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PREFACE 

This Conference Publication contains the proceedings of the 1980 NASA 
Aircraft Safety and Operating Problems Conference held at the Langley Research 
Center, Hampton, VAr on November 5-7, 1980. The purpose of the conference was 
to report results of research activities within NASA in the field of aircraft 
safety and operating problems. The last conference reporting on this subject 
was held at Langley on October 18-20, 1976. 

The 1980 conference contained sessions on: Terminal-Area Operations: 
Avionics and Human Factors; Atmospheric Environment; Operating Problems and 
Potential Solutions; Flight Experiences and Ground Operations; and Acoustics 
and Noise Reduction. In many instances the verbal presentations summarized the 
work of several researchers in a particular area. The published proceedings 
provided for individual reporting of the research efforts. In addition, a few 
research activities which were not selected for presentation due to other recent 
exposure have been included in order to more accurately portray the scope of 
the Aircraft Safety and Operating Problems Program within NASA. 

The size of the compilation necessitated publication in two parts (Parts 1 
and 2 ) .  A list of attendees, by organizational affiliation, is included at the 
back of Part 2. 

Use of trade names or names of manufacturers in this report does not 
constitute an official endorsement of such products or manufacturers, either 
expressed or implied, by the National Aeronautics and Space Administration. 

Joseph W. Stickle 
Allen R. Tobiason 
Conference Cochairmen 

iii 



Page intentionally left blank 



CONTENTS 

Part 1 *  

P R E F A C E . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  iii 

1 .  INTRODUCTORY REMARKS . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
R o g e r  L. Winblade 

SESSION I - TERMINAL-AREA OPERATIONS 
C o c h a i r m e n :  T. A. Walsh and R. L. K u r k o w s k i  

2 .  TEST RESULTS OF FLIGHT GUIDANCE FOR FUEL CONSERVATIVE DESCENTS 
I N  A TIME-BASED METERED A I R  TRAFFIC ENVIRONMENT . . . . . . . . . . .  7 

C h a r l e s  E. Knox and L e e  H. Person, J r .  

3 .  A P I L O T ' S  SUBJECTIVE ANALYSIS OF A COCKPIT DISPLAY OF TRAFFIC 
INFORMATION (CDTI) . . . . . . . . . . . . . . . . . . . . . . . . . .  29 

G e r a l d  L. Keyser, J r .  

4. GUIDANCE AND CONTROL SYSTEM RESEARCH FOR IMPROVED TERMINAL 
AREAOPERATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . .  51 

R. M. H u e s c h e n ,  J. F. C r e e d o n ,  W. T. B u n d i c k ,  and 
J. C. Young 

5. OPERATIONAL CONSIDERATIONS IN UTILIZATION OF MICROWAVE 
LANDING SYSTEM APPROACH AND LANDING GUIDANCE . . . . . . . . . . . . .  83 

W i l l i a m  F. White and L e o n a r d  V. C l a r k  

6. AUTOMATED PILOT ADVISORY SYSTEM TEST AND EVALUATION AT 
MANASSAS MUNICIPAL AIRPORT . . . . . . . . . . . . . . . . . . . . . .  1 1  3 

John L. P a r k s ,  J r .  

7. A METHOD FOR DETERMINING LANDING RUNWAY LENGTH FOR A 
STOL AIRCRAFT . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 2 7  

D. M. Watson, G. H. H a r d y ,  J. F. Moran, and D. N. Warner, J r .  

8 .  FLIGHT TESTS OF I F R  LANDING APPROACH SYSTEMS FOR HELICOPTERS . . . . . .  1 4 5  
J. S .  B u l l ,  D. M. H e g a r t y ,  L. L. Peach, J. D. P h i l l i p s ,  

D. J. A n d e r s o n ,  D. C. D u g a n ,  and V. L .  R o s s  

9. A HEAD-UP DISPLAY FORNAT FOR TRANSPORT AIRCRAFT APPROACH AND 
LANDING. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6 5  

R i c h a r d  S. B r a y  and B a r r y  C. Scott 

*Papers 1 to 21 are published under separate cover. 

V 



SESSION I1 - AVIONICS AND HUMAN FACTORS 
C o c h a i r m e n :  M. D. Montemerlo a n d  A. B. C h a m b e r s  

1 0 .  AN EVALUATION OF HEAD-UP DISPLAYS I N  C I V I L  TRANSPORT OPERATIONS . . . .  197 
John K. L a u b e r ,  R i c h a r d  S. B r a y ,  and B a r r y  C. Scott 

1 1 .  GENERAL AVIATION SINGLE PILOT I F R  AUTOPILOT STUDY . . . . . . . . . . .  201 
Hugh P. B e r g e r o n  

1 2 .  APPLICATION OF THE EPIDEMIOLOGICAL MODEL I N  STUDYING HUMAN ERROR 
I N  AVIATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 1 9  

E d  S. C h e a n e y  and C h a r l e s  E. B i l l i n g s  

1 3 .  HOWA PILOT LOOKS AT ALTITUDE . . . . . . . . . . . . . . . . . . . . .  237 
Amos A. Spady, Jr . ,  a n d  Randall L. Harris, Sr. 

SESSION I11 - ATMOSPHERIC ENVIRONMENT 
C o c h a i r m e n :  D. W. Camp and L. J. E h e r e n b e r g e r  

1 4 .  SUMMARY OF FLIGHT TESTS OF AN AIRBORNE LIGHTNING LOCATOR SYSTEM 
AND COMPARISON WITH GROUND-BASED MEASUREMENTS OF PRECIPITATION 
ANDTURBULENCE . . . . . . . . . . . . . . . . . . . . . . . . . . .  251 

B r u c e  D. Fisher a n d  Norman L. C r a b i l l  

15. WALLOPS SEVERE STORMS MEASUREMENT CAPABILITY . . . . . . . . . . . . .  2 7 9  
R o b e r t  E.  C a r r  and John C. G e r l a c h  

1 6 .  THE 1 9 7 9  CLEAR AIR TURBULENCE FLIGHT TEST PROGRAM . . . . . . . . . . .  2 9 3  
E. A. Weaver, L. J. E h e r n b e r g e r ,  B. L. G a r y ,  
R. L. K u r k o w s k i ,  P. M. Kuhn,  and L. P. Stearns  

1 7 .  PULSED DOPPLER LIDAR FOR THE DETECTION OF TURBULENCE I N  
CLEAR AIR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 1 3  

E. A. Weaver, J. W. B i l b r o ,  J. A. D u n k i n ,  S. C. J o h n s o n  
W. D. Jones, C. E. Harris, and C. A. DiMarzio 

1 8 .  FLIGHT TESTS OF A CLEAR-AIR TURBULENCE ALERTING SYSTEM . . . . . . . .  3 2 9  
R i c h a r d  L. K u r k o w s k i ,  P e t e r  M. Kuhn,  and L o i s  P. Stearns 

1 9 .  CLEAR AIR TURBULENCE STUDIES WITH MICROWAVE RADIOMETERS . . . . . . . .  351 
B r u c e  L. G a r y  

20.  IN-FLIGHT DIRECT-STRIKE LIGHTNING RESEARCH . . . . . . . . . . . . . .  359 
Fe l ix  L. P i t t s  a n d  Mitchel E .  Thomas  

2 1 .  MAGNITUDE AND FREQUENCY OF WIND SPEED SHEARS AND ASSOCIATED 
DOWNDRAFTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  373 

Margaret B. A l e x a n d e r  and C. Warren C a m p b e l l  

v i  



Part 2 

SESSION IV - OPERATING PROBLEMS AND POTENTIAL SOLUTIONS 
airman: H. W. Schmidt 

22. WAKE VORTEX ATTENUATION FLIGHT TESTS: A STATUS REPORT . . . . . . . .  387 
Marvin R. B a r b e r  and Joseph J. Tymczyszyn 

23. BASIC RESEARCH I N  WAKE VORTEX ALLEVIATION USING A VARIABLE 
TWISTWING . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  409 

D a n a  J. Morris and G. Thomas H o l b r o o k  

24. PNEUMATIC BOOT FOR HELICOPTER ROTOR DEICING . . . . . . . . . . . . . .  4 2 5  
B e r n a r d  J. B l a h a  and Peggy L .  E v a n i c h  

25- AIRCRAFT OPERATING EFFICIENCY ON THE NORTH ATLANTIC - 
A CHALLENGE FOR THE 1980 ' s  . . . . . . . . . . . . . . . . . . . . .  445 

R o b e r t  S te inber  g 

26. FIREWORTHINESS OF TRANSPORT AIRCRAFT INTERIOR SYSTEMS . . . . . . . . .  453 
John A. P a r k e r  and D. A. Kourtides 

27. COMBUSTION TOXICOLOGY OF EPOXY/CARBON FIBER COMPOSITES . . . . . . . .  481 
D. E. C a g l i o s t r o  

28. THE USE OF ANTIMISTING KEROSENE (AMK) I N  TURBOJET ENGINES . . . . . . .  499 
H a r o l d  W. Schmidt 

29. NASA/FAA GENERAL AVIATION CRASH DYNAMICS PROGRAM . . . . . . . . . . .  511 
R o b e r t  G. Thomson, R o b e r t  J. Hayduk ,  and H u e y  D. C a r d e n  

SESSION V - FLIGHT EXPERIENCES AND GROUND OPERATIONS 
C h a i r m a n :  J. L .  McCarty 

30. CURRENT RESEARCH I N  AIRCRAFT T I R E  DESIGN AND PERFORMANCE . . . . . . .  543 
John A. Tanner and John L.  M c C a r t y  

31. REVIEW OF ANTISKID AND BRAKE DYNAMICS RESEARCH . . . . . . . . . . . .  555 
Sandy M. Stubbs and John A. Tanner 

32. STUDIES OF SOME UNCONVENTIONAL SYSTEMS FOR SOLVING VARIOUS 
LANDING PROBLEMS . . . . . . . . . . . . . . . . . . . . . . . . . .  569 

T. J. W. Leland, J. R. McGehee ,  and R. C. D r e h e r  

33. RECENT PROGRESS TOWARDS PREDICTING AIRCRAFT GROUND HANDLING 
PERFORMANCE.. . . . . . . . . . . . . . . . . . . . . . . . . . . .  583 

Thomas  J. Y a g e r  and E l l i s  J. White 

v i i  



3 4 .  THE NASA DIGITAL VGH PROGRAM - EARLY RESULTS . . . . . . . . . . . . .  613 
Norman L. C r a b i l l  and G a r l a n d  J. Morris 

35. EVALUATION OF EMERGENCY-LOCATOR-TRANSMITTER ORMANCE I N  m A L  
ANDSIMULATEDCRASHTESTS. .  . . . . . . . . . . . . . . . . . . . .  625 

Huey D. C a r d e n  

36. EXTINGUISHING IN-FLIGHT ENGINE FUEL-LEAK FIRES W I T H  DRY 
CHEMICALS . . . . 655 

R o b e r t  L. A l t m a n  

SESSION V I  - ACOUSTICS AND NOISE REDUCTION 
C h a i r m a n :  H. G. Morgan 

37. RECENT DEVELOPMENTS I N  AIRCRAFT ENGINE NOISE REDUCTION 
TECHNOLOGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  671 
James R. S t o n e  and C h a r l e s  E. Feiler 

38.  SOURCES, CONTROL, AND EFFECTS OF NOISE FROM AIRCRAFT PROPELLERS 
ANDROTORS . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  699 

John S. Mixson, G e o r g e  C. G r e e n e ,  and Thomas  K. Dempsey 

39. NASA PROGRESS I N  AIRCRAFT NOISE PREDICTION . . . . . . . . . . . . . .  721 
J. P. R a n e y ,  S .  L. Padula, and W. E.  Z o r u m s k i  

40. AIRPORT NOISE IMPACT mDUCTION THROUGH OPERATIONS . . . . . . . . . .  759 
Richard D e L o a c h  

A T T E N D E E S . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 7 9  

v i i i  



SESSION I V  - OPERATING PROBLEMS AND POTENTIAL SOLUTIONS 

38 5 



Page intentionally left blank 



WAKEVORTEXATTENUATIONFLIGHTTESTS: ASTATUSREPORT 

Marvin R . Barber 
NASA Dryden Flight Research Center 

Joseph J . Tymczyszyn 
FAA Western Region 

SUMMARY 

Flight tests have been conducted to evaluate the magnitude of aerodynamic 
attenuation of the wake vortices of large transport aircraft that can be achieved 
through the use of static spoiler deflection and lateral control oscillation. These 
methods of attenuation were tested on Boeing B-747 and Lockheed L-1011 commercial 
transport aircraft. Evaluations were made using probe aircraft, photographic and 
visual observations, and ground-based measurements of the vortex velocity profiles. 

The magnitude of attenuation resulting from static spoiler deflection was evalu- 
ated both in and out of ground effect. A remotely piloted QF-86 drone aircraft was 
used to probe the attenuated vortices in flight in and out of ground effect, and to 
make landings behind an attenuated B-747 airplane at reduced separation distances. 

INTRODUCTION 

The National Aeronautics and Space Administration has conducted extensive 
research and testing to determine the feasibility of aerodynamically attenuating the 
wake vortices of large transport aircraft. This program has been underway since 
1974, and it has resulted in numerous flight and ground facility tests. Much of the 
early work conducted under this program was reported in the Wake Vortex Minimi- 
zation Symposium held in 1976 (ref. 1) s This paper reviews all of the flight work 
that has been conducted during the program, with an emphasis on the results of the 
work done after the symposium. 

Table I summarizes the flight experiments that were reported at the 1976 sym- 
posium. All  of the methods shown in the table were successful in attenuating the 
vortices to some degree. However, each method had some attendant characteristic 
that resulted in its not being practical for actual airline usage. The means of atten- 
uation for all of these tests were defined in various ground facilities that were devel- 
oped to support the minimization research. The capabilities of the ground facilities are 
reported extensively in reference 1, and are not mentioned here except in passing. 

Two series of flight tests have been conducted since the Wake Vortex Minimization 
Symposium (table 11). The objectives of these tests can be categorized as follows: 
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(1) An evaluation of the effectiveness of altered spoiler deflections on the L-1011 
aircraft to attenuate wake vortices . 

(2) An evaluation of the effectiveness of altered spoiler deflections on the B-747 
aircraft to attenuate wake vortices. These tests included an evaluation of ground 
effects , which involved flying a remotely controlled drone into the spoiler-attenuated 
vortices at low altitudes. The tests also included landings behind an attenuated 
B-747 aircraft at reduced separation distances. 

(3) An evaluation of the attenuation that resulted from the excitation of dynamic 
vortex instabilities. This series of tests used the L-1011 airplane as the vortex- 
generating aircraft. However the tests were inspired by the results of the tests 
conducted with the B-747 airplane in the first series of tests, which showed that 
significant attenuation resulted from oscillating the spoilers and ailerons. 

A s  shown by the number of test flights made with altered spoiler deflections, an 
emphasis was placed on that concept for vortex attenuation. This concept was empha- 
sized because spoiler deflection alterations would probably be easier to incorporate 
in an existing fleet of aircraft than any of the other concepts. In addition , the number 
of possible combinations of altered spoiler deflections results in a rather large test 
matrix. 

SYMBOLS 

AGL 

b 

cL 

c1 

DME 

IX 

b PS 

S 

38 8 

above ground level 

wingspan, m 

lift coefficient 

rolling-moment coefficient 

separation distance n .  m i .  

rolling moment of inertia kg-m 

roll rate deg/sec 

roll acceleration deg/sec 

boom-mounted static pressure N/m 

2 

2 

2 

2 dynamic pressure N/m 

2 wing area, m 



Vt 

'a 

cp 

Sub scripts : 

max 

tw 

V 

true airspeed, m/ sec 

aileron position, deg 

bank angle, deg 

maximum 

trailing wing 

vortex 

FLIGHT TEST METHODS 

Figure 1 shows the L-1011 vortex-generating test aircraft equipped with the 
smoke generators that are used to mark the vortices so that a probe aircraft can fly 
into them. Four smoke generators are installed on each wing of the test aircraft. 
Each smoke generator marks one of the points of aerodynamic discontinuity on the 
wing (the wingtip, the outboard edge of the outboard flap, the outboard edge of the 
inboard flap, and the wing root). Smoke-marked vortices are shown in figure 2 .  A 
depiction of a light aircraft probing the vortices is presented in figure 3; as indi- 
cated by the figure, this study is concerned primarily with the probe aircraft's roll 
response. 

During the tests, vortices were probed at distances as great as 1 2  nautical miles 
and as small as 2 nautical miles. The objective of the vortex attenuation effort , how- 
ever, was to make it possible for light aircraft to fly as close as 3 nautical miles 
behind aircraft classed as heavy on landing approach, in contrast to the present 
requirement for a separation distance of 6 ,  5 ,  4 ,  or 3 nautical miles, depending on 
the class of the following aircraft. Therefore, the major effort of this program has 
been concentrated on the 3-nautical-mile separation distance, as depicted in figure 3 
The distance between the two airplanes was measured with an onboard distance- 
measuring radio and recorded in the probe airplane. 

The probe airplanes were equipped with response-measuring instrumentation 
that'enabled real time calculations to be made of the rolling moment induced on the 
probe airplane by the vortex. Figure 4 shows time histories of the variables that 
are used to compute the vortex-induced rolling-moment coefficient , which is calcu- 
lated as follows: 

Roll acceleration, 6, is obtained by differentiating the roll rate measurement. A 
calculation of the vortex-induced rolling-moment coefficient is desirable because it 
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is difficult to evaluate the severity of a vortex encounter in terms of bank angle 
roll rate, or roll acceleration. The difficulty arises from the fact that the pilot of 
the probe aircraft must constantly maneuver the airplane to attempt to stay in  the 
vortex wake. The calculation of the rolling-moment coefficient enables the masking 
effects of the ailerons and of roll damping to be subtracted from the airplane's total 
response leaving a direct measurement of the airplane's response to the vortex. 
Reference 2 describes the derivation of the vortex-induced rolling-moment coefficient 
and discusses its use as a measure of aircraft response to a vortex encounter. 

In addition to using a probe airplane to determine the upset potential of attenuated 
and unattenuated vortices measurements of the vortex velocities were made by using 
a laser-Doppler velocimeter (LDV) and a monostatic acoustic sensing system (NLAVSS) . 
These devices which are described in detail in reference 3 belonged to the Depart- 
ment of Transportation's Transportation Systems Center (TSC) . Their use in the 
wake vortex minimization program reflected the desire on the part of both agencies 
to minimize the difficulties that result from the wake vortices of large aircraft. 
Figure 5 shows the LDV in use during one of the flight tests. 

The general approach for the most recent flight tests which were made with the 
L-1011 airplane was to evaluate the effectiveness of the vortex attenuation of each 
static or dynamic configuration visually and photographically and to explore only 
the most promising configurations with in-flight probes and measurement with the 
LDV and MAVSS. 

RESULTS AND DISCUSSION 

Selected Static Spoiler Deflection 

Figure 6 presents the vortex-induced rolling-moment coefficients on a T-37B 
probe aircraft that resulted from a conventionally configured B-747 aircraft and from 
the same aircraft using the best spoiler attenuation configuration that was defined at 
the time of the Wake Vortex Minimization Symposium. The figure shows that the 
spoilers did attenuate the vortices but that the vortices were still significantly more 
powerful than T-37B roll control capability. To see whether vortex attenuation 
resulted when selected spoilers were deflected on other heavy transports, wind 
tunnel and tow tank facility tests were made on L-1011 and DC-IO models (refs. 4 
and 5 respectively). The results of these tests were encouraging and led to 
subsequent flight tests with an L-1011 airplane which yielded the results shown in 
figure 7 .  The spoilers again provided attenuation but not to a level that the T-37B 
controls could overpower. An interesting finding of this test series was that the 
deflection of three spoiler panels provided more attenuation than the two spoilers that 
were deflected on the B-747 airplane. This prompted additional wind tunnel tests 
with a B-747 model to determine the magnitude of attenuation that the deflection of 
three spoiler panels would produce on that airplane (ref. 6 ) .  The results of those 
wind tunnel tests are presented in figure 8.  The figure shows that more attenuation 
would be achieved. Another surprising result was that a spoiler deflection on the 
three panels of 15O yielded more attenuation than a larger deflection. Since deflec- 
ting the spoilers induces buffet and performance penalties on the airplane, the 
greater attenuation with less deflection was particularly attractive. 
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Because the wind tunnel tests were so promising, flight tests were initiated 
to evaluate the effectiveness of deflecting the three spoiler panels on the B-747 air- 
plane. The results of those tests are presented in figure 9 .  The three spoiler panels 
did yield more attenuation than the two panels previously tested. However, unlike 
the wind tunnel prediction, 15O of spoiler deflection yielded less attenuation than 
the 30° deflection. 

The attenuation achieved by deflecting the three B-747 spoiler panels was greater 
than any that had been achieved by using spoilers on either the B-747 or L-1011 
aircraft. Figures 10(a) and l O ( b )  present time histories of T-37B roll response to 
typical vortex encounters resulting from the conventional B-747 landing configuration 
and the B-747 configuration with three spoilers deflected. The conventionally con- 
figured B-747 (fig. 10 (a)) caused several bank angle excursions that exceeded 90° 
and one upset that completely inverted the T-37B airplane. The static pressure 
measurement in the time history comes from a nose-boom-mounted static pressure 
orifice. The static pressure transducer is sensitive and has a washout to compensate 
for altitude changes and a pilot reset to null i t .  Its function is to identify the sharp 
drops in pressure that occur when the airplane encounters a vortex core. The time 
history for the spoiler-attenuated vortex encounter (fig. 10 (b)) shows much smaller 
roll and bank angle responses, and the variations in the nose boom static pressure 
are much smaller. The figure shows that the pilot is able to keep the airplane's bank 
angle variation within approximately 30° with one excursion as great as 6 0 ° .  The 
time history also shows that the roll and bank angle excursions have a slower onset 
rate, which is very important to an unsuspecting pilot. The slowing of the excur- 
sions would be expected from the data presented in figure 9 ,  since that figure shows 
that the upset potential of the vortex is only slightly greater than the roll control 
power of the airplane. 

Low Altitude Tests 

The upsets resulting from the vortices of the attenuated configuration were small 
enough and slow enough so the pilots felt they could cope with vortex encounters at 
separation distances of 3 nautical miles at altitudes as low as 70 meters. This permitted 
the evaluation of a previously untested hypothesis: that i f  the ground effects provided 
some additional vortex attenuation, landings might be possible at the desired 3-nautical- 
mile separation distance. Therefore, an effort was made to evaluate the vortices in 
and out of ground effect with a remotely controlled QF-86 drone used as a probe. 

Before low altitude probes were made in flighty a piloted simulation was developed 
to help determine the problems associated with vortex encounters at low altitude. 
The simulation utilized the vortex velocities measured by the LDV during the previous 
flight tests. Unfortunately, the LDV has not yet been refined to the point where it can 
measure attenuated vortices in ground effect. Therefore, the simulation did not 
contribute to an understanding of the effects of ground effect on attenuated vortices, 
although it indicated that ground effect did reduce the severity of unattenuated vortices. 

The results of flying the remotely controlled aircraft probe at low altitudes 3 naut- 
ical miles behind the attenuated B-747 configuration are presented in figure 11. The 
data show that bank angle excursions as large as 60° were produced at altitudes as low 
as 20 meters, well within the ground effect of the B-747 airplane. The remotely con- 
trolled probe aircraft was also landed seven times 4 nautical miles behind the 
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attenuated B-747 configuration. The pilot was able to maintain maximum exposure 
to the visible wake vortex during the entire approach until it became necessary to 
concentrate on lining up with the runway for the landing itself. Slight wind varia- 
tions made it difficult to place the vortex trail precisely over the center of the runway, 
so it could not be positively determined that the drone was in the vortex wake during 
the most critical portion of the landing approach and flare. 

Oscillating Spoiler and Aileron Tests 

During the remotely controlled aircraft probe tests, a test was run to evaluate 
the effects on the vortices of oscillating the lateral controls of the B-747 in the 
attenuated Configuration. It was theorized that the interplay of the ailerons and the 
spoilers during such oscillation and the resulting changes in lift distribution might 
produce hard spots in the wake. Therefore, a test was made wherein the B-747 
pilot was asked to oscillate the lateral control wheel at a frequency of about 6 seconds 
per cycle. The resulting wake was probed by the T-37B airplane to see if hard 
spots did in fact result. Unexpectedly, however , the T-37B pilot reported that the 
wake was completely devoid of coherent rotary motion at the 3-nautical-mile sep- 
aration distance. Because of this result, additional tests were conducted, first to 
verify the finding, and then to try to determine whether the attenuation was due to 
spoiler and aileron control motion or if  B-747 wing rocking was causing the effect. 
Table I11 lists the tests conducted and gives a qualitative assessment of the results. 

For the first tests shown in table 111, the spoilers and ailerons were oscillated 
simultaneously through the pilot's roll control wheel. For these oscillations, 
spoilers 2 , 3, and 4 were preset in the 30° position used in the attenuated config- 
uration and then allowed to oscillate with the roll control inputs. This caused the 
three spoilers on the rising wing to retract and the affected spoilers on the falling 
wing to become further extended. A test was then made with aileron deflection only, 
that i s ,  the ailerons oscillated with the pilot's roll control wheel and the spoilers 
were locked in the retracted position. For all of the above tests, the pilot oscillated 
the roll control wheel nearly its full deflection at the 6 second per cycle frequency, 
and the resulting bank angle oscillations were approximately + 7 O  , The spoiler-alone 
oscillation shown in table I11 was performed by having the pilot modulate the speed 
brake lever between 15O and 30°. The speed brakes were modulated symmetrically, 
so no aircraft roll motion resulted from their deflection. 

Figure 12 presents a time history of T-37B response to a wake produced with both 
the spoilers and ailerons oscillating. The figure shows bank angle variations so small 
that it is difficult to tell whether they are the result of wake encounters or the result 
of pilot attempts to encounter the wake. There are none of the large variations in sta- 
tic pressure that indicate that high velocity, low pressure vortex cores are present. 
The maximum rolling-moment coefficient for this run is approximately 0.045, and only 
one deviation of this magnitude occurs during the run. The deviation may be the 
result of B-747 pilot inputs that were somewhat out of phase with the oscillation inputs, 
so that there was a single hard spot in the wake. A comparison of figure 12 with 
figures 10 (a) and 10 (b) shows that in general the wake attenuated by oscillating the 
ailerons and spoilers causes much less roll and bank angle response than the wake 
produced by either of the other two configurations. In fact, the probe airplane pilots 
commented that oscillating the ailerons and spoilers produced a wake that was some- 
what comparable to light or light-to-moderate atmospheric turbulence. 

39 2 



A summary of the maximum rolling-moment coefficients for the five oscillating 
aileron and spoiler runs is presented in figure 13. The induced rolling-moment 
coefficients fall mostly within the roll control power of the T-37B. Since the pilot's 
ability to control the airplane becomes marginal when the rolling-moment coefficients 
approximate the roll control power of the probe airplane, few uncontrollable bank 
angle excursions occurred at these values, allowing the probe pilot to report the 
nearly total conversion of rotary motion to random turbulence. The time histories 
that generated the data in figure 13 show only one or two large values of C1 during 

a run. Again, the larger deviations may be indicative of pilot inputs that were out 
of phase with the B-747 oscillations. 

V 

The attenuation achieved by oscillating the ailerons and spoilers of the B-747 
is technically exciting, in that it demonstrates once again that essentially total wake 
vortex attenuation can be achieved as close as 2 . 5  nautical miles behind a large 
transport aircraft in the landing configuration. (Total wake vortex attenuation was 
first achieved at a separation distance of 2.5 nautical miles by altering the deflection 
of the inboard and outboard flaps (ref. 1) , as shown in table I .  However , the attenu- 
ation occurred only when the landing gear was not extended, thus making it imprac- 
tical for operational use. ) Obviously , oscillating the ailerons and spoilers and the 
resulting airplane roll is not practical for airline transports on final approach. 
However , the desire to understand the mechanism of the attenuation prompted 
further testing. 

The first of these tests is being conducted in the Langley vortex flow facility 
with a B-747 model that has control surfaces capable of being oscillated. 
is kept level , however .) If the model tests reproduce the attenuation experienced 
in flight successfully, they will make it possible to refine the technique and minimize 
the objectionable airplane response. 

(The wing 

Oscillating control tests were also conducted with the L-1011 aircraft to see 
whether the vortex attenuation could be duplicated with another aircraft configuration. 
The L-1011 was particularly attractive for this test because it incorporates a direct 
lift control (DLC) system and an active aileron control system (AACS) , which assured 
flexibility for oscillating the control surfaces. The capabilities of the two systems are 
described in tables IV and V , respectively. The AACS provides gust load alleviation. 

The L-1011 tests were completed in the summer of 1980. Table VI summarizes 
the results of those tests. The table identifies the concepts that were tested , the 
configurations used to test the concepts, and the results. Perhaps the most signifi- 
cant result was that the L-1011 could not reproduce the B-747 vortex attenuation 
that resulted from oscillating the ailerons and spoilers. The inability to reproduce the 
attenuation may be due to the L-1011 control system , which did not permit the exact 
duplication of the B-747 maneuver. The L-1011 spoilers 2 ,  3 ,  and 4 can be extended 
but not retracted from a preset position as a result of a pilot roll control input , where- 
as the B-747 spoilers did both. Therefore , to simulate the B-747 maneuver, the 
copilot had to retract the spoilers from the preset position by using the speed brake 
control handle while the pilot was making roll control inputs. Further, the speed 
brake handle activates spoiler panel 5 in addition to three other spoiler panels. These 
differences, though subtle, may underlie the inability of the L-1011 to reproduce the 
extremely favorable attenuation achieved by the B-747. 
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Perhaps the most interesting result of the recent L-1011 flight tests was that 
oscillating the spoilers alone permitted the Crow instability (ref. 7) to be manipu- 
lated. It could also be manipulated by oscillating the ailerons and spoilers in com- 
bination, whether asymmetrically or symmetrically. Even though the Crow instability 
could be manipulated, however, the total time necessary for the vortices to decay did 
not seem to decrease until the control oscillation rate was high. The 2 .3  second per 
cycle symmetrical oscillation of the ailerons and spoilers did cause the vortices to 
decay significantly more rapidly than the vortices generated during the 9 . 2  or 4 . 6  sec- 
ond per cycle oscillations. However, both visual observation and probing flights 
(fig. 14) indicated that the configuration still had an unacceptable upset potential. 
Nevertheless, high frequency control oscillation may have potential for purposes of 
wake vortex attenuation. 

CONCLUDING REMARKS 

Flight tests have shown that the wake vortices of large transport aircraft can be 
attenuated by several methods, including altered span loading, turbulence ingestion, 
altered span loadings and turbulence ingestion in combination, and by the excitation 
of dynamic vortex instabilities. Only two of the methods have resulted in the nearly 
total attenuation of vortices at the 3-nautical-mile separation distance desired for air 
traffic operation in terminal areas. They are altered span loading and the excitation 
of dynamic instabilities. Both of these methods are impractical for operational use, 
however. The reason for the attenuation that results from altered span loading is 
already understood, but further testing will  be necessary to understand the reason 
for the attenuation that results from oscillating the lateral controls, An understanding 
of the mechanism might allow refinements of the method that would make it more 
attractive in airline applications. 
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Altered span loading 
and turbulence 
ingestion 

Wingtlp-mounted cv-990 LR-23 -2 1969 

Altered spoiler 8-741 LR-23 515 1975/1976 
spoiler 

deflections T-37B 
McDonnell Douglas DC-9 

TABLE 111. -VORTEX ATTENUATION WITH FIXED AND OSCILLATING B-747 CONTROLS 

Method of 
attenuation 

Altered span loading and 

Excitation of dynamic 

turbulence ingestion 

instabilities 

Means of Vortex-generating Vortex-probing Number of Time period for 
test flights 

1976 to 1980 

attenuation aircraft aircraft test flights 

Altered spoiler B-747, L-1011 T-37B, QF-86 45 
deflection 

1979 to 1980 Oscillating spoilers B-747, L-1011 T-37B 9 
and ailerons 

I I 

Control oscillated Number of tests Results 

39 6 

Spoilers 2 ,  3 ,  and 4 (0° to 45O) 
and ailerons 

Aileron oscillation only (spoilers 
locked in retracted position) 

Spoiler oscillation only (spoilers 
2 ,  3 ,  and 4 modulated symmetrically 
15O to 30° at 6 sec/cycle) 

5 Wake devoid of coherent rotary 
flow at 3 nautical miles 

1 Wake similar to unattenuated wake 

1 Wake similar to statically attenuated 
spoiler wakes 



TABLE Iv. -L-1011 SPEED BRAKE AND DIRECT LIFT CONTROL SYSTEM 
[Six spoiler panels per wing] 

Normal operation: 

In cruise configuration (flaps up ) ,  spoilers 1 to 6 can be used manually as  
speed brakes. Maximum deployment is 6 0 ° .  

In approach configuration (flaps down)- 

Spoilers 2 to 6 can be deployed for roll assistance. Deflection is propor- 
tional to inboard aileron position. Maximum overall spoiler deflection is 
40°. 

With direct lift control system operating, spoilers 1 to 4 modulate f8O about 
8O null. Modulation is proportional to pitch control column motion about 
its trim position. 

Test aircraft capabilities: 

If flaps are down, spoilers 1 to 6 can be operated manually or through DLC system, 

Spoilers can be activated in symmetrical left/right pair combinations. 
but this defeats roll assist. 

TABLE V.-L-1011 ACTIVE AILERON CONTROL SYSTEM 

Norm a1 operation : 

Outboard ailerons modulate symmetrically about a null bias that is proportional 
to a combination of wingtip and body vertical accelerations 

Null bias position is variable- 

In cruise configuration (flaps up ) ,  null is at 2 O  down aileron 
In approach configuration (flaps down), null is at 8 O  up aileron 

Authority (command limits)-- 

Production aircraft: 2 1 .  lo trailing edge u p ,  17.4O trailing edge down 
Test aircraft: 1 2 O  trailing edge up ,  1 2 O  trailing edge down 

Test aircraft capabilities: 

Null bias is variable according to outboard aileron position 
Outboard ailerons can be oscillated symmetrically by using a separate function 

Computation command path can be open or  closed loop 
generator 
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TABLE Vl.-L-l011 1980 TEST CONFIGURATIONS AND RESULTS 

Oscillate spoilers 1 and 6 asymmet- 
rically and symmetrically, with 
or without ailerons 

Concept being evaluated 

Potential for altering vortex 
characteristics on one side 
of airplane for comparative 
and vortex merging studies 

Baseline 

Baseline with AACS and DLC 

Effect of selected spoiler deflection 
on vortex wake 

Effect of aileron and selected spoiler 
oscillation on vortex wake 

Effect of static outboard aileron and 
spoiler deflection on wingtip 
vortices 

Effect of spoiler modulation on 
vortices 

Vortex attenuation through inciting 
instability by pulsing spanwise 
center of lift 

Incite instability through spanwise 
center of lift pulsing 

Configuration I Test results 

Normal landing configuration: 
gear down, flaps deflected 33" I 

no DLC . no AACS 

oscillated 

oscflated 
Ailerons and spoilers 2 and 5 

Ailerons oscillated alone 

Ailerons up 5O,  T P ,  loo and 15" 
Ailerons down 5 O ,  7 1 O ,  lo", and 15" 
Spoilers 2 ,  3, and 4 deflected 30° 

for all tests 

Spollers modulated through selected 

Frequencies tested were 9.2 and 

ranges: Oo to loo, Oo to 1 5 O ,  
200 to 350, 15O to 4 5 O ,  and 00 to 45O 

4.6 seclcycle 

Up ailerons diffused tip wake 
Down ailerons augmented tip 

wake 
Small down ailerbn deflection 

shows a slight attenuating 
effect 

Excites and changes period of 
Crow instability 

Oscillate ailerons and spoilers 2 ,  3,  
and 4 at 9 .2 ,  4.6 ,  and 2 . 3  seclcycle 
asymmetrically and symmetrically 

2.3 seclcycle produced greatest 
L-1011 vortex attenuation to 
date. Pulsing excites and 
changes period of Crow in- 
stability 

Figure 1. L-1011 vortex-generating test aircraft with 
vortex-marking smoke generators installed. 
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Figure 2.  Smoke-marked vortices, 

Figure 3. Light aircraft probes. 
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Figure 4. Real time wake vortex data reduction. 

Figure 5. LDV system monitoring wake vortices generated b y  a 33-747 
aircraft at Rosamond Dry Lake. 
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Figure 6. E?-747 wake vortex upset potentia2 for a T-37B probe airplane. 
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Figure 7. L-1011 wake vortex upset potentia2 for a T-37B probe airp2ane. 
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Figure 8. Trailing wing rolling-moment coefficient. 
B-747 model; gear down; CL = 1 .2 .  LearJet trailing model, 
7.8 spans downstream. 
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Figure 9. B-747 wake vortex upset potential for a T-37B probe airplane. 
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Figure 10. T-37B vortex encounter behind B-747 airplane. 
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( b )  B-747 in conventional landing configuration with spoilers 2, 3 ,  
and 4 extended 30°. 

Figure 10. Concluded. 
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Figure 11.. QF-86 bank angle excursions 3 nautical miles 
behind a SQOiler-attenuated 33-747 aircraft. 
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Figure 12. T-37B vortex encounter behind B-747 landing 
configuration with spoilers 2,  3 ,  and 4 extended 30° and 
with oscizlating ailerons and spoilers. 
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Figure 13. B-747 wake vortex upset potential for a T-37B probe airplane. 
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Figure 14 .  T-37B vortex encounter behind L-1011 landing 
configuration with spoilers 2,  3 ,  and 4 extended 30° and 
ailerons and spoiZers 2 ,  3 ,  4 ,  and 5 pulsing asymmetrically 
at 2.3 seconds per cycle.  
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BASIC RESEARCH IN WAKE VORTEX ALLEVIATION 

USING A VARIABLE TWIST WING 

By Dana J. Morris and G. Thomas Holbrook 
NASA Langley Research Center 

INTRODUCTION 

Aircraft trailing vortices are one of the principal factors affecting air- 
craft acceptance and departure rates at airports. 
posed by the vortex would allow reduction of the present spacing requirements. 
Such reductions would allow full utilization of advances in automatically aided 
landing systems while maintaining or improving safety within the terminal area. 
For several years, NASA has been conducting an in-house and contractual research 
effort involving theoretical and experimental studies of various wake vortex 
minimization techniques (refs. 1 and 2). This work was done in conjunction 
with the Federal Aviation Administration's investigation of various sensing 
devices for detecting the presence of vortices within the terminal area. 

Minimization of the hazard 

This work has identified several methods of reducing the vortex strength 
behind an aircraft. These involve the redistribution of 1 ift (vorticity) span- 
wise on the wing and drag (turbulence) distribution along the wing. 
continued effort involves experiments and theoretical analysis aimed at improv- 
ing the understanding of the physics of vortex dissipation. This report sum- 
marizes one area of NASA's basic research in wake vortex alleviation and con- 
tains the highlights of model tests using a variable twist wing to investigate 
various wing span-load and drag distributions. 

NASA's 

b 
- 
C 

c1 

cD 

cL 

C1 

cP 

SYMBOLS 

All force and moment data are referenced to the wind axes. 

reference wing span, m 

wing mean aerodynamic chord, m 

sectional lift coefficient 

drag coefficient, Drag force 
qms 

Lift force lift coefficient, 
qms 

trailing-wing rolling-moment coefficient, 

pressure coefficient, P - Pm 

Rolling moment 
qmSb 
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P 

9 

S 

U 

V 

VTW 

V 

W 

% 

Y 

Z 

na 

rl 

s t a t i c  pressure, Pa 

dynamic pressure, Pa 

reference w i n g  area, m 

component of velocity parallel t o  the x-axis, m/sec 

2 

resultant velocity magnitude, m/sec 

refers  t o  Variable Twist Wing 

component of velocity parallel to  the y-axis, m/sec 

component of velocity parallel to the z-axis, m/sec 

longitudinal axis referenced to  Variable Twist Wing centerline,  
positive a f t ,  m 

la teral  axis referenced to  Variable Twist Wing centerline,  positive 
o u t  r igh t  wing, m 

vertical  axis referenced to  Variable Twist Wing quarter-chord l i ne ,  
positive above wing ,  m 

wing-segment twist angle re la t ive  to  w i n g  center panel, wing leading 
edge u p  i s  posit ive,  deg 

vor t ic i ty ,  counterclockwise flow i s  positive, per sec 

Subscripts: 

TW refers  to  t r a i l i ng  wing 

VTW refers  to  Variable Twist Wing 

cn refers  to free-stream conditions 

TEST FACILITIES 

The t e s t s  were conducted in the Langley V/STOL Tunnel and ,  under contract ,  
in the Hydronautics S h i p  Model Basin. 

V/STOL Wind Tunnel 

The t e s t  section of the V/STOL tunnel has a height of 4.42 m y  a w i d t h  of 
and 6.63 m y  and a length of 14.24 m. 

maintained a t  2 .2  m above the t e s t  section f loor  
t r a i l i ng  edge) during t e s t  runs. 

The Variable Tw 

Angle o f  at tack 

st-Wing was blade mounted 
floor-to-wing center pane 
was determined from an 
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accelerometer mounted i n  t h e  fuse lage ( r e f .  3) .  
balance measured l i f t ,  drag, and pitching-moment data.  

sampling of t he  t h r e e  wake v e l o c i t y  components o r  r o l l i n g  moment on a t r a i l i n g  
wing i n  t h e  wake o f  t h e  V a r i a b l e  T w i s t  Wing. 
anywhere from 1.2 m t o  13.7 m downstream o f  t h e  wing. The approp r ia te  sensor 
was mounted t o  a motor -d r iven  t r a v e r s e  mechanism on t h e  survey r i g  t o  a l l o w  
moving t h e  sensor bo th  l a t e r a l l y  and v e r t i c a l l y .  
nism o u t p u t  t h e  l a t e r a l  and v e r t i c a l  p o s i t i o n  o f  t h e  sensor du r ing  t e s t  runs. 

A six-component s t ra in -gage 

A survey r i g  (see f i g .  1 )  was u t i l i z e d  i n  these t e s t s  f o r  crossplane 

The survey r i g  cou ld  be p o s i t i o n e d  

D i g i t a l  encoders on t h e  mecha- 

Hydronaut ics Ship Model Basin 

The Hydronaut ics Ship Model Basin i s  a water  tank  125 m long and 7.3 m 
Two independent ly  powered c a r r i a g e  systems wide, w i t h  a water depth o f  3.8 m. 

propel  t h e  V a r i a b l e  T w i s t  Wing and t r a i l i n g  wing down t h e  tank (see f i g .  2 ) .  
The Var iab le  T w i s t  Wing was loca ted  0.56 span below the  water  l i n e  and a t tached 
t o  t h e  l ead  c a r r i a g e  by a s t r u t  mounted t o  a t i l t  tab le .  
v ided f o r  ang le -o f -a t tack  adjustment ( r e f .  3 ) .  
cen ter  body measured l i f t ,  drag, and pitching-moment data.  

i n g  a 0.46-m v e r t i c a l  survey o f  t h e  wake d u r i n g  runs a t  a scanning r a t e  o f  
0.04 m/sec. The l a t e r a l  p o s i t i o n  o f  t h e  t r a i l i n g  wing i s  changed manual ly 
between runs. 
us ing  t h e  t ime d i f f e r e n t i a l  f o r  t h e  two ca r r i ages  t o  pass a p o i n t  ha l f -way down 
the  tow tank and t h e  measured speed o f  the  ca r r i ages .  

The ti lt t a b l e  pro- 
Balances i n t e r n a l  t o  t h e  model 

The t r a i l i n g - w i n g  c a r r i a g e  has a motor-dr iven v e r t i c a l - s c a n  system a l l ow-  

The separa t ion  d i s tance  between the  two models was determined 

MODELS 

Var iab le  Tw is t  Wing 

The V a r i a b l e  T w i s t  Wing (VTW), shown i n  f i g u r e  3, i s  a unique research 
model capable o f  genera t ing  a des i red  span l o a d i n g  by t w i s t i n g  spanwise wing 
segments t o  the  proper  l o c a l  ang le  o f  a t tack .  I n  t h i s  manner, t h e  e f f e c t  o f  
h i g h l y  v a r i e d  span load ings  on the  r o l l e d - u p  wake can be i nves t i ga ted .  The 
e f fec t  o f  tu rbu lence on t h e  r o l l e d - u p  wake can be determined f rom t e s t s  made 
w i t h  va r ious  tu rbu lence i n j e c t i o n  devices a t tached t o  t h e  VTW model. 

The a s p e c t - r a t i o  7 metal  wing has a span o f  2.489 m. As shown i n  f i g -  
u r e  4, the  f i x e d  0.35-m cen te r  span i s  bounded on each end by 36 independent ly 
movable sec t ions ,  each about 0.03 m wide. 
t i o n s ,  each w i t h  29 pressure po r t s ,  were e l e c t r o n i c a l l y  scanned and recorded i n  
about one- tenth o f  a second t o  o b t a i n  pressure c o e f f i c i e n t  data, Cp, d u r i n g  
t e s t s  i n  t h e  V/STOL tunne l .  

The 20 inst rumented spanwise loca-  
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Trailing Wing 

Rolling moment on a smaller t r a i l i ng  wing has been used as a means of e s t i -  
mating the hazard posed by a vortex wake system. The aspect-ratio 5.35 t r a i l i ng  
wing used for  these t e s t s  has a span 13 percent of the VTW span. A photograph 
and dimensions of the unswept trailing-wing model installed on the V/STOL survey 
rig are  presented i n  f igure 5. In each t e s t  f a c i l i t y ,  the model was mounted on 
a ro l l  balance and attached to  a traverse mechanism capable of positioning the 
model both l a t e ra l ly  and ver t ical ly  i n  the VTW wake. The model and i t s  ro l l -  
balance system were used to  measure the roll ing moment caused by the vortex 
flow downstream of the VTW model. 

METHOD OF TESTING AND ANALYSIS 

The t e s t s  were a l l  made a t  a Variable Twist Wing 
number of about one million, based on w i n g  chord. 
t ions tested i s  shown i n  table I .  
data taken a t  the different  downstream locations. 

C L  

Figure 6 shows schematically the types of 

of 0.6 and a Reynolds 
A matrix of the configura- 

L i f t  distributions f o r  each configuration tested i n  the V/STOL tunnel were 
calculated from the measured C p  d a t a .  During the t e s t s ,  an on-line computer 
program ut i l ized abou t  half the pressure port data t o  produce rough plots of 
spanwise loading. This enabled "f ine tuning" of the VTW twist dis t r ibut ion to  
match the desired loading. 

Force and moment data ( l i f t ,  drag, and pitching-moment) on the Variable 
Twist Wing were taken throughout an angle-of-attack range in the V/STOL tunnel. 
Generally, only the force and moment data necessary t o  assure testing a t  
C L ~ ~ ~  = 0.6 were taken i n  the water towing tank. 

Measured trailing-wing rolling-moment coefficients given in this report 

The V/STOL technique fo r  measuring rol l ing moment i s  t o  position 
represent an averaged CITW for  V/STOL d a t a  and a peak CITW for the water- 
tank data. 
the probe and take 10 data p o i n t s  per second over a 5-second period. 
d a t a  points are averaged and used as the C 1  for  t h a t  y,z location. Data 
are  taken a t  a suf f ic ien t  number of y,z positions t o  insure location of the 
position of the maximum 
technique fo r  measuring roll ing moment uses the probe to  traverse the wake 
ver t ical ly  fo r  a single la teral  position. 
ent probe la te ra l  positions t o  insure locating the y,z p o s i t i o n  fo r  the 
peak '1TW. The Hydronautics measured CITW t h u s  represents the maximum 

instantaneous value of rol l ing moment obtained i n  the y,z 
wake. 
wing semispan. 

These 
TW 

value obtained by th i s  method. The Hydronautics c1 TW 

Sufficient runs are  made a t  d i f fe r -  

crossplane of the 
On several VTW configurations, multiple vortices were shed from each 

Only the maximum strength vortex i s  noted in this report. 

Three-component wake velocity measurements were made using a three- 
component hot-film probe, mounted i n  the V/STOL survey r ig .  Hot-film voltages 
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and y,z potentiometer outputs from the traverse mechanisms were signal con- 
ditioned and recorded on magnetic tape . .  This tape was digit ized to  a matrix 
of y, z ,  u ,  v ,  and w data values over a 1.524 m x 1.524 m y  0.0254-m mesh,cross- 
p lane  g r i d .  Vorticity contours were computed from the crossplane veloci t ies  a t  
each of the downstream data s ta t ions.  
plots a t  the downstream sampling planes shows the development of the wake. 
Additionally, the data from the half-span downstream station were used as  
in i t i a l  conditions fo r  the two-dimensional , time marching, viscous wake simu- 
lation computer code ( W A K E ) .  (See re f .  4 . )  

Comparison of velocity and vor t ic i ty  

RESULTS 

Data were taken a t  the discrete  locations shown i n  table  I and a l l  the data 
curves shown are  fa i red t h r o u g h  these data points. Among the t e s t s  ( table  I )  
were three relat ively simple VTW loadings, each of which resulted in a rolled-up 
wake w i t h  one s ignif icant  strength semispan vortex. 
(1 ,  2 ,  and 4 )  and t he i r  measured ClTW values a re  compared i n  f igure 7. The 
comparative values of C 1  
loading generating the maximum roll ing moment and the simulated triangular (4 )  
loading creating the minimum. The re la t ive  relationship of ClTW data for 
configurations 1 and 4 also agrees between t e s t  f a c i l i t i e s .  Thus, u p  to  a 
30-percent reduction i n  trailing-wing roll ing moment can be achieved i n  a single 
semispan vortex wake by span-load a1 teration on the generating wing .  Turbulence 
differences are  considered t o  be insignificant since the C D  
cal for the three‘configurations a t  a CL of 0.6. 

80-percent flapped wing  and resu l t s  i n  a downstream semispan wake composed of 
an inboard, o r  f lap ,  vortex and an outboard, o r  wingtip,vortex. For this con- 
figuration, the f lap  vortex i s  highly dominant - in the V/STOL tunnel, the wake 
velocity data indicate vort ic i ty  levels for the f lap vortex a re  a t  l eas t  
30 percent greater t h a n  those for  the wingtip vortex a t  3 spans downstream and, 
in the water tank, ClTW for  the f lap vortex was measured a s  60 percent greater 
t h a n  the wingtip vortex. 
(configuration 7s) resu l t s  in a f a r  downstream semispan wake w i t h  only one 
vortex and ,  as shown in figure 8, a significantly lower 
t o  note that  the l i f t  distribution for  configuration 7s varies greatly from that  
of configuration 7 ,  as does the turbulence distribution (evidenced by a 
230-percent increase i n  C D  for  configuration 7s a t  a C L  of 0 .6) .  Therefore, 
the reduction i n  measured 
lence dis t r ibut ions,  the increased turbulence level , or a combination of these 
factors.  

These three configurations 

are as expected, w i t h  the simulated rectangular ( 2 )  TW 

i s  nearly identi- 

T h e  l i f t  d is t r ibut ion for  configuration 7 i s  similar t o  tha t  of an 

Addition of a spoiler centered a t  0.61(bvTw/2) 

I t  i s  important ‘lTW. 

CiTW may resu l t  from the modified l i f t  and t u r b u -  

In an e f fo r t  t o  separate the e f fec t  of  turbulence from tha t  of span load, 
the VTW was adjusted (configuration 9) to  match the span load of configu- 
ration 7 w i t h  the spoiler (configuration 7s). 
7, 7S, and 9. 

Figure 10 compares configurations 
I t  i s  apparent tha t  configuration 9 does not achieve the complete 
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reduction between configurations 7 and 7s. In f a c t ,  the V/STOL tunnel 
f o r  configuration 9 

TW 

c1 TW data, for x/bVTW < 5.5, show a large increase i n  

as opposed t o  configuration 7.  However, a t  an X/bVTw of 35, the water-tank 
data indicate an 11-percent reduction in ClTW from configuration-7 values as 
opposed t o  an overall 32-percent reduction between configurations 7 and 75. 
T h u s ,  i t  seems tha t  one-third of the measured ClTW reduction between configu- 
rations 7 and 7s may be accounted for  by span-load a l te ra t ion  - the remainder 
occurring due t o  turbulence dis t r ibut ion and level changes. 

f igure 11. 
i n t o  two vortices by five-and-one-half spans downstream. The measured values 
a t  the half-span s ta t ion were used t o  i n i t i a l i z e  the WAKE code t o  predict the 
development downstream. The vor t ic i ty  contours predicted by WAKE a t  five-and- 
one-half spans downstream a re  shown i n  figure 1 2  for  comparison w i t h  the 
measured values shown i n  f igure 11 ( c ) .  While the predicted vor t ic i ty  levels  
are  higher than those measured, the locations and shapes of the contours are  
approximately the same. 

