7 should
disappear by the year 2000, and the resulting noise limits should
be similar to those currently adopted. Therefore, the Garrett
SECT study has used the existing ICAO Annex 16 Chapter 8 Joise

standards for helicopters.
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Emission levels likely to be required by the year 2000 for a
746 kW (1000 shp) size class turboshaft are as follows:

o Smoke levels - below the level of visibility, smoke
number (SN) = 50

o Gaseous emissions ~ unrequlated for civil engines

2,1,5 Economic Model for Rotorcraft

This paragraph presents the economic modeling used for the
rotorcraft engines of this study. The model in the NASA Helicop-
ter Synthesis computer program, HESCOMP, was employed and rotor-
craft partitions were defined as presented in Table 8.

Direct operating costs (DOC), calculated by the HESCOMP pro-
gram, were based on study assumptions and fixed/variable costs
shown in Table 9, including the fuel prices selected for this
study.* The low and high fuel prices selected bracket the expec-
ted year-2009 fuel costs and are stated in 1985 dollars.

All cost estimates were calculated internally within
HESCOMP. This cost estimate subroutine is thoroughly documented

in reference 3.

Engine costs were estimated for each engine separately.
Costs for the reference engine were based on estimated market
sell prices for 1985, as described in paragraph 2.1.3. Costs for
advanced technology, year-2000 engines were based on cost factors
as applied to the reference engine cost for parts/components

*Low fuel price: $0.264/liter ($1/gal)
High fuel price: $0.528/liter ($2/gal) »
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TABLE 9. BASIS FOR DOC COMPUTATIONS
Variable
Assumptiong Fixed Costs Costs

Number of Load Interest Engine
Engines Rate Aircraft
{Excluding
Spares) 3000 Imputed Interest Fuel*

Rate
Spares 4 perce.ut Airframe

Depreciation Maintenance
Potential Schedule
Aircraft 1500 Engine

Insurance Maintenance
Annual Use 2500 hr Schedule

Crew Expenses

Service Life 7 years Tax Rate
Takeoff Crew Wages
Gross Weight
(Structural 4338 kg Hanger Rent
Limit) (9564 1b)

Miscellaneous
Payload 1667 kg

(3676 1b)

*Based on $0.264 an

d $0.528/1liter ($1 and $2/gal)
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TABLE 8. ROTORCRAFT VEHICLE PARTITIONS )j
Component Costs v
Airframe minus nacelle Variable h
Nacelle Variable
Payload Fixed [J
Mission Fixed
Fuel Tankage Variable ”
TOGW Limit Variable -
Rotor Fixed ij
Fuel Load Variable
Engine Variable
Engine Cost Variable i!
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replaced by new technologies. These costs adjustments included a
projected 15 percent cost reduction by year 2000 for current
technology parts.

The DOC model used in this study resides within the HESCOMP
program., Within this code, the following constant values were
used:

Pilot salary, $30,000/year

Copilot salary, $20,000/year

0il consumption rate, 0.061 kg/hr (0.135 lb/hr) per. engine
Factor for nonrevenue flight (1.03)

All costs for this study are expressed in 1985 dollars.

2.1.6 Trade Factors for Rotorcraft

This section presents trade factors based on the reference
mission, aircraft, and engine for the rotorcraft engine applica-
tion as computed for Task II evaluation.

The trade factors relate rotorcraft owner-operator costs to
changes in engine parameters. They are based on the SECT refer-
ence rotorcraft (year 2000) and mission (year 2000), and on the
SECT reference engine (year 1985). The trade factors were com-
puted with the HESCOMP computer program, in accordance with the
selected economic model discussed in paragraph 2.1.5.

The trade factors that constitute differentials for the
listed parameters are presented in Table 10 for the fuel prices
selected for this study. The values shown aie DOC changes in trip
cost for each one percent change in the given parameter. The
DOC/trip is $1,378 for the low fuel price, and $1,560 for the
high fuel price, as shown in the reference engine DOC breakdown

27
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TABLE 10. ROTORCRAFT TRADE FACTORS

.

$0.264/1iter $0.528/1iter
($l/qgal) ($2/qal)
ADOC/1% A engine SFC $3.07 $5.25
ADOC/1% A engine weight $0.41 $0.56
ADOC/1% A engine diameter $0.05 $0.05
ADOC/1% A engine length $0.04 $0.05
ADOC/1% A engine cost $0.92 $0.92

in Figure 5B. The DOC breakdown indicates that a number of fac-
tors contribute to aircraft poc. Of these factors, the majority
are only indirectly influenced by the propulsion system, One
exception is fuel cost, whicih is directly influenced by engine
SFC. As shown, this engine-sensitive portion of DOC constitutes
only 10 to 75 percent of the total, depending on the fuel price.

These factors, as computed by the HESCOMP program, include
the synergistic effects on the engine and rotorcraft system for
engine changes. As such, the ADOC values reflect the effect of
the nominal engine changes (i.e., engine SFC) and attendant
changes to the rotorcraft system (fuel weight, tankage size, pow-
er required, etc.) that result for the reference mission.

2.2 Task Il - Engine Confiquration and Cycle Evaluation

The cycle/configuration studies for the rotorcraft applica-
tion parametrically considered a range of potential combinations
in terms of turbine rotor inlet temperature (TRIT), cycle pres-
sure ratio (CPR), component types, materials and associated effi-
ciencies, cooling flows, pressure drops, and leakages as pro-
jected for year-2000 capabilities. From the range of engines
considered, a final engine selection for Task IIT evaluation w;s
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Figure S5B. Rotorcraft DOC Breakdown - Reference Engine.
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made on the basis of payoff in aircraft direct operating cost
(DOC). The DOC improvements were estimated through the trade
factors (established in Task I), which relate changes to DOC in
terms of changes in engine performance (SFC), weight, diameter,
length, and cost (changes are relative to the 1985 reference
engine). Size, weight, and cost were quantified for each engine
of interest.

2.2.1 Technology Projections

The initial task in configuring potential rotorcraft enéines
for the year 2000 was to establish the expected level of technol-
ogy in that time frame. Inherent in these projections is the
assumption that the technologies will be available by the year
2000. Technologies have been identified in three major areas:
materials, aerodynamics/thermodynamics, and mechanical improve-
ments. These technologies impact the cycle study in terms of
efficiency levels, turbine inlet temperature limits, and cooling
flow requirements, as well as turbine stage count and hub speed
limits.

2.2.1.1 Materials

Both hot- and cold-end material technologies have been iden-
tified for future engines. For the cold end, four key mate-
rials have been considered for the rotorcraft application, as
shown on Table 11. These materials primarily allow reduction in

engine weight and cost.

For the compressor, two materials offer the potential of
reduced cost: high~-temperature powder metallurgy aluminum alloys
and cast titanium alloys. Powder metallurgy aluminum can
potentially reduce cost and weight relative to materials *pre-
sently used. As shown in Pigure 6, material temperatures between
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TITANIUM
_ ALLOYS
= 47 YEAR-2000
© (800)- TECHNOLOGY LEVEL
|
= (600)- 1985 TECHNOLOGY \
§ (600) LEVEL ALLOYS
=
w204
-  [400)4
=
= 0 CONVENTIONAL
> (200) ALUMINUM
= ALLOYS
” i
[0) | { | i | i | 1

T
0 4 8 12 16
COMPRESSOR PRESSURE RATIO

e 0BJECTIVE

» EXTEND USE OF
ALUMINUM ALLOYS

Ty B0 ot Bam b w0 | N - i
" '\. . 2 ] Bt TR it

o PAYOFFS
» REDUCED WEIGHT
= REDUCED INERTIA
= LOWER COST

652817 Figure 6. Aluminum Metal Temperature Limit.
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454 and 482C (850 and 900F) will be possible by the year 2000,
allowing application of aluminum for higher compressor pressure

engines. Present aluminum alloys have been successfully tested
to over 316C (600F).

Cast titanium alloys offer the possibility of 20 percent
cost reductions through the elimination of expensive machining
operations. Other materials of interest are polymeric composites
for gearboxes and metal matrix composities for shafts. Polymeric
composites are predicted to reduce weight by as much as 30 per-
cent relative to present aluminum gearboxes. Metal matrix compo-
sites for shafting are expected to be a required techﬁology for
year-2000 turboshaft engines in this small size class. The 50
percent reduction in weiyght, combined with favorable high-temper-
ature strength, achieve the critical speed margins needed for the
high spool speeds and small bore sizes of future engines.

In addition, four key hot-end materials have been identi-
fied, as shown in Table 12. These include two metallics: super
single crystal for turbine blades and vanes, and NijAl for tur-
bine disks. Projections for two nonmetallics (ceramics coated
and carbon-carbon) were also made for turbines, combustors, and

transition liners.

Super single crystal increases the temperature capability of
present single-crystal materials by approximately S56C (100F).
Super single crystal allows higher stress and loading levels and,
for a cooled turbine, could reduce cooling flow requirements at a

given temperature.

Nickel aluminide (Ni3Al) offers the potential of an improved
strength-to-weight ratio by reducing weight approximately 15 per-
cent relative to present astroloy materials. This leads to
higher turbine hub speed capabilities, resulting in reeduced tur-

bine stage count and/or aerodynamic loading.
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The nonmetallics can greatly increase strength at tempera-
ture, as shown in Figqure 7, and also increase turbine material
temperature capabilities. Both materials also reduce component
weights significantly, relative to present metallics. The key
improvement is the increased temperature capability that will
allow higher turbine inlet temperatures without cooled turbine
blading. For ceramics, the maximum material temperature limit is
projected to be 1538C (2800F). Assuming a favorable combustor
pattern factor (PF <0.12, as estimated for year 2000), engine
cycle temperatures up to 1427C (2600F) are projected.

Carbon-carbon has even greater temperature pétential, up to
2205C (4000F), with suitable coatings. Coated carbon-carbon was
included in this technology projection for completeness and clar-
ity and is an important consideration for (unmanned) cruise mis-
sile engines as discussed in Section 4.0 of this report. How-
ever, GTEC projections show a low probability of achieving tech-
nological readiness by year 2000 for this material system for
long-life engines installed in manned aircraft. Therefore,
coated carbon-carbon was eliminated as a further candidate for
the SECT rotorcraft engine studies.

2.2.1.2 Aerodynamics

Imprcvements in aerodynamic performance in terms of
increased component efficiencies, reduced losses, and higher
aerodynamic loading capabilities are predicted for compressors,

combustors, and turbines by the year 2000.

Three compressor configurations were considered for the
rotorcraft application: single-stage centrifugal, two-stage cen-—
trifugal, and axial-centrifugal. The year-2000 efficiency pre-
dictions (polytropic), shown in Figure 8, are based on configura-
tion as well as size and pressure ratio and are presented in

L

terms of exit corrected flow.
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3-0 DIFFUSERS [10%]}
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OTHER IMPROVEMENTS

Compressor Performance Projections.
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Relative to the reference rotorcraft compressor, a 2.9 point
improvement in polytropic efficiency is foreseen (approximately
four points improvement in adiabatic efficiency) for a two-stage
centrifugal compressor. This improvement in efficiency is pri-
marily attributed to the anticipated development of 3-D viscous
analytical codes. Additional payoffs are seen from improved
clearance control, reduced diffuser vane inlet losses, and
reduced impeller shock and secondary losses.

Improvements in combustor performance are expected in sever-
al areas. As shown in Fiqgure 9, combustor pattern factors will
be reduced to the 0.10 to 0.13 range. Additionally, diffuser
technology will be improved to maintain present pressure drop
levels at increased inlet Mach numbers. Year-2000 combustors
will also have higher heat release rates, reduced size, and

improved durability.

The HP turbine performance projections are based on flow
size and stage mean work coefficient for a two-stage axial con-
figuration, as shown in Figure 10. Inclusion of the work coeffi-
cient, which is a function of mean blade speed, brings rotational
speed and dimensional aspects into the cycle analysis. For the
HP turbine, a two-point improvement is predicted relative to the
uncooled reference turbine. The efficiency improvements are from
projected reductions in vane/blade interaction losses, and rotor

tip losses.

