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Abstract: US military aircraft engine advanced technology programs were overviewed and analyzed from

light weight gas generator (LWGG) program initiated in 1960s through integrated high performance turbine

engine technology (IHPTET) program started in 1980s, then to versatile affordable advanced turbine engine

(VAATE) program. Some features and trends were summarized and concluded by literature statistics method,

such as teams based on closely corporation among government. industries and academics, goals oriented with

national defence strategies and weapon system development requirements, engineering manufacture and devel-

opment including all relative disciplines and areas, verification measured by technelogy readinesslevel, the ap-

plication extending to military aircraft engine, civilian engine, gas turbine-and space vehicle, etc/ The/experi-

ence and lessons obtained can provide reference and guide for technology research and engineering méanufacture

and development of military aircraft engines in the world.
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After changing the strategic thinking that
missiles were morée importance than the aircraft
and the argument that turbine éngines were-a
mature technology and nothing more needs to be
done. In early 1960s, US government initiated
and implemented @ series”of advanced military
aircraft engine technology programs. developed
and demonstrated the advanced core engine tech-
nologies, in order to throw off falling behind the
Russia for technology level and development
speed of aircraft engine.

In early 1960s, Air Force Aero Propulsion
Laboratory at Wright-Patterson Air Force Base
(AFB),
(GE) and Pratt & Whitney (P& W), initiated

and implemented advanced core engine demon-

incorporation with General Electric

strator program—LWGG program with zero
fund, in order to develop and demonstrate future
fighter engine technologies. Since then, US gov-

ernment combining industries and academics, in-
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itiated and implemented systematic advanced
technology programs to develop and demonstrate
the advanced engine and component technologies
and concepts for varies generation military air-
craft engine, and achieved obvious advancement
in military aircraft engine technologies and prod-
ucts. During the programs, a large amount of
experiences and lessons on technology research
were demonstrated and obtained. Therefore, the
features and trend on US military aircraft engine
advanced technology programs summarized and
concluded can provide important references for
the research and development of military aircraft
engines in the world. These programs include
advanced turbine engine gas generator(ATEGG)
program, aircraft propulsion subsystems inte-
gration ( APSI) program, component improve-
ment program (CIP), engine model derivative
program (EMDP), engine structure integrated
program(ENSIP), engine durability and damage
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tolerance assessment(DADTA)program, turbine
engine hot section technology (HOST) program,
low cycle fatigue(LCF) program, joint technolo-
gy demonstrator engine (JTDE) program, inte-
grated high performance turbine engine technol-
ogy (IHPTET) program, national high cycle fa-
tigue ( HCF) program, versatile affordable ad-
vanced turbine engine (VAATE) program, high
temperature engine materials program ( HI-
TEMP), titanium matrix composite turbine en-
gine composite consortium (TMCTECC) pro-
gram, affordable polymer composite(APC) pro-
gram, department of defence(DoD) manufacture

technology (DoD MANTECH) program-"*.

1 Team based on government,
industries and academics

Corporation and communication among gov-
ernment research laboratories, industries and u-
niversities were excited in US science and tech-
nology research from national to defence, then
to aircraft engine industry. ~Since 1980s, US
government successively\issued a large amount
of rules, laws-and regulations \to encourage-the

corporation and communication, ‘such as the Ste-

venson-Wydler  technology \ innovation—"act
(1980 ), mnational cooperatipn research law
(1984), and federal”technology transfer act

(1986). They facilitated the cooperation of a lot
of partners on aircraft engines.

The government, industries and academics
brought advantages and contributions into the
corporation. The government agencies, inclu-
ding DoD, National Aeronautics and Space Ad-
ministration ( NASA ),

(DoE) and Department of Commercial (DoC),

Department of Energy

were in charge of defense application develop-
ment, feasibility study of new technologies for
weapon systems, the test and evaluation of the
armament, a small amount of basic research and
providing technology support for government a-
gencies in making and organizing defense devel-
opment program. Industry research entities were
in charge of preliminary development of weapon

system, and invested independent development

program based on industry requirements except
to the development contract charged. US gov-
ernment gave a large amount of economic com-
pensation (DoD act 3204. 1) to the above entities
in order to accelerate defense science and tech-
nology research and weapon system develop-
ment. Academic agencies were in charge of basic
research (taking up 50% of defense basic re-
search).