The nondimensional vor t ic i ty  contours for  configuration 7s are  shown in 
The f o u r  vortices present one-half span behind the wing  have merged 

CONCLUDING REMARKS 

The Variable Twist Wing concept has been used t o  investigate the re la t ive  
e f fec ts  of  l i f t  and turbulence dis t r ibut ions on the rolled-up vortex wake. 
extensive data gathered will a s s i s t  i n  understanding the development and decay 
of the wake. Also, i n i t i a l  attempts to  use the Variable Twist Wing velocity 
data t o  validate the  WAKE computer code have shown a s t rong  correlation, 
a1 though  the vor t ic i ty  levels were n o t  exactly matched. Further data analysis 
and verification of the computer code i s  proceeding. 

The 
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Figure 1.- Survey r i g  i n  Langley V/STOL Tunnel (with 
t ra i l ing-wing  model a t tached  to  t r a v e r s e  mechanism. 

VTbI carriage trailing-wing carriage 

~ _ _ _  
~- -~ -____ 

water line 

blade mount 

trailing-wing model 

tank bottom 
/ / / /  / / / / /  / / / / / / / / /  / /  / /  / / / / / / / / / / /  / /  / / 7 7 - 7 / /  / / /  / / / / /  / / / /  //////////////// 

Figure 2.- Diagram of Hydronautics Ship  Model Basin. 
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Figure 3.- Variable Twist Wing model, blade mounted in 
Langley V/STOl Tunnel test section. 

Dots indicate semispan locations where C data 
taken - upper and lower wing surfaces 
have a total  o f  29 pressbre ports a t  
each location. 

P 

0 n e e e e e e  * . e . e e e * . e . a e  

Figure 4.- Variable Twist Wing (VTW) model. 
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Figure 5.- Photograph and dimensions of unswept trailing-wing 
model on traverse mechanism. Model has NACA 0012 airfoil 
section. 

Forces. momciits . and 

Figure 6.- Types of data taken with Variable Twist Wing model. 
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Figure 7.- Wing twist, wing loading, and trailing-wing 
rolling-moment comparisons for VTW configurations 1, 
2, and 4. 
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Figure 9.- Comparison of different wing twist 
distributions used to simulate lift distri- 
bustion attained with configuration 75. 
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Figure 10.- Wing twist, wing loading, and trailing-wing 
rolling-moment comparisons for VTW configurations 7, 
7S, and 9. 
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Figure 11.- Vorticity contours measured behind configuration 7s. 
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(c) x/bm = 5.5. 

Figure 1 1  .- Concluded. 
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Figure 12.- Predicted vorticity contours at 5.5 spans 
downstream of configuration 7s. 
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PNEUMATIC BOOT FOR HELICOPTER ROTOR D E I C I N G  

Bernard J. Blaha and Peggy L. Evanich 
L e w i s  Research Center  

SUMMARY 

Although they  have many d e s i r a b l e  c h a r a c t e r i s t i c s ,  pneumatic d e i c e r  boots  
have received l i t t l e  cons ide ra t ion  f o r  a p p l i c a t i o n  t o  he l i cop te r s .  
polyurethane pneumatic d e i c e r  boots  are l i g h t  i n  weight,  low i n  power consump- 
t i o n ,  easy  t o  c o n t r o l ,  and capable  of f i e l d  r epa i r .  The Lewis  Research Center ,  
i n  coopera t ion  wi th  the  B. F. Goodrich Company, has  t e s t e d  pneumatic d e i c e r  
boots  f o r  h e l i c o p t e r  r o t o r  blades.  The te.sts were conducted i n  t h e  L e w i s  6- by 
9-ft  I c ing  Research Tunnel on a s t a t i o n a r y  s e c t i o n  of a UH-1H h e l i c o p t e r  main- 
r o t o r  blade.  The boots  were e f f e c t i v e  i n  removing ice  and i n  reducing aero-  
dynamic drag due t o  ice .  
Because of t hese  promising r e s u l t s  a program w a s  begun a t  t h e  NASA Ames 
Research Center t o  t es t  boots  on fu l l - sca l e ,  r o t a t i n g  UH-1H r o t o r  blades.  

Modern 

Resu l t s  of t h e s e  tests are presented  i n  t h i s  paper. 

I N  TROD UCT I O N  

To d a t e ,  t h e r e  a r e  no U.S.-manufactured h e l i c o p t e r s  c e r t i f i e d  t o  f l y  i n t o  
fo recas t ed  i c i n g  condi t ions .  
2 years .  
c r i t e r i a  (which c u r r e n t l y  are  not  def ined  exc lus ive ly  f o r  r o t o r c r a f t )  and de- 
i c ing  systems f o r  r o t o r s  ( r e f .  l ) .  The r o t o r  de i c ing  systems being developed 
employ the  e l ec t ro the rma l  concept ( r e f .  1).  
r o t o r  b lade  i c e  p r o t e c t i o n  was analyzed i n  1973 by t h e  Lockheed-California 
Company and r e j ec t ed  ( r e f .  2). 
low power, blade leading-edge p ro tec t ion ,  and s imple c o n t r o l s  were pointed out  
i n  t h i s  s tudy,  Lockheed l i s t e d  s e v e r a l  reasons f o r  ques t ion ing  t h e  pneumatic 
boot concept. These reasons included materials problems, p o s s i b l e  adverse  
aerodynamic e f f e c t s ,  and b a s i c  i c i n g  quest ions.  O f  t h e  reasons l i s t e d ,  t h e  
most damaging centered  on t h e  materials technology of t h e  day. 
ques t ion  w a s  whether t h e  pneumatic boot could wi ths tand  t h e  seve re  dynamic 
environment of t h e  h e l i c o p t e r  r o t o r  blade. 
boots  might be damaged or completely t o r n  o f f  by t h e  high c e n t r i f u g a l  forces .  
Furthermore t h e  r a i n  ab ras ion  r e s i s t a n c e  of neoprene w a s  unacceptable.  Also 
t h e r e  were p o s s i b l e  adverse  aerodynamic e f f e c t s  of t h e  i n f l a t e d  tubes  on t h e  
small-chord, t h i n  a i r f o i l s  of a ro to r .  These problems were s u f f i c i e n t  t o  
e l i m i n a t e  t h e  boot from f u r t h e r  cons idera t ion .  

None are  expected t o  be c e r t i f i e d  f o r  a t  l e a s t  
However, much work i s  i n  progress  t o  develop both c e r t i f i c a t i o n  

The pneumatic boot concept f o r  

Although t h e  s t rong  advantages of low weight ,  

A primary 

A s p e c i f i c  concern was t h a t  t h e  

As a r e s u l t  of t h e s e  e a r l y  s t u d i e s  the  B. F. Goodrich Company has  f u r t h e r  
i n v e s t i g a t e d  m a t e r i a l s  and techniques  of pneumatic boot manufacture and has  
conducted l imi t ed  t e s t i n g .  
r i a l ,  r a t h e r  than  t h e  c u r r e n t l y  used neoprene, c a n  be compounded t o  e x h i b i t  

They claim t h a t  a polyurethane e l a s tomer i c  mate- 
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many s u p e r i o r  p r o p e r t i e s ,  such as ab ras ion  ( r a i n  and sand) r e s i s t a n c e  (3 t o  5 
t i m e s  g r e a t e r  t han  t h a t  of  neoprene),  f i e l d  r e p a i r a b i l i t y ,  g r e a t e r  compat ibi l -  
i t y  t o  es te r  o i l s ,  h ighe r  s t r e n g t h  and f a t i g u e  r e s i s t a n c e ,  and minimal d i s t o r -  
t i o n  under high c e n t r i f u g a l  fo rces .  

A schematic diagram of t h e  pneumatic system app l i ed  t o  a UH-1H h e l i c o p t e r  
is 'shown i n  f i g u r e  1 ( r e f .  1 ) .  
approximately 13.6 kg (30 lb) (43 percent of the electrothermal system weight), 
would apply t o  e x i s t i n g  r o t o r  b lades ,  and would c o s t  much less t h a n  t h e  pro- 
posed e l ec t ro the rma l  system. 

According t o  re ference  1 t h i s  system would 

I n  a n  i n i t i a l  a t tempt  t o  e v a l u a t e  t h e  de i c ing  c a p a b i l i t y  and aerodynamic 
performance of  boots  f o r  r o t o r  b l ades ,  tes ts  were conducted i n  1979 i n  t h e  NASA 
Lewis 6- by 9-ft Icing Research Tunnel (IRT) on a 1.83-m (6-ft) span, full-scale 
segment of a stationary UH-1H rotor blade. In these tests three boot geometries 
were evaluated. These boots comprised both spanwise and chordwise tubes. Since 
the model blade was stationary during a run, neither the rotating nor vibrating 
loads  of a rea l  r o t o r  were simulated.  
n o t  be s imulated s i n c e  t h e  maximum tunne l  a i r  speed was 134 m/sec ( i .e . ,  
Mo ,., 0.4). 
from 0' t o  10' w i th  i c e .  
loads  i n  t h e s e  tests probably made t h i s  a conse rva t ive  t es t  of t h e  b o o t ' s  
e f f e c t i v e n e s s  a s  a d e i c e r  because both dynamic loads  and h ighe r  a i r  speeds 
should a i d  i n  removing t h e  ice .  Some tes ts  were made t o  roughly s imula te  t h e  
c y c l i c  motion of a r o t o r  b lade  by i c i n g  the  model a t  one a n g l e  of a t t a c k  and 
de ic ing  t h e  model a t  another .  With t h e  b e s t  boot c o n f i g u r a t i o n  a s e r i e s  of 
model drag  measurements were made wi th  a t r a n s l a t i n g  wake-survey probe. The 
t e s t  r e s u l t s  are inc luded  h e r e i n  along wi th  a d e s c r i p t i o n  of a NASA Ames-Lewis 
program p l a n  t o  t es t  t h e  pneumatic boot concept  w i t h  f u l l - s c a l e ,  r o t a t i n g  UH-1H 
blades.  

Also t h e  h igh  r o t o r  t i p  speeds could 

Angle of a t t a c k  was va r i ed  from 0' t o  16" ( s t a l l )  without  i c e  and 
The lower a i r  speeds and t h e  absence of r o t o r  dynamic 

SYMBOLS 

'd s e c t i o n  drag c o e f f i c i e n t ,  2 j k  (1 - k) dz  

C wing chord,  0.533 m (1.75 f t )  

Dmed 

H l o c a l  s t a g n a t i o n  p res su re  

d r o p l e t  median volume s i z e ,  urn 

f ree-stream s t a g n a t i o n  p res su re  HO 

MO 

PO 

3 LWC l i q u i d  water c o n t e n t ,  g/m 

free-s t ream Mach number 

f r ee -  s t re  am s t a t  i c  p r e  s su re  
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f ree-s t ream s t a g n a t i o n  temperature ,  OC T O  

x, p o s i t i o n  coord ina te s ,  m 

V v e l o c i t y ,  mlsec 

free-s t ream v e l o c i t y ,  mlsec vO 

a s e c t i o n  ang le  of a t t a c k  a t  t unne l  c e n t e r l i n e ,  deg 

TEST APPARATUS AND PROCEDURE 

The tes t  model was made from a 1.83-m (6 - f t )  span segment of a f u l l - s c a l e  
UH-1H r o t o r  blade and was mounted v e r t i c a l l y  i n  t h e  test s e c t i o n  of t he  L e w i s  
6- by 9-ft I c i n g  Research Tunnel ( f i g .  2). S ince  t h e  model was c u t  from a n  
a c t u a l  r o t o r  blade,  i t  included a uniform t w i s t  of approximately 0.5" p e r  f o o t  
o r  about 3" from f l o o r  t o  c e i l i n g .  The r o t o r  b lade  on a UH-1H h e l i c o p t e r  i s  
14.63 m ( 4 8  f t )  i n  d iameter  and inco rpora t e s  a constant-chord (0.533 m 
(1.76 f t ) )  NACA 0012 a i r f o i l  s e c t i o n .  
f l oo r -p l a t e ,  and t h e  ang le  of a t t a c k  could be v a r i e d  from n e a r  zero t o  s t a l l .  

The model w a s  mounted on t h e  tunne l  

The pneumatic boots  were appl ied  ove r  t h e  e x t e r n a l  s u r f a c e  of t he  l ead ing  
edge, and t h e  supply a i r  l i n e  was routed i n s i d e  t h e  model and through t h e  tun- 
n e l  f l o o r p l a t e .  The c o n t r o l  system f o r  t he  boot t e s t  was t h e  same as t h a t  
shown i n  f i g u r e  1. For  t h e  wind tunnel  t e s t s  t h e  t u r b i n e  bleed a i r  was re- 
placed by regulated tunne l  s e r v i c e  a i r .  This  system i s  a l s o  t h e  same a s  t h e  
one c u r r e n t l y  used on fixed-wing a i r c r a f t .  The system was designed around a 
two-posit ion va lve  ( e j e c t o r  flow c o n t r o l  valve)  t h a t  used a v e n t u r i  o r i f i c e  t o  
provide vacuum t o  t h e  boot when i t  was no t  a c t i v a t e d .  
valve c losed  and h ighe r  p re s su re  a i r  ( 1 0 . 5 ~ 1 0 ~  t o  21x103 kg/m2 (15 t o  
30 p s i g ) )  w a s  provided t o  r a p i d l y  i n f l a t e  t h e  boot .  This system can be  operated 
e i t h e r  manually o r  au tomat ica l ly  wi th  a programed pu l se  sequence and t iming. 

Upon a c t i v a t i o n  t h i s  

A t r a n s l a t i n g  wake-survey probe was used t o  he lp  e v a l u a t e  t h e  d e i c i n g  per- 
formance of t h e  boot conf igura t ions .  The probe, as shown i n  f i g u r e  3, con- 
s i s t e d  of a s i n g l e  s t agna t ion  p res su re  tube  t h a t  could  be r e t r a c t e d  down behind 
a wind screen. When t h e  a i r f o i l  was exposed t o  t h e  tunne l  i c i n g  cloud,  t h e  
probe w a s  r e t r a c t e d  behind t h e  windscreen. Then a f t e r  t h e  cloud w a s  tu rned  
o f f ,  t h e  probe w a s  i n s e r t e d  i n t o  t h e  a i r  stream and t h e  wake survey was made. 
This  probe, which w a s  l oca t ed  about  one chord downstream of t h e  a i r f o i l  a t  mid- 
span, w a s  i n s t a l l e d  as shown i n  f i g u r e  4 t o  y i e l d  t h e  v e l o c i t y  decrement r a t i o  
VIVO i n  t h e  a i r f o i l  wake. By t r a n s l a t i n g  l a t e r a l l y  through the  wake a p l o t  
of VIVO as a func t ion  of p o s i t i o n  X w a s  obtained.  I n t e g r a t i o n  of t h e  wake 
d e f e c t  gave a measurement of a i r f o i l  s e c t i o n  drag  c o e f f i c i e n t .  

Sketches of t h e  pneumatic boot des igns  t e s t e d  are shown i n  f i g u r e s  5 
and 6. 
screened i n  terms of t h e i r  de i c ing  c a p a b i l i t y .  
u s e  a combination of both chordwise and spanwise tubes.  Resu l t s  from tests 

I n  t h e  i n i t i a l  p a r t  of t h e  tes t  program t h r e e  candida te  des igns  were 
These boots  w e r e  designed t o  
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performed i n  t h e  1950's ( r e f .  3) on pneumatic boots  f o r  f i x e d  wings suggested 
t h a t  t h e  aerodynamic e f f e c t  of i n f l a t i n g  t h e  tubes  was less wi th  chordwise 
tubes  than  w i t h  spanwise conf igura t ions .  
both s h o r t e r  and t h i n n e r  t han  f i x e d  wings, it was f e l t  t h a t  t h e  boot f o r  a 
h e l i c o p t e r  r o t o r  should inco rpora t e  p r imar i ly  chordwise tubes.  However, w i t h  
t h e  small  leading-edge r a d i u s  of a r o t o r  blade,  i t  was ev ident  t h a t  chordwise 
tubes  would crimp ove r  i n  the  leading-edge reg ion  and n o t  provide t h e  de f l ec -  
t i o n  necessary t o  f r a c t u r e  and remove t h e  ice. As a r e s u l t  it w a s  necessary t o  
a l s o  inco rpora t e  i n t o  t h e  boot des ign  a spanwise tube  ( o r  tubes)  a t  t h e  l ead ing  
edge. Two boot geometr ies  were t e s t e d  i n i t i a l l y :  a small-diameter-tube con- 
f i g u r a t i o n  (similar t o  f i g .  5, but  w i th  a s i n g l e  spanwise tube)  and a l a rge r -  
diameter-tube conf igu ra t ion  ( f i g .  6 ) .  These boot conf igu ra t ions  incorpora ted  
tube  s i z e s  t h a t  were i n  t h e  same range (1.27 t o  3.18 cm diam) as those  cu r ren t -  
l y  used on l a r g e r  chord, fixed-wing a i r c r a f t .  For t h e  smaller-chord r o t o r  air- 
f o i l s  i t  would be d e s i r a b l e  t o  use  smaller d iameter  tubes  t o  minimize the  aero-  
dynamic e f f e c t ,  e s p e c i a l l y  upon a c c i d e n t a l  or m u l t i p l e  i n f l a t i o n .  However, 
g e t t i n g  t h e  d e f l e c t i o n s  requi red  t o  break t h e  i c e  wi th  smaller tubes  would re- 
q u i r e  h ighe r  i n f l a t i o n  p r e s s u r e s  than  a v a i l a b l e  on e x i s t i n g  r o t o r c r a f t .  Conse- 
quent ly  t h e  tube  s i z e s  used i n  t h i s  program were from 5 t o  7 t i m e s  l a r g e r ,  
r e l a t i v e  t o  t h e  chord length ,  t han  those  c u r r e n t l y  used f o r  f i x e d  wings. The 
boots  were designed t o  provide coverage of about  20 pe rcen t  of t h e  chord on t h e  
upper s u r f a c e  and 30 percent  on t h e  lower. When choosing t h e  amount of chord- 
w i s e  boot coverage,  bo th  t h e  l i m i t s  of impingement of water-droplet  t r a j e c t o r -  
i e s  and runback should be taken i n t o  account.  

Because t h e  r o t o r  a i r f o i l  s e c t i o n  was 

During the  i n i t i a l  d e i c i n g  tes t s  t h e  two conf igu ra t ions  wi th  a s i n g l e  span- 
w i s e  tube  on t h e  lead ing  edge were i n e f f e c t i v e  i n  removing the  ice .  Therefore ,  
as  d iscussed  i n  t h e  s e c t i o n  RESULTS AND DlSCUSSION, t h e  boot des ign  was modi- 
f i e d  by s p l i t t i n g  t h e  s i n g l e  spanwise tube  i n t o  two tubes  ( f i g .  5 ) .  Once it 
w a s  determined t h a t  t h e  boot w i th  two spanwise tubes  on t h e  lead ing  edge w a s  
e f f e c t i v e  i n  de i c ing  t h e  blade,  t he  t r a n s l a t i n g  probe w a s  i n s t a l l e d .  Measure- 
ments of a i r f o i l  s e c t i o n  drag  n e a r  t h e  model c e n t e r l i n e  were made over  a range 
i n  ang le  of a t t a c k  from 0" t o  s t a l l  (-16" without  i c e ,  and -9.4" wi th  i c e ) .  
Data were obta ined ,  both w i t h  and without  t h e  boot  i n s t a l l e d ,  a t  tunne l  speeds 
of 67 and 112 m/sec (150 and 250 mph). These speeds are lower than  those  near  
t h e  outboard s e c t i o n s  of a r o t o r  b lade ;  t h e r e f o r e  compress ib i l i t y  e f f e c t s  and 
aerodynamic hea t ing  e f f e c t s  were no t  s imulated.  Data were i n i t i a l l y  taken  a t  
t h e  lower speed, without  i c e ,  t o  check o u t  t h e  probe and t o  check t h e  s t a l l  
c h a r a c t e r i s t i c s  of t h e  r o t o r  blade.  S t a l l  w a s  d e t e m i n e d  by applying t u f t s  t o  
t h e  s u c t i o n  s u r f a c e  of t h e  b l ade  and observing where t h e  flow began t o  reverse  
d i r e c t i o n  or become uns tab le .  
wi ths tand  t h e  tu rbu lence  generated by t h e  model, d a t a  were taken  a t r t h e  h igher  
speed wi th  ice .  

When it  w a s  determined t h a t  t he  probe could 

Data were obta ined  a t  v a r i o u s  i c i n g  c o n d i t i o n s  and a t  va r ious  angles of 
By s e l e c t i n g  tunne l  temperature  bo th  g l a z e  (-6.1" C) and r i m e  a t t a c k .  

(-14.4" C) i c e  c o n d i t i o n s  were inves t iga t ed .  I n  a l l  c a s e s  t h e  i c i n g  cloud 
cond i t ions  were kept  cons t an t  a t  a volume median d r o p l e t  s i z e  
and a l i q u i d  water con ten t  (LWc) of 1 g/m3. 
were done a t  c o n s t a n t  ang le s  of a t t a c k ,  bu t  f o r  some cond i t ions  t h e  model would 
be i ced  a t  one ang le  of a t t a c k  and de iced  a t  another.  
were kept  w i t h i n  t h e  range of those  t y p i c a l l y  expected on a r o t o r  b lade ,  namely, 

Dmed of 20 urn 
Most i c i n g  and de ic ing  sequences 

The angles  of a t t a c k  
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between 0" and 8'.  
5.4", or vice versa; the model was also iced at 5 . 4 O  and deiced at 9 . 4 O .  
v a r i a t i o n s  were an  a t t e m p t  t o  s imula te ,  i n  a very slow way, t h e  c y c l i c  p i t c h  
v a r i a t i o n s  of a real  r o t o r  blade. 

For  example t h e  model would be i ced  a t  1.4' and de iced  a t  
These 

I n  each i c i n g  t e s t  sequence about 1 cm of ice w a s  acc re t ed  on t h e  b lade  
before  de i c ing  was attempted. One cent imeter  of i c e  w a s  chosen as a good test  
cond i t ion  f o r  two reasons.  F i r s t ,  f o r  t h e  pneumatic boot t o  work, a c e r t a i n  
amount of i c e  has  t o  be present .  I f  t oo  l i t t l e  i c e  i s  present ,  t h e  ice w i l l  
be f r a c t u r e d  i n t o  small  p i eces ,  bu t  t h e  i n t e r f a c i a l  bonds w i l l  not be broken 
and consequent ly  t h e  ice  w i l l  no t  be removed. 
d a t a  from recen t  r o t o r c r a f t  i c i n g  tes ts  behind t h e  HISS (U.S. Army h e l i c o p t e r  
i c i n g  spray system) t a n k e r  and a t  t h e  O t t a w a  spray r i g ,  it w a s  ev ident  t h a t ,  
when ice  a c c r e t i o n s  exceeded approximately 1 cm on t h e  ro to r ,  to rque  r o s e  
g rea t ly .  

Second, from unpublished f l i g h t  

RESULTS AND DISCUSSION 

x 
A s  w a s  noted i n  t h e  previous s e c t i o n  t h e  pneumatic boot conf igu ra t ions  

t h a t  had a s i n g l e  spanwise tube a t  t h e  leading edge proved t o  be inadequate  
f o r  t hese  de i c ing  tes ts  of a s t a t i o n a r y  r o t o r  blade.  I n f l a t i o n  of t h e  boots  
a t  va r ious  cond i t ions  of tunnel  speed, temperature,  and model ang le  of a t t a c k  
r e su l t ed  i n  t h e  i c e  being seve re ly  f r a c t u r e d ,  bu t  t he  i c e  cap would no t  leave  
e i t h e r  ' the upper o r  lower sur faces .  A f t e r  each of t h e s e  tests the  i c e  adhe- 
s i o n  w a s  found t o  be so s i g n i f i c a n t l y  reduced t h a t  t h e  i c e  could be e a s i l y  
removed by wiping t h e  s u r f a c e  of t h e  model. However, t h e  aerodynamic f o r c e s  
would no t  remove the  i c e .  S imi l a r  r e s u l t s  were observed wi th  both tube 
s i zes .  It was decided t h e r e f o r e  t o  change t h e  b a s i c  boot design by s p l i t t i n g  
the  s i n g l e  spanwise tube  on t h e  lead ing  edge i n t o  two tubes  ( f i g .  5). With 
t h i s  new des ign  the  aerodynamic f o r c e s  were e f f e c t i v e  i n  removing the  i c e  on 
t h e  s u c t i o n  sur face .  
out  t h e  remainder of t he  t e s t i n g  with t h e  wake-survey probe. 
noted,  however, t h a t  t hese  i n i t i a l  t e s t s ,  s i n c e  t h e r e  was no blade r o t a t i o n  
wi th  t h e  corresponding c e n t r i f u g a l  a c c e l e r a t i o n  and b lade  v i b r a t i o n ,  can  be 
considered as pre l iminary  and probably conserva t ive .  I t  i s  p o s s i b l e  t h a t  even 
the  single-spanwise-tube conf igu ra t ion  would work i n  a r e a l  r o t o r  environment. 

Therefore  t h i s  new boot conf igu ra t ion  was used through- 
It must be 

A i r f o i l  Drag 

The model s e c t i o n  drag c o e f f i c i e n t  d a t a  without  ice  a r e  presented  i n  
f i g u r e  7 as a func t ion  of s e c t i o n  ang le  of a t t a c k .  I n  t h i s  f i g u r e  d a t a  are  
presented  f o r  t h e  c l e a n  model wi thout  t h e  boot and f o r  t h e  model w i t h  t h e  
boot ,  both d e f l a t e d  and i n f l a t e d .  Also shown i n  f i g u r e  7 a re  publ ished d a t a  
( r e f .  4) f o r  a NACA 0012 a i r f o i l  s e c t i o n ,  both smooth and wi th  s tandard rough- 
ness .  These d a t a  provide a means t o  eva lua te  and v a l i d a t e  t h e  measurements 
made wi th  the  wake-survey probe. F igure  7 a l s o  inc ludes  t h e  r e s u l t s  of t h e  
f low s e p a r a t i o n  s t u d i e s ,  made by observing t u f t s ,  which show t h e  e f f e c t  of t he  
pneumatic boot on t h e  a i r f o i l  s t a l l  c h a r a c t e r i s t i c s .  
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The d a t a  i n  f i g u r e  7 are f o r  a tunnel  speed of 67 m/sec (150 mph). As 

Since both  speeds were w e l l  below t h e  reg ion  
noted i n  t h e  prev ious  s e c t i o n ,  d a t a  w e r e  ob ta ined  a t  two tunnel  speeds,  67 and 
112 m/sec (150 and 250 mph). 
where compressible  f low e f f e c t s  become important (i.e.,  Mo 2 0.41, t h e  drag  
c o e f f i c i e n t s  were e s s e n t i a l l y  t h e  same f o r  t h e  two tes t  speeds. 
t h a t  t h e  clean-model d a t a  agreed very w e l l  w i t h  t h e  smooth-a i r fo i l  r e f e rence  
d a t a ,  thereby v a l i d a t i n g  t h e  probe r e s u l t s .  
but u n i n f l a t e d ,  i n d i c a t e  a drag penal ty  t h a t  decreased w i t h  ang le  of a t t ack .  
Th i s  pena l ty  was about 20 percent  a t  low ang les  and decreased t o  z e r o  a t  h igher  
angles.  However, t h i s  pena l ty  could probably be reduced t o  zero i f  t he  boot 
were recessed f l u s h  w i t h  t h e  s u r f a c e  of t he  w i n g .  I n  any case t h e  p e n a l t i e s  
were less than  t h e  d i f f e r e n c e  between t h e  smooth and standard-roughness r e fe r -  
ence a i r f o i l  d rag  da ta .  

F igure  7 shows 

The d a t a  wi th  t h e  boot i n s t a l l e d ,  

The drag a s soc ia t ed  wi th  t h e  i n f l a t i o n  of t h e  boot was q u i t e  l a rge ,  w i th  
drag inc reases  ranging from about 50 percent  a t  t h e  low ang les  of a t t a c k  t o  
nea r ly  300 percent  a t  h ighe r  ang le s  of a t t ack .  S imi l a r  r e s u l t s  were observed 
i n  t h e  s t a l l  ang le  da ta .  With t h e  boot d e f l a t e d ,  t h e  s t a l l  angle  of a t t a c k  was 
about 16', nea r ly  t h e  same as t h a t  of t h e  smooth r e fe rence  a i r f o i l .  When t h e  
boot was i n f l a t e d ,  however, t h e  s t a l l  angle  w a s  reduced t o  about 9.4'. This 
r e s u l t ,  a l though severe ,  may s t i l l  be accep tab le  s i n c e  t h e  r o t o r  b lade  c y c l i c  
p i t c h  excurs ions  r e s u l t  i n  ang le s  of a t t a c k  t h a t  a re  t y p i c a l l y  less  than  8 ' .  
Consequently a c c i d e n t a l  boot i n f l a t i o n  should no t  cause  b lade  stall .  

F igure  8 p resen t s  p l o t s  of drag c o e f f i c i e n t  as a func t ion  of ang le  of  
a t t a c k  f o r  two cases :  
without  any i c e  p r e s e n t ;  and ( 2 )  t h e  envelope of t h e  drag d a t a  taken  when the  
test  s e c t i o n  had about 1 cm of i c e  on i t s  leading  edge. (Data from both r i m e  
and g l a z e  i c e  c o n d i t i o n s  are included w i t h i n  t h i s  envelope.)  
h e l i c o p t e r  p i l o t s  and tes t  engineers  have t o l d  us  i n  informal  conversa t ions  
t h a t  h e l i c o p t e r s  l i k e  t h e  UH-1H can  t o l e r a t e  about 1 cm of i c e  on t h e  main 
r o t o r s  without severe  consequences, such as ino rd ina te  torque r i se  caused by 
i c e  drag  o r  excess ive  shaking and v i b r a t i o n  due t o  unsymmetrical ice shedding 
on the  main r o t o r s .  

(1)  d a t a  repeated from f i g u r e  7 f o r  t h e  i n f l a t e d  boot 

A s  noted ea r l i e r ,  

F igure  8 shows t h a t  wi th  1 cm of i ce  on t h e  lead ing  edge t h e  flow s e p a r a t e s  
when t h e  angle  of a t t a c k  exceeds about 6'. 
wi th  1 cm of i ce  t h e  a i r f o i l  performance w i l l  d e t e r i o r a t e  d r a s t i c a l l y  f o r  
ang le s  of a t t a c k  g r e a t e r  than  6'. On t h e  o t h e r  hand, f i g u r e  8 shows t h a t  w i t h  
t h e  boot i n f l a t e d  and no ice ,  t h e  a i r f l o w  sepa ra t ed  a t  about 9.5' and t h e  d rag  
c o e f f i c i e n t  was about  t h e  same o r  lower than  i t  was w i t h  1 cm of ice .  We 
t h e r e f o r e  conclude t h a t ,  s i n c e  t h e  h e l i c o p t e r  can  f l y  wi th  1 c m  of i c e ,  t he  
i n f l a t i o n  of  t h e  boot w i t h  no ice  should no t  produce severe  or  c a t a s t r o p h i c  
re s u l  t s. 

Therefore  w e  should expect  t h a t  

Deicing Performance 

The pneumatic boot d e i c i n g  performance and c h a r a c t e r i s t i c s  are eva lua ted  i n  
f i g u r e s  9 t o  19. 
a f t e r  a c t u a t i n g  t h e  boot y i e l d s  a d i r e c t  i n d i c a t i o n  of t h e  boot d e i c i n g  per for -  
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mance. F igures  14  t o  19 are  a series of photographs of t h e  boot  f o r  several 
de i c ing  sequences. 
d e i c i n g  sequences. I n  f i g u r e s  9 and 10 the  model w a s  i ced  and deiced a t  t h e  
same angle  of a t tack .  
de iced  a t  another .  
t h e  model w a s  i ced ,  and t h e  second is  t h e  de i c ing  angle .  Data are presented  f o r  
two tunne l  temperatures ,  namely -6.1' C (21' F) and -14.4' C (6' F). 
temperatures  gave r e p r e s e n t a t i v e  g l a z e  and r i m e  ice  condi t ions ,  r e spec t ive ly .  
For each  temperature  shown, ice a c c r e t i o n  r e s u l t e d  i n  a s i g n i f i c a n t  i n c r e a s e  i n  
drag c o e f f i c i e n t .  However, t h e  inc reases  i n  drag  c o e f f i c i e n t  were gene ra l ly  
less a t  t h e  c o l d e r  temperature  than  a t  t h e  warmer temperature.  
c o n s i s t e n t  wi th  t h e  f a c t  t h a t  r i m e  i c e  shapes are smoother t han  g l aze  i c e  
shapes. 
temperature  r e s u l t e d  i n  a s i g n i f i c a n t  decrease  i n  t h e s e  p e n a l t i e s .  The resi- 
dua l  drag  was due t o  t h e  r e s i d u a l  i c e  l e f t  on t h e  model (bo th  on t h e  boot and 
behind t h e  boot) .  
i n f l a t i o n ;  however, a d d i t i o n a l  cyc l ing  of t h e  boot seemed t o  have l i t t l e  addi- 
t i o n a l  e f f e c t  on removing t h e  r e s i d u a l  ice.  The r e s i d u a l  d rags  shown are 
t h e r e f o r e  a d i r e c t  measurement of t h e  boot performance, and as shown i n  f i g -  
u r e  9 t h e  boot w a s  q u i t e  e f f e c t i v e  e s p e c i a l l y  a t  t h e  warmer temperatures.  
boot tended t o  be less e f f e c t i v e  a t  t h e  c o l d e r  temperatures ,  but  i n  each c a s e  
t h e  boot r e s u l t e d  i n  a reduct ion  i n  drag  t h a t  could be the  d i f f e r e n c e  between a 
r o t o r c r a f t  completing i t s  miss ion  o r  g e t t i n g  i n t o  s e r i o u s  d i f f i c u l t y .  
ample, i n  f i g u r e  13 (for To = -14.4' C) even though t h e  r e s i d u a l  drag a t  the  
co ld  temperatures  w a s  55 pe rcen t ,  a c t i v a t i n g  t h e  boot a t  9.4' ang le  of a t t a c k  
r e s u l t e d  i n  t h e  flow over  t h e  b lade  r eve r t ing  from a separa ted  t o  an a t t ached  
condi t ion .  Comparing t h e  two types  of ic ing-deicing sequences t e s t e d  d i d  not 
show any d e f i n i t e  t rend.  It i s  inconclusive whether t h e  slow v a r i a t i o n  i n  
c y c l i c  p i t c h  used he re  could  i n  any way be r e p r e s e n t a t i v e  of t h e  real  r o t o r  
motion. 

F igu res  9 t o  13 show d a t a  for t h e  two types  of ic ing-  

I n  f i g u r e s  11 t o  13 t h e  model w a s  i ced  a t  one ang le  and 
I n  each  case t h e  f i r s t  ang le  l i s t e d  i s  t h e  angle  a t  which 

These 

Th i s  r e s u l t  i s  

As shown i n  f i g u r e s  9 t o  1 3  a c t i v a t i n g  t h e  pneumatic boot a t  e i t h e r  

I n  each case  shown, the  d a t a  represent  one c y c l e  of boot  

The 

For  ex- 

Typica l  ic ing-deicing sequences are depic ted  i n  f i g u r e s  1 4  t o  1 9  f o r  bo th  
the  upper ( s u c t i o n  s i d e )  and lower (p re s su re  s i d e )  su r faces .  F igures  14 t o  1 7  
show t h e  g l aze  i c i n g  cond i t ion  ( i . e . ,  a t  warmer temperatures)  a t  two d i f f e r e n t  
ang le s  of a t t ack .  
chord,  s i n c e  both of t h e s e  t e s t  p o i n t s  were a t  p o s i t i v e  ang le s  of a t t a c k ,  were 
g r e a t e r  on  t h e  lower s u r f a c e  than  on t h e  upper su r face .  
on t h e  lower s u r f a c e  increased  wi th  increas ing  a n g l e  of a t t ack .  
and 19 show a r i m e  i c e  condi t ion .  
sequences, t h e  i ce  a t  t h i s  lower temperature was much whi t e r  and g r a i n i e r  and 
was n o t  as peaked or double-horn shaped a t  t h e  l ead ing  edge. 
de ic ing  c a s e s  shown, t h e  boot was f a i r l y  e f f e c t i v e  i n  removing i c e  on t h e  upper 
s u r f a c e  but  n o t  as e f f e c t i v e  i n  removing ice  on t h e  lower sur face .  
e f f e c t i v e n e s s  of removing ice  from t h e  lower s u r f a c e  w a s  less a t  t h e  lower tem- 
pe ra tu res .  Comparing t h e s e  r e s u l t s  w i t h  t h e  drag  r e s u l t s  g i v e n  previous ly  in- 
d i c a t e d  t h a t  most of t h e  observed drag  r ise r e s u l t e d  from t h e  ice  on t h e  upper 
sur face .  This  w a s  e s p e c i a l l y  ev iden t  f o r  t h e  r i m e  i ce  c a s e  ( f i g s .  18 and 191, 
where very l i t t l e  of t h e  lower ice w a s  removed bu t ,  as shown i n  f i g u r e  13 ( f o r  
To = -14.4' C ) ,  t h e  drag  w a s  reduced from a l a r g e  va lue  wi th  sepa ra t ed  flow t o  
a lower va lue  w i t h  a t t a c h e d  flow. Again, as shown i n  f i g u r e s  14 t o  19, t h e  
r e s i d u a l  i ce  w a s  g r e a t e r  f o r  t h e  r i m e  i c e  c a s e  and r e s u l t e d  i n  h igher  r e s i d u a l  
drags.  I n  a l l  t h e  sequences shown t h e  r e s idua l  i c e  w a s  w e l l  f r a c t u r e d ,  and 

As shown i n  t h e s e  photographs t h e  i c i n g  l i m i t s  a long t h e  

Also t h e  i c i n g  l i m i t  
F igu res  18 

Compared w i t h  t h e  previous two photographic 

I n  each  of t h e  

Also t h e  
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t h e r e f o r e  t h e  boot performance should be b e t t e r  i f  t h e  c e n t r i f u g a l  and 
v ib ra to ry  f o r c e s  on  a real r o t o r  were present .  

NASA Ames-lewis Rotor Program 

The next  s t e p  i n  t h i s  program i s  t o  see how pneumatic d e i c e r  boots  perform 
NASA Ames has  begun a program t o  test  boots  on on f u l l - s c a l e  r o t a t i n g  blades.  

a UH-1H he l i cop te r .  
inc luding  tie-down, hover,  and f u l l - f l i g h t  eva lua t ion .  I f  t hese  nonic ing  tes t s  
are successfu l ,  i c i n g  tests should follow. 

A series of nonicing tests w i l l  f i r s t  be performed - 

CONCLUDING REMARKS 

These i n i t i a l  tests of a pneumatic d e i c e r  boot on a h e l i c o p t e r  r o t o r  b lade  
y i e lded  some answers t o  several of t h e  bas i c  aerodynamic ques t ions  posed by t h e  
Lockheed-California Company i n  1973. 
(nonro ta t ing )  and s i n c e  t h e  tunne l  speeds were l i m i t e d  t o  Mach numbers less 
than  0.4, t h e s e  t es t s  could not  s imula te  t h e  mechanical, r o t a t i o n a l ,  c y c l i c  
p i t c h ,  v i b r a t i o n a l ,  and high-tip-speed environment of an ope ra t iona l  ro to r .  
However, some important r e s u l t s  were observed. F i r s t ,  t h e  drag  p e n a l t i e s  of 
u n i n f l a t e d  boots  were small  as compared wi th  drag  p e n a l t i e s  caused by 1 cm of 
ice .  These p e n a l t i e s  were no worse than  experienced wi th  today ' s  blade 
foreign-object-damage s h i e l d s  and would probably be e l imina ted  i f  t he  boots  
were recessed f l u s h  on new blade designs.  Second, a l though the  aerodynamic 
e f f e c t  of i n f l a t i n g  t h e  boot without  i c e  was s i z a b l e ,  f o r  most ang le s  of a t t a c k  
the  p e n a l t i e s  were no worse than  those  a l r eady  accepted on fixed-wing a i r -  
c r a f t .  Even t h e  r e l a t i v e l y  l a r g e r  tube  d iameters  on t h e  small-chord a i r f o i l  
d id  no t  lower t h e  s t a l l  angle  i n t o  t h e  normal r eg ion  of r o t o r  operat ion.  A t  
t he  same t i m e  t hese  p e n a l t i e s  proved t o  be s i g n i f i c a n t l y  less  than  those  ob- 
served wi th  1-cm a c c r e t i o n s  of ice. Thi rd ,  t h e  pneumatic boot proved t o  be an 
e f f e c t i v e  d e i c e r  even a t  low temperatures  (-14.4" C) and i n  a probably very 
conserva t ive  t e s t  environment. It must be noted,  however, t h a t  some of t hese  
r e s u l t s  could be d i f f e r e n t  on a real  r o t o r ,  e s p e c i a l l y  the  aerodynamic e f f e c t s  
a t  t h e  h igher  t i p  speeds,  but  i n  t h a t  c a s e  t h e  de i c ing  performance would prob- 
a b l y  be more e f f e c t i v e .  

S ince  t h e  b lade  was f ixed  i n  t h e  tunne l  

Because t h e  pneumatic boot e f f e c t i v e l y  reduced t h e  i c i n g  drag  penal ty  with- 
o u t  caus ing  any o t h e r  s e r i o u s  aerodynamic p e n a l t i e s ,  NASA Ames has  begun a pro- 
gram t h a t  i nc ludes  f u l l - s c a l e  f l i g h t  t e s t i n g  of t h e  pneumatic boot on helicop- 
t e r  ro to r s .  I f  t h e  boot material  wi ths tands  t h e  seve re  r o t o r  environment i n  
f l i g h t  and i f  no f u r t h e r  s i g n i f i c a n t  aerodynamic p e n a l t i e s  arise, perhaps the  
pneumatic boot c a n  be developed i n t o  a l i gh twe igh t ,  low-cost, low-power, and 
e a s i l y  maintained d e i c e r  system f o r  r o t o r  a p p l i c a t i o n s .  
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PNEUMATIC DEICER 

EJECTOR FLOW CONTROL V 

REGULATOR-TIMER 

RELIEF VALVE 

CHECK VALVE 

TURBINE BLEED 

LOW-VACUUM 
WARNING SWITCH 

Figure 1.- Main rotor application pneumatic deicer. 

Figure 2.- Pneumatic boot on rotor model 
installed in 6 X 9 ft. NASA Lewis Icing 
Research Tunnel. 
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TO 

Figure 3.- Pneumatic boot on rotor model and wake 
survey probe in NASA Lewis Icing Research 
Tunnel. 

r TRANSLATING PROBE 
TEST AIRFOIL 7, TERAL POSITION POT 

CONTROL ROOM 

X 

MODULE FUNCTION: io - (Ho:;)uz - 

Figure 4.- Translating probe instrumentation. 
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Figure 5.- Typical cross  sect ion of i n s t a l l ed  deicer 
( inf la ted)  , small tube. 

,- 2.54 cm TUBE - 
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// SPANWISE 

cm TAPERE 
(TYP) - ~ 

/ 
0.2 cm THICKNESS (TY 

..... 

4 LEADING 
EDGE 

Figure 6.- Typical cross section of i n s t a l l ed  deicer  
( inf la ted)  , large tube. 
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SECTION 

SMOOTH AIRFOIL (REF. 4) 
STD. NACA ROUGH (REF. 4) 

--- --- 
-0- CLEAN MODEL + BOOT DEFLATED * BOOT INFLATED 

,r BOOT INFLATED 

r STD. NACA ROUGH (REF. 4) 8’ 

. 01 ,/‘ ,/’ ,rBOOT DEFLATE0 
,-SMOOTH AIRFOIL (REF. 4) 

0 4 a 12 16 
SECTION ANGLE OF ATTACK, a, deg 

Figure 7.- Helicopter rotor model section drag. 
NACA 0012 a i r f o i l  (no ice)  ; V = 67 m/sec. 

BOOT INFLATED 

WITH I cm ICE 

0 4 a 12 16 
SECTION ANGLE OF ATTACK, deg 

Figure 8.- Helicopter rotor model section drag. 
NACA 0012 a i r f o i l ;  VO = 1 1 2  m/sec. 
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TO = -6.1' C CLEAN 

WITH IC 
.c-.c. 

.01 

SECTION DRAG COEFF, 
cd 

E 

DEICED 

.01 :"i 0 

a 

Figure 9.- Section drag of helicopter rotor model with 
pneumatic boot. Ice-deice sequence; a = 1.4O/1.4O; 
Vg = 1 1 2  m/sec. 

I To = -6.1' C 
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SECTION DRAG COEFF. 0 
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DEICED 
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Figure 10.- Section drag of helicopter rotor  model w i t h  
pneumatic boot. Ice-deice sequence; 01 = 5.4O/5.4O; 
V o  = 1 1 2  m/sec. 
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SECTION DRAG 
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To = -6.1' C 
-05  1 . .  

.01 

a 

CLEAN 

wim ICE a DEICED 

16% 
I 

Figure 11.- Section drag of helicopter ro tor  model with 
pneumatic boot. Ice-deice sequence; 01 = 1 . 4 O / 5 . 4 O ;  
v0 = 1 1 2  m/sec. 

Tn = -6.1' C CLEAN 

.02 

SECTION DRAG COEFF, O L  

wim I C E  

DEICED 

cd *04 To = - 1 4  4' C 

:~~~ . 01 

0 

Figure 12 . -  Section drag of helicopter ro to r  model with 
pneumatic boot. Ice-deice sequence; 01 = 5.4O/1.4O; 
VO = 1 1 2  m / s e c .  
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'd ~:i . 01 
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To = -6.1' C 

? 

CLEAN 

WITH ICE 

DEICED 

SEPARATION 

9.40 9.40 

Figure 13.- Section drag of helicopter rotor model with 
pneumatic boot. Ice-deice sequence; a = 5.4O/9.4O; 
VO = 1 1 2  m/sec. 

Figure 14.- Typical ice-deice sequence. Upper surface; 
a = 1.4O/5.4O; To = -6.lOC; V o  = 1 1 2  m/sec. 
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Figure 15.- Typical ice-deice sequence. Lower su r f ace ;  
a = 1.4O/5.4O; TO = -6.lOC; VO = 1 1 2  m/sec. 

Figure 16.- Typical ice-deice sequence. Upper sur face ;  
a = 5.4O/5.4O; To = -6.lOC; Vo = 1 1 2  m/sec. 
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~1~~ ICE DEtCFO 

Figure 17.- Typical ice-deice sequence. Lower surface; 
a = 5.40/5.40; TO = -6.1OC; V o  = 1 1 2  m/sec. 

HIM ICE DEICED 

Figure 18.- Typical ice-deice sequence. Upper surface; 
01 = 5.4O/9.4O; TO = -14.4Oc; Vo = 112  m/sec. 
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WITH 1CE 

Figure  19.- Typical ice-deice sequence. Lower su r f ace ;  
a = 5.40/9.4O; TO = -14.4OC; VO = 112 m / s e c .  
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AIRCRAFT OPERATING EFFICIENCY ON TliE NORTH ATLANTIC 
A Challenge f o r  the 1980's 

Robert Steinberg 
NASA Lewis Research Center 

Cleveland, Ohio 

Introduction 

I t  i s  ant ic ipated t h a t  more United States  a i r  c a r r i e r s  than ever will 
As addi- be providing service across the North Atlantic d u r i n g  the 1980's.  

t ional c i t i e s  i n  both the  south and the mid-west achieve gateway s t a t u s ,  
the twice d a i l y  s e t t i n g  of the North Atlant ic  Organized Track System will be- 
come more demanding. This will be compounded fur ther  by the need t o  f l y  
m i n i m u m  fuel t racks i n  order t o  maintain a competitive edge i n  today's de- 
regulated environment. 

There a r e  a number of changes which will take place w i t h i n  the  next 
24 months which could have important consequences f o r  Atlant ic  f l i g h t  opera- 
tions f o r  the next decade. The purpose of t h i s  paper i s :  ( 1 )  t o  ident i fy  
these changes and discuss their impact on a i r c r a f t  operating eff ic iency,  
( 2 )  t o  review possible a l t e r n a t i v e s  f o r  North At lan t ic  a i r  c a r r i e r s  and ( 3 )  t o  
suggest s t r a t e g i e s  and actions which may have a considerable impact on fuel 
savings f o r  years t o  come. 

Background 

tracks which a r e  designed t o  provide safe  t r a n s i t  f o r  h i g h  volume a i r  t r a f f i c  
crossing the North At lan t ic  and normally cons is t s  of seven t o  ten tracks each 
separated by 222 km*(120 miles) and each providing a choice of a l t i t u d e s  
between 9.5 km (31,000 f e e t )  and 11 .9  km (39,000 f e e t )  w i t h  a 600 m (2000 
foot )  ver t ica l  separation. The a i r  t r a f f i c  control centers a t  Gander, New- 
foundland a n d  Prestwick, Scotland a r e  respectively responsible f o r  the east-  
and west-bound t r a f f i c  flow. The location of the NATS changes twice i n  any 
given 24-hour period and i s  dependent mainly on the current  weather, a i r  
t r a f f i c  control ( A T C )  considerations,  desired routing, and  t r a f f i c  density.  
A detai led knowledge of the w i n d  and temperature f i e l d s  i s  essent ia l  i f  the 
t r a f f i c  flow i s  t o  take f u l l  advantage of prevail ing meteorological conditions. 

The North Atlant ic  Track System (NATS) cons is t s  of a n  array of movable 

Changes on the North Atlant ic  

forecast  models used f o r  weather prediction and ATC operations will  be occur- 
r i n g  over the next 24 months, w h i c h  i f  considered s ingular ly  could have a n  

A number of important changes re la t ing  t o  the t rack spacing, numerical 

*Changed t o  110 km (60 miles) i n  October 1980. 
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important impact on f l i g h t  operations; howevw, when taken co l lec t ive ly  they 
have the potential  for  determining the operating efficiency on the North 
Atlant ic  for  the next decade. I r e f e r  spec i f ica l ly  t o  the following: 

7 .  The change i n  the  la t i tud ina l  track separation from 222 km (120 
nautical miles) t o  110 km (60 nautical miles) .  
the la t i tud ina l  separation, will provide an opportunity fo r  a great- 
e r  number of a i r c r a f t  t o  f l y  c loser  t o  the minimum fuel track (MFT). 

This reduction, i n  

However, i n  order t o  take f u l l  advantage of this change and improve 
operati ng eff ic iency,  i t  wi 11 be necessary t o  more accurately 
define the location and in tens i ty  o f  the j e t  streams as a function 
of time. In short, a more representative prediction model i s  
needed t o  maximize the advantage of this  change t o  the a i r  c a r r i e r s .  

There i s  one view tha t  i f  one i s  able t o  be t te r  define +he optimal 
route then every ca r r i e r  would request the same track (and 
a l t i t u d e ) ,  and the delays t h u s  created would have, on balance, a 
negative impact. 
especial ly  i f  one could always predict  the location of the n o s t  
fuel e f f i c i e n t  route, the f ac t  of the matter i s  t h a t  o u r  current 
information concerning the exact whereabouts of the j e t  streams i s  
f a r  from perfect .  Figure 1 shows the route requests from f ive  
ca r r i e r s  between London and  New York. This case i s  not atypical 
and indicates t h a t  there  i s  a difference of opinion. 
spaced track system th i s  difference could be c r i t i c a l .  A small 
e r ror  i n  the placement of the j e t  stream can place an a i r c r a f t  i n  
subs tan t ia l ly  d i f fe r ing  wind regimes and  could lead t o  a dramatic 
reduction i n  a t a i l  wind (ending u p  on the cyclonic shear s ide o f  
the j e t )  o r  worse s t i l l ,  an increase i n  a i r  temperature accompanying 
the drop-off i n  wind speed. 

While there i s  a modicum of truth i n  t h i s  

In a closely 

2 .  The a v a i l a b i l i t y  of an advanced operational forecast  model from 
Bracknell (Br i t i sh  Weather Service) outputted i n  the Suitland format. 
Bracknell plans t o  provide an advanced analysis and forecast  model 
which i s  expected t o  be operational i n  ear ly  1982. ddhile many of 
the de t a i l s  have n o t  been released, i t  i s  anticipated t h a t  Optimal 
Interpolation will  be used i n  the analysis and a 15 level grid 
point model will  be used t o  advance the analysis in  time, with the 
data outputted i n  the  Suitland (Marsden Square) format of 2-1/20 x 
5'. Bracknell will  be u s i n g  a Cyber 203 computer which should 
great ly  increase the computing power avai lable  for  the 1980's. In 
f a c t ,  fou r  complete da i ly  analyses and forecasts are  probably within 
the capabi l i ty  of t h i s  system. The current forecast  from Bracknell 
i s  avai lable  about 4-1/2 hours a f t e r  synoptic time ( O O O O Z ,  12002.) 
and i s  transmitted within 1-1/2 hours. Bracknell i s  a lso planning 
t o  develop a fine-mesh model l imited t o  the North Atlantic Ocean 
basin , 

3. The ava i l ab i l i t y  o f  an  advanced operational forecast  model from 
Sui t land (United States  National Weather Service) .  
t o  incorporate a n  analysis model using Optimal Interpolation i n  

Suitland expects 
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about 1-1 /2  years. Their advanced 1 2  level spectral forecast model 
i s  already operational ( A u g u s t  1 2 ,  1980). I t  i s  anticipated t h a t  
Suitland will have a new computer instal led by the middle of 1982. 
Currently, Sui t l  and provi des a forecast between 5-1 / 2  t o  6-1 /2  
hours a f t e r  synoptic time (0002, 12002) and transmits th i s  d a t a  
t o  the air car r ie rs  w i t h i n  two to  four  hours. 