The LP turbine performance projections are similarly pre-
sented in Fiqure 11. A 2.9-point efficiency improvement is pre-
dicted for LP turbines relative to the reference configuration.
The projected improvements are due primarily to minimizing vane/
blade interaction losses, and rotor tip clearance losses.
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KOTORCRAFT/COMMUTER (R/C)

ENGINE | REFERENCE | YEAR 2000
ENGINES | ROTORCRAFT/

PARAMETER R/C COMMUTER
COMPRESSOR
X1 e 0.15/0.4 03
gopn;gusmn 4.0% 4.0%
COMBUSTOR n 0.998 0.998
PATTEAN FACTOR 0.15-0.20 0.10-0.13

e CYCLE PARAMETERS (AP/P, n) REMAIN THE SAME

o IMPROVED DIFFUSER TECHNOLOGY FOR INCREASED
COMPRESSOR EXIT MACH NUMBER

e ADDITIONAL TECHNOLOGY IMPROVEMENTS
= REDUCED PATTERN FACTOR
® HIGHER HEAT RELEASE RATE
= REDUCED SIZE
= INCREASED DURABILITY

65-281-36

Figure 9. Combustor Technology Projections.
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Figure 10. HP Turbine Performance Projections.
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YEAR-2000 EFFICIENCY, T-T
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LP TURBINE
0.94 -
YEAR
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OTHER IMPROVEMENTS
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65-28

Figure 11,

PERFORMANCE/LIFE/COST TRADES
19

LP Turbine Performance Projections.
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2.2.1.3 Recuperator

Improvements in recuperator technology will come in two
areas, materials and processes. Of particular interest in this
study was the counterflow platefin recuperator design., A typical
cross section is depicted in Figure 12.

Material improvements are expected in both metallics and
nonmetallics. As shown in Table 13, a nitride-dispersion-
strengthened 300 stainless steel has the potential for increasing
recuperator operating temperatures from a present limit of 816C
(1500F) to between 982C (1800F) and 1093C (2000F).

Ceramics could further increase the temperature limit above
1437C (2600F). Furthermore, the 3 to 1 density advantage of
ceramics is predicted to reduce overall recuperator weight by
approximately S50 percent. At present, only experimental heat
exchanger modules have been evaluated with ceramics, but by the
year 2000, ceramic heat exchangers are predicted to be operation-
al. One key to making ceramics operational is improving the
manufacturing process, as schematically shown in Figure 13.

2.2.1.4 Mechanical Technology

After material and aerodynamic capabilities had been estab-
lished, mechanical limits were set. As shown in Figure 14, GTEC
uses established empirical correlations to set the mechanical
inputs for the cycle evaluation. Considered in the cycle study
were turbine hub speed limits, turbine blade ANZ limits, as well
as TRIT constraints and cooling flow requirements. These were
set based on materials and mechanical technologies as projected
for the year 2000.
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TABLE 13. RECUPERATOR TECHNOLOGY PROJECTIONS.

Metals

1985

Chromium-molybdenum steel

Fin Density:

37 fins per 2.54 cm
(1 in.)

Maximum Temperature is 816C
(1500F) for short times

Year 2000

Nitride-dispersion-strengthened
300 stainless steel

Fin Density:

37 fins per 2.54 cm
(1 in.)

Maximum temperature is 982C
(1800F) to 1093C (2000F)

Ceramics

.\ ‘Arf\

1985

Experimental plate-fin HXs
Plain Fins:

30 fins per 2.54cm
(1 in.)

0.04cm (0.015 in.)
thickness

Year 2000

Operational plate-fin units
Offset Fins:

35 fins per 2.54cm
(1 in.)

0.03cm (0.010 in.)
thickness

Maximum temperature is 1427C
(2600F) to 1538C (2800F)
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ASSUMPTIONS
o MATERIALS

o LIFE REQUIREMENTS
e CYCLE/CONFIGURATION
o AERO LIMITS

MECHANICAL INPUT TO CYCLE*

GTEC
EMPIRICAL ’
CORRELATIONS o TURBINE HUB SPEED LIMITS

366-488 M/SEC (1200-1600 FT/SEC)

o AN2 LIMITS 33.3-774
(5.0 x 10'0 70 12 x 1010)

o TRIT LIMITS**

o COOLING FLOW
65-281-39 REQUIREMENTS

*LIMITS DEPENDENT ON MATERIALS, CONFIGURATION, AND APPLICATION

**1427C (2600F) FOR UNCOOLED CERAMIC TURBINE BLADES
2204C (4000F) FOR CARBOM-CARBON TURBINE BLADES

Figure 14. GTEC Empirical Study Approach.
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2.2.1.5 Cost, Weight, and Size Estimates

To complete the input required for estimating aircraft DOC
(with trade factors) cost, weight, and size estimates were re-

quired for each engine of interest.

The cost estimates for the candidate engines of this study
were based on the reference engine cost and on a buildup of com-
ponent costs as estimated by GTEC manufacturing. Each engine
cost was therefore estimated separately, pased on technologies
employed, number and type of components, TRIT, and flow size.
The costs are projected to year 2000 but are expressed in year-
1935 dollars. The cost adjustments include a projected 15 per-
cent cost reduction for parts/components manufactured in the year
2600.

Engine size and weight were estimated with the WATE-S
(Weight Analysis of Turbine Engine - Small) computer program.
(Reference 2) As depicted on Figure 15, the WATE program uses
various mechanical, aerodynamic, material, and cycle inputs to
calculate stresses, and size components to establish a power sec—
tion size and weight buildup. For SECT, the accessory gearbox,
accessories, recuperator, regenerator, and associated ducting
were estimated manually (based on historical data) to get a total

engine size and weight.

2.2.2 Cycle/Engine Studies

Traditionally, the typical parametric cycle study examines a
range of key cycle variables such as turbine inlet temperature
and compressor pressure ratio. Moreover, a number of simplifying
assumptions are typically made, such as maintaining constant com-
pressor polytropic efficiency and turbine adiabatic efficiency
(without consideration of stage counts) as well as basing turbine
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Figure 15.
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cooling flow on TRIT only. These and other idealized assumptions
result in smooth and well behaved performance trends as shown in
Figure 1l6A.

Not addressed in an idealized study, however, are the
effects on efficiency of compressor and turbine stage counts,
materials/mechanical constraints, spool speeds, and accurate
cooling flows based on the number of cooled stages and on cooling
air temperatures and TRIT levels. Consideration of these mechan-
ical limitations in the cycle study fragments the results into a
number of distinct families such as shown in Figure 16B. Relative
to the idealized cycle study, incorporating such mechanical limi-
tations eliminates many unrealistic cycles/engine confiqurations

from the cycle results.

2.2.2.1 Simple-Cycle Study

Primarily simple (conventional) cycles were investigated for
the rotorcraft application. A variety of engine configurations,
as shown in Figure 17, were considered. Both two-stage centri-
fugal and axial centrifugal compressors were evaluated, as were
ceramic and advanced metallic turbines. Turbine rotor inlet tem-
peratures ranging from 1204C {2200F) to 1538C (2800F), and cycle

pressure ratios from 16 to 26 were congidered.

NN i “ - PR Y R .
o DR L e At A I BT ESXRB e P T
. N H LR IS 5 A Sl 2 Lo i Y

o

A data plot of SFC versus specific power is displayed in
Figure 18. The plot shows a cycle result, for an engine config-
ured with a two-stage centrifugal compressor and advanced metal-
lics in the axial HP and LP turbines. HP and LP turbine stage
count and blade or vane materials are identified. The curves are
fragmented, as expected, into several engine families with dif-
ferent turbine stage counts and cooling flow requirements. SFCs
up to 15 percent lower than the reference engine result for this
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Figure 16A.
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Figure 16B.
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Figure 18. Rotorcraft Simple-Cycle Performance
Results - Metallic Turbines.
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case. Several candidate engines, as indicated, were gelected for
further evaluation in terms of weight, gize, cost, and DOC esti-

mates.

Of the technologies studied, the use of ceramics for blades
and vanes has the largest performance impact. Replacement of the
advanced metallics allows turbine cooling to D€ eliminated,
resulting in an SFC improvement of over 20 percent relative to
the reference engine, as shown in Figure 19. The cycles shown
are all uncooled, however, pased on the material temperature
limit of ceramics, some cooling would be required above inlet
temperatures of 1427C (2600F). The cycles selected for further
evaluation have therefore been limited to 1427C (2600F), as indi-

cated.

size, weight, and cost were estimated for each of the
engines from the selected advanced metallic and ceramic turbine
cycles. The resulting values are presented in terms of deltas
relative to the reference engine, as shown on Figure 20. As
indicated, the ceramic turbines achieve superior results relative
to advanced metallics in terms of all four parameters, weight,
length, diameter, and cost. One of the more promising cycles
uses ceramics at a TRIT of 1427C (2600F) and a 22:1 pressure
ratio. Wwith this configuration, weight 1is reduced by 50.3 kg
(111 1lb) (-36.6 percent) relative to the reference engine. Diam-
eter 1is reduced by 13.2 cm (5.2 in.) (-36.1 percent), length by
44.2 cm (17.4 in.) (-43.1 percent), and cost by $34,200 (-18.4

percent).

The payoffs for improvements in size, weight, and cost were
evaluated in terms of their respective impacts on mission per-
formance by DOC. The DOCs were estimated by trade factors shown
in Task I, derived from the reference engine as v"flown" on the
year-2000 reference mission and rotorcraft. Both high and low

fuel prices, as defined in paragraph 2.1.5, were used.
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Figure 21 presents the resulting DOC values for the selected
cycles in terms of deltas relative to the reference engine.
Again, the ceramic engines are superior to those with advanced
metallic turbines. The ceramic engine, at a TRIT of 1427C
(2600F) and a PR of 24:1, has the highest reduction in DOC.
Although increasing the pressure ratio from 22:1 to 24:1 has
additional DOC payoffs, this cycle requires an additional HP
turbine stage which would increase maintenance costs (not
accounted for during Task II). Based on these DOC results, the
ceramic engine with a TRIT of 1427C (2600F) and a PR of 22:1 was

selected for further evaluation.

Other cycle/configuration trades considered were 1) replac-
ing the two-stage centrifugal compressor with an axial-centrifu-
gal, and 2) replacing single cooled HP turbines with two lightly
loaded stages.

The axial-centrifugal compressor showed a slight performance
advantage, 1.5 percent in SFC (Figure 22), compared to the two-
stage centrifugal configuration (Figure 18). However, in terms
of DOC, little or no improvement is projected beyond the engines
with two-stage centrifugals, as shown in Fiqure 23. The SFC
advantage of the axial centrifugal is offset by the greater size

and cost of this configuration.

The two-stage HP turbine also chows no performance benefit.
The additional cooling flow required for the second stage results
in a reduction in overall engine performance, as shown on Figure
24 (compare to Figure 18). Engine weight, size, cost, and DOC
are as presented in Figure 25, clearly showing the advantage of
the single stage HP turbine, particularly in terms of DOC.
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Metallic Turbine.
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The impact of size, or scaling, was also examined. A 373 kW
(500 shp) engine was investigated with the baseline configuration
to determine the performance impact. Comparing the downscaled
engines (Figure 26) to the baseline (Figure 18), SFCs are in-
creased by approximately 5 percent at the lower flow size because
of a reduction in component efficlencies. For example, at a
pressure ratio of 20:1 and a TRIT of 2400F, SFC is 0.417 at the
lower flow size, compared to 0.398 at the higher flow size.

2.2.2.2 Recuperated Cycles Study

In addition to the conventional simple-cycle engines, a num-
ber of recuperated cycles were evaluated for the rotorcraft ap-
plication as well. The cycles were selected based on results
from the commuter cycle studies discussed in paragraph 3.2. The
resulting performance, presented in Figure 27, shows a signifi-
cant reduction in SFC (up to 27 percent relative to the refer-
ence), with an effectiveness of 0.7. Higher levels of effective-
ness would further reduce SFC. The cycles shown use a variable
LP turbine to take advantage of improved part-power performance
(particularly critical for the rotorcraft mission) by maintaining
a high temperature delta across the recuperator. Weight, size,

cost, and DOC improvements are presented in Figure 28.

2.2.3 Cycle/Engine Selection

Based on the DOC results two cycles, a conventional simple
cycle and a cycle using recuperation, were selected for further

evaluation in Task III.

The simple-cycle engine is confiqured with a two-stage cen-
trifugal compressor with a pressure ratio of 22. The compressor
is driven by a single-stage uncooled ceramic axial HP turbine.
The LP (power) turbine consists of two uncooled stages, and 1is
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ceramic as necessary to remain uncooled. HP TRIT was set at
1427C (2600F).

