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NOTICE 

The project that is  the subject of this report was approved by the Governing 
Board of the National  Research Counci l ,  whose members are drawn from the councils 
of the National Academy of Sciences, the National Academy of Engineering, and the 
Ins t i tute of Medicine. The members of the panel responsible for the report were 
chosen for their specia l  competences and with regard for appropriate balance. 

This report has been rev iewed by a group other than the authors accord ing to 
procedures approved by a Report Rev iew Committee consisting of members of the 
National  Academy of Sciences, the National Academy of Engineering, and the Inst i ­
tute of Medicine.  

The Nat ional Resea rch Council  was establ ished by the National Academy of 
Sciences in  19 16 to associate the broad communi ty of science and technology with  
the Academy's purposes of further ing knowledge and of advising the federal govern­
ment. The Counci l  operates under the authority of its congressional charter of 
1863, wh ich establi shes the Academy as a private, nonprofit ,  self-governing  mem­
bersh ip  corpora tion.  The Counci l  has become the principal  operat ing agency of 
both the Nat ional  Academy of Sciences and the Nat ional  Academy of Engineeri n g  i n  
the conduct of their services t o  t h e  govern ment, t h e  public, and the scient i fic 
and engi neering communit ies. I t  is admin istered joint ly  by both of the Academies 
and the I nstitute of Med ici ne. The National Academy of Engineer ing  and the Insti­
tu te of Medicine  were esta bli shed in  1964 and 1970, respect ivel y, under the char­
ter of  the Nation a l  Academy of Sciences. 

This  report represents work under Contract No. F49620-8 3-C-0111 between the 
Un i ted States A i r  Force and the National Academy of Sciences. 

Copies  of this pu blication are ava i lable from: 

A i r  Force Studies Board 
Nat ional Research Counci l  
2 10 1  Const i tut ion A venue, N.W. 
Washington, D.C. 20418 

Hational Technleal 
Information Servlct, 
Springfield, Va.. 
22161 

rl ' 

Order Ho.---10 d /;{-- I I I 
ii 

Copyright © National Academy of Sciences. All rights reserved.

Aircraft and Engine Development Testing
http://www.nap.edu/catalog.php?record_id=19206

http://www.nap.edu/catalog.php?record_id=19206


APR 6 1988 
AIR FORCE STUDIES BOARD 

Ju l ian  Davidson, Cha irman 
Booz Allen &. Hamilton, Inc. 

Paul R. Drouilhet, MIT Lincoln Laboratory 
C. Cordell  Green, Kestrel Institute 
Grant  L. Hansen, System Development  Corporat ion 
Lorenz A. Kul l, Science Applications International  Corporation 
John J. Martin, Associate Administrator Aeronautics & Space, NASA (ret ired) 
Robert C. Mathis, General, US Air Force (ret i red) 
Brockway McMillan,  Cha i rma n Emeritus. Bell Telephone Labs, Inc. (retired) 
Stanley R. Mohler, Wright State Universi ty School of Med icine 
Brian O'Brien, Cha irman Emeri tus, Private Consul tant  
Jennie R .  Patrick,  Rohm and Haas Company  
Robert F. Rushmer, University of Washington, Seatt le  
Charles  V. Shan k, AT&T Bell Labora tories 
Oswa ld G. V i l lard,  J r., Member Emeri t u s. Stan ford University 
Robert A.  Wh i te, Univers i ty  of I l l i nois, Urbana-Cha mpa ign 
Laurence R.  Young, Massachusetts Inst i tute of Technology 

COMMITTEE ON AIRCRA FT AND ENGINE DEVELOPMENT TESTING 

Robert A.  Whi te, Chairman 
University of I l l inois, Urbana-Champa ign 

John L.  A l l en, Joh n  L. Al len Assoc ia tes 
Jack L. Kerrebrock, Massachusetts In st i tute of Tech nology 
Fran k  S. Kirkham, NASA-La ngley Research Center  
Chester  W.  Mi l ler ,  McDon n e l l  Douglas  Corporation 
Stua rt  L. Petrie, Ohio State Un i versi ty 
Charles V. Sha n k, AT&T Bel l  La bora tories 
Clarence A. Syvertson, NASA-Ames Research Center (retired) 
Robert L.  Tri mpi, NASA-Langley Resea rch Center (retired ) 

AIR FORCE STUDIES BOARD STAFF 

Vernon H. Miles, Sr., Execut ive Di rector 
Donald L. Wh it ta ker, Assista nt  to Execut ive Di rector 
Kather ine H. Atkins, Secretary 

iii 

Copyright © National Academy of Sciences. All rights reserved.

Aircraft and Engine Development Testing
http://www.nap.edu/catalog.php?record_id=19206

http://www.nap.edu/catalog.php?record_id=19206


STATEMENT OF TASK 

The Committee on Aircraft and Engine Development Testing wi l l  study the usc, 
t iming, and costs of development testing in the new aeronautical test facilities. 
Effective usc of the new capabil ities can mean reduced risk in  the f light testing 
program and decreased engineering changes, modifications, and retrofits. 

The committee should recommend in its final  report concepts, methods, and 
schedules that  will  take maximum advantage of increased ground testing capabil ­
i t ies to shorten development t imes and reduce l i fe cycle costs. 
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EXECUTIVE SUMMARY 

BACKGROUND 

The importance of aerospace technology to the United States for both mi l i tary 
preparedness and defense, and to the economy in the commercia l  a ircraft  sector is  
wel l  k nown. To maintain and strengthen the scientific, development,  and manufac­
turing capabilities for a ircraft and missi l es requi res cont inual  improvement  and 
periodic enhancement of ground test faci l i ties for the testing of aircraft and 
engi nes. When major changes in capabi l i ty  for ground testing occur or when rev­
olutionary steps in engine aircraft technology are imminent it  is  prudent to 
reexamine the program testi ng philosophy to see i f  i t  is  responsive to emerging 
changes and new challenges. 

The dedication of three new Air Force ground testing faci l i ties that signif­
icantly enhance aircraft and engine development capabilities suggests that it is 
appropriate to examine current Air Force test ing procedu res. Dr. Ja mes Mitchel l ,  
Chief Scientist  a t  the  Arnold Engineer ing  Development Center (AEDC), asked the 
Air  Force Studies Board to form a commi ttee to study this question. I n  the 
spr ing  of 1 984 the Air  Force Studies Board approved the study and the committee 
on Aircraf t  and Engine Development Testing was formed. 

The committee met five times between June 1984 and Ju ly  1985.  The meetings 
included visits to two of the new aerospace testing fac i l i t i es: the National 
Transonic Faci l i ty (NTF) at  NASA-Langley Research Center,  Hampton, Virginia,  and 
the Aeropropulsion Systems Test Facil i ty (ASTF) at Arnold Engineering Development 
Center, Tul lahoma, Tennessee. Presentations and d i scussions with representat ives 
of the mi l i tary,  government, aerospace industry, NASA, DARPA, and private c i t i ­
zens were  he ld  a t  four of the f ive  meet ings. The  f i f th  meeting concentrated on  
preparation of this  report. 

FINDI NGS 

The committee found that the ground test communi ty  is confident  that the 
available test procedures can handle most problems presented by new a i rcraft and 
engine designs. However, when new and radica l ly  d i fferent  design concepts appear 
there is uncerta in ty in appropr ia te test methods and d ifficulty in obta i n i ng 
necessary levels of funding early enough in  the progra m cycle.  The emergence of 
new designs emphasizing in tegration of the airframe, engine, and fl ight  control 
systems wil l  provide a synergistic effect producing revolu tionary changes in the 
flight envelope. Simultaneously, th i s  in tegration introduces test ing problems 
for which there is  no previous experience and which requi res the combined test i ng 
of components that were previously tested separately. Thus there is increased 
risk of  development problems and the potent ia l  for expensive and t ime consuming  
corrective measures. Consequently, the  poten tial  capab i l i ties of the  ASTF should 
be developed and brought to operational status as  quickly as possible.  

Successful  implementation of such h ighly integrated designs wi l l  requ ire 
significant changes in  the method for fund ing  a i rcra ft and engine development. 
The ·current system for fund ing engine and a i rframe ground test ing requires that 
Air Force test faci l i t ies be i nd ustrially funded, which transfers the costs of 
testing to the development program. The sa me requirement does not  apply when 
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NASA test facil i ties are used. This d ichotomy i n  funding systems may inhibit the 
use of the best facility for a given program and often prevents the early testing 
in  ground based facil i ties which is essential with integrated designs to avoid 
the late identification of problems and their associated penalties. 

RECOMMENDATIONS 

The complete set of conclusions and recommendations of the committee empha­
sizes three main  points. These are in priority order: 

1. A policy incorporat ing advanced planning and early funding commitments for 
test ing and test faci l i ty preparation should be implemented. At  the same 
t ime the manner in  which aerodynamic testing costs are determined and 
charged to  development  programs for  government owned and operated faci l ­
i t ies should be closely examined to insure that the best  facil i ty for a 
given investigation is used regardless of fund ing  and accounting pro­
cedures. 

2 .  The ASTF should be brought to operational status as quickly as possible 
and should include the i mmediate design, development, a nd funding of free 
jet test capabi l ity.  The free jet nozzles should be capable of provid ing 
variable Mach number, tra nsient, and asymmetric flows. 

3. Rapidly developing technologies such as  integrated designs and  new pro­
grams such as the transatmospheric vehicle (TA V) wi l l  cont inue to place 
emphasis on the capa bi l i ties of ground test faci l i ties. Curren t  and pro­
jected weaknesses should be rev iewed annua l ly  and funding for new and 
improved facil i t ies should be sought to insu re that  the necessary capabil­
i t ies a re avai lable when needed. 
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1 .0 INTRODUCTION 

Unprecedented changes in aeron,�ical research and technology are anticipa ted 
dur ing the next 1 0  to IS years. • Indeed, the aeronautical policy review 
committee has suggested that "al l  currenpy operational a i rcraft could be tech­
nological ly superseded by the year 2000." The basis for such a rapid evolu­
tion are commercial  and mil i tary demands coupled with the available and emerging 
advances in  engine-airframe-control system integration; lightweight, high 
strength composite a ircraft  structures; stealth technology with the engine and 
ai rframe as merged components; advanced aerodynamics and propulsion; relaxed 
aerodynamic stabil i ty; and coupling of computational fluid dynamics (CFD) with 
design and ground testing procedures. Taken together, these will present an 
increased challenge foi 3 the entire aerospace community with particular emphasis 
on ground test facilities. • 

The joint demands of improved and guaranteed performance coupled with the 
costs of development and pro�uction have led to dramatic increases in wind tunnel 
time for each new aircraft. Consequent�, the need to improve the available 
facilities was recognized in the late 1960s and an investment of approximately 
$800 million was approved in the mid-1970s to develop the NTF at NASA-Langley, 
the ASTF at Arnold Engineering Development Center; and the low speed 80' x 120' 
tunnel at NASA-Ames Research Center, California. Recent studies have reiterated 
the need 3to continually examine and upgrade U.S. national aerospace testing 
capabilities. 