4. Gander will shortly be ins ta l l ing  a new computer system (GATTS 11) 
which should provide for improved operating efficiency. Although 
f l i gh t  following i s  s t i l l  done w i t h  paper s t r i p s ,  CRT displays are 
used t o  advantage t h r o u g h o u t .  The system has the potential for a 
considerably fas te r  response time t h a n  GAATS I and has built- in 
provision for  expansion. While the algorithm for calculating a 
minimum time track (MTT) remains essent ia l ly  unchanged, the Suitland 
forecast used t o  develop the MTT no longer requires conversion t o  
punched paper tape, b u t  goes direct ly  i n t o  the GAATS I1 computer. 
Gander uses the Suitland forecast i n  the development of an MTT for 
the east-bound flow. 

Substantial improvements in operating efficiency will be possible 
as ATC allows more a i r c r a f t  t o  obtain requested enroute step climbs. 
However, any major improvement must awai t  the ava i lab i l i ty  of more 
accurate and/or timely weather data on which t o  develop MTT's. 

5 .  Prestwick ATC will go t o  a ful ly  computerized system. Track 
analysis, planning functions, allocation of f l i gh t  paths as well 
as conflict  and avoidance prediction and resolution will be within 
the automated capabi l i t ies  of the new computer system. Prestwick 
presently, although i t  calculates an MTT, re l ies  on the MFT's sent 
in by a i r  car r ie rs  20 hours before departure t o  develop the daily 
tracks.  The MFT's sent i n  by a i r  car r ie rs  are based on a t  l e a s t  
four forecast models (United States , England, France, Federal 
Republic of Germany). 
development of an  MTT i s  sound; however, in practice i t  i s  somewhat 
1 imi ted because of differences between various weather prediction 
models as well as differences between the various algorithms used 
by a i r  car r ie rs  t o  calculate the i r  MFT's . 

In theory, the Prestwick approach t o  the 

Prestwick will also have the a b i l i t y  t o  t a l k  computer-to-computer 
with a l l  oceanic ATC centers. I t  i s  important t h a t  the forecast 
information base be the same because of the development of estimated 
times of arrival a t  check points a n d  i s  especially important in 
transferring control o f  a i r c r a f t  a t  300 west from Prestwick to 
Gander. 
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Possible A1 ternatives 

I t  i s  c lear  t h a t  given a l l  the changes which are i n  progress , the over- 
a l l  impact on car r ie r  operating efficiency will be greatest  i f  the resul t  i s  
a more accurate track determination by Gander and Prestwick. The North 
Atlantic a i r  car r ie rs  also stand t o  benefit from the introduction of improved 
weather prediction models, b u t  the extent o f  t h a t  benefit remains t o  be 
determined. 
required spat ia l  resolution. Each time the model resolution i s  doubled, the 
computer running time i s  increased by a factor of e ight .  

use of multiple daily analyses ( ra ther  t h a n  forecasts)  which could provide 
more timely d a t a .  
period (instead of the current 2 )  i t  could be possible t o  f ly  the Atlantic 
on a 6 t o  8-hour old analysis rather t h a n  a 24-hour forecast .  Use of the 
analysis n o t  only has the advantage of providing more current d a t a  on w h i c h  
t o  base an MFT, i t  also can be made available much ea r l i e r  ( less  computer 
r u n n i n g  time) since i t  does n o t  require a translation in time (a forecast) .  
I n  rea l i ty  a simple non-dynamic forecast could  be included with no substantial 
increase in computerrunning time. 

I t  may be t h a t  even these forecast models may n o t  provide the 

I t  i s  possible t h a t  a more cost effective approach might be th rough  the 

For example, i f  four analyses were available each 24-hour 

In essence, i t  i s  suggested t h a t  an a l ternat ive t o  high resolution 
prediction models might be the use o f  multiple analyses which retain the 
meteorologically s ignif icant  structure ( t h r o u g h  advanced assimilation 
techniques) o f  the atmosphere and provide th i s  information in a timely 
fashion. 

A n  a l ternate  approach could be t o  use a fine-mesh model limited t o  the 
North Atlantic Ocean basin t o  provide a more detailed space-time description 
o f  the j e t  streams. 
because the model i s  n o t  global, would require a much shorter running time 
on the computer. 

This could produce a h i g h  resolution forecast yet 

He1 pi ng the Carriers 

advanced forecast model more accurately represents the i r  region o f  in te res t  
( i  .e.  , 20 kN/m2 (200 mb) - 30 kN/m2 (300 mb) l e v e l ) .  
and Uracknell products will be available in the same output format, i t  should 
be relat ively simple t o  r u n  comparisons on the North Atlantic with actual 
data t o  make th i s  determination. A parallel e f fo r t  also needs t o  be made t o  
evaluate the potential of using more timely analyses as the basis for an 
MTT rather t h a n  a forecast .  

The a i r  car r ie rs ,  including Gander and Prestwick, need t o  know which 

Since bo th  the Suitland 

I n  essence, comparisons similar t o  those 
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suggested above are  presently being made in the NASA Commercial Aircraft Fuel 
Savi ngs Program: however , i t  w i  11 i nvol ve comparing the o l  der forecast model s 
in use in 1979, rather than the more advanced assimilation and prediction 
models which will be i n  operation within 24 months. 

The limited area fine-mesh model for the North Atlantic basin, which 
may become available th rough  Bracknell, will also need t o  be evaluated from 
a carrier/ATC p o i n t  of view. 

Given the new methods of d a t a  assimilation and the higher spatial  
resolution of the new forecast models, Gander and Prestwick will need t o  
review the way they calculate MTT's. 
15 level grid point model, a l inear  interpolation i n  the vertical  near the 
tropopause may no longer be valid.  
miles) longitudinal separation, should a more accurate algorithm be used 
t o  develop the MTT? 

For example, when using the Bracknell 

Also in l igh t  of the 110 km (60 nautical 

There i s  also a question o f  the methods of interpolation as well as 
the algorithms presently used by the a i r  carr iers  in developing the i r  MFT's, 
since i t  i s  these MFT's which Prestwick currently uses as the basis for i t s  
daily track determination. There a re  indications t h a t  a t  the very leas t  
these calculational techniques need t o  be reviewed and perhaps standardized, 
especially in view of the higher resolution forecast models which will soon 
become operational . 

Since the trend i s  toward more d a t a  rather t h a n  less  coming from 
National Meteorological Centers , the current d a t a  transmission rates (1050 
baud from Suitland) need t o  be reviewed. As more timely d a t a  becomes a v a i l -  
able,  i t  becomes more important t o  be able t o  provide th i s  data t o  the 
carr iers  in a mode such t h a t  the time for transmission i s  only a small 
fraction of t h a t  required t o  develop the forecast (or analysis) .  
Suitland develops a forecast in 5-1/2 t o  6-1/2 hours a f t e r  synoptic time. 
The transmission time (including requests for repeats due t o  e r rors )  runs 
between 2 t o  4 additional hours. Technically there would be no d i f f icu l ty  
i n  going to 2400, 4800 or even 9600 baud t o  improve the transmission time. 
More than l ikely the additional cost for  transmission would more t h a n  be 
made u p  by the advantage gained from more timely f l i gh t  planning. 

Currently 

Gander and  Prestwick have somewhat differing philosophies concerning 
the daily development o f  the track system. 
the tracks based on a 24 t o  30 hour forecast ,  Gander depends heavily on i t s  
computer developed MTT (as well as other ATC considerations) whereas 
Prestwick depends more on the daily car r ie r  in i t ia ted  (MFT) route requests. 
As a resul t  of differences i n  forecast models and/or car r ie r  MFT algorithms 

Although bo th  centers develop 
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( a s  well as the location of departure c i t i e s )  the Prestwick track system 
tends t o  be broad while the Gander system more closely straddles the i'1TT. 
Because of the somewhat larger track selection offered tiy Prestwick, it 
becomes more important t h a t  the west-bound car r ie rs  develop the i r  f l i gh t  
plans on 12-hour old data rather t h a n  24. In many cases th i s  has n o t  been 
possible because a forecast based on the 0002 observation i s  n o t  available 
in time. This s i tuat ion can be improved for  the car r ie rs  i f  Bracknell's 
current plans t o  produce four analyses per day are p u t  into operation. The 
analysis would have t o  be outputted i n  the Suitland format b u t  probably 
could beavailable t o  the carr iers  within several hours a f t e r  synoptic time, 
which should be suff ic ient  for f l i gh t  planning, 

Conclusion 

The present economic s i tuat ion places severe limitations on what  
individual a i r  car r ie rs  can do t o  improve a i r c ra f t  operations on the North 
Atlantic.  Yet i t  i s  because of the economics superimposed on a deregulated 
environment that  e f for t s  need t o  be made t o  a s s i s t  the United States a i r  
carr iers  in improving the i r  operating efficiency. The a u t h o r  has pointed 
o u t  areas of i n t e re s t  t o  the carr iers  where a continuing a n d  updated 
knowledge of present and future ATC and  National Weather Service operations 
(here and abroad)  as well as carefully considered and developed s t ra tegies  
may be required t o  maximize opportunities for improved operating efficiency. 

I t  might be beneficial t o  the carr iers  i f  they more ful ly  understood 
the de ta i l s  of how the new forecast models will impact the i r  future opera- 
t ions .  The soon t o  be available improved prediction models using more 
sophisticated d a t a  assimilation techniques i n  the analysis scheme as well 
as increased levels in the vertical  hold the promise of more accurately 
reflecting the observed data and  thus representing the space-time dis t r ibut ion 
Atlantic weather in a more r e a l i s t i c  way. 
able t o  evaluate these different  models as well as multiple analyses schemes 
on a continuing basis so they can provide both i n p u t  and direction to  the 
National Weather Service and ATC on meteorological matters before they impact 
f l i g h t  operations. 

However, the car r ie rs  need to  be 

Because the changes which are abou t  t o  take place over the next 24 
months will have such a long term impact on North Atlantic f l i gh t  operations, 
i t  i s  important t .hat  the carr iers  begin t o  explore these opportunities n o w .  
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FIREWORTHINESS OF TRANSPORT AIRCRAFT INTERIOR SYSTEMS 

John A. Parker  and D. A. Kourt ides  

Ames Research Center 

INTRODUCTION 

This  paper p re sen t s  an overview of c e r t a i n  a s p e c t s  of t h e  eva lua t ion  of 
t h e  f i r ewor th iness  of a i r  t r a n s p o r t  i n t e r i o r s .  
materials ques t ion  concerning t h e  e f f e c t  of i n t e r i o r  systems on the  s u r v i v a l  
of passengers and crew i n  t h e  case of an  uncont ro l led  t r a n s p o r t  a i r c r a f t  f i r e .  
Second, i t  examines some t e c h n i c a l  oppor tun i t i e s  t h a t  are a v a i l a b l e  today 
through the  modi f ica t ion  of a i r c r a f t  i n t e r i o r  subsystem components, modifica- 
t i o n s  t h a t  may reasonably be expected t o  provide improvements i n  a i r c r a f t  f i r e  
s a f e t y .  Cost and r i s k  b e n e f i t s  s t i l l  remain t o  be determined. 

F i r s t ,  i t  addresses  t h e  key 

Space p e r m i t s  only t h e  d i scuss ion  of t h r e e  s p e c i f i c  subsystem components: 
i n t e r i o r  pane ls ,  seats, and windows. By v i r t u e  of t h e i r  r o l e  i n  real f i r e  
s i t u a t i o n s  and as ind ica t ed  by the  r e s u l t s  of l a rge - sca l e  s imula t ion  tests,  
these  components appear t o  o f f e r  t h e  most immediate and h ighes t  payoff poss ib l e  
by modifying i n t e r i o r  materials of e x i s t i n g  a i r c r a f t .  These modi f ica t ions  have 
the  p o t e n t i a l  of reducing t h e  rate of f i r e  growth, wi th  a consequent reduct ion  
of h e a t ,  t o x i c  gas ,  and smoke emission throughout t he  h a b i t a b l e  i n t e r i o r  of an 
a i r c r a f t ,  whatever t h e  i n i t i a l  source  of the  f i r e .  It  w i l l  be shown t h a t  t hese  
new materials modi f ica t ions  reduce the  f i r e  hazard not  only because of t h e i r  
unique a b l a t i v e  p r o p e r t i e s ,  which he lp  t o  con ta in  o r  i s o l a t e  t h e  f i r e  source ,  
bu t  a l s o  because t h e r e  is a s i g n i f i c a n t  reduct ion  i n  t h e i r  c h a r a c t e r i s t i c  flame 
spread,  hea t  release, and smoke and t o x i c  gas emissions.  

SURVIVABILITY CRITERIA FOR AIRCRAFT FIRES 

S i g n i f i c a n t l y  d e s t r u c t i v e  f i r e s ,  which have been encountered by t r a n s p o r t  
a i r c r a f t ,  can be c l a s s i f i e d  gene ra l ly  i n t o  t h r e e  k inds  ( f i g .  1 ) :  t he  i n - f l i g h t  
f i r e ,  t he  ramp f i r e ,  and t h e  su rv ivab le  pos tc rash  f i r e .  H i s t o r i c a l  surveys 
taken over per iods  of 10 t o  15 years  f o r  a v a r i e t y  of a i r c r a f t  under a wide 
range of ope ra t ing  cond i t ions  have shown t h a t  t h e  pos tc rash  f i r e  accounts  by 
f a r ,  perhaps by a f a c t o r  of 10 ,  f o r  most of t h e  a i r c r a f t  f i r e  dea ths .  A s  ind i -  
ca ted  i n  f i g u r e  1 f o r  a 270 passenger a i r c r a f t ,  t h e  probable  i n t e r a c t i o n  of t he  
37,000 t o  75,000 l i ters of j e t  f u e l  and i g n i t i o n  sources  generated by damaged 
engines  produces a f i r e  source  t h a t  i n t e r a c t s  wi th  t h e  a i r f rame and then wi th  
the  i n t e r i o r  systems t o  in t roduce  t h e  s u r v i v a b i l i t y  f i r e  parameters l i s t e d  i n  
the  f i g u r e .  The i n - f l i g h t  f i r e ,  whatever i t s  source ,  can i n t e r a c t  d i r e c t l y  
with t h e  i n t e r i o r  subsystems t o  i g n i t e  and cause them t o  burn.  
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It is a b a s i c  premise of a l l  subsequent arguments t h a t  any v e h i c l e  
i n t e r i o r  w i l l  become a t o t a l l y  l e t h a l  environment i f  t h e  f i r e  source i s  l a r g e  
enough. It i s  a l s o  t a c i t l y  assumed t h a t  any and a l l  material subsystems of an  
a i r c r a f t  i n t e r i o r  comprising organic  polymeric materials (as shown as f u e l  
load  i n  f i g .  1) can a l s o  c o n t r i b u t e  by means of ( o r  may be l imi t ed  by the  f i r e  
parameters shown) t o  the  formation of a l e t h a l  environment i f  t h e  f i r e  source  
and f i r e  growth rate are s u f f i c i e n t l y  l a rge .  
cons ider ing  t h e  f lammabil i ty  of t h e  a i r c r a f t  i n t e r i o r  whether t h e  f i r e  source 
d e r i v e s  from, f o r  example, t h e  i g n i t i o n  of s p i l l e d  f u e l ,  a cargo bay f i r e ,  o r  
arson.  What i s  important ,  however, i s  how flammable t h e  i n t e r i o r  subsystems 
are and how l a r g e  a f i r e  source i s  encountered. 
human s u r v i v a b i l i t y  and of v e h i c l e  crashworthiness  on t h e  growth of t h e  f u e l  
f i r e  have not  been considered i n  t h i s  paper.  
cab in  temperature and the  concurrent  release of smoke and t o x i c  gas  from the  
combination of t he  f i r e  source  and the  f i r e  involvement of t he  i n t e r i o r  have 
been considered as s i g n i f i c a n t  f a c t o r s  i n  e s t a b l i s h i n g  a l lowable  eg res s  t i m e s  
f o r  passengers and crew members. It has  been a goa l  of NASA's "FIREMEN" pro- 
gram t o  improve t h e  al lowable eg res s  t i m e  by a f a c t o r  of 2 ,  t h a t  is ,  from 2.5 
t o  5 min, by modifying t h e  materials used i n  a i r c r a f t  i n t e r i o r  subsystems t o  
b e t t e r  understand t h e  condi t ions  imposed by pos t c ra sh  f u e l  f i r e  sources .  

It  is r e a l l y  unimportant when 

E f f e c t s  of c r a sh  impact on 

Only the  time ra te  of change i n  

The ground r u l e s  of t h e  SAFER Committee ( r e f .  1) excluded t h e  i n - f l i g h t  
f i r e  case  from cons ide ra t ions .  This  l imi t ed  somewhat t h e i r  s p e c i f i c  recommen- 
d a t i o n s  concerned wi th  t h e  f i r ewor th iness  of a i r c r a f t  i n t e r i o r s  systems, such 
as t o x i c  fume hoods, and f i r e - f i g h t i n g  methods. The Federa l  Aviat ion Regula- 
t i o n  (FAR) burner  f lammabil i ty  t es t  remains as a recommendation which a l l  must 
ag ree  has no t  been r e l a t e d  t o  materials a i r c r a f t  f i r e  s a f e t y .  
t o  i n f e r  from t h e  foregoing t h a t  once an i n t e r i o r  system has  been i g n i t e d  wi th  
a s u f f i c i e n t  f i r e  source  t h a t  t h e  s u r v i v a l  t i m e  f o r  the  i n - f l i g h t  case can be 
c l o s e l y  r e l a t e d  t o  t h e  a l lowable  eg res s  t i m e  i n  t h e  pos tc rash  case. 

It i s  reasonable  

The SAFER Committee has  pos tu l a t ed  t h a t  t h e  evidence from a i r c r a f t  f i r e  
dea th  s ta t i s t ics  makes i n - f l i g h t  f i r e s  r e l a t i v e l y  i n s i g n i f i c a n t  and t h a t  only 
pos tc rash  f i r e s  deserve  immediate a t t e n t i o n .  Pos tc rash  f i r e s  cause about 30 
dea ths  p e r  year ;  r ecen t  congress iona l  testimony ( r e f .  2) sugges ts  t h a t  t h e r e  
have been over 300 f i r e  dea ths  i n  i n - f l i g h t  f i r e s  s i n c e  1969. 
f a t a l i t i e s  are a t t r i b u t e d  t o  su rv ivab le  pos t c ra sh  f i r e s  during the  1969-1978 
per iod  according t o  t h e  s a m e  testimony. This  r ecen t  record  of i n - f l i g h t  events  
should moderate an  exc lus ive  i n t e r e s t  i n  pos t c ra sh  f i r e s .  SAFER made two o t h e r  
assumptions: (I) t h a t  t he  p r i n c i p a l  f i r e  source  i n  a i r c r a f t  f i r e  dea ths  is 
t h a t  a r i s i n g  from i g n i t i o n  of a misted-fuel  cloud r e s u l t i n g  from tank rup tu re  
dur ing  impact; and (2) t h a t  t he  h e a t ,  smoke, and tox ic  gases  produced by t h e  
burning f u e l  are p r i n c i p a l  f a c t o r s  i n  t h e  formation of a l e t h a l  cab in  environ- 
ment. One might conclude, after cons ider ing  t h e s e  two assumptions,  t h a t  t he  
f i r ewor th iness  of a i r c r a f t  i n t e r i o r s  may be a matter of l i t t l e  concern i n  most 
cases, and, indeed, c u r r e n t  ac t iv i t ies  wi th  a n t i m i s t i n g  kerosene (AMK) cor- 
r e c t l y  ref lect  t h i s  hypothes is  and dominate the  SAFER recommendation. SAFER, 
however, d i d  endorse f u l l - s c a l e  s imula t ion  of su rv ivab le  pos tc rash  f i r e s ,  
us ing  a C-133, as a means of a s ses s ing  t h e  r o l e  of t h e  f u e l  f i r e  on human sur -  
v i v a b i l i t y .  Recent r e s u l t s  from C-133 tests ( t o  be d iscussed  below), repor ted  
i n  r e fe rence  3 ,  seem t o  i n d i c a t e  t h a t  t he  f lammabil i ty  of i n t e r i o r  systems may 
be t h e  p r i n c i p a l  f a c t o r  i n  t h e  al lowable e g r e s s  t i m e ,  even i n  t h e  pos tc rash  

About 419 

454 



f i re .  
( r e f .  4 )  i n d i c a t e s  t h a t  under many condi t ions  t h e  f lammabil i ty  of i n t e r i o r  
systems may b e  s i g n i f i c a n t  i n  pos t c ra sh  as w e l l  as i n - f l i g h t  a i r c r a f t  f i r e s .  
Recent f i r e s  i n  both r ap id  ground t r a n s p o r t a t i o n  and t r a n s p o r t  a i r c r a f t  suggest  
t h a t  under t h e  appropr i a t e  cond i t ions ,  v e h i c l e  i n t e r i o r s  are d e s t r u c t i v e l y  
flammable, independent of t h e  n a t u r e  of t h e  l a r g e  f i r e  source.  

Deta i led  a n a l y s i s  of t h e  f i rewor th iness  of t r a n s p o r t  a i r c r a f t  i n c i d e n t s  

INTERIOR SYSTEMS FROM A FIRE POINT OF VIEW 

There are two i d e n t i f i a b l e ,  d i s t i n c t ,  and s e p a r a t e  thermochemical mecha- 
nisms by which i n t e r i o r  materials systems can i n t e r a c t  w i th  a given f i r e  
source.  
(Containment) and f i r e  involvement. The f i r s t  i n t e r a c t i o n  depends only on t h e  
a b l a t i o n  e f f i c i e n c y  of t h e  material subsystem component; t he  second depends on 
combustion mechanisms t h a t  have been shown t o  depend on t h e  p y r o l y s i s  vapor 
product ion rate and on t h e  composition of t h e  p y r o l y s i s  gases .  

These mechanisms have been def ined  i n  t h i s  paper as f i r e  i s o l a t i o n  

Nee1 e t  a l .  ( r e f .  5) have demonstrated,  i n  a f u l l - s c a l e  test wi th  a n  
i n t a c t  C-47 fuse l age ,  t h a t  t h e  l e t h a l  e f f e c t s  of a complete burn wi th  an  
18 ,925- l i t e r  f u e l  f i r e  source can be  completely excluded from the  a i r c r a f t  
i n t e r i o r  by means of a l igh tweight  organic  a b l a t i v e  foam appl ied  t o  the  air-  
c r a f t  i n t e r i o r  sk in .  No p r o t e c t i o n  from f i r e  pene t r a t ion  is provided by cur-  
r e n t  plastic-bagged fuse l age  i n s u l a t i o n .  A t  p re sen t  t h i s  a b l a t i v e  i n s u l a t i o n  
systems approach has  not  been found p r a c t i c a l  by a i r c r a f t  manufacturers.  
Kourt ides  e t  a l .  ( r e f .  6) have demonstrated i n  f u l l - s c a l e  f i r e  containment 
tests a g a i n s t  s imulated f u e l  f i r e  sources ,  t h a t  a b l a t i v e  foams o r  honeycomb 
f i l lers  and edge c loseou t s  can  effect  as much as a f i v e f o l d  improvement i n  the  
f i r e  containment capac i ty  of va r ious  k inds  of a i r c r a f t  pane ls ,  such as c e i l -  
i ngs ,  w a l l s ,  l a v a t o r i e s ,  and cargo bays,  while  a t  t he  same t i m e  maintaining 
t h e  requi red  s t r u c t u r a l  s t r e n g t h s  without  an apprec i ab le  weight pena l ty .  

Here then is a simple,  a v a i l a b l e ,  and producible  new kind of a i r c r a f t  
panel  concept ready f o r  a p p l i c a t i o n .  It  i s  bel ieved t h a t  i n e r t  a b l a t i o n  e f f i -  
c iency of t hese  new panel  systems may be p a r t i c u l a r l y  e f f e c t i v e  i n  c o n t r o l l i n g  
f i res  i n  unattended areas of t he  a i r c r a f t .  One need only opt imize (modify 
t h e  foam dens i ty )  t h e  a b l a t i o n  e f f i c i e n c y  of t h e s e  pane l  s t r u c t u r e s  t o  provide  
the  requi red  containment t i m e s  t o  a designed back-face temperature ,  probably 
about 200" C f o r  t h e  expected hea t  load from probable  f i r e  sources .  
examples of applying t h e  a b l a t i v e  f i re-containment  method t o  t h e  f i re-blocking-  
l a y e r  concept i n  a i r c r a f t  s e a t i n g  and window systems w i l l  be descr ibed  f u r t h e r  
i n  t h i s  paper .  

S p e c i f i c  

F i r e  involvement, l a r g e l y  dependent on material p y r o l y s i s  and flammabil- 
i t y ,  i s  a somewhat s e p a r a t e  m a t t e r  from a b l a t i v e  f i r e  containment. F i r e  
involvement comprises the  i n t e r a c t i o n  of a number of f a c t o r s  t h a t  c o n t r i b u t e  
t o  t h e  genera t ion  of l e t h a l  cab in  cond i t ions  - ease of i g n i t i o n ,  flame spread 
rate, h e a t  release, and smoke and tox ic  gas  emission. A l l  of these  f a c t o r s  
i n t e r a c t  coopera t ive ly  t o  reduce t h e  p r o b a b i l i t y  e i t h e r  of passengers  escaping 
o r  su rv iv ing  when t rapped.  These p r o p e r t i e s  depend on the  thermochemical 
p r o p e r t i e s  of t h e  b a s i c  polymer out  of which t h e  component has  been cons t ruc ted  
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as w e l l  as on the  s i z e  and i n t e n s i t y  of t he  appl ied  f i r e  source.  Unfor tuna te ly ,  
most u sua l  l abora to ry  f lammabil i ty  tests ( r e f .  7) have been c a r r i e d  out  a t  
cold-wall  r a d i a n t  hea t ing  rates of 2.5 W/cm2 o r  less. 
below, i t  has  been found t h a t  t h e  combustible vapor product ion rate a t  the  w a l l  
of t he  material i s  t h e  c o n t r o l l i n g  rate process  f o r  a l l  of t h e  f i r e  involvement 
f a c t o r .  This  c o n t r o l l i n g  rate is an  i n t r i n s i c  proper ty  of t he  material  and of 
t he  appl ied  hea t ing  rate. A hea t ing  rate of 2.5 W/cm2 i s  much too  low t o  char- 
a c t e r i z e  materials i n  t h e  usua l  f i r e  environment, i n  which case hea t ing  rates 
are found t o  v a r y  from as l i t t l e  as 0.5 W/cm2 t o  as much as 14 W/cm2. 

A s  w i l l  be  d iscussed  

A t y p i c a l  example of an a i r c r a f t  panel  cons t ruc t ion  i s  shown i n  f i g u r e  2. 
Current  f i l m s ,  i nks ,  s u b s t r a t e  f i l m s ,  and f a c e  s h e e t s  are made up of as much 
as 25% of contemporary materials of low char  y i e l d  polymers ( t o  be explained 
below). They are cha rac t e r i zed  i n  t e r m s  of ease of i g n i t i o n  by t h e  s tandard  
l i m i t i n g  oxygen index test wi th  va lues  from 16 t o  23 (percent  oxygen i n  t h e  
i g n i t i o n  mixture  requi red  f o r  sus t a ined  burning wi th  an i g n i t i o n  source  of 
about  1-2 W/cm2). 
f i r e  i m p a c t  of less than  2 W/cm2 and t o  burn wi th  inc reas ing  rates as the  f i r e  
source i s  increased .  

One should expect  them t o  burn i n  a i r  under the  sus t a ined  

Standard panels  of t h i s  kind w e r e  evaluated by Parker  e t  a l .  ( r e f .  8) i n  
a f u l l - s c a l e  l a v a t o r y  mock-up us ing  a 2.5-k_g hydrocarbon f u e l  source ,  wi th  
u n r e s t r i c t e d  v e n t i l a t i o n .  The f i r e  source burned f o r  about 10 min, wi th  an 
average peak hea t ing  rate of about 8 W/cm2, t y p i c a l  of a moderate a i r c r a f t  
t r a s h  f i r e .  The l a v a t o r y  panels ,  when exposed t o  t h i s  c r i t i c a l  f i r e  s i z e ,  l e a d  
t o  f l a shove r  which produces a t o t a l l y  l e t h a l  environment i n  d i f f e r e n t  s i z e  
s t r u c t u r e s  wi th  d i f f e r e n t  materials.  

It w a s  concluded from these  tests t h a t  t he  high vapor product ion ra te  f o r  
low-char-yield materials comprising the  d e c o r a t i v e  s u r f a c e s  and f a c e  s h e e t s  
coupled wi th  t h i s  c r i t i c a l  f i r e  s i z e  combined t o  achieve t h i s  f a t a l  condi t ion .  
Charac t e r i za t ion  of t h e  s u r v i v a b i l i t y  a t  f i r e  s i z e s  wi th  t h i s  l ava to ry  system 
a t  less than  t h e  c r i t i ca l  f lashover  f i r e  s i z e  seems t o  depend on a l l  t h e  fac- 
t o r s  l i s t e d  above t h a t  desc r ibe  the  t o t a l  f i r e  involvement. 

Curren t ly ,  a t tempts  are being made t o  a r r i v e  a t  a "combined hazards  index" 
o r  C H I  ( r e f .  9 )  comprising t h e  l e t h a l i t y  of a material exposed t o  a f i r e  source  
less than the  f lashover  c r i t i ca l  s i z e ;  t h e  index would combine t h e  rate of 
h e a t  r e l eased ,  t h e  smoke obscura t ion ,  and t i m e  t o  i n c a p a c i t a t i o n  due t o  t o x i c  
gas  emissions.  So f a r  t h i s  has  requi red  very  complex t e s t i n g ,  involv ing  
animal exposures ,  v a r i a b l e  hea t ing  rates, and complex computer d a t a  reduct ion  
f o r  f i r e  models which depend on v e h i c l e  geometry and a presupposed f i r e  
scenar io .  

What i s  needed is a simple test f o r  materials s u p p l i e r s  and u s e r s  a l i k e  
which would p e r m i t  t h e  s e l e c t i o n  of polymeric components f o r  des ign  and con- 
s t r u c t i o n  of system components on t h e  b a s i s  of t h e  components' enhancement of 
s u r v i v a b i l i t y  i n  an  a i r c r a f t  f i r e .  Parker  and Winkler ( r e f .  10) showed 
earlier i n  1967 t h a t  t h e  anaerobic  char  y i e l d  could be est imated from the  
polymer s t r u c t u r e  and the  c ross - l ink ing  r e a c t i o n s  of t h e  polymer a t  e leva ted  
temperatures .  It  may be s a f e l y  i n f e r r e d  from the  foregoing t h a t  t he  t o o l s  
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e x i s t  wi th  which t o  des ign  and syn thes i ze  polymers wi th  any set o r  l i m i t i n g  set 
of fire-involvement p r o p e r t i e s  t h a t  t he  a p p l i c a t i o n  demands. 

Later, Kourt ides  ( r e f .  11) and van Krevelen ( r e f .  12) showed t h a t  t h e s e  
char-yield r u l e s  could a l s o  be appl ied  t o  c a l c u l a t i n g  the  l i m i t i n g  oxygen index 
(LOI) of thermoplas t ics  i n  a d d i t i o n  t o  t h e  thermoset system descr ibed  by Parker  
and Winkler ( r e f .  10 ) .  Kourt ides  e t  a l .  ( r e f .  13) took advantage of t h i s  r u l e  
by developing c r i te r ia  f o r  s e l e c t i n g  thermoplas t ic  molding components f o r  air- 
c r a f t  a p p l i c a t i o n s  by c o r r e l a t i n g  a l i n e a r  combination of f i r e  involvement 
p r o p e r t i e s  w i th  t h e  measured anaerobic  char  y i e l d .  It  w a s  a l s o  found t h a t  when 
atoms such as c h l o r i n e ,  bromine, s u l f u r ,  f l u o r i n e ,  o r  n i t rogen  are contained i n  
t h e  polymer, a simple c o r r e c t i o n  i n  t h e  p r o p o r t i o n a l i t y  cons t an t  r e l a t i n g  char  
y i e l d  t o  LO1 could account f o r  t h e  v a r i a t i o n  i n  f lammabil i ty  p r o p e r t i e s  of t h e  
nea t  polymer. A s  f a r  as polymer s e l e c t i o n s  are concerned, F i sh  and Parker  
( r e f .  14) f i r s t  showed t h a t  as long as the  polymer d id  no t  m e l t  and flow ( a s  
do, f o r  example, epoxides ,  u re thanes ,  and phenol ics)  a l l  of t h e  s i g n i f i c a n t  
f i r e  involvement p r o p e r t i e s  of t he  bulk  polymers, such as flame spread rate, 
ease of i g n i t i o n ,  smoke obscura t ion ,  and tox ic  gas  product ion,  vary  i n  a regu- 
lar  way (usua l ly  l i n e a r l y )  w i th  t h e  vapor product ion rate of the polymer being 
heated.  Moreover, F ish  and Parker  showed t h a t  t h i s  re la t ive  vapor product ion 
rate can be accu ra t e ly  determined by the  simple thermogravimetric a n a l y s i s  of 
t h e  anaerobic  char  y i e l d .  

y i e l d  can r e a d i l y  be used t o  rank t h e  f i r e  involvement c h a r a c t e r i s t i c s  of i nd i -  
v idua l  polymers f o r  s e l e c t i o n  of candida tes  f o r  t he  f a b r i c a t i o n  of i n t e r i o r  
system components. It t u r n s  out  t h a t  t h e  materials f lammabil i ty  p r o p e r t i e s ,  
such as n e t  hea t  r e l eased  and t h e  amount of smoke and gas generated a t  a f ixed  
hea t ing  ra te  ( r a d i a t i v e  cold w a l l ) ,  are a l l  unique and r e g u l a r  func t ions  of 
t h i s  e a s i l y  measured o r  c a l c u l a t e d  anaerobic  cha r  y i e l d  va lue .  I t  should be 
pointed ou t ,  however, t h a t  what one i s  concerned w i t h  i n  e s t ima t ing  the  proba- 
b i l i t y  of s u r v i v a b i l i t y  i s  the  rate of t h e  product ion of t hese  l e t h a l  products .  

I n  f i g u r e  3 i t  can be seen  t h a t  t he  s i m p l e  and s i n g l e  va lue  of t he  char  

Even though t h e  char  y i e l d  as def ined  i s  more o r  less independent of t h e  
appl ied  hea t ing  rate, the  rate of char  formation and the  r e l a t e d  f lammabil i ty  
p r o p e r t i e s  are determined by the  a b l a t i o n  rate, which i n  t u r n  inc reases  wi th  
inc reas ing  hea t ing  rate. Because the  material  w i l l  encounter a v a r i a b l e  heat-  
i ng  rate,  depending on scena r io ,  SAFER ( r e f .  1) has  recommended t h a t  t hese  
r e l a t i v e  rates should be determined i n  t h e  Ohio S t a t e  hea t - re lease  ca lo r ime te r ,  
i n  which t h e  hea t  release and o t h e r  rates can be measured a t  v a r i a b l e  hea t ing  
rates. Presumably these  rates then can be used t o  cons t ruc t  any d e s i r e d  heat-  
ing  rate curve t o  estimate t h e  time-dependent rates of h e a t ,  smoke, and gas  
product ion.  Since these  rates may be expected t o  vary  wi th  the  thermal h i s t o r y  
of t h e  sample and wi th  t h e  n a t u r e  of t h e  flame chemistry,  w e  have p re fe r r ed  t o  
use  a propane burner;  t he  burner  can a c c u r a t e l y  s imula te  the  a c t u a l  t i m e -  
dependent hea t ing  rate func t ions  wi th  a reasonable  s imula t ion  of t he  f i r e -  
source flame chemistry.  
pane l  sources  a t  a f i x e d  average hea t ing  rate a t  5-10 W/cm2. The measured 
rates i n  rad ian t -panel  tests r e l a t e d  t o  a rea l  and v a r i a b l e  hea t  source  can be 
determined by a propane gas burner  preprogrammed t o  s imula t e  the  time-dependent 
hea t ing  rate encountered wi th  a real  f i r e  source.  For most cases t h a t  involve  
t h e  f u e l  f i r e  sources  encountered i n  a i r c r a f t  f i r e s ,  t he  f lammabil i ty  of 

I n i t i a l  sc reening  of samples may be done wi th  r ad ian t -  
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materials systems can  be compared by means of a r a d i a n t  pane l  providing an  
average hea t ing  rate of 5-8 W/cm2, wi th  p i l o t  f lame i g n i t i o n .  
can be c o r r e l a t e d  wi th  t h e  measured anaerobic  cha r  y i e l d ,  which u s u a l l y  g ives  
a reasonable  measure of the  combined hazard index. Cor re l a t ions  wi th  cha r  
y i e l d s  have been repor ted  i n  many s t u d i e s ,  and Hilado e t  a l .  ( r e f .  15) have 
s t a t e d  t h a t  t h i s  method i s  adequate  i n  90% of t h e  cases s tud ied .  On a char- 
y i e l d  scale from zero  (polymethylmethacrylate) t o  100 ( g r a p h i t e ) ,  most contem- 
porary a i r c r a f t  materials are ra t ed  a t  less than 23, whereas the  advanced 
materials o f f e red  i n  t h i s  paper a l l  have va lues  g r e a t e r  than  35. The la t te r  
are v i r t u a l l y  nonflammable i n  a i r  and produce l i t t l e  o r  no smoke o r  t o x i c  gas.  

The a b l a t i o n  e f f i c i e n c y  i n  the  f u e l - f i r e  environment of bu lk  polymers and 

These r e s u l t s  

t h e i r  component d e r i v a t i v e s  i s  a d i f f e r e n t  matter, as shown i n  f i g u r e  3 .  I n  
t h i s  case t h e  a b l a t i o n  e f f i c i e n c y  inc reases  w i t h  inc reas ing  char  y i e l d  from 
about 23% t o  about 50%, a f t e r  which it  decreases  ab rup t ly .  Although most of 
t he  f lammabil i ty  p r o p e r t i e s  cont inue  t o  decrease  a t  char  y i e l d s  g r e a t e r  than 
50%, i t  has  been found t h a t  materials wi th  cha r  y i e l d s  between 45% and 60% g ive  
t h e  b e s t  combination of f i r e  containment and f i r e  involvement p r o p e r t i e s .  
Since i t  i s  probably t r u e  t h a t  t h e  a b l a t i o n  e f f i c i e n c y  is t h e  p r i n c i p a l  param- 

rates, as these  rates vary  wi th  appl ied  hea t ing  rate,  i t  i s  not  s u r p r i s i n g  t h a t  
t h e  polymers, such as phenol ics ,  bismaleimides,  and o t h e r s  w i th  char  y i e l d s  i n  
the  range of 45 t o  60, show very  low rates t h a t  change very  l i t t l e  over an  
appl ied  hea t ing  rate range from 3 t o  10 W/cm2. I f  i t  w e r e  poss ib l e  t o  restrict  
t h e  choice  of advanced a i r c r a f t  materials t o  t h i s  char  y i e l d  range,  which g ives  
t h e  b e s t  combination of f i r e - r e s i s t a n t  p r o p e r t i e s ,  c o r r e l a t i o n  of e x i s t i n g  
l abora to ry  tests wi th  f u l l - s c a l e  performance would be h igh ly  s i m p l i f i e d .  

- eter t h a t  governs t h e  change i n  h e a t  release, smoke, and t o x i c  gas product ion 

A r a t h e r  s imple c o r r e l a t i o n  of t h e  f i r e  a b l a t i o n  e f f i c i e n c y  of experi-  
mental  a i r c r a f t  pane ls  i n  which t h e  f a c e  s h e e t s  have been modified by choosing 
high char  y i e l d  r e s i n s  i s  shown i n  f i g u r e  3 .  The test method has  been 
descr ibed  by R i c c i t i e l l o  e t  a l .  ( r e f .  16) .  Here, comparable pane ls  are exposed 
t o  a combined r a d i a n t  and convect ive source ,  which has  been found t o  c o r r e l a t e  
w e l l  wi th  a f u l l - s c a l e  f u e l  test .  I n  the  f i g u r e ,  t h e  t i m e  t o  back-face t e m -  
p e r a t u r e  rise has  been p l o t t e d  as a func t ion  of t h e  exposure t i m e  i n  seconds. 
The t i m e  requi red  t o  reach  a back-face temperature  of 200" C has  been s e l e c t e d  
t o  complete t h e  re la t ive  f i r e  a b l a t i o n  e f f i c i e n c i e s  of t h e  candida te  panels .  
It can be seen,  as a n t i c i p a t e d  by t h e  gene ra l  t rend  i n  f i r e  a b l a t i o n  e f f i c i e n c y  
of t h e  face-sheet  matrix resin composites,  t h a t  t h e  low-char-yield epoxies  and 
t h e  highest-char-yield convent iona l  polyimides,  w i th  cha r  y i e l d s  of 23% and 
70%, r e spec t ive ly ,  gave t h e  s h o r t e s t  t i m e s  t o  back-face temperature rise t o  
200" C;  t h e  bismaleimides and phenol ics  w i th  cha r  y i e l d s  of t h e  o rde r  of 45% 
t o  60% gave t h e  b e s t  performance. 

Candidate phenol ic  and bismaleimide pane l s  s e l e c t e d  from t h i s  sc reening  
s tudy  w e r e  evaluaced by Williamson ( r e f .  1 7 ) ,  i n  f u l l - s c a l e  f i re-containment  
tests i n  which a v a r i a b l e  propane burner  w a s  used t o  s imula t e  t h e  e f f e c t  of 
a c t u a l  burning of a i r c r a f t  t r a s h  bags.  It w a s  found t h a t  t he  b e s t  f i r e  
r e t a rded  epoxy panels  as b a s e l i n e  wi th  face-sheet  r e s i n  char y i e l d s  of 23% 
reached a back-face temperature  of 200" C i n  about  5 min, whereas t h e  b i s -  
maleimide and phenol ic  pane ls  w i th  a peak hea t ing  rate of 6.5 W/cm2 contained 
t h e  s imulated f i r e  f o r  as much as 15 min a t  a back-face temperature  of 200" C .  
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On the  b a s i s  of t hese  tests, a f u l l - s c a l e  wide-body t r a n s p o r t  l ava to ry  
w a s  f a b r i c a t e d  of phenol ic  pane ls  ( f i g .  4 ) .  The f i re-containment  c a p a b i l i t y  
of t h i s  l ava to ry  wi th  t h e  door c losed  and wi th  t h e  normal v e n t i l a t i o n  rate w a s  
evaluated i n  t h e  Douglas cabin  f i r e  s imula tor  (CFS). 
reached a peak hea t ing  rate of 12  W/cm2 i n  10 min, w a s  s t a r t e d  i n  the  l a v a t o r y ,  
us ing  s imulated a i r c r a f t  t r a s h .  The f i r e  burned i t s e l f  ou t  i n  about  1 h r .  The 
e f f e c t  of t he  f i r e  on t h e  l a v a t o r y  i s  shown i n  f i g u r e  4 .  The only evidence of 
any l a c k  of containment i s  shown i n  t h e  f i g u r e  as a s l i g h t l y  scorched area 
along t h e  door edge. It i s  be l ieved  t h i s  s l i g h t  f i r e  p e n e t r a t i o n  w a s  a r e s u l t  
of t h e  l imi t ed  f i r e  containment of a s m a l l  amount of polyurethane foam used a t  
the  edge of t h e  door ,  a problem t h a t  can be e a s i l y  co r rec t ed  by r ep lac ing  t h e  
polyurethane wi th  phenol ic  foams. 
f i r e .  
t u r e s  i n  excess  of 200" C over most of t h e i r  su r f aces .  

A sus t a ined  f i r e ,  which 

The s l i g h t  damage d id  not  propagate  t h e  
Otherwise the  pane ls  d id  n o t  burn through o r  reach back-face tempera- 

No s i g n i f i c a n t  t ox ic  gas w a s  observed i n  t h e  ad jacen t  cab in  area, as evi- 
denced by t h e  s u r v i v a l  t h e r e  of an  animal (rat) test s u b j e c t .  A completely 
su rv ivab le  environment ex i s t ed  wi th in  the  cab in  f o r  1 h r ;  animal s u b j e c t s  sur- 
vived t h a t  per iod without  adverse e f f e c t s .  

It can be concluded t h a t  t h e  pane ls  f a b r i c a t e d  from the  phenol ic  r e s i n s  
d id  an  adequate job  i n  conta in ing  a s u b s t a n t i a l  compartment f i r e .  However, t he  
f a c t  t h a t  most of t h e  l ava to ry  o u t e r  su r f ace  d i d  no t  reach t h e  des ign  tempera- 
t u r e  of 200" C sugges ts  t h a t  t he  f i r e  p r o t e c t i o n  a b l a t i v e  system w a s  no t  f u l l y  
explo i ted  i n  t h i s  test .  It  is clear from v a r i o u s  s t u d i e s  t h a t  t he  burn t i m e s  
and peak hea t ing  rates are con t ro l l ed  by the  v e n t i l a t i o n  rate and t h e  amount 
of f u e l  and i t s  d i s t r i b u t i o n  i n  t h e  compartment. One might say t h a t  t h e  s i z e  
of t h e  f i r e  i n  t h e  test  ( f i g .  4 )  w a s  conserva t ive .  The s imula t ion  r e s u l t s  wi th  
the  propane gas  burner  support  a conclusion t h a t  t hese  pane ls  could be expected 
t o  con ta in  a compartment f i r e  of a much g r e a t e r  s e v e r i t y  f o r  3 t o  5 t i m e s  as 
long as t h e  s tandard  epoxy panels .  The phenol ic  pane ls  should be a b l e  t o  pro- 
v ide  a margin of s a f e t y  a t  least 3 t i m e s  g r e a t e r  than the  epoxy panels .  This  
is e s p e c i a l l y  important s i n c e  s i m i l a r  panel  cons t ruc t ion  i s  used throughout 
t h e  a i r c r a f t  i n t e r i o r  where more severe f i r e  sources  (pos tc rash  f i r e s )  may be 
encountered, f o r  example, i n  cargo bays and s i d e  w a l l  and c e i l i n g  panels .  

The e f f e c t s  of face-sheet  mat r ix  r e s i n  type  on the  t i m e  requi red  f o r  com- 
p l e t e  f i r e  involvement i n  a s imulated cabin compartment w e r e  evaluated i n  a 
l a rge - sca l e  f l a shove r  f i r e  test  f a c i l i t y  ( f i g .  5). A f l a shove r  f i r e  test  
f a c i l i t y  w a s  cons t ruc ted  as a modi f ica t ion  of t he  corner  test descr ibed  by 
Williamson ( r e f .  1 7 ) .  A c e i l i n g  ex tens ion  pane l  cons t ruc ted  of t h e  s a m e  m a t e -  
r i a l s  as t h e  w a l l  pane l s  w a s  included.  The propane burner  shown i n  the  corner ,  
which had been c a l i b r a t e d  wi th  a i r c r a f t  t r a s h  bags by meter ing t h e  propane gas  
flow, w a s  used as a f i r e  source.  The hea t ing  rate changes w i t h  time, as mea-  
sured .by  ca lo r ime te r s  i n s t a l l e d  i n  the  w a l l s  and c e i l i n g ,  dup l i ca t ed  those  of 
t he  a i r c r a f t  t r a s h  bags. An a r b i t r a r y  f lash-over  c r i t e r i o n  w a s  adopted as the  
t i m e  f o r  t h e  c e n t e r  c e i l i n g  thermocouple No. 57 t o  reach 500" C. I n  a b a s e l i n e  
test wi th  T r a n s i t e  (noncombustible and thermally i n e r t ) ,  500° C w a s  reached i n  
about  2 min; t h i s  va lue  is  represented  i n  f i g u r e  6 as T3. With c e i l i n g s  and 
w a l l  pane ls  cons t ruc ted  of s tandard  epoxy, t h e  c r i t i ca l  temperature  of 500" C 
w a s  reached i n  less than 30 sec (TO) as observed on thermocouple No .  57,  t h e  



process  being accompanied by l a r g e  amounts of dense smoke, shown i n  a s e p a r a t e  
tes t ,  t o  be l a r g e l y  due t o  t h e  epoxy r e s i n  component of t h e  panel .  Next, a 
f i r e  r e t a r d a n t  epoxide panel  w a s  evaluated which extended the  f l a shove r  t i m e  
t o  more than  50 sec (Tl) .  A s  expected w i t h  f i r e - r e t a r d a n t  a d d i t i v e s ,  enormous 
amounts of dense b lack  smoke were generated from t h e s e  pane ls  almost immedi- 
a t e l y ,  bu t  t h e  f l a shove r  t i m e  w a s  extended by a f a c t o r  of 2. 

S i m i l a r  cons t ruc t ions  w e r e  t e s t e d  us ing  t h e  s a m e  phenol ic  and bismale- 
imide panels  as those  used i n  t h e  f i re-containment  tests descr ibed  by 
Williamson ( r e f .  1 7 )  u s ing  the  same f i r e  s cena r io .  Very l i t t l e  smoke w a s  
observed i n  e i t h e r  test. The phenol ic  pane ls  gave a c e i l i n g  temperature  of 
500" C i n  60 sec (TZ), and t h e  bismaleimide gave a f lash-over  t i m e  g r e a t e r  than  
90 sec (T3), t h e  bismaleimide panel  being somewhat less r e s i s t a n t  t o  t o t a l  
involvement than t h e  i n e r t  T r a n s i t e  panels .  I n  t h i s  t e s t ,  an  improvement by a 
f a c t o r  of 3 f o r  t h e  t i m e  t o  f u l l  f i r e  involvement w a s  observed i n  comparing 
the  s ta te -of - the-ar t  epoxy panel  wi th  t h e  advanced bismaleimide panel ;  more- 
over ,  t h e r e  w a s  v i r t u a l l y  no smoke obscura t ion .  It remains t o  be seen if a 
similar r e l a t i o n s h i p  w i l l  hold f o r  f u l l - s c a l e  t e s t i n g  of t hese  advanced panels  
i n  t h e  C-133. 

It i s  of i n t e r e s t  t o  see i f  t h e  f lashover  t i m e s  i n  t h i s  test  can be 
c o r r e l a t e d  wi th  t h e  anaerobic  char  y i e l d s  of t h e  c o n s t i t u e n t  r e s i n s  and t h e  
r e spec t ive  oxygen ind ices .  A b e s t  c o r r e l a t i o n  w a s  ob ta ined  by p l o t t i n g  t h e  
Product of t h e  t i m e  t o  f l a shove r ,  T. and t h e  app l i ed  h e a t i n g  rate observed a t  
t h a t  t i m e  due t o  t h e  burner  f i r e  source,  as a func t ion  of t h e  observed anaero- 
b i c  char  y i e l d  o r  l i m i t i n g  oxygen index. The change i n  t h e  shape of t h e  f i r e  
response curve approaches t h e  l i m i t  f o r  t h e  i n e r t  T r a n s i t e .  It i s  i n t e r e s t i n g  
t o  n o t e  t h a t  t h e  in t e rmed ia t e  char-yield materials, t h e  bismaleimide and t h e  
phenol ic  (45-60%), show t h e  same relative ranking i n  t h i s  test as t h a t  observed 
i n  t h e  fire-containment case. This  sugges ts  t h a t  n o t  only t h e  char  y i e l d  bu t  
a l s o  t h e  f i r e  a b l a t i o n  rate of char  formation (slower i n  t h e  case  of t h e  b is -  
maleimides a t  these  h e a t i n g r a t e s )  are f a c t o r s  i n  t h e  t i m e  requi red  f o r  f u l l  
f i re  involvement. 
l i t t l e  observable  smoke and presumably low levels of t o x i c  gas ,  t h e  b e s t  pane l  
as determined i n  bo th  f i re-containment  and fire-involvement s t u d i e s  s e e m s  t o  
be t h e  one der ived  from t h e  bismaleimide. 

Even though both face-sheet ma t r ix  resin systems produce 

A t  p re sen t ,  t h e  phenol ic  r e s i n  system i s  t h e  one of choice  mainly due t o  
r e s i n  c o s t s  and p r o c e s s i b i l i t y .  Anderson e t  a l .  ( r e f .  18) have shown t h a t  a 
p o s i t i v e  c o s t  b e n e f i t  can be der ived  from us ing  t h i s  phenol ic  pane l  system. 
This  r e p o r t  d e t a i l s  t h e  r e s u l t  of a c o n t r a c t u a l  program w i t h  the  Boeing 
Commercial Ai rp lane  Company t o  examine t h e  f i r e  c h a r a c t e r i s t i c s  of sandwich 
panels ,  us ing  labora tory-sca le  test  procedures.  
o b j e c t i v e s  of improving f lammabi l i ty ,  smoke emission,  and t o x i c  gas  emission 
c h a r a c t e r i s t i c s  of sandwich panels  without  s a c r i f i c i n g  manufac tu rab i l i t y  o r  
mechanical o r  a e s t h e t i c  q u a l i t i e s  of t he  pane ls .  