Based on DOC considerations in Figure 28, the heat recovery
cycle was selected with an uncooled ceramic turbine at 1427C
(2600F) TRIT. The single-stage turbine drives a single-stage
centrifugal compressor with a pressure ratio of 10. A multistage
variable uncooled power turbine is incorporated for better part-
power fuel consumption, which will be ceramic as necessary. The
fixed-boundary recuperator has an effectiveness of 0.8 with an 8
percent pressure drop (based on the results of the commuter
study, section 3.2.3).

2.3 Task III - System Performance Evaluation

In Task III, the two engines selected from Task II were
evaluated in terms of their impact on overall aircraft system
performance. A detailed mission analysis was condicted (using
the HESCOMP model) for both aircraft/engine systems requiring an
extensive matrix of off-design performance. Finally, the selec-
ted engines were evaluated in detail with the HESCOMP economic
model to determine aircraft direct operating costs (DOC) .

Prior to the system performance evaluations, both selected
configurations were further refined by the typical GTEC prelimi-

nary design process.

2.3.1 Engine/Cycle Refinements

Several minor engine refinements were made to the year-2000
engines selected in Task II. These refinements were made follow-
ing a more detailed design analysis of each engine component.
The identified refinements and the resulting performance effects
are summarized in Figure 29. For the simple-cycle, size, weight,
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and cost remained relatively unchanged. SFC and specific power,
however, improved by 3.1 percent and 2.9 percent respectively,
primarily due to an increase in LP turbine efficiency. LP tur-
bine efficiency was improved nearly 5 points by the addition of a
second stage. This stage addition was necessary because the tur-
hine corrected work (4H/9) exceeded the limit as projected £for
the year 2000,

For the recuperated cycle, engine performance changed only
slightly, but weight, size, and cost estimates were revised. The
changes in size, weight, and cost are primarily due to a reas-
sessment of the recuperator design and cost estimates, resulting
in a size and weight reduction of 6 to 10 percent and a cost
increase of 9 percent. These refinements were analyzed and found
to have no effect on the optimum cycle selection.

2.3.2 Mission/Economic Analysis

The mission and economic analyses fcr the rotorcraft appli-
cation were conducted with the reference mission and aircraft
using the HESCOMP mission/economic model, all as defined in Task
I.

To support the mission analysis, a matrix of off-design per-
formance ccnditions and power settings were generated. A compar-
ison of sea-level, static load lines (Figure 30) indicates that
the recuperated engine has superior part-power SFC to both the
advanced simple cycle and the reference engine. A Mach number
lapse rate comparison as presented in Figure 30, shows little
difference between the three engines.

The resulting mission performance is summarized in Figure
31. As shown, the key change is the reduction in fuel burn, 21.9
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percent for the simple cycle, and 41.6 percent for the recuper-
ated cycle relative to the reference engine. The fuel burn
reduction for the simple cycle is approximately the same as the
percent reduction in design point SFC (21.2 percent). For the
recuperated cycle, however, the fuel burn reduction is greater
than the percent SFC reduction at the design point (31.8 per-
cent). This is due to the superior part-power performance of the
recuperator engine. Takeoff gross weight has also been reduced
by 6.9 and 4.5 percent for the simple and recuperated cycles,
respectively compared to the reference engine.

Figure 32 shows the recuperated cycle to be superinr in DOC
to the simple cycle at both fuel prices. Despite the negative
impact of weight, size, and cost incurred with the recuperated
engine, the SFC benefit is large enough to offset these aspects.

Relative to the reference engine, as shown in Figure 33, the
advanced engines reduce DOC by 7.0 and 7.4 percent, for simple
and recuperated cycles respectively, at the low fuel price. At
the high fuel price the year-2000 simple cycle can reduce DOC by
8.7 percent. However, the recuperated engine, which has a 41.6
percent reduction in fuel burned, has a DOC reduction of 11.4
percent.

2.4 Task IV - Small Engine Component Technology Plan

Task IV identifies and quantifies high payoff technologies
for the rotorcraft engines and presents technology plans that are
based on the benefits as projected for the high payoff technolo-

gies.

2.4.1 Technology Identification/Benefits

Tasks II and III performance and DOC results are based on a

number of technology projections. These technologies have shown
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benefit in terms of src, weight, size, or cost. Several of these
technologies, such as metal matrix shafts, are difficult to quan-
tify in terms of DOC, but their use is considered beneficial or
necessary to meet engine design goals. The identified technolo-
gies are:

o) Component performance (aero)

- Compressor n
- Turbine n
- Combustor AP/P

o} Materials

- Ceramics (for turbines, combustors, recuperators)
- NijAl disk (turbines)

- Aluminum powder metal alloy (compressors)

- Cast titanium (compressors)

o) Combustor

- Low pattern factor
- High heat release rate

o System technologies

- Metal matrix shafts
- Noncontact face seals/brush seals
- High-temperature lubricants

In order to estimate the benefits derived from the technolo-
gies listed above, GTEC isolated each technology using the tech-
nical approach summarized in Figure 34, This approach involved
removing one technology from the year—-2000 engines, setting new
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cycle limits as necessary, and generating new engine SFC, weight,
diameter, length, and cost data. Finally, trade factors were
applied to the new engine parameters, which resulted in new DOCs.
Comparing the resultant DOC value to the DOC for the baseline
year-2000 engine with all technologies shows the improvement
derived from that technology. The selected technologies are not
independent from one another and are therefore not additive.

Of the technologies gquantitatively investigated, hot-end
materials were found to have the greatest DOC impact, as shown in
Figure 35. For example, ceramics for application in turbine air-
foils contribute approximately half of the overall DOC improve-
ment projected for the simple cycle engine. Ni3zAl for turbine
disks was found to have the second greatest DOC benefit, follow-
ing ceramics. Removal of NijAl turbine disks and reducing hub
speeds to values consistent with today's disk materials resulted
in reduced efficiencies and increased turbine stage count for the

simple cycle.

Compressor and turbine efficiency improvements also show
significant DOC benefits. Combustor pressure drop reduction
technology and improved compressor materials, however, resulted
in only small improvements in DOC.

In addition to the technologies examined for the simple
cycle, the impact of ceramic recuperator technology was quanti-
fied for the recuperated engine. As shown in Figqure 36, the
recuperated cycle has a DOC advantage over the simple cycle.
Ceramics, both in the engine hot section and in the recuperator
itself, are vital for the recuperated cycle. The use of a ce-
ramic recuperator results in nearly a 3 percent decrease in DOC.
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2.4.2 Technoloqy Plan

GTEC's recommended plan for Small Engine Component Technolo-
gies for year-2000 rotorcraft engines is presented in this sec-
tion. This plan addresses a broad spectrum of technologies in
keeping with the technology benefits as presented in paragrapin
2.4.1. The plan is presented in sections for the following tech-
nologies:

2.4.2.1 Ceramics

2.4.2.2 Recuperators

2.4,2.3 Metallics for turbines

2.4.2.4 Turbine performance

2.4.2.5 Combustor performance

2.4.2.6 Compressor (centrifugal) performance
2.4.2.7 Materials for "cold" parts

2.4.2.8 System technologies

These plans address the high payoff technologies needed to
obtain "technology readiness” by the year 2000. Some technol-
ogies may require verification and engine demonstration testing
prior to commitment to an engine full-scale development. This
activity is not included in the technology plans; it may be con-
ducted during the latter program years (1l through 14).

2.4.2.1 Ceranics

Ceramics merit an all-out effort that should include engine
conceptual design studies to assess the full potential of ceram-
ics and materials technology/evaluation programs for monolithics
and composites. Figure 37 presents the schedule for this plan,
which is comprised of five discrete technology programs (identi-
fied as A through E). Program interdependencies are shown on the
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schedule. The technology programs and interdependencies are dis-
cussed in the following paragraphs.

A. Design Study to Conceptualize SECT Engines with Ceramics

The current application of ceramics to hot engine parts is
limited primarily to experimental parts of low mass such as vane
segments, rotor blades, and thin-wall structures. A notable
extension of this experimental technology can be found in the
AGT101 automotive power plant as pioneered by the GTEC/Ford team
for DOE/NASA. The AGT101 design, which is fully committed to
ceramics (Figure 38), incorporates a small radial turbine wheel
that is integrally cast of silicon nitride ceramic material.

This program will explore the design opportunities of ceram-
ics as conceptualized for year-2000 rotorcraft engines. The ini-
tial design effort will be based on the application of ceramics
as limited to parts of low mass, and will be based on projected
properties of fully dense monolithic ceramics.

A second design study will conceptualize a year-2000 rotor-
craft engine fully committed to ceramics (monolithics and compo-
sites), including integrally cast axial turbine rotor(s). The
study will include consideration of solid-hub rotor(s) based on
projected properties of composite ceramics. It will use an aft-
power drive arrangement to accommodate the solid turbine
rotor(s). An update of this design is also proposed to establish
rotor design and sizing for second-generation composite ceramic
test parts (Reference Program D).

Program Description

This program consists of three conceptual design studies, as
shown in Figure 37, Technical Program A, and described below.
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Monolithics - Analytical design will include an assessment
of fully-dense monolithic ceramic materials, manufacturing pro-
cesses, and joining methods, Properties ang geometry/mass limit-
ations for design will be Projected for a Year-2000 rotorcraft

ceptual engine design will be depicted in Cross section. Ceram-
ic-to-metallic interface features wil} be conceptualized and
depicted in supporting section views,

Composites - Analytical and conceptual engine designs will
be conducted in the same manner as for monolithics except that
ceramic properties and geometry/mass limitations will be based on
pProjections for ceramic composites, Integral ceramic turbine
rotors will be assumed for the Hp turbine and for the first stage
of the LP turbine. Components will be sized in accordance with
projected properties, Solid-hub rotor(s) will be considered
along with an aft-drive engine arrangement,

updated in program years seven and eight, and wil} be based on
updated ceramic material properties. Integral rotors will be
reconfigured and resized (to define test parts for Program D).

Technical Approach

The simple-cycle rotorcraft engine, evaluated in Task III,
will form the basis for this study program. The salient features
of this engine are: .
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o 746 kW (1000 shp), front drive
o) Two-stage centrifugal compressor

o Reverse-flow annular combustor incorporating ceramic
combustor and ceramic transition liners

o One-stage HP turbine (TRIT = 1427C [2600F)) incorporat-
ing uncooled ceramic stator vanes and rotor blades
(inserted)

o Two-stage LP turbine incorporating uncooled ceramic
stator vanes and rotor blades (inserted) for Stage 1,
and advanced metallic uncooled stator vanes and rotor
(integral, shrouded) for Stage 2

This engine will be conceptualized to more fully exploit ceramics
in the hot section.

Tne feasibility of integral ceramic turbine rotors will be
studied and will include engine arrangements that facilitate a
solid rotor disk(s) with no hub bore(s). The arrangements will
include cases for aft drive to accommodate the following:

o Single-stage HP turbine featuring a solid ceramic rotor
(no hub bore) with forward power transmission for com-

pressor drive

o Stage 1 LP turbine featuring a solid ceramic rotor (no
hub bore) with aft power transmission for output power

o Stage 2 LP turbine featuring a solid ceramic rotor or
small-bore metallic rotor, as feasible

o
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The feasibility of integral ceramic turbine rotors will be
greatly enhanced by achieving a simple hub configuration with no
hub bore. This will facilitate the lower hub stresses and stress
concentrations necessary for the brittle ceramic materials.

Integral ceramic turbine rotors show the potential for
greatly reduced material and machining costs and possible engine

weight savings.

B. Ceramics for Combustors and Turbine Blades/Vanes

The development of ceramics for combustors and axial-flow
turbine vanes, and blades, will result in uncooled components
suitable for use at turbine rotor inlet temperatures up to 1427C
(2600F). Ceramics are lighter in weight than comparable metal
components, and they offer the potential for significantly lower
cost when compared with cooled metal components. The feasibility
of an axial rotor with ceramic blades inserted in a metal disk
has been demonstrated for short-life engine applications under
DARPA and Air Force funding. Ceramic combustor and turbine com-
ponents are also being evaluated under the DOE/NASA AGT programs.
These programs are investigating silicon nitride and silicon car-

bide monolithic ceramics.