As the new fa�ilities approach operational status,5•6 the Air Force Studies 
Board was requested to examine the impact of ASTF, NTF, the 80' x 120' low 
speed tunnel, and complementary facilities on Air Force wind tunnel test pro­
cedures and programs. This request is timely because it comes 1 at a time when the 
importance of U.S. aerospace leadership is being challenged and new aerody­
namic and control concepts2•3 are forcing changes in the traditional approaches 
to design, testing, and flight confirmation . 

NASA has also recognized the need to examine long lead time facility require­
ments and requested the NRC to3 convene a workshop on Facility and Aerodynamic 
Possibilit ies for the Year 2000. 1!¥s study confirmed and reemphasized the 
conclusions reached in other reports • and found that new technologies will 
cause synergism in design particularly from component integration. 

These studies 1•3 have concluded that around � facilities will continue 
12. Provide 1M foundation QB. which 1M. pro jected advances will m. They also 
recognize that current and planned facilities must include CFD and must use CFD 
and conventional wind tunnel concepts to increase their capabilities and effec­
tiveness. The tremendous cost of facilities such as ASTF (see Section S) will 
require improved and expanded cooperative programs, both among government agen-
cies and with industry. Duplication J.n.d.. overlap Q.( ground � facilities Q[ 
1.h.i1 � i1 unfeasi ble . An additional danger is that new facilities may be 
delayed or not constructed at all, leading to a declining aerospace capability in 
future years. 

The use of experiT.�ntal aircraft and technology demonstrators is also sug­
gested by some studies • and was discussed during briefings to the committee 
(see Appendix B for a complete list). The tremendous cost of actual flight 

3 

Copyright © National Academy of Sciences. All rights reserved.

Aircraft and Engine Development Testing
http://www.nap.edu/catalog.php?record_id=19206

http://www.nap.edu/catalog.php?record_id=19206


testing (as discussed in Section 3.5), approximately 1 0  to I compared to ground 
testing, and the need for extensive ground testing (regardless) prior to flight, 
particularly for new technologies such as those of the X-29, further supports the 
need for continued improvements in U.S. aerospace technology testing capability. 

During presentations to the committee (see Appendix B) a common and recurring 
message was apparent. The ground test community, including the military, air­
frame contractors, and engine manufacturers, are comfortable with their methods, 
even for past cases where problems arose during flight tests, such as occurred 
with the F-Il l inlet, where by experience, good or bad, it has learned and devel­
oped the necessary instrumentation and techniques. However, in new areas such as 
the emerging integrated designs of the A TF and stealth configurations, they are 
uncertain that current methods will provide enough information to avoid costly 
changes or performance penalties during the flight testing phase. A second 
thread in virtually every presentation was the need to provide for earlier fund­
ing of complementary and integrated components such as the airframe inlet and 
engines. 

This committee was charged specifically with "studying the use, 7 timing, and 
cost of development testing in the new aeronautical test facilities." Two of 
the new facilities will provide improved information (NTF by using cryogenic 
techniques and the 80' x 1 20' by size increase) that more closely approaches 
full-scale conditions. I.b£s. il.r-'.. essential i..nJ2lU. 12. � system design Problem 
1llU. dQ. n.Q1 rePresent � significant concePt change Q.( h.is.h. � integrated 
testing. 

8 
including flight transients. which ASTF Pioneers. Early in its delib­

erations the committee had to more closely define the objectives of the task. 
Consequently, this report will concentrate on the effects on the Air Force air­
craft programs of wind tunnel testing from the configuration-specific development 
level through early flight testing emphasizing the impact of ASTF on this pro­
cess. The objectives include the impact of the capabilities for full-scale inte­
grated engine-airframe testing on the use of government and contractor facilities 
and the design and planning of test programs. Also examined are testing support, 
funding, and timing of ASTF use and interaction with other facilities, in addi­
tion to the new capabilities it provides and its future development. 
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2.0 TECHNOLOGY TRENDS 

2. 1 INTRODUCTION 

Technology develops along complementary but somewhat different paths. The 
most common progression is one of evolutionary change that builds on existing 
capabilities and leads to a series of incremental improvements in performance. 
This is typical of aircraft re-engineing as more powerful engine types or deriv­
atives become available, of new wing profiles, and of improved avionics. This 
process depends heavily on experiences and facilities, and this relationship is 
well documented and understood. 

Periodically, however, the development of new capabilities and technologies 
leads to a synergism in which step changes in design, testing, and performance 
can occur. In these cases there is little previous experience on which the engin­
eering community can depend. The emergence of the turbojet engine in the early 
1940s, with its increased altitude and speed capabilities is an excellent exam­
ple. As flight technology pushed into transonic and low supersonic speeds, fun­
damental difficulties in aircraft development, such as control problems, were 
encountered. These difficulties required aerodynamic concepts and facilities 
unimagined only a few years before. NASA's Unitary Tunnel program was one 
result. 

Figure 2. 1 shows the roles that both evolutionary and step changes in tech­
nology have played in aircraft development. In many cases, there were develop­
ment problems with associated costs when the aircraft moved into the flight 
prototype or technology demonstration phase and when the changes were beyond the 
experience of the ground test community. 

Current and future high performance aircraft must be highly integrated and 
consequently the airframe, engine, controls, and avionics cannot be developed 
separately, but must be designed and developed as related components. Such a 
procedure leads to major performance improvements but at the cost of increased 
test difficulties. Figure 2.2 shows how the integration of the flight control 
system with various aircraft components has been systematically evolving with 
each new design. � believe 1ha1 � 1SUil integration Q( all components. n 
indicated in. Figure 2...3.... ll.DJl 1M resulting synergism represent � Q( � biggest 
llm1. in. aircraft development �ina � introduction Q( 1M. m_ propulsion 
engine .. SjmuJtaneously. a. new approach 12. ground testing will �required. 

Future aircraft will incorporate several new technologies that differ signif­
icantly from those of current operational aircraft. These new technologies are 
evolving rapidly and will greatly affect all aspects of the performance of ad­
vanced aircraft. The emphasis in this study is on those aspects that tradition­
ally have been labeled aerodynamics and propulsion. It is clear, however, that 
the line between these two areas is no longer sharp and that the marriage of 
these components coupled with computer control will require new approaches to the 
design process. The integration of the propulsion system and airframe leads to, 
and is pushed by, several new technologies and requirements that will have impor­
tant effects on the design of military aircraft. The following subsections 
briefly discuss the more important factors that will influence aerodynamic ground 
testing procedures in the immediate future and will lead to new steps in the 
development process. 
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to the Evo l u t i onary and Step Change Design Process 
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Flight Control 

1 B·1 Structural Mode Control 
System (Ride Controll 

B-52 CCV Experlment2 

2 CAST Fluttlf Suppr•alon Experiment 

1 1 1,2 
F·18, Shuttle, Hl�AT, 
L·1011 Experiment 
(N�g�tiYI Static Stability) 

X·29 1 2 Forw1rd Swept Wing ' 

1 • 1 mprove P�rformence 
2 • Rtlllrch/Oimonatretlon 

F i gure 2.2 Contro l  System Integrat i on State-of-the-Art from Aeronaut i cs Techno l ogy Pos s i b i l i t i es for 2000 
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F i gure 2.3 

Air Frame 
and Structure 

Flight Control 
System 

Emerging 
Aircraft 

Future Contro l System and Ai rcraft Component Integrat i on ( some components such as weapons systems de l i very are not shown 
for c l ar i ty but are considered part of the overa l l  i ntegration 
concept ) 
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2.2 EMERGING TECHNOLOGIES AND REQUIREMENTS 

2.2. 1 Stealth Technology 

One key part of evolv ing stealth technology is a clear need for inlets and 
exi t  nozzles that minimize the visibil ity of future a ircraft. This wi l l  affect 
the location, shape, and possible i nternal/external treatment of both i n lets and 
nozzle exits and thus will have major effects on the environment in  which the 
engine operates, including � flow quality del ivered 12. 1M engine � arut. Q!l 
exhaust-a irframe-external slipstream in teraction. 

2.2.2 Flight Operational Envelope 

Ma ny  future combat a i rcraft wil l  operate at  extreme angles of attack and high 
angles of yaw. This requirements wi l l  have several effects on the propulsion 
system, including the ability to cope with highly distorted inlet  and exhaust 
flows. Also, i t  will  be desirable for the propulsion system to be able to pro­
vide major i nputs to the control and stabi l i ty  of the a i rcraft. Non-ball istic 
military vehicles are u nder consideration which i n  the not too d istant future 
wil l  travel a t  hypersonic speed, first missiles and then manned aircraft. 

2.2.3 Propulsion System Control Capability 

Operation at wider angles of attack and yaw plus other operational requi re­
ments will emphasize the desirabi l i ty of in-fl ight thrust vectoring and reversal. 
The use of the propulsion systems in this  manner can significant ly  increase a i r­
craft combat effectiveness, including the abi l i ty  to del i ver a i r-to-ai r  weapon 
systems. 

2.2.4 Intake l!l.d Nozzle Geometries 

Thrust vectoring and reversal accentuate 1h-'. desi rabi lity Q( non-circular 
nozzles wh ich  are better able to produce variable geometry. Variable geometry 
also prov ides advantages when propulsive l i ft is required for STOL operations. 

2.2.5 Transient Operations 

Mil itary a ircraft operations often require rapid changes i n  power, angle of 
attack, roll, etc. Furthermore, most a i rcraft excursions to extreme a lt i tudes 
wi l l  not be steady state but wi l l  be of relatively short duration.  IM. propul­
Wm. system lti1l 1hll1 � exposed 12. transient Q.t dynamic environments 1h.a1 k.l!l 
baR lllJ..iQ.t effects sm. engine performance arut. stability. 

2.2.6 Con trol System Integra t ion 

Recent research shows that measurably improved performance can be obta ined by 
using advanced digi tal  engine a nd flight control systems. These systems red uce 
pilot workload, permit  the optimization of maneuvers, improve weapons system 
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delivery, � fliah1. lrilh. reduced aerodynamic stabil i ty and. operation 11 1M 
extreme limi12f.!M fli&h1 envelope. 

2.2. 7 .l:liAh. � Flight 

Future a i rcraft and missi les (some highly maneuverable) might operate at the 
Mach 3-6 range. Some may usc methane fuel and d ual-cycle propulsion systems such 
as turbojets and ramjets. Other advanced a ircraft such as TA Vs may use a i r­
breathing propulsion a t  much higher speeds. At  the very high speeds, hydrogen 
wi l l  be the fuel of primary interest. 

2.3 SUMMARY 

Propulsion systems for some advanced a ircraft wi l l  be requi red to have low 
observables, operate in a dynamic environment and at  extreme alt i tudes, contrib­
ute to a ircraft control, stabil i ty, and maneuverabi l i ty; incorporate noncircular  
nozzles; fly a t  h ypersonic speeds; a nd have  their  control systems in tegrated wi th  
fl ight control systems. These changes wi l l  a lso help reduce crew workload, im­
prove flight efficiency and fuel consumption, increase passenger comfort, reduce 
f lying t imes, and i mprove nav iga tional a nd landing procedures. The foregoing are 
some of the major changes from curren t technologies and design requirements asso­
cia ted with propulsion systems and their in tegra tion wi th  avai lable engineering 
information is l imi ted. This  imposes new Drul difficu lt resPonsibil ities i.ru! 
requirements sm. ground l£11. facil i t ies 12. assure 1M val id i ty Q( 1h.G. .t21.il i.ru.k­
gra ted design 12tiQI.lQ. commitment 12. fli&h.1 ha rdwa re i.ru! lliili testing. 
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3.0 ABILITY OF GROUND TEST FACILITIES TO SUPPORT 
DEVELOPMENT OF NEW MILITARY FLIGHT SYSTEMS 

3. 1 I NTRODUCTION 

This section examines the requirements for and faci l it ies to support devel­
opmen t  of the overa l l  flight system, including the entire propulsion subsystem, 
the a i rframe subsystem, all of their  respective integrated control subsystems, 
and the i nteractions of al l  of these subsystems. The other electron ics and 
weapons subsystems are not specifically considered. Only turbojet, turbofan,  or 
ramjet/scramjct propulsion systems wi l l  be discussed; propel ler, rocket, and 
other systems have been arbitrari ly omitted, s ince they arc only weakly related 
to the committee's charge. The topics covered sequential ly  in  this section a re 
given in  the paragraph below. 