Advanced technologyprograms on military
aircraft engine were organized by Air Force Aero
Propulsion Laboratory that included basic re-
search, exploration development and advanced
development. The majority of basic research
were implemented by academies, governments
and industry entities-and a_small portion of them
were implemented by Air Force Aero Propulsion
Laboratory, —and the exploration~development
and advanced development weére mainly achieved
by industry entities. \The technology developed
and_demonstrated in ITHPTET and VAATE pro-
grams_included” in_€xploration development and
advance development. The civil aircraft engine
programs were organized by NASA Glenn Re-
search Center. The basic research, exploration
development and applied development under
Technology Readiness Levels(TRL) 4 were in-
cluded in these programs to ensure propulsion
system meeting with surrounding requirements,
and sustain the advantages of US propulsion sys-
tem, increase the safety and economic of air
transport. The technologies developed and dem-
onstrated in Ultra Efficient Engine Technology
(UEET) program were achieved TRL 5-6 level,
and the technologies developed in Air Propulsion
and Power (APP) program were achieved TRL
1-3 level. Industries were in charge of DoD and
NASA programs and engaged in varies technolo-
gy activities from basic research to engineering
development. University and other research a-
gencies undertook foundation technology from
government or military, THPTET and VAATE
programs were developed effectively by incorpo-
rating governments, industries and academic a-

gencies.
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The pioneer of IHPTET program is high per-
formance turbine engine technology (HPTET) pro-
gram. The HPTET program as an advanced
technology development began in 1982 and only
in Air Force Wright Aeronautical Laboratories,
Aero Propulsion Laboratory ( APL). Realizing
the importance of advanced materials, Materials
Laboratory (ML) joined the initiative soon as a
partner in 1984 with an increased emphasis on
advanced materials and structures. In 1985, in
compliance with the direction of the Air Force
Systems Commander to increase the gas turbine
engine industry involvement in the HPTET, the
program reviews were held with the following
seven aircraft engine companies: Allison Gas
Turbine Division, Garrett Turbine Engine Com-
pany, GE, Lycoming, P& W, Teledyne CAE,
and Williams International. At the urging of the
deputy under Secretary of Defense for research
and advanced technology, the Army, Navy, De-
fense Advanced Research Project Agency (DAR-
PA) and NASA were also joined the-program.
The resulting technolegy development and dems=
onstration program represented, a fully integrat-
ed government/industry/academician’ activity.,
thus the HPTET program had been consciotsly
applied to integrated high payoff rocket propul-
sion technology (IHPRPT) program.

VAATE progtam-took experience of incor-
poration of governments, industries and academ-
ic agencies after IHPTET program successfully.
In addition to five departments such as Depart-
ment of Army, Department of Air Force, De-
partment of Navy, DoD and NASA and six com-
panies such as GE, Honeywell, P& W, Allison
Advanced Development Company(AADC), Wil-
liams International and Teledyne Continental,
two government departments such as Office of
the Secretary of Defense (OSD) and DoE and
three aircraft companies such as Boeing, Lock-
heed Martin and Northrop Grumman also jointed
the VAATE program.

VAATE program not only included the gov-
ernment military departments and aircraft engine

companies, but also included the government

civil departments and aircraft companies, thus
integrated team was established to formulate air-
craft engine development strategy and financed
the research agencies jointed to provide support
for development and demonstration of propulsion

system and marine gas turbine technologies™"® .

2 Long term target oriented with
national defense strategies,
latest target drew with product

requirements

According to actual and future require-
ments, US government, Air Force and Navy for-
mulated integral and prospeet program to devel-
op and demonstrate amount-of-new technology,
material and -processing for achieving defense
strategy. At-the same time, they“implemented
the CIP to provide technology support for sol-
ving some problems and\failures exposed in the
in*service-anid developed engines. The technolo-
gies-developed“and demonstrated in a series and
systematical programs could meet the develop-
ment and upgraded requirements of the future
and existing military aircraft engine to make mil-
itary aircraft engine on the way that a generation
engine Is in service, a generation engine 1s im-
proved, a generation engine is developed, and a
generation engine is explored.