Material selection for this program will depend on the state
of demonstrated technology at program start. Fully dense silicon
nitride and silicon carbide materials with improved high-tempera-
ture properties and high reliability are being developed under
the DOE/NASA improved SijN4 and SiC programs. It is anticipated
that these improved fully dense materials will be available from
vendors for experimental combustors and turbine blades and vanes
for the early years of this program. Fabrication approaches will
include net-shape techniques such as injection molding and slip

casting. Moreover, ceramic composites are emerging materials
o
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that offer the potential for higher toughness and consequent non-
catastrophic failure modes. Progress of these composites result-
ing from separately funded activities or from Programs D and E
should be assessed and incorporated if/as feasible for the later
years of this program.

Ceramic technologies from this program will benefit both
rotorcraft and commuter aircraft applications and APUs.

Program Description

This program is scheduled as four major activities, from
material/process efforts through engine environment tests.
Fully-dense monolithics are planned for the initial effort, which
is scheduled for seven years. A second iteration is shown, for
planning purposes, to establish technology readiness for the most
suitable ceramic material (monolithics or composites) available
in the 1992 time frame. Execution of the second iteration would
depend on program results through the first iteration, on the
outlook for higher-payoff integrally cast ceramic rotors (i.e.,
Technology Programs D and E).

A pilot combustor and turbine stage will be designed to be
representative of the SECT rotorcraft engine and to be compatible
with an existing GTEC test-bed engine. The pilot turbine stage
would be designed to replace the first stage of the HP turbine.

Material vendors will be surveyed and the best available
high-strength, high-temperature ceramic materials will be pro-
cured and tested to obtain the required design data. Ceramic
vendors and fabrication processes (net or near net-shape) will be
chosen for each ceramic component. Fabrication evaluations will
be conducted to verify the fabricator's capability to produce
high-quality components by the selected fabrication methods.
Specimens and experimental hardware will be tested.
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A separate study will be conducted to establish a compliant
layer for the blade dovetail attachment to achieve long life and
a high-temperature capability.

Ceramic component test parts will be procured. They will be
evaluated dimensionally, and by appropriate NDE test methods,
prior to rig testing. An iterative process, alternating between
rig testing and design modifications, will be used to determine
the final engine component design to be fabricated and verified
during engine environment testing.

cC. Ceramic Vanes for Variable-Geometry LP Turbine

The objective of this program is to test a set of ceramic
variable-geometry LP turbine vanes as may be appropriate for a
year-2000 recuperated rotorcraft engine. The vanes will be in-
corporated into the LP turbine section of an existing GTEC engine
and operated at engine conditions.

This is an evaluation test program that will build on suc-
cessful results of the Ceramic Materials Program as discussed for

Program B.

Program Description

This program is scheduled to follow the materials and exper-
imental testing of Program B. A second iteration is scheduled,
for planning purposes, to achieve technology readiness for the
latest materials as discussed for Program B.

Design - An existing GTEC engine will be selected as a test
vehicle for variable-geometry LP turbine vanes. Analytical and
board design will be conducted to configure a set of replacement

-
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ceramic vanes. The vane design will be based on the test engine
requirements, and on prevailing design and fabrication processes
for monolithic or composite ceramics. Based on the detailed
design, performance predictions will be made for comparison with
test results.

Fabrication - A set of ceramic variable-geometry turbine
vanes (and spare parts) will be fabricated/procured.

Test - A set of the ceramic vanes will be assembled, along

with engine parts, into a test unit. This unit will be bench
tested to verify proper function and to assess gas path leakages.

The unit will then be assembled into a test-bed engine and
operated through its full range of operating temperatures, and
with full gas path loads. Engine and turbine performance data
will be obtained and compared with predicted values.

Technical Approach

The selection of an existing GTEC test-bed engine will be
made to facilitate LP turbine operating conditions and test data
that are representative of recuperated rotorcraft engines as con-
figured by the SECT study program for year 2000. Analytical
design, including engine cycle evaluation, will be conducted to
configure a set of ceramic variable-geometry stator vanes for the
LP turbine section. This design activity will be based on mate-
rials and manufacturing inputs for low-cost fabrication methods
as envisioned for ceramics in the year 2000.

Testing of the vane set will include evaluation of leakage,
performance, wear, and dynamic characteristics.
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D. Composite Ceramic Axial Turbine Rotor/Stator

e e .o

Ceramic materials have the potential for uncooled component
use at high turbine inlet temperatures. Ceramics are lighter L
than comparable metal components and offer the potential for
lower cost. The feasibility of a metal axial rotor with inserted
ceramic blades has been demonstrated for short-life applications.
However, the full benefit of ceramics is better realized in an

- =~ v~

integral axial rotor. This eliminates the costly ceramic and
metal machining required for the blade dovetail attachment, and
eliminates blade stagger angle constraints on the aerodynamic
design of the airfoil.

R

Since the stresses around a bore hole at the center of the
rotor are expected to exceed the material capability, the pro-
posed rotor would use a solid disk with a stub shaft or other

1t

attachment concept not requiring a bore hole. 1In the long term,

ceramic composites are the prime material candidates for improved
toughness of the rotor and reduced potential of catastrophic
failure.

The feasibility of ceramic radial rotors having a large hub :
mass is discussed for APUs in paragraph 5.4.2.1 as a parallel or
follow—-on technoclogy program.

Program Description

This program is scheduled as four major activities, from
materials/process development through bench tests. One genera-

[P,

tion of test parts is planned through bench/spin tests during the
first six program years. Configuration of these parts will be
established based on the engine conceptual design studies con-
ducted in Program A. Second-, third-, and fourth-generation
parts are envisioned for engine environment testing (Program E)
in program years 10, 12, and 14, respectively.

*
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Composite material systems will be surveyed and evaluated
for properties and suitability of processes. Design data will be
obtained for selected material systems. Specimen tests will be
conducted along with attachment tests.

The design of a pilot turbine rotor with a solid hub (no
bore hole) and a matching stator will be conducted, based on
results from Program A. They will be configured to be rep.esen-
tative, in size and shape, of the SECT rotorcraft engine (as con-
ceptualized for the year 2000), and will be designed for compati-
bility witbh an existing GTEC test-bed engine. The aerodynanmic
and mechanical design of the pilot turbine parts will be based on
attachment concepts, material systems, and fabrication approaches
as selected during this task.

Fabrication and attachment development will be conducted for
the pilot design/hardware. Rotor/shaft attachment schemes will
be evaluated, and pilot parts will be bench- and spin-tested to
demonstrate attachment concepts and other critical design
features. The stators will undergo thermal shock tests.

Based on the results of the pilot design/test evaluation, a
design update will be accomplished incorporating the latest aero-
dynamic technologies. The design will be completed and ceramic
parts will be fabricated for bench/spin tests and for follow-on
engine environment tests (Program E). Parts (metallic) will also
be fabricated for cold aerodynamic rig tests, which will be con-
ducted to fully map the turbine stage.

Based on the experimental results of this hardware, follow-

on design/fabrication test cycles are projected for planning pur-

poses to achieve technology readiness.
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E. Engine Environment Test of Composite Ceramic Turbine

The objective of this proqram is to conduct engine test
evaluations of an integral-ceramic, axial-turbine rotor and sta-
tor. This evaluation program assumes the successful progress of
the composite ceramic materials/fabrication program for these
parts, as described for Program D. Three generations of test
parts are planned in order to achieve technology readiness,

Program Description

Major activities of this program include the design and fab-
rication of test-bed engin=z parts, and engine environment testing
of one set of experimental parts and two sets of evaluation
parts, as shown inr Fiqure 37 and as discussed herein.

Analytical and board design will be conducted to modify the
selected test-bed engine (such as the Garrett F109) to accommo-
date the ceramic test hardware, as provided by Prcqgram D. The
gas generator section of the selected two-spool engine will be
used for this testing. This will accomodate a solid-hub rotor
(no bore) with a forward drive for the compressor section.
Engine refurbishment and special adaptive hardware will be fabri-
cated.

Engine gas-generator testing of the experimental ceramic
turbine will be conducted (program year 10) to the design temper-
ature for the ceramic parts. Performance and mechanical data
will be obtained and compared with design predictions. A tech-
nical report will be published.

Two follow-on tests are planned for years 12 and 14, based
on successful progress for the composite ceramics Program D.
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Technical Approach

Specifications for a turbine stage will be established that
are representative of the SECT rotorcraft and commuter engine
requirements as envisioned for the year 2000. The specification
will also be compatible with the selection of a suitable engine

test bed for verification tests.

Analytical design of the integral-ceramic, axial-turbine
rotor will draw from the latest technologies available for aero-
dynamic and mechanical design, materials properties, and fabrica-
tion/manufacturing processes. The aerodynamic design will take
full advantage of high;blade stagger analyses as achievable with
integral blade-disk rotors. The mechanical design will accept
risks commensurate with engine benefits and will be based on the
available material properties as established for the pilot and

subsequent rotors.

2.4.2.2 Recuperator

This plan includes a comprehensive program to establish the
fabrication technologies necessary for a ceramic platerin recu-
perator. The technologies would be applicable to a recuperated
engine as enviszioned for the year-2000 SECT rotorcraft. This
plan provides for an experimental recuperator program and an
engine environment test program. Figure 39 presents the schedule
for this plan, which is comprised of two discrete technolngy pro-

grams (identified as F and G).

This plan does not include a technology initiative for
regenerators. It is envisioned that this technology will be
addressed separately by continuation of existing programs such as
the NASA/DOE-sponsored AGT10l vehicular engine program.
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CERAMIC RECUPERATOR FABRICATION
o PLATE-FIN RECUPERATOR MODULE SUB-SCALE WILL UNGERGO
3 EXPERIMENTAL ITERATIONS

o FULL-SIZE MODULE WILL BE EVALUATED
WITH MANIFOLDS AND DUCTING

= SUB-SCALE MODULE DES/FAB/BENCH TEST
« MODULE DES/FAB/BENCH TEST

ENGINE ENVIRONMENT TEST OF CERAMIC RECUPERATOR

o RECUPERATOR SIZED FOR SECT AND CONFIGURED FOR
COMPATIBILITY WITH TEST-BED ENFINE

= RECUPERATOR DES/FAB/BENCH TEST
= ENGINE HARDWARE DES/FAB
= ENGINE/RECUPERATOR TEST

SECT TECHNOLOGY VERIFICATION

i
/%//( %

—-r- - o =y

65-281-63

Figure 39. Recuperator Technology Schedule.
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F. Ceramic Recuperator Fabrication Development

Present metallic, fixed-boundary recuperator technology has
limited application for future airborne propulsion systems due to
excessive weight and insufficient temperature capability, The
introduction of ceramic technology to recuperators reduces welight
and increases the temperature operating range.

The SECT ceramic recuperator program objective is to evolve
the appropriate fabrication technology to produce a finned-plate
recuperator suitable for application to a specific small engine
design. The specific goals of the study are:

(a) Verify the fabrication technology necessary to produce
full-size plate-fin recuperator modules and associated
ceramic manifolds, ducting, and ceramic/metallic inter-
faces

(b) Fabricate a full-size recuperator module

(c) Test the full-size module under simulated engine condi-
tions

Program Description

This program, which is scheduled for 60 months, includes
experimentation with both a subscale and a full-scale recuperator
module. The program is based on feasibility work already com-
pleted on a core module. Figure 40 depicts these three modules
of increasing complexity, while Fiqure 41 presents a detailed
schedule for this technology program,

Task 1, Module B Design and Fabrication - The fabrication

technology will be demonstrated by constructing a partial-stack-
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height recuperator (Module B). The major effort of this task is
to fabricate a working subscale recuperator module.

o Design Iterations - The initial reference design estab-

lished at the outset of the program will be based upon
the results of the initial fabricate and test cycle for
Module A, Three design iterations are expected to
achieve program goals.

o Thermal and Stress Analysis - This task will concen-

trate on structural analysis to keep the stresses in
the ceramic components within the engineering material
strength for the various environmental loadings to
which the recuperator will be subjected. Because the
engine may undergo significant transient operation,
investigation of transient thermal stresses in the
recuperator may be vital to ensure the structural
integrity of the ceramic recuperator.