The capabi l i ty  of existing faci l i t ies for engine and aerodynamic ground 
test ing are first summarized and then compared to the key parameter requirements 
for such test ing. Because ground test ing of completely integrated a irframe and 
propulsion systems is  always very d ifficult  and often impossi ble, the approaches 
employed in test ing general subsystem components are fi rst described a nd then 
followed by a descr iption of dedicated faci l i t ies for the integrated test ing of a 
s ingle special  a i rcraft. Faci l i ties to test specific operational aspects (such 
as angles of a t tack and yaw, nozzle thrust vectoring a nd reversing, transients, 
ra in  and ice, etc.) are then d iscussed br iefly.  The section concludes with  the 
capabi l i t ies  of major new (or proposed) faci l i ties that can contr ibute great ly to 
ground test ing  of engines and air frames, and their in tegration. 

3.2 SUMMARY OF EXISTING FACILITIES 

Tables 3. 1 and 3.29 l ist  most of the free world's s ignifica nt a i r-brea thing 
engine test facil ities wi th  certa in P.CUtinent operational features for both sea 
level  and a l t i tude test ing. Table 3.3 1 is  a summary of 250 U.S. wind tunnels 
ca tegor ized by speed range, owner/operator, and size. The criteria used for 
"large" or "small" size are rela tive and depend on t he speed range of the 
tunnel .  S i nce the basic data of these ta bles are a few years old, some fac i l ­
i t ies have  been d ismantled and others added to "standby" while  only a few new 
ones have  come on l ine. However, the  overa ll capabi l i t ies outl ined in these 
tables should st i l l  be avai lable. 

3 .3 ABILITY TO DUPLICATE OR SIMULATE KEY AERODYNAMIC AND PROPULSION 
PARAMETERS AND OPERATIONAL CHARACTERISTICS 

3.3. 1 Overa l l  Ku Para meters ill Testing 

The most important key parameters for ground test capabi l i ty  are a i r  velo­
ci ty, sound speed (temperature), in let ambient density, vehicle att i tude, a i r  
flow rate, fuel flow rate, fuel injection pattern, heat of combustion, component  
d imensions, con figuration shapes, and con trols. To further complicate the prob­
lem, 1M. Illtt 2( change gf_ tMK. oarameters (transien ts) ex terna l ly imoosed Qr 
internally genera ted itt a..llD. orimary forces. 
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Table 3.1 

List of Sea Level Test Facilities 

u 
.... 
E-t <w E-tllo 
Ul .... 

llo � U2 

t;B = 
THRUST/ SPECIAL ORGANIZATION ..,u .... 

; U2 
ENGINE MASS FLOW SHAFr P. CAPABILITY TEST FACILITY NAME e �a TJ RJ TS KG/S kN/kW SECTION DESIGNATION (*•FOREIGN) 

X Unlimited 310 kN 3/5 TB No 9 RR-HU* X 

X Unlimited 2 2 2  kN 1/3/7 METS A+B RR-BR* X 

X X Unlimited 2 2 2  kN 4/7/ 9 Var. Attitude NAPC X X 
Stand 

X X Unlimited 2 2 2  kN 3 Turntable NAPC X 
Engine Stand 

X X Unlimited 180 kN 2 'IX CEPr* 

X X Unlimited 2x90kN 2/5/ 9 'IB No 5 RR-HU* X 

X X Unlimited 90(45)1kN 3/5 'IB No 7 RR-HU* 

X Unlimited !Site No 3 SNECMA* 

X Unlimited !Site No 5 SNECMA* 

X 445 leN 6 A-8 P&W-FL 

X 334 leN 7 C-10 P&W-FL 

X X 1 30 0  20 leN Lift Propulsion NRC* 
10 leN Drag Tunnel 

X 1 200 2 50 leN T 1 CEPr* 

X 1045 267 leN SLETF AFAPL 

X 1000 310 leN 7 TB No 48 RR-DE* 

X 1000 310 leN 7 TB No 49 RR-DE* 

X 907 310 leN 2 /5 TB No 10 RR-HU* X 

X 267 leN A- 2 P&W-FL 
X 180 leN No 3 TB RR-C A* 

X 536 17 8 leN 7 'IP 105 RR-BR* X 

X 536 178 kN 7 TP 137 RR-BR* X 

X 500 w 1 c 7 SNECMA* 

X 500 W 1 H 8 SNECMA* 

X 454 98  leN 10 TP 107 RR-BR* 

X 400 w 2 c 7 SNECMA* 

12 
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Table 3.1 

List of Sea Level Teat Facilities 

u 
.... 

� � E-4 ll4 en .... ll4 � en 

t e s 
THRUST/ SPECIAL ORGANIZATION ..., u .... 

ENGINE MASS FLOW SHAFT P. CAPABILITY TEST FACILITY NAME e II I TJ' RJ TS KG/S m/KW SECTION DESIGNATION (*•FOREIGN) 

X 400 100 kN Cell No 6 FIAT* 

X 304 98 kN 10 TP 103 RR-BR* 

X 304 98 kN 10 TP 104 RR-BR* 

X 27 2 2 2 2  kN 6 TP 140 RR-BR* 

X 27 2 2 2 2  kN 6 TP 141 RR-BR* 

X 2 2 2  kN 5-1 1 P&W-AC 

X 250 2 80 kN ETB No 1 MI'U* 

X 2 50 2 80 kN ETB No 2 MI'U* 

X 2 27 2 2  kN 1-16/1-17 P&W-AC 

X X 204 133 kN TB No 8 RR-HU* X 

X X 200 1 90 kN Glen Test NGTE* 
House 

X 200 W 11 H 7 SNECMA* 

X 180 130 kN 10 TB No 41 RR-DE* 

X 180 130 kN 10 TB No 42 RR-DE* 

X 180 130 kN 10 TB No 4 3  RR-DE* 

X 180 130 kN 10 TB No 44 RR-DE* 

X 180 90 kN 7 TB No 2 RR-HU* 

X 170 2 2 2  kN 10 TP 108 RR-BR* 

X X 159 133 kN 1/8 SLC 1 W NAPC X 

X X 159 133 kN 1/8 SLC 2 W NAPC X 

X 136 135 kN No 5 TC NRC* 

X 111kN AIRes. 

X 111 kN AIRes. 

X 100 80 kN 2/4 Field MTU* X 

X 100 W 9 H 7 SNECMA* 

X 100 W 10 H 7 SNECMA* 
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Table 3.1 

List of Sea Level Test Facilities 

u 
1-4 

� 113 
E-4 � 
Ul 1-4 � 

I 
� 

tl � THRUST/ SPECIAL ORGANIZATION ..., 
ENGINE MASS FLOW SHAFT P. CAPABILITY TEST FACILITY NAME E I TJ RJ TS KG/S KN/KW SECTION DESIGNATION (*•FOREIGN) � 
X 100 W 12 H 7 SNECMA* 

X 100 W 7 H 5 SNECMA* 

X 100 W 8 H 5 SNECMA* 

X 90 10 leN 4 VMK DFVLR* X X 

X 67 leN No 2 TB RR-CA* 

X 67 leN Honiley LUCAS* 

X 77 36 leN TP 131 E RR-BR* 

X 77 TP 125 RR-BR* 

X X 2kN 4 H 9 CEPr* X X 
2000 kW 

1
Reverse thrust 

2
Exhaust 700 
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Key for Special Capability Section Column, Table 3.1 

1 Icing 

2 Foreign object damage 

3 Noise 

4 Attitude (pitch and yaw) 

5 Intake compatibility/cross wind 

6 Preheated air/heated inlet 

7 Vectored and reversed thrust/jet deflection 

8 Cold Start 

9 Twin Engine 

10 Reheat 
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Table 3.2 

List of Altitude Test Cells 

s 
� E-t 

� u � 

!! � � 0 E-t u � 
MAX .  MASS ORGANIZATION ..., E-t H 

u tn 

ENGINE ALTITUDE MACH FLOW RATE TEST FACILITY NAME � :1 � TJ RJ TS KM RANGE KG/S DESIGNATION (*•Foreign) � H 
� 

X X 52 0.8- 363 TC-8 MAR 
8.2 

X X 13.7- 1.5- PW'l' 16 s AEDC X 
47.2 4 . 75 

X 45.7 1-10 68 TC-1 JHU-APL 

X 45.7 1-10 68 TC-2 JHU-APL 

X 45.7 1-10 68 TC-3 JHU-APL 

X 45.7 1-10 68 TC-4 JHU-APL 

X X 30.5 o-3.8 1, 250 ASTF C 2 AEDC X X X 

X 30.5 o-5.6 863 APTU AEDC X X 

X X 30.5 o-3.8 660 ASTF C 1 AEDC X X X 

X X 30.0 o-3.5 270 ATF Cell 4 NGTE* X X 

X X 30.0 o-3.5 180 ATF Cell 1 NGTE* X X 

X X 27.5 0.2- PW'l' 16 T AEDC X 
1.5 

X 27.4 o-3.0 263 X-207 P&W-AW 

X 27.4 o-3.0 263 X-208 P&W-AW 

X 27.4 o-3.0 227 X-210 P&W-AW 

X X 27.4 o-4.2 182 TP 131 A RR-BR* X X X  

X 27.4 o-3.0 147.6 X-209 P&W-AW 

X X 24.4 o-3.3 636 J-1 AEDC X X X 

X X 24.4 Q-3.3 636 J-2 AEDC X X X 

X 24.4 o-3.0 454 TC-43 GE 

X X 24.4 o-3 . 0 363 T-1 AEDC X X 

X X X 24.4 o-3.0 363 T-2 AEDC X X 

X X 24.4 o-3.0 363 T-4 AEDC X X 
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Table 3.2 

List of Altitude Test Cells 

� � 
� I en 

t & 
MAX .  MASS ORGANIZATION .., E-4 .... 