The long term target of US military aircraft
engine program was determined by National Sci-
ence and Technology Strategy, Defense Science
Army/Navy/Air

Force technology strategy and the target of aero

and Technology Strategy,

fields stage by stage, and were forecasting and
challenging. STF200, ATEGG1, ATEGG2 core
demonstrators and JTF22, GEl1, GE9 engine
demonstrators demonstrated in ATEGG program
provided foundation for the third generation
fighter engines such as F100, F110 and F404 in
1960s. In mid-1970s, ATEGG685, XTC65,
ATEGG3, ATEGG4 and XTC45 core demon-
strators demonstrated in ATEGG and JTDE690,
XTE65, GE23, GE29 and GE33 engine demon-

strators demonstrated in JTDE ensured the
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fourth generation fighter engines such as F119,
YF120 to develop and certificate successfully and
occupy the first place in the world. Since 1988,
XTC67, XTC76, XTC77 core demonstrator and
XTE66, XTE67, XTE76 and XTE77 engine
demonstrators demonstrated in IHPTET pro-
gram and provided technology support for F135,
F136 and future generation fighter engine. Espe-
cially in 1999 to 2005 the DoD investment for
new turbine engine research was reduced, ATAA
Air Breathing Propulsion Technical Committee
showed clearly that funding reductions of turbine
engine research and development would be dra-
matically reduced the speed of the turbine engine
research and development. The pain may not be
felt immediately, but the pain will be extreme in
the next decade, which may result in the loss of
US turbine engine leadership, less share of the
engine market, and risking job loss and critical
skill erosion in 100000 strong US turbine engine
workforces. This situation could be reversed on-
ly by improved turbine engine research and de-
velopment funding, thds\the commission recoms=
mended that federal government initiated—ad-
vanced turbine” engine technology program-—
VAATE to maintain national, defense readifiess
and to keep the US technological leadin gas tur-
bine propulsiont™.

The latest aim\of US military aircraft engine
program is determined based on the problems
exposed during aircraft engine development and
operation. In 1970s, special programs such as
CIP and EMDP were conducted by Air Force,
Navy, P& W and GE for improving reliability,
durability and adaptability of F100-PW-100 and
TF30-PW-414 engine. The
components developed in these programs im-
proved the reliability, durability of F404, F414,
F100 and F110 engines and made these engines

technologies and

move to maturity. Since 1980s, while reliabili-
ty, durability demonstration were added to
JTDE program, some special programs such as
ENSIP, DADTA., HOST, LCF and HCF were
conducted by US government and the industries

to develop and demonstrate a number of technol-

ogies for improving in-serve aircraft engine
structure strength.

Due to adhere the development policies
combining of long term programs and short term
programs, US aircraft engine technologies and
products have been placed world lead after devel-
oping F119 successfully, and will keep the US
technological dramatically lead in gas turbine

propulsion for long time.

3 Technology development be headed
up and integrated

The military aircraft engine is high techno-
logical product involved multidisciplinary and
multiple components, and its-engineering manu-
facture and development should be headed up

and integrated.

3.1 Development of core engine and low pressure

components in parallel

Military aircraft engine \is an integrated
produet-that imperfection désign of any compo-
nent may restlt in” performance decrease, even
serious failure;

In mid-1960s, US government in coopera-
tion with P& W and GE conducted LWGG and
ATEGG to develop and demonstrate core engine
technologies, meanwhile initiated ASPI program
to develop and demonstrate core component and
technology of inlet, fan, low pressure turbine,
afterburner, exhaust nozzle and control system.