The recuperator operating conditions require that close
attention be given to design for pressure containment. Mani-
folds, port connections, and manifold end closures will be ana-
lyzed. The analysis will include consideration of the loads and
stresses in the core. Particular attention will be given to the
bonding and sealing of ceramic ducts to the core. An objective
of the design is to minimize stress concentrations in critical
areas., A major portion of this task will be to determine the
containment requirements/problems.

o Compression Molding - The purpose of the compression

molding task is to fabricate the finned plates required
for the construction of the Module B cores. Forming
ceramic finned-plate heat exhangers is an iterative
process involving increasingly complex  shapes. The
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expertise gained in molding the Module A and sample
recuperator plates during previous programs will be
used to form the Module B recuperator.

Tooling for Module B will be procured as early as pos-
sible in the program in order to inititate compression
molding studies. The fabrication effort has been
structured to allow three iterations, with approxi-
mately four modules produced in each iteration. Form-
ing parameters will be varied a3 necessary to produce
acceptable individual finned plates. These plates will
be used to assemble modules for use in performance,
pressure, and thermal shock tests,

Duct and Attachment Development - Ceramic ducts provide

the transition between the ceramic core and the metal
engine ducts, Preliminary duct concepts are shown in
Figure 42. These shapes are rather complicated and
will probably require a strong development effort.
Several sets of ducts will be fabricated and used for
Module B testing. It is anticipated that the ducts
will be fabricated from the same material as the recup-
erator core.

Because a significant effort will be required to
develop a suitable method for forming the ducts, par-
ticularly if an unusual geometry is required, this task
has been scheduled over a 22-month period. The forming
method used tc make the ducts (e.g., either slip cast-
ing or injection modeling) will dictate the type of
bond used in attaching the duct to the recuperator
core. This high-temperature, high-pressure seal is a
key development area for ceramic recuperators.
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Conceptual Ceramic Duct Design for Recuperator core. 3
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Assembly -~ After all recuperator components are fabri-
cated, they must be assembled to form modules for use
in testing. Fixtures are needed to align and hold the
various components during bonding. Good alignment is
important so that dimensional tolerances are main-
tained. Techniques from the previous subtask that
effect duct-to-core bonding will be used in assembling
the modules.

Processing - The assembled modules must be run through
binder extraction and nitriding cycles to convert the
green module to a ceramic recuperator. Further pro-
cessing cycle effort may be necessary to provide an
acceptable strength recuperator for high-temperature,
high-pressure service. For example, if the binder is
extracted too rapidly, bloating may occur, seriously
degrading the material strength.

Task 2, Module B Testing - The Module B testing program is

designed to perform independent pressure, thermal shock, and per-

formance tests on the partial-stack-height recuperators.

The modules fabricated in Task 1 will be subjected to the

described tests to verify the recuperator's capability to Ffunc-

tion at the design pressure and temperature, as well as verify

the heat transfer and pressure drop predictions. Thermal shock

resistance also will be tested.
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Fixture Design and Fabrication - A test fixture will be

designed to pressurize Module B at ambient tempera-
tures. Pressure differentials will be evaluated across
the air- and gas-side layers, up to 1.25 times the
design pressure differential. The test fixture will be
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specially designed and fabricated so that it can be
used to subject Module B to low-temperature (less than
427C [800F)) performance tests.

Performance Test - The specially designed pressure/flow
test rig will be used to measure the module's heat
transfer rates and pressure drops. These performance
tests, conducted below 427C (800F), will be used to
make accurate predictions for heat exchanger perfor-
mance at high temperatures. This is a standard proce-
dure for evaluating high-temperature heat exchangers.

Pressure Test - The pressure test is a nonflow test to
check the pressure containment capability of the recup-
erator module. Pressurization to 1.25 times the design
pressure differential is expected. If a module fails
the test, fracture analysis wil be conducted to iden-
tify the cause of failure (e.g., inadequate bonding,
inadequate dimensional tolerances, or fabrication
flaws). Efforts will then concentrate on the identi-

fied problem area to develop a solution.

Thermal Shock - When in service, the recuperator will
be exposed to both a wide range of temperatures (ambi-
ent to 1260C [2300F]) and rapid temperature changes.
To determine suitability for use under design condi-
tions, modules will be placed in a furnace at 1260C
(2300F). In addition, the thermal shock resistance
will be tested by exposing the module to increasingly
severe heating and cooling rates. To evaluate any pos-
sibe thermal damage, modules will be pressure-tested

after each thermal cycle.
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Data Analysis and Evaluation - The data collected from
the performance, pressure, and thermal shock tests will
be evaluated ang used to modify the Module C design, if
necessary (i.e., if Module B fails many of the tests or
the experimentally determined performance falls short
of the predicted values).

Task 3, Module C Design and Fabrication - A full-size work-

ing recuperator module will be fabricated.

(o}
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Ceramic/Metallic Interface - One of the key areas in
the recuperator program is a method of'attaching the
unit to the engine. An 18-month time frame has been
allotted for thig effort. an adequate Ceramic-to-metal
joint is required for the high-temperature, high-preg-
sure conditions,. In addition to 3 mechanical seal,
such as that shown in Figure 43, a permanent joint may
be feasible. one such joint has been demonstrated by
Sputter-coating silicon nitride with titanium and braz-
ing it to a compatible metal component. Several alter-
native solutions will be sought while researching this
problem,

Design - Module ¢ will replicate the Plan form of
Module B unlesg test results indicate the need for a

design modification, The high-stress regions are
expected to be localized at the air outlet manifold/gas
inlet face region, based on previous analyses. To

reduce the maximum stress level, changes in the recu-
perator plate configuration may be considered. The
changes will be aimed at more uniformly heating the gas
inlet face/air outlet manifold area. One pPossibility
is to form channels or fins inp the manifold to allow
either the incoming gas or the exiting *air to flow
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Figure 43.
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Ceramic/Metallic Duct Attachment,
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through the manifold wall and aid in heating. Alter-
natively, changes in edge and/or manifold thickness can
alter the thermal mass or conduction path in a benefi-

cial manner.

Desiqn Attachment Components - A method of connecting
the recuperator to an engine must be determined. The
ceramic ducts from in Task 1 will be interfaced with
metallic ducts connecting to the compressor and combus-
tor. One such concept is shown in Figure 43. Cylin-
drical metallic ducts mate with cylindrical ceramic
ducts via a V-band clamp. The ceramic air outlet duct
may need to be flared to accommodate insulation for
reducing the temperature to a point where a metallic V-
band clamp can be used effectively. An alternative is
the use of a ceramic duct all the way to the combustor.

Compression Molding - Tocoling for Module C will be pro-
cured as the Module B fabrication effort nears comple-
tion, Module C is similar in shape to Module B, but is
larger in stack height. Therefore, only fine tuning of
the forming and processing parameters is anticipated.
Three modules will be constructed for use in simulated

engine tests.

Form Attachment Components - To complete the modules,
ceramic ducts and other attachment components must be
fabricated. The components required to effect a joint

between ceramic and metallic ducts will be fabricated.

Assembly - The full-size core will be bonded and the
ducts and other attachment components adjoined. The
size of Module C dictates the use of large fixturing
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tools to achieve the proper alignment. This assembly
essentially replicates that of Module B, but on a
larger scale.

o Processing - The green modules must be converted to a
ceramic material through binder extraction and nitrid-
ing cycles. Processing is expected to closely follow
that of Module B except that larger furnaces and more
complicated kiln furniture are needed to provide sup- )
port for the module during binder extraction.

Task 4, Module C Testing - Full-size modules will be tested
under simulated engine conditions. A test rig capable of simu-
lating engine conditions will be designed and constructed. The
simulated engine test will verify the viatility and design of the
ceramic finned-plate recuperator.

o) Design Test Rigq - A relatively sophisticated rig |is
required to <conduct high-temperature, high-pressure
tests on Module C recuperators. This test facility

must provide hot pressurized air at a high flow rate
for the air-side stream and gas at approximately 1260C
(2300F) for the gas-side 3tream. Control devices will
he developed to maintain the desired temperatures,
pressures, and flow rates for both air and gas streams.

g T . P i st it 5. 2 AP i+ il

The rig will be highly instrumented to reccrd tempera- F
tures, pressures, and flow rates on both the inlet and
outlet sides of the recuperator. This test rig will be

used to qualify recuperator modules for installation in
vehicles.

A
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o Construct Rig - After the test rig 1is designed, the
unit will be constructed. The Qgsign task is scheduled
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near the beginning of the program so that sufficient
time is available to order and receive components for
the test rig. Upon completion of the rig, a check run
will be made to ensure that the unit can provide a suf-
ficient quantity of air and gas at the temperatures and
pressures of interest. Also, the rig will be cali-
brated before testing of any modules.

Duct Interface Testing - Potential ceramic/metallic
duct joint designs resulting from ‘Task 3 will be tem-
perature- and pressure-tested. Laboratory tests are
necessary to ensure that the ccmponents:can survive the

pressure and thermal stresses at elevated temperatures.
In addition, joints will be tested for sealing integri-

ty under these conditions.

Pressure Test - Mcdule C will be pressure-tested at
ambient temperature to verify the pressure containment

capability of the prototype.

Thermal Cycling - Modules will be exposed to cyclic
variations in temperatures of 21 to 1260C (70 to 2300F)
to ensure that the recuperator module can withstand the
thermal stresses rasulting from these temperature

extremes.

Simulated Engine Test - The simulated engine conditions
test is the most significant test to be conducted dur-
ing the program because it will verify the capability
of the ceramic finned-plate recuperator to perform in a
typical engine environment. Steady-state and transient

test conditions are envisioned. The steady-state test
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condition, which will be achieved by bringing the recu~
perator up to temperature slowly, will verify the pre-
dicted recuperator performance (heat transfer and pres-

sure drop).

Transient tests simulate engine startup conditions.
The transient test will generate operational-level
stresses because of the temperature gradients imposed.
Thermal stresses are known to be substantially higher
than pressure stresses in the recuperator. Successful
completion of these tests will provide confidence in
the recuperator's ability to perform satisfactorily
when attached to an engine. Modules passing these

tests will be ready for use in an engine test.

o pata Analysis and Evaluation - The data generated dur-
ing all of the pressure, thermal, and simulated engine
tests will be analyzed and evaluated. The results of
this analysis will include pressure containment capa~
bility, pressure drop through the recuperator, thermal
shock resistance, heat transfer effectiveness, and

suitability for use in the intended application.

o Test Report - At the conclusion of the Module C tests,
a test report that will include data, discussions, con-—

clusions, and a proposed engine testing program will be

issued.

Technical Approach

Fabrication and testing of a full-size ceramic recuperator
module 1is the major emphasis of this program. Garrett has
defined three modules of increasing size and complexity to facil-

itate development in a logical manner while minimizing experimen-

tal costs (Figure 40).
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'f:; Module A was constructed during a previous program to devel-
; op the fabrication technology required to make detailed finned-
v: plate ceramic recuperators, as well as to test the pressure con-
tainment and high-temperature capability of these intricate
L matrices. Module A was able to support a 206 N/cm2 (300-psi)
pressure differential across the air and gas passages during a
cold pressure test, demonstrating that the fabricated finned-
plate matrices can withstand high operating pressures.
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Module B will be a working recuperator, a reduced-stack-
height heat exchanger (approximately 20 percent of a full-size
recuperator module) that comprises alternating layers of air and
gas passages. The shorter stack height will reduce the fabrica-
tion and testing costs, with little sacrifice in verifying the
program objectives. This module, which will have the same plan
form as the full-size version complete with integral air mani-
folds, will be used to determine the ceramic ducting and other

support structures required for interfacing with engine compon- -

ents. ﬂ

Module B will be performance-tested at temperatures up to .
427C (800F) in order to generate heat transfer and pressure drop !
data. Since performance values measured at low temperatures can )
be accurately scaled to the higher operating temperatures, actual :5
thermal performance of the module will be contrasted with pre-
dicted values to substantiate a full-size reference design recu-

§ ———y

p——
[y .-

perator.

Upon completion of performance testing, modules will be
pressurized using large pressure differentials to determine the .
pressure containment capability of the design. Modules that sur-
vive the pressure tests will be exposed to increasingly severe
thermal shocks to obtain thermal shock resistance of the unit.
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After each thermal cycle, modules will be pressurized to deter-
mine whether any damage was incurred as a result of the thermal
cycling.