ENGINE ALTITUDE MACH FLOW RATE TEST FACILITY NAME 2 = � TJ lU TS ICM RANGE KG/S DESIGNATION (*•Foreign) 
.... 
,::a 

X X 24.4 o-3.0 318 3 E NAPC X 

X 24.4 o-2.4 195 2 E NAPC X 

X 24.4 o-2.4 195 1 E NAPC 

X X 24.4 0.8- 182 TC-2 MAR 
5.0 

X 24.4 o-3.0 182 TC-44 GE 

X 24.4 o-3.0 170 T-6 AEDC X X 

X 24.4 81.6 IRR-GTF UT-CSD X X 

X 21.3 o-4.0 340 PSL-4 NASA-LE X 

X 21.3 o-3.0 340 PSL-3 NASA-LE X 

X X 21.3 o-2.5 272 ATF Cell 1 RR-DE* X X X 

X 21. 3 0-2.5 272 ATF Cell 2 RR-DE* X X X 

X X 21.3 o-3.0 204 PSL-1 NASA-LE X 

X X 21.3 o-3.0 204 PSL-2 NASA-LE X 

X 20.0 o-4.0 375 a 5 CEPr* X X 

X 20.0 o-2.4 200 a 3 CEPr* X X 

X 20.0 o-2.4 200 a 4 CEPr* X X 

X X X 20.0 o-2.2 70 BPT US-ILA X X X 

X 20.0 o-1.0 54.5 871-2 DDAD 
X 20.0 54.5 3 w NAPC 

X 20.0 54.5 4·w NAPC 

X 20.0 54.5 5 w NAPC 

X 20.0 54.5 6W NAPC 

X X 19.0 o-3.5 270 ATF Cell 3 NGTE* X X X 

X 18.0 subsonic 630 ATF Cell 3 W NCTE* X X X 

X X 17.0 o-2.5 180 ATF Cell 2 NGTE* X X 
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Table 3.2 

List of Altitude Teat Cella 

ra 
� 
�� fn 

t18 & 
MAX. MASS ORGANIZATION ...,t � 

ENGINE ALTITUDE MACH FLOW RATE TEST FACILITY NAME J&:l= ; TJ RJ TS ICM RANGE KG/S DESIGNATION (*•Foreign) �� 
X X 16.8 109 Ramjet AFAPL 
X 15.2 o-1.0 190. 881 DDAD 

X 15.2 0-1.5 109 TC 21 AFAPL 
X 15.2 o-1.5 109 TC 24 AFAPL 
X X X 15.0 0-2.0 100 s 1 CEPr* X X 

X 13.7 o-1.0 545 X-2 17 P&W-AW X 

X X 13.7 Q-1.0 45.4 873 DDAD 

X (x) 11.0 o-1.0 55 c 1 CEPr* X X 
(5.6) 

X X 10.0 .1-1. 0 R 2 CEPr* 
X X 10.0 . 1- 1.0 R 6 CEPr* 

X TC-7 MAR 
X A-1 P&W-FL 
X C-4 P&W-FL 
X C-5 P&W-FL 

X 35.0 7.0 2.3 M7-SJTF NASA-LA X 
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Allles . 

AEDC 

AFAPL 

All* 

Bll* 

CA 

CC-AMPD* 

CEPr* 

CT 

CU-GTL* 

DCU 

DDAD 

DE* 

DFVLR.* 

EM* 

FIAT* 

FL 

FOD 

GE 

Abbreviations
1 

for Tables 3.1 and 3.2 

Allles ear ch Manufacturing Company 

Arnold Engineer ing Development Center 

Air Force Aero-Propulsion Laboratory 

Alfa llomeo 

Bristol 

California 

Confederation College of Applied Arts & Technology 
Aviation & Motive Power Department 

Centre d'Essais des Propulseurs 

Connecticut 

Carleton University 
Gas Turbine Laboratory 

Data Collection Unit 

General Motors Corporation 
Detroit Diesel Allison Division 

Derby 

Deutsche Forschungs- und Versuchsanstalt 
fur Luft- und llaumfahrt e. V. 

Costruzioni Aeronautiche G. Agusta 
Elicotteri Meridionali 

Fiat Aviazione S. p. A. 

Florida 

Foreign Object Damage 

General Electric Company 

1 Test Cell Designations, Engine Designations, and SI-Units excluded. 

* 
• Foreign Facility 
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H 

HA* 

HU* 

IRR 

JHU-APL 

L 

LUCAS* 

MTU* 

NAPC 

NASA-LA 

NASA-LE 

NGTE* 

NPT* 

NRC* 

PL* 

P&W-AC* 

P&W-AW 

P&W-FL 

RJ 

Abbreviations for Tables 3.1 and 3.2 

Height 

Hatfield 

Huclmall 

Integrated Rocket Ramjet 

The Johns Hopkins University 
Applied Physics Laboratory 

Length 

Lucas Aerospace Limited 

Marquardt Company 

Motoren- und Turbinen-Union Munchen GmbH 

Naval Air Propulsion Center 

National Aeronautics and Space Administration 
Langley Research Center 

National Aeronautics and Space Administration 
Lewis Research Center 

National Gas Turbine Establishment 

Noel Penny Turbines Limited 

National Research Council Canada 

Plessey Company Limited 

Pratt & Whitney Aircraft of Canada Ltd. 

United Technologies Corporation 
Pratt & Whitney Aircraft Division 
Commercial Products Division 
Andrew Willgoos Turbine Laboratory 

United Technologies Corporation 
Pratt & Whitney Aircraft Division 
Government Products Division 
Florida Research & Development Center 

Ram-Jet 
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Rll-BR* 

Rll-CA* 

Rll-DE* 

Rll-HA* 

Rll-HU* 

SNECMA* 

TE-CAE 

TJ 

TS 

US-ILA* 

UT-CSD 

w 

WE-CA* 

Abbreviations for Tables 3.1 and 3.2 

Rolls Royce Limited 
Aero Division, Bristol 

Rolls Royce (Canada) Limited 

Rolls Royce Limited 
Aero Division, Derby 

Rolls Royce Limited, Hatfield 

Rolls Royce Limited, Hucknall 

Societe Nationale d'Etude et de Construction 
de Moteurs d'Aviation 

Teledyne CAE 

Turbo-Jet (including turbo-fan) 

Turbo-Shaft 

Universitat Stuttgart 
Institut fur Luftfahrt-Antriebe 

United Technologies Corporation 
Chemical Systems Division 

Width 

Westinghouse Canada Limited 
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N 
N 

DOD 

NASA 

Industry 

Other Govt & Schools 

Totals 

I 1 Standby 

Table 3.3 Inventory Summary of U.S. Wind Tunnels 

Large > 6 x 9 tt 

Subsonic 

large Small 

4 8(2) 
11 0 
14 5 

14 30(2) 
43 43(4) 

86(4) 
---- --·-

large> 4 tt 

Transonic 

Large Small 

2 3 
5 5(1) 
4 3(1) 
0 5(U 

11 16(3) 
27(3) 

- -- --- - - - -- -

Large> 4 tt large> 3ft 

Transonic/ 
Supersonic Supersonic 

Large Small Large Small 

1 2 2 10(3) 
1 3 6 7(3) 
7 5(1) 2 7(3) 
0 2 0 13(3) 
9 12(1) 10 37(12) 

21(1) 47(12) 

large> 2ft 

Hypersonic Totals 

Large Small I 
I 

10(2J 13(6) 55(13) 

8(1) 8 54(5) 
11(8) 10(6) 68(19) 
2 7(4) nnm 

31(11) 38(16) 250(47> 
69(2]) 250<47> 

July 1978 Survey 
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3.3.2 Ka Parameters awl Facility Capabi l i ty Uu:. Aerodynamic Testing 

For purely aerodynamic consideration at non-hypersonic speeds, and which are 
not concerned with the mechanism of combustion, several of the important para­
meters can be combined into two non-dimensional numbers: Mach number and 
Reyn�l

1
ds number. Transient behavior also can be expressed in  normal ized 

form. 

The new NTF has the abil ity to match most of the Reynolds number /Mach n umber 
f l ight  envelope for subsonic (< Mach I)  and transonic flows (Mach 0. 8- 1 .3). This 
new capabi l i ty  reases an order of magnitude Reynolds number deficiency of prior 
U.S. tunnels  for many configurations, but a Reynolds number deficiency factor of 
2 to 3 sti l l  remains  for the largest advanced transport a i rcraft (Fig. 3. 1 ). 

The curves plotted in Figure 3.2 i l lustrate a similar deficiency factor of 2 
to 3 for supersonic and hypersonic testing. None of the facili ties can match the 
requirements for a large (300-ft. long) high dynamic pressure (2000 psf) hyper­
son ic a ir-breathing  vehicle.  � a.. vehicle. however. i1 bel ieved 12. M in. l..b-'. 
rela t ively distant future. 

3.3 .3 K.u. Parameters awl Faci lity Capabil i ty Uu:. Propulsion Test ing 

For combustion processes the reduction in  variables by non-dimensional ization 
is much more complex than for the purely aerodynamic phenomena and requires con­
sideration not only  of the above Mach number, Reynolds number, geometry, normal­
ized transients, a t t itudes, controls, etc . ,  but a lso consideration of the Lewis 
n u mber, Prandtl  n u mber, modi fied Eckert number, Sta nton n umber, and several Dam­
kohler n umbers. The interactions of these var ious parameters are very complex, 
especia l ly  the effects of several other parameters upon the Damkohler n umbers 
(chemical process time d i v ided by flow or residence t imes). Also, fabrication of 
a smal l  scale  "hot" engine with rotating  components such as compressors and 
turbines with cooled blades, i s  often impossible (beyond the state of the art)  or  
has a prohibit ively h igh cost. Consequently,  most development testing is  con­
d ucted with the basic key parameters of the same order as those anticipated for 
f l ight. Thus these parameters require testing  faci l i t ies that can supply air at 
approximately engine face considerations (velocity, density, pressure, and their  
distribution) for "connected pipe" type testing  (see Figures 3.3a and 3 .3b) with 
flow rates equal to that of the ful l-s ized engine. For free jet (Figure 3 .4)  or 
wind tunnel  test ing  (i.e. non-connected pipe) of only the propulsion system, the 
a i r  must be suppl ied at  approximately a tmospheric ambient  or inlet-face condi­
t ions with flow rates increased to approximately 1 - 1 /2 to 2 t imes that  of ful l­
size engines to minimize the effects of the a ir  flowing past the engine inlet not 
extending out to inf ini ty.  The air flow required will i ncrease even more as 
addit ional  parts, such as the forebody or forebody s imulators, of the fl ight 
system are included with the propulsion system (Figure 3.4). 

A l l  the facil it ies in Tables 3. 1 and 3.2 have a i r  flow capabi l i ty  of at least 
45 kg/sec ( 1 00 lb/sec) except for one facility discussed in the next paragraph. 
H igh thrust mil i tary engine test ing  wi l l  require air flow rates over an order of 
magni tude greater than this lower l imit.  The a ir  suppl y capabi l i ty  of three 
major DoD engine test ing faci l i t ies is  plotted in Figure 3.5. The added capa­
bi l i ty  of the new ASTF is  evident, a nd this capabi l ity could be used to fill the 
Mach number a l t i tude envelope shown on Figure 3.6 if. l..b-'. correct � senerat ing 
nozzleCsl becomes ava i lable.  
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lYPICAL BOMBER -c•5.18m � 
200 XJ06 � 

Rc 100 CRUISE ;;NlF 
---"" OTHER U.S. 