The program had the  mult , iple  

F igure  2 shows a t y p i c a l  conf igu ra t ion  of a sandwich pane l  considered i n  
t h e  Boeing program. 
these  pane ls  are a l s o  shown i n  t h i s  f i g u r e .  
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A f u l l  matrix of t e s t i n g  w a s  acomplished and the  test r e s u l t s  w e r e  com- 
bined mathematical ly  wi th  material and f a b r i c a t i o n  c o s t s  t o  arrive a t  a rela- 
t ive  ranking of t h e  candida te  materials. The mathematical  procedure u t i l i z e d  
a weight d i s t r i b u t i o n  of parameters ( f i g .  7 ) ;  t h i s  ranking method i d e n t i f i e d  
phenol ic  as the  p re fe r r ed  r e s i n  system. 

F igure  8 shows the  c o n t r a s t  between f lame-retardant  epoxy r e s i n  and phe- 
n o l i c  r e s i n  sandwich panels  wi th  respect t o  f lammabi l i ty ,  smoke, and t o x i c  gas  
emission c h a r a c t e r i s t i c s .  
e x h i b i t  over  t h e  b a s e l i n e  epoxy system. 

It  i l l u s t r a t e s  t h e  improvements t h a t  phenol ic  r e s i n s  

F igure  2 i s  a n  example of a sandwich panel  cons t ruc ted  wi th  a phenol ic  
r e s i n .  This  cons t ruc t ion ,  s i m i l a r  t o  t h a t  of a 747 p a r t i t i o n  panel ,  u ses  
Tedlar  (polyvinyl  f l u o r i d e )  as t h e  decora t ive  su r face .  

Phenol ic  r e s i n s  have subsequent ly  been developed f u r t h e r  and w i l l  be  used 
i n  t h e  new genera t ion  commercial a i r c r a f t  ( e .g . ,  757 and 7 6 7 ) .  They w i l l  be 
u t i l i z e d  i n  a sandwich panel  composite conf igu ra t ion ,  bu t  i t  w i l l  be a crushed- 
co re  des ign  concept.  
wich panels  while  a l lowing more i n t r i c a t e  contours  t o  be achieved.  

This  provides  f o r  u s e  of t he  weight advantages of sand- 

Figure 9 shows an  example of a crushed-core sandwich pane l ;  t h e  pane l  
shown i s  similar t o  t h a t  which w i l l  be  u t i l i z e d  on the  757 and 767 a i r c r a f t .  

ADDITIONAL REMARKS ON PANEL SYSTEMS AS CEILINGS 

The r e s u l t s  of t he  pos t c ra sh  f i r e  s imula t ion  wi th  contemporary materials 
i n  t h e  C-133,  which w i l l  be d iscussed  below, focus  a t t e n t i o n  on t h e  r o l e  of 
t he  f lammabil i ty  of c e i l i n g  panels  i n  propagat ing the  f i r e ,  once the  f i r e  is  
s t a r t e d  by burning seats. I n  f i g u r e  2 ,  i t  can be seen t h a t  i n  a d d i t i o n  t o  the  
composite f a c e  s h e e t s ,  contemporary panels  a l s o  comprise a decora t ive  s u r f a c e  
system t h a t  c o n s i s t s  of an  ou te r  l a y e r  of clear polyvinyl  f l u o r i d e ,  PVF, and 
i n t e r l a y e r s  of a d d i t i o n a l  PVF, a c r y l a t e  i nks ,  and adhes ives .  A l l  of t h e s e  
materials are h ighly  flammable. They are p resen t  i n  such s m a l l  amounts i n  
comparison wi th  t h e  composite mat r ix  r e s i n  t h a t  they c o n t r i b u t e  very  l i t t l e  t o  
t h e  t i m e  t o  f lash-over  i n  the  tests a l r eady  descr ibed .  However, as mounted 
h o r i z o n t a l l y  above t h e  seats,  they i g n i t e  and d r i p  as flaming d e b r i s  and pro- 
mote t h e  r ap id  propagat ion of t h e  f i r e  throughout t h e  a i r c r a f t  i n t e r i o r .  Even 
if the  new f i r e - r e s i s t a n t  seat i s  not  i g n i t e d  d i r e c t l y  by t h e  i n t r u s i o n  of t h e  
f u e l  f i r e ,  d i r e c t  con tac t  wi th  t h e  c e i l i n g  s t r u c t u r e  may spread t h e  f i r e  
r ap id ly .  

Durable,  t r anspa ren t  t h i n  f i lms  - easy t o  process  by e x i s t i n g  decora t ing  
methods and wi th  t h e  same e x c e l l e n t  m a i n t a i n a b i l i t y  c h a r a c t e r i s t i c s  as con- 
temporary materials - have been exceedingly d i f f i c u l t  t o  f i n d .  Although 
research  a t  Ames has discovered a l a r g e  number of high-char-yield t r anspa ren t  
f i lms  t h a t  are f i n d i n g  wide a p p l i c a t i o n  i n  a i r c r a f t  windows and m i l i t a r y  
canopies ,  none of them has t h e  combination of p r o p e r t i e s  requi red .  New poly- 
m e r  r e sea rch  a t  Ames has i d e n t i f i e d  s e v e r a l  candida te  polymers gene ra l ly  
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r e l a t e d  t o  p o l y e s t e r s  and polycarbonates  t h a t  may be long-term s o l u t i o n s .  
new high-char-yield polyether-ether-ketone (PEEK) ( r e f .  19) now being developed 
i s  an  outs tanding  candida te  t o  r ep lace  t h e  e x i s t i n g  polyvinyl  f l u o r i d e  f i l m  
component. The PVF f i l m  has  been found t o  g ive  as l i t t l e  as 18% char  y i e l d  
wi th  a l i m i t i n g  oxygen index of 16%, whereas t h e  new polyether-ether-ketone 
g ives  va lues  of 45% f o r  t h e  cha r  y i e l d  and a l i m i t i n g  oxygen index of 37%, 
p r o p e r t i e s  t h a t  are t h e o r e t i c a l l y  ve ry  c l o s e  t o  i d e a l  from a f lammabil i ty  po in t  
of v i e w .  This  new f i lm ,  intended f o r  a t  least c e i l i n g  a p p l i c a t i o n s ,  has  been 
a l s o  found t o  e x h i b i t  e x c e l l e n t  maintenance c h a r a c t e r i s t i c s .  It w i l l  have t o  
be appl ied  wi th  f i r e - r e s i s t a n t  adhesives  and inks .  
discovered which may se rve  t h i s  purpose. New f i r e - r e s i s t a n t  i n k  and adhesive 
systems based on phosphorylated epoxides and tetrabromoepoxy a c r y l a t e s  are 
being developed by Kourt ides ,  Parker  et a l .  ( r e f .  20) t o  m e e t  t h e s e  s p e c i a l  
requirements .  I n  t h e  s h o r t  term, f i r e - r e s i s t a n t  bismaleimide composites,  
decorated wi th  a n  a b l a t i v e  coa t ing  o r  wi th  no decora t ive  system, may be 
requi red  f o r  t h e  h igh ly  f i r e - s e n s i t i v e  c e i l i n g  gases .  

A 

Two new polymers have been 

Summarizing t h e  pane l  research  and technology program developed under t h e  
NASA "FIREMEN" program a t  Ames Research Center ,  w e  have shown t h a t  t h e  theory,  
materials, l abora to ry  tes ts ,  la rge-sca le  tests, and production-ready panels  - 
with  which i t  would be p o s s i b l e  t o  screen ,  s e l e c t ,  and provide advanced panel  
systems - are a v a i l a b l e .  And i t  is known t h a t  t he  advanced panels  have a rea- 
sonable  p r o b a b i l i t y  of enhancing human s u r v i v a b i l i t y  when t h e  i n t e r i o r  system 
of a t r a n s p o r t  a i r c r a f t  i s  subjec ted  t o  a s u b s t a n t i a l  f i r e  source ,  whatever i ts  
o r i g i n .  What remains t o  be done t o  e s t a b l i s h  t h e  f i r ewor th iness  of these  
advanced panels  is t o  eva lua te  them i n  a l l  f u l l - s c a l e  tes ts  of a cabin i n t e r i o r  
system i n  t h e  FAA C-133 s imula tor ,  us ing  the  impact of a real f i r e  threat drawn 
from l i k e l y  scena r ios .  On t h e  b a s i s  of h e a t ,  smoke, and tox ic  gas  evolved, 
inc luding  the  t i m e  t o  f u l l  f i r e  involvement, i t  i s  a n t i c i p a t e d  t h a t  t h e  
inc rease  i n  a l lowable  eg res s  t i m e  w i l l  be determined. 

POSTCRASH FIRE SIMULATIONS I N  THE C-133 

Although planned f o r  ( r e f .  211, t h e r e  are no s a t i s f a c t o r y  models f o r  t he  
pos tc rash  f i r e .  H i l l  and Sarkos ( r e f .  22) have designed an  empir ica l  test t h a t  
i s  based on t h r e e  l e v e l s  of s e v e r i t y  wi th  r e s p e c t  t o  f i r e  pene t r a t ion  and ign i -  
t i o n  of t h e  i n t e r i o r  systems. Thei r  purpose i s  t o  answer the  ques t ion :  
t h e  s e v e r i t y  of t h e  e x t e r n a l  f u e l  f i r e  s o  dominate t h e  a v a i l a b l e  eg res s  t i m e  
t h a t  t h e  inhe ren t  f lammabil i ty  of contemporary systems c o n t r i b u t e s  l i t t l e  o r  
nothing t o  t h e  a v a i l a b l e  eg res s  t i m e ? "  S t a t ed  otherwise: What i s  t h e  cos t -  
b e n e f i t  i n  modifying the  f u e l  system ve r sus  modifying t h e  i n t e r i o r  a i rcraf t  
system? It i s  c e r t a i n l y  n o t  p o s s i b l e  t o  make t h i s  trade-off a t  t h i s  t i m e .  
However, t h e  C-133 tes t  method provides  a means of uncoupling t h e  s u r v i v a b i l i t y  
e f f e c t s  of s p i l l e d  i g n i t e d  f u e l  from those of t h e  i n t e r i o r  materials system. 

"Does 

This  f u l l - s c a l e  mock-up, as descr ibed  by H i l l  and Sarkos ( r e f .  22) ,  i s  
shown i n  f i g u r e  10. It comprises a c a r e f u l l y  s imulated and instrumented C-133 
fuse l age  t o  permit t h e  eva lua t ion  of t h e  e x t e r n a l  pool  f i r e  a t  t h r e e  d i f f e r e n t  
l e v e l s  of f i r e  i n t e n s i t y  w i t h i n  t h e  fuse lage .  A f i r e  r ep resen t ing  an  i n f i n i t e  
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f i r e  course  is c rea t ed  by a 1.2- by 1 .2 -m (4- by 4-f t )  f u e l  pan placed i n  f r o n t  
of t h e  open forward door.  This  opening may s imula t e  some average damage t o  t h e  
a i r c r a f t  fu se l age  during a crash-survivable  f i r e  wi th  an open door and permi ts  
rad ia t ion-only  pene t r a t ion  of t h e  fuse l age  under a zero-wind condi t ion .  
t r a n s f e r  of hea t  and mass from the  f u e l  f i r e  i s  s a i d  t o  be rate-determined by 
the  d i r e c t i o n  and v e l o c i t y  of t h e  wind a t  t h e  door.  

The 

Only t h e  zero-wind cond i t ion  ( t h e  mi ldes t  condi t ion)  w i l l  be referenced i n  
t h i s  paper .  
doorway i s  found t o  decay t o  about 0.5 W/cm2 a t  t h e  a i r c r a f t  c e n t e r l i n e .  
eva lua t ion  of t he  i n t e r i o r  environment i n  the  absence of i n t e r i o r  a i r c r a f t  sys- 
t e m s  suggest  t h a t  between 5 and 10 min are a v a i l a b l e  f o r  t h e  passengers  t o  
escape from the  unfurbished a i r c r a f t .  However, when a s imula t ion  w a s  conducted 
wi th  16 seats i n  t y p i c a l  rows w i t h  panel ing and mock-up thermoplas t ic  occupying 
about 10% of t h e  a i r c r a f t ,  i t  w a s  found t h a t  t h e  f i r e  t h a t  ensued might reduce 
t h e  e g r e s s  t i m e  t o  less than  2 min. 

An eva lua t ion  of t h i s  cond i t ion ,  namely about 14 W/cm2 a t  t h e  
The 

One may draw two conclusions from the  above: (1) t h a t  as f a r  as t h e  qual- 
i f y i n g  materials f o r  t h e  e f f e c t  of p o s t f i r e  environment t h e  bunsen burner  flam- 
mab i l i t y  test does n o t  r ep resen t  t h e  above; and (2) a t  l eas t  under t h e s e  condi- 
t i o n s ,  t h e  f i r e  involvement c h a r a c t e r i s t i c s  of t he  i n t e r i o r  materials p l ay  a 
l a r g e  r o l e  i n  determining the  human s u r v i v a b i l i t y  a t  least i n  t h i s  s cena r io .  

PROPAGATION OF THE FIRE CHAIN I N  THE C-133 POSTCRASH FIRE SIMULATION 

A t e n t a t i v e  mechanism f o r  t he  propagat ion of t h e  f i r e  chain due t o  t h e  
impact of t he  e x t e r n a l  f u e l  f i r e  has been made by Eklund ( r e f .  23) .  It has  
been suggested t h a t  t h e  wool-and-nylon-covered polyurethane cushions n e a r e s t  
t he  door are i g n i t e d  by a r a d i a n t  h e a t  pu l se  wi th  a r a d i a t i v e  inpu t  g r e a t e r  
than 8 W/cm2, even i n  t h e  absence of f r e e  flame. This  th reshold  has  been v e r i -  
f i e d  by H a r t z e l l  ( r e f .  24) i n  s e p a r a t e  r a d i a n t  pane l  tests.  Once i g n i t e d ,  t he  
f i r e  from the  seat reaches t h e  c e i l i n g  panels ;  qu ick ly  t h e r e a f t e r  t h e  so-cal led 

l aye r ,  i g n i t e s  t h e  remaining seats and a complete f i r e  involvement ensues.  
Based on t h i s  s cena r io  s i g n i f i c a n t  a t t e n t i o n  has  been given t o  a short- term f i x  
by applying a f i re -b locking  l a y e r  t o  t h e  outboard seats. It i s  be l ieved  t h a t  
t h e  u s e  of a h igh ly  e f f i c i en t :  e las tomer ic  a b l a t i v e  material ,  used f o r  thermal 
p ro tec t ion  f o r  t h e  extremely flammable ure thane  cushioning,  may be s u f f i c i e n t .  

two zone e f f e c t , "  t h a t  i s ,  downward r a d i a t i o n  of t he  h e a t  from t h e  ho t  gas  I 1  

SEAT DESIGN AND DEVELOPMENT BASED ON COMPONENT RESPONSE TO THE 
POSTCRASH FIRE 

It is  clear from t h e  foregoing 6-133 t e s t  r e s u l t s  w i th  contemporary m a t e -  
r i a l s  i n  a zero-wind pos tc rash  f i r e  s imula t ion  t h a t  i g n i t i o n  and burning of 
t he  outboard seats seems t o  be t h e  p r i n c i p a l  f i r e  source  i n s i d e  t h e  cabin .  It 
has been shown by Br icker  and Duskin ( r e f .  25) t h a t  t he  extremely r ap id  burning 
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of a i r c r a f t  seats is due t o  the  polyurethane cushions of t he  seats. L i t t l e  
b e n e f i t  can be obtained by making t h e  polyurethane f i r e  r e t a r d a n t .  
polyurethane e las t ic  foam must be  replaced wi th  a completely f i r e - r e s i s t a n t  
cushioning foam o r  the  polyurethane must be p ro tec t ed  by a compatible f i r e -  
blocking a b l a t i v e  material. Both of t hese  approaches are being inves t iga t ed  i n  
e f f o r t s  t o  f i n d  ways of breaking the  f i r e  cha in  and r e s t r i c t i n g  t h e  spread of 
the  f i r e  throughout t he  i n t e r i o r  of t he  cabin.  

E i t h e r  t h e  

The a b l a t i v e  e f f i c i e n c y  of foamed polychloroprene (neoprene) as a f i r e -  
blocking l a y e r  t o  p r o t e c t  m i l i t a r y  a i r c r a f t  f u e l  tanks  a g a i n s t  e x t e r n a l  pool 
f i r e s  w a s  f i r s t  demonstrated by Pope e t  a l .  i n  1968 ( r e f .  26). Foamed neoprene 
i s  c u r r e n t l y  t h e  a b l a t i v e  material of choice,  s p e c l f i c a l l y  low-smoke L-203 
neoprene, because of i t s  high cha r r ing  a b l a t i o n  e f f i c i e n c y ,  moderate c o s t ,  and 
a v a i l a b i l i t y .  
much less than 46 kg/m3 (6  l b / f t 3 )  as compared wi th  s tandard  polyurethane a t  
24 kg/m3 (1.5 l b / f t 3 > .  It  has been est imated t h a t  replacement of a l l  t h e  
cabin  seat polyurethane seat cushioning with neoprene foam would impose a 
weight pena l ty  of about 907 kg (2000 l b )  f o r  a wide-body j e t  a i r c r a f t .  Hence, 
the  use  of t he  foamed neoprene as a f i r e  l a y e r  between the  f a b r i c  and polyure- 
thane foam may be t h e  only way i n  t h e  s h o r t  t e n  t o  c o n t r o l  f i r e  propagat ion 
through t h e  a i r c r a f t  i n t e r i o r  of contemporary des ign .  

Neoprene cushioning cannot be  f a b r i c a t e d  a t  u s e f u l  d e n s i t i e s  

It has  been es t imated  from recen t  pre l iminary  tests t h a t  op t imiza t ion  wi th  
regard t o  blocking-layer  t h i ckness  and p o s i t i o n  of t h e  heat-blocked seats i n  
the  a i r c r a f t  could r e s u l t  i n  a weight pena l ty  f o r  the  wide-body t r a n s p o r t  of 
between 68 and 136 kg (150-300 l b ) .  When a neoprene foam i s  used as a f i r e -  
blocking i n t e r l a y e r  i n  a th ickness  of 1 .3  c m  (0.5 i n . )  between t h e  seat cover- 
i n g  and t h e  polyurethane foam, i t  has  been found t h a t  t h i s  conf igu ra t ion  
r e s u l t s  i n  no f i r e  propagat ion a t  a 2 W/cm2 r a d i a n t  h e a t  source wi th  a f ree-  
f lame-igni t ion source  about as w e l l  as an a l l  neoprene seat. 
few i f  any of t he  i r r i t a t i n g  gases  normally expected from the  p y r o l y s i s  of 
chloroprene (e .g . ,  hydrogen ch lo r ide )  have been observed i n  cabin  f i r e  simu- 
l a t o r  tests. It has  a l s o  been observed t h a t  t h e  neoprene f i re -b locking  l a y e r  
covering t h e  polyurethane and covered with wool-nylon f a b r i c  seems t o  s u r p r e s s  
t h e  flame spread ac ross  t h e  f a b r i c .  It may be  conjectured t h a t  t he  low-smoke 
neoprene no t  only p r o t e c t s  t h e  underlying cushioning foam bu t  a l s o ,  through 
char-swel l ing and hydrogen c h l o r i d e  evolu t ion ,  i n h i b i t s  f lame spread of t h e  
f a b r i c  covering. These f i re -suppress ion  mechanisms observed i n  the  c a b i n - f i r e  
s imula tor  may be of cons iderable  importance i n  prevent ing f i r e  propagat ion i n t o  
t h e  a i r c r a f t  i n t e r i o r  c e i l i n g ,  as w a s  observed i n  the  C - 1 3 3  base l ine  test. 

Surp r i s ing ly ,  

A ske tch  of an advanced seat concept i s  shown i n  f i g u r e  11. This  seat h a s  
been designed wi th  the  b e s t  material opt ions  a v a i l a b l e ,  both wi th  r e s p e c t  t o  
f u n c t i o n a l i t y  and t o  f i r e  r e s i s t a n c e ;  i t  has  been descr ibed  by Fewell e t  a l .  
( r e f .  27).  I t  t akes  advantage of an imide foam wi th  a somewhat lower d e n s i t y  
than s tandard polyurethane b u t  wi th  a much reduced f lammabil i ty .  S ince  t h i s  
low d e n s i t y  polyimide foam may s t i l l  r e q u i r e  some f i re -b locking  p r o t e c t i o n ,  a 
neoprene foam f i re -b locking  l a y e r  has  a l s o  been included.  
r a t h e r  than wool-nylon i s  used i n  t h i s  advanced seat t o  f u r t h e r  reduce the  
flame spread from e x t e r n a l  i g n i t i o n  sources .  

A wool-kennel blend 
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A three-sea t  a r r a y  of t h i s  advanced seat is  shown i n  f i g u r e  1 2 .  It is  
planned t o  eva lua te  seats of t h i s  kind a t  h igher  hea t ing  rates than  3 W/cm2 
i n  t h e  Douglas A i r c r a f t  cab in - f i r e  s imula tor  as a back-up f o r  t h e  f i r e -  
blocking neoprene-polyurethane system, e s p e c i a l l y  f o r  t he  case of outboard 
seats. 

It may be concluded t h a t  t h e  most c o s t - e f f e c t i v e  opt ion  a v a i l a b l e  i n  t h e  
s h o r t  t e r m  t o  break the  f i r e  cha in  generated by t h e  e x t e r n a l  pos tc rash  f i r e  
as it a t tempts  t o  p e n e t r a t e  t h e  i n t e r i o r  system through a damaged fuse l age  o r  
open door may be t h e  use  of a neoprene f i re -b locking  l a y e r  i n  Contemporary 
seats. Neoprene foams i n  t h e  form of vonar and low-smoke L-200 are commer- 
c i a l l y  a v a i l a b l e  and only somewhat more expensive than  c u r r e n t l y  used poly- 
ure thane  cushioning. 
us ing  t h e  neoprene l a y e r  can be minimized by des igning  the  th ickness  t o  
accomodate the  f i r e  sources  encountered i n  a su rv ivab le  pos tc rash  f i r e .  
c i a l  material op t ions  are a v a i l a b l e  us ing  the  neoprene f i re -b locking  l a y e r  
wi th  no s i g n i f i c a n t  weight pena l ty .  
r ia ls  a b l a t i o n  code, CMA, i s  a v a i l a b l e  ( r e f .  28) and is being modified t o  
opt imize these  systems. The r a d i a n t  pane l  f a c i l i t i e s  a v a i l a b l e  i n  t h e  
Douglas A i r c r a f t  cab in - f i r e  s imula tor  and t h e  Ames pos tc rash  f i re  s imula tor  
can be used t o  eva lua te  t h i s  op t imiza t ion  technique. 

It  i s  be l ieved  t h a t  t he  weight pena l ty  incur red  by 

Spe- 

Applicat ion of t he  NASA cha r r ing  m a t e -  

WINDOW SYSTEMS FOR POSTCRASH FIRF, PROTECTION 

It has been repor ted  by SAFER ( r e f .  1) t h a t  t h e  contemporary panels  of a 
wide-body t r a n s p o r t  a i r c r a f t  provide s u f f i c i e n t  p r o t e c t i o n  t o  prevent  f i r e  
pene t r a t ion  of t h e  fuse l age  when exposed t o  an  e x t e r n a l  f u e l  f i r e  of very  
s h o r t  du ra t ion .  However, t h e  p re sen t  a c r y l a t e  window systems sh r ink ,  as 
should be expected, and drop o u t ,  a l lowing d i r e c t  f i r e  pene t r a t ion  long 
before  the  f a i l u r e  of t h e  a i r f r ame  s t r u c t u r e .  Ear l ier ,  Br icker  and Duskin 
( r e f .  25) demonstrated t h a t  contemporary polymethyl methacry la te  windows w e r e  
burned through i n  50 t o  60 sec  under t h e  hea t  f l u x  t y p i c a l l y  encountered i n  
a pos t c ra sh  f i r e .  

Parker  et a l .  ( r e f .  29) have developed phys ica l ly  equiva len t  windows, 
composed of a high-char-yield epoxy trimethoxyboroxine t r anspa ren t  polymer 
system, t h a t  resist burn-through f o r  up t o  10 min. Eklund e t  a l .  ( r e f .  30) 
confirmed t h a t  s ta te -of - the-ar t  windows do indeed s h r i n k  and f a l l  ou t  i n  less 
than 1 min, whereas t h e  high-yield windows do no t  f a l l  ou t  b u t  su rv ive  f o r  a t  
least 6 min. 

A genera l ized  p l o t  of window performance is  shown i n  f i g u r e  13. Here 
the  back-side temperature  change wi th  time i s  p l o t t e d  f o r  contemporary win- 
dows, which burn through (as  shown) i n  1.5-2 min. It can be  seen  t h a t  t h e  
advanced materials provide cont inuing p ro tec t ion  a t  t i m e s  g r e a t e r  than 8 min. 
I n  comparing t h e  s lopes  of t h e  temperature-time p l o t s  t h e  s u p e r i o r  a b l a t i o n  
e f f i c i e n c y  of the  new high-char-forming windows i s  apparent .  I n  order  t o  
apply t h i s  f i r e  r e s i s t a n t  t r anspa ren t  window t o  maximize the  window systems 
f u n c t i o n a l i t y ,  t h a t  is ,  s c r a t c h ,  u l t r a v i o l e t  r e s i s t a n c e ,  e tc . ,  and provide a 
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f i rewor thy  window system des ign ,  i t  has been necessary  t o  apply the  new window 
material  as i n t e r l a y e r  w i th  f i r e  hardened edge attachment as shown i n  f i g u r e  14. 
This  type  of assembly has  been developed i n t o  f u l l - s c a l e  canopies  f o r  m i l i t a r y  
a i r c r a f t  . 

Various opt ions  have been examined t o  apply t h i s  f i r e - r e s i s t a n t  t ranspar -  
e n t  material t o  a convent ional  window system ( f i g .  15).  It i s  now be l ieved  
t h a t  t he  most e f f e c t i v e  and p r a c t i c a l  way t o  use  t h e  epoxy window as a f i r e  
b a r r i e r  i s  as t h e  secondary f a i l - s a f e  inne r  window shown i n  f i g u r e  16. 
course,  s imi l a r  f i r e - r e s i s t a n t  edge-attachment methods as shown f o r  t h e  m i l i -  
t a r y  canopy w i l l  have t o  be appl ied  t o  opt imize t h e  f i r e  performance of t hese  
new candida te  windows. 

Of 

DATA BASE LIBRARY FOR AIRCRAFT INTERIOR MATERIALS 

The purpose of t h e  s tudy i s  t o  provide NASA and the  FAA wi th  several 
design op t ions  f o r  a l i b r a r y  of d a t a  f o r  materials t h a t  are c u r r e n t l y  o r  can 
p o t e n t i a l l y  be used i n  a i r c r a f t  i n t e r i o r s .  

It w a s  recognized t h a t  f o r  many years  t h e  a i r c r a f t  community has  been 
s tudying the  c o n t r i b u t i o n  of materials used i n  a i r c r a f t  i n t e r i o r s  t o  a i r c r a f t  
f i r e  s a f e t y .  Although t h e  f i r e  s a f e t y  record i n  commercial a i r c r a f t  has  been 
cont inuously improved t h e r e  i s  an  ongoing at tempt  t o  a l l e v i a t e  t h e  t h r e a t  of 
severe  a i r c r a f t  cabin f i r e s  w i th  s ta te -of - the-ar t  technology and new material  
developments. It i s  t h e  r e s p o n s i b i l i t y  of government o rgan iza t ions  such as t h e  
FAA t o  r e g u l a t e  t h e  in t roduc t ion  cf new materials t o  a i r c r a f t  i n t e r i o r  use  
based on t h e  material 's  con t r ibu t ion  t o  t h e  f i r e  hazard.  I n  order  t o  e f fec-  
t i v e l y  r e g u l a t e  t h e  use  of new m a t e r i a l s ,  t hese  o rgan iza t ions  must recognize 
and eva lua te  t h e  p o t e n t i a l  b e n e f i t  and a s soc ia t ed  c o s t s  of u t i l i z i n g  them i n  
the  cab in  i n t e r i o r .  However, d a t a  on the  material 's f i r e  performance, c o s t ,  
p rocess ing ,  and maintenance, which must be u t i l i z e d  i n  t h i s  eva lua t ion ,  are no t  
a v a i l a b l e  i n  a c e n t r a l i z e d  r epos i to ry .  

The SAFER Committee recognized the  need t o  select  materials f o r  a i rcraf t  
a p p l i c a t i o n s  t h a t  would provide t h e  h ighes t  performance i n  a f i r e  s cena r io  
while  s t i l l  meeting des ign  and c o s t  c r i t e r i a .  The Committee a l s o  recognized 
t h e  l a c k  of agreed-upon s tandard tes ts  and f i r e  t h r e a t  s c e n a r i o s ,  t h e  propr i -  
e t a r y  n a t u r e  of i ndus t ry  materials d a t a ,  t h e  cont inuing  development of hundreds 
of new materials pe r  yea r ,  and t h e  l a c k  of a la rge-sca le ,  computer-based 
"c l ea r ing  house" o r  d a t a  base f o r  t hese  materials and t h e i r  p r o p e r t i e s .  

Data about a i r c r a f t  materials are generated by many members of t h e  m a t e -  
r ia ls  and a i r c r a f t  community, inc luding  material s u p p l i e r s ,  a i r c r a f t  manufac- 
t u r e r s ,  and government o rgan iza t ions  involved i n  R&D, t e s t i n g ,  and t h e  develop- 
ment of s tandards .  While some of t h e  d a t a  are publ ished and t h e r e f o r e  
d i s t r i b u t e d  t o  o t h e r  i n t e r e s t e d  groups,  much of i t  i s  a v a i l a b l e  only t o  the  
group genera t ing  t h e  da t a .  To decrease the  redundancy i n  t e s t i n g  and t o  d i s -  
t r i b u t e  t h e  information requi red  f o r  material eva lua t ion ,  t h e  SAFER Committee 
agreed t h a t  a c e n t r a l i z e d  r e p o s i t o r y  f o r  t h e s e  d a t a  should be e s t ab l i shed  by 
t h e  FAA. 
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I n  a d d i t i o n ,  t h e r e  are c o n f l i c t i n g  viewpoints as t o  which t e s t i n g  methods 
It i s  recognized t h a t  a should be used i n  materials eva lua t ion  and s e l e c t i o n .  

c e n t r a l i z e d  d a t a  r e p o s i t o r y  would provide an improved a b i l i t y  t o  compare test  
r e s u l t s  from d i f f e r e n t  test methods and t h e r e f o r e  f a c i l i t a t e  d e c i s i o n s  about  
the  most d e s i r a b l e  t e s t i n g  methods. 

The s tudy i s  organized i n t o  t h r e e  major t a s k s  aimed a t  gene ra t ing  several 
design op t ions  f o r  t h e  d a t a  base.  
d a t a  con ten t s ,  d a t a  s u p p l i e r s ,  requi red  admin i s t r a t ive  suppor t ,  app l i cab le  com- 
pu te r  sof tware  and hardware, and va r ious  p lans  f o r  u s e r  a c c e s s i b i l i t y .  

The des ign  op t ions  w i l l  be def ined  by t h e  

The f i r s t  t a s k  i s  t o  survey p o t e n t i a l  u s e r s  of t he  d a t a  base and s u p p l i e r s  
of d a t a ,  wi th  emphasis on c h a r a c t e r i z a t i o n  of t h e  d a t a  t h a t  i s  both d e s i r e d  and 
ava i l ab le .  The k inds  of d a t a  p o t e n t i a l l y  t o  be contained wi th  the  d a t a  l i b r a r y  
inc lude  : 

1. Material d e s c r i p t i o n s  
2. F i r e  performance p r o p e r t i e s  
3 .  Phys ica l  p r o p e r t i e s  
4 .  Mechanical p r o p e r t i e s  
5. Processing and maintenance c h a r a c t e r i s t i c s  
6. Cost information 

The second t a s k  involves  fou r  subtasks  aimed a t  e s t ima t ing  the  requi re -  
ments, i n  terms of manpower and c o s t ,  f o r  conf igur ing  a d a t a  base  t o  respond t o  
the  needs of t he  p o t e n t i a l  u s e r  community. Included i n  t a s k  2 i s  a survey of 
app l i cab le  commercial sof tware  and hardware t o  select  those systems which may 
be appropr i a t e  t o  t h e  va r ious  opt ions .  This  t a s k  r e s u l t s  i n  a recommendation 
t o  NASA and the  FAA of the  most e f f e c t i v e  and e f f i c i e n t  l i b r a r y  
conf igu ra t ion ( s )  . 

Task 3 reviews t h e  a n t i c i p a t e d  a p p l i c a t i o n s  of t he  materials d a t a  l i b r a r y  
and w i l l  be  performed i n  conjunct ion wi th  the f i r s t  two t a s k s .  Figure 16 shows 
a n  o u t l i n e  of t h e  t h r e e  major t a sks  and t h e i r  subtasks .  

The s tudy  has  proceeded on schedule  dur ing  t h e  f i r s t  3 months. ECON has  
ind ica ted  t h a t  i n i t i a l  design-option d e s c r i p t i o n s  and c o s t  estimates w i l l  be 
completed by e a r l y  November. 
of the  surveys of p o t e n t i a l  data-bank u s e r s  and d a t a  s u p p l i e r s  and the  screen- 
ing  of commercially a v a i l a b l e  computer hardware and sof tware  t h a t  are now i n  
progress .  A t  such t i m e  t h e s e  i n i t i a l  op t ions  w i l l  be presented t o  Ames 
Research Center and t o  the  FAA T e s t  Center f o r  pre l iminary  review and 
d iscuss ion .  

These des ign  op t ions  w i l l  i nco rpora t e  t h e  r e s u l t s  

CONCLUDING REMARKS 

It has  been shown i n  t h i s  paper t h a t  t h e r e  e x i s t s  a s u b s t a n t i a l  technology 
base f o r  t h e  s e l e c t i o n ,  eva lua t ion ,  and a p p l i c a t i o n  of f i r e - r e s i s t a n t  subsystem 
components t h a t  can reasonably be expected t o  improve human s u r v i v a b i l i t y  i n  
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a i r c r a f t  f i r e s  involving a i r c r a f t  i n t e r i o r s .  This  technology can, i n  t h e  s h o r t  
t e r m ,  e f f e c t  improvements i n  a i r c r a f t  f i r e  s a f e t y  as w e l l  as provide a sound 
b a s i s  f o r  f u r t h e r  long-term improvements i n  new a i r c r a f t .  
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Figure  1.-  S u r v i v a b i l i t y  c r i te r ia  for a i r c r a f t  f i r e s  
(270 passenger a i r c r a f t ) .  (Note: 1 l b  = 0.454 kg 
and 1 g a l  = 0.378 l i t e r s . )  
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Figure  2.- Sandwich pane l  conf igu ra t ion .  
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Figure 3.- Thermal efficiency of panels. 

Figure 4.- Laboratory setup in cabin fire simulator. 
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Figure  5.- Flashover test f a c i l i t y .  

F igu re  6.- Center p o i n t  c e i l i n g  temperature  as 
func t ion  of t i m e  for T r a n s i t e ,  s ta te-of- the-  
a r t  epoxy, and advanced r e s i n s .  
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* LABORATORY TESTS-WEIGHT DISTRIBUTION 

0 FLAMMABILITY--10% 
0 SMOKE EMISSION-20% 

TOXIC GAS EMISSION-10% 
HEAT RELEASE-20% 
HEAT RELEASE RATE-20% 

0 THERMAL CONDUCTIVITY-4% 
0 MECHANICAL STRENGTH-6% 
0 DENSITY-10% 

* MATERIAL AND FABRICATION 
0 15% 
0 LABORATORY TESTS-85% 

Figure 7.- Ranking procedure. 

BASELINE DEVELOPED 
EPOXY PHENOLIC 

0 PROPENSITY TO BURN (LOI) 
0 FACESHEET 
0 BONDPLY 

29.0 loo+ 
27.7 53.5 

0 SMOKE EMISSION (Ds @ 4 min) NBS 
0 2.5 W/cm2 62.8 2.5 
0 5.0 W/cm2 96.5 8.4 

0 HEAT RELEASE (J/cm2) OSU 
0 2.5 W/cm2 
0 5.0 W/cm2 

177.2 126.0 
512.4 96.3 

0 CHAR YIELD, 800°C, N2, % 38.0 61 .O 

Figure 8.- Flammability and smoke. 
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- 181 fiberglasslphenolic ' 120 f ibe~glass/Ph~nol lC 
Nomex honeycomb (crushed) 

fi ~ r g l a s s / p h ~ ~ o l i c  
Figure  9.- Crushed-core sandwich panel .  

F igure  10.- 6-133 wide body cab in  f i r e  tes t  article. 
( N o t e :  1 f t  = 0.3048 m.) 
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*CONSTRUCTED FROM MOST ADVANCED 
FIRE-RESISTANT MATERIALS AVAILABLE 

*APPROXIMATELY 0.5 kg HEAVIER THAN 
CONVENTIONAL URETHANE CUSHION 
DESIGNS 

LS 200 NEOPRENE FOAM 
CUSHION 0.625 cm 
LAYER (FORWARD SIDE) 

POLYIMIDE FOAM CUSHION 

NOMEX Ill CUSHION 
REINFORCEMENT (ALL SIDES) 

KERMELIWOOL BLEND 
UPHOLSTERY 

LS 200 NEOPRENE FOAM 
CUSHION 1.27 cm LAYER 
(FORWARD AND TOP SIDES) 

\ 

Figure 1 1  .- NASA fire-resistant passenger seat 
cushion construction. 

Figure 12.- Three-seat array of advanced seats. 
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Figure 13.- General data plot of Ames Research Center's 
T-3 f i r e  tes t  results. 

RTV-630 ADHESIVE 

I / : ; :  1 1  I 'FIBERGLASS- 
F4X-28 REINFORCED 

INTERLAYER EDGEBAND 

POLYCA~BONATE I 'PHENOLIC BEARING 
STRUCTURAL PLY STRIP 

DETAILS OF EDGE ATTACHMENT DESIGN 

7 h @  
1.78 cm 

(NOMINAL) 
I 

@ 2.03 em OUTER PLY OF ACRYLIC 

@ 0.813 cm EX-112 PLY DIRECTLY BONDED TO THE ACRYLIC 

@ 0.127 om OF SILICONE INTERLAYER 

@ 0.635 cm POLYCARBONATE STRUCTURAL PLY 

Figure 14. -  Fire-resistant transparent composite. 
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Figure 15.- Air transport passenger window. 
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Figure 16.- Overview of study tasks. 

479 



Page intentionally left blank 



COMBUSTION TOXICOLOGY OF EPOXY/CARBON FIBER COMPOSITES 

D. E. Cag l ios t ro  

Ames Research Center 

INTRODUCTION 

The Chemical Research P r o j e c t s  O f f i c e  has  a cont inuing  e f f o r t  i n  
researching  and developing materials f o r  aerospace a p p l i c a t i o n s .  
t hese  materials are polymeric systems f o r  h igh  temperature  and/or  long-term 
use .  An outgrowth of t h i s  e f f o r t  has  been the  development of polymers wi th  
improved f i r e  s a f e t y .  I n  t h e  recent s tudy of r i s k s  (o r  nonr i sks)  us ing  
epoxyjcarbon f i b e r s  i n  commercial t r a n s p o r t  ope ra t ions ,  f i r e  e f f e c t s  on t h e  
release of f i b e r s  w a s  impor tan t ;  t h e r e f o r e ,  the f i r e  e f f e c t s  on the epoxy com- 
p o s i t e  were s tud ied .  Experimental  programs w e r e  e s t a b l i s h e d  i n  t h e  Navy 
because some advanced a i r c r a f t  con ta in  epoxy composites.  
i n t e r e s t e d  i n  developing a s a f e t y  p r o t o c o l ,  e s p e c i a l l y  w i t h  regard  t o  exposure 
of expe r imen ta l i s t s  and s h i p ' s  crew t o  the p y r o l y s i s  products  of t h e  epoxy 
composite. These r e s u l t s  could a l s o  he lp  e s t a b l i s h  a d a t a  base f o r  subsequent 
i n d u s t r i a l  o r  m i l i t a r y  f i r e s .  

Many of 

The Navy w a s  a l s o  

EXPERIMENTAL SYSTEM 

I n  our  l a b o r a t o r y  a combustion toxicology test i s  being developed t o  
sc reen  new materials. This  system i s  c a l l e d  t h e  r a d i a n t  pane l  t es t  f a c i l i t y .  
Presented h e r e  are a d e s c r i p t i o n  of t h e  f a c i l i t y  and some pre l iminary  r e s u l t s  
from tes ts  on a Navy 3501-6AS composite,  a t y p i c a l  composite f o r  f i g h t e r  
a i r c r a f t  . 

The test f a c i l i t y  w a s  designed 

1. 

2. 

3. 

F igu re  1 shows an o v e r a l l  view of the test  system. 

To expose a material t o  a s imulated f i r e  condi t ion .  

To determine t h e  p y r o l y s i s  products  generated.  

To s tudy  the e f f e c t s  of t h e  p y r o l y s i s  p roduc t s  on test  animals.  

A t  t h e  top  of t h e  
chamber i s  t h e  sample exposure area; a t  the bottom are t h e  atmospheric and 
animal t e s t  areas. 
v e r t i c a l  conf igu ra t ion  from a load  c e l l ,  t h e  sample can be exposed t o  a r ad i -  
a n t  f l u x  and/or  a s m a l l  JP-5 pool  f i r e  o r  small hydrogen i g n i t i o n  flame. The 
r a d i a n t  source  i s  a n  e l e c t r i c a l l y  powered pane l  which can provide  up t o  

F igure  2 shows the sample exposure area. Suspended i n  a 
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5 W/cm2 f l u x  a t  t h e  sample su r face .  
ing  JP-5 i n  a s m a l l  pan beneath the  sample. Ven t i l a t ion  of t h e  chamber can be 
va r i ed .  

The JP-5 pool  f i r e  i s  achieved by burn- 

I n  t h e  atmospheric a n a l y s i s  area, t h e r e  are 3 kinds of atmospheric 
probes,  shown i n  f i g u r e  3 .  A hypodermic sy r inge  w a s  used t o  o b t a i n  samples 
of v o l a t i l e  components such as  CO,  0 2 ,  and C 0 2 .  These w e r e  analyzed by 
chromatography and i n f r a r e d .  
I n  some cases a e r o s o l  samples w e r e  a l s o  obtained from sc rap ings  of d e p o s i t s  
on t h e  chamber w a l l s .  
spectrometry.  Where poss ib l e ,  photomicrographs of t he  a e r o s o l s  were a l s o  
taken t o  examine s i z e .  A scrubber  w a s  used t o  absorb a c i d i c  o r  b a s i c  gases ,  
such as HCN, H2S, and NH3. Scrubbing s o l u t i o n s  w e r e  analyzed us ing  s p e c i f i c  
i on  e l ec t rodes .  

Aerosol samples w e r e  t rapped on a I Ern f i l t e r .  

Samples w e r e  analyzed us ing  chromatography and m a s s  

Two types  of test animals w e r e  s tud ied ,  rats and m i c e .  R a t s  were 
r e s t r a i n e d  s o  they only inhaled t h e  atmospheres. Their  r e s p i r a t o r y  and 
c a r d i a c  responses  w e r e  recorded dur ing  exposure. 
f i g u r e  4 .  Blood enzymes i n  the  rats w e r e  a l s o  analyzed. The concent ra t ion  
of t hese  w a s  i n d i c a t i v e  of t i s s u e  n e c r o s i s  i n  the  lungs and t h e  n e u r a l ,  
ca rd iovascu la r ,  l i v e r ,  and kidney systems. The rats w e r e  a l s o  autopsied a 
few days a f t e r  exposure. 

The r a t  module i s  shown i n  

Mice i n  t h e  tests w e r e  condi t ioned t o  jump on a po le  t o  avoid an  e lectr ic  
shock i n  a g r id  on the  cage f l o o r .  The test  module i s  shown i n  f i g u r e  5.  The 
m i c e  l earned  t o  jump given a l i g h t  o r  sound s i g n a l  warning t h a t  t he  g r i d  w a s  
t o  be e l e c t r i f i e d .  Delays i n  r e a c t i o n  t i m e  due t o  exposure are a measure of 
the  animals '  a b i l i t y  t o  escape. The t i m e  de l ay  given t h e  l i g h t  o r  sound i s  a 
measure of t he  loss of avoidance response;  t h e  de lay  given the  shock i s  a 
measure of t h e  l o s s  of escape response.  This  t e s t  i s  a modi f ica t ion  of one 
developed a t  t h e  Stanford Research I n s t i t u t e .  

I n  a l l  tests both types  of animals were observed f o r  o v e r t  symptoms dur- 
ing  exposure. I n  some cases tests f o r  mutagenici ty  w e r e  a l s o  run. 

I n  t h e  o r i g i n a l  pane l  chamber des ign ,  t h e  r a t i o  of t h e  sample weight t o  
chamber volume w a s  sca led  similar t o  t h e  r a t i o  of pane l  weight t o  passenger 
cabin  volume i n  a wide-bodied j e t .  A t  t h e  beginning of t he  Navy tests, t h i s  
r a t i o  w a s  no t  a v a i l a b l e  f o r  m i l i t a r y  a p p l i c a t i o n s ,  so t h e  wide-bodied j e t  
weight-to-volume r a t i o  w a s  used. Future  tests w i l l  inc lude  a lower r a t i o  
i n d i c a t i v e  of composite usage on advanced a i r c r a f t  i n  a i rcraf t  carrier hangar 
decks.  I n  one of t he  p re sen t  tests, the  smallest sample, t h i s  r a t i o  a l s o  
w a s  similar t o  t h a t  proposed f o r  a f u e l  sav ing  a p p l i c a t i o n  of epoxy/carbon 
f i b e r  composites as f a c e  s h e e t s  f o r  w a l l  pane l s  i n  advanced commercial air- 
c r a f t .  Tables  1 and 2 summarize these  t y p i c a l  weight-to-volume r a t i o s .  
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RESULTS AND DISCUSSION 

The epoxy r e s i n  t e s t e d  has  a molecular s t r u c t u r e  s i m i l a r  t o  t h a t  shown 
i n  f i g u r e  6. Thermogravimetric ana lyses  (TGAS) of t he  r e s i n  i n  n i t rogen  and 
i n  a i r  are shown i n  f i g u r e  7.  

The 
i t  g ives  
about 2% 

r e s i n  i n  both  cases begins  t o  pyrolyze a t  about 300" C. 
a char  y i e l d  of about 35% a t  650" C.  I n  a i r ,  a t  650" C y  i t  is 
o r  almost t o t a l l y  consumed. 

I n  n i t r o g e n  

A summary of t he  a c t u a l  test cond i t ions  f o r  the  pre l iminary  experiments 
i s  shown i n  t a b l e  3 .  Besides  sample weight o r  a d i f f e r e n t  sample mounting, 
t he  major d i f f e r e n c e  between experiments was a flame o r  nonflame condi t ion .  
The k inds  of atmospheres generated va r i ed  markedly depending on whether t he  
r e s i n  burned. The sample burned only when both r a d i a t i o n  and an  i g n i t i o n  
source ( t h e  hydrogen flame) w e r e  p re sen t .  

When flames occurred t h e r e  w a s  a n  inc rease  i n  CO2 and decrease  i n  02  
compared t o  a nonflame case .  Flames a l s o  r e s u l t e d  i n  l a r g e  q u a n t i t i e s  of HCN 
being genera ted ,  whi le  l i t t l e  w a s  generated i n  t h e  nonflame case. I n  one 
case a f lash-over  cond i t ion  r e s u l t e d  and HCN w a s  even more ev ident .  Flames 
a l s o  changed t h e - n a t u r e  of t he  ae roso l ;  ae roso l  material found as major com- 
ponents i n  t h e  nonflame case w a s  no t  apparent  i n  the  flame case. Typical  
atmospheric ana lyses  exemplifying these  c h a r a c t e r i s t i c s  are shown i n  
t a b l e s  4-7.  

Toxic e f f e c t s  w e r e  more severe  f o r  t h e  flaming condi t ion  i n  t h e  animal 
tests. I n  t h e  nonflame case, al though animals survived the  t e s t ,  they 
exhib i ted  symptoms which could r ep resen t  a decrease  i n  a b i l i t y  t o  escape 
( see  t a b l e  8).  These animals a l s o  w e r e  exposed t o  one p o t e n t i a l  carcinogen,  
a n i l i n e ,  and t h e r e f o r e  might show long-term h e a l t h  e f f e c t s .  (The f e r t i l i z e d  
egg tests a l s o  showed t h e  atmosphere generated had p o t e n t i a l  mutagenic and 
o the r  e f f e c t s . )  I n  t h e  flame case no t  only w a s  t h e r e  a decrease  i n  a b i l i t y  
t o  escape,  measured by the  avoidance and escape response,  b u t  a l s o  many m i c e  
d ied .  Although t h e  rats survived these  tests, on autopsy t h e r e  w a s  ex t ens ive  
pulmonary edema and kidney damage. 
t a b l e  9 ,  and f i g u r e s  8 and 9. 

Some t y p i c a l  r e s u l t s  are shown i n  

FUTURE WORK 

Addi t iona l  tests are planned wi th  a 5208 r e s i n  a t  lower weight-to-volume 
These tests w i l l  i nc lude  r a t i o s  similar t o  a i r c r a f t  s to red  i n  a hangar deck. 

exposure t o  a small JP-5 f u e l  f i r e .  The JP-5 test  system i s  shown i n  f i g -  
u r e  10. 
t es t  animals is  shown i n  t a b l e  10 and f i g u r e  11. The t o x i c  e f f e c t  of t he  
JP-5 f u e l  py ro lys i s  a lone  w i l l  be s tud ied  as a b a s e l i n e  f o r  comparison. 

A t y p i c a l  test  on a s m a l l  JP-5 f i r e  i n  t h e  chamber without  epoxy o r  

I n  a d d i t i o n ,  s e p a r a t e  s t u d i e s  wi th  test animals are underway t o  t r y  t o  
determine whether t h e  animal symptomology can be c o r r e l a t e d  w i t h  j u s t  t he  
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h i s t o r i e s  of CO, HCN, o r  HCN/CO mixtures  generated i n  prev ious  pane l  tests. 
Tests us ing  j u s t  t h e  a n i l i n e  h i s t o r i e s  may determine i f  a n i l i n e  o r  i t s  reac- 
t i o n  products  cause t h e  kidney damage. Because of t h e  presence of p o t e n t i a l  
carcinogens,  a new h o s t  mediated assay  is  being developed t o  test f o r  muta- 
g e n i c i t y  of a e r o s o l s  reaching t h e  lungs of test animals.  
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TABLE 4.- NO FLAME - AEROSOL ANALYSIS" 
[Radiant-panel test 3501-6AS-21 

I Aerosol concentration 

Aniline 
n,n dimethylaniline 
p- to luid ine 
n-etaniline 
Methylquinoline 
Quinoline 
Indo le 
Methylindole 

- 

Organic volatile 
material 

ppm in gas form 

83.8 68.3 
7.4 11.0 
7.9 10.9 
2.0 1.8 

17 .3  8.2 
13.2 7.5 

5.6 2.2 
9.6 4.4 

, 

Time , 
min 

0-7 
7-13 

13-17 
17-20 

b No. 2 No. 3' 

Flame Flame Flashover 

3501-6AS-3 3501-6AS-4 3501-6AS-5 

CN-, ppmb CN-, ppmc CN-, ppm d 

6.2  Trace 400 
533 460 1052 
446 302 972 
180 304 890 

1 

mg liquid/m3 

320 260 
37 55 
35 48 
10 9 

102 48 
7 40 

27 11 
52 24 

U Aerosol no. 1 was too diluted for analysis. 

Time was 5-10 min; total gas was 0.982 liters; 

Time was 10-20 rnin; total gas was 1.964 liters; 

b 
total volume of methanol was 2.7 m l .  

e 

total volume of methanol solution was 2.5 ml. 

b' CSample f lowrate 80 ml/min. 