The data collected from these tests will be used to generate
the Module C design. Three design/fabricate/test cycles are
anticipated to evolve a satisfactory design for this recuperator.

The full-size recuperator (Module C) will be constructed and
tested under simulated operating conditions.

The reference recuperator design will be modified, if neces-
sary, based upon the results of Module B tests. Also, the asso-
clated parts required to seal the ceramic recuperator to metallic
engine components will be designed. After the tooling needed to
form these parts is obtained, full-scale prototype modules will
be fabricated.

These modules will be subjected to independent pressure and
thermal cycling tests and will then be exposed to simulated
engine conditions. These tests require the design and construc-
tion of a rig that produces the desired conditions. This design/
construction effort is expected to last a significant period of
time because of the sophistication required. The intent 1is to
construct the test rig in such a way that it can be used for
prooftesting of each production module before installation in a
vehicle. Because of the high reliability desired, it is antici-
pated that each production recuperator module will be prooftested
at stress levels in excess of design conditions to qualify it for
installation in a vehicle.

Along with the two recuperator modules, the other components
required to produce a functioning heat exchanger will be devel-
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oped. These include the ceramic ducts that connect the recupera-
tor core with the engine metal duct work, and the attendant seals
and mechanical joints required at this interface.

A ceramic plate-fin recuperator shows the potential of solv-
ing the weight and temperature limitations associated with pre-
sent metallic designs. The ceramic design could be the key to
making the benefits of heat recovery (imposed fuel economy) avai-
lable to airborne applications.

G. Engine Environment Test of Ceramic Recuperator

The objective of this program is to conduct engine environ-
ment tests of a ceramic plate-fin recuperator. This experimental
program would be based on successful completion of the ceramic
plate-fin recuperator Program F.

Program Description

This program consists of three tasks and provides for recup-
erator design, fabrication, and engine environment testing as
scheduled in Figure 39.

The recuperator will be designed and sized for the power
class of the year-2000 rotorcraft and commuter engines. Compati-
ble engine parts will be selected from existing GTEC engines and
incorporated into a recuperated engine system.

The ceramic recuperator and engine parts will be fabricated
and component tests will be conducted. The components will be
assembled into a recuperated engine test unit and instrumented
for performance and mechanical data. The unit will be submitted
to mechanical shakedown, performance and controls, and acceler-
ated mission tests. Teardown inspection will be conducted at
intervals and results will be documented in detailed reports.
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2.4.2.3 Metallics For Turbines

This plan comprises four interdependent technology programs
identified as Programs H through K. As scheduled in Figure 44,
the programs involve material and process efforts for turbine
rotors with the objective of increasing operational speeds and
temperature levels,

H. Ni3jAl Alloy Composite Disk

Current nickel-base alloy turbine disk materials such as
Rene 95 and GatorizedT IN100 are limited in specific strength by :
their relatively high densities and the inability of conventional l
gamma prime precipitation strengthening mechanisms to achieve 3
very high strength without serious degradation of fracture prop-

IR

erties. In order to overcome these strength deficiencies, the

classical approach to turbine alloy development has been the
addition of larger quantities of gamma prime forming elements,
which also tends to reduce incipient melting temperatures. This
approach results in a significant decrease in the temperature
window between the grain recrystallization/growth temperature and
the incipient melting temperature. This further restricts pro-
cessing to controlled grain sizes for amelioration of unaccept-
ably rapid crack growth and uncontrolled fracture. Reliance on
gamma prime strengthening also inherently limits maximum service
temperature of conventional alloys.

st e s

Lightweight, inherently stable turbine disk materials with

-
S &

acceptable strength and fracture properties can be developed

ey

e
N

through the revolutionary approach of metal matrix composites.

i

Intermetallic (NijAl) compounds display the low-density, oxida-
tion resistance, and thermal stability necessary for turbine disk

application; however, precipitate strengthening mechanisms are
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HJ NizAl ALLOY COMPOSITE DISK

o NEW RAPID-SOLIDIFICATION-PROCESSING (RSP) OF
NICKEL-ALLOY MATRIX WITH SILICON-CARBIOE FIBEAS
PROMISES HIGHER ROTATIONAL SPEED3 )
7%

MATERIALS/COATINGS/PROCESS EXPERIMENTS
SPECIMEN TEST, DESIGN DATA Y,
EXPERIMENTAL PARTS DES/FAB/BENCH TEST //(
ENGINE ENVIRONMENT TEST % 7

I} 8ic FIBER-REINFORCED SINGLE CRYSTAL TURBINE BLADES
o LOW-OENSITY HIGH-STRENGTH BLADES PROMISE

HIGHER BLADE SPEEQS FOR LPT L)))
= MATERIALS/COATINGS/PROCESS EXPERIMENTS 4

= SPECIMEN TEST DESIGN DATA /////ﬁ
» EXPERIMENTAL PARTS DES/FAB/BENCH TEST 727
« ENGINE ENVIRONMENT TEST a\‘

JY 0IFFUSION-BONDED LP TURBINE ROTOR (DISK/BLADES)

o BONDING-PROCESS DEVELOPMENT BASED ON CURRENT
MATERIALS

BONDING-PROCESS EXPERIMENTS P///////%//%

SPECIMEN TEST, DESIGN DATA W
EXPERIMENTAL PARTS DES/FAB/BENCH TEST (g

ENGINE ENVIRONMENT TEST
FOLLOW-ON DIFFUSION-BONDED ROTOR NijAl ALLOY DISK + A

SiC FIBER-AEINFORCED SINGLE-CRYSTAL BLAOES

o APPLY BONDING-PROCESS TO NEW MATERIALS FOR
QUAL-ALLOY ROTOR TO ELIMINATE SPEED ANO AIRFOIL [
CONSTRAINTS OF INSERTED BLADES V7 )

s BONDING-PROCESS EXPERIMENTS ’////A)

« SPECIMEN TEST DESIGN DATA 4

= EXPERIMENTAL PARTS DES/FAB/BENCH TEST /////{;-/

« ENGINE ENVIRONMENT TEST 7
SECT TECHNOLOGY VERIFICATION - P
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Figure 44. Material Technology Schedule for
Turbine Metallics.
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not available to provide sufficiently high tensile capability in
this class of materials. Addition of lightweight, high-strength
fibers such as silicon carbide are therefore necessary to meet

this requirement.

Previous difficulties in achieving SiC composite consolida-
tion with a conventional high-strength nickel-alloy matrix have
been largely related to the reactivity of silicon carbide in con-
tact with the matrix at temperatures exceeding 1093C (2000F)
(necessary to achieve satisfactory composite bonding). New fab-
rication approaches that employ rapid solidification processing
(RSP) and/or stable carbide-coated fibers can eliminate this
problem, allowing practical component processing. At the mini-
mum, NijAl/SiC-reinforced disks will equal the strength of
today's strongest alloys, with a 10 percent reduction in density.

Program Description

This materials program consists of four major tasks, ranging
from materials experiments through engine environment testing, as
shown in Figure 44. It will be completed within seven program
years and will establish high~strength Ni3Al/SiC disk technology.

The program will establish the feasibility of RSP fabrica-
tion initially using unccated SiC fiber. After determination of
process/stability effects, a series of stable metallic carbide-
type coatings such as tantalum carbide (TaC) will be considered
to protect the core fiber from reaction. Composite panels and
subscale components will initially be used to confirm mechanical
properties for candidate materials and processing concepts. Pre-
liminary subscale components will also be produced for spin
cycling and burst evaluation prior to fabrication of full-scale
parts for components in program years six and seven. Engine

environment testing will be conducted in program year seven.
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W

o .
b; ; A lower density, higher creep-strength turbine blade .
e .
%‘.1 material offers substantial Lp turbine payoffs in the following u
ER areas:

[ - f ]
I L
/ ' o] Improved engine performance due to increased turbine
) i temperatures and blade speeds f
otr L.

' o] Increased disk rim speeds due to reduced blade loads {
o] Reduced weight due to lighter blades and disks (,

Lower density turbine airfoils can be achieved by incorpor-

pre———s

ating a significant volume fraction (e.g., 30 percent) of high-
strength, low-density ceramic fibers (e.q., SiC) into a high-
strength, single-crystal alloy matrix. Increases of 50 percent

—
'

in density-corrected creep strength, or 56C (100F) in temperature
capability above GTEC's sC alloy 180 are considered possible with

|

this technology.

e

Program Description

p——

This materials program consists of four major tasks, ranging
from materials experiments through engine environment testing, as i
shown in Fiqure 44. !

: The technology program will focus on incorporating 30 per- i
'’ cent of che high-strength SiC fibers into a directionally solidi-
fed (DsS) single-crystal matrix. Since an unprotected SicC fiber

will dissolve in a molten superalloy, the fibers must be coated
with a compatible metal carbide such as TaC, which has demon-

S

strated long-term stability in molten superalloys (e.g., TaC is

an integral constituent of a DS eutectic superalloy). Thus, ..
{
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coated SiC fibers will be evaluated for stability in candidate
superalloys.

Following identification of an effective coating system for
the SiC fibers, tasks will be undertaken to determine the solid-
ification technology and optimize the fiber coating and the
matrix alloy for mechanical properties and castability. This
activity is vital to the manufacture of fiber-reinforced turbine
blades. It will be supported by specimen tests for acquiring
design mechanical properties and evaluating candidate coatings.

Experimental parts will then be designed and fabricated for
bench tests (program years five through seven) and for engine
tests. Engine environment testing is scheduled for program year
seven.

J. Diffusion-Bonded LP Turbine Rotor (Disk/Blades)

The diffusion-bonding technology required for manufacturing
unconled turbine rotors for the LP turbine section will employ
the most advanced blade and disk alloys available in designs of
raximum mechanical efficiency. Current small engine production
turbine rotors wuse either inserted blades with dissimilar
materials for blades and disks, or integrally cast rotors of a

single alloy.

In the inserted blade designs, turbine rotor speed and effi-
ciency are limited by the stress concentrations in the disk rim
as imposed by the mechanical attachments of the inserted blades.
The need for mechanical attachments also imposes limitations on
turbine blade hub solidity due to the limited space available for
the attachments on the rim of a small-diameter turbine disk.
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In integral cast designs, the mechanical attachment problems
are eliminated, but maximum rotor speed is limited by the lower
strength of a cast alloy hub versus a high-strength powder metal-
lurgy alloy hub that is better for hub strength. The cast alloy
hubs are also inferior to powder or forged alloys in low-cycle-
fatigue life.

Advanced technology diffusion-bonded turbine rotors can com-
bine the best single-crystal cast alloy with the highest
strength/weight turbine disk alloy available in the time period
of 1995 to 2000. The single-crystal alloys may have a 56C (100F)
improvement in stress-rupture strength over the best of today's
alloys, GTEC's SC-180. The turbine disk alloy will be a deri-
vative of the NijAl intermetallic compound. It is anticipated
that this alloy will have strength characteristics equal to
today's strongest alloys, with a 10 percent reduction in density.

Wwhen the technology is available the cooled diffusion-bonded
bladed disk will be a candidate for use in the LP turbine sec-

tions of rotorcraft and commuter engines.

Program Description

This metal-joining program consists of four major activi-
ties, ranging from materials experiments through engine environ-
ment testing, as shown in Figure 44. It is a seven-year technol-
ogy program to establish diffusion-bonded integral turbine wheel
technology for the best blade and disk materials available today.
This process should also be largely transferable to new metallics
as envisioned for the year-2000 time frame.

various diffusion~bonding concepts will be considered for
final selection. The screening process will include specimen
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testing of the different candidate alloys, bonding processes, and
bonding geometries. A two-year effort is expected to select and
verify the bonding method. Following selection of the bonding
geometry and process, an effort of approximately two years will
be necessary to develop the bonding process for the production
environment. Efforts will be geared toward reducing production
costs through minimizing scrap and process time. Nondestructive
testing procedures will also be established at this time. Speci-
men tests will be conducted and design data will be obtained in

parallel with these activities.

Following initiation of the process development, an initial
design will be started. Selected for experimentation will be a
turbine wheel from an existing GTEC gas turbine engine, such as
the F109 turbofan. The detail design will examine the modifica-
tions necessary to incorporate an integral diffusion-bonded wheel
in this existing configuration. This design will be fabricated

and bench-tested.