�.......___ TUNNELS 

TYPICAL BOMBER 
c • 7.62 m 

lYP I CAL FIGHTER ADVANCED TRANSPORT 
200 x 106 c • 4.27 m c :II 9.14 m 

R- 100 c 
COMBAT 

L;__ 
0 0.5 1.0 L5 0 

MACH NUMBER, M 

----- " ,  -- ' 

0.5 1.0 
MACH NUMBER, M 

Figure 3.1 U.S. Subsonic/Transonic Wind Tunnel Capability 
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1000 

100 
RN x1o-e 

� 
Supercrui ser and 

short-range missiles 
Long-range aircraft L • 300ft 

4-FOOT TUNNELS 

CONTINUOUS - NASA Langley 

and missiles 

{ McDonnell-Douglas 0 
BLOWDOWN Lockheed CJ 

LTV Aerospace � 

Manned airbreathing 
propulsion vehicle 

M • 6 

20" 

Note: RN is based on tunnel height/ daneter or vehicle length 
1 0�----+1----�2----�3�----4�----�5----�6-

MACH no. 

Figure 3.2 U.S. Supersoni c and low Hypersonic 
Wind Tunnel Capabil i ty ( Air) 
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180 

160 I 
� 140 
., a. 
. .. � 120 
:J 
"' 
"' 100 w 
ex 

N Q. 
0\ >- 80 -1 

a. 

a. 
:::> 
Vl 
a:: -
<( 

Gill-

I 
20 

0 
0 

I 
' 
' 

............... 

' 

I � ASTF 

\ 
(2) 120 PSIA TEMPORARY PRESSURE 

- ElF (2) LIMIT -1 SO PSI A IS NORMAL DUCTING 
LIMIT 

' 
Atmospheric Supply 

\ / 

soo 1000 1500 2000 2500 3000 
AIRFLOW, LB/SEC 

Figure 3.3a Connected Pipe Air supp l y  Capability of Major 
AEDC DoD Propulsion Test Facilities 
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The above exception to the air-flow requirement in  Table 3.2 is the Langley 
Research Center Mach 7 Scramjet Test Facil i ty (M7-SJTF). This faci l i ty is 
incl uded because the major portion of the U.S. scramjet developmental work,  which 
is so crit ical to the performance of the proposed TA V (also known as the National 
Aerospace Plane or X30A), has been done here. 

The unvitiated test airflow is obtained by m1x1ng arc-heated air with cold 
a i r  in the sett l ing chamber upstream of the nozzle. Total energy (temperature), 
pressure, and velocity at the scramjet model inlet  can be dupl icated for Mach 7 
f l ight  a t  a n  a l t i tude of 35 km. 

3 .4 FACILITIES FOR GENERAL SUBSYSTEM COMPONENTS TESTING 

The build ing  block approach must be used to step-wise i ntegrate the various 
components of the complete system before the eventual  test ing  of the "all-up" 
weapons system. Since the task outlined by the committee considers test programs 
from the aircraft specific level, only a brief and definite ly non-all-inclusive 
d iscussion of component in tegration facil i ties will  be given in  th is section.  

3.4. 1 llnik Engine Components 

The compressor-combustor-turbine components of the basic engine can be eval­
u ated for compat ibi l i ty  and performance in con nected pipe, a l t i tude, and sea 
leve l  faci l i t ies. Performance a nd surge l imits  usual ly  are determined first for 
no a i r  flow profile d istortion at the compressor face a nd then for nominal  (radi­
a l l y  and circumferentia l ly  averaged) d istort ion. Also, for high performance mil i­
ta r y  systems, loca l i zed distortions more closely approaching  those a nticipated at  
the  e xtremes of the fl ight  envelope are generated by screens · or a i r  jets  placed 
upstream of the compressor. These latter distortion distr ibut ions can be de ter­
m ined by measurements made a t  the ex i t  plane  of models tested in high Reynolds 
n umber wind tunnels  such as  those of Figure 3.2. While such d istort ion gen­
e rators may be valuable for steady flow performance and for the determination of 
the onset of i nstabil ities, their value for determining transient behavior is 
very  questionable. The basic engine component controls are a lso tested to insure 
sat i sfactory steady and transient performance a t  this level of i n tegration.  

3 .4 .2 Bilk Aerodyna mic Components 

Grouped together here for conven ience are not only the l i ft ing  components 
(wi ngs, control surfaces, fuselage) but a lso the i n terconnect ing elements ( i nlet  
and exhaust nozzle) to the basic engine. All  of these non-engine components can 
be stud ied i n  cold flow wind tunnels without combustion but with various engine 
s imulators (small  turbines, a irjets, etc.) i nstal led i n  the engine nacel les. 
Such tests demonstrate the major portion of the influence of the engine on the 
l i f t ing parts. These tests require Reynolds numbers approaching ful l-sca le to 
ensure that v iscous phenomena (such as boundary layers, separations, vortices, 
cross-flow, and inlet  distortion) correctly  reflect the phenomena found in  
fl ight .  The  need to accurately deflect control surfaces, to vary in let  and 
exhaust nozzle geometry, and to make detai led flow measurements usually require 
large models a nd the larger high Reynolds number w i nd tunnels (at  least 4 ft . )  of 
Table 3.3 and Figures 3. 1 a nd 3.2. 
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I n  such cold flow wind tunnel tests the aerodyna mic performance (lift, drag, 
moments, etc.) and control surface effectiveness throughout both the steady and 
transient flight envelope arc determined, first for the basic airframe alone, and 
then with the i nlet, simulated engine, and nozzle added. The flow is �urvcycd 
both a t  the inlet entrance and exit  for usc as input to much larger scale inlet 
and engine tests. Surveys a rc also conducted near the nozzle exit plane to deter­
mine the external flow boundary conditions for other tests with large scale noz­
zles and also to evaluate the interference effects of the simulated propulsion 
systems. 

Inlet and nozzle pressure measurements are also used to determine the aero­
dynamic loads that these components must withstand. High performance systems 
usually require variable inlet and nozzle geometry together with variable engine 
bleed and bypass. Transient simulation in the cold flow wind tunnel tests is 
introduced to the degree permitted by model construction limits (complexity/size) 
and cost. 

The control surface deflections for the basic aerodynamic components are 
found from the cold flow wind tunnel tests. The control system to generate these 
required deflections is determined analytically, and the resulting control inputs 
are subsequently verified on a non-flyable prototype using full-scale networks, 
actuators, and loading for both steady and transient conditions. 

3 .5 SPECIAL FACILITIES FOR TESTING I NTEGRATED AERODYNAMIC, ENGINE, 
AND CONTROL COMPONENTS 

Complete integration verification requires that all the key parameters of the 
previous sections be duplicated, including their ability to interact under both 
steady il..!lll. transie nt conditions. In addition, such verification requires tests 
for the effects of several other phenomena including icing and rain, after-burner 
light-off, air restart after flameout, etc. Furthermore, all the foregoing would 
have to be explored throughout the entire flight envelope. Obviously, the only 
way to satisfy all these criteria is a flight test of the actual vehicle. Flight 
testing, however, is expensive (see Table 3 .4) and requires construction of at 
least one prototype aircraft. While1 Jhe increased use of prototypes has consid­
erable support and technical merit, - PrototyPe testing ali2. mYn � haRd QD. 
S2..Y..D..d simulation results 1hiU. SU PPOrt 1.b£. concePts 12. � l�Kd.. Specialized Wil· 
ilia 1hll realistically simulate Q1.. duPl ica te 1.b£. comPonent i n teractions � 

· � correct environmental conditions gn contribute significantly 12. overall w· 
� integration. Some of these special capability facilities are discussed 
below. 

3 .5. 1 Inlet/Engine/Nozzle Du Plication CNGTE Cill #4) 

The National Gas Turbine Establishment Test Cell #4 (Farnborough, England) 
was modified and stretched to test the Olympus 593 engine for the Concorde super­
sonic transport. Figure 3 .7 is a layout of a Concorde engine in Cell #4. The S 
ft. x 5 ft. free jet nozzle has a continuously variable speed capability from 
Mach 1 .7 to 2.4, which in flight is the equivalent of Mach 1 .8 to 2.5. The noz­
zle can also be programmed to produce transient pitching and yawing flows. Size 
restraints excluded the simultaneous testing of both engines in the Concorde pod 
so individual tests were run for the inboard and outboard engines with the inlet 
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Ta bl e 3 . 4  RELATI VE COST OF AERODYNAM I C  TEST ING 

A .  

B. 

UN I T  COSTS 

Eng i ne Tes t  Fac i l i t i es 
Current Fac i l i t i esc 
ASTF 

Wi nd Tunne l s (AEDC) 
16T 

4T 
A , B , C  

Arc Tunne l s  

Ranges 

F l i ght Test  
F-15 Type Ai rcraft 
Large A i rcraft such as B- 1 

OVERALL TEST I NG COST 

Typ i ca l  E ng i ne Tes t  Program $3 x 106 

Typ i ca l  Large W i nd 
Tunne l Program $ 1  x 106 

Typ i ca l  F l i ght Test Programd $ 10 x 1 06 

C. COST I MPACT ON A I RCRAFT DEVE LOPMENT PROGRAMS 

Cost  of Veh i c l e  Changes I dent i f i ed 
i n  Pref l i ght W i nd Tunne l Tes t s  

Cost o f  Veh i c l e  Changes I dent i f i ed 
i n  F l i ght  Te s t i ng 

a AOH denotes  a i r  on hou rs. 
b UOH denotes user-occupancy hours. 
c FY89 test i ng-cos ts. -

$ 1 0 , 000 per AOHa 
$20 ,000 per AOH 

$6 , 200 per UOHb 
$3 , 700 
$8 , 300 

$ 1 0 , 000 per run 

$7 , 500 per s hot 

$50 ,000 per hour 
$ 1 25 , 000 per hour 

Tota l Program 

( 20 X 1 06 ) f 

( - 1 00-300 X 1 06 ) g 

Sma l l i n  re l at i on to 
tota l program cost 

Can be a s i gn i f i cant 
fract i on of 

tot a l  program cost 

d Typ i ca l  f l i ght test program est i mate based on noted rates obtai ned from 
Edward s A i r Force Base . 

e Th i s  on l y  represents eng i ne test fac i l i ty costs such as those of AEDC and 
does not i nc l ude stat i c  ground tests , component test i ng ,  etc. 

f Based on 1 0 ,000 wi nd tunne l hours . Not a l l hours are run i n  l arge 
faci l i t i es ,  such as the AEDC tunne l s ,  so uni t costs  were taken at $2000 
per hour. 

g Th i s  i s  d i ff i cu l t  to determ i ne s i nce f l i g ht tests cover many aspects of 
a i rcraft devel opment and cont i nue after product i on a i rcraft are i n  
serv i ce ,  see Av i at i on Week , 1 1  June 1984 art i c l e  on F-20 f l i ght test 
program . 
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spl i t ter  pla te, which normally separates the engines, in place. The pitch capa­
bi l i ty  was not exercised for the Olympus 593 tests because the e ngine location on 
the underside of the wing aft of the lead ing edge reduced a i rcraft att i tude 
effects on the a i rflow pitching  magnitude at  the i nlet face. Yaw tests were run 
up to yaw a ngles of ± 4 degrees at  transient rates up to 4 degrees/sec. Cell #4 
has been on "standby" for several years. 