Since 1970s, US Air Force/Navy conducted
jointly JTDE program to develop and demon-
strate overall engine technologies. The program
integrated the results of ATEGG and APSI pro-
gram into an engine demonstrator not only to
demonstrate core component, fan, low pressure
turbine, afterburner, exhaust nozzle, control
system and mechanical system, but also to dem-
onstrate aircraft engine integration technology at
real environment.

Since 1980s,
and academic agencies conducted jointly IHPTET
and VAATE programs. ATEGG , APSI and JTDE
programs were integrated into IHPTET and

VAATE programs that were doubling the US

US government, industries
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military’s propulsion capability in 1988 until
2005 through revolutionary aerothermodynam-
ics, materials, structure and control technolo-
gies that provided improved performance with
light weight, simple structure for the US
military’s new generation and currently fielded
fighter systems.

All in all, US fighter engine development
had gotten on scientific and specified technology
demonstration road that was from advanced com-
ponent to core engine demonstrator, then to o-

verall engine demonstrator-**".

3.2 Demonstration of performance with reliability,

durability and maintainability concurrently

The technology research and model develop-
ment of military aircraft engine were refined pro-
gressively by lessons learned from success and
fails that experienced the fourth phase: (1) per-
formance emphasized; (2) reliability, durability
and maintainability improved complementarily;
(3) performance, reliability, durability~and ma=
intainability improved simultaneouslys-(4) per-
formance, reliabilitys™ durability dnd. maintain=
ability developed coordinately. THPTET, VAATE
and HCF programs were typical of ‘them.

In 1980s to 1990s, \the development empha-
sis of fighter engine was transforméd to impro-
ving performance with sustaining long life. The
aims of component‘and engine structural assess-
( CAESAR)
IHPTET lied on enhancing demonstration of

ment research program under
structure material and demonstration of engine
component durability for joint strike fighters F-
35 and F-22.

The aim of national turbine engine high cy-
cle fatigue science and technology program was
to resolve the high fault rate resulted from HCF
and accustom the trend of vibration response im-
provement. Its specific work was to determine
main cause of HCF aircraft turbine engine fail-
ures, explore the measures on reduction of fault
and provide the technology foundation to fighter
engine HCF materials damage tolerance. The
aim of VAATE program was to develop, demon-

strate, and transition versatile, intelligence and

durability turbine engine technologies that pro-
vided 10 times improvement in affordability to a
wide range of legacy and future military propul-

sion1,

3.3 Development of design and material/process

simultaneously

The material and processwere contributed
to fighter engine in light weight, high tempera-
ture and strength. The research results show
that the new material and structure are over
70% improvement in performance, specific fuel
consumption and reliability without changing
aircraft engine configuration. Thus aircraft tech-
nology advanced countries such as US, United
Kingdom greatly developed” and demonstrated
aircraft engine technologiess and emphasized the
advanced material and process simultaneously.

Since 19805, the\new material and process
were /developed and demonstrated under the
comprehensive programs such as IHPTET,
VAATE-4S a critical field,~also under some spe-
cial programs” such” as HITEMP, TMCTECC,
Dob-MANTECH, and Air Force science and
technology program.

With materials and processes technology ar-
ea plan for Air Force science and technology pro-
gram, the high benefit material and process of
latest, interim and long term weapon system
were developed and demonstrated; the applica-
tion development of the latest improved/upgra-
ded/sustained systems were conducted; the ma-
terial and process for improving the maintenance
of current system were developed and demon-
strated and could be next base engine for impro-
ving sustainment; the internal experience and
system of support were provided for Air Force
Product Center and Maintenance and Repair Center.

The advanced materials such as single crys-
tal/multiple crystal nickel-basesuperalloy, mo-
lybdenum-base and niobium-base alloy. organic
matrix composite, metal matrix composite, ce-
ramic matrix composite, carbon-carbon compos-
ite, intermetallic compounds and thermal barrier
coating were developed and demonstrated great-

ly, and the advanced affordability process such



¥

1706 fiic

5]

AN 529 %

as forging and diffusion bonding were also devel-
oped and demonstrated.