A second design and fabrication phase will incorporate both
design changes driven by iteration 1 and the benefits of an
improved bonding process as the process efforts conclude.

The fabricated hardware £from design iteration 1 will be
evaluated by component and rig testing. Component testing will
consist of a cold whirlpit overspeed test of several turbine
wheels, either to the point of failure or to the point of verify-
ing adequate burst margin. Hot testing will be conducted in an
existing or a modified rig. Both steady-state and transient con-—
ditions will be simulated to determine actual stress and tempera-

ture levels.
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Hardware from the second design iteration will undergo full
engine testing in the selected engine. The engine will be cycled
to expose the turbine to typical transient operation conditions.

Technical Discussion

The program will use a GTEC test-bed engine for the engine
environment testing. The selected engine will be similar in size
to that of the SECT rotorcraft engine. The technology program
will use GTEC's SC-180 single-crystal alloy and a Udimet 720
powder alloy hub. These materials are the best turbine blade and
disk alloys available today. The bonding process, design, and
nondestructive evaluation process to be used will be developed
for this alloy combination.

GTEC has developed a production diffusion-bonded dual-alloy
turbine wheel for one of the turbine stages of the GTCP331 APU
used in the Boeing 757 and 767 aircraft. The process to bond
this wheel uses a cast blade ring. The initial concept selection
and verification stages of this program will modify this proven
process to adapt it to individually cast single-crystal blades.

K. Follow-On Diffusion-Bonded Rotor Ni3Al Alloy Disk and SiC
Fiber-Reinforced Single-Crystal Blades

This is a diffusion-bonding technology program for the manu-
facture of turbine rotors that is planned to build on the suc-
cessful completion of related programs. This program will trans-
fer the diffusion-bonding technology learned for current materi-
als (Technology Program J) to similar rotors using new materials.
The new materials envisioned for the year-2000 time frame are
discussed in Technology Programs H and I of this section. These
new blade and disk materials and an efficient diffusion-bonded
joint could potentially maximize the .benefits of higher
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speed/temperature turbine rotors for year-2000 rotorcraft
engines.

Program Description

This technology program consists of four major activities, as
shown in Fiqure 44. 1Its interdependency with Programs H, I, and
J necessitates delaying the start of this program until plan year
eight.

The program would include the same ingredients as discussed

for Program J. However, the emphasis would shift from the ini-

tial highly experimental tasks to the later hardware evaluation
tasks. This program and companion technology verification test-
ing could achieve technology readiness for this concept for year-
2000 engine designs.

2.4.2.4 Turbine Performance

This plan is made up of three discrete technology programs,
identified as L through N in Figure 45. The first program, which
is highly experimental, addresses the fundamental turbine aerody-
namic prediction/design techniques that are necessary to achieve
the turbine performance levels as predicted in this SECT study
for the year 2000. The two other programs address specific cur-
bine design features where large loss reductions are projected
and necessary for year-2000 efficiencies.

The plan schedule shows interrelationships for optimum
results. While the turbine tip clearance program (N) could be
run to the SECT cycle independently, improved data validity can
be expected with the interrelationships shown. Tip-clearance
data, as planned here, will be obtained from blading that is com-
patible with a high-turning stator and blading that incorporates
advanced vane/blade interaction concepts (L).
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L| TURBINE VANF/BLADE INTERACTION
o ANALYTICAL MODELING WILL ESTABLISH COMPUTER
CODE FOR INTERBLADE 3-0 FLOW FIELD
o RESEARCH GTEC/ARMY HIGH-WORK TURBINE WITH
NONINTRUSIVE INSTRUMENTATION
= ANALYTICAL MODELING/CODE VERIFICATION i////(/////////////////////////
= HIGH-WORK TURBINE RIG DES/FAB/TEST //////////J ! J
= EVALUATION TURBINE DES/FAB/RIG TEST 17//////
M| TURBINE STATOR HIGH-TURNING CRITERIA
o INVESTIGATE/MEASURE INCIVIZUAL AND COMBINED
EFFECTS OF AIRFOIL TURNING, BLOCKAGE, AND
ASPECT RATIO WITH TEST MATRIX
s AIRFOIL AND RIG DES/FAB 7%
» RIG TESTS
N TURBINE TIP-CLEARANCE SENSITIVITY REDUCTION
o INVESTIGATE/MEASURE INDIVIDUAL AND COMBINED
EFFECTS OF CASE TREATMENTS (LE. SMOOTH,
RECESSED] AND BLADE TIP GEOMETRIES (LE.. WINGLETS,
LOADINGS) ! J
s CASE AND BLADES DES/FAB v, j///
» INDIVIBUAL: RIS TESTS vV
= COMBINATIONS: RIG TESTS Z
SECT TECHNOLCGY VERIFICATION I
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Figure 45. Turbine Technology Schedule.
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Turbine Vane/Blade Interaction

Allowing for the SECT projected material and mechanical
advances in technology, aerodynamic advances in optimizing rotor
blade design to the stator exit flow field (vane/blade interac-
tion) are required to achieve the year-2000 performance levels
predicted for the rotorcraft, commuter, and turbojet engines.
Year-2000 efficiencies reflect a 1 percent increase in efficiency
due to optimizing vane/blade interaction.

The scope of the program will involve analytical and exper-~
imental work. Analytical work will consist of developing a
design system tool for predicting interblade 3-D flow field to
optimize the stator/rotor matching. The experimentul work will
include turbine component testing to understand rotor influence
on the stator exit flow field. The test vehicle will be the
GTEC/Army single-stage high-work turbine, which would be directly
applicable to the rotorcraft HP turbine. The results of this
technology program will extend to the axial turbine configura-
tions of the rotorcraft, commuter, and turbojet engines.

Program Description

This program consists of three major tasks, from analytical
modeling through rig testing of a turbine, as shown in Figure 45.
The program is scheduled for eight years.

The program contains both the basic research and the analy-
tical approaches, with a combination of the two in the sixth
year. For the first two years, the research approach consists of
rig design, fabrication, and instrumentation. The GTEC/Army
high-work, single-stage turbine will be researched. Instrumenta-
tion used will be a nonintrusive type of measurement device such
as a laser two-focus (L2F) system. The third and Ffourth years
will include the rig testing program and analysis,
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The analytical approach will begin during the first year and
will extend to the third year. The main thrust of this approach
will be to develop a 3-D code that will accurately predict the
stator exit 3-D flow field. This activity could be either a

Navier-Stokes solution or a Boyle-code-type analysis. In the
fifth year, the results of the rig testing will be incorporated
into the code. Results of the rig tests will include

the rotor influence on the stator exit flow field.

The remaining three years (sixth through eighth) will
involve use of the code to design a new turbine to the same velo-
city diagrams as the GTEC/Army high-work single-stage turbine,
and testing the design. 1In the final year, a final report will
be written on the results of the program.

Technical Discussion

Included in the year-2000 performance values is a one-point
improvement in efficiency due to optimum matching of the stator
exit and rotor inlet flow fields. This goal will require an
extensive study of the effect of the rotor on the stator exit
flow field. To date, a limited amount of work has been accom-
plished using a large-scale, low-speed test rig. The traditional
probes that measure angle, pressure, and temperature cannot be
used with the rotor in place. Nonintrusive instrumentation, such
as an L2F system, will be required to map the interblade row flow
field for the engine scale rigs.

After the interblade row flow field is understood, the
results will be incorporated analytically. An accurate predic-
tion of the 3-D stator exit flow field incorporating the stator
viscous effects, interblade row endwall viscous effects, and the
rotor influence of the flow field is needed to design the rotor.
This analytical tool could be either a Navier-Stokes solver or a
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quasi-3-D flow and boundary layer analysis such as the Boyle
code. Particular attention will be given to the rotor leading

edge design.

In summary, the program will include both exper imental and
analytical work. The experimental effort will involve component
testing to understand rotor influence on stator exit flow field
and optimization of vane/blade spacing for performance. The
analytical work will consist of developing a design system tool

to optimize the stator/rotor match.

M. Turbine Stator High-Turning Criteria

To allow close-coupling the HP and LP turbines on rotorcraft
and commuter engines, high rotor shroud divergence, and high

stator turning will be required.

The turbine design, as conceptualized, assumes ceramic
inserted blades or a ccmposite ceramic integral rotor. Either
should eliminate or minimize the broach-angle constraints
required for metallic inserted blades. This will permit
increased blade stagger angles and higher reaction, which allows
the higher stage per formance required for the high-work, single-
stage HP turbine of the simple cycle rotorcraft engine and the
first-stage blades of the LP turbines of both the rotorcraft and

commuter engines.

The high-work, single-stage HP turbine required by the
rotorcraft engine incorporates a vane with high turning to
achieve the performance needed for the year-2000 engine perfor-
mance. To meet this performance goal, the limitations on the
amount of turning that can efficiently be accomplished must be
understood. The influence of the aspect ratio and the trailing
edge blockage on the ability of the stator to meet the high

training requirements must -.lso be known.
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The program will consist of exploring stator performance and
turning for stators designed for a range of exit flow angles from
77 to 8l degrees. A matrix of seven configurations will be rig
tested, with variances in turning, trailing edge blockage, and
aspect ratio from a baseline design. The results of this study
will be incorporated into the design system (Program L) to aid
configuration trade-off studies for the rotorcraft turbines.

Program Description

This program consists of two tasks, from airfoil design
through rig tests, as shown in Figure 45. The program is sche-
duled for three years.

The program consists of testing seven configurations of a
high turning vane. The first year will consist of designing the
seven configurations, which will include a baseline vane and two
variations each of turning, trailing edge blockage, and aspect
ratio. The exit angles will range from 77 to 81 degrees. Thus,
the matrix to be tested will include three variations each of
exit angles, trailing edge blockage, and aspect ratio.

Testing of the seven configurations will be conducted in the
third year. A report on the results of the rig testing will be

issued at the end of the third year.

Technical Discussion

High-work, single-stage HP turbines required by rotorcraft
engines use stators with high turning angles to achieve the work
output. Industry has shown that turning of 79 to 80 degrees can
be satisfied with nominal trailing edge blockage levels and high
corrected flow stators. For the rotorcraft HP turbine to be suc-
cessful, the turning technology must be verified in a lower
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flow regime. With the lower corrected flows {smaller machines),
the aspect ratio decreases and the trailing edge blockage
increases due to size limitations. The increased blockage and
decreased aspect ratio influence on stator performance at high
turning must be evaluated and understood.

The program consists of designing seven stator configura-
tions. This includes three stators at different exit angles at
some nominal trailing-edge blockage. The stators will be typical
of the size, aspect ratio, and solidity required for the rotor-
craft engine. Using one of these stators as a baseline, two
additional configurations each will be designed around the base-
line stator with different trailing edge blockage 1levels and
aspect ratios. The stators will be designed using the latest
technology in 3-D design, which will include tangential lean and
endwall contouring.

Following hardware procurement, each annular stator cascade
will be tested. Testing will include a stator exit survey at
various pressure ratios. Stator performance and turning will be
evaluated for all seven stators. Particular attention will be
given to the radial distributions as well as to the global
results. Meeting turning and performance requirements globally
would not necessarily achieve the optimum stage performance if
the radial distributions are skewed.

N. Turbine Tip Clearance Sensitivity Reduction

To allow close-coupling the HP and LP turbines on the rotor-
craft and commuter engines, high shroud divergence will be
required for the LP turbine rotors. To achieve successful
designs of this type, mechanical technology advances are required
to reduce axial excursions during operating point changes.
Reductions in axial excursions will allow closer running clear-
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ances and will thus reduce performance penalties due to tip
clearances. Furthermore, aerodynamic advances in the reduction
of performance sensitivity to tip clearance are required to
achieve the year-2000 performance levels predicted for the rotor-
craft, commuter, and cruise missile engines. Year-2000 efficien-
cies reflect a 25 percent decrease in tip clearance sensitivity.
The main thrust of this program is the continuation of GTEC stu-
dies already completed on casing treatment and rotor tip treat-

ment.

The GTEC/USAF Case Treatment Study has shown that the smooth
shroud has performance advantages over recessed shrouds. A goal
of the proposed program is to extend this study using a high-work .
turbine as a testing vehicle. The high-work turbine will be used

0 —

as a model for extending this technology into the rotorcraft and
commuter engines, which will require high-work HP turbines.