3.5.2 I n let/Engi ne/Nozzle S imu lation LE.:..U 1.n.1tt Simulation) 

��i s  s i mulator was specifical ly  built  to produce real istic engine face condi ­
t ions. The  i nlet s imulator has the same aerodynamic shape (not necessar i ly  
geometric) as the F- 1 5  i nlet from the second ramp bact( to the engine face, and by 
using  an upstream variable two-d imensional nozzle together with var ious tr ips, 
bleeds, and bypasses, the simula tor can duplica te the important  flow cond i t ions 
ahead of (and aft of) the last obl ique shock wave (Figure 3.8).  The F- 1 5  in let 
s i mulator was installed with a n  engine and exhaust nozzle in the J- 1 a l t i tude 
test cel l  of the AEDC Engine Test Faci l i ty  (Figure 3.9). This approach proved to 
be espec ia l ly  useful  i n  determin ing  the tra nsient response of the in let/engine/­
nozzle system to the combined destabi l iz ing effects of power lever transients, 
Reynolds number, t ime-var iant  d istor t ions, and planar  pulsa t ions. 

3.6 FACILITIES FOR SPECIFIC OPERATIONAL ASPECTS 

3.6. 1 � 2[ Attack a..n.d � 

The extreme maneuverab i l i ty  requi red for many  new mil i tary systems, plus the 
sens i t iv i ty  of the propulsion system to d istorted i nle t  f lows, highl ight  the 
necess i ty  for accurate determinat ion of the effects of not on l y  the absol u te 
l evel of a n gles of a ttack and yaw but il.l1Q. 2[ 1h.W:. angu l a r  nttt 2[ change. 
Prior sections of th is report have discussed the approach of f irst measu ring 
i n let  or engine face flow profi les  on fa ir ly  large cold flow wind tunnel  models, 
then a t tempting  to impose such profiles (e ither parametrica l ly  on average or with 
deta i l ed spat ia l  distributions) on the fu l l-sca le  engine by using screens or 
a i rjets. Such an approach has some value for stead y  performance and in certa i n  
cases for the  determination of stab i l i ty l i mits. However, i t  h a s  l i t t le  va lue 
for  predict ing complete system performance and  for  certa in  other  cases in  the 
determination of stabi l i ty l imi ts. I t  a lso has l i t t le  value for pred ict ing  sys­
tem performa nce under transient  vehicle a t t i tude and power cond i t ions, and it 
contr ibutes practica l ly  noth ing to the assessment  of i n let  and nozzle in ternal  
loads during engine surging or in let  buzzing. Consequently,  the s imulat ion or 
duplica tion of the inlet  flow result ing from angles of a ttack or ya w without 
using screens, etc., is an important  goa l for system test fac i l i t ies. 

One approach for su bson ic flow is  to vary the att itude of a wing and an 
engine  a t tached thereto. The NAPC Variable  Att i tude Test Stand (sea level) has 
such a capabi l i ty  for large angles of attack with  pitch rates up to 1 2  degrees 
per second. 

I n  supersonic tests a pi tch ing  and yawing nozzle w i th flexible wal ls  for vary­
ing test Mach number would be the best genera l approach i f  cost const ra ints were 
e l i mi na ted. The presence of cost ing  l im its  ca n force test ing  geared to support a 
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particu lar program to a specia l ized faci l ity such as the F- 1 5  apparatus (sec Sec­
tion 3.5.2). NGTE Cell #4 has the above desired characteristics in general,  but 
does not have the capabil ity of varying the symmetry of the nozzle flow. 1M 
abi l ity 12. generate 1. soecified asymmetric nozzle Om!. an. "- � importa nt f2r. 
systems opera t ing l1. luG. incidences without 1M_ "gu ide-va ne" effect Q( 1 
closely ad jacent J..a..tG. ltio.&. 

3.6.2 Exhaust Nozzle Thrust V cctoring/Revers ing 

In-fl ight thrust  vectoring or reversing (or  both) is  another probable 
contributor to future h ighly maneuverable airborne weapon systems (See Section 
2.0). Sea level test beds l ike the NAPC Variable Attitude Stand a rc ava ilable 
for very low speed system testing. The effect of the vectored/revers ing nozzle 
on the aerodynamics at h igh subson ic speeds can be evaluated in "cold  flow" wind 
tu nnels  using complete models with  exha ust nozzles blown by a i r  or other selected 
gases. The 1 6-ft. Transonic Wind Tunnel at NASA-Langley has often been used for 
such tests. S imilar  tests can be done in severa l of the la rger supersonic w ind 
tun nels. 

The i nverse effect 12. 1.h.U discu ssed .i.Y.s1 above. namely 1b£. i n fluence Q( � 
external a i rframe ll.rul nozzle Om!. Qil. 1b£. engine/vectored nozzle combina tion.  h.u 
n21 W,n. i nvestiga ted 12. il.D..V.. � in. ground faci l i ties. Static tests have been 
run on the ADEN nozzle (SO% of components were f l ight weight) i n  combinat ion with 
the prototype F- 1 8  engine under both sea level  and a l t i tude condi t ions. 

3.6.3 Tra nsients 

The t imewisc variat ion of the flow field and engine operation has been 
stressed in  each of the preced ing  sect ions to h ighl ight  the strong influence it  
has on  overa l l  and component funct ions. Trans ient  behavior a lso is one of the 
more d i fficult areas to properly s imulate (see Section 3.5. 1 ). The ava i lable 
fac i l i t ies and thei r  capabi l i t ies have been covered in the preceding sections. 
Few fac i l i t ies. � 1b£. except ion Q( 1hQK specifical ly constructed (Qr. 1. given 
con figura tion.  � 1M_ � Q.( emerging f.l.i&h1 technologies. This wi l l  be 
emphasized i n  Section 4 on faci l i ty  needs and emerging capabi l ities. 

3.6.4 l£in& aru1 Rain  Ingestion 

The accurate determination of icing effects usual ly  requires test ing  at 
near ly  ful l-sca le  w ith true ambient air temperature, density, and velocity,  and 
with water droplet s ize and n umber density closeJ'3 approx imated since all of 
these factors s ignificantl y influence ice formation. The J- 1 and  J-2 facil­
i t ies of AEDC have the capabi l ity for icin g  tests over a wide air speed and a lti­
tude range, but arc main ly  used at zero incidence a ngles. A dedica ted 6' x 9' 
Ic ing  Research Tunnel at NASA-Lewis Research Center has been used frequently for 
lower altitude subsonic testing ( < Mach .4) of in let/airframe combinations at 
incidence angles other tha n zero. 
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3.6.S Controls 

Highly integrated propulsion and flight control systems are essential  if the 
fu l l  potential of these synergistic technologies arc to be exploited. Facil i t ies 
exist for testing the digital flight control systems and, separately, the engine 
control systems, and for testing inlet  control systems. However, there arc cur­
rently no facilit ies where the ful ly integrated system on the airplane can be 
tested. Some of this need can be satisfied by a test facil i ty able to integrate 
system testing during engine ground runs. 

3.6.6 Durability an4 Reliabili ty 

The importance of both durabil i ty and rel iabil i ty to the success of any a ir­
craft program, whether military or commercial is well known. Normal testing of 
th is kind is not done in the type of aerodynamic simulation faci l i t ies discussed 
in this section but typical ly in  sea level test stands. Regardless, i t  is  neces­
sary to examine the response of the engine and airframe to dynamic transient 
loads, pressures, and temperatures variation to determine probable problem areas 
that  may lead to potential rel iability and durability consequences. 

In let  buzz, compressor stal ls, and nozzle v ibration are typica l problems, the 
discovery of which during early integrated test ing  can help avoid later rel iabil­
ity and durabi l i ty  difficult ies. Simultaneous instal led performance data are use,. 
ful in determining possible trade-offs between performance and durabi l i ty.  Thus, 
meeting or surpassing installed thrust specifications or  lowering a nticipated 
drag can reduce power requirements and improve rel iabil i ty .  Ihi1 1YilG, Q.( 1§1-
inL however. regujres full -sca le i ntegrated testing Q[ 1b.G. inlet/engine/nozzle 
J..Wl. ai rframe. 

3.7 PROPOSED AND NEW FACILITIES 

3.7. 1 NASA Faci l i ties 

Three major addit ions to NASA's test ing ca pability have surfaced since the  
compi lation of Tables 3. 1 -3.3.  These faci l i t ies (described in  3.7. 1 . 1 ,  3.7. 1 .2, 
and 3.7. 1 .3, respectively)  ca n grea t ly improve both the aerodynamic and propul­
sion test ing envelopes. The f irst of these is  nearing completion of the  check­
out/shakedown phase, the second i s  funded and in the design phase, whi le  the  
th i rd is  proposed for  future funding. 

3 .7. 1 . 1  80' x 1 20' and 40' x 80' Subsonic Wind Tunnel  (Ames Research Cen ter) 

Repowcring of the origi nal 40' x 80' faci l i ty and the addition of the new 80' 
x 1 20' test section have greatly enhanced N ASA's capability for large sca le sub­
son ic test ing. Both uni ts operate at  atmospheric stagnation pressure. The 40' x 
80' test section, wi th  speeds up to SOO ft/sec (M • 0.45),  is scheduled for oper­
at ional  status during FY86. The 80' x 1 20' test section, wi th  speeds up to 1 70 
ft/sec (M • 0. 1 S), wil l  follow a year Ia ter. 
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3.7. 1 .2 8' High Temperature Tunnel (Langley Research Center) 

A large increase to the existing capabi l i ty  of the 8' HTT was funded for 
approximate ly  $ 1 4  mil l ion in the NASA FY8S appropr iat ion . The principa l  foci of 
this improved faci l ity wi l l  be the structural and combustion test ing of scra mjet 
engine components and complete engine modules. Operation is targeted for 1 987.  

The test gas wi l l  dupl icate the oxygen content  and total enthalpy of air for 
Mach 4, S, and 7 a tmospher ic fl ight .  This test gas is obtained by mixing the 
combustion products of oxygen-enr iched a i r  and methane wi th  varying a mounts of 
addit ional  cold a i r. The design l imits for the faci l i ty  range from a gas flow of 
2900 lb/sec a t  1 640 ° R to 860 lb/sec at  4000 ° R.  The usable test core of the 8' 
diameter test sect ion is predicted to have a diameter of approx imately 4 ft. 
Facil i ty  test run t imes are 3 to 4 minutes. The fac i l i ty  will in i t ia l ly  have 
only  a cooled hydrogen fuel suppl y to test hydrogen-burning scramjets. 

3 .7.1.3 Al t i tude Wind Tunnel  (Lewis Research Center) 

A major upgrading of the A WT is being proposed by Lewis Research Cen ter but 
to date no project approval has been obta ined.  The proposed faci l i ty  would pro­
v ide the abi l i ty to (a) test la rge h igh speed propel lers and their  aux i l iary 
equipmen t, and (b) test fa ir ly  l a rge a i rcraft/propulsion sect ions under ic in g and 
heavy  rain cond it ions . 