Sample flowrate 160 ml/min. d 
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02, CH4 
% ppm 

20.13 --- 
20.06 10 
20.08 26 
19.9 500 
19.7 618 
19.5 720 
19.5 694 

CH2CH2, CH3CH3 Propane, Propylene, 
PPm PPm PPm PPm 

--- --- -_-- --_ 
--- --- --- --- 

70 200 40 250 
70 340 120 340 
130 440 3 10 400 
150 500 230 430 
140 5 20 270 380 

and HCN were not found. Two unknown peaks may be COS and CH3C1. 
Maximum concentration for COS was 300 ppm, and maximum concentration 
for CH3C1 was 650 ppm. 
Flux level 2.48 watts/cm2 

Time, 
min 

5 
7 
9 
12.5 
15 
18 
20 

TABLE 7.- FLAME (FLASHOVER) - GAS ANALYSIS IN ANIMAL CHAMBER 
[Radiant-panel test 3501-6AS-31 

Gas concentration 1 

CO, C02 
ppm % 

0 ' 0 , 6 8  
200 .83 
510 .83 
1000 1.03 
1480 1.04 
2040 1.20 
2200 1.26 

Time, 
min 

1.54 
1.65 
2.96 
3.17 
4.14 
3.90 

0 
4 
8 
12 
16.4 
20.2 

0 17.92 Trace 
0 17.44 

1060 16.3 
2200 15.47 
2620 15.01 
2500 15.12 

PPm 

Flux level 2.48 watts/cm2 
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Figure 1.- Radiant pane l  f a c i l i t y .  

Figure 2.- Sample test area. 
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Figure 3.- Atmospheric test probes. 

Figure 4 . -  Animal test area - rat module. 
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Figure 5.- Animal test area - mouse chamber. 

OH 
I I 

CH2 - CH - CH2 

-CH2-cH-CH2\ N O C H 2 - N ’  
- CH2 - CH - CH2’ 

I 
OH 

CH2 0 
- \ - 

I 

I 
CH2 
I 

HO- CH 

Figure 6.- Resin molecular s t r u c t u r e .  
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(b) Air. 
Figure 7.- Thermogravimetric analysis of resin, 
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Figure  8.- Pulmonary edema. 

F igu re  9.- T i s s u e  n e c r o s i s .  Radiant  pane l  test 3501-6AS-5. 
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~ 

Figure  10.- Modified r a d i a n t  pane l  f a c i l i t y  f o r  JP-5 tests. 
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TIME, sec 

Figure  11.- Sample temperature  vs t ime f o r  JP-5 f i r e  test. 
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THE USE OF ANTIMISTING KEROSE!iE (AMK) I N  TURBOJET ENGINES 

Haro ld  W. Schmidt 
NASA Lewis Research Center 

SUMMARY 

Tes t  conducted by t h e  FAA have demonstrated t h e  c r a s h - f i r e  r e s i s t a n c e  of 
a n t i m i s t i n g  kerosene (AMK), a j e t  f u e l  c o n t a i n i n g  an a n t i m i s t i n g  a d d i t i v e .  
T h i s  a d d i t i v e ,  a high-molecular-weight polymer, causes t h e  f u e l  t o  r e s i s t  
a tomiza t i on  and 1 i q u i d  shear fo rces ,  which a l s o  a f f e c t  f l o w  c h a r a c t e r i s t i c s  i n  
t h e  engine f u e l  system. 
the  pressure d i f f e r e n t i a l  as i n  t h e  case o f  Newtonian l i q u i d s .  However, t h i s  
shear r e s i s t a n c e  and i t s  r e s u l t a n t  non-Newtonian f l o w  c h a r a c t e r i s t i c s  can be 
negated by molecu la r  shear degradat ion.  
eva lua te  t h e  e f f e c t  o f  AMK f l o w  c h a r a c t e r i s i t c s  on f a n - j e t  engines and t h e  
impact o f  degradat ion  requirements on t h e  f u e l  system. 

The f l o w  r a t e  o f  AMK i s  n o t  a cons tan t  f u n c t i o n  o f  

The purpose o f  t h i s  program was t o  

I t  nas been determined f r o m  t h e  present  program t h a t  AMK f u e l  cannot be 
used w i t h o u t  predegradat ion,  a l though some degradat ion  occurs throughout t h e  
f u e l  f eed  system, e s p e c i a l l y  i n  t h e  f u e l  pumps. 
b i l i t y  o f  a mechanical f u e l  degradat ion  system has been demonstrated, t h e  
p r a c t i c a b i l i t y  and c o s t  e f fec t i veness  must be es tab l i shed .  
problem areas have been i a e n t i f i e d .  

Al though t h e  t e c h n i c a l  f e a s i -  

Several  p o t e n t i a l  

There i s  a tendency toward FM-9 AMK a d d i t i v e  agglomerat ion ana g e l  f o r -  
mat ion  when t h e  l i q u i d  f lows a t  a c r i t i c a l  v e l o c i t y  th rough ve ry  smal l  pas- 
sages. The d a t a  i n d i c a t e  t h i s  phenomenon t o  be a f u n c t i o n  o f  t h e  degree o f  
degradat ion,  t h e  passage s i ze ,  t h e  d i f f e r e n t i a l  pressure, t h e  f l u i d  tempera- 
tu re ,  and t h e  accumulated f l o w  t ime. A d d i t i o n a l l y ,  t e s t  r e s u l t s  i n d i c a t e  t h a t  
t he  long- te rm cumula t ive  e f fec ts  of t h i s  phenomenon may r e q u i r e  more degrada- 
t i o n  than  t h e  t h e o r e t i c a l  requirement determined from shor t - te rm t e s t s .  

INTRODUCTION 

A n t i m i s i t i n g  kerosene i s  a ke rosene- f rac t i on  j e t  f u e l  c o n t a i n i n g  an addi- 
t i v e  which reduces t n e  f l a m m i b i l i t y  o f  t h e  f u e l  i n  an a i r c r a f t  crash. The 
most p romis ing  AMK a d d i t i v e s  are  high-molecular-weight polymers t h a t  are d i s -  
so lved i n  J e t  A f u e l  i n  concen t ra t i ons  i n  the  range o f  0.3 percent .  These 
a d d i t i v e s  have demonstrated t h e i r  a b i l i t y  t o  i n h i b i t  i g n i t i o n  and f lame propa- 
g a t i o n  o f  t h e  re leased  f u e l  i n  s imu la ted  crash t e s t s .  

The AMK f u e l  r e s i s t s  m i s t i n g  and a tomiza t i on  f r o m  wind shear and impact 
T h i s  agglomerat ion s i g n i f i c a n t l y  fo rces  and i n s t e a d  tends  t o  fo rm globules.  

reduces i g n i t i b i l i t y  and f lame propagat ion.  
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The a n t  imi st i ng additive ( FM-9) selected f o r  more comprehens i ve t e s t i  ng 
in  t h i s  program was developed by the Imperial Chemical Industries and the 
Royal Aircraft Establishment ( R A E )  of the United Kingdom and i s  being eval- 
uated f o r  crash-fire resistance by the FAA and RAE. 

The properties of AMK that  make i t  f i r e  res i s tan t  also give i t  un- 
desirable flow character is t ics  in the engine fuel feed system. The main prob-  
lems are i t s  non-Newtonian flow character is t ic ,  which resul ts  in lower f r ic -  
t ion losses a t  low flow rates;  a variable onset of turbulent flow rates ,  wnich 
depend on the degree of degradation; and the tendency f o r  the additive t o  
agglomerate with gel formation when the liquid i s  throt t led (accelerated) 
t h r o u g h  small clearances o r  passages. 

In  cooperation with the FAA,  NASA conducted a program t o  evaluate AMK f o r  
a i r l i n e  use through a contract the P r a t t  & Whitney Aircraft Group who  tested 
a n d  evaluated the e f fec ts  of FM-9 AMK on the fuel feed system of the JT8D 
engine. The purpose of tne t e s t s  was t o  identify operating problems, assess 
the adaptabili ty of existing engines t o  AMK, and t o  determined the potential 
v iab i l i ty  of t h i s  fuel in present and future fan-jet engines. The data pre- 
sented herein were obtained i n  t h a t  program. 

Cri t ical  fuel system components and subsystems were tested and evaluated 
f o r  AMK compatibility. 
control ler ,  system f i l t e r s ,  nozzles, and combustors. 

Components tes tea  included the fuel pump, the fuel 

The program included laboratory t e s t s  f o r  fuel  characterization, chemical 
compabi l i t y ,  thermal stabi 1 i t y ,  heat t ransfer ,  and rheological properties. 
System t e s t s  included nozzle spray-pattern t e s t s ,  f i l t r a t i o n  l imits ,  con- 
t r o l l e r  function, pump performance, ignition s t a r t ,  a n d  re l ight  t e s t s .  

AMK CHARACTERIST ICs 

Antimisting kerosene fuel exhibits the greatest  shear resistance and 
crash-fire resistance before exposure t o  snear, such a s  pumping flow t h r o u g h  
pipes and f i t t i n g s ,  f i l t e r s ,  or other components. 
of these shear forces tends t o  break the polymeric molecules, thereby reducing 
the average molecular- weight and  the subsequent shear resistance. Continua- 
t ion of such shear degradation causes AMK t o  revert t o  the original properties 
of the base fuel.  

Successive exposure t o  any 

This character is t ic  provides the possibi l i ty  of using AMI( .in existing 
engines i f  the level of degradation required f o r  acceptable performance for  
each c r i t i c a l  component i s  assured. 

The AMK additives have a molecular weight of over 5 000 000, and  these 
molecules tend t o  r e s i s t  the turbulent flow in liquid boundary layers and 
extend the viscous flow regime, thereby acting as a drag reducer. 
ance t o  shear and droplet breakup also affects  nozzle performance. 
ple, f igure i ( a )  shows the typical atomization of Je t  A fuel  in a standard 
JT8D nozzle a t  ignition flow rates. Figure l ( b )  shows the behavior of uw- 

The res i s t -  
For  exam- 
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degraded AMK in the same nozzle. 
the standard nozzle, and f igures  3 and 4 for  nozzles with successively in- 
creased atomization capabi l i t i es  bu i l t  into the i r  designs. 
ure 5,  the calibration curve fo r  turbine flowmeters with antimisting fuel does 
not exhibit  constant K (cycle per cubic meter); therefore, the flowmeter must 
be recal ibrated for  any given conditions (degradation level and temperature) to  
be used. 

Similarly, f igure 2 shows fuel behavior fo r  

As snown in f ig-  

With the use of a micromotion mass meter, the flow ra te  of AMK can be 
accurately measured a t  any level of degradation ( f i g .  6 ) .  
tha t ,  a t  the level of degradation required by the propulsion system, the nor- 
mal accuracy of turbine flowmeters i s  obtained. 

I t  was determined 

Heat-transfer measurements show a marked reduction in the heat t ransfer  

Note t h a t  
with undegraded AMK in the turbulent flow range, because of the boundary-layer 
turbulence suppression of the undegraded FM-9 molecules ( f i g .  7 ) .  
increasing levels of degradation causes the heat-transfer coefficient t o  
approach Je t  A values. The thermal s t a b i i i t y  of AMK ( tab le  I )  was better than 
Je t  A ,  and fur ther  s t u d y  i s  planned t o  determine the reason f o r  t h i s  apparent 
improvement. 

Two additional character is t ics  were tested: water so lubi l i ty  and  mate- 
The resul ts  of the water so lubi l i ty  t e s t s  are shown in 

The s t a n d a r d  t e s t  

r i a l s  compatibility. 
table 11. Although the urisheared Je t  A/FM-9 appears t o  absorb less  water t h a n  
the Je t  A fue l ,  fur ther  investigation i s  required because some of the FM-9 
additive separated from the solution during the t e s t s .  
procedure used f o r  t h i s  t e s t  may not be representative of the actual AMK/water 
compatibility, b u t  t h i s  will  have t o  be thoroughly explored. 

Some incompatibi 1 i t i e s  of component materials were observed and  measured 
witn the FM-9 AMK tes ted.  The hardness a n d  t ens i l e  strength of Buna-N and 
fluoro-silicone elastomers were lowered af te r  a 30-day exposure, a n d  there was 
a tendency towards swelling. Also, chemical interaction was measured in 
a l l o y s  containing copper, although bronze materials in the t e s t  components 
were n o t  adversely effected by the AMK during the t e s t  program. 

FUEL SYSTEM COMPONENTS TESTS WITH FM-9 AMK 

The non-Newtonian flow behavior, caused by these 'large FPi9 molecules, i s  
more pronounced in flow through small passages or close clearances (such a s  
t h r o u g h  f i l t e r s  and  fuel  flow control lers) .  The flow velocity of AMK t h r o u g h  
a capi l lary o r  f i l t e r  increases ( i n  Newtonian fashion) as a function of  pres- 
sure unt i l  a "c r i t i ca l "  t ransi t ion occurs, requiring a sharply increased r a t e  
of pressure increase t o  cause a continuing flow-rate increase ( f ig .  8 ) .  Dur- 
ing t h i s  t ransi t ion,  the AMK molecules have an increased tendency t o  agglom- 
erate ,  forming a gel precipitate.  (This "cr i t ica l  region i s  also a function 
of the degree of degradation.) 
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These c r i t i c a l  velocity e f fec ts  can be controlled o r  accommodated in sev- 
eral  ways: 

(1) By increasing the level of degradation 
( 2 )  By increasing the flow area.of f i l t e r s  
(3)  By increasing the flow passage length t o  diameter ra t io ,  thereby 

reducing the flow-rate increase f o r  a given cnange in pressure 
( 4 )  By increasing the temperature, which increases the velocity a t  whicn 

c r i t i c a l  flow occurs 

As the pressure and flow r a t e  i s  increased past the c r i t i c a l  velocity, a sec- 
ond c r i t i ca l  velocity i s  reached when the shear forces are suf f ic ien t  f o r  
molecular fragmentation and AMK degradation. 
gradation process: 

Two parameters e f fec t  the de- 

(1) Time of exposure t o  degradation process 
( 2 )  The amount of s t r e s s  o r  energy a t  or above degradation s t r e s s  levels 

The use of AMK fo r  crash-fire mitigation requires the fuel i n  the air- 
c r a f t  fuel tanks t o  be maintained in a re la t ively undegraded s t a t e ,  and ,  as 
the fuel  i s  metered t o  the engine, a degradation level, as required t o  permit 
the AMK flow t h r o u g h  a l l  c r i t i c a l  components, must be provided. 
require an energy e f f i c i en t  degrader t h a t  can provide the hignest molecular 
shear s t r e s s  with the lowest possible power requirement. 

This will 

The major problem in the e f for t  t o  evaluate the e f fec ts  of AMK on the 
performance of fuel system components was the accurate measurement of tne 
degree o r  percent of degradation of the t e s t  fuel .  
of ANK versus Je t  A proviaed the best discrimination of the viscosity change 
as a function of the degree of shear degradation of three viscosity measure- 
ment techniques used ( f i g .  9 ) .  

The f i l t r a t i o n  ra te  r a t i o  

Seventeen-micrometer mesh metal f i l t e r s  were used as t h e  measurement 
standard, which gave a good discrimination of degradation as a function of 
s t r e s s  time t o  a f i l t r a t i o n  r a t e  r a t io  (AMK/Jet A )  of approximately 4; b u t  
below 4 the curve f l a t t ens  o u t .  However, by measuring the amount of flow as a 
function of shear exposure and using 8- and 10-micrometer f i l t e r s ,  better vis- 
cosi ty  discrimination was achieved a t  the higher degradation levels. 

The JT8D fuel  pump assembly was used t o  aegrade the AMK t e s t  fuel  t o  de- 
s i red levels. 
number o f  passes through the pump. 

Figure 10 shows the degradation achieved as a function of the 

The difference in the power input into the pump was n o t  measurable, even 
t h o u g h  significant degradation was achieved in the process. Preliminary data 
tend t o  support the poss ib i l i ty  t h a t  the drag reduction character is t ic  of the  
polymer additive in par t  compensates fo r  the energy used in the degradation 
process. 
t ion  energy requirement and  t o  identify the best method of degrading the fue l .  

Follow-on experimental t e s t s  are expected t o  quantify the degrada- 

Qual i ta t ive  comparisons of the emissions chdracter is t ics  of AMK versus 
Je t  A using the standard nozzle and  the l a t e r  low-emissions nozzle are shown 
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in figure 11. 
passes through the fuel  pump) i s  only par t ia l ly  degraded, and i t  i s  expected 
that AMK degraded t o  f u l l  system requirements will  meet Jet  A emission values. 
Subsequent tes t ing will  determine the optimum level of degradation. 

character is t ics  of AMK and J e t  A.  
mately 25 percent higher fuel flows t o  achieve f u l l  ignition in the nine-can 
burner t e s t  r i g  ( f i g .  1 2 ) .  
AMK t o  be equivalent t o  Jet  A. 

I t  should be pointed o u t  that  3-pass AMK ( i . e . ,  AMK a f t e r  3 

Tests were conducted t o  compare engine-ignition and al t i tude-rel ight  
Par t ia l ly  degraded AMK required approxi- 

Further t e s t s  are expected t o  show fu l ly  degraded 

The a l t i tude  rel ight  t e s t s  a t  an a i r  flow of 2.27 kilograms were the same 

Performance tes t ing of the fuel controller with 16-pass AMK was completed 

A n  8-hour closed-loop cycle t e s t  was subsequently completea w i t h o u t  

f o r  AMK and  Je t  A ;  a t  a l l  other flow rates ,  the AMK re l ights  were poorer. 

without detrimental e f fec ts  in comparative performance between Jet  A and 16- 
pass AMK. 
measurable differences o r  e f fec ts  from the AMK. 

Pump tes t ing and calibration with undegraded AMK snowed no detrimental 
effects .  
for  a given speed was observed with par t ia l ly  degraded and undegraded fuel .  
This drag  reduction influence became negligible w i t h  increasing degradation, and 
pump performance w i t h  16-pass AMK was the same as for  J e t  A fuel .  

An apparent improvement in the flow ra te  and  different ia l  pressure 

RESULTS A N D  CONCLUSIONS 

1. I t  i s  technically feasible  t o  operate JT8D engines with 0.3 percent 
FM-9 AMK fuel.  

2. The degree of degradation t h a t  i s  necessary for  AMK fuel compatibility 
w i t h  existing fuel system designs has  been determined t o  be in the f i l t e r .  
r a t io  range of 1 .2 ,  o r  lower, using a 17-micrometer f i l t e r .  

3. The primary modificatim requirements f o r  turbofan j e t  engines t o  
accommodate FM-9 AMK will  be the addition of a fuel degrader before the fuel  
pump, which will provide the selected level of degradation. 

4. Methods of predegrading AMK fuel in a f l i gh t  cer t i f ied  system must be 
evaluated fo r  pract icabi l i ty ,  cost ,  and energy effectiveness. 

5. Data obtained with JT8D engine are applicable t o  other engines because 
the character is t ic  limiting parameters of AMK are the c r i t i ca l  flow velocity 
and the degradation level ,  and these are a function of f i l t e r  mesh s izes  and 
clearance specification of component pa r t s .  
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TABLE I. - THERMAL STABILITY OF UNSHEARED ANTIMIST FUEL 

Temperature, Parent f u e l  Fue l  con ta in ing  a d d i t i v e  
"C 

Deposi t  D i f f e r e n t i  a1 Deposi t  D i f f e r e n t i a l  
code pressure, code pressure, 

mPa (mm Hg) mPa (mm Hg) 

- --_---_-__ 2 30 1 0.53 (4.0) 
245 1 7.3 (55)  - ---------- 
2 60 4 6.8 (51)  1 0.03 ( 0 . 2 )  

4 .07 ( . 5 )  275 
- ---------- 4 .13 ( i . 0 )  2 90 

3 20 - 

- __-__--__- 

--------- 4 .20 (1.5) - I 

AND FUEL CONTAINING NO ADDIT IVE 

Fuel  
~~ 

Breakpoint  F a i l u r e  
temperature, mode 

O C  1 i 230  - 245 1 A P  I 
275 - 290 Deposi t  code 

1-Pas s 260 - 275 Deposi t  code 
Undegraded 260 - 275 Deposi t  code 

TABLE 11. - WATER SOLUBILITY TESTS 

[ P a r t s  pe r  m i l l i o n ' ]  

uns heared 

Before t e s t  
A f t e r  t e s t  60 - 64 40 
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(b) Undegraded a n t i m i s t i n g  f u e l .  (a) J e t  A. 

Figure  le--- Comparison of spray p a t t e r n s  wi th  JT8D product ion-pressure 
atomizing nozz le  and Jet  A undegraded a n t i m i s t i n g  f u e l .  

(a) Jet  A. (b) Degraded FM-9. (c) Undegraded EN-9. 

Figure  2.- Spray p a t t e r n  with s t anda rd  JT8D engine  a t  i g n i t i o n  cond i t ions .  
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(b) Degraded FM-9. (c) Undegraded FM-9. (a) Jet A. 

Figure 3.- Spray p a t t e r n  with JT8D low-emission engine a t  i g n i t i o n  condi t ions.  

(a) J e t  A. (b) Degraded E'M-9. (c) Undegraded EN-9. 

Figure 4.- Spray p a t t e r n  with JT8D air-boost  engine a t  i g n i t i o n  condi t ions.  
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F igure 7.- E f f e c t  of an i tmis t ing  add i t ives  on 
heat t r a n s f e r  i n  fuel-oil  cooler tubes.  
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Figure 8.- Degree of AMK degradation as funct ion of s u p e r f i c i a l  flow 
ve loc i ty  and d i f f e r e n t i a l  pressure. 
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NASA/FAA GENERAL AVIATION CRASH DYNAMICS PROGRAM 

Robert G .  Thomson, Robert J .  Hayduk, and Huey 0. Garden 
Langley Research Center 

SUMMARY 

The objective of the Langley Research Center General Aviation Crash 
Dynamics program i s  t o  develop technology for improved crash safety and 
occupant survivabili ty in general aviation a i r c ra f t .  The program involves 
three basic areas of research: controlled ful l -scale  crash tes t ing,  nonlinear 
structural  analyses to  predict large deflection elastoplast ic  response, and' 
load attenuating concepts for  use in improved seat and  subfloor structure.  
Both analytical and experimental methods are used t o  develop expertise in 
these areas. Analyses include simplified procedures for  estimating energy 
dissipating capabi l i t ies  and comprehensive computerized procedures for  
predicting airframe response. 
designers with methods fo r  predicting accelerations, loads, and displacements 
on collapsing structure.  
and subscale structural  components are being performed t o  verify the analyses 
and to  demonstrate load attenuating concepts. 

These analyses are being developed to  provide 

Tests on typical ful l -scale  a i r c ra f t  and on f u l l -  

A special appara tus  has been bui l t  t o  t e s t  Emergency Locator Transmitters 
(ELT's) when attached t o  representative a i r c ra f t  structure.  
i s  shown t o  provide a good simulation of the longitudinal crash pulse observed 
i n  ful l -scale  a i r c ra f t  crash t e s t s .  

The apparatus 

INTRODUCTION 

In 1972, NASA embarked on a cooperative e f for t  w i t h  the FAA and Industry 
t o  develop technology for  improved crashworthiness and occupant survivabili ty 
i n  general aviation a i r c ra f t .  The e f fo r t  includes analytical and experimental 
work and strudtural concept development. The methods and concepts developed 
i n  th i s  ongoing e f fo r t  are expected t o  make possible future general aviation 
a i r c ra f t  designs having enhanced survivabili ty under specified crash conditions 
w i t h  l i t t l e  or no increase in weight and acceptable cost. The overall program 
i s  diagramed i n  f igure 1 with agency responsibility indicated by the legend. 

environ- 
mental, airframe design, and component design. The environmental technology 
consists of acquiring and  evaluating f ie ld  crash data t o  support and validate 
parametric studies being conducted under control led fu l l  -scale crash tes t ing,  
the goal being t o  define a crash envelope w i t h i n  which the impact parameters 
allow human tolerable acceleration levels.  

Crashworthiness design technology i s  divided into three areas: 
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Airframe design has a twofold objective: t o  assess and apply current, 
on-the-shelf, analytical methods to  predict structural  collapse; and t o  
develop and validate new and advanced analytical techniques. Full-scale 
t e s t s  are  also used to  verify analytical predictions, as well as t o  demonstrate 
improved load attenuating design concepts. 
validation of novel load-limiting concepts f o r  use i n  a i r c ra f t  subfloor 
designs. 

Airframe design also includes the 

Component design technology consists of exploring new and innovative load- 
limiting concepts t o  improve the performance of the seat  and occupant 
res t ra in t  systems by providing for  controlled seat  collapse while maintaining 
seat/occupant integri ty .  
lethal cabin inter iors .  

Component design a1 so considers the design of non- 

Langley's principal research areas in the j o i n t  FAA/NASA Crash Dynamics 
These areas include ful l -scale  

Subsequent sections deal w i t h  these 

program are depicted pictorially i n  figure 2. 
crash tes t ing,  nonlinear crash impact analyses, and crashworthy seat and 
subfloor structure concept development. 
topics , as we1 1 as Emergency Locator Transmitter (ELT) testing. 

FULL-SCALE CRASH TESTING 

Full-scale crash testing i s  performed a t  the Langley Impact Dynamics 
Research Faci l i ty  ( re f .  1 )  shown in figure 3. 
lunar l a n d i n g  research f a c i l i t y  modified for  f ree-f l ight  crash testing of 
ful l -scale  a i r c ra f t  structures and structural  components under controlled 
t e s t  conditions. The basic gantry structure i s  73 m (240 f t )  h i g h  and 122 m 
(400 f t )  long supported by three se t s  of inclined legs spread 81 m (267 f t )  
apart a t  the ground and 20 m (67 f t )  apart a t  the 66 m (218 f t )  level. A 
movable bridge with a pullback winch for raising the t e s t  specimen spans the 
t o p  and traverses the length of the gantry. 

This f a c i l i t y  i s  the former 

Test Method 

The a i r c ra f t  i s  suspended from the t o p  of the gantry by two swing cables 
and i s  drawn back above the impact surface by a pullback cable. An umbilical 
cable,used for  data acquisit ion,  i s  also suspended from the t o p  of the gantry 
and connects t o  the t o p  o f  the a i r c ra f t .  The t e s t  sequence i s  in i t ia ted  when 
the a i r c ra f t  i s  released from the pullback cable, permitting the a i r c ra f t  
t o  swing pendulum s ty le  i n t o  the impact surface. The swing cables are  sepa- 
rated from the a i r c r a f t  by pyrotechnics j u s t  prior t o  impact, freeing the 
a i r c r a f t  from res t ra in t .  The umbilical cable remains attached to  the a i r c ra f t  
for  data acquisition, b u t  i t  also separates by pyrotechnics before i t  becomes 
taut  d u r i n g  skid o u t .  The separation p o i n t  i s  held relat ively fixed near the 
impact surface, and the f l i gh t  path angle i s  adjusted from Oo t o  60° by 
changing the length of the swing cable. The height of  the a i r c ra f t  above the 
impact surface a t  release determines the impact velocity which can be varied 
from 0 t o  26.8 m/s (60 mph). The movable bridge allows the pullback point t o  

51 2 



be positioned along the gantry to  insure that  the pullback cables pass 
through the center of gravity and ac t  a t  90° t o  the swing cables. 

To obtain f l i g h t  path velocit ies in excess of 26.8 m/s (60 mph) a 
velocity augmentation method has been devised which uses wing-mounted rockets 
t o  accelerate the t e s t  specimen on i t s  downward swing. Asshown in figure 4 ,  
two Falcon rockets are mounted a t  each engine nacelle location and provide a 
total  thrust of 77 850 N .  
and the rockets continue t o  burn during most of the downward acceleration 
trajectory b u t  are dormant a t  impact. 
provides f l i g h t  path velocit ies from 26.8 to  44.7 m/s (60 to  100 mph) depending 
on the number and burn  time of rockets used. 

The a i r c ra f t  i s  released a f t e r  rocket ignit ion,  

The velocity augmentation method 

Ins t rumen t a t  i on 

Data acquisition from ful l -scale  crash t e s t s  i s  accomplished with 
extensive photographic coverage, bo th  in te r ior  and exterior t o  the a i r c ra f t  
using low-, medium-, and high-speed cameras and w i t h  onboard s t ra in  gages 
and accelerometers. The s t ra in  gage type accelerometers (range of 250 g and 
750 g a t  0 t o  2000 Hz) are the primary data-generating instruments, and are 
positioned i n  the fuselage to  measure accelerations b o t h  in the normal and 
longitudinal directions t o  the a i r c ra f t  axis.  Instrumented anthropomorphic 
dummies (National Highway Traffic Safety Administration Hybrid 11) are 
onboard a l l  ful l -scale  a i r c ra f t  t e s t s  conducted a t  LaRC. The location and 
framing rate  of the cameras are discussed in reference 1 .  
system arrangement and type of res t ra in t  used vary from t e s t  t o  t e s t .  

The res t ra in t  

Test Conducted 

A chronological summary of the ful l -scale  crash t e s t s  conducted a t  the 
Impact Dynamics Research Faci l i ty  i s  represented in figure 5. 
symbols are  crash t e s t s  tha t  have been conducted, the open symbols are planned 
crash t e s t s .  Different symbols represent different  types of a i r c r a f t  under 
different impact conditions, for example the Urepresents  a twin-engine 
specimen impacting a t  26.8 m/s (60 rnph) while t h e e r e p r e s e n t s  the same t w i n -  
engine specimen, using the velocity augmentation method, impacting a t  40.2 m/s 
(90 mph) .  
LaRC from 1974 th rough  1978 including CH-47 helicopters, high and low wing 
single-engine a i r c ra f t ,  and a i r c ra f t  fuselage sections. Data from these t e s t s  
are presented i n  references 2 t o  4. 
vertical  drop  t e s t s  conducted t o  simulate fu l l  -scale a i r c ra f t  cabin s i n k  
rates experienced by twin-engine a i r c ra f t  tested ea r l i e r .  The response of the 
a i r c ra f t  section, two passenger sea ts ,  and two dummies are being simulated 
analytically (see "Nonlinear Crash Impact Analysis"), 
t e s t s  were conducted using a d i r t  impact surface while most crash t e s t s  were 
conducted on a concrete surface. 
24.4 m (80 f t )  long, and 1 . 2  m ( 4  f t )  i n  depth. The d i r t  was packed t o  the 
consistency of a ploughed f i e ld .  
parameters i s  n o t  complete and does n o t  consider such secondary effects  as 
a i r c ra f t  s l iding,  overturning, cartwheel ing, or t ree  and obstacle impact. 

The shaded 

Various types of a i r c ra f t  have been successfully crash tested a t  

The a i r c ra f t  fuselage section t e s t s  are  

Some single-engine crash 

The d i r t  embankment was 1 2 . 2  m (40 f t )  wide, 

The variation of ful l -scale  crash t e s t  
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Controlled-Crash Test and Las Vegas Accident 

On August 30, 1978, a twin-engine Navajo Chieftain, carrying a p i lo t  
and nine passengers crash landed i n  the desert shortly a f t e r  taking off 
from the North Las Vegas Airport. All ten persons on board were kil led.  A 
comparative study of t h i s  Navajo Chieftain crash and a similar NASA controlled- 
crash t e s t  was made. 
and estimate acceleration levels i n  the Chieftain accident w i t h  Langley 
t e s t s  and t o  assess the val idi ty  of  Langley's ful l -scale  crash simulation. 
The controlled-crash t e s t  chosen employed the velocity augmentation method 
wherein the a i r c ra f t  research a f l i gh t  p a t h  velocity of 41.4 m/; (92.5 mph) 
a t  impact. The pitch angle was -1Z0 ,  w i t h  a 5O l e f t  rol l  and 1 yaw. Figure 6 
shows photographs of the two a i r c ra f t .  The NASA specimen i s  a twin-engine 
pressurized Navajo, which carr ies  from six t o  eight passengers, and although 
the cabin i s  shorter i n  length, i t  i s  similar i n  structural  configuration 
to  the Chieftain. 

The purposes of the study were t o  compare damage modes 

Structural damage t o  the seats  and cabin of  the Navajo Chieftain and t o  
the seats  and  cabin of the NASA t e s t  specimen are shown for  i l l u s t r a t ive  
purposes in figure 7. Much more corroborating structural  damage i s  discussed 
i n  reference 5. 
terrain a t  a location along the lower fuselage on the r i g h t  side opposite the 
rear door. An instant l a t e r ,  the r e s t  of the fuselage and the level r ight 
w i n g  impacted. The Chieftain's a t t i tude  just p r i o r  t o  impact was concluded t o  
have been the following: 
and yawed t o  the l e f t .  The two a i r c ra f t  d i f f e r  i n  rol l  a t t i tude  a t  impact b u t  
are  comparable. The structural  damage t o  the cabin o f  the Chieftain was much 
greater t h a n  that  exhibited by the NASA controlled-crash t e s t  under correspond- 
ingly similar impact a t t i tudes.  The damage pattern t o  the standard passenger 
and crew seats of  the Chieftain was similar t o  that  in the NASA t e s t s ,  b u t  
generally exhibited more severe distortion. 
similar basic fa i lure  modes and i n  the case o f  the seat distortion of f l i gh t  
impact velocity i n  excess of 41.4 m/s (92.5 mph)  for the Chieftain. 
t i o n  time his tor ies  from the f i r s t  passenger sea t  and f loor  of the NASA 
controlled-crash t e s t  are shown i n  f igure 8 where the f i r s t  passenger seat  
corresponds t o  the damaged sea t  shown i n  f igure 7.  

The Chieftain apparently contacted the nearly level desert 

pitched u p  s l igh t ly ,  rolled s l igh t ly  t o  the right 

The damage patterns suggests 

Accelera- 

Because of the s imilar i ty  in the damage, patterns exhibited by seats 
6 and 8 of the Chieftain and the f i r s t  passenger seat of the NASA controlled 
t e s t ,  generalized conclusions can be drawn re la t ive  t o  certain seat  accelera- 
t ions experienced by those passengers i n  the Chieftain. 
accelerations of  passengers 6 and 8 in the Chieftain accident were probably 
in excess of 60 g ' s  normal ( t o  a i r c ra f t  ax i s ) ,  40 g ' s  longitudinal, and 
10 g ' s  transverse. 

The peak pelvic 

NONLINEAR CRASH IMPACT ANALYSIS 

The objective of the analytical e f for t s  in the crash dynamics program i s  
t o  develop the capabili ty t o  predict nonlinear geometric and material behavior 
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of sheet-stringer a i r c ra f t  structures subjected to  large deformations and t o  
demonstrate th i s  capabili ty by determining the p las t ic  buck1 i n g  and collapse 
response of such structures under impulsive loadings. Two specif ic  computer 
programs are being developed, one focused on model i n g  concepts appl icable to 
large p las t ic  deformations of real i s t i c  a i r c ra f t  structural  components, and 
the other a versa t i le  seat/occupant program t o  simulate occupant response. 
These two programs a re  discussed i n  the following sections. 

- Plast ic  and - Large Deflection - Analysis of  - Nonlinear - Structures (PLANS) 

Description 

For several years LaRC has been developing a sophisticated structural  
analysis computer program which includes geometric and material nonlinearit ies 
( re fs .  6 and 7 ) .  "PLANS" i s  a f i n i t e  element program for  the s t a t i c  and 
dynamic nonlinear analysis of a i r c ra f t  structures.  
capable of t reat ing problems which contain bending and membrane s t resses ,  
thick and thin axisymmetric bodies, and general three-dimensional bodies. 
PLANS, rather than being a single comprehensive computer program, represents 
a collection of special purpose computer programs or modules, each associated 
with a d i s t inc t  class of physical problems. 
module i s  an independent f i n i t e  element computer program with i t s  associated 
element l ibrary.  All the programs in PLANS employ the " in i t i a l  s t ra in"  concept 
within an incremental procedure t o  account fo r  the effect  of p las t ic i ty  and 
include the capabili ty for cyclic plast ic  analysis. The solution procedure 
for t reat ing material nonl inear i t ies  (p l a s t i c i ty )  alone reduces the nonlinear 
material analysis t o  the incremental analysis of an e l a s t i c  body of identical 
shape and boundary conditions, b u t  w i t h  an additional s e t  of applied "pseudo 
loads." The advantage of this solution technique i s  that  i t  does n o t  require 
modification of the element s t i f fness  matrix a t  each incremental load step. 
Combined material and geometric nonl inear i t ies  are included i n  several of the 
modules and are  treated by using the "updated" or convected coordinate approach. 
The convected coordinate approach, however, requires the reformation of the 
s t i f fness  matrix during the incremental solution process. After an  increment 
of load has been applied, increments of displacement are  calculated and the 
geometry i s  updated. 
s t ra ins ,  e tc . ,  the element s t i f fness  matrices and mechanical load vector are  
updated because of the geometry changes and thepresence of i n i t i a l  stresses.  
A further essential ingredient of PLANS i s  the treatment of dynamic nonlinear 
behavior using the DYCAST module. 
procedures, bo th  expl ic i t  and implicit ,  as well a s  the iner t ia  effects  of the 
structure.  

PLANS computer program i s  

Using t h i s  concept, each 

In  addition to  calculating the element s t resses ,  

DYCAST incorporates various time-integration 

Comparison With Experiment 

PLANS i s  currently being evaluated by comparing calculations with experi- 
mental resul ts  on simplified structures,  such a s  a c i rcular  cylinder, a 
tabular frame s t ructure ,  an angular frame w i t h  j o i n t  eccent r ic i t ies ,  and the 

51 5 



same angular frame covered w i t h  sheet metal. 
of these structures loaded into the large deflection p las t ic  collapse regime 
have been conducted w i t h  PLANS and compared w i t h  experimental data i n  
references 8 and 9, 

Sta t ic  and dynamic analyses 

An analytical simulation of a vertical  drop t e s t  of an a i r c ra f t  section 
has recently been compared with experimental fu l l  -scale crash data i n  
reference 10. 
f igure 10 shows the DYCAST f i n i t e  element fuselage, s ea t ,  and occupant model. 
The vertical  impact velocity of the specimen was 8.38 m/s (27.5 fps ) .  T h e  
50-percentile anthropomorphic dummies each weighed 74.8 kg (165 l b ) .  The 
occupant pelvis vertical  accelerations compared w i t h  analysis are  shown i n  
f igure 11. The DYCAST and ACTION models predicted an accurate mean pelvis 
acceleration level.  The computer program KRASH gave better resul ts  with 
several masses representing the lower and upper torso and predicts an 
osci l la tory response similar t o  that  exhibited by the t e s t .  

Figure 9.shows the fuselage section prior t o  tes t ing and 

- Modified - Seat - Occupant - Model for  - L i g h t  - Aircraft (MSOMLA) 

Description 

Considerable e f fo r t  i s  being expended in developing a good mathematical 
simulation o f  occupant, sea t ,  and res t ra in t  system behavior i n  a crash 
situation. MSOMLA was developed from a computer program SOMLA funded by 
the FAA as a tool for  use i n  seat  design ( r e f .  1 1 ) .  SOMLA i s  a three- 
dimensional seat ,  occupant, and res t ra in t  program with a f i n i t e  element seat  
and an occupant modeled w i t h  twelve rigid segments joined together by rotation- 
al springs and dampers a t  the jo in ts .  
described by Lagrange's equations of  motion with 29 independent generalized 
coordinates. The seat model consists of beam and membrane f i n i t e  elements. 

The response of the occupant i s  

SOMLA was used previously t o  model a s t anda rd  seat  and a dummy occupant 
i n  a NASA l igh t  a i r c r a f t  section vertical  d r o p  t e s t .  
problems were experienced with the seat  model whenever the yield s t r e s s  of 
an element was exceeded. Several attempts t o  correlate various f i n i t e  
element solutions of the standard seat with OPLANE-MG, DYCAST, and SOMLA using 
only beam and membrane elements, t o  experimental data form s t a t i c  vertical  
seat  loading t e s t s  were only par t ia l ly  successful. Consequently, t o  expedite 
the analysis of the seat/occupant, the f i n i t e  element seat  i n  SOMLA was removed 
and replaced w i t h  a spring-damper system. 
added nonrigid occupant contact surfaces (nonl inear springs) and incorporated 
a 3-r) computer graphics display. 
more complete discussion of MSOMLA, i t s  computer i n p u t  requirements, and 
additional comparisons of experiments and analysis can be found i n  
reference 12 .  

During this simulation, 

Additional modifications t o  SOMLA 

This modified SOMLA i s  called MSOMLA. A 
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Comparison W i t h  Experiment 

A comparison of f u  1-scale crash t e s t  data from the -30°, 26.8 m/s 
(60 mph) crash t e s t  and occupant simulation us ing  MSOMLA i s  presented i n  
figure 11 i n  two-dimens onal graphics. A l t h o u g h  three-dimensional graphics 
are available i n  MSOMLA only two-dimensional graphics were chosen for the 
pictorial  comparison i n  f igure 12 .  Note the s imilar i ty  between the response 
of the occupant i n  the simulation and the occupant as seen through the window 
of the a i r c r a f t  d u r i n g  crash t e s t .  Note also tha t  i n  the simulation, the 
dummy's head passes through the back of the seat i n  front o f  him, a fac t  tha t  
could explain differences i n  the computed and measured head accelerations as 
presented i n  figure 13. The comparisons of this figure,  between measured 
and computed acceleration pulses are  excellent,  considering the seat and 
occupant were subjected t o  forward, normal, and rotational accelerations. 
This comparison, u s i n g  ful l -scale  crash data, demonstrates the versa t i l i ty  
of the program's simulation capability. 

CRASHWORTHY SEAT AND SUBFLOOR STRUCTURE CONCEPTS 

The development of structural  concepts t o  l imit  the load transmitted 
t o  the occupant i s  another research area in LaRC's crashworthiness program. 
The objective of t h i s  research i s  t o  attenuate the load transmitted by a 
structure e i ther  by modifying i t s  structural  assembly, changing the geometry 
of i t s  elements, or adding specific load-limiting devices t o  help dissipate 
the kinetic energy. 
on the development of crashworthy a i r c ra f t  seat  and subfloor systems. 

Recent e f for t s  in th i s  area a t  LaRC have concentrated 

The concept of  available stroke i s  paramount i n  determining the load 
attenuating capabi l i t ies  of different  design concepts. 
are the three load attenuating areas which ex is t  between an occupant and the 
impact surface during vertical  descent: 
and the a i r c ra f t  seat .  Attenuation provided by the landing gear will n o t  be 
included in this discussion since i t  i s  more applicable t o  helicopter crash 
attenuators. 
established i n  ref .  13, a relationship between stroke and vertical  descent 
velocity can be established for  a constant s t rok ing  device which fu l ly  strokes 
i n  less  t h a n  the maximum time allowable (0.10 s )  fo r  human tolerance. 
relationship is  i l lus t ra ted  i n  f i g .  14.  Under the condition of a constant 
25 g deceleration stroke the maximum velocity decrease for  the stroking 
available i s  12 .2  m/s (40 fps)  for the seats and 8.2 m/s (27 fps) for  the 
subfloor (assuming 30 cm (12 i n . )  and 15 cm (6 i n . )  i n  general for  a t w i n -  
engine l igh t  a i r c r a f t ) .  
subfloor the maximum velocity decrease becomes 15.2 m/s (50 fps) .  
vertical sink rates  are  comparable t o  the Army Design Guide recommendations 
( re f .  13) for  crashworthy seat  design. 

Shown i n  f igure 14 

the landing gear, the cabin subfloor, 

Using  the upward human acceleration tolerance of 25 g as 

This 

For a combination of stroking seat and stroking 
These 
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Seat 

Figure 15 shows a standard passenger and three load-limiting passenger 
seats  that  were developed by the NASA and tested a t  the FAA's Civil Aeromedical 
Ins t i tu te  (CAMI)  on a sled t e s t  f a c i l i t y .  The standard seat i s  typical o f  
those commonly used in some general aviation airplanes and  weighs approxi- 
mately 11 kg (25 lbm). 
design to  a troop seat designed for  Army helicopters ( r e f .  14) and weighs 9 kg 
(20 lbm). T h i s  seat  i s  equipped with two wire bending load l imiters which 
are  located inside the seat back and are  attached to  the cabin cei l ing t o  
l imit  both vertical  and forward loads. Two additional load l imiters are 
attached diagonally between the seat  pan a t  the front and the f loor  a t  the 
rear t o  l imit  forward loads only. 
t o  the floor while stroking. 
(12 inches) i n  the vertical  direction and 18 cm ( 7  inches) forward ( f ig .  
16 (a ) ) .  The components of a wire bending load l imiter are shown i n  the 
photograph  of f i g .  17. In operation, the wire bending t ro l ley ,  which i s  
attached t o  the t o p  housing sleeve, t ranslates  the wire loop along the axis 
of the wire during seat  stroking a t  a constant force. T h i s  type of load 
l imiter  provides a near constant force during stroking t h u s  making i t  possible 
t o  absorb maximum loads a t  human tolerance levels over a given stroking 
distance. 

The ceiling-mounted load-limiting seat i s  similar i n  

The seat  pan i n  the design remains parallel 
The length of the stroke i s  approximately 30 cm 

The floor-mounted load-limiting seat weighs 10 kg (23 lbm) and employs 
two wire bending load l imiters which are attached diagonally between the 
seat pan a t  the t o p  of the rear s t r u t  and the bottom of the front legs. 
While stroking, the rear s t r u t s  p i v o t  on the f loor  thus forcing the load- 
l imi te r  housing t o  s l ide  u p  inside the seat back ( f i g .  1 6 ( b ) ) .  The t h i r d  
load-limiting concept tested uses a rocker swing stroke t o  change the 
a t t i t ude  of the occupant from an upright seated position t o  a semisupine 
position. 

In the dynamic t e s t s  conducted a t  CAMI, the sled or carriage i s  l inearly 
accelerated along r a i l s  t o  the required velocity and brought t o  r e s t  by wires 
stretched across the track in a sequence designed t o  provide the desired 
impact loading t o  the sled. A hybrid 11, 50 percentile dummy instrumented 
with accelerometers loaded the seats  and res t ra in t  system on impact. The 
r e s t r a in t  system for  these seats consisted of a continuous, one-piece, lap 
be l t  and double shoulder harness arrangement. 

Time his tor ies  of dummy pelvis accelerations recorded d u r i n g  two 
different  impact loadings are  presented i n  f igure 18 w i t h  the dummy instal led 
i n  a standard seat and i n  a ceiling-mounted load-limiting seat.  
vertical  impulse of figure 18(a) positioned the seats  (and dummy) t o  impact 
a t  a pitch angle (angle between dummy spine and direction of sled t ravel)  of 
-30' and rol l  angle of loo. 
seats  were yawed 30' t o  the direction of sled travel.  
also included in the figure and represent the axial impulse imparted t o  the 
inclined dummies. 
and parallel t o  i t s  spine, respectively. 

The 

In the "longitudinal" pulse ( f i g ,  1 8 ( b ) )  the 
The sled pulses are 

The X and Z axes of the dummy are local axes perpendicular 
The figure shows that  for  bo th  
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impact conditions the load-1 irniting seat i n  gene;-a1 provide a sizeable 
reduction in pelvis acceleration over those recorded during similar impacts 
using the standard seat .  

The impact condition associated w i t h  a dummy passenger i n  one of the 
fu l l - sca le  NASA crash t e s t s  were quite similar t o  those defined by the sled 
t e s t  of f igure 18(a) ,  particularly i n  terms of velocity change, thereby 
permitting a gross comparison of t he i r  re la t ive accelerations. Figure 19 
shows t h a t  comparison. 
similar in both magnitude and shape, however some phase s h i f t  i s  evident. 
This agreement suggests that  sled tes t ing provides a good approximation of 
dummylseat response in ful l -scale  a i r c ra f t  crashes. 

The dummy accelerations traced from the two t e s t s  are 

Subfl oor Structure 

The subfloor structure of most medium size general aviation a i r c ra f t  
offers about 15-20 cm (6-8 in)  of available stroking distance which suggests 
the capabi l i ty  t o  introduce a velocity change of approximately 8.2 m/s (27 
fps) (see f i g .  14).  Aside from the necessary space f o r  r o u t i n g  hydraulic and 
e lec t r ica l  conducts, considerable volume i s  available within the subfloor for  
energy dissipation t h r o u g h  controlled collapse. A number of energy abso rb ing  
concepts have been advanced and figure 20 presents sketches of f ive prominent 
candidates. The f i r s t  three concepts, moving from l e f t  t o  r igh t ,  would re- 
place existing subfloor structure and allow for  ( a )  the metal working of 
floor beam webs f i l l e d  with energy dissipating foam, ( b )  the collapsing of 
precorrugated f loor  beam webs f i l l e d  with foam, or ( c )  the collapsing of pre- 
corrugated foam-fill ed webs inter1 aced with a notched 1 ateral  bul khead. The 
remaining two concepts eliminate the f loor  beam ent i re ly  and replace i t  with 
a precorrugated canoe ( the  corrugations running circumferentially around the 
cross section) w i t h  energy dissipation foam exterior to  the canoe, and foam- 
f i l l e d  Kevlar cy1 inders supporting the f loor  loads. 
concepts have been tested both s t a t i ca l ly  and dynamically t o  determine their  
load-deflection character is t ics .  Some examples of the s t a t i c  load-deflection 
behavior obtained from four of the f ive  concepts are shown i n  figure 21. 

These f ive  promising 

A number of energy absorbing subfloor specimens were constructed using 
the resu l t s  of the concept study. 
subfloor structure and would consist of a re la t ively s t rong  upper f loor  fo r  
maintaining seat- to-aircraf t  integri ty  and a crush zone t o  allow f o r  a more 
uniform collapse and dis t r ibut ion of load. These f ive  subfloors have been 
tested s t a t i ca l ly  and t he i r  load-deflection character is t ics  are shown in 
figure 22 along with resu l t s  for  a comparable unmodified subfloor structure.  

Each of the sections could replace existing 

The unmodified subfloor load-deflection character is t ics  indicate several 
sudden substantial losses in load carrying capabili ty which were the resu l t s  
of undesirable loss of structural  integri ty ,  that  i s ,  the seat r a i l s  broke 
loose, the f loor  webs and f loor  covering ripped f ree  from the f loor  beams. 
the other hand, the resu l t s  for  the f ive  new concepts indicate t h a t  they 
perform well in t h a t  the the upper f loor  remained intact  t h r o u g h o u t  the 
loading and d i d  n o t  break apart. Some concepts d i d ,  however, collapse w i t h  
more desirable load-deflection character is t ics  than others. For example, the 

On 
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resu l t  fo r  the corrugated beams with notched corner web attachments, as shown 
in more d e t a i l  i n  f igure 23, indicate that  the crush zone collapsed a t  a more 
desirable lower (essent ia l ly)  constant load character is t ic  than the unmodified 
structure while the energy absorbed a t  the reduced crushing load was essentially 
the same a s  the unmodified subfloor. Dynamic vertical  t e s t s  of a l l  the load- 
1 imiting a i r c ra f t  sections are currently being conducted a t  vertical  velocities 
u p  t o  7.3 m/s (24 fps )  t o  evaluate the i r  impact performance as compared t o  
unmodified subfloor structure.  

Emergency Locator Transmitter ( E L T )  Tests 

General aviation airplanes are required t o  carry an Emergency Locator 
Transmitter (ELT)  (normally crash activated) t o  expedite the location of 
crash a i r c ra f t  by searchers. 
problems that severely limited the usefulness of these potentially life-saving 
devices. The National Transportation Safety Board recently reviewed the ELT 
problems and e f fo r t s  to  f i n d  solutions ( r e f .  1 5 ) .  
nondistress activation and fa i lure  t o  activate i n  a crash s i tuat ion.  
problem sources are ,  among others, improper mounting, the location i n  the 
a i r c r a f t ,  short c i r cu i t s ,  vibration sens i t iv i ty ,  battery fa i lures ,  and antenna 
location. 
Technical Commission for  Aeronautics (RTCA)  Special Committee 136 formed to  
study i n  depth the ELT problems and t o  seek solutions. 

However, the ELT i s  plagued w i t h  many 

The ELT has a h i g h  ra te  of  
Suspected 

NASA Langley i s  ass is t ing the FAA and industry through Radio 

NASA Langley i s  demonstrating ELT sensor activation problems by m o u n t i n g  
a sampling of ELT specimens in ful l -scale  crash t e s t  a i r c ra f t  and i n  a special 
t e s t  apparatus t o  simulate longitudinal crash pulses. This very def ini t ive 
demonstration of some specific ELT performance problems and evaluation of 
the t e s t  resul ts  will increase understanding and lead t o  solutions. 
is also studying the antenna radiation problem by fly-over examination of the 
radiation patterns emanating from ELT's mounted i n  s i t u .  

Langley 

An apparatus has been constructed t o  permit laboratory t e s t s  t o  be con- 
ducted on ELT's in a r e a l i s t i c  environment. The t e s t  setup, shown i n  f igure 
24, consists of a large cylindrical section with an actual airplane t a i l  
section mounted i n  i t s  in te r ior .  
the "crash" pulse upon impact in a bed of glass beads. The cylinder can be 
rotated relat ive to  the wedges t o  vary the vector inputs. Decelerations a t  
the base of the airplane section, responses o f  the bulkheads and webs, and 
the response of the ELT are recorded along w i t h  activation/no activation 
signals.  