The technical approach will extend the study on nonconven- .
tional tip geometry, such as winglets, into the high-work turbine h
technology. The GTEC/USAF LART program has shown significant
performance advantages using winglets. A further aspect of the
program will be to study the effects of aerodynamic loading on
tip leakage. One approach will tailor the vector diagram so that
the tip section is unloaded; another approach will wvary the
chordwise position of maximum loading.

Although the test rig will be a high-work, single-stage tur-

bine, the results of the technology program wou.d extend over all .-

the axial turbine configurations of the rotorcraft, commuter, and

turbojet engines. :
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Proqram Desgcription

This program, which consists of three tasks, provides for
screening tests and a second design iteration, as shown in Figure
45, It is scheduled to maximize the advantages of companion
Programs L and M.

The program considers two areas for reducing tip clearance
sensitivity, casing treatment, and rotor tip geometry. The rotor
tip geometry will include nonconventional geometries such as
winglets and experiments in blade loading.

The first year of the program will consist of defining the
shroud and tip geometry to be tested, and designing the test con-
figurations. The latter portion of the first year and the early
portion of the second year will involve fabrication of the con-
figqurations followed by rig testing and analysis.

The final two years will follow the same procedure, super-
imposing the results of the two study areas into a conceptual
design. A final report on the success of this effort will be

submitted early in the sixth year.

Technical Discussion

Preliminary studies have demonstrated several approaches to
reducing the stage performance sensitivity to tip clearance. Two
approaches relate to geometry changes on either the shroud casing
or the rotor blade tip. Past studies at GTEC have shown perfor-
mance advantages for smooth shrouds and winglets on the tip sec-
tions. Continuation of the GTEC/USAF Case Treatment Study and
the GTEC nonconventional tip geometry studies will be the main

thrust of this program.
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Another approach will include a tip section aerodynamic
loading study. In this approach, the vector diagram will be
tailored such that the tip section would be unloaded aerodynamic-
ally, thus reducing the pressure gradient across the airfoil.
The position of the maximum aerodynamic loading influence on tip
performance will algo be studied.

In summary, reducing the performance sensitivity to tip
clearance by 25 percent will require studies on shroud and tip
geometry confiqurations, as well as on aerodynamic design philo-
sophies.

2.4.2.5 Combustor Performance

This section presents the technology plan for improving
annular combustor performance for year-2000 rotorcraft engines.
The plan consists of two discrete technology programs, identified
as O and P in Figure 46.

The first program, which addresses pattern-factor for high
heat release rate (HRR) combustors, will advance technologies
applicable to ceramic combustors. It uses metallic combustors
for rig testing. The second program will build on this advanced
technology base to obtain experimental data on a ceramic combus-
tor, which includes the combustor liner and hot transition

liners.

0. Low Pattern Factor Annular Combustors

Significant performance requirement differences exist
between the various SECT applications for annular combustors.
The rotorcraft and commuter applications require a4 low pattern
factor and a durable, efficient, stable combustion system with
altitude relight capability. The cruise missile engine applica-
tion requires a 1low pattern factor, volume-limited, short-life
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0| LOW PATTERN-FACTOR ANNULAR COMBUSTORS
o DESIGN PRIORITY ON PATTERN-FACTOR AND PRESSURE
LO8S. TEST METALLIC COMBUSTOR AT LOW & T0
ACHIEVE SECT HAR AND MINIMIZE WALL COOLING
EFFECTS
= COMB AND RIG DES/FAD r%(
e (COMB MODS AND HOT RIG TESTS ”////A
P| CERAMIC ANNULAR COMBUSTOR
o OESIGN TO SECT CYCLE WITH PRIORITY ON PATTERN
FACTOR y
= COMS AND fIG DES/FAB 7/( f/f
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Figure 46. Combustor Technology Schedule.
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combustor to satisfy requirements for a low-cost, low-volume,
low-weight engine. All SECT applications require
nonmetallic materials to optimize combustion system perfor-
mance for the high cycle temperatures of this study. Until non-
metallic combustor materials are available, metallic combustors
can be rig tested at increased cycle temperature levels to eval-
uate concepts.

As combustor temperatures rise, increased design priority on
low pattern factor combustion systems will prevail to limit tur-
bine inlet temperature hot spots. The additionial goals of mini-
mum combustor pnressure drop and minimum combustor size make pat-
tern factor reduction a difficult task. The use of nonmetallic
materials will allow budgeting additional dilution air for pat-
tern factor control by eliminating wall cooling requirements.
Design concepts to minimize pattern factor can be evaluated with
metallic combustors by rig testing at low pressures and using
advanced wall cooling to minimize cooling air requirements.
Testing will be directly applicable to rotorcraft, commuter, and
APU reverse-flow combustion systems, and the analytical models
will allow the extension of the results to through-flow combus-
tors (cruise missile engines).

Program Description

This program consists of two primary tasks, from combustor
design through hot rig tests, as scheduled in Figure 46.

The schedule is based on the use of an existing high-temper-
ature combustion rig with combustors adapted to existing plenums.
Existing analytical design tools will be used to define the ini-
tial combustor/liner geometries. Following initial testing, an
iterative test-design modification procedure will be used on ana-
lytically predicted improvements, and each test sequence will
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data on where further improvement is required.

L]
s

The main program activities are summarized in the following:

o Define a fuel injection system to provide uniform,
well-atomized fuel distribution with coking resistance
suitable for the cycle temperatures of this study
{including 1427C [2600F] TRIT)

o Define the combustion system to provide a well mixed, {
uniform, primary zone as well as an optimum mixing pat- 1
tern dilution zone to provide minimum pattern factor A

o Rig test evaluate each configuration at selected test
conditicns to determine pattern factor, liner thermal
gradients, and atomizer fuel passage wall temperature
levels

o] Modify the configuration based on 3-D analysis and
repeat tests, iterating until all design goals are

aaad o badon B

achieved. A final redesign and test cycle will be used
for the non-metallic design.

Technical Approach

Selection of design goals will include pattern~factor reduc-
tions of 35 percent (to 0.12 levels) for the rotorcraft simple
cycle. Completely uniform wall temperatures are not achievable.
However, hot-spot thermal gradients will be minimized via prcper
fuel injection and combustor aerodynamic design. The design goal 1
level for wall thermal gradients will be as required for pro-~
jected ceramic material properties.
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Atomizer coking resistance is important for future rotor-
craft and commuter applications with high combustor inlet temper-
ature (particularly with recuperated cycles). The design goal
will be to maintain fuel-passage wall temperatures at acceptable
levels, currently estimated to be below 204C (400F). Effective
thermal insulation will be required to minimize stem heat trans-
fer and adequate tip cooling, with airblast atomization.

These programs will provide much needed information on
design goal feasibility for pattern-factor control, fuel atomizer
coking resistance, and liner thermal gradient control. Analyti-
cal design methods to optimize the aerodynamic design of nonme-
tallic combustors will also be initiated. Pattern factor will be
a design priority for the ceramic combustor, with a goal of 0.12.
This will allow the cycle temperature (TRIT) of 1427C (2600F) (as
established in this study) with a hot-spot temperature of 1538
(2800F).

P. Ceramic Annular Combustor

This technology program will build on the advanced data base
as established on metallic combustors (Program 0O) and on the
ceramic materials program discussed in paragraph 2.4.2.1 (Program
B). The aerothermal and mechanical design of a ceramic combustor
(liner and transitions) will be accomplished based on existing
analytical modeling, advanced data base (Program O), and ceramic

material properties.

The system will be configured and sized for results appli-
cable to the SECT rotorcraft engine (simple cycle) and to be com-
patible with existing rig and test equipment.
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Program Description

This program consists of two primary tasks, as scheduled in
Figure 46. Design and fabrication of the combustion system will
be conducted along with combustion rig modifications. Two com-
bustor/transitions will be completely fabricated and approximate-
ly eight ceramic combustors will be partially fabricated to
facilitate experimental modifications. A second design-test
iteration is scheduled to achieve technology readiness.

2.4.2.6 Compressor (Centrifugal) Per formance

This plan consists of five discrete technology programs,
identified as Q through U on Pigure 47. The first program, which
is highly experimental, addresses the fundamental aerodynamic
prediction/design techniques for axial and centrifugal compres-
sors that are necessary to achieve the centrifugal compressor
levels as predicted in this SECT study for year-2000 rotorcraft
engines. The other four programs address specific design fea-
tures where large loss reductions are projected and necessary for
year-2000 efficiencies.

The efficiency improvements projected to be attainable
through these programs are as follows:

Analytical Modeling *

First-Stage Impeller/Diffuser Crossover

Optimization 0.5 percent

Optimization of Second-Stage Impeller 0.5 percent
Case Treatments 1.0 percent

Diffuser System

IA A 1A A

1.0 percent

*The analytical modeling tools are required to achieve the noted

efficiency improvements. They will have an additional influence
on performance dependent on configuration and apy lication.
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ANALYTICAL MODELING AND COOE VERIFICATION FOR
AXIAL/CENTRIFUGAL COMPRESSORS

o COMPUTER CODE FOR CALCULATION OF 3-0 TRANSONIC
AND VISCOUS FLOWTHROUGH BLADE/VANE ROWS, TO
BE VERIFIED BY NONINTRUSIVE FLOW FIELD
MEASUREMENTS

ANALYTICAL MODELING/COQE VERIFICATION K
AXIAL AND CENTRIF AERQ RIG DATA

CODE CALIBRATION

YERIF COMPR: DES/FAB

VERIF COMPR: AERO RIG DATA

PERFORMANCE OPTIMIZATION OF IMPELLER/DIFFUSER/
X-GVER FOR A FIR3T-STAGE CENTRIF

o MEASURE EFFECTS OF SPEED, BLADE/SPLITTER
NUMBER, AND DIFFUSION RATIO IN TEST MATRIX TO
OPTIMIZE DESIGN/TRAADES

= IMPELLERS (3): DES/FAB/AERO RIG TEST
a |MPELLERS AND DIFFUSERS: DES/FAB/AERO Ri6 TEST
« X-OVER: DES/FAB

® STAGE AERO RIG TEST

PERFORMANCE OPTIMIZATION OF SECOMD-STAGE CENTRIF
BASED ON FIRST-STAGE EXIT CUNDITIONS

o MEASURE EFFECTS OF MODIFIED INDUGER BLAOE
ANGLES SET TO ACCEPT INLET SWIRL AND THROUGH-
FLOW DISTRIBUTIONS

o |MPELLERS [3): DES/FAB/AERO RIG TEST
® [MPELLERS AND DIFFUSERS: DES/FAB
» STAGE AERQ RIG TEST

CENTRIFUGAL COMPRESSOR CASING TREATMERTS

o MEASURE EFFECTS OF GROOVES, SLOTS ANO HOLES
AS CONFIGURED FOR REDUCED TIP LOSSES AND
ADDED SURGE MARGIN

® STAGE DES/FAB/AERO RIG TEST
IMPROVED DIFFUSION SYSTEMS

o MEASURE DIFFUSER CONFIGURATIONS SELECTED FOR
LOWER INLET LOSSES, IMPROVED SURGE MARGIN, AND
INCREASED DIFFUSION RATES, AND EVALUATE
SHORTENED 90 DEGREE BENDS

= DIFFUSER DES/FAB
® FLOW RIG TESTS
» STAGE TESTS
SECT TECHNOLOGY VERIFICATION

't .. Wb

e
————
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Figure 47. Compressor Technology Schedule.
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Technology Programs R through U could be run independently
to the SECT cycle. However, improved data validity can be expec-
ted with the interrelationships shown on the plan scheule.

Q. Analytical Modeling and Code Verification for
Axial/Centrifugal Compressors

To achieve the centrifugal compressor performance levels
projected for the year-2000 time frame, compressor aerodynamic
design technology must be improved in several areas. This 1is
required in advance of full-stage compressor development in order
to thoroughly explore compressor design options and ensure that
proper design-parametés selections can be made.

The objective of this program is to develop 3-D viscous
analytical codes as a design tool to significantly improve tur-
bomachinery compressor performance. The obvious benefit of
designing blade rows with improved predictions and reduced losses
is the immediate application in all types of engine applications.
The program is structured toward prediction and verification of
internal flow calculations that have been substantiated by inter-
nal flow measurements so that the code can be used with confi-

dence.

This ongoing program is the key to redu