With HITEMP program started in 1988 by
NASA, polymer matrix composite used on fan,
casing and control system, metal matrix com-
posite and intermetallic compounds used on com-
pressors and turbines, ceramic matrix composite
used on high pressure turbine and afterburner
were developed and demonstrated.

With affordable composite of propulsion
(ACP) project in affordable polymer matrix
composite program started in 1993 and invested
by DARPA, the team led by P& W designed and
manufactured composite fan inlet casing of F119
engine successfully using resin transfer molding
(RTM) process, developed and demonstrated
composite fan rotor blade with 2-D fiber struc-
ture for improving F119 and F135 engines, and
developed and demonstrated other composite
components such as core cowl, fan inlet cowl,
fan blade containment structure and<fan outlet
casing.

With TMCTECC-started\in 1994 _and inves=
ted by US government, Textron Specialty Mate-
rials Company developed continugus tape making
with TMCTECC; ‘Atlantic Research

Corporation evolved into batch tape making

process

process; GE and P& W explored the application
of the titanium matrix composite component
manufactured by the process in civil and military
aircraft engines such as F110, F119, F135 and
F136. The new, low cost, high quality and high
efficiency maintenance and repair technology

were developed and demonstrated with DoD

MANTECH program in 1982,

4 Technology verification measured
by TRL

Based on technology development law, TRL
is a systematic metric/measurement approach
that is applied to all stages of technologies from
birth to application to some system/item. TRL
supports assessments of the maturity of a parti-
cular technology and the consistent comparison
of maturity between different types of technolo-
gy, and then provides a general language for sci-
entific research personnel and technical adminis-
trator. The TRL approach was created in the
early 1980s, had been firstly applied to NASA
space technology plannhing for-many years, and
was incorporated in\the NASA management in-
struction (NMI-7100), as a necessary tool for se-
le¢ting projects in mid-1990s.

The DoD has adopted TRL concept similar
to"INASA-asan important basis and references to
evaluate the readiness level of key technologies
and-establish-national defense acquisition plan-
ning. The definitions of TRL from DoD and
NASA are compared in Table 1.
NASA stipulates that technology could be ap-
plied unless it has reached TRL 6, and DoD stip-

ulates that technology could be listed in weapon

Otherwise,

system planning unless it has reached TRL 7.
The TRL approach was adopted in UEET,
IHPTET and VAATE programs, and military
aircraft engine development in GE, P&W and
Allison to verify technologies readiness and re-

duce development risk.

Table 1 Comparison of TRL between DoD and NASA

TRL DoD NASA
TRL 1 Basic principles observed and reported Basic principles observed and reported
Technology concept and/or application for- o
TRL 2 Technology concept and/or application formulated
mulated
TR 3 Analytical and experimental critical function Analytical and experimental critical function and/or charac-

and/or characteristic proof of concept

teristic proof of concept
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TRL DoD NASA
TRL 4 Component and/or breadboard validation in Component and/or breadboard validation in laboratory en-
i laboratory environment vironment
TRL 5 Component and/or breadboard validation in Component and/or breadboard validation in relevant envi-
: relevant environment ronment
TRL 6 System/subsystem model or prototype dem- System/subsystem model or prototype demonstration in a
onstration in a relevant environment relevant environment (ground or space)
System prototype demonstration in an opera- o .
TRL 7 ) ) System prototype demonstration in a space environment
tional environment
TRL 8 Actual system completed and * qualified” Actual system completed and “flight qualified” through test
’ through test and demonstration and demonstration (ground or space)
TRL 9 Actual system “proven” through successful Actual system “flight proven” thretgh successful mission

mission operation

operation

S Application extending to more

military and civilian sectors

US national safety science and <technology
strategy made by National Science and.Technol-
ogy Council was ordered by US president in
1995. The strategy pointed out that US imple-
mented dual-us¢ (commercial and military)-tech-
nology strategy to gradually establish the seam-
less national science and technology industry
foundation, and was applied’to commercial and
military sectors.