The test section would be s lot ted with an  octagona l  cross-section of 20-ft. 
span .  This  subson ic  wind tunnel wou ld  cover the a l t itude ra nge from nea r l y  sea 
level up to S S,OOO ft.  Prel im ina ry est i ma tes i nd icate  1hU 1h.il fac i l i ty � 
� brough t Qll l ine  approx imately s..ix m a fter pro ject approva l .  
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4.0 FACILITY REQUIREMENTS FOR FUTURE AIRCRAFT 
AND PROPULSION SYSTEM DEVELOPMENT 

Technology trends (Section 2.0) and ability of ground test faci l i t ies to sup­
port development of new military flight systems (Section 3.0) describe the tasks 
that need to be accomplished and the existing faci lities that may be applied to 
those tasks. As poi nted out in the previous sections, full-scale development  J..n.d 
i ntegration 2.( th'- new propulsion/ in let/nozzle/fl ight control systems i1 Q..rut gf 
th'- !n2ll significant  chal lenges 1Q. � th'- ground � facil ities community in 
man �· Past a ircraft development problems that were uncovered during flight 
test progra ms are well  documented in  the open l i terature. Figures 4. 1 ,  4.2a and 
4.2b, and Tables 4. 1 and 4.2 show some of the more well  publicized technical defi­
ciencies that were not uncovered during ground testing because of l imitations of 
the ex ist ing ground testing faci l i t ies. The ensuing costs and t ime delays ca n be 
very large. The avai labil ity of proper ground testing faci l i ties, i t  is esti­
mated, would have reduced the development time of the F- I l l  a ircraft by one to 
three years (see Figure 4.2a). A nother W. ara chal lenging 1h£. current �­
ilia iJ. 1M Aero/Propulsion development ill hypersonic veh icles capable gf 
exceedi ng � 1 12.  nat orbital MWl r..a..DG· 

The major thrust in  faci l ity requirements that emerged during this  study from 
the standpoint  of use, t iming, and cost was the emphasis on full-scale integrated 
testing and Reynolds number simulat ion. All three of the new faci l i ties can con­
tribute to the emerging requirements of in tegrated testing. The NTF and 80' x 
1 20' NASA faci l i ties can perform their integra tion tasks wi thout addit ional  s ig­
n if icant expenditures for equ ipment and development. B..v. contrast. ASTF lri1h. ill 
pro jected abil i ty 1Q. � ill integrated testing ltill reauirc substantial  iUUli· 
t ional expenditures for test equipment and components to bring i t  to its ful l  
potential .  The usc of faci l i t ies such as ASTF, as shown i n  Figure 4.3, fi l ls  a 
major ga p in the standard test ing procedu res. The synergism produced by in te­
grated design procedures and their test ing  is on ly  one aspect of the interactive 
and feedback possibl ities achieved by testing the combined engine and airframe 
before f l ight tests. The most i mporta nt  of the ASTF development programs are 
discussed in  the fol lowing sect ions. 

While the following  sections specifica l ly  refer to ASTF for reasons given 
earl ier, this  is not i ntended to indicate that ASTF is the only facil ity needed 
for future developments. The AWT (see Section 3.7. 1 .3)  for icing and propel ler 
work a nd rapidly emerging requirements for hypersonic test ing  will strain  the 
ground test community and avai lable funding. The t ime Jag in  avai labi l i ty  empha­
sizes the need for continual review of faci l i ty  requirements. 

4. 1 ASTF FREE JET NOZZLES 

The con figuration for the ASTF direct connect mode is shown in  Figure 4.4. 
In  this case, vectoring and reversing exhaust capabi l it ies are indica ted and the 
thrust measuring system is shown schematical ly. The geometric length of a full­
sca le  in let/engine assembly would require a wind tunnel with an ex tremely la rge 
cross-section to obta in  the angles of a ttack and · yaw that present  and future 
figh ters will  attain .  To avoid this problem a design was conceived and imple­
mented in  the original  ASTF configuration in which the angles would be obta ined 
by means of a free jet concept. This a l lows a flow faci l i ty with a smal ler  cross 
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section. Allf. i1 !K sm1x. facil i ty 1b.a1 provides hsUh. airflow 1..DJ1. aiR potential 
f2L testing lri1h. om Q( attack. Y.iL 1..DJ1. transients. Figure 4.S i l lustrates 
the concept of using an articulating free jet nozzle to vary the angle of attack 
and yaw. A 1 / 1 0  scale pilot model of the ASTF with a free jet nozzle and small­
scale aircraft models has been tested with reasonable succus, including the sim­
ulation of inlet conditions at angle of attack and yaw. Figures 4.6a and 
4.6b show the concept of using a forcbody simulator for the free jet testing in 
ASTF. The simulated forebody is based on empirical wind tunnel data and CFD stud­
ies and designed to produce the correct aerodynamic flow field at the inlet that 
is experienced in  full-scale flight conditions. 

The current design goals for the free jet arc presented i n  Table 4.3 and the 
operating envelope shown by Figures 4.7 and 4.8. While the transient rate goals 
ma y not cover all current and anticipated values, they are a major step forward 
in  test capabil ity. Real ization Q( 1hm. &QI.l1 should provide 1M abil i ty 12. lim­
� ful l-scale in1.tl � characterist ics ill steady � transient. 1..DJ1. b.iRh. 
&n.m. Q( attack conditions. 

Test requirements for operation in the steady state f l ight corridor, and 
extended capabi l i t ies for  ramjet propulsion systems and advanced tactical mis­
siles arc shown in Figure 4.9. The performance of ASTF compared with the 8' HTT 
facili ty  and the Aeronautics a nd Propulsion Test Unit (APTU) faci l ities is a lso 
shown. IM !.Itt ,ia operation Q( 1M faci l i ty i1 W: � importance if. adequate 
simulation W: instal led engine performance i1 12. M obtained. While relat ively 
smal l  inlet forebody models can be tested to create the proper flow entering the 
inlet,  the flight Reynolds number simulation is not achieved. On the other hand, 
la rge scale isolated inlets ca n 

1
�e tested, but non-uniform flow fields found in 

fl ight wi l l  not be du plicated. IM current  deficiencies in. propulsion 1§1 
facil i t ies gn M mtt largely with a. � ,ia installa tion in. 1M A.SI.f.. 

4.2 ASTF ABILITY FOR TESTING THRUST VECTORING AND R EVERSING 

The abi l i ty of future fighters to vector their thrust and reverse i t  in 
f l ight for super control a nd ma neuverabil ity has been covered in  Section 2 .0 and 
by Reference 3 .  While the general aerodynamic effects on the a i rcraft may be 
evaluated in current faci l i t ies, it a believed 12. M essent ia l  1h.a1. 1M Uill­
aa.k hardware nozzle system aru! J..ggl. afterbody effects M eva luated 12. minimize 
lli&hl. development � I.D.d. �- The ASTF can provide this testing capabil i ty 
with the exhaust system i l lustrated by Figure 4. 1 0. This configuration wil l  pro­
vide near ful l-scale flow condit ions on the aft end of the nacelles/nozzles/­
empennage for supersonic fl ight condit ions. 

4.3 ASTF COUPLING TO EXISTING AEDC AIR SUPPLY SYSTEMS 

Inspection of the operating performance curve, Figure 4. 1 1 ,  indicates that a 
significant  increase in  test capabi l i ty especia l ly  in  the transonic test regime 
can be made available by connecting the ASTF system into the existing A EDC air 
supply system. Ih.il wou ld provide maximum YR Q( 1M wt. complex air. system 11 
AEDC 1..DJ1. should M undertaken. While current studies do not indicate a strong 
need for connection of ASTF to the overa l l  AEDC vacuum system, future n.«d.1 ill 
1hi1 con nection II£ expected I.D.d. should M planned ill future implementation.  
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SUBSONIC NOZZLE SUPERSONIC NOZZLE 

MACH N U MBER RANGE, M 0.1 TO 1 .0 1 .0 TO 3.0 

MACH N U MBER V A R I ATION R ATE +0.05/SEC +.04/SEC TO -.06/SEC 
MACH DOT 

ANG LE-OF-ATTACH RANGE, - 1 0  TO +45 DEG -10 TO +20 DEG 
ALPHA 

ANG LE-OF-ATTACH ROTATION 1 0  DEG/SEC 10 DEG/SEC 
R ATE, ALPHA DOT 

ANGLE-OF-ATTACK 25 DEG/SEC
2 25 DEG/SEC

2 

ANG U L AR ACCELERATION 
ALPHA DDOT 

Y A W  R A NGE, -10 TO +10 DEG -10 TO +10 DEG 
BETA 

Y A W  ROTATION R ATE, 10 DEG/SEC 10 DEG/SEC 
BETA DOT 

YAW ANGULAR ACCELERATION, 25 DEG/SEC
2 

25 DEG/SEC2 

BETA DDOT 

Ta bl e 4 . 3  Des i gn Goa l s for ASTF Free Jet Nozzl es 
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4.4 ASTF VARIABLE GEOMETRY DIFFUSER 

The abil ity to match the free jet flow, the engine flow, and the spi l l  or 
bypass flow around the inlet could be greatly enhanced by the design and construc­
tion of a high efficiency variable geometry diffuser. While AEDC tests indicate 
that the current d iffuser operates better than expected, future testing with 
angle of attack, yaw, thrust vectoring, and non-circular nozzles l!.ill. generate 
diffuser in.W, � f..i.Gl..dl. tlW. ca n n ot M ha ndled fi convent iona l d iffuser 
dcsjgn. 

4.5 ASTF INSTALLED ENGINE MAPS 

The relat ive effects of various stabil i ty factors arc shown in the compressor 
performance schematic of Figure 4. 1 2. The capabil ity to investigate various 
aspects of instal led engine performance is crucial in refining the design of 
advanced weapon systems . 

The increased emphasis on the total in tegra tion of the fl ight control system 
with  the engine controls and fire control systems requires that the. i nstalled 
engine maps be avai lable earlier in the development cycle. IM. � nill­
abi l i ty wi l l  s igni f icantly red uce costly f.l.ish1 dcvclooment fi reducing 1M 
number 2[ configuration i terations Q[ 1M. multivariable lliJ.h1 control system. 
This  wi l l  be possible since the engine maps wi l l  accurately i nclude the effects 
of i nsta l lation and transients. 

4.6 T A V FACILITIES 

Rapidly emerging developments in the realm of hyperson ic flight and space 
ut i l i zation arc placing new emphasis on the development  of vehicles operating at 
hyperson ic Mach speeds. This interest i s  being revital ized by current efforts in 
the Strategic Defense Ini tiative (SOl) considerations and some re-thinking on the 
practical appl ications of such craft.  TA Vs could be operating by year 2000 if 
enough emphasis is  placed on their development. 

The required a ir-breathing propulsion system for th is type of vehicle bas an 
obvious weight and s ize impact. I n  fact, developing  t he proper propulsion system 
for TA Vs will be the largest single design issue pacing their development. Hyoer­
IQ.D.i£ facili t ies l!i1b. increased capacjty l!.ill. M required 12. h.ti.n& 1b£K develop­
mm11 12. practica l opera tional hardware. 
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S.O TEST FACILITIES AND RELATED FUNDING REQUIREMENTS 

The funding of aircraft and engine development programs as related to the 
task outl ined in  Section 1 .0 can be subdivided into four specific groupings. 
There is some overlap, but it is useful for a d iscussion of the impact of new 
faci l i t ies and  integrated testing on overall costs and the contribution of ground 
test i ng. The four categories arc: 

I )  Cost of ground test facility acquisi t ion and such facility capabil ity as 
a national technical resource 

2) Cost of ground test ing for an  actual a i rcraft speci fic program 

3) Cost of tests to correct problems detected during f l ight testing and the 
tangible and intangible related expenses of the consequent t ime and 
development penalt ies 

4) Cost of modif ications to the airframe-engine-control system to eliminate 
problems u ncovered in  flight tests. 