Wedges attached t o  the t e s t  apparatus shape 

The t e s t  apparatus permits an extension of t e s t  data on ELT's acquired 
d u r i n g  crash t e s t s  of fu l l - s ize  a i r c ra f t  a t  the Impact Dynamics Faci l i ty .  
For example, the data i n  f igure 25 i s  a comparison of the longitudinal decel- 
eration on an ELT in a recent crash t e s t  with a simulated crash pulse in the 
t e s t  r i g .  As indicated i n  the figure,  bo th  the character is t ic  shape of the 
crash pulse and structural  resonances are  reproduced by the t e s t  apparatus. 
A representative sampl i n g  of in-service ELT's t e s t s  in th i s  apparatus i s  
discussed in reference 16. 
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CONCLUDING REMARKS 

Langley Research Center (LaRC) has in i t ia ted  a crash safety program tha t  
will lead t o  the development of  technology to  define and demonstrate new 
structural  concepts for  improved crash safety and occupant survivabili ty i n  
general aviation a i r c ra f t .  T h i s  technology will make possible the inte- 
gration of crashworthy structural  design concepts into general aviation 
design methods and will include airframe, seat ,  and restraint-system concepts 
that  will dissipate energy and properly restrain the occupants w i t h i n  the 
cabin inter ior .  
a i r c ra f t  components needed for crash load attenuation i n  addition t o  
considerations for modified seat and res t ra in t  systems as well as structural  
airframe reconfigurations. 
i s  being analytically evaluated to  determine the i r  dynamic response and t o  
verify design modifications and structural  crushing efficiency. Seats and 
res t ra in t  systems w i t h  incorporated deceleration devices are being studied 
t h a t  will l imit  the load transmitted t o  the occupant, remain firmly attached 
t o  the cabin floor,  and adequately rest rain the occupant from impact with 
the cabin in te r ior .  Full-scale mockups of structural  components incorporating 
load-1 imiting devices are being used to  evaluate the i r  performance and provide 
corroboration t o  the analytical predictive techniques. 

parameters are t o  be determined from both FAA f i e ld  data and LaRC controlled- 
crash t e s t  data. The controlled-crash t e s t  data will include crashes a t  
velocit ies comparable w i t h  the s t a l l  velocity of most general aviation 
a i r c ra f t .  Close cooperation with other governmental agencies is being 
maintained t o  provide inputs f o r  human tolerance c r i t e r i a  concerning the 
magnitude and d u r a t i o n  of deceleration levels and for  r e a l i s t i c  crash data 
on survivabili ty.  The analytical predictive methods developed herein for  
crash analyses are t o  be documented and released.through COSMIC. 

Current e f for t s  are focused on developing load-limiting 

The dynamic nonlinear behavior of these components 

In the development of a i r c ra f t  crash scenarios, a se t  of design crash 

A new Emergency Locator Transmitter (ELT)  t e s t  apparatus has been made 
operational a t  NASA Langley Research Center. Testing of a representative 
sample of in-service ELT's  i s  underway. Results o f  t h i s  study will form the 
basis for  specific recommendations by Radio Technical Commission fo r  Aero- 
nautics (RTCA) Special Committee 136. 
Industry will lead to  improvements in ELT r e l i ab i l i t y .  

These recommendations t o  the FAA and 
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Figure 1.- Agency responsibilities in joint FAA/NASA General 
Aviation Crashworthiness program. 

Figure 2.- Research areas in LaRC General Aviation 
Crash Dynamics program. 
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Figure 3.- Langley Impact Dynamics Research F a c i l i t y .  
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FALCON ROCKETS 
TOTAL THRUST (4  ROCKETS) 
71 850 N 

(a) Schematic of rocket location. 

(b) Photograph of rocket ignition during test. 

Figure 4.- Velocity augmentation crash test method. 
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FAA, SINGLE-ENGINE 
HIGH WING,a 

v INDICATES FIRST TEST IN SERIES 
v OPEN SYMBOL TESTS PLANNED 

CLOSED SYMBOL TESTS COMPLETED 

1 1 1 1 1 1 1 i 1 1  

I 1  

TWIN-ENGINE 1' 90 MPH,O 
TWIN-ENGINE 
60 MPH,o 

-MODIFIED TWIN-ENGINE 
260 MPH, 17 

Figure  5.- General a v i a t i o n  c r a s h  test schedule .  (1 mph = 0.45 m / s . )  
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(a) Controlled crash. 

(b) Las Vegas accident. 

Figure 6.- Controlled-crash test and Las Vegas accident. 
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Figure 7.- Damage comparison between controlled 
test and Las Vegas accident. 
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Figure 8.- Acceleration time histories from first 
passenger and floor of controlled-crash test 
(-12O pitch, 41 . 4  m / s  flight path velocity with 
50 left roll, 1 0  yaw). 
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Figure 9.- Fuselage section drop-test specimen. 

Figure 10.- DYCAST fuselage, seat, and occupant model. 
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Figure 11.- Comparison of occupant pelvis vertical accelera- 
tions from test and analyses. 
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Figure 12.- Two-dimensional computer graphics display of motion 
of third passenger of -30°, 27 m/s full-scale crash test. 
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Figure 13.- Experimental and computer dummy accelerations 
for -30°, 27 m/s  full-scale crash tes t .  
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Figure 14.- Available stroke for energy dissipation i n  typical twin- 
engine general aviation aircraft .  
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Figure 15.- Load-limiting seat concepts. 
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Figure 16.- Passenger seats with wire bending load limiters. 
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Figure  17.- Wire bending load l imiter .  
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(a) "Vertical" (-30° pitch, l o o  roll). 
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(b) "Longitudinal" (30° yaw) . 
Figure 18.- Pelvis accelerations for dummy in conven- 

tional and ceiling-mounted (load-limiting) seat 
subjected to "vertical" and "longitudinal" sled 
pulses. 
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Figure 19.- Dummy accelerations from sled test and from a 
full-scale test under similar impact conditions. 
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Figure 20.- Load-limiting subfloor concepts. 
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Figure 21.- Load-deflection curves for load-limiting concepts. 

Figure 22.- Load-deflection curves for five load-limiting 

(1 kip = 4.5 N; 1 in. = 2.54 cm.) 
subfloor sections and an unmodified subfloor section. 
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Figure 23.- Comparison of load-deflection curves for corrugated 
beams with notched corners with unmodified subfloor section. 
(1 kip = 4.5 N; 1 in. = 2.54 cm.) 

Figure 24.- Emergency Locator Transmitter (ELT) 
test apparatus. 
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Figure 25.- Actual and simulated longitudinal crash 
pulses on ELT's. 
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CURRENT RESEARCH IN AIRCRAFT TIRE DESIGN 

AND PERFORFlAMCE 

John A. Tanner and John L .  McCarty 
NASA Langley Research Center 

S. K. Clark 
University of Michigan 

S UQlMA R Y  

A review of the NASA experimental and analytical t i r e  research programs 
which address the various needs identified by landing gear designers and a i r -  
plane users i s  presented in th i s  paper. The experimental programs are  designed 
t o  increase t i r e  tread 1 ifetimes , re la te  s t a t i c  and dynamic t i r e  properties , 
establish the t i r e  hydroplaning spin-up speed, study gear response to  t i r e  
fa i lures ,  and define t i r e  temperature profiles d u r i n g  taxi ,  b rak ing  and corner- 
ing operations. The analytical programs are aimed a t  providing insights into 
the mechanisms of heat generation in roll ing t i r e s  and developing the tools 
necessary t o  streamline the t i r e  design process and t o  aid in the analysis of 
landing gear problems. 

INTRODUCTION 

For many years t i r e  researchers a t  Langley have maintained a close working 
relationship with the a i r c r a f t  landing gear community, namely, the airframe 
manufacturers and the a i r l i n e  operators. This relationship has allowed NASA 
t o  keep abreast of constantly changing t i r e  research needs and t o  adjust  i t s  
program priori  t i  es accordi ngly , Recent inputs from various sources have i ndi - 
cated that  research i s  needed t o  (1) improve t i r e  lifetimes bo th  in terms of 
reduced tread wear and greater blowout resistance; ( 2 )  solve such landing gear 
dynamic problems as  shimmy, gear walk, truck pitching, and braking and corner- 
ing performance in adverse weather; and (3) streamline the t i r e  design process. 
NASA currently has several research programs underway t o  address these needs 
and the purpose of t h i s  paper i s  t o  present a s ta tus  report on these ac t iv i t i e s  
and t o  provide some indication as t o  the direction of future research e f for t s .  

TREAD NEAR 

Tire replacement due t o  tread wear i s  a major safety and economic concern 
For th i s  reason, NASA has since the early 1970's ( re fs .  of a i r l i ne  operators. 

1 t o  3)  been involved in a program t o  examine the effects  of ti 're tread wear 
attr ibuted to the various ground operations of an airplane. 
attempts are underway t o  develop new elastomeric materials which would provide 

In addition, 
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improved t i r e  tread wear and  blowout resistance w i t h o u t  degrading traction 
characterist ics.  For the purpose of t h i s  program, braking and cornering t e s t s  
are being conducted on specially-prepared t e s t  t i r e s  using the instrumented 
vehicle shown i n  f igure 1 .  
which i s  cantilevered from the rear of the truck and supports the t e s t  t i r e .  
For braking t e s t s  a t  fixed s l i p  ra t ios  the t e s t  t i r e  and wheel assembly i s  
driven t h r o u g h  a universal coupling by interchangeable gears, which i n  t u r n  a r e  
chain-driven by a d r i v i n g  wheel on the truck. 
merely changing the gears in the drive unit and i n  this program the s l i p  ra t ios  
are being varied from 0% t o  50%. 
i s  disconnected and the f ix ture  i s  rotated t o  the desired steering or yaw 
angle and clamped in place. Yaw angles t o  25-degrees are being evaluated. The 
braking t e s t s  are being conducted on both asphalt and concrete runway surfaces, 
b u t  the cornering t e s t s  a re  being limited t o  a re la t ively smooth asphalt surface. 

The main feature of this vehicle i s  the t e s t  f ix ture  

Changing the s l i p  r a t io  en ta i l s  

For cornering t e s t s  the universal coupling 

A sample of the wear, f r i c t ion ,  and temperature data obtained during th i s  
t e s t  program i s  presented i n  figure 2 .  
type VII, 12-ply r a t i n g  a i r c ra f t  t i r e s  which had been retreaded w i t h  four d i f -  
ferent elastomers whose compositions were a s  follows: 

These data are  for  s ize  22 x 5.5, 

El as tomer Compos i t i  on 
100% natural rubber 
75% natural rubber and 25% cis-polybutadiene 
75% natural rubber and 25% vinyl-polybutadiene 
75% natural rubber and 25% trans-polypentenemer 

Elastomer A was tested because natural rubber has been considered the 
elastomer best suited t o  meet the t i r e  requirements for  supersonic transport- 
type a i r c r a f t .  Elastomer B comprises a stock representative of the current 
state-of-the-art  treads for  j e t  transports, and elastomers C and D a re  
experimental blends developed specif ical ly  for t h i s  program. A f i f t h  experi- 
mental elastomer which consists of a tri-blend of natural rubber, cis-poly- 
butadiene, and vinyl-polybutadiene, i s  currently being evaluated. Presented 
on the l e f t  of f igure 2 are plots of the t i r e  wear ra te  as a function of the 
s l i p  r a t io  from the b r a k i n g  t e s t s  and yaw angle from the cornering t e s t s ;  
a lower wear ra te  indicates a longer t i r e  tread l i f e .  
the 100-percent natural rubber tread (elastomer A )  has the highest wear ra te  
and the state-of-the-art  tread (elastomer B )  has the lowest wear ra te  of the 
elastomers tested to date. Treads fabricated from the two experimental 
elastomers had similar wear character is t ics  b u t  neither had a wear resistance 
as good as  the present state-of-the-art elastomer. 
the experimental treads such as  heat buildup, cut growth ,  and heat blowout 
resistance could, however, t i p  the balance i n  favor of one of the experimental 
elastomers for some applications. I t  i s  apparent from the figure t h a t  ex- 
tended operations a t  high s l i p  ra t ios  and/or h i g h  yaw angles s ignif icant ly  
shorten tread l i f e  for  a l l  tread materials. 

The d a t a  indicate t h a t  

Other character is t ics  of 

While experimenting with the composition of the t i r e  tread t o  improve i t s  
wear character is t ics  i t  i s  important that  the t i r e  f r ic t ion  capabi l i t ies  n o t  
be compromised. 
e i ther  the braking or cornering modes are faired by a single curve in figure 2 ,  

The f r ic t ion  measurements obtained from the various t i r e s  in 
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thereby suggesting tha t  the various tread elastomers studied t o  date do n o t  
significantly a f fec t  the t i r e  f r ic t ion  performance. 

Also presented i n  f igure 2 a re  the maximum tread temperatures as obtained 

Tread temperatures were observed t o  

from an optical pyrometer mounted on the t i r e  f ix ture  which continuously 
monitored the tread temperature of a p o i n t  on the rotating t i r e  approximately 
3/8 of a revolution out o f  the footprint .  
be independent of the elastomer and the figure shows tha t  this temperature 
increases with increasing s l i p  r a t i o  and increasing yaw angle. 

STATIC AND ROLLING TIRE BEHAVIOR 

NASA research on s t a t i c  and rol l ing behavioral character is t ics  of the 
pneumatic a i r c r a f t  t i r e  i s  concerned w i t h  studies of gear response to t l r e  
fa i lures  (blowouts); t i r e  carcass temperatures d u r i n g  various a i r c r a f t  ground 
operations; wet runway friction/hydroplaning; and certain key t i r e  mechanical 
properties. The following paragraphs briefly discuss each of these planned 
or on-going programs. 

Gear Response t o  Tire Failures 

The need for  a study of landing gear response to  t i r e  fa i lures  has become 

A tentat ive t e s t  matrix has been 
more c r i t i c a l  in recent years due t o  the increasing number of t i r e  fa i lures  
experienced by the wide-body airplane f l e e t .  
outlined for  a NASA program which ca l l s  for  studies of the f r ic t ion  forces 
developed by deflated (blown) t i r e s  and by wheels roll ing on rims; an assess- 
ment of debris trajectory patterns associated with t i r e  blowouts; and the 
response of the s t r u t ,  antiskid braking system, and the demands placed on the 
nose gear steering system following a main gear t i r e  fa i lure .  A planning 
session has been scheduled with representatives from a i r l i ne ,  t i r e ,  and other 
aviation industries and interested government agencies t o  f ina l ize  the t e s t  
matrix and testing will probably commence in mid-1981. 

Tire Carcass Temperatures 

The generation of heat i n  a i r c r a f t  t i r e s  i s  undergoing study to  determine 
the temperature profiles which are necessary to  define the strength and 
fatigue limitations of the t i r e  carcass structure.  Both experimental and 
analytical e f for t s  are  currently underway in this study. The experimental 
t e s t s  are  being carried o u t  on s i ze  22 x 5.5 a i r c r a f t  t i r e s  and the t e s t  vehicle 
i s  the same instrumented truck shown i n  f igure 1. For these t e s t s ,  the t i r e s  
are  equipped with a number of thermocouples located w i t h i n  the t i r e  carcass on 
one side of the t i r e  centerline a s  i l lus t ra ted  i n  the schematic of figure 3.  
photograph of one such t i r e  instal led on the t e s t  vehicle i s  presented i n  
f igure 4 which also shows the modified hub and s l i p  r i n g  assembly for  trans- 

A 
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mitting the thermocouple signals t o  the on-board recording equipment. 
erature data a re  being acquired while the t i r e  i s  operated under free-roll ing,  
light-braking, and yawed-rolling conditions. Since only one side of each t i r e  
i s  instrumented, symmetry i s  presumed a b o u t  the t i r e  centerline for free- 
roll ing and  light-braking conditions. For yawed rol l ing conditions, t e s t s  a re  
r u n  a t  yaw angles of equal magnitude on e i ther  s ide of Oo to  account fo r  any 
asymmetrical heating conditions. Typical resu l t s  from the free-roll ing t e s t s  
are  presented i n  f igure 5 which shows the carcass temperature pro-files of a 
t e s t  t i r e  a f t e r  travell ing distances of 1500 m ,  3000 m, and 4500 m a t  a ground 
speed of 17 knots. The data indicate that  the hottest  portions of the t i r e  
carcass are beneath the tread near the shoulder area and along the inner sur- 
face of the sidewall. 

Temp- 

The analytical  e f fo r t  t o  model the heat generation mechanisms w i t h i n  an 
a i r c r a f t  t i r e  i s  being conducted a t  the University of Michigan under a NASA 
g r a n t .  
cross section and t r ea t s  the heat generated w i t h i n  the t i r e  as a function of 
the s t r a in  energy associated w i t h  the predicted t i r e  flexure. 

The model employs an assembly of f i n i t e  elements to  represent the t i r e  

Figure 6 presents a comparison between the experimental data and the 
resu l t s  from a preliminary analysis performed on a free-rolling t i r e .  
f igure shows the temperature r i s e  as a function of time as measured and cal-  
culated a t  two thermocouple positions for  two t i r e  deflection conditions. 
thermocouple positions include the inner and outer surface of the t i r e  sidewall 
near the bead, and  t he i r  positions are  denoted on figure 3 by asterisks.  The 
data presented i n  f igure 6 show good agreement between the experimental and the 
calculated temperature r i ses .  Current analytical work i s  aimed a t  refining 
the s t ra in  energy terms i n  the model t o  provide even closer agreement i n  the 
free-rolling case and t o  address the braking and cornering cases. 

The 

The 

Wet Runway FrictionlHydroplaning 

For many years the Langley Research Center has been associated with 
f r ic t ion  and hydroplaning research. 
r e su l t  of these early research e f for t s ,  the c r i t i ca l  hydroplaning speed a t  
which the t i r e  begins to  spin down when water i s  encountered on the runway 
has been well established. These early t e s t s  also indicated that  a speed 
reduction t o  a second, lower c r i t i ca l  speed i s  necessary t o  allow the t i r e  to  
spin up  again, b u t  t h i s  c r i t i ca l  hydroplaning spin-up speed has not been well 
documented. 
establish the speed reduction necessary t o  allow t i r e  spin-up, and to  measure 
the hydrodynamic pressures within the footprint .  

(See re fs .  4 and 5 for  examples.) As a 

Tests are  currently underway on the Langley Landing-Loads Track to  

Tire I4echanical Properties 

NASA's continuing investigation of t i r e  mechanical properties ( re fs .  6 
and 7 are  typical of e a r l i e r  work i n  t h i s  area) was recently expanded to  
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support  a program sponsored by the  Soc ie ty  o f  Abtomotive Engineers (SAE) t o  
measure both the  s t a t i c  and dynamic p roper t i es  of two s izes  o f  modern a i r c r a f t  
t i r e s .  Data were generated us ing  49 x 17 and 18 x 5.5, t ype  V I 1  t i r e s  and 
prov ided some i n s i g h t  i n t o  t h e  r e l a t i o n s h i p  of c e r t a i n  s t a t i c  and dynamic t i r e  
p roper t i es .  An example i s  shown i n  f i g u r e  7, which presents the  l a t e r a l  sp r ing  
r a t e s  determined from s t a t i c  and dynamic t e s t s  performed on a 49 x 17 s i z e  
t i r e .  The key t o  r e l a t i n g  the  s t a t i c  and dynamic data l i e s  i n  the  i n t e r p r e t a -  
t i o n  o f  s t a t i c  l oad -de f lec t i on  curves s i m i l a r  t o  t h e  one sketched i n  f i g u r e  7. 
As w i l l  be noted, t i r e  s t a t i c  l oad -de f lec t i on  curves generate a subs tan t i a l  
hys teres is  loop. 
sp r ing  r a t e  and genera l l y ,  as i n  references 6 and 8, t h i s  r a t e  was de f ined by 
the  s lope o f  the  l i n e  which connected t h e  loop extremes. Unfor tunate ly ,  these 
sp r ing  ra tes  were always lower  than those obta ined du r ing  dynamic t e s t s .  
Observations from t h e  SAE t e s t  program suggested t h a t  two sp r ing  r a t e s  would be 
more representa t ive  o f  t i r e  response t o  s t a t i c  loadings.  One r a t e  would be the 
slope o f  t he  l oad ing  p o r t i o n  o f  t he  s t a t i c  hys te res i s  loop and the o the r  r a t e  
would be de f ined by t h e  i n i t i a l  s lope o f  the  l oad  r e l a x a t i o n  curve f o l l o w i n g  
at ta inment  o f  the  peak s t a t i c  load. Both o f  these r a t e s  and t h a t  obta ined from 
dynamic ( f r e e  v i b r a t i o n )  t e s t s  a re  presented i n  f i g u r e  7.. 
t h a t  the  two s t a t i c a l l y  determined ra tes  de f i ne  an envelope which would i nc lude  
a l l  the  poss ib le  sp r ing  r a t e s  obta ined under dynamic l oad ing  cond i t ions ,  w i t h  
the lower bound o f  the  envelope de f ined by the s t a t i c  load ing  curve and the  
upper bound de f ined by the i n i t i a l  s t a t i c  r e l a x a t i o n  curve. 

It has been customary t o  ass ign a s i n g l e  va lue t o  the t i r e  

The f i g u r e  suggests 

ANALYTICAL T IRE MODEL DEVELOPMENT 

NASA i s  developing a f a m i l y  o f  a n a l y t i c a l  t i r e  models which w i l l  be usefu l  
i n  t i r e  design and land ing  gear ana lys is .  
NASA, the  Col lege o f  W i l l i am and Mary, and George Washington Un ive rs i t y .  The 
approach being taken i s  t o  use f i n i t e  elements based on non l inear  s h e l l  theory 
(refs.  9 and 10). The s h e l l  theory i s  l i m i t e d  t o  smal l  s t r a i n s  b u t  can handle 
an iso t rop ic ,  nonhomogeneous, e l a s t i c  ma te r ia l  c h a r a c t e r i s t i c s ;  bending exten- 
s iona l  coupl ing;  l a r g e  deformations; and moderate r o t a t i o n s .  To date two 
q u a d r i l a t e r a l  s h e l l  f in i te -e lement  models have been developed which fea tu re  
the use o f  a reduced-basis s o l u t i o n  a lgo r i t hm and automat ic s e l e c t i o n  o f  load  
o r  displacement incrementat ion ( re f s .  11 and 12). One model i s  a 16-node f i n i t e  
element based upon the  displacement fo rmu la t i on  and the  second model i s  a f i n i t e  
element based upon a mixed fo rmu la t i on  w i t h  9 nodes a long the  per iphery  where 
displacements a re  the fundamental unknowns and 4 i n t e r n a l  nodes where the  s t ress  
r e s u l t a n t s  a r e  the unknowns. For the  mixed fo rmu la t i on  the i n t e r n a l  s t ress  
r e s u l t a n t s  are d iscont inuous across the  in te re lement  boundaries and the  s t ress  
parameters and t h e i r  path d e r i v a t i v e s  a re  e l im ina ted  on the  element l e v e l .  The 
performance o f  these two s h e l l  t i r e  models i s  being v e r i f i e d  by app ly ing  i n f l a -  
t i o n  pressure loads. Typ ica l  r e s u l t s  f rom these v e r i f i c a t i o n  s tud ies  a r e  
presented i n  f i g u r e  8 f o r  a 10-ply t i r e  o f  e l l i p t i c a l  cross sec t i on  mounted on 
a r i g i d  wheel. A schematic o f  the model cross sec t i on  i s  presented on the  l e f t  
o f  the f i g u r e .  Also presented i n  the  f i g u r e  i s  a p l o t  o f  the pressure load 
aga ins t  t he  crown displacement o f  t h e  t i r e  i l l u s t r a t i n g  the  hardening sp r ing  
c h a r a c t e r i s t i c  o f  the  t i r e .  
model geometries a r e  shown t o  scale and i l l u s t r a t e  the 'large deformat ions 

This  i s  a j o i n t  venture between 

The drawing o f  the  u n i n f l a t e d  and i n f l a t e d  t i r e  
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associated with this simple loading system. 

Future work in t i r e  analytical model development will be concentrated i n  
the major areas of material characterization, modeling techniques, and load 
determination. In the area of material characterization the next e f fo r t  will 
be aimed a t  the extension of the current l inear  e l a s t i c  material model t o  includr 
the nonlinear e f fec ts  of viscoelastic material behavior. T h i s  e f fo r t  will 
also include studies of the effects  of elevated temperature on the material 
strength and i t s  mechanical properties. Modeling techniques i n  the future will 
include rational approximations t o  the comprehensive nonlinear shell  theory and 
solution algorithm refinements tha t  reduce computer costs while maintaining 
solution accuracy. Future loading systems imposed upon the model will be 
consistent w i t h  studies of the tire/runway contact problem, the inclusion of 
braking and cornering forces, and the investigation of the dynamic effects  of 
roll ing.  

The importance of the analytical t i r e  model development program can best 
be expressed in terms of i t s  anticipated applications. 
t i r e  models should furnish a means of streamlining new t i r e  development and 
qualification procedures. Furthermore, these analytical tools should be able 
t o  predict t i r e  f a i lu re  modes during the design phase so t h a t  appropriate 
steps can be taken t o  prevent undue t i r e  fa i lures  d u r i n g  a i r c r a f t  ground 
operations. 
landing gear dynamic problems as wheel shimmy, truck pitching, and gear walk. 
Eventually these models could provide the information necessary to  t a i l o r  the 
mechanical properties of a i r c r a f t  t i r e s  t o  make them more compatible with 
a i r c ra f t  antiskid braking and nose gear steering systems and, thereby, optimize 
the ground handling capabili ty of modern a i r c r a f t .  

A mature family of 

The family of t i r e  models should provide the means of solving such 

CONCLUDING REMARKS 

Langley Research Center i s  conducting b o t h  experimental and analytical 
t i r e  research programs t o  address the various needs identified by the landing 
gear designers and the airplane users. 
t o  increase t i r e  tread l ifetimes,  re la te  s t a t i c  and dynamic t i r e  properties, 
establish the t i r e  hydroplaning s p i n - u p  speed, study gear response t o  t i r e  
fa i lures ,  and define t i r e  temperature profiles during tax i ,  braking and cor- 
nering operations. The analytical programs are  aimed a t  providing insights 
into the mechanisms of heat generation in rol l ing t i r e s  and developing the 
tools necessary to  streamline the t i r e  design process and t o  aid i n  the 
analysis of landing gear problems. 

The experimental programs a re  designed 
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Figure 1.- Instrumented test vehicle. 
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Figure 2.- Wear, friction, and temperature characteristics of a size 22 x 5.5 
tire on a smooth asphalt surface. 
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*: DATA FROM THESE THERMOCOUPLES COMPARED WITH 
MODEL PREDICTIONS 

Figure 3 . -  Location of thermocouples i n  t i re  carcass. 

Figure 4.- Size 22 x 5.5 t e s t  t i r e  with thermocouples ins ta l led .  
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Figure 5.- Temperature p ro f i l e s  during f r e e  r o l l .  22 x 5.5, 12-ply t i re ;  
ground speed, 1 7  knots. 
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Figure 6.- Comparison of experimental and calculated temperature rise. 
22 x 5.5 t i re ;  ground speed, 1 7  knots. 
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Figure 7.- Comparison of s ta t ic  and dynamic lateral  t i re  spr ing  rates €or 
a 49 x 1 7  tire. 
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Figure 8.- T y p i c a l  model r e s u l t s .  10-ply e l l ip t ica l  t i re  on a r i g i d  wheel. 
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REVIEW OF ANTISKID AND BRAKE DYNAMICS RESEARCH 

Sandy PI. Stubbs and  John A. Tanner 
NASA Langley Research Center 

S U FlFl ARY 

I n  an e f fo r t  to establish the reasons for  degraded performance of a i r c r a f t  
braking systems which sometimes occur on wet runways, Langley Research Center, 
with support from the FAA, has been involved i n  a program to study the be- 
havior of various antiskid systems under the controlled conditions afforded by 
the Aircraft  Landing Dynamics Facil i ty.  Results from this  study ut i l iz ing a 
single main wheel of a DC-9 a i r c r a f t  suggest t h a t  the systems investigated per- 
form well under most circumstances b u t  there may be room for  improvement. For 
example, i t  has been demonstrated that pressure-bias-modulation can adversely 
a f fec t  the response of antiskid systems t o  rapid changes in the runway f r ic t ion  
level. Results also indicate that  antiskid systems designed t o  operate a t  a 
s l i p  ra t io  of approximately 0.1 can provide a maximum braking e f fo r t  without 
undue loss in the cornering capabili ty of the t i r e .  Time his tor ies  of braking 
f r ic t ion  coefficient were shown t o  provide a means of determining antiskid sys- 
tem performance a n d  f o r  systems t h a t  employed pressure-bias-modulation i t  was 
shown that  performance could also be estimated from time his tor ies  of brake 
pressure and torque. Brake dynamic behavior from these t e s t s  has yielded the 
potential for  more accurate mathematical models of the brake pressure-torque 
response which will be useful in future antiskid designs. 

INTRODUCTION 

Over the yezrs, the number and variety of airplanes using antiskid braking 
systems have s teadi ly  increased until now most current commercial and mili tary 
j e t  airplanes are  equipped with various skid control devices. The e a r l i e s t  
antiskid systems were generally designed to prevent wheel lockups and excessive 
t i r e  wear on dry pavements. Modern s k i d  control devices, however, are  more 
sophisticated and are  designed t o  provide maximum braking e f fo r t  while main- 
t a i n i n g  fu l l  antiskid protection under a l l  weather conditions. Operating 
s t a t i s t i c s  of modern j e t  airplanes indicate that  these antiskid systems are  b o t h  
effective and dependable; the several million landings t h a t  a re  made each year 
in routine fashion with no serious operating problems a t t e s t  t o  t h i s  fac t .  
However, i t  has also been well established, b o t h  from f l igh t  t e s t s  and from 
f ie ld  experience, t h a t  the performance of these systems i s  subject to degrada- 
tion on slippery runways; consequently, dangerously long roll-out distances 
and reduced steering capabili ty can r e su l t  d u r i n g  some airplane landing 
operations (refs .  1 t o  3 ) .  Thus, there exis ts  a need t o  study different  types 
of antiskid braking systems i n  order to  find reasons for  the degraded braking 
performance that  occurs under adverse runway conditions; there i s  also a need 
t o  o b t a i n  data for  the development of more advanced systems that  will insure 
safe ground handling operations under a l l  weather conditions. 
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I n  an e f f o r t  t o  meet these needs, an exper imental  research program was 
undertaken by NASA w i t h  support  f rom the Federal A v i a t i o n  Admin is t ra t ion  t o  
study the  single-wheel behavior o f  severa l  d i f f e r e n t  a i r p l a n e  a n t i s k i d  b rak ing  
systems under the  c o n t r o l l e d  cond i t i ons  a f fo rded  by the  Langley A i r c r a f t  
Landing Loads and T rac t i on  F a c i l i t y .  
s tud ied  i n  t h i s  program inc luded a v e l o c i t y - r a t e - c o n t r o l l e d  system, a s l i p -  
r a t i o - c o n t r o l l e d  system w i t h  ground reference f rom an unbraked nose wheel, a 
s l i p - v e l o c i t y - c o n t r o l l e d  system, and a mechanical-hydraul ic system. The 
i n v e s t i g a t i o n  o f  a l l  these systems was conducted w i t h  a s i n g l e  main wheel, 
brake, and t i r e  assembly o f  a IIcDonnell Douglas DC-9 se r ies  10 a i rp lane .  

The purpose o f  t h i s  paper i s  t o  present  some o f  the  s i g n i f i c a n t  f i n d i n g s  
which became ev iden t  dur ing  the  t e s t  o f  t he  a n t i s k i d  systems under maximum 
brak ing  e f f o r t .  The parameters va r ied  i n  t h e  s tudy inc luded t e s t  speed, t i r e  
loading,  t i r e  yaw angle, t i r e  t read  cond i t ion ,  brake-system opera t ing  
pressure, and runway wetness cond i t ion ;  a d e t a i l e d  d iscuss ion  o f  t he  e f f e c t s  
o f  these parameters on th ree  o f  t he  systems s tud ied  can be found i n  re ferences 
4, 5, and 6. Th is  paper touches b r i e f l y  on severa l  aspects o f  a n t i s k i d  
system design philosophy, discusses techniques f o r  eva lua t i ng  a n t i s k i d  p e r f o r -  
mance, and discusses brake dynamics du r ing  a n t i s k i d  cyc l i ng .  

The types o f  s k i d  c o n t r o l  devices 

APPARATUS AND TEST PROCEDURE 

Test F a c i l i t y  

The i n v e s t i g a t i o n  was performed us ing  the t e s t  ca r r i age  shown i n  f i g u r e  
1. Also shown i n  f i g u r e  1 i s  a close-up view o f  the t e s t  wheel and the  
instrumented dynamometer which was used ins tead  o f  a landing-gear s t r u t  t o  
support  the  DC-9 t i r e ,  wheel, and brake assembly because i t  prov ided an 
accurate measurement o f  t he  t i re -ground forces.  
type V I 1  re t readed t i r e  i n f l a t e d  t o  .97 HPa. 

The t e s t  t i r e  was a 40x14, 

The t e s t  runway can a l so  be seen i n  f i g u r e  1. Approximately 244 m 
o f  the f l a t  concrete t e s t  runway were used t o  p rov ide  brak ing  and corner ing 
data on a d ry  surface, on an a r t i f i c i a l l y  damp surface, on an a r t i f i c i a l l y  
f looded surface, and on a n a t u r a l - r a i n  wet surface. The t e s t  speeds used i n  
the  i n v e s t i g a t i o n  were 50, 75, and 100 knots,  and f i xed  t i r e  yaw angles o f  
0, 1, 3, 6, and 9 degrees were examined. V e r t i c a l  load  was va r ied  f rom 
58 kN t o  124 kN, and e f f e c t s  o f  t h ree  brake system pressures o f  10, 14, and 21 
MPa were s tud ied.  

Sk id  Contro l  Systems 

The brake system hardware used i n  the i n v e s t i g a t i o n  i s  shown i n  f i g u r e  2. 
The brake system components were a p i l o t  meter ing valve,  b rake ' se lec to r  valve, 
and a hyd rau l i c  fuse, a l l  DC-9 a i r c r a f t  components. 
va l ve  i s  p e c u l i a r  t o  each a n t i s k i d  system inves t iga ted .  The l i n e  s i zes  and 
lengths were those o f  the DC-9 b u t  l i n e  bends were n o t  s imulated. 

The a n t i s k i d  c o n t r o l  

556 



A schematic o f  a t y p i c a l  brake system i s  shown i n  f i g u r e  3. The supply 
pressure i s  f e d  through t h e  p i l o t  meter ing va lve  (which f o r  these t e s t s  was 
s e t  t o  g i v e  maximum brak ing  e f f o r t )  t o  the  a n t i s k i d  c o n t r o l  va lve  and on t o  the  
brake. A speed sensor l oca ted  on the braked wheel was used as i n p u t  t o  t h e  
a n t i s k i d  c o n t r o l  box ( t h e  hear t  o f  the system) which produces a s igna l  t o  
regu la te  the  a n t i s k i d  c o n t r o l  valve. 

Four a n t i s k i d  systems have been tes ted  i n  t h i s  i n v e s t i g a t i o n .  A v e l o c i t y -  
r a t e  c o n t r o l l e d  and a s l i p - v e l o c i t y  c o n t r o l l e d  system both having pressure 
b ias  modulat ion as a key element i n  t h e i r  l o g i c  c i r c u i t s  a re  s i m i l a r  t o  t h e  
schematic shown i n  f i g u r e  3. 
i nves t i ga ted  t h a t  used ( i n  a d d i t i o n  t o  the  i tems i l l u s t r a t e d  i n  the sketch o f  
f i g u r e  3 )  an i n p u t  f rom an unbraked nose wheel t o  o b t a i n  the  a i r c r a f t  ground 
speed. The f o u r t h  system tes ted  was a mechanical-hydraul ic system n o t  a t  a l l  
l i k e  the  schematic o f  f i g u r e  3; instead,  i t  had an i n t e r n a l  f l ywhee l  spun-up 
by the f r e e  r o l l i n g  wheel through an over-running c l u t c h  before a p p l i c a t i o n  o f  
brakes. The speed o f  the  f lywheel  was mechanical ly compared w i t h  the  braked 
wheel speed so t h a t  when the braked wheel angular v e l o c i t y  decreased a t  a 
r a p i d  r a t e ,  brake pressure was released. 

A s l i p - r a t i o  c o n t r o l l e d  a n t i s k i d  system was 

RESULTS AND D I S C U S S I O N  

The pargraphs i n  t h i s  sec t i on  w i l l  d iscuss some f a c t o r s  t h a t  adversely 
a f f e c t  a n t i s k i d  performance on s l i p p e r y  runways; the  use o f  pressure, torque, 
and f r i c t i o n  i n fo rma t ion  t o  es t imate  a n t i s k i d  performance, and brake dynamics 
dur ing  a n t i s k i d  c y c l i n g  i n c l u d i n g  the mathematical modeling o f  the  brake 
pressure-torque response. 

Optimum S l i p  Ra t io  For A n t i s k i d  Contro l  

The drag f o r c e  f r i c t i o n  c o e f f i c i e n t  i s  p l o t t e d  as a f u n c t i o n  o f  s l i p  r a t i o  
i n  f i g u r e  4 t o  i l l u s t r a t e  the  advantages o f  us ing s l i p  r a t i o  as the  parameter 
fo r  a n t i s k i d  c o n t r o l .  By d e f i n i t i o n ,  a s l i p  r a t i o  o f  one i s  a locked wheel 
sk id ,  and a s l i p  r a t i o  o f  zero i s  a f r e e l y  r o l l i n g  t i r e .  F igure  4 presents 
data f o r  t h ree  separate runs a t  00 yaw cond i t i ons  on dry,  damp, and f looded 
runway surfaces. Dur ing the  course o f  a n t i s k i d  cyc l i ng ,  hys te res i s  loops o r  
eddies can be seen which r e s u l t  i n  v a r i a t i o n s  i n  the drag f o r c e  f o r  a g iven 
s l i p  r a t i o .  
i n i t i a l l y  a t  about a 0.1 s l i p  r a t i o  and t o  h o l d  f a i r l y  cons tan t  o u t  t o  a s l i p  
r a t i o  o f  approximately 0.4 f o r  a l l  th ree  sur face cond i t ions .  

The maximum drag f o r c e  f r i c t i o n  c o e f f i c i e n t  i s  shown t o  occur 

The v a r i a t i o n  o f  t h e  drag f o r c e  f r i c t i o n  c o e f f i c i e n t  and the  corresponding 
s ide  f o r c e  f r i c t i o n  c o e f f i c i e n t  w i t h  s l i p  r a t i o  i s  presented i n  f i g u r e  5 f o r  
a yawed t i r e  undergoing brak ing  on a damp concrete surface. Again, the maxi- 
mum drag force f r i c t i o n  c o e f f i c i e n t  occurs i n i t i a l l y  a t  about 0.1 s l i p  r a t i o ,  
as was shown i n  f i g u r e  4, b u t  the maximum s ide  f o r c e  f r i c t i o n  c o e f f i c i e n t  
i s  shown t o  occur a t  0 s l i p  r a t i o  when the  t i r e  i s  unbraked. Fur ther-  
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more, the side force f r i c t ion  decreases rapidly such that  a t  s l i p  ra t ios  
above approximately 0.2 the t i r e  cornering capabili ty has been reduced t o  
essent ia l ly  an insignificant value. 
mately 0.1 i s  suggested as the optimum for  antiskid system design, since tha t  
value provides near-maximum braking force while retaining a f a i r l y  h i g h  
percentage of the side force which i s  necessary for  steering control. 

If an antiskid braking system i s  t o  operate on the principle of s l i p  
r a t i o  control, then measurements of the a i r c r a f t  ground speed and the braked 
wheel speed are  needed as inputs to the antiskid system logic c i rcu i t s .  
Figure 6 shows braked wheel speed as a function of time for  two different  
antiskid systems. The t o p  curve i s  for  a s l ip - ra t io  controlled a n t i s k i d  
system and the lower one i s  for a system without s l i p  r a t io  control. The 
dashed l ines  on b o t h  plots indicate the ground speed decay of the a i r c r a f t ,  
or in this case, the t e s t  carriage. 
without s l i p  r a t i o  control cycled a s  designed with several instances wherein 
the brakes were released to  permit the t i r e  t o  spin up t o  the speed of the 
t e s t  carriage. 
can be used t o  establish both the vehicle ground speed and the braked wheel 
speed. 

For this reason, a s l i p  r a t io  of approxi- 

The lower plot indicates t h a t  the system 

Hence, fo r  t h i s  system, the information from the braked wheel 

On the other hand,  the s l ip - ra t io  controlled system (top plot of f igure 6 )  
attempts t o  maintain the braked wheel speed a t  about 10% below the carriage 
ground speed for  t h i s  t e s t  and, as such, never allows spin-up of the braked 
wheel t o  approach the carriage g round  speed. Thus, for t h i s  type of system to 
properly function i t  i s  necessary t o  obtain a ground speed reference from some 
source independent of the braked wheel such as the unbraked nose wheel or an 
iner t ia  platform. 

Antiskid System Control Logic 

Figure 7 addresses the issue of pressure bias modulation and i t s  e f fec t  
on antiskid control. Pressure bias modulation i s  an antiskid logic design 
feature used on some systems t o  enhance performance by increasing the operating 
time on the f ront  side (posit ive slope) of the p-slip curve. This logic may be 
sat isfactory under conditions of constant available f r i c t ion ,  b u t ,  a s  shown i n  
f igure 7 ,  may be less  sat isfactory when f r ic t ion  surface conditions a re  
changing rapidly. Time his tor ies  of wheel speed, skid signal , brake pressure, 
and d r a g  force f r ic t ion  a re  presented in the figure for a t e s t  on a dry  runway 
that  has one damp spot a b o u t  .6 m in diameter approximately midway down the 
t e s t  section. The figure shows that  the wheel speed i s  cycling as designed on 
the dry surface such t h a t  wheel spin-down as a t  A causes a skid signal build- 
up  B which closes the antiskid control valve, thereby reducing the brake 
pressure C. When the wheel spins back up D ,  the skid signal reduces and the 
brake pressure i s  reapplied. A t  approximately 6 seconds into the t e s t ,  the 
wheel encounters the damp s p o t  on the runway and immediately goes into a deep 
skid causing a saturated skid signal E and a corresponding reduction in 
brake pressure. When the wheel spins back u p  on t h i s  occasion the skid 
signal i s  only s l igh t ly  reduced F because the pressure bias modulation system 
causes a slow reduction in skid signal and a consequent slow reapplication of 
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brake pressure G. 
t h a t  while the t i r e  i s  being braked on a dry surface, the f r ic t ion  coefficient 
i s  effectively maintained a t  a level of about .6, b u t  when i t  reaches the 
damp spot, the f r ic t ion  coefficient drops abruptly and remains below tha t  level 
over a considerable time period because of the slow ra te  of brake application 
following the deep s k i d .  An ideal system would allow a rapid reapplication of 
the brake pressure and bring the f r ic t ion  coefficient back u p  quickly t o  take 
advantage of t h a t  available on the dry surface. 

Figure 8 shows the same type of t e s t  b u t  without pressure b i a s  modulation 
in the antiskid system. Again, when the t i r e  reaches the damp spot on the 
runway, the wheel speed drops suddenly, causing the skid signal t o  saturate 
w i t h  a corresponding drop in brake pressure. When the wheel spins back u p ,  the 
skid signal drops almost immediately to  zero since i t  i s  n o t  modulated and 
the brake pressure i s  rapidly reapplied. 
indicates good antiskid action since i t  drops only momentarily when the damp 
spot i s  encountered. 
performance under variable runway f r ic t ion  conditions. 

The result ing drag force f r ic t ion  coeff ic ient  trace shows 

The drag-force f r ic t ion  coefficient 

This type of reaction should greatly enhance antiskid 

Estimating An t i s  ki d Braki ng Performance 

References 7 ,  8, and 9 discuss several d i f fe ren t  sources from which 
antiskid-system efficiencies can be calculated. Ideally, antiskid efficiency 
should be based upon the f r ic t ion  developed between the t i r e  and the runway 
surface. However, f r ic t ion  measurements are n o t  readily obtained in practice 
and other character is t ics  such as brake torque or brake pressure must be 
employed. Figures 9 ,  10, and 11 are presented t o  i l l u s t r a t e  the agreement, or 
lack thereof, between efficiencies as determined from f r i c t ion ,  brake torque, 
and brake pressure measurements. Shown in figure 9 are typical time his tor ies  
of brake pressure, torque, and f r ic t ion  for an antiskid system which employs 
pressure bias modulation. Following brake application, denoted by the rapid 
r i s e  i n  a l l  three measurements, the f r ic t ion  and brake torque gradually 
increase to  maximum levels while the pressure i s  held constant, and when the 
t i r e  enters into a deep skid a l l  three d r o p  suddenly. Four such cycles are 
observed d u r i n g  the course of the run shown, 
index (antiskid efficiency) 6, the average pressure, torque, and  f r ic t ion  
developed during a r u n  are  divided by the respective average maximum value 
which, for  t h i s  r u n ,  i s  the average of four measurements. Observe t h a t  fo r  
t h i s  t e s t  a l l  three sources yielded essent ia l ly  the same performance index. 

To compute the braking performance 

Not a l l  runs are  as easy to analyze as the run shown i n  f igure 9 ,  however. 
Figure 10 presents time his tor ies  of the brake pressure, torque, and f r ic t ion  
fo r  a r u n  on a wet surface using the same antiskid system. Maximum values 
for  the pressure trace can be readily identified and when divided i n t o  the 
average value define a performance index of .81. 
analyzed i n  t h i s  fashion and gives an index of .80. 
trace,  however, shows no incipient skid points l ike  those of the other two 
traces or l ike  those in figure 9. 
f r ic t ion  for  such cases was taken a t  fixed time steps over the en t i re  r u n .  

The brake torque can also be 
The drag-force f r ic t ion  

In  an e f for t  t o  be unbiased, the maximum 
In 
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t h e  r u n  descr ibed by f i g u r e  10, when t h e  average f r i c t i o n  i s  d i v i d e d  by t h e  
maximum obta ined b y  t h i s  technique, t h e  performance index  i s  computed t o  be 
.84., Thus, i t  appears t h a t  e i t h e r  pressure,  torque,  o r  f r i c t i o n  may be used 
t o  o b t a i n  t h e  performance index  f o r  t h i s  type  o f  a n t i s k i d  system. 

Use o f  p ressure  :)r t o r q u e  f o r  d e t e r m i n i n g  a n t i s k i d  performance can be 
mis lead ing  f o r  a fas t - respond ing  a n t i s k i d  system, however, F i g u r e  11 shows 
t i m e  h i s t o r i e s  o f  brake pressure,  torque,  and f r i c t i o n  f o r  a s l i p - r a t i o  
c o n t r o l l e d  a n t i s k i d  system t h a t  has high-frequency, h igh-ampl i tude o s c i l l a t i o n s  
i n  t h e  brake pressure and to rque t races .  For t h i s  run, i f  t h e  average 
pressure  i s  d i v i d e d  by t h e  maximum pressure,  t h e  r e s u l t i n g  performance index  
i s  .77 and t h e  index  as computed f r o m  t h e  brake to rque i s  .85. I n  t h e  f r i c t i o n  
t r a c e ,  i f  t h e  maximum f r i c t i o n  va lues a r e  ob ta ined a t  f i x e d  t ime i n t e r v a l s ,  a 
performance i n d e x  o f  .91 i s  obta ined.  Thus, f o r  t h i s  t y p e  o f  a n t i s k i d  
system, pressure and to rque da ta  w i l l  g i v e  es t imates  o f  b r a k i n g  performance 
which appear t o  be too  low and t h e  performance es t imates  based upon f r i c t i o n  
da ta  should be used. 

Brake Dynamic Pressure-Torque Re1 a t i o n s h i p  

A major  f i n d i n g  o f  t h i s  s tudy  o f  a n t i s k i d  b r a k i n g  systems has been t h e  
d i s c o v e r y  o f  t h e  t r u e  n a t u r e  o f  brake dynamic behav io r  w h i l e  under a n t i s k i d  
c o n t r o l .  The p l o t s  on the  l e f t  s i d e  o f  f i g u r e  12 show t y p i c a l  examples o f  t h e  
pressure  i n p u t  t o  t h e  brake d u r i n g  a n t i s k i d  o p e r a t i o n ,  t h e  r e s u l t i n g  to rque 
o u t p u t  f rom t h e  brake, and t h e  r e l a t i o n s h i p  between t h e  brake pressure  and brake 
to rque as observed d u r i n g  a t y p i c a l  a n t i s k i d - b r a k i n g  t e s t .  T h i s  pressure-  
to rque r e l a t i o n s h i p  d e f i n e s  brake behavior  d u r i n g  a n t i s k i d  o p e r a t i o n s  and p l a y s  
a c r i t i c a l  r o l e  i n  e s t a b l i s h i n g  t h e  b r a k i n g  e f f i c i e n c y  o f  an a n t i s k i d  b r a k i n g  
system. The r e l a t i o n s h i p  d e p i c t e d  i n  f i g u r e  12 i s  c h a r a c t e r i z e d  by f a i r l y  
l a r g e  h y s t e r e s i s  loops  which i m p l y  a wide range o f  to rque va lues f o r  a g iven 
pressure.  

Computer s i m u l a t i o n s  o f  a n t i s k i d  b r a k i n g  systems a r e  needed t o  tune e x i s t i n g  
a n t i s k i d  systems t o  o p t i m i z e  t h e i r  b r a k i n g  and c o r n e r i n g  performance f o r  
s p e c i f i c  a i r c r a f t  a p p l i c a t i o n s  and t o  a i d  i n  f u t u r e  a r i t i s k i d  system designs. 
Sometimes these s i m u l a t i o n s  a r e  used t o  e s t i m a t e  a n t i s k i d - s y s t e m  e f f i c i e n c i e s .  
These computer s i f i i u la t ions  t y p i c a l l y  model t h e  brake pressure- torque response 
e i t h e r  as a l i n e a r  s p r i n g  w i t h  v iscous  damping o r  as an undamped n o n l i n e a r  
s p r i n g .  l4hen these c u r r e n t  models a r e  e x e r c i s e d  w i t h  t h e  a c t u a l  p ressure  i n p u t  
f r o m  a t y p i c a l  a n t i s k i d  b r a k i n g  t e s t ,  however, they  do n o t  adequate ly  r e p r e s e n t  
the  compl ica ted  h y s t e r e s i s  c o n d i t i o n s  t h a t  r o u t i n e l y  e x i s t  i n  t h e  brake 
pressure- torque response, as shown on t h e  r i g h t  i n  f i g u r e  12. 

Recent ly,  a n o n l i n e a r  h y s t e r e s i s  model was developed a t  t h e  Langley 
Research Center t h a t  captures t h e  essence o f  t h e  brake response c h a r a c t e r i s t i c .  
T h i s  improved model i s  based upon a v a r i a b l e ,  n o n l i n e a r  s p r i n g  w i t h  coulomb 
o r  f r i c t i o n  damping. When t h i s  model i s  e x e r c i s e d  w i t h  t h e  a c t u a l  brake 
pressure  i n p u t  t h e r e  i s  a s i g n i f i c a n t  improvement i n  t h e  f i d e l i t y  o f  t h e  pressure-  
to rque response. 
a c t u a l  t o r q u e  response o f  t h e  brake f o r  t h e  same pressure i n p u t  i t  i s  p o s s i b l e  

By comparing t h e  to rque o u t p u t s  f r o m  each model c r i th  t h e  
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t o  carry o u t  an e r ro r  analysis ,  and the r e su l t s  of  such an analysis  based on 
percent torque e r ro r  f o r  each of the models a re  presented in the bar char t  in 
the middle of the f igure.  
the torque er rors  s ign i f icant ly .  Currently this improved mathematical model 
i s  being intorduced i n t o  a ground handling simulator t o  better represent 
ant iskid control for  future s tudies .  

The data indicate tha t  the Langley model reduces 

CONCLUDING REMARKS 

The re su l t s  obtained t o  date from a study o f  the single-wheel behavior 
of ant iskid braking systems suggest t ha t  the systems investigated perform 
well under most circumstances b u t  t ha t  there i s  room f o r  improvement. For 
example, i t  was demonstrated tha t  pressure-bias-modulation can adversely 
a f f ec t  the response of a i r c r a f t  ant iskid braking systems t o  rapid changes in  
the runway f r i c t ion  level .  The r e su l t s  of t h i s  study a l so  indicate  tha t  
antiskid braking systems designed t o  operate a t  a fixed s l i p  r a t i o  of approxi- 
mately 0.1 can provide a maximum braking e f f o r t  without undue loss  i n  the  
cornering capabi l i ty  of the t i r e .  

I t  was demonstrated tha t  the braking performance of systems which employ 
pressure-bias-modulation can be estimated from time h i s to r i e s  of the brake 
pressure or  torque when f r i c t i o n  data are  n o t  avai lable .  

Finally,  data from these tests have provided s igni f icant  insights  in to  
brake dynamic behavior during ant iskid cycling and y ie ld  the potential f o r  
more accurate mathematical models of the brake pressure-torque response which 
will be useful in the design of fu ture  a i r c r a f t  ant iskid braking systems. 
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Figure 1.- Landing loads track t e s t  carriage. 