As an integral part of US defense science
and technology advanced research, the establish-
ment, implement and application of aircraft en-
gine advanced technology plan and program ad-
vocated to enhance the cooperation among mili-
tary aircraft engine, commercial engine, gas tur-
bines and space engine at the height of national
benefit, and largely to speed up the full and sus-
tainable development of the national science and
The

aircraft engine advanced technology plan and

technology and defense weapon systems.

program were directed by national safety science
and technology strategy, completed by engine-
relative scientists and technology experts coming
from military and non-military areas, comple-

mented by preferred military and non-military

research units.,-and shared by all related govern-
meénts ¢ industries and academics. The THPTET
and VAATE programs were the models that ex-
tended many applications through developing du-
al-use_ ( commeércial’ and military ) propulsion
technologies.

The technologies developed and demonstra-
ted in THPTET and VAATE not only would
provide benefits to current traditional aviation
weapon system, such as global strike fighter,
advanced stealth fighter, advanced transport air-
craft, vertical/short-distance take-off and land-
ing(V/STOL) aircraft, but also provided bene-
fits to new and revolutionary air transport and
accessed to space products with long-range, low
cost, high Mach number and durable, such as
unmanned Combat air vehicles (UCAV), high
Mach number cruise aircraft, affordable access
to space. The successful demonstrations from
IHPTET and VAATE programs could further
develop high specific power turbine engine to
meet the requirements of supersonic civil air ve-
hicle and inter-city vertical take-off and landing
(VTOL) fixed-wing aircraft.
nologies proposed for THPTET and VAATE

were the essential foundation for the more ad-

Numerous tech-

vanced reusable hypersonic flight vehicle and af-

fordable civil access to space vehicle than suc-
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cessful demonstrations from the NASA X-43
program.

The military aircraft engine, component and
sub-component technology developed and dem-
onstrated during versatile core area of the
VAATE program would allow greater hardware
commonality between military and commercial
product, so its cost can be greatly reduced
through economy of quantity sales. The concept
of the prognostics and health maintenance con-
cepts developed and demonstrated in the intelli-
gent engine area of the VAATE program would
be directly beneficial to almost all commercial
products and many technologies and products de-
veloped in the durability focus area of VAATE
would have direct and pervasive economical im-
pact. For example, VAATE’s investments in
weight reduction, improved maintenance time,
and reduced parts count for military aircraft en-
gines would have complementary effects on cost
reduction of commercial products. Likewise, ad-
vancements in engine thermal “management
would impact commereial engine development by
enabling a more thermally\ optimized, engine-cy-
cle, leading to teduced fuel\burn characteristics
and hence an overall reduction in\fuel cost“and
pollutant emissions.

The benefits obtained Afrom THPTET and
VAATE programs_wete dual-use not only in
terms of military and commercial synergy, but
also in terms of payoffs to rocket, marine,
ground transport, and other non-aircraft applica-
tions. Compressor and turbine technologies de-
veloped and demonstrated in IHPTET and
VAATE could be applied to turbomachinery-
based rocket fuel pumps, and translated into tra-
ditional rocket engine and turbine based on com-
bine cycle engine. Combustion technologies de-
veloped and demonstrated in IHPTET and
VAATE programs could be applied to low emis-
sion combustors of gas turbine for marine, pow-
er generation, mechanic drive, tank, etc. The
various manufacture technologies, analytical de-
sign tools, intelligence engine control system

and advanced light and high-temperature durable

developed and demonstrated in
IHPTET and VAATE programs would benefit

turbine engine end users regardless of applica-

materials

tion"'# 1%,

6 Conclusions

The conclusions were found by investigating
the US military aircraft engine advanced technol-
ogy programs implemented since 1960s.

1) A large amount of programs were con-
ducted and a large amount of experiences and
lessons were demonstrated and obtained.

2) The goals of the programs were pulled
by current and future defence strategies and re-
quirements.

3) The technolegies demonstrated in these
programs will-be applied to from/military aircraft
engin€e to civilian'and‘other military vehicle.

4) The team of the programs is the national
team.

5) Technology development were achieved
with-mature miethod such as TRL and “advanced
research is earlier than product development”.

The above features and experiences can pro-
vide technology references for all military air-

craft engine development.
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