The cost of Items 2 and 3, whi le substantial  in  absolute terms, is genera l ly 
only a sma ll  part ,  typica l ly  less than 1% of the total  program cost for a given 
a ircraft. Consequently. substant ia l  cha nges in. � � d.Q. D.Q1 represent  m­
nif ica nt changes in. 121l.l � Jml. ma.v. Jag_ 12. substant ia l  savings l!b.m. compa red 
12. 1.h-'. £2lli. assoc iated .l!l1h. d ifficulties 1Y£h, n l..hQs. discussed in Section !.2 
QI. � l2u. 2.( fli.&b.1 vehicles f..mm. unexpected problems 1Y£h, n engine m!ll. 
It  i s  often the proverbial case of being "pen nywisc and pound foolish." 

In the following subsections each of the four categories a rc discussed in 
relation to the emerging integrated a ircraft designs and fac i l ity  development and 
use. 

S . l COST OF GROUND TEST FACILITY ACQUISITION 

The total cost of the national aerospace ground test faci l i t ies such as those 
operated by NASA and the DoD is d i fficult to estimate. Certa in ly  it is in excess 
of several bi l l ion dollars ( 1 986 dollars) when compared to the capital develop­
ment cost for the th ree new faci l it ies: 

I )  80' x 1 20' subsonic tunnel at  NASA-Ames, approximately $ 1 1 0  mil l ion 

2) National Transonic Faci l i ty a t  NASA-Langley, approximately $85 mil l ion 

3) Aeropropulsion systems test faci l i ty at  Arnold Engineering Development  
Center, a pproximately $S1S mil l ion. 

These and other faci l i t ies arc a nat ional resource supported by the tax struc­
ture for the national good. Consequently,  one would expect the best faci l i ty 
should be used for testing i n  any development  program. However, factors such as 
i nertia generated by past projects, several layers of bureaucracy, pa roch ial  
intergsts, and d ifferent cost ing approaches have often prevented optimum faci l i ty  
usc. The dichotomy i n  funding of test ing in  Air  Force faci l i ties versus NASA 
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faci l i t ies presents a major problem. Since Air  Force faci l i t ies are industria l ly  
funded, testing costs are  a direct charge to each development  program. This  
requirement does not  apply  when us ing NASA faci l i t ies. IM � ill 1. memorandum 
2( understanding sm. testing � between NASA a.ru1 .I2.Q.Il i1 a.n. artificial QJU­
growth 2( ma factors. 

5.2 GROUND TESTING COSTS FOR AIRCRAFT SPECIFIC PROGRAMS 

While actual ground testing costs are a small percent of total program costs, 
they are, unfortunately, often viewed as large by those who accept the myopic 
view and look only at research and development expenditures. Development costs, 
once the flight program begins, are substantially higher, and i f  problems are 
encountered (F- I l l  inlets, for example), the corrective cost can be enormous or 
may even lead to project cancellation w ith its associated write-off of al l  costs. 

With i ntegrated designs where the possible performance problems and f l ight  
d ifficult ies are  substant ia l ly  greater ( the  X-29 is a good example), i1 wil l  12£, 
necessary 1Q. increase funding ear l ier  in. 1M. ttn kY£1£. 12. a.!liDY. for ttn � 
ma U. shown in  F igures ti i!l.d .s.J.. Ih.i1 wil l  require greater expenditures 
earl ier in. 1M. ttn kY£1£. Jml. should D..Q1 killS. significant  increases in. overa l l  
� whi le  producing better a i rcraft  ltith. � problems. Savings associated 
with avoiding development  problems are d i fficu l t  to forecast, but  based on past 
expend itures and flight testing costs, Table 3.4, Figures 4. 1 and 4.2, and Tables 
4. 1 and 4.2, far exceed the cost associated with i mproved test ing procedures 
based on the ASTF concept. 

Further, steps should be taken to avoid changes in, or selection of, a test 
faci l i ty to minimize or meet a projected speci fic development budget si nce a l l  
the fac i l i t ies arc government  owned a nd supported. Ih.i1 � 2( pro ject accoun t­
ing shou l d  � corrected 12. gua rantee 1M. � �  Q[ 1hm. faci l i t ies. 

5.3 TESTING COST ASSOCI A TED WITH CORRECTI NG PROBLEMS DETECTED 
DURING FLIGHT TESTING 

Problems detected during flight test ing in  general  require addit ional  grou nd 
test ing to determine the cause and to check possible f ixes. Since fl ight test ing 
is not  wel l  · suited to exami ning f low deta i ls, etc., this  corrective test ing  usu­
ally requires add i t ional  models and a compressed t ime schedule because of the 
pacing effect on expensive flight test schedu les (see Table 3.4) and a ircraft cer­
tification. These all lead to substantial ly i ncreased unit costs and add i t iona l 
program delays when compared to tests at earlier points  in  the development pro­
gram. Consequently,  i t  is des irable to minimize such corrective measures, assum­
ing corrective measures withou t overly severe performance penalt ies are possible.  
The only solut ion is improved and i ncreased early development test programs. 

5.4 COST OF FIXING PROBLEMS UNCOVERED IN FLIGHT TESTS 

Modifying the actua l  f l ight  a i rcraft after the determination of d i f f icu l t ies 
in  f l ight  tests is expensive because i t  is often necessary to rebui ld  the a i r­
craft to reduce loads, modify control surfaces, chance nozzles-nacelle con figura­
t ions, and correct inlet  d istortion problems such as occurred on the F- I l l , whi le  
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stil l  conforming to performance and f l ight envelope restr ictions. 
avoid such cost overruns is well documented in the open l i terature. 
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6.0 RECOMMENDATIONS 

Based on the considerations of this report, we have concluded that the emer­
gence of highly integrated designs in the airframe and propulsion areas, coupled 
with the aircraft control system, will lead to major advances in a ircraft capa­
bil ity that can be realized only i f  there is a concurrent substantial  increase in  
ground testing capability and time. Successful implementation of such highly 
integrated designs will  require significant changes in  the methods of funding 
a ircraft and engine development. Further, the potential  capabil i ties of the ASTF 
should be developed and brought to operational status as soon as possible. These 
poin ts and their  attendant ramifications a rc addressed in the following conclu­
sions and recommendations. The final  section contains brief comments based on 
this study, which, while not d i rect ly within the charge of the committee, wil l  
influence future Air  Force programs. 

6. 1 CONCLUSIONS 

I .  Airframe, engine, and control system integration will  provide major improve­
ments in  a i rcraft capabil i t ies. Some projected miSSion profi les will be 
impossible without such integration. In all cases it will  provide i mproved 
flight management and efficiency. 

2 .  Integrated a i rcraft designs, due to the strong interactions among the various 
components, will lead to increased risk of development problems and the poten­
t ia l  for expensive and t ime consuming corrective measures. 

3. I ntegrated a i rcraft designs wil l  impose 
ground test faci l i ties requiring changes 
faci l i ty  development. 

new and 
in  testing, 

d i fficul t  challenges to 
t iming, procedures, a nd 

4. The current funding system for a i rcraft and engine programs inhi bi ts use of  
the best faci l i ty for  a given study.  The present  approach prevents the early 
test ing in  ground based faci l i t ies that is essential for integrated designs 
to avoid late ident ification of problems and associated penalties. 

S. I ntegrated aircraft designs require installed engine maps, including tran­
sients, earlier in  the aircraft system development cycle and certa in ly  prior 
to flight tests. 

6.2 RECOMMENDATIONS 

The fol lowing recommendations are l i sted in  priority order. 

I .  A pol icy i ncorporat ing advanced pla nning and early funding commitments for 
test ing a nd test faci l i ty  preparation should be implemented to great ly  
enhance the  prospects for overa l l  program success us ing  the new tes t  faci l ­
i t ies. 

2. The immediate design, development, and funding of ASTF's free jet capab i l­
i t ies are essential  to meet the needs of current and projected a ircraft and 
engine programs. The required free jet  nozzles should be capable of prov id-

65 

Copyr ight  © Nat ional  Academy of  Sciences.  Al l  r ights reserved.

Aircraf t  and Engine Development Test ing
ht tp: / /www.nap.edu/cata log.php?record_id=19206

http://www.nap.edu/catalog.php?record_id=19206


ing  variable Mach number, transient a ngle of attack and yaw, and asymmetric 
flows. This expanded capabi l i ty is a necessary complement  to the existing 
ASTF engine transient capabi l i t ies. 

3 .  ASTF capabi l ities for test ing thrust vectoring and reversing systems should 
be developed. The potential for studying afterbody-nozzle in teractions 
should also be developed. 

4 .  ASTF should be l i nked to the AEDC air supply systems to provide a needed 
significant increase of the operational envelope. Future coupl ing to the 
vacuum system should be studied. 

S. The recommended free jet test capabi l i t ies should be enhanced by the design 
and construction of a high efficiency variable geometry d iffuser for the 
i nlet spil l-flow. 

6.3 COMMENTS 

1 .  Rapidly emerging development programs such as TA Vs wi l l  be seriously affected 
by the current weakness in U.S. hypersonic test fac i l i t ies. This problem 
should be examined and faci l i t ies improved as soon as possible. 

2. A technology base for future programs, particularly for afterbodies as thrust 
vector control nozzles is lacki ng. This will inh ibit  new designs if  not cor-
rected. 

3.  The manner in  which aerodynamic testing costs are determined and charged to 
development programs for government owned and operated facil i t ies such as 
N ASA, AEDC, NSWC/WO, etc. ,  should be closely examined to insure that the best 
faci l i ty for a given i nvestigat ion is used regardless of funding and account­
ing procedures. 

4. We support the conclusions of prev ious studies that the in tegra tion of CFD 
a nd wind tunnel  test ing is needed to provide test plann ing guidance, to 
increase the effectiveness of testing and to i mprove the in terpretation of 
results. 

S. Proper use of major test faci l i t ies such as ASTF, with their complex test pro­
grams and coord ination wi th  CFD designs and data correla tions, wi l l  require a 
broader range of engineering and h ighly specia l ized research staff. 
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APPENDIX B 
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AEDC 

AFWAL 

APTU 

ASD 

ASTF 

ATF 

AWT 

CFD 

DARPA 

DoD 

HTT 

N ASA 

NGTE 

NSWC/WO 

NTF 

SDI 

STOL 

TAV 

APPENDIX D 

Acronyms 

Arnold Engineering Development Center 

Air Force Wright Aeronautical Laboratory 

Aeronautics and Propulsion Test Unit  

Aeronaut ica l Systems Division 

Aeropropu lsion Systems Test Faci l i ty 

Advanced Tactica l Fighter 

Alt i tude Wind Tunnel 

Computat ional Fluid Dynamics 

Defense Advanced Research Projects Agency 

Department of Defense 

High Temperature Tunnel 

National  Aeronautics and Space Administration 

National  Gas Turbine Establishment 

Naval  Surface Weapons Center. White Oak. Maryland 

National Transonic Faci l i ty  

Strategic Defense Ini t iat ive 

Short Take Off and Landing Airplane 

Transatmospheric Veh icle 
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