Figure 2 . -  DC-9 (Series 10) brake system simulation. 
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Figure 9.- Methods of estimating antiskid braking efficiency. 
Antiskid with pressure bias modulation on a dry runway. 
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Figure 10.- Methods o f  estimating antiskid braking efficiency. 
Antiskid with pressure bias modulation on a damp runway. 
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Figure 11.- Methods of estimating antiskid braking efficiency. 
A n t i s k i d  without pressure bias nodulation on a damp runway. 
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STUDIES OF SOME UNCONVENTIONAL SYSTEMS FOR SOLVING 

VARIOUS LANDING PROBLEMS 

T.  J .  W. Leland, J .  R. McGehee, and R. C. Dreher 
NASA Langley Research Center 

SUtl!lARY 

A review of three research programs which seek solutions t o  various 
landing problems th rough  unconventional systems i s  presented i n  this paper. 
The programs, discussed individually, include f i r s t ,  the a i r  cushion landing 
system (ACLS)  where current e f for t s  are concentrated on development of adequate 
ACLS b r a k i n g  and steering systems and on improved understanding of scaling 
laws and behavior. 
skid as a drag-producing device, which has been shown t o  have good f r ic t ion  
coefficients and reasonable wear ra tes  a t  ground bearing pressures up  t o  689 kPa 
(100 ps i )  and  forward speeds up  t o  80 k m / h r  (50 mph) .  The third program shows 
great promise in an active control landing gear where s ignif icant  airframe load 
reductions are possible during landing impact and subsequent rol lout .  Work in 
this  area i s  continuing with studies concentrated on adaptation of the landing 
gear t o  a tact ical  f ighter  a i r c ra f t .  

The second program i s  concentrated on use of a wire brush 

I N TR 0 DUCT I ON 

In  any discussion of the landing and ground handling problems of a i r c r a f t ,  
particularly those with unusual mission requirements, the need often becomes 
apparent t o  look beyond the current, conventional systems t o  more unorthodox 
unconventional systems which may have some benefit i n  certain applications. 
This paper will discuss those current landing gear system research programs 
which might f a l l  into the unconventional category, each in i t s  own way ex- 
ploring new or improved landing system concepts which address current or  
potential a i r c ra f t  landing/ground hand1 i n g  problems. The most unconventional 
of these programs, the a i r  cushion landing system, will be discussed f i r s t ,  
followed by a presentation of studies of a wire b r u s h  skid a s  a landing gear 
o r  a drag-producing device. 
control landing gear and will include some preliminary t e s t  resu l t s .  In- 
cluded in each discussion will be a s ta tus  summary of current e f for t s  and an 
indication of future d i  rect i  ons . 

The l a s t  program t o  be discussed i s  an active 

A I R  CUSHION LANDING SYSTEMS 

General.- The a i r  cushion landing system ( A C L S )  i s  designed t o  replace the 
conventional a i r c r a f t  landing gear w i t h  a f lexible  toroidial  t r u n k  resembling, 
in the simplest version, a rubber l i f e  r a f t  turned upside down and attached 
direct ly  to  the bottom fuselage of the a i rc raf t .  As shown in the sketch of 
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figure 1, low-pressure, high-volume a i r  i s  introduced into the t r u n k  t h r o u g h  
ducts i n  the fuselage, and the a i r  i s  exhausted through peripheral j e t  holes 
located i n  the bottom of the t r u n k .  A portion of t h i s  a i r  i s  trapped i n  the 
cavity t o  provide the necessary l i f t i n g  force, while the r e s t  of the a i r  i s  
dumped outboard and provides an effect ive a i r  bearing between t r u n k  and ground. 
The r e su l t  i s  a vehicle hav ing  nearly zero ground f r ic t ion  and an extremely 
low ground bearing pressure of perhaps 7-14 kPa (1-2 ps i ) ,  which makes 
possible a wide choice of potential landing and take-off s i t e s  including water. 

An ACLS may take a variety of forms, as shown i n  f igure 2,  depending upon 
the a i r c r a f t  s ize ,  configuration and mission requirements. Larger a i r c r a f t ,  
particularly,  may require two or more t r u n k  systems, b u t  no very severe 
structural  penalties ensue since the ACLS dis t r ibutes  the airframe load and 
no "hard points" a re  required for  attachment as with the conventional landing 
gear. The t r u n k  or trunks are  of course retracted o r  otherwise stowed during 
f l i g h t ,  and several workable schemes have been proposed t o  accomplish th i s ,  as 
in references 1 and 2 fo r  examples. One major ground operational problem 
for which no completely sat isfactory solution ex is t s  i s  development of 
adequate steering and braking controls for  an ACLS, and t o  study this and 
other problems the specialized t e s t  vehicle shown in the center of f igure 2 
was developed a t  Langley. 

ACLS Test Vehicle.- The vehicle, shown in figure 2 with a small ACLS 
instal led and  in figure 3 supported by a larger ACLS, i s  a much-modified 
airboat 5.5 m (18 f t )  in length and  weighing approximately 2360 kg (5200 lb ) .  
A retractable t r icycle  landing gear taken from a l igh t  a i r c r a f t  was installed 
as shown t o  provide a safety back-up in case of an ACLS fa i lure  o r  f o r  
steering and braking in case of emergency. Forward propulsion i s  provided by 
a 250 h p  a i r c ra f t  engine and  propeller a t  the rear ,  as shown, and a small 
j e t  engine i s  instal led amidships to  provide a bleed a i r  source for  the ACLS 
fan. The vehicle was developed primarily t o  study various braking and 
steering schemes suitable for  ACLS,  and i s  large enough, and portable enough, 
so t h a t  such schemes can be tested i n  potential real-world conditions of 
paved o r  unpaved runways, sod f i e lds ,  sand, and water. 

The a i r  cushion landing system shown instal led on the vehicle i n  figure 
3 i s  a generalized concept involving four separate trunks of c i rcu lar  cross- 
section arranged in a rectangular planform, each t r u n k  supplied with a i r  
from a plenum th rough  the f lex ib le  ducts vis ible  i n  the figure.  
fan located on the plenum i s  used t o  convert high-pressure, low-volume j e t  
engine bleed a i r  t o  the low-pressure, high-volume a i r  required for  ACLS 
operation. 
steering and braking studies,  and also f o r  the inherent control poss ib i l i t i es  
offered by the separate a i r  supply to each t r u n k .  

A hub-turbine 

The four-trunk system was chosen t o  provide a s table  ACLS for  

An additional advantage of the ACLS t e s t  vehicle i s  the re la t ive  ease with 
which major configuration changes may be made, o r  any sort of desirable 
structure or apparatus added on. This feature i s  i l lus t ra ted  by the photo-  
graph o f  f igure 4 which shows the ins ta l la t ion  of a fixed retractable  wheel 
and t i r e  instal led as a steering aid i n  the ACLS cavity. 
loaded to  a maximum of about 90 kg (200 l b )  with a double-acting hydraulic 
cylinder, which also serves t o  re t rac t  the assembly. Taxi t e s t s  had shown 

The wheel i s  down- 
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t h a t  the a i r  rudders located in the propeller slipstream could, under the 
influence of a crosswind o r  runway crown, change with ease the heading of the 
vehicle b u t  n o t  i t s  direction of travel.  I t  was thought that  a single,  
centrally located, l ight ly  loaded t i r e  m i g h t  provide suff ic ient  la teral  re- 
sistance so t h a t  the rudders could change both heading and direction of travel.  
Qual i ta t ively th i s  proved to  be the case, b u t  detailed quantitative studies 
have been interrupted by a fa i lure  of the hub-turbine fan and no resul ts  can 
be shown in this paper. 

Scale Model Studies.- As an aid to better understanding of a i r  cushion 
landing system behavior and t o  provide i n i t i a l  design guidelines, a research 
contract was awarded to Foster-Miller Associates t o  develop a rational mathe- 
matical model and computer simulation of a generalized ACLS. The resu l t s  of 
this  study, summarized i n  reference 3, were quite promising, and t o  provide 
experimental corroboration, as well as a f i r s t  approximation to  scaling 
studies, a 1/3-scale model of the ACLS t e s t  vehicle was constructed as shown 
i n  figure 5. 
and  comparison w i t h  f igure 3 will show the physical resemblance between 1/3- 
scale and ful l -scale  trunks and a i r  supply system. The computer simulation 
was adjusted t o  represent the 1/3-scale model, and repl icate  computer runs and 
experimental model t e s t s  were conducted. A sample comparison o f  resul ts  i s  
shown i n  figure 6 fo r  a 15 cm 16 in . )  drop a t  00 pitch a t t i t ude  and indicates 
reasonably good agreement between analysis and experiment. The differences 
observed may be due t o  an incorrect scaling of t r u n k  material s t i f fness  o r  of 
the t r u n k  a i r  supply charac te r i s t ics ,  both of which are extremely d i f f i c u l t  
t o  model adequately. This study will be continued for  a wide variety of t e s t  
conditions and ,  a s  soon as the ful l -scale  ACLS t e s t  vehicle becomes available, 
repl icate  t e s t s  will be conducted in an  attempt to  define basic scaling 
relationships through comparison of math model, 1/3-scale model and ful l -scale  
resul t s .  

The model i s  roughly 1.5 m (5  f t )  long and .9 m ( 3  f t )  wide, 

WIRE BRUSH SKIDS 

General.- Skids have been used as landing gear from the f i r s t  days of 
a v i a t i o n ,  w i t h  the most recent adaptation probably being for  research a i r c r a f t  
such as the X-15. 
inherent benefit ,  b u t  as  a compromise solution forced by other operating 
problems (weight, simplicity, thermal protection, stowage volume, e tc . )  Sk id  
research conducted by NASA in the early s ix t i e s  ( r e f .  4)  involving studies of 
many different  types of skid materials showed t h a t  a s k i d  constructed of 
wire brushes had a surprisingly good friction-speed relationship compared with 
f la t -p la te  skids. Revived in te res t  in skids a s  a drag-producing device led t o  
further studies of the character is t ics  o f  wire brush skids a t  bearing 
pressures much higher than the 152 kPa (22 ps i )  of  reference 4 since in modern 
applications the weight and volume of a skid should be as small as possible. 

In most cases use of the skid was dictated,  n o t  by any 

Sk id  Research Program.- This paper will summarize the resu l t s  of the skid 
program described in d e t x l  i n  reference 5 ,  wherein wire brush skids were 
constructed of 17-7 PH s ta inless  s teel  spring wire as shown in figure 7. Two 
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d i f f e r e n t  diameter wi res and two bundle s izes  were employed t o  exp lo re  the  
e f f e c t s  o f  w i r e  dens i ty ,  and t h e  instrumented t i r e  t e s t  v e h i c l e  was adapted as 
shown i n  f i g u r e  8 t o  t e s t  t he  sk ids  on severa l  runway surfaces a t  Wallops 
F l i g h t  Center, a t  forward speeds up t o  80 km/hr (50 mph). Loading on each 
s k i d  was arranged t o  g i ve  ac tua l  ground bear ing pressures o f  345, 517, and 
689 kPa (50, 75, and 100 p s i ) ,  and measurements were made o f  developed s k i d  
f r i c t i o n  and s k i d  wear over  s l i d i n g  d is tances up t o  1585 m (5200 f t ) .  
the t e s t  program an at tempt  was a l s o  made t o  determine the  e x t e n t  o f  runway 
sur face damage due t o  s k i d  operat ions.  

Dur ing 

A sample o f  the  t e s t  r e s u l t s  o f  t h i s  program i s  presented i n  f i g u r e  9 
where f r i c t i o n  c o e f f i c i e n t  and wear index as a f u n c t i o n  o f  forward speed f o r  
one o f  the sk ids  opera t ing  a t  two bear ing pressures on two surfaces i s  shown. 
The f i g u r e  shows t h a t  t he  drag f r i c t i o n  c o e f f i c i e n t  i s  r e l a t i v e l y  i n s e n s i t i v e  
t o  forward speed, bu t  i s  a f f e c t e d  by bear ing pressure and by runway sur face 
character.  The wear index i s  seen t o  increase moderately w i t h  bear ing pressure, 
as might  be expected, and again a dependency on runway sur face character  i s  noted. 

I n  eva lua t i ng  the  u t i l i t y  o f  a w i r e  brush s k i d  as a drag producer, i t  
should be borne i n  mind t h a t  t he  drag f r i c t i o n  c o e f f i c i e n t s  a re  constant;  t h a t  
i s ,  they a re  n o t  cons tan t l y  c y c l i n g  as i s  t he  case w i t h  a braked wheel and t i r e  
under a n t i - s k i d  c o n t r o l .  Fur ther ,  t e s t s  showed t h a t  the f r i c t i o n  c o e f f i c i e n t  
was unaf fected by water on the  runway. These f a c t s  i n d i c a t e  tha t ,  f o r  c e r t a i n  
app l i ca t i ons  (and brak ing  f o r  an ACLS comes immediately t o  mind), a w i r e  brush 
s k i d  i s  an extremely a t t r a c t i v e  a l t e r n a t i v e  brak ing  dev ice and cou ld  conceivably  
rep lace  wheel brakes on a convent ional  land ing  gear as used on r e t u r n i n g  space- 
c r a f t .  

ACTIVE CONTROL LANDING GEAR 

General.- Ground loads imposed on an a i r p l a n e  a r e  impor tan t  f a c t o r s  i n  the  
dynamic load ing  and hence f a t i g u e  damage o f  the a i r f rame s t ruc tu re ,  and ground- 
inducted s t r u c t u r a l  v i b r a t i o n s  may a l so  be a source o f  crew and passenger d i s -  
comfort. A n a l y t i c a l  s tud ies  ( r e f .  6 )  have determined the f e a s i b i l i t y  o f  app ly ing  
a c t i v e  loads c o n t r o l  t o  the  main l and ing  gear t o  l i m i t  the  ground loads t rans-  
m i t t e d  t o  the  a i r f rame.  As shown i n  f i g u r e  10, the  ana lys i s  was capable o f  
handl ing many o f  the  non- l inear  parameters encountered d u r i n g  ground operat ions 
and fea tured  a h y d r a u l i c  c o n t r o l  i n  se r ies  w i t h  the  main gear oleo-pneumatic 
s t r u t .  The r e s u l t s  i nd i ca ted  t h a t  s i g n i f i c a n t  load  reduc t ions  were poss ib le  
us ing t h i s  scheme, and so the  ana lys i s  was used as a design t o o l  i n  cons t ruc t i ng  
the hardware necessary t o  p rov ide  an exper imental  v a l i d a t i o n  o f  the a n a l y t i c a l  
r e s u l  t s .  

Basic System Descr ip t ion. -  The a c t i v e  c o n t r o l  land ing  gear concept i s  
shown schemat ica l ly  i n  f i g u r e  11 t o  c o n s i s t  e s s e n t i a l l y  o f  a mod i f ied  o leo-  
pneumatic land ing  gear s t r u t ,  an e l e c t r o n i c  c o n t r o l l e r ,  and a hyd rau l i c  servo 
valve.  The land ing  gear s t r u t  i s  mod i f ied  as shown by an annular, f l u i d -  
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carrying tube r u n n i n g  from the t o p  of the s t r u t  t o  well down i n t o  the f luid 
portion of the strut. This annular tube i s  connected through the servo-valve 
t o  the hydraulic system, with the position of the servo valve spool determining 
whether high-pressure f luid i s  added t o  or removed from the s t ru t .  The spool 
i s  positioned by the electronic controller (see ref .  7 ) ,  the heart of the 
system, which compares the kinetic energy a t  landing impact (a  function of a i r -  
plane mass and sink r a t e )  w i t h  the work capability remaining in the s t r u t  (a 
function of s t r u t  stroke and s t r u t  hydraulic pressure). 
are equal, a l imit  force command i s  generated and the controller acts  to  
position the servo valve spool t o  maintain th i s  value during the remainder of 
the impact. During the roll-out phase of the landing, a control bias returns 
the gear t o  the design stroke and will tend to  maintain th i s  level during 
ground operation. 

When these two energies 

Experimental Test Program.- For the experimental program a hand valve was 
added as- shown in- figure 11 t o  permit b o t h  conventional (passive) and active 
landing gear studies t o  be conducted by isolating the active p o r t i o n  of the 
system. The landing gear s t r u t  was taken from a l i gh t  twin-engine a i r c r a f t ,  
modified as shown in figure 11, and installed on the l a n d i n g  loads track t e s t  
carriage as shown i n  f igure 12. 
representation restr ic ted t o  vertical  and pitching motions, and a ser ies  of 
tes t s  was conducted a t  various forward and sink speeds, and i n i t i a l  pitch 
at t i tudes.  A sample of preliminary resul ts  i s  shown i n  f igure 13 comparing 
active and passive landing gear impacts for the conditions shown, where a 19% 
c.g. force reduction was achieved by the active control system. This reduction 
was accomplished a t  the expense of added s t r u t  stroke, as  shown, b u t  the 
increased stroke required was much less  t h a n  half the available stroke. 

The f ixture  included a r igid airframe 

Similar s t r iking load reductions are possible d u r i n g  the rol l -out  phase 
o f  the landing as shown in figure 14, where c.g. force reduction of 62% i s  
obtained when the landing gear encounters the relat ively uneven runway surface 
shown a t  the bottom of  the figure. 
encouraging, and the program i s  going forward w i t h  design of modifications 
necessary t o  ins ta l l  an active control landing gear on a t ac t ica l  f ighter  a i r -  
c r a f t .  

Results such as these are  extremely 

CONCLUDING REMARKS 

This paper has presented a review of three research programs which seek 
solutions to  various landing problems t h r o u g h  unconventional systems. The 
f i r s t ,  and most unconventional, of these i s  the a i r  cushion landing system 
(ACLS) , where current e f fo r t s  are concentrated on development of adequate 
b r a k i n g  and steering systems and an improved understanding of scaling laws and 
behavior. 
a drag producing device, which has been shown to  have good f r ic t ion  coefficients 
and reasonable wear ra tes  a t  ground bearing pressures up t o  689 kPa (100 p s i )  
and forward speeds up t o  80 k m / h r  (50 mph).  
promise in an active control landing gear where s ignif icant  load reductions 
are possible during landing impact and subsequent rol lout .  Work i n  t h i s  area 

The second program i s  concentrated on use of a wire brush skid as 

The third program shows great 
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i s  con t i nu ing  w i t h  s tud ies  concentrated on adapta t ion  o f  t h e  a c t i v e  c o n t r o l  
l a n d i n g  gear t o  a t a c t i c a l  f i g h t e r  a i r c r a f t .  
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CAVITY 
LPRESS UR IZED A I R 

Figure 1.-  Schematic representation o f  an a i r  cushion landing system. 

Figure 2 . -  Some advanced a i r  cushion landing system configurations.  
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Figure 3.- Air cushion landing system tes t  vehicle. 

Figure 4.- Auxiliary wheel for ACLS steering. 
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Figure 5.-  Photograph o f  1/3-scale model 
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Figure 6.- Comparison o f  analytical and experimental t e s t  resu l t s  of  1/3-scale 
model ACLS t e s t  vehicle. 
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Figure 7.- Wire brush skids used in the research program. 

Figure 8.- Instrumented ground vehicle as  used for wire b r u s h  skid tes ts .  
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Figure 9.-  Drag f r i c t i o n  coef f ic ien t  and wear index f o r  a wire brush s k i d .  

Figure 10.- Active control landing gear analysis .  
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gure 11.- Active control landing gear experimental t e s t  schematic. 

Figure 12.- Active control landing gear i n s t a l l e d  on test  carr iage.  
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RECENT PROGRESS TOWARDS PREDICTING AIRCRAFT 

GROUND HANDLING PERFORMANCE 

Thomas J ,  Yager and E l l i s  J .  White 
Langley Research Center 

SUMMARY 

The current  capabi l i ty  implemented a t  Langley in simulating a i r c r a f t  ground 
handling performance i s  reviewed and areas f o r  further expansion and improve- 
ment a re  ident i f ied .  
input data f o r  adequate modeling of a i r c r a f t  tire/runway f r i c t i o n  behavior i s  
discussed and recent e f f o r t s  t o  improve tire/runway f r i c t i o n  def in i t ion ,  and 
hence simulator f i d e l i t y ,  a re  described. Aircraf t  braking performance data 
obtained on several wet runway surfaces a re  compared t o  ground vehicle 
f r i c t i o n  measurements and, by use of empirically derived methods, agreement 
obtained between actual and estimated a i r c r a f t  braking f r i c t i o n  from ground 
vehicle data i s  shown. Further research e f f o r t s  t o  improve methods of pre- 
dict ing t i r e  f r i c t i o n  performance a r e  discussed including use of an instrumented 
t i r e  t es t  vehicle t o  expand the t i r e  f r i c t ion  data bank and a study of surface 
texture measurement techniques. 
improving the capabi l i ty  and f i d e l i t y  of the a i r c r a f t  ground handling simula- 
tion program a re  discussed r e l a t ive  t o  achieving " to t a l  simulation" and 
providing a valuable research tool f o r  use i n  solving a i r c r a f t  ground 
operational problems. 

The problem associated with p r o v i d i n g  necessary simulator 

Future development plans directed towards 

INTRODUCTION 

Flight  simulation i s  as  old as powered f l i g h t  i t s e l f  i f  one considers the 
gl iders  the lllright brothers b u i l t  to  solve control problems before r isking 
their l ives  and airplane.  
devices b u t  i t  was not unt i l  the 1940's  t ha t  f l i g h t  simulation provided an 
electronic  equivalent of the airplane,  i t s  f l i g h t  crew input-output cues and 
indications of a l l  instruments, systems, and f l i g h t  control units. Over the 
intervening years ,  motion cues have been added together with out-of-cockpit 
visual cties not only t o  grea t ly  enhance simulation capabi l i ty ,  b u t  a l so  t o  
provide impetus fo r  expanded usage of the simulator a s  a t ra in ing  too l .  A 
1978 American Air l ines  survey of 18 scheduled U.S. a i r l i n e s  revealed tha t  
more than 70 modern f l i g h t  simulators were owned and operated f o r  a i r  crew 
proficiency checks and t rans i t ion  t ra in ing .  
cated t h a t  the annual fuel savings will exceed 380 k L  (100 million ga l )  
t h r o u g h  the use of f l i g h t  simulators fo r  recurrent t ra in ing  requirements 
alone; over 760 kL (20Q million ga l )  of fuel will be saved annually for a l l  
simulator applications i n  l i e u  of actual a i rplane f l i g h t s .  In addition t o  
th i s  proven energy conservation and a noticeable increase i n  qua l i ty  and 
effectiveness of crew t ra in ing ,  many a i r l i n e s  have ident i f ied  improved 

Since then we have had a number of simulation 

Data from t h i s  survey a l so  i n d i -  
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safety i n  b a t h  t ra in ing  and operations as  m e  of the major contributions 
o f  the f l i g h t  simulator. 

Plore recent progress in technology and rapid development of advanced 
simulator systems have encouraged a i r l i n e  t ra in ing  executives t o  ser iously 
consider " to t a l  simulation" a s  a near term rea l i t y .  The Federal Aviation 
Administration (FAA) has fur ther  stimulated t h i s  move toward to t a l  simulation 
with a proposed plan involving an incremental program tha t  would lead t o  
providing 100% training in simulators, followed by routine l i n e  checks. A t  
present, a i r l i n e  simulator t ra in ing  i s  supplemented by a t  l e a s t  several hours 
f lying i n  the real  t h i n g .  I t  i s  thus v i t a l l y  important t ha t  simulators 
reproduce a i r c r a f t  behavior a s  accurately as  possible and pursuit  of to ta l  
simulation f o r  crew training i s  generally conceded t o  require be t te r  visual 
systems and improved, more comprehensive, a i r c r a f t  data. Signif icant  progress 
has been achieved in meeting visual system requirements with development of 
day1 ight  computer-generated image displays;  b u t  the paucity of data avai lable  
f o r  a i r c r a f t  in  ground e f f e c t  (how an a i r c r a f t  behaves during the l a s t  90 m 
(295 f t )  o r  so  of a landing approach) and, t o  a lesser  extent ,  a i r c r a f t  per- 
formance on the ground continues t o  comprorqise to t a l  simulation f i d e l i t y .  
Flight t e s t  programs and research studies using instrumented a i r c r a f t  have 
proven helpful in defining airplane braking performance, b u t  because of 
l imitat ions imposed by safety cons t ra in ts ,  r i s ing  cos ts ,  and the a b i l i t y  t o  
control t e s t  parameters, researchers have t u r n e d  t o  development of new t e s t  
techniques, computational methods, and improved simulation capab i l i t i e s  for  
acquiring complete a i r c r a f t  ground handling charac te r i s t ics .  

This paper discusses NASA's program e f f o r t  t o  expand f l i g h t  simulator 
capabi l i ty  t o  confidently address a i r c r a f t  g round  handling performance, and 
hence aid i n  the development of t o t a l  simulation a s  well as provide a useful 
tool f o r  research s tudies .  
of Langley's a i r c r a f t  ground handling simulation f a c i l i t y  i s  given together 
w i t h  an explanation o f  how the necessary tire/runway f r i c t i o n  models were 
determined. 
adequately define the influence of t h i s  complex fac tor  on a i r c r a f t  ground 
performance a re  examined, and the need t o  improve and expand test data sources 
i s  ident i f ied.  The use of empirically derived methods of estimating t i r e  
f r i c t i o n  capabi l i ty  i s  explained and recent e f f o r t s  t o  improve f i d e l i t y  and 
expand usefulness o f  t e s t  methods and procedures t o  acquire better tire/runway 
f r i c t i o n  models a re  discussed. The paper concludes w i t h  ant ic ipated future  
developments t o  improve the simulator capabi l i ty .  

A description of the development and implementation 

T h e  problems confronting researchers trying t o  accurately and 

AIRCRAFT GROUND HANDLING SIMULATION FACILITY 

Background 

T h e  rapid growth of jet-powered, high-performance a i r c r a f t  usage in the 
c i v i l  and mi l i ta ry  f l e e t s ,  coupled with improvements in a i r p o r t  landing a ids ,  
has resul ted in  an increased number of a i r c r a f t  takeoff and landing operations 
under adverse weather conditions, Aircraf t  ground operational sa fe ty  margins 
a r e  severely compromised by combinations of such factors  as s l ippery runways, 
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crosswinds , wind shears , extended touchdown p o i n t s ,  excessive velocity, 
equipment ma'lfunction, piloting techniques, and reduced v i s ib i l i t y .  Jo in t  
NASA, FAA, and USAF a i r c r a f t  b rak ing  studies (see re fs ,  1 to 6)  have indicated 
t h a t  on many runways, t i r e  traction capabili ty can be s ignif icant ly  degraded 
in the presence of ra in ,  ice,  or other pavement surface Contaminants. These 
studies also provided the stimulus to  investigate and improve the equally 
important directional control aspect of a i r c r a f t  ground handling performance, 
particularly under conditions of crosswind and low runway f r ic t ion .  However, 
safety constraints as well as unpredictability of surface winds preclude 
ful l -scale  f l i g h t  tes t ing as a viable means of fu l ly  defining a i r c r a f t  
directional control limitations. As a resul t  of t h i s  impasse, NASA in i t ia ted  
in 1973 a f eas ib i l i t y  study t o  expand available f l i g h t  simulation capabili ty 
to include the complex ground phase of a i r c ra f t  operations. The f eas ib i l i t y  
of th i s  approach was verified in a contracted study by McDonnell Aircraft  
Company u s i n g  an F-4 f ighter  a i r c ra f t .  The implementation of this i n i t i a l  
contractor study and the resu l t s  from piloted Val idation runs are  documented 
i n  reference 7 and described in a paper ( re f .  8) presented during the 1976 
NASA conference on a i r c r a f t  safety and operating problems. 

Subsequent contractor development and  expansion ef for t s ,  reported in 

This simulation program has been implemented 
references 9 and  10, resulted i n  validating a DC-9 a i r c r a f t  ground handling 
simulation program i n  1977. 
a t  Langley, using existing simulation equipment and computer f a c i l i t i e s ,  and 
verified t h r o u g h  piloted evaluation runs and agreement with available 
a i r c ra f t  t e s t  d a t a .  
aborted takeoffs have been simulated and the effects  of many parameters on 
a i r c ra f t  ground performance are  being studied, including crosswinds, runway 
roughness and f r ic t ion  levels ,  reverse thrust ,  and antiskid brake system 
operation. Although development of an adequate simulation of the ground 
phase of a i r c r a f t  operations i s  an essential step in achieving total  a i r c r a f t  
simulation, NASA Langley's primary in te res t  i s  in using this expanded 
simulator capabili ty as a research tool for study and solution of a i r c r a f t  
ground operational problems. 

Aircraft landings , ground maneuvers , takeoffs, and 

llotion Base Simulator 

The motion simulation i s  provided t o  a general-purpose cockpit (adapted 

The six-axis motion i s  provided by six hydraulic 
t o  represent a DC-9 a i r c r a f t )  by a six-degree-of-freedom synergistic motion 
base as shown in figure 1. 
jacks arranged in a configuration developed by the Franklin Ins t i tu te ,  with 
the performance l imits  l i s t ed  as follows: 
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Lateral Y 

Vertica Z 0.991 m 

Roll 0 1 k22 

k0.610 m/sec 

k0.610 m/sec 

0 
515 /sec  

rf: 15O/sec 

0 215 /sec 

Acceleration 
k0-. 6g- 

k0.69 

k0.6g 

+50°/sec 2 

0 2  5 0  /sec 

2 +50°/sec 

The base does n o t  have independent dr ive systems fo r  each degree o f  
freedom, b u t  achieves motion in a l l  degrees of freedom by a combination of 
actuator  extensions. Software i s  provided f o r  the actuator  extension, inverse 
transformation, the centroid transformation, and the washout algorithm 
necessary t o  return the base t o  the neutral point once the onset motion cues 
have been commanded. 
( r e f .  11) of Schmidt and Conrad's coordinated washout c i r cu i t ry ,  with the 
parameters modified s l i g h t l y  fo r  ground handling. 
of the cockpit w i t h  sea ts  provided fo r  the p i l o t  and f i r s t  o f f i ce r  o r  
observer. The  visual display i s  provided t o  b o t h  seats .  Instruments showing 
airspeed , a t t i  tude, gl ide slope devi a t ion ,  heading, local i zer deviation , 
a l t i t u d e ,  and ver t ica l  speed a re  ac t ive  f o r  the p i lo t .  
and rudder pedals furnish primary f l i g h t  inputs t o  the computer. 
with reverse thrus t ,  f l a p  control ,  and manual o r  automatic spoi le rs  a r e  
available.  Engine pressure r a t i o  instruments, reverse thrust bucket indicator  
l i gh t s ,  and o ther  instrumentation are available.  

The washout algorithm i s  a Langley adapted version 

Figure 2 shows the i n t e r i o r  

The column, wheel, 
Throt t les  

Vi sua1 Landi ng D i  spl ay Sys tem 

The visual landing display system (VLDS)  i s  a camera/model board system 
designed t o  generate a six-degree-of-freedom, visual ,  out-the-window scene 
for the p i l o t  of a simulated a i r c r a f t .  
of an 18.3x7.3 m (60x24 f t )  dual -scaled t e r r a i n  model, a lamp bank t o  
illuminate the model, a three-degree-of-freedom translat ion motion system t o  
posit ion the camera, and a three-degree-of-freedom opt ica l / ro ta t iona l  system 
mated t o  a color te levis ion camera. The t e r r a in  model contains two a i rpo r t s  
su f f i c i en t ly  separated t o  f a c i l i t a t e  a sca le  f ac to r  o f  1500:l a t  the three- 
runway a i rpo r t  layout and a sca le  f ac to r  of 750: l  a t  the two-runway and 
he l ipor t  a i rpo r t  layout. W i t h  the minimum camera "look-point" height of the 
optical  probe l imited t o  0.178 cm (0.070 i n . ) ,  which equates t o  2.74 m ( 9  f t )  

The  system shown i n  figure 3 consis ts  
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a t  1500:l or 1.37 m (4.5 f t )  a t  750:1, the dual scale  provides the capabi l i ty  
of simulating both large and small a i r c r a f t  d u r i n g  landings, ground maneuvers, 
and takeoffs. The two long runways a t  the larger  a i r p o r t  represent runways 
which a re  3505 m (11 500 f t )  i n  l e n g t h  and 81 m (267 f t )  i n  w i d t h ,  and i t  i s  
on these two runways tha t  piloted t e s t  runs a re  conducted i n  the DC-9 a i r c r a f t  
ground handling program. 
color television-camera s ignals  transmitted t o  an external cockpit cathode ray 
tube screen, provides a horizontal and ver t ica l  f ie ld  of view of 48 and 36 
degrees, respectively.  
simulator p i l o t  d u r i n g  approach fo r  landing. Op t ions  avai lable  f o r  the visual 
scene display include daytime, d u s k ,  o r  nighttime conditions a s  well as 
limited v i s i b i l i t y .  Reference 12 contains additional information about the 
equipment, operation and performance of the Langley VLDS. 

The visual scene, displayed t o  the p i l o t  by the 

Figure 3 a lso  shows a typical scene presented t o  the 

Computer Program Capability and Character is t ics  

The simulation was implemented a t  Langley as  shown in f igure  4. 
degree-of-freedom equat ons of motion representing the airframe, the aero- 
dynamic and control system, the engines, the environment, landing gear and 
brake system, and auxi l iary equations a re  a l l  computed on a C D C  Cyber 175 
computer. 
s ignals  and the motion base washout and dr ive equations, as well as  a l l  
cockpit instrument s ignals .  The computer i s  interfaced with the VLDS, the 
motion base, and cockpit as  shown in the f igure.  
p i lo t  p r o v i d i n g  the control deflections and thrust se t t ings  from the cockpit 
back t o  the computer. 

The six- 

The Cyber computer a l so  provides computations fo r  the VLDS drive 

The loop i s  closed by the 

The implementation of  the model on the computer requires approximately 
132 000 octal  locations of memory and approximately 45% of tbe avai lable  con- 
t ro l  processor uni t  ( C P U )  time. Since the ranqe of the  mission i s  large (an 
a i r c r a f t  d u r i n g  landing approach t h r o u g h  a complete s t o p  on the g round) ,  and 
the ground model i s  complex and extensive (composed of f u l l  s trut  and t i r e  
dynamics f o r  individual landing gears a s  well a s  a var ie ty  o f  runway 
s l ipperiness  ranges),  some special programing techniques were required. The 
landing gear dynamics are  characterized by a set  o f  l i gh t ly  damped, high 
frequency, d i f fe ren t ia l  equations. To maintain s t a b i l i t y  of these solutions 
in a real-time environment with a reasonable number of i t e ra t ions /sec  t o  
hold down CPU time w i t h o u t  compromising the landing gear behavior, a local 
l inear iza t ion  integration algorithm (ref,  13) was used. The second order 
Adams-Bashforth algorithm was used fo r  a l l  other equations and the 
i t e r a t ion  r a t e  f o r  the whole model was 32/sec. Other special  implementation 
techniques were required t o  accommodate the a i r c r a f t  reaching zero velocity , 
crosswind e f f ec t s  on a i r c r a f t  a t  zero forward veloci ty ,  trimming the a i r c r a f t  
a t  zero velocity,  and a pi lot ing technique of holding "brakes-on" during 
thrust buildup for  takeoff while waiting a t  the end of the runway. 

Validation o f  ground handling simulators i n  general i s  hampered t o  some 
degree by lack of f l i g h t  da ta ,  although data does exist f o r  s t o p p i n g  distances 
and l a t e ra l  deviations from the center l ine  of the runway under various 
conditions. Table I summarizes the extent of the validation e f f o r t  completed 
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a t  Langley i n  the  s imu la t i on  program. The q u a n t i t y  of s o l u t i o n s  i n  
d i f f e r e n t  ca tegor ies  and whether they were q u a n t i t a t i v e  (compared t o  
measurable data)  o r  q u a l i t a t i v e  ( sub jec t i ve  op in ion  f rom p i l o t  o r  researchers)  
a r e  shown. Also i n d i c a t e d  i s  t h e  source of comparison data f o r  each category, 
whether i t  be ac tua l  f l i g h t  data o r  Douglas A i r c r a f t  Co. (DAC) s imu la to r  
r e s u l t s .  The f i r s t  t h ree  ca tegor ies  o f  so lu t i ons ,  l o n g i t u d i n a l  t r i m ,  
l o n g i t u d i n a l  dynamic damping, and l a t e r a l  d i r e c t i o n  damping, were " i n - f l i g h t "  
checks. The remaining fou r  categor ies,  t h ree  o f  which were p i l o t e d ,  were f o r  
v a l i d a t i o n  on the  ground. 
covered the  m a j o r i t y  o f  runway f r i c t i o n  va r ia t i ons ,  wind condi t ions,  and 
a i r c r a f t  ground maneuvers, The r e s u l t s  o f  the Langley v a l i d a t i o n  checks 
compared favo rab ly  w i t h  the f l i g h t  da ta  and the  DAC s imu la t i on  r e s u l t s .  

The l a s t  category o f  se lec ted  p i l o t e d  cases 

S imula t ion  Model s 

The a i r c r a f t  system, which must be de f i ned  mathemat ica l ly  and programmed 
i n  the  computer t o  p rov ide  the  s imu la t i on  c a p a b i l i t y ,  cons i s t s  o f  f i v e  
p r i n c i p a l  models: aerodynamics, engines, l and ing  gear, a n t i s k i d  brake system, 
and t i re / runway f r i c t i o n .  A mathematical d e s c r i p t i o n  o f  t he  a i r c r a f t  mot ion 
i s  formed by e s t a b l i s h i n g  a f i x e d  re fe rence plane represent ing  the e a r t h  and 
equat ions are w r i t t e n  t o  de f i ne  the  displacements, v e l o c i t i e s ,  and 
acce le ra t ions  o f  the  a i r c r a f t .  The p r i n c i p a l  f o r c e  i npu ts  t o  these equat ions 
of mot ion come f rom g r a v i t y  and the a i r c r a f t  aerodynamics, engines, and 
land ing  gear. Th is  a i r c r a f t  f o r c e  data, der ived from both wind tunnel  and 
f l i g h t  t e s t  data, i s  compiled i n  a form s u i t a b l e  f o r  use w i t h  the equat ions 
of motion. The complete DC-9 a i r f rame mathematical model, based on a 
combination of these equat ions o f  motion w i t h  mathematical representa t ions  
of a i r c r a f t  c o n t r o l  and guidance systems, wind and turbulence, runway rough- 
ness, and o the r  p e r t i n e n t  elements , was prov ided by Douglas A i r c r a f t  Company, 
under c o n t r a c t  t o  Langley, and documented i n  re ference 14. This  re fe rence 
a l so  descr ibes how the  d i g i t a l  a n t i s k i d  brake system performance was der ived  
and modeled f rom both NASA t r a c k  t e s t  data repor ted  i n  re fe rence 15 and 
f l i g h t  t e s t  data documented i n  re fe rence 5. 

handl ing s imu la t i on  program, the  env i ronmenta l l y  s e n s i t i v e  t i r e l runway  
f r i c t i o n  modeling proved t o  be t h e  most cha l leng ing  t o  def ine.  
data sources from var ious f l i g h t  t e s t  s tud ies  and t r a c k  t e s t  i n v e s t i g a t i o n s  
(see r e f s .  1 t o  6 and 16 t o  18) were found i n s u f f i c i e n t  t o  complete ly  determine 
the  a i r c r a f t  ground opera t ion  envelope o f  b rak ing  and corner ing  f r i c t i o n  
performance f o r  t h e  range o f  runway contaminat ion cond i t i ons  des i red  i n  the 
s imu la t ion .  As a r e s u l t  o f  t h i s  l a c k  o f  exper imental  data, NASA ass i s ted  
the  con t rac to r  i n  o b t a i n i n g  the  des i red  f r i c t i o n  models us ing  a n a l y t i c a l  
methods based on e m p i r i c a l l y  der ived  t i r e  f r i c t i o n  r e l a t i o n s h i p s  discussed 
i n  references 19 and 20. The t i r e  f r i c t i o n  curves (see r e f .  14) generated 
from t h i s  mix  o f  a n a l y t i c a l  and exper imental  t e s t  data descr ibed the  unbraked 
corner ing  f o r c e  f r i c t i o n  c o e f f i c i e n t  v a r i a t i o n  w i t h  yaw angle f o r  bo th  main 
and nose gear t i r e s ,  and the  combined corner ing  and brak ing  f r i c t i o n  c o e f f i -  
c i e n t  v a r i a t i o n  w i t h  yaw angle and s l i p  r a t i o  f o r  the main gear t i r e s  a t  
ground speeds from 0 t o  150 knots on a v a r i e t y  o f  runway contaminat ion c o n d i t i o n  

O f  a l l  t he  mathematical mddels developed t o  implement t h e  a i r c r a f t  ground 

Ava i l ab le  
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The runway conditions simulated by these t i r e  f r ic t ion  curves included 
continuous dry, wet, flooded, or icy pavements. Combinations of these 
conditions, described by the term "patchy", were also modeled t o  expose the 
a i r c ra f t  main gear t i r e s  t o  simulated symmetrical and unsymmetrical variations 
i n  f r ic t ion  while traveling down the runway. I n  general, the 15 l ine  and t e s t  
pi lots  tha t  have flown the simulation during checkout, validation, dernon- 
s t ra t ion ,  and parameter evaluation runs have been favorably impressed w i t h  the 
simulated a i r c ra f t  ground hand1 i ng performance b u t  several areas related to  
the tire/runway f r ic t ion  model have been identified for improvement (see 
ref.  10). Consequently, NASA has in i t ia ted  e f for t s  involving new equipment 
and t e s t  techniques directed toward acquiring additional data necessary t o  
enhance the f i d e l i t y  of the tire/runway f r ic t ion  model and concurrently, to  
refine and improve the empirically derived methods used for  estimating t i r e  
f r ic t ion  performance. 

SOi4E RECENT EFFORTS TO IMPROVE TIRE/RUNWAY FRICTION DEFINITION 

An adequate ground handling simulation for a particular a i r c r a f t  type 
depends substantially on how accurately the t i r e  f r ic t ion  envelope, including 
free rol l ing,  b r a k i n g ,  cornering, and combinations thereof, i s  defined for  
meeting demands imposed d u r i n g  ground operations under a wide variety of 
loading, speed, and environmental conditions. Determination of a i r c r a f t  t i r e  
f r ic t ion performance, however, i s  d i f f i c u l t  a t  best considering the varied 
influence of bo th  t i r e  and runway surface character is t ics  and the effects  
of a i r c ra f t  landing gear geometry and brake system performance. Review of 
t e s t  resul ts  from previous studies (including refs .  1-6, 8, 15-19, 21-23) has 
provided researchers with suff ic ient  f r ic t ion  data on a large number of 
different-sized pneumatic t i r e s  t o  permit determination of empirically derived 
equations and relationships for use in estimating a particular t i r e  f r ic t ion  
performance. 
i s  used to  transform t i r e  friction-speed gradient d a t a  obtained experimentally 
in one operational mode (e.g. ground vehicle, locked-wheel t i r e  f r i c t ion )  i n t o  
estimated a i r c ra f t  t i r e  locked-wheel skidding ( u s k i d ) ,  maximum (11 
side (uside) f r ic t ion  coefficient variations with speed for  different  surface 
conditions and t i r e  yaw angles. 
term (TI), the estimated a i r c ra f t  t i r e  effective braking f r ic t ion  coefficient 
( p e f f )  variation w i t h  speed can be determined from the derived maximum f r ic t ion  
values. Details of the procedures and equations currently used i n  th i s  
methodology are given i n  reference 20. 
of these methods are  planned based on resul ts  obtained from several ongoing  
t i r e  f r ic t ion  studies (see r e f ,  24) and antiskid brake system evaluations 
(see ref .  25) conducted a t  the Langley Landing-Loads Track, i n  a d d i t i o n  
t o  the aircraft/ground vehicle t e s t s  and surface texture measurement study 
discussed i n  the following sections. 

Figure 5 indicates i n  block diagram form how th i s  methodology 

),  and ma x 

Using an antiskid brake system efficiency 

Further refinements and improvements 
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Ai rcraf t/Ground Vehicle Friction Fleasuremen ts  

A j o i n t  NASA/FAA runway f r ic t ion  program was in i t ia ted  i n  1978 with 
several major objectives: 
a i r c r a f t  t e s t  technique for evaluating runway f r ic t ion ;  ( 2 )  t o  obtain 
comparative f r ic t ion  data with o l d  and new technology ground vehicle f r ic t ion  
measurement systems; and (3)  t o  determine the degree of correlation between 
different  ground vehicle f r ic t ion  measurements and between ground vehicle and 
a i r c r a f t  f r ic t ion  readings. The a i r c ra f t  and the three ground vehicles 
selected for testing i n  th i s  program are  shown i n  f igure 6. The FAA Sabre- 
liner-80 a i r c r a f t  i s  a swept-wing, twin-engined j e t  airplane equipped with 
antiskid brake units on the dual main landing gear vlheels. 
accelerometer package coupled t o  an analog tape recorder was instal led i n  the 
a i r c ra f t  to provide continuous time history records of a i r c r a f t  deceleration 
during maximum-braking t e s t  runs, The mu-meter i s  a Bri t i  sh-developed side- 
force measuring t r a i l e r  which was towed w i t h  a l i gh t  truck. 
measuring t i r e s  a re  operated a t  a 7.50 toe-out angle and the third ( rear  
central)  wheel drives a chart recorder for monitoring the variation in side 
force f r ic t ion  d u r i n g  t e s t  runs. 
measuring system was developed by NASA t o  safely obtain locked-wheel f r ic t ion  
data a t  high speeds using smooth ASTM E524 tires on the braked, diagonal pair  
of wheels. 
several t e s t  parameters including vehicle ground speed, stopping distance,and 
longitudinal deceleration during braking. Additional de ta i l s  concerning the 
mu-meter and the DBV are  given i n  references 3, 4 ,  and 5. The f r ic t ion  
tes te r  vehicle i s  a re la t ively new f r ic t ion  measuring device, and i s  equipped 
w i t h  f ront  wheel drive and a hydraulically retractable measuring wheel 
instal led behind the rear axle. 
operate a t  a constant 15 percent b r a k i n g  s l i p  r a t io ,  i s  connected t o  the 
axle of the f ree  rol l ing rear wheels by a chain transmission. 
acting on th i s  measuring wheel and the distance traveled are fed i n t o  a 
d ig i ta l  computer where the information i s  converted into f r ic t ion  coefficient 
form and location on the runway. 
conducted a t  speeds up t o  161 k m / h r  (100 mph)  and an on-board wetting system 
i s  available for  obtaining wet surface f r ic t ion  data. 

The NASA Wallops Flight Center was chosen as  the t e s t  s i t e  because of the 
variety of grooved and ungrooved runway surfaces and the large data bank 
compiled from other a i r c r a f t  braking performance t e s t s  (see refs .  1 to  5 ) .  
A se r ies  of instrumented a i r c r a f t  b r a k i n g  runs were made on each surface under 
dry and a r t i f i c i a l l y  wet conditions. Since many of the t e s t  surfaces were 
only 107 m (350 f t )  long, several runs were required t o  obtain f r ic t ion  
measurements over the desired speed range. A large water t a n k  truck, equipped 
with a wide dispersal nozzle, was used t o  wet the surface before each ser ies  
of t e s t s .  
surface wetness conditions, the time of ground vehicle measurements taken 
before and a f t e r  each a i r c r a f t  t e s t  r u n  was noted and l a t e r  the measurements 
were corrected, by l inear  interpolation, to the time of the a i r c ra f t  t e s t  r u n .  
These corrected ground vehicle f r ic t ion  measurements r e f l ec t  the same runway 
slipperiness condition as encountered by the a i r c ra f t .  

(1) to  establish a safe and re l iab le  instrumented 

A portable 

The two f r ic t ion-  

T h e  diagonal-braked vehicle ( D B V )  f r ic t ion  

A n  on-board oscillograph recorder provides time his tor ies  of 

The measuring wheel, which i s  designed t o  

The forces 

Friction t e s t s  w i t h  this device can be 

I n  order t o  minimize the effects  of time-related changes i n  
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Table I1 provides a compilation of the f r i c t ion  readings obtained a t  
speeds of 17, 35, and 52 knots w i t h  the t e s t  a i r c r a f t  and the three ground 
vehicles under a r t i f i c i a l l y  wetted conditions on a l l  f ive types of 
runway surfaces. Since the f r ic t ion  data obtained w i t h  each t e s t  vehicle on 
the two concrete and two asphalt transversely grooved surfaces d i d  n o t  d i f f e r  
s ignif icant ly ,  a l l  the grooved surface f r ic t ion  data were faired to  determine 
average f r ic t ion  values a t  each speed increment. 
surfaces was obtained by the four t e s t  vehicles despite s ignif icant  differences 
i n  the type of f r ic t ion  coefficient measured by the a i r c ra f t  and each ground 
vehicle. Friction readings on the well-textured, damp, slurry-seal asphalt 
surface were the highest ( r a n k i n g  of 1) whereas the poorly textured, wet, 
canvas belt-finished concrete surface produced the lowest ( r a n k i n g  of 5 )  
f r ic t ion  readings for  a l l  vehicles. 
were somewhat less t h a n  that  measured on the slurry-seal asphalt because of 
the influence of several isolated puddles which were observed on the grooved 
surfaces a f t e r  ar t i  f i  cia1 wetting. 

Agreement i n  ranking the 

Friction readings on the grooved surfaces 

A further comparison of the a i r c ra f t  and ground vehicle f r ic t ion  measure- 
ments obtained on each of these fives types of surfaces with a r t i f i c i a l  wetting 
i s  given in figure 7. The faired friction-speed gradient curves indicate the 
wide range of f r i c t ion  values determined from the a i r c ra f t  and ground vehicle 
tes t s .  
character is t ics ,  operating t e s t  modes, and  braking system operations contrib- 
uted t o  t h i s  f r ic t ion  d a t a  dispersion. 
character is t ics  i s  shown by the difference in the f r ic t ion  tes te r  d a t a  obtained 
using both a high pressure, 3-groove t i r e  and a low pressure, patterned tread 
t i r e .  The d a t a  curves in figure 7 also i l l u s t r a t e  the complexity of the 
problem faced in re la t ing ground vehicle f r ic t ion  measurements obtained i n  
one t i r e  operational mode (e.g., locked wheel 1-1 k i d )  with that  developed by 
an a i r c r a f t  equipped w i t h  an antiskid brake syszem. 

The s ignif icant  differences in the a i r c ra f t  and ground vehicle t i r e  

Further evidence of the e f fec t  of t i r e  

Calculations were made, however, t o  estimate the effective Sabreliner-80 
a i r c ra f t  braking f r i c t ion  coefficient variation with speed based on the 
f r ic t ion  measurements obtained by each ground vehicle and u s i n g  the empirically 
derived methods discussed ea r l i e r  in th i s  paper. In general, the actual 
a i r c ra f t  braking performance and t h a t  estimated from the ground vehicle f r ic t ion  
measurements are shown in figure 8 t o  be in re la t ively good agreement on each 
o f  the f ive  different  t e s t  surfaces. The f r ic t ion  tes te r  device shows great 
promise in p r o v i d i n g  runway f r ic t ion  measurements for use i n  estimating 
a i r c ra f t  f r ic t ion  performance. Further evaluation of the t e s t  t i r e s  used by 
each ground vehicle i s  in progress u s i n g  an instrumented t i r e  t e s t  vehicle 
( t ruck) ,  and t e s t  resu l t s  may jus t i fy  some modifications i n  the transformation 
relationships t o  provide closer agreement with the a i r c r a f t  f r ic t ion  measure- 
men ts .  

Instrumented Tire Test Vehicle Friction Evaluations 

The main features of the instrumented t i r e  t e s t  vehicle (ITTV) used in 
previous t i r e  f r i c t ion  and wear studies (see ref .  26) are  identified i n  

597 



figure 9. Vertical load on the t e s t  t i r e  up to 22.2 kN (5000 lb )  i s  applied 
by means of two pneumatic cylinders and this load, together with the drag and 
side loads developed on the t i r e  during t e s t  runs, i s  measured by s t r a in  gage 
beams centered about the wheel and mounted above the wheel-axle support 
structure.  
are recorded on a n  oscillograph mounted in the vehicle cab compartment. 
pneumatic system to  lower or raise  the t e s t  t i r e  from the surface i s  controlled 
i n  the cab compartment by the vehicle operator. 
fixed s l i p  ra t ios  i s  accomplished by driving the t e s t  wheel w i t h  an adjustable 
s teel  shaf t  connected th rough  a universal coupling (see f i g .  9 ( b ) )  to  inter-  
changeable sprocket gears, which in t u r n ,  are  chain driven by a sprocket 
replacing one l e f t  rear  d r i v i n g  wheel of the vehicle. Changing the s l i p  ra t io  
involves replacement o f  the sprocket gear positioned a t  the d r i v i n g  end of the 
universal coupling. For locked-wheel braking t e s t s ,  the universal shaf t  and 
coupling are removed and a mechanical locking device i s  instal led on the t e s t  
wheel axle to  prevent wheel rotation. For  yawed rol l ing t i r e  t e s t s ,  the t e s t  
f ix ture  i s  rotated manually t o  the preselected angle and locked i n  place. The 
o u t p u t  from the instrumented t r a i l i ng  wheel, providing an accurate measurement 
of vehicle speed and distance, and a cam-operated microswitch mounted on the 
t e s t  wheel axle, transmitting a signal for  each t e s t  wheel revolution, i s  
recorded on the oscillograph as well as displayed t o  the vehicle operator on 
d ig i ta l  counters in the cab compartment. 

Continuous time histories of the output from these s t ra in  gages 
A 

Simulated t i r e  braking a t  

Braking and cornering t e s t s  have been conducted on several different  
runway surfaces a t  NASA Wallops Flight Center using the ITTV equipped w i t h  the 
bias-belted ASTM E501 and E524 test t i r e s  used on skiddometer t r a i l e r s  and 
diagonal -braked vehicles. 
and  the E524 t i r e  has no tread (smooth) pattern.  Wet surface t i r e  braking 
resul ts  from these t e s t s  indicated that  t h r o u g h o u t  the speed range evaluated, 
the rib-tread E501 t i r e  developed higher f r ic t ion  compared to  the smooth 
E524 t i r e .  
and a concrete surface a t  a t e s t  track i n  San Angelo, Texas using a skiddometer 
t r a i l e r  device equipped w i t h  an on-board wetting system. Several locked-wheel 
f r ic t ion  ( p s k j d )  measurements were taken a t  each of s ix  speed increments u p  t o  
97 km/hr  (60 m p h )  and  the d a t a  points shown in the figure indicate numerical 
averages of the uskid values obtained a t  each speed. In  general, the locked- 
wheel f r ic t ion  developed by b o t h  t i r e s  on the two wet surfaces decreased with 
increasing speed a s  expected (see ref .  22) b u t  the higher f r ic t ion  levels 
developed on the asphalt surface are  contrary t o  previously noted trends 
of higher f r ic t ion  with higher surface texture depths. 
macro-texture depth using the s i l icone putty sample technique described i n  
reference 27 indicate the asphalt surface has considerably less macro-texture 
t h a n  the concrete surface. 
as well as aggregate shape and surface f inish treatment must significantly 
contribute to  the a b i l i t y  of the t e s t  t i r e s  to develop f r ic t ion  forces on the 
wet surfaces. 

The E501 t i r e  has a 6-groove rib-tread pattern 

Figure 10 shows similar resul ts  that  were obtained on an asphalt 

Measurements of surface 

Apparently surface micro-texture character is t ics  
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Surface Texture Measurement Study 

I t  has long been recognized that  the f r ic t ion  forces which a pneumatic 
t i r e  can develop for  the purposes of braking, cornering, or d r i v i n g  are 
greatly influenced by the f inish of the runway or road surface. 
different  volumetric, prof i le ,  topography, and drainage techniques (see ref.  
27) have been developed by reseachers t o  provide quantitative measurements of 
surface macro-texture ( large scale)  and to  a lesser  degree of success, surface 
micro-texture (small scale).  Results from previous t i r e  f r ic t ion  evaluations 
(e.g. ,  see re f .  28) have indicated that  the slope and the magnitude of the 
friction-speed gradient curve are functions of the surface macro- and micro- 
texture features,  respectively. 

Many 

A study of surface texture measurement techniques was recently s tar ted 
t o  determi ne the correlation between values obtained with several different  
techniques and t o  fur ther  define the relationship of these measurements with 
t i r e  f r ic t ion  performance. 
established between surface macro-texture depth values measured on a variety 
of concrete and asphalt pavements using the grease sample and sandpatch 
methods. Both techniques (see photographs i n  f ig .  11) involved spreading a 
known volume of material (grease o r  sand) over the surface, measuring the area 
covered, and  calculating an average texture depth. 
the figure represent average values determined from s ix  measurements on a 
given surface w i t h  each method and the correlation equation was calculated 
using a l ea s t  squares l inear  d a t a  f i t .  The grease sample technique resul ts  
in a lower (approximately ha l f )  texture depth value than t h a t  measured by 
the sandpatch method, probably because of the manner i n  which the two 
materials are applied t o  the surface. The sand i s  spread by a l igh t ly  loaded, 
hard rubber disc which makes contact with only the high points in the pavement 
aggregate, whereas the grease i s  spread by a re la t ively so f t  rubber squeegee 
with a force that  tends t o  wipe the high pavement peaks and f i l l  the voids. 
Factors influencing th i s  correlation are currently being evaluated, together 
w i t h  several other techniques including s t a t i c  drainage measurements obtained 
with outflowmeters. 

Figure 11 shows an example of the correlation 

The data points shown i n  

An outflowmeter consists of a transparent cylinder with a rubber ring 
attached t o  the bottom face. 
i s  loaded so t h a t  the rubber r i n g  will drape over the aggregate par t ic les  i n  
a manner similar t o  t h a t  expected of t i r e  tread elements. Water i s  poured 
into the open-topped cylinder, and the operator i n i t i a t e s  water discharge by 
raising a rubber stopper a t  the bottom of the cylinder. T h e  time required 
for  a known volume of water to  escape t h r o u g h  any pores or channels in the 
pavement, as well as between the rubber ring and the pavement surface, i s  then 
measured. 
high surface macro-textures. The wide variation in outflowmeter water 
drainage times shown in figure 12  indicates the e f fec t  of var ious surface 
finishes and treatments on a surface macro-texture. These drainage measure- 
ments were taken on a canvas belt-finished concrete runway which was con- 
structed level,  bo th  longitudinally and transversely, a t  NASA Wallops Flight 
Center. 

When placed on a pavement surface, the cylinder 

S h o r t  drainage times ( h i g h  ra tes  of flow) a re  thus associated with 

The runway centerline paint markings s ignif icant ly  reduced the 
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ungrooved surface macro-texture (as indicated by the long drainage times) 
and the saw-cut grooving great ly  improved the surface drainage ra tes .  
outflowmeter drainage time measured on the 51 mm ( 2  in.) spaced groove pattern 
was approximately twice as long as t h a t  measured on the 25 mm (1 in.) spaced 
groove pattern.  The drainage time differences shown between the two groove 
patterns may be pa r t i a l ly  due t o  the placement o f  the outflowmeter w i t h  
respect t o  the  groove configuration s ince the water discharge opening i s  only 
51 mm (2.0 in.) i n  diameter. 

T h e  

CONCLUDING REMARKS 

The s igni f icant  progress which has been achieved i n  development of 
a i r c r a f t  ground handling simulation capabi l i ty  a t  Langley is  reviewed w i t h  
additional improvements i n  software modeling ident i f ied .  The problem 
associated with p r o v i d i n g  necessary simulator input data fo r  adequate modelinc 
of a i r c r a f t  tire/runway f r i c t i o n  behavior i s  discussed and recent e f f o r t s  t o  
improve t h i s  complex model, and hence simulator f i d e l i t y ,  are  described. 
Aircraf t  braking performance data obtained on several wet runway surfaces i s  
compared t o  ground vehicle f r i c t ion  measurements and, by use of empirically 
derived methods, good agreement between actual and estimated a i r c r a f t  braking 
f r i c t i o n  from ground vehicle data i s  shown. The performance of a r e l a t ive ly  
new f r i c t i o n  measuring device, the f r i c t i o n  t e s t e r ,  showed great  promise i n  
providing data applicable t o  a i r c r a f t  f r i c t i o n  performance. 
research e f f o r t s  t o  improve methods of predicting t i  re f r i c t ion  performance 
are  discussed including use of an instrumented t i r e  t e s t  vehicle t o  expand 
the t i r e  f r i c t i o n  data bank and a study of surface texture measurement 
techniques. 

Additional 

Future plans for the a i r c r a f t  ground handling simulation program 
include development of a t i r e  f a i l u r e  model and be t te r  ant iskid brake system 
performance t h r o u g h  t e s t  track investigations.  
capabi l i ty  t o  adequately simulate the ground phase o f  a i r c r a f t  operations 
i s  an essent ia l  step i n  achieving to ta l  a i r c r a f t  simulation, NASA Langley's 
primary i n t e r e s t  i s  in us ing  t h i s  expanded simulator capabi l i ty  as a research 
tool f o r  study and solution of a i r c r a f t  ground operational problems. 

Although a t ta in ing  the 
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TABLE I .- SCOPE OF AIRCRAFT GROUND HANDLING SIMULATOR VALIOATION. 

TYPE OF SOLUTION (COMPARISON) 

LONGITUDINAL T R I M  

LONG ITUD I NAL DYNAMl C DAMPING 

LATERAL DIRECTION DAMPING 

M I N I M U M  CONTROL SPEED GROUND 

STOPPING DISTANCE (BRAKES 

(PHUGO I D) 

(DUTCH ROLL CHARACTER1 STICS) 

(VMCG) -- PILOTED 

ONLY) -- PILOTED 

GEAR DYNAMICS AND OVERALL 
LANDING AND ROLL OUT 
CONDITIONS 

SELECTED CASES COVER1 NG MOST 
IMPORTANT PARAMETERS -- 
PI LOTED 

I 

QUANTITY 

9 

2 

2 

4 

4 

6 
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TABLE 11.- RUNWAY SURFACE 

D I AGONAL 
BRAKED 

P S K I D  

READINGS. 

17 32 20 0.73 (1) 0. 62 (2) 0.56 (3) 0.48 (4) 0.45 (5) 
35 65 40 0.58 (1) 0.54 (2) 0.25 (4) 0.26 (3) 0.17 (5) 
52 98 60 0.51 (1) 0.47 (2) 0.13 (4) 0.18 (3) 0.06 (5) 
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Figure 1.- Motion base simulator. 

Figure 2 . -  Motion base cockpit in te r ior .  
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i jgure  3.- Visual landing display system. 

VISUAL 
MODEL 

T CONTROL DEFLECTIONS AND THRUST 

Figure 4.- Block diagram indicat in? imp1 mentat ion o f  a i r c r a f t  ground 
handling simulation f a c i l i t y .  
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I-- 
Figure 5.- Methcdology used t o  estimate a i r c r a f t  t i r e  f r i c t i o n  performance. 

Figure 6,-  Test a i r c r a f t  and ground f r i c t i o n  measuring vehicles used i n  j o i n t  
NASA/FAA program. 
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ARTIFICIALLY WETTED: DAMP,<0.25 mm (0.01 in.) 

6 

4 '  

1.0 

.8 

. 6  
FR I CT I ON 

COEFFl C I E M ,  
P 

r-i\ /7- FRICTION TESTER, 

PATTERNED T I  RE 

3-GROOVE TIRE 

  MAX 

1 , I I I 

20 40 60 80 100 0 '  

SPEED, KNOTS 

( a )  S lur ry  seal asphalt surface. 

GROOVE CONFIGURATION: 25 x 6 x 6 rnrn (1 x 114 x 1/4  in. ) 
ARTIFICIALLY WETTED: DAMP WITH I SOLATED PUDDLES 

FRICTION ' 

COEFF I C I ENT, 
P 

FRICTION TESTER, pMAX 

\ - a PATTERNED TIRE 
\ -[---- - 3-GROOVE TIRE 

MU-METER, P~~~~ '. . L. 
\ DBV, PSKID -- - 
I-- .--. r- SABRELINER-80 AIRCRAFT, pEFF 

1 t I 4 I 

0 20 40 60 80 100 

SPEED, KNOTS 

(b)  Transverse grooved surfaces. 

Figure 7 . -  Range o f  aircraf t  and ground vehicle f r ic t ion da ta  obtained on 
different wet runway surfaces a t  NASA Wallops F l i g h t  Center, 
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ARTIFICIALLY WETTED: 0.76-1.27 mm (0.03-0.05 IN.) 

FRICTION 
COEFFICIENT, ' 

FRICTION TESTER, pMAX 

3 GROOVE TIRE 

PATTERNED TIRE 
'*, I \ 

,- SABRELI NER-80 <. \. . AIRCRAFT, +FF 

I I I I 8 
0' 20 40 60 80 100 

SPEED, KNOTS 

( c )  Small aggregate asphalt surface. 

ARTIFICIALLY WETTED: 0.25-0.51 m m  (0.01-0.02 IN.) 
1.0 

FRICTION TESTER, pMAX 

. 
PATTERNED TI  RE 

FR I CT I ON 
COEFFl CIENT, ' 

SABRELINER-80 AIRCRAFT, pEFF 

.4 - 

.2  - 

NOTE: INSUFFICIENT 3-GROOVE TIRE DATA 
I I 1 I 

0 20 40 60 80 lob 

SPEED, KNOTS 

( d )  Burlap drag-finished concrete surface. 
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FR I CT I 0 N 
COEFFICIENT, 
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1.0- 

.8 
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. 4  

.2  
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- 

- 

ARTIFICIALLY WETTED: 0.76-1.27 mm (0.03-0.05 IN.) 

1 1 

0 '  20 40 60 80 100 

SPEED, KNOTS 

( e )  Canvas bel t-finished concrete surface. 

Figure 7. - Concl uded . 
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ARTIFICIALLY WETTED: DAMP, < 0.25 rnm (0.01 IN.) 

.6 

- 4 -  

. 2  

EFFECT1 VE 
BRAKING 
FR I CT I ON 

COEFFICIENT, 

p~~~ 

* 

1 - ------ - - - --- /- - - MU-METER -- - - - 
\ 

0 0 0 2- 0 'n\ - r DBV 
I CI A -  - PATTERNED TIRE - 

- 3-GROOVE T I  RE 
0 

FRICTION TESTER - 

.8 

.6 

0 SABRELINER-80 AIRCRAFT 

o SABRELI NER-80 AIRCRAFT 

- 

I I I I I 

1 I I 1 

0 '  20 40 60 80 100 

SPEED, KNOTS 

( a )  Slurry seal asphalt surface. 

GROOVE CONFIGURATION: 25 x 6 x 6 mm (1 x 114 x 114 in. 1 
ARTIFICIALLY WETTED: DAMP WITH ISOLATED PUDDlES 
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ARTIFICIALLY WETTED: 0.76-1.27 mm (0.03-0.05 IN.) 

. 8  

6 

EFFECT1 VE 
BRAKING 
FR I CTl O N  .4 

COEFF I C I ENT, 

I’IEFF 

. 2  

0 

. 8  

.6 EFFECT1 VE 
BRAKING 
FR I CTI ON 

COEFFICIENT, .4 
I’IEFF 

. 2  

0 SABRELI NER-80 A I  RCRAFT 

r MU-METER 

FRICTION TESTER 

0 

20 40 60 80 100 

SPEED, KNOTS 

( c )  Small aggregate asphalt surface. 

ARTIFICIALLY WETTED: 0.25-0.51 mm (0.01-0.02 IN. 1 

0 SABRELI NER-80 AIRCRAFT 

MU-METER 

--- FR I CTI ON TESTER 

PATTERNED T I  RE 

NOTE: INSUFFICIENT 3-GROOVE TIRE DATA 
I 1 8 1 I 

0 20 40 60 80 100 

SPEED, KNOTS 

( d )  Burlap drag-finished concrete surface. 

Figure 8.- Continued. 
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EFFECT1 VE 
BRAKl  NG 
FR I CT I ON 

COEFFl CIENT, 

p~~~ 

.6 

o SABRELI NER-80 AIRCRAFT 

- 

I I I I 1 

20 40 60 80 100 O t  

SPEED, KNOTS 

(e )  Canvas bel t-finished concrete surface. 

Figure 8.- Concluded. 
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( a )  Side view. 

( b )  Rear view. 

Figure 9 , -  Instrumented t i r e  t e s t  vehicle. 
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SKID TRAILER WETTING, 0.51 m m  (0.02 IN. 1: SAN ANGELO, TX TEST TRACK 

0 ASTM E501 TIRE 

ASTM E524 TIRE 

.8 

. 6  

%KID 
.4 

.2  

ASPHALT SLjiiFfiCE 
AVG. TEXTURE DEPTH, 1.08 mm 

-0- - --A 
-=---- 

-0 
--- 

AVG TEXTURE DEPTH, 2.26 m m  
I I I I s I I I I 

0’ 10 20 30 40 50 60 70 80 90 lot 
5 PEED, k m l h r  

Figure 10.- Friction performance of two ground vehicle t e s t  t i r e s .  

Figure 11.- Example of surface texture measurement correlation. 
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CONCRETE RUNWAY SURFACE 

CLEAN SURFACE, 
UNGROOVED 

PAINTED SURFACE, 
UNGROOVED 

CLEAN SURFACE, 
GROOVED 

CLEAN SURFACE, 
GROOVED 

PA I NTED SURFACE, 
GROOVED 

1 

I GROOVE PATTERN: 51 x 6 x 6 m m  ( 2  x 114 x 1/4 in. 1 

GROOVE PATTERN: 25 x 6 x 6 mm (1 x 114 x 114 in. ) I 
OUTFLOWMETER DRAINAGE TIME, SEC 

Figure 12.- Effect of surface treatments on outflowmeter drainage measurements. 
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THE NASA DIGITAL VGH PROGRAM--EARLY RESULTS 

Norman L .  Crabill and Garland J .  Morris 
Langley Research Center 

SUMMARY 

NASA has recently revived the V G H "  measurement program for  a i r l  ine 
transports to  f u l f i l l  a need w i t h i n  the a i r l i ne  industry for  r e a l i s t i c  data 
describing f l i gh t  operations of  a i r l  ine transports. 
used by transport designers t o  make bet ter  estimates of fatigue l i f e  con- 
sumption of current a i r c r a f t  and t o  update design c r i t e r i a  for future a i r -  
c r a f t .  
s tar ted i n  1977. Several examples of the s t a t i s t i c a l  outputs are reviewed 
t o  i l l u s t r a t e  the types of analyses and resul ts  becoming available. 

These data will be 

This program, using digi ta l  data recorded on magnetic tape was 

I NT RO DU CT I ON 

NASA has recently revived the "VGH" measurement program for  a i r l i n e  
transports t o  f u l f i l l  a need w i t h i n  the a i r l i ne  industry for  r e a l i s t i c  data 
describing f l i g h t  operations of a i r l  ine transports. Data needed include 
operating a l t i tude ,  airspeed, weight, loads, and control usage. These data will 
be used by transport designers t o  make better estimates of fatigue l i f e  
consumption of current a i r c r a f t  and to  update design c r i t e r i a  for  future 
a i  r c r a f t  . 

NACA/NASA has his tor ical ly  provided such data, s ta r t ing  i n  the 1930's 
w i t h  the NASA "VC" program which gave velocity and load factor from 
operating a i r c r a f t  fo r  d i rec t  comparison with the designer's VG diagrams. 
Later, s t a r t i n g  i n  the 1 9 5 0 ' ~ ~  a new dimension of a l t i tude  was added i n  the 
NACA/NASA-suppl ied film recorder, which provided time h i  s to r ies  of velocity, 
load factor ,  and height which were read u p  and analyzed principally by manual 
processes. 
i n  1971, due to  changing p r io r i t i e s  w i t h i n  NASA. 

changes ( r e f .  1). I t  was decided to  determine i f  data from dig i ta l  recorders 
a1 ready exis t in? on many wide-body a i r c r a f t  for  accident investigation 
purposes could be ut i l ized t o  f u l f i l l  the Dig i t a l  VGH Program objectives. 
More parameters would be attempted, since they are  readily available. 
present report gives several examples of the s t a t i s t i c a l  outputs evolved for  
a Lockheed L-1311 a i r c ra f t  using data obtained i n  routine f l i g h t  operations 
i n  1973, and compares them with resu l t s  from 1978 3perations. In addition, 

These analogue recorder programs for  a i  rl ine transports ceased 

In 1977, rJASA revived the program fo r  a i r l i n e  transports w i t h  some 

The 

61 3 



the report  discusses several in te res t ing  operational e f f ec t s  obtained from an 
inspection of the  time h is tor ies .  

The service areas f o r  the two data sets discussed a r e  given i n  
figure 1. The o ldes t  data s e t  was obtained f o r  f l igh ts  flown i n  February 
through May 1973 along the e a s t  coast  w i t h  Chicago and San Juan added. 
T h i s  set consis ts  of 83 f l i g h t s ,  about 200 hours of f l i g h t  time, and about 
169 000 km (91 000 nautical miles), The data tapes f o r  this 1973 data set 
were obtained i n  1977 and were used t o  develop the analysis  techniques, 
computer programs, and output formats. 
th rough  July 1979 and i s  fo r  much the same routing, b u t  with the addition of 
Mexico City, Acapulco, Sea t t le ,  and Portland, f o r  918 f l igh ts ,  about 1600 
hours, and 1 300 000 km (700 000 nautical miles). 
a r e  f o r  the same airplane obtained continuously, o r  as nearly as possible. 

The newest set covers March 1978 

For each data s e t ,  the data 

DISCUSSION 

The data a re  recorded on existing Digital Flight Data Recorders on a 
25-hour loop-tape on a i r l i n e r s  i n  routine a i r l i n e  service ( f igure  2). 
a i r l i n e  company reads out the data once o r  twice a week, t ranscr ibes  the 
selected parameters in to  an IBM compatible format, and sends i t  and the  
s u p p o r t  data (weights and t r i p  length from f l i g h t  logs) t o  NASA. NASA plo ts  
these data and ed i t s  them both manually and automatically and processes them 
i n t o  two basic s t a t i s t i c a l  outputs--loads s t a t i s t i c s  and f l i g h t  p ro f i l e  
s t a t i s t i c s - - a s  described i n  reference 1 and i l l u s t r a t e d  in f igures  3 and 4. 
T h e  matrix of s t a t i s t i c a l  data types output f o r  this f i r s t  program phase i s  
shown in f igure  4. Not a l l  these data types will  be discussed i n  this paper. 
Instead, t h i s  paper wil l  show typical s t a t i s t i c a l  outputs f o r  a l t i t u d e ,  
weight, airspeed, and accelerat ion,  as  shown by the numbers 1, 2, 3, and 4 
on figure 4. 
planes a re  expected t o  be published w i t h i n  the next year ,  i n  separate reports .  

The 

Complete s t a t i s t i c a l  r e su l t s  f o r  the L-1011, B-727, and B-747 a i r .  

Maximum A1 t i  tude  Per F1 i g h t  

a1 t i t ude  per f l i g h t  was about equally d i v i d e d  between 8892-10516 and 10516- 
12040 meters (30-35 000 and 35-40 000 f e e t ) .  For the la rger  sample of 918 
f l i g h t s  s t a r t i ng  i n  1978 over a broader route s t ruc ture ,  the 10516-12340 m 
(35-40 000 f e e t )  a l t i t u d e  was by f a r  the most popular.and two f l i g h t s  ac tua l ly  
went t o  12800 m (41 000 feet) .  A t  the 10516-12040 m (35-40 000 f e e t )  maximum 
a l t i t u d e  leve l ,  the 2-2.5-hour t r ip  was most prevalent f o r  both sets of  data.  
About 17 percent of a l l  trips had peak a l t i t u d e s  l e s s  than 5944 m (19 500 feet)  
in 1978-1979. 

The 83 f l i g h t s  of the 1973 operations,  f igure  5, show the maximum 

Landing Fuel 

Landing fuel mass is  given f o r  the L-1011 operation i n  figure 6 fo r  the  
83 f l i g h t s ,  February to  Nay 1973, and f o r  918 f l i g h t s ,  1978-1979 operations. 
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In  1973, the most popular trip of 2-2.5-hours duration almost always landed 
with 13,608-22 680 kg (30-50 000 lbs)  of fuel.  
popular landing fuel mass by a factor of 2 was 4536-13 608 kg (10-30 300 lbs )  
for  the same 2.5 hour t r ip  length. However, the 1.0-1.5-hour t r i p  landed 
with more fuel , 13 608-22 680 kg (30-50 000 l b s ) ,  twice as often as i t  d i d  
w i t h  the minimum 4536-13 608 kg (10-30 000 lbs ) .  The 13 608-22 680 kg (30- 
50 000 lbs )  landing fuel mass was s t i l l  the most probable mass for  a l l  t r ip 
lengths. The dis t r ibut ions of trip duration for  a l l  fuel masses in 1978-1979 
show more shorter trips than i n  1973. The differences i n  trip duration 
distributions for  the 83 f l i gh t s  and the 918 f l i gh t s  i n  1978-1979, shown in 
figures 5 and 6,  can be at t r ibuted to  the effects  of sample s i ze  and possibly 
other factors such as changes i n  fuel cost  and ava i lab i l i ty .  

In 1978-1979, the most 

Landing Flap Usage 

The time spent a t  various airspeed intervals i n  each f lap  detent i s  given 
in figure 7 fo r  83 landings of the L-1011-1 a i r c r a f t  i n  1973 operations; f lap 
placard speeds are a lso noted. These data are actual f lap surface position 
indications collected into standard "bins" or detents of 5 to  8 degrees. 
can be seen tha t  f lap deployment above the placard speed is  minimal, the 
general trend i s  for broad speed distributions in small detents, and narrow 
distributions close to  the placard speeds i n  the landing detents. 

I t  

Loads 

The measure of load on the a i r c r a f t  i s  the body-axis normal acceleration 
a t  the center of gravity. 
technique employed i s  the "level crossing method" as opposed to  the "peak 
count method" of the previous NACA/NASA VGH Program. 
L-1011-1 operation are  given in figure 8 and compared w i t h  previous wide-body 
data extracted from the data s e t  reported in reference 2. 

As explained i n  reference 1, the basic counting 

Sample resul ts  for the 

The previous wide-body resul ts  are  within a factor of 2 of the present 
resul ts  a t  a given load increment. However, a t  a given counting r a t e ,  the 
loads a re  within 10 to  15 percent. However, since they were n o t  derived 
exactly the same way as the present resul ts ,  the comparison must be made 
cautiously. The previous wide-body resul ts  are total  peak counts per hour 
obtained by adding separately determined maneuver counts and g u s t  counts t o  
get the total  counts; the present resul ts  are total  level crossing counts 
per hour obtained direct ly  from the t race of total  normal accelerations. 
Results i n  reference 3 indicate the level crossing technique can sometimes 
give up to  twice the crossing ra te  of the peak count method. 

The present resu l t s ,  figure 8, provide d a t a  a l l  the way t o  zero load. 
A t  these low levels ,  the counts are  considerably higher than a t  the 0.2-g 
level previously available,  as would be expected. 
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Examination of many power spectra of center-of-gravi ty normal 
acceleration showed the presence of sharply peaked responses just  below 1 hz, 
whereas, the a i r c r a f t  short  period response (or g u s t  response frequency) i s  
character is t ical ly  0.2 to  0.5 hz for  the L-1011 w i t h  s t ick  fixed. From the 
f l i gh t  conditions, i t  was surmised tha t  autopilot  operation was involved; 
however, the 1973 data s e t  did not include autopilot  s ta tus .  When the 1978 
data s e t  was obtained w i t h  autopilot  s ta tus ,  i t  was possible to  d e a r l y  see 
that  the high frequency response was occurring w i t h  autopilot  on; as i n  
figure 9. 

Figure 9 shows power spectra of L-1011 c.g. normal acceleration plotted 
a f t e r  the manner of reference 4 ,  t o  show the re la t ive  power under each peak. 
T h u s ,  the vertical  scale is  l inear  with power spectral density times 
frequency versus log frequency horizontally. The measured data a re  for  auto- 
p i lo t  off  and on under similar operating conditions. For autopilot  o f f ,  the 
pe'ak response i s  a t  about 0.3 hz, which i s  the a i r c r a f t  stick-fixed short 
period frequency. 
surmised t o  be the short  period response with autopilot  on. 
calculations by the manufacturer and NASA confirmed this frequency shift .  

For autopilot  on, the peak i s  a t  about 0.8 hz, which was 
Subsequent 

There are  a t  l ea s t  two effects  of t h i s  s h i f t  to  be noted. F i r s t ,  the 
higher frequency motion i s  considered t o  be less  disturbing t o  the passengers 
according t o  reference 5, which indicates 0.2 to  0.7 hz as the c r i t i c a l  
motion sickness region. Secondly, the average zero crossing ra te  of in te res t  
to  fatigue analysis i s  increased 10 t o  20 percent when the response i s  
integrated across a l l  frequencies. 

Autopilot Operation 

To assess the importance of these effects  o f  autopilot operat-lon, 
s t a t i s t i c s  on autopilot  usage were compiled from 400+ hours of the 1978-1979 
data se t .  The resul ts  are  given i n  f igure 10 and indicate for  the L-io11 
that  the most frequently used a l t i tude  band for  autopilot  turn-on i s  ~ 2 8 9 6  
to  4420 m (10-15 000 f t )  i n  the departure, b u t  the most popular turn-off 
a l t i tude  i s  i n  the l a s t  1372 m (5000 f t )  i n  descent. 
the cases, i t  was on a t  touchdown; i n  about 8 percent o f  the f l i gh t s ,  i t  was 
not on a t  a1 1 .  T h u s  , the L-1011 autopilot  was used approximately 75 percent 
of the time i t  was operating. 

In about 5 percent o f  

Detailed examination of the normal acceleration trace showed the 
occasional presence of a low-amplitude low-frequency osci l la t ion.  This 
"1 imit cycle" phenomenon i s  i l lus t ra ted  in figure 11. Peak-to-peak 
amplitudes averaged about .07 g's. This low-amplitude low-frequency motion, 
associated with the a l t i tude  hold mode according t o  the theoretical studies , 
is below the region associated with passenger discomfort (reference 5) and i s  
not considered a factor i n  fatigue l i f e  consumption. 
noted on the 727 and 747 a i r c r a f t ,  f igure 1 2 ,  w i t h  the smaller shorter-range 
a i r c r a f t  experiencing i t  more than 20 percent of the time, and the large long- 
range type less  than 10 percent of the time the autopilot  i s  on. 
estimated the e f fec t  of t h i s  l imi t  cycle i s  to  increase the fuel consumption 
a few tenths of 1 percent. 

Similar e f fec ts  were 

I t  i s  
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CONCLUDING REMARKS 

Data from a i r l i n e  d ig i t a l  f l i g h t  data recorders can provide relevant 
s t a t i s t i c a l  data f o r  estimating fa t igue  1 i f e  consumption of the current  
a i r l i n e r  f l e e t  and f o r  design c r i t e r i a  updating f o r  future designs. In 
addition, the data have indicated real operating effects due t o  the au topi lo t ,  
i . e . ,  g u s t  response frequency peak increase by 2 o r  3 times, and the existence 
of the low-frequency low-amplitude l i m i t  cycle motion i n  a l t i t u d e  hold. 
Extension of the program t o  more data types f o r  ground operations is planned, 
along w i t h  acquis i t ion of DC-10 data. Finally,  on-board processing o f  simple 
data types is being considered. 
is sought and received. 

Throughout the program, industry feedback 
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Figure 1 .- Location of s e rv i ce  areas 
f o r  L-1011 opera t ions .  

DIGITAL FLIGHT DATA RECORDER AND 
TRANSDUCERS 25 HOUR LOOP TAPE 

AIRLINE READOUT AND TRANSCRIPTION: TWICE PER WEEK 

AIRLINE SUPPORT DATA 

Figure 2.- D i g i t a l  VGH program data source.  
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LaRC COMPUTER PROCESSED TIME H I  STORIES 
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Figure 3.- Data processing and analysis. 
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Figure 4.- Statistical data outputs. 
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FL I GHT 
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hr 
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(a) 1973 operations, 83 flights. 

FLIGHT 
DURAT 1 ON, 

hr 

6 

5 

4 

3 

2 

1 

0 
-152 1372 28% 4420 5944 7488 8992 10516 12040 13564 

ALTITUDE. rn 
TOTALS] . 2  1 3.3 ] 4.3 1 8 . 5 ' )  7.6 1'2.7 115.6157.2 1 . 3  ] 

m.5 4.5 9.5 14.5 19.5 24.5 29.5 34.5 39.544.5. 

ALTITUDE, ft 

(b) 1978-1 979 operations, 91 8 flights. 
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10 

Figure 5.- Percent of flights to maximum altitude per 
flight versus flight duration. 
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5 .  

TOTALS 
ALL MASSES 

6'1973 OPS -I83 FLIGHT; 
I I 

FL I GHT 
DURATION, 

h r  
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(a) 1973 operations, 83 flights. 

LANDING FUEL MASS, kg TOTALS 
4536 13,608 22,680 31,752 40,824 ALL MASSES 

LANDING FUEL MASS,  Ib 

(b) 1978-1 979 operations, 91 8 flights. 

Figure 6.- Landing fuel mass versus flight duration. 

6 21 



TIME IN AIR SPEED INTERVAL AND IN FLAP DETENT X 100 
TIME IN FLAP DETENT PERCENT TIME =' 

100 

0 

0 

0 PERCENT TIME 
=2.8hr 
TIME @ FLAP 18- 
= .4hr  
TIME@ FLAP le- 
= 2.7 hr 
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l a  1 
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CALIBRATED AIRSPEED, knots 

Figure 7.- L-1 01 1 flap position versus airspeed 
during landing. 
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Figure 8.- Loads exceedances. 
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CENTER -OF-GR AV I TY NORMAL ACCELERAT I ON 

20 
AUTOPILOT STATUS - 

Figure 9.- Effects of autopilot on L-1 011 measured 
power spectra. 

L-1011 FOR 400 + HOURS OF REVENUE FLIGHTS 
1978 

ALTITUDE FOR ALTITUDE FOR 

I N  I N  
CLIMB DESCENT 

A LT I TU DE 

Id TURN-ON TURN-OFF 

9.5 

-. 5 
0 10 20 30 40 50 0 10 20 30 40 50 

PERCENT OF FLIGHTS 

2,896 

- 152 

SUMMARY 
0 AUTOPILOT WAS "ON" ABOUT 75% OF THE TIME 
0 AUTOPILOT WAS "ON" AT TOUCHDOWN FOR 5% OF THE FLIGHTS 
0 AUTOPILOT WAS NOT USED ON 8%OFTHE FLIGHTS 

Figure 10.- Autopilot on-off s ta t i s t ics .  
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Figure 1 1  .- Autopilot "limit cycle" experience. 
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B -727 

L-1011 

B -747 

56.42 23.69 .06 .068 

75.14 15.14 .07 .07 

92.12 7.48 .066 .074 

Figure 12.- Summary of autopilot-on and limit cycle times. 
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EVALUATION OF EMERGENCY-LOCATOR-TRANSMITTER 

PERFORMANCE IN REAL AND SIMULATED CRASH TESTS 

Huey D. Carden 
NASA Langley Research Center 

SUMMARY 

Emergency-locator-transmitter (ELT) activation problems were investigated 
by testing a sampling of ELT units in actual airplane crashes and in a special 
test apparatus which simulated longitudinal crash pulses with superimposed 
local structural resonances. The objective of the study was to determine proba- 
ble causes of excessive false alarms and nonactivations of ELT's during crash 
situations and to seek solutions to the current operational and technical prob- 
lems. Experimental results from the study, which considered placement, mount- 
ing, and activation of ELT's under simulated crash impacts, and an evaluation of 
the sensitivity of ELT impact switches to orientation and to local structural 
vibrations are discussed. 

INTRODUCTION 

Most general-aviation airplanes have been required by law since the early 
1 9 7 0 ' s  (ref. 1 ) to carry emergency locator transmitters (ELT's) . ELT units 
are self-contained, battery-powered, emergency-radio-transmitter beacons. 
Functionally, the ELT is triggered or activated by the deceleration imposed on 
the unit during a crash and are intended to aid Search and Rescue (SAR)  in 
locating the crash site. From the outset, ELT's have suffered an excessive 
false-alarm rate as well as nonactivation problems during crashes. Initial 
efforts to overcome many of the technical and operational problems which 
occurred relative to the minimum performance standards of reference 2 were 
addressed in reference 3; however, the proposals were made without significant 
research to define the exact causes and to substantiate the proposed solutions 
to the problems. Consequently, many of the same problems still persist. For 
example, references 4 and 5 indicate from records examined that malfunctions 
of the deceleration sensitivity switch, corrosion problems, and human errors 
are still among the reported causes for unwanted ELT activations and that 
approximately 95 percent of all ELT alarms are nondistress situations. Thus, 
reliability and believability have severely limited the usefulness of these 
emergency devices. 

Evaluation of the activation of ELT's in full-scale crash tests at Langley 
Research Center has been a part of the joint NASA/FAA Crash Dynamics Program 
which is aimed at developing technology for improved crash safety and occupant 
survivability in general-aviation aircraft (refs. 6 to 12) .  More recently, 
however, laboratory experiments on ELT sensor activation problems have been 
undertaken to support the work of Radio Technical Commission for Aeronautics 
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Special Committee 136. 
in seeking solutions to current ELT operational and technical problems. This 
paper presents the results of experiments on the activation of ELT's mounted in 
airplane structures and subjected to realistic crash impacts. 
believed to be of general importance in understanding and dealing with the prob- 
able causes of the ELT false activations and providing solutions. 

This committee was formed to assist the FAA and industry 

The data are 

APPARATUS ANI) TEST PFXXEDURE 

Typical Emergency-Locator-Transmitter Units 

Description of ELT units.- Figure 1 is a photograph of nine emergency 
locator transmitters (ELT's) typical of the units from various manufacturers. 
The units are among those used for evaluating the performance of sampling of 
in-service and off-the-shelf units under realistic crash impacts to determine 
the basic causes of ELT false activations and/or nonactivation. 

The ELT is a relatively inexpensive, self-contained, battery-powered beacor 
designed to broadcast an emergency 121.5-MHz or 243.0-MHz radio signal automat- 
ically when triggered by the deceleration characteristic of an airplane crash. 
ELT's of primary concern in this study are of the "AF" or "AP" type. AF equip- 
ment is intended for permanent or fixed installation on the airframe; AP equip- 
ment may be attached or be portable. Typically, ELT's are less than 0.3048 m 
(1 ft) long and weigh only a few kilograms. 

ELT mounts vary by type, airplane, and manufacturer's make and model as 
do the mounting locations in the airplanes. Locations can vary all the way 
from the cockpit area to the baggage compartment to the tail cone region. 
Typical mounts can vary from sturdy mounts, to mounts using velcro,' plastic 
ties, and mounts on non-airframe structure in the airplanes. This diversity 
in mounting techniques include improper and/or inadequate mounting of many ELT'r 
and is likely to be one source of problems of nonfunctioning and/or false acti- 
vations of some units. Installation was not variable for the study of this 
report, however, since each ELT was attached to the tail cone structure using 
state-of-the-art techniques. Figure 2 shows a typical mounting assembly used 
during the tests. 

ELT impact sensor specifications.- The units are triggered by an impact 
sensor which is an acceleration-sensitive switch (a primary component of ELT's) 
activated by a force along one or more axes. Present specifications for auto- 
matic activation of ELT's are: for decelerations equal to or greater than 
5.0g i;!g (lg = 9.80 m/sec2 (32 ft/sec2)) and durations equal to or greater 

than 11 + 5*0 msec, the unit must activate; for decelerations and times below - 0.0 
these, the ELT must not activate. (See ref. 2.) These specifications apply 
primarily to crash decelerations parallel to or coincident with the longitudina. 

'Trade name of Velcro Corporation. 

626 



a x i s  of  t h e  a i r c r a f t .  More r e c e n t l y  a recommendation ( r e f .  3) t o  change a cri- 
t e r i o n  f o r  a c t i v a t i o n  has  rece ived  some cons ide ra t ion .  The new proposa l  is: f o r  
d e c e l e r a t i o n s  equa l  to or greater than  2.0g rt 0.3g and a v e l o c i t y  change (AV) 
g r e a t e r  than  or equa l  to 1.067 rt 0.152 m/sec (3.5 k 0.5 f t / s e c ) ,  t h e  sensor  must 
a c t i v a t e  t h e  ELT; under a l l  o t h e r  cond i t ions ,  t h e  sensor must n o t  a c t i v a t e .  I f  
t h e  swi tches  do not  operate wi th in  t h e  s p e c i f i e d  c r a s h  parameters, t h e  u n i t  
may be s u s c e p t i b l e  to unwarranted a c t i v a t i o n  
t h a t  should or should n o t  a c t i v a t e  them. Of 
swi tch  types  were represented :  a c a n t i l e v e r  
and magnet; and a rolamite' switch.  Details 
subsequent s e c t i o n s .  

- 

or nonac t iva t ion  under s i t u a t i o n s  
t h e  ELT's tested, t h r e e  d i f f e r e n t  
beam (wire) wi th  t i p  mass; a b a l l  
of t h e  swi tches  are d i scussed  i n  

Crash Environment Determinat ion 

The i n i t i a l  step i n  t h e  program f o r  eva lua t ing  t h e  performance of  ELT's  
during c r a s h  s i t u a t i o n s  was to record t h e  l o n g i t u d i n a l  d e c e l e r a t i o n s  on FM tape 
during t h e  v a r i o u s  NASA f u l l - s c a l e  c r a s h  tests of r e fe rences  6 t o  12.  These 
data were analyzed (1) to determine t h e  type  of c r a s h  environment one might 
expect t h e  ELT's  to be sub jec t ed  to  dur ing  c r a s h  s i t u a t i o n s  (for example, t h e  
primary loads and any secondary i n p u t s )  and ( 2 )  to h e l p  e s t a b l i s h  t h e  c r a s h  
pulse  needed f o r  s imula t ion  i n  a l a b o r a t o r y  appara tus  to  p e r m i t  r e p e t i t i v e ,  
quick-turn-around tests on ELT's.  

Crash pulses . -  Typical measured l o n g i t u d i n a l  d e c e l e r a t i o n s  are p resen ted  
i n  f i g u r e  3 f o r  c r a shes  of t h r e e  d i f f e r e n t  a i r p l a n e s  on conc re t e  and d i r t  sur -  
Eaces. The d a t a  are from accelerometers located on r e l a t i v e l y  r i g i d  s t ruc ture  
i n  t h e  cab in  area of  t h e  a i r p l a n e s .  
2nvironment t h e  ELT can be subjected to  i n  a c r a s h  s i t u a t i o n .  F igure  3 ( a )  is 
Eor t h e  c r a s h  test o n t o  concre te .  The top t r a c e  is t h e  measured d a t a  wi th  sub- 
s t a n t i a l  high-frequency s t r u c t u r a l  v i b r a t i o n s  superimposed on t h e  much lower 
Erequency c r a s h  pulse. The bottom trace is smoothed data which show t h e  
inder ly ing  low-frequency, t r iangular -shaped  c r a s h  pulse .  The smoothing was 
xcomplished us ing  a least-squares f i t  r educ t ion  technique  discussed i n  
reference 7. 

These data show t h e  n a t u r e  of an actual 

Two c r a s h  test  d e c e l e r a t i o n s  f o r  impacts on d i r t  are shown i n  f i g u r e  3 ( b ) .  
3as i ca l ly  no d i f f e r e n c e  is noted between t h e  c r a s h  pulses on d i r t  and on a 
:onCrete su r face .  (Compare f i g .  3 ( a )  and f i g .  3 ( b ) . )  The data of f i g u r e  3 (b )  
ilso show t h e  same high-frequency, local structural  v i b r a t i o n s  of t h e  a i r p l a n e  
wer layed  on t h e  low-frequency pulse e v i d e n t  i n  t h e  smoothed data. 

S t r u c t u r a l  resonances.- S ince  t h e  b a s i c  c r a s h  p u l s e s  almost always have 
s t r u c t u r a l  resonances superimposed on them, l i m i t e d  v i b r a t i o n  data were ob ta ined  
In s e v e r a l  d i f f e r e n t  types of  genera l -av ia t ion  a i r p l a n e s  to  determine t h e  typi- 
:a1 frequency range f o r  a i r p l a n e  s t r u c t u r a l  resonance. 

21nvention of Sandia Labora tor ies  . 
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Accelerometers with conditioning equipment and an oscillograph recorder 
were used for determining the characteristic airplane resonances. The acceler- 
ometer was mounted to bulkheads, ELT mounts or beams in the cabin, and/or tail 
cone region of seven different airplanes. A large rubber mallet was used to 
rap some hard point of the airplane to excite the structure in the longitudinal 
direction. Oscillograph traces of the vibrations were used to determine the 
predominant frequency. Characteristic resonances in the seven airplanes range 
from approximately 35 to 200 Hz. 

The data for figure 3 indicate that the longitudinal deceleration pulse 
measured in actual crash tests at the Langley Research Center (LaRC) is 
basically a low-frequency, triangular-shaped pulse well below 1 0  Hz with super- 
imposed structural vibrations also evident in the range of 35 to 200 Hz depend- 
ing upon the mounting location and type of light airplane. 
plane crash test parameters associated with these data cannot be considered 
comprehensive for all crash situations encountered by light airplanes, they are 
believed to be typical of a majority of crashes, especially those where some 
structural crushing occurs. 

Although the air- 

ELT Impact Test Apparatus 

Based upon observations made of the nature of basic crash deceleration 
pulses frcin actual experimental LaRC crash tests and the structural resonances 
from seven general-aviation airplanes, a test apparatus capable of being repeti- 
tively used was fabricated for testing various ELT units in a realistic simu- 
lated crash environment. (See fig. 4 . )  The apparatus provides a convenient, 
realistic, and economical laboratory method of extending the test data on ELT's 
acquired during crash tests of full-sized airplanes at the Langley Impact 
Dynamics Research Facility. For example, figure 5 is a comparison of the longi 
tudinal deceleration on an ELT in a crash test with a simulated crash pulse in 
the impact test apparatus. As indicated in the figure, both the characteristic 
shape of the crash pulse and structural resonances are reproduced by the test 
apparatus. It should be noted that the test apparatus was designed to give the 
same basic deceleration pulse with superimposed structural resonances but with 
lower maximum deceleration values than actual crash tests. The function of the 
apparatus was to test ELT's which are supposed to activate in the 5g to 7g rang 
of impact decelerations. 

Description of impact apparatus.- The laboratory apparatus for testing 
ELT's to evaluate their performance is shown in figure 4. The test setup (an 
adaptation of the concept in ref. 13)  consists of a 1.83  m ( 6  ft) diameter by 
1.23 m ( 4  ft) long steel cylindrical section with a 1.23 m ( 4  ft) length of 
an actual airplane tail cone section mounted on a platform inside the cylindri- 
cal section. A number of attachments between a ring frame at the base of the 
tail section and the platform permitted tuning of the basic tail cone natural 
frequency. The oscillations noted on the deceleration traces with the test 
apparatus were the vibrations of the tail cone at its natural frequency on the 
platform. The sudden release of the apparatus excites this vibration during 
free fall and the impact excites the much higher amplitude vibration super- 
imposed on the basic deceleration pulse. (See fig. 5.) Two 1 .22  m ( 4  ft) lonc 
by 0.46 m (1.5 ft) deep, 60° wooden wedges attached to the test apparatus shape 
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the crash pulse upon impact into a 0.609-m (2-ft) depth of glass beads. The 
glass beads ranging in size from 420 to 595 Um (0.0165 to 0.0234 in.) were used 
as the impact medium because of their uniformity and reduced susceptibility to 
moisture and for repeatability. The steel cylinder can be rotated relative to 
the wedges to vary the vector input for off-axis studies. 

Instrumentation.- The ELT impact test apparatus was instrumented with 
strain-gauge-type accelerometers having flat frequency response from dc to 
2000 Hz. 
a galvanometer driver to oscillograph recorders with galvanometers (fig. 4) 
which had flat frequency responses from dc to 2500 Hz. 
base of the tail cone, on bulkheads, on webs, at the ELT brackets, and on the 
ELT units were recorded along with ELT activation/no activation signals whenever 
possible. A radio receiver tuned to 121.5 MHz was also used to monitor all the 
ELT activations. 

The accelerometer signals were routed through a calibration unit and 

Decelerations at the 

Test procedure.- Once accelerometers (oriented perpendicular and parallel 
to the ELT sensitivity axis) were attached to the ELT, the unit was installed 
in the tail cone and the ELT was armed to ready the unit. 
was then raised to a given drop height above the impact surface by an overhead 
hoist using a cargo hook for quick release. 
oscillograph recorders. A second switch was then used to electrically release 
the cargo hook to drop the apparatus. Penetration of the wedges into the bed 
of glass beads decelerated the system; thus, loads were imposed on the test 
apparatus and ELT. If the deceleration from a drop was too low to activate the 
ELT, the drop height was increased, the glass beads releveled, and the test 
repeated until the impact loads were sufficient to activate the ELT unit. Tests 
were repeated at drop heights just above and below the activation threshold to 
bracket the deceleration level for activation. The drop height ranged between 
0 and 1.07 m (0 and 3.5 ft). Except for the orientation angle of the tail cone 
relative to the wedges, the off-axis studies were carried out with the same 
procedure. 

The entire apparatus 

A push-button switch activated the 

ELT Switch Vibration Test Apparatus 

Because of the possible sensitivity of the ELT impact sensors or switches 
to high-frequency vibrations, additional impact tests and sinusoidal vibration 
tests were conducted to evaluate the sensitivity of the impact sensors to vibra- 
tory inputs. 

Description of ELT inertia switches.- As noted previously, three different 
switch types were used in the ELT's examined in the study: ( 1 )  a cantilever 
beam (wire) with tip mass and silicone oil medium (fig. 6(a)), (2) a ball and 
magnet with a calibrated field intensity (fig. 6(b)), and (3) a rolomite switch 
(fig. 6(c)). The first two switch types work in conjunction with a holding 
transistor (SCR) which electronically latches the transmitter in the ON position 
after a chosen time delay or contact level. 

The principle of operation of the cantilever beam switch is that when a 
force deflects the tip mass against the metal ring of the switch case for suf- 
ficient time, the ELT electronics are activated. For the ball and magnet when 
the force due to an acceleration exceeds the holding force of the magnet, the 
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ball moves away from the magnet and closes the ELT electronics circuit. The 
rolomite switch does not necessarily require a holding circuit. 
an inertial mass (hollow brass cylinder) is held by a blade spring wrapped 
around it. A second buckled blade spring is held close to two contacts. Under 
sufficient impact, the inertial mass strikes the blade spring causing it to 
snap through in the opposite direction to close the contacts and remain (theo- 
retically) in this position until manually reset. 

In this switch, 

To aid the study and understanding of switch behavior, an experimental, 
low-frequency switch of the cantilever beam type was built for testing. A 
photograph of the assembled and disassembled switch is shown in figure 7. 
The switch had a thin brass cylindrical case with a metal cap on one end and 
a threaded insert for holding the cantilever beam on the other. The cantile- 
ver beam with tip mass was tuned to have a resonance of 1 4  Hz; the activation 
level was set for 5g to 7g; silicone oil provided the desired damping. A 
frequency of 1 4  Hz for the switch was chosen since it was between the 4 to 
6 Hz basic force pulses and the local structural resonances of 30 to 200 Hz. 

Description of switch vibration apparatus.- In addition to the instrumenta- 
tion used with the impact apparatus, figure 8 shows the additional apparatus 
used for conducting the ELT switch vibration study. A permanent magnet shaker 
with required electronics was used for vibrating the base of a beam clamped in 
a vise. The inertia switches were mounted to the tip of the beam. The cantile- 
ver beam approach permitted the necessary displacements at the low-frequency 
vibrations with the limited +0.635-cm (k0.25-in.) displacement capability of the 
shaker. 

Instrumentation.- The same accelerometers and conditioning and recording 
equipment used for the impact tests were also used during the switch studies. 
Along with a test switch, an accelerometer for measuring the acceleration on 
the switch was attached to the tip of the cantilever beam. An oscillator signa: 
routed through a power amplifier was used to drive the permanent magnet shaker. 
A 9-V dc battery wired across the switch provided a means of detecting switch 
closure. An oscillograph recorder was used to record the vibratory accelera- 
tions and the switch closure signals. 

Test procedure.- With the ELT switch and accelerometer mounted to the tip 
of the cantilever beam, the length of the beam was adjusted in the vise clamp 
to give frequencies between approximately 5 and 100 Hz. The calibration unit 
was used'to calibrate the accelerometer output on the oscillograph recorder to 
a desired range. The oscillator frequency was tuned to the beam resonance and 
the amplitude slowly increased until switch closure was noted. An oscillograph 
record was then made of the acceleration and switch closure signals for deter- 
mining the activation level of the switch. 
adjusted for a different resonant frequency and the process repeated to obtain 
switch activation acceleration levels versus excitation frequency. 

The length of the beam was again 
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RESULTS AND DISCUSSiEON 

F i e l d  Crash T e s t s  of  ELT's 

T e s t  d a t a  on ELT's have been acqui red  dur ing  c r a s h  tests of f u l l - s i z e  air- 
craft a t  t h e  Langley Impact Dynamics Research F a c i l i t y .  For example, f i g u r e  9 
shows t h e  d i f f e r e n t  ELT's mounted i n  t h e  cab in  and t a i l  cone area of a test  air- 
plane.  T e s t s  were conducted on t h e  ELT's i n  t w o  separate c r a s h  tests. The 
i m p a c t  parameters were 27 m/sec (60 mph) for t h e  t w o  tests o n t o  a conc re t e  sur -  
face a t  (a) -30° f l i g h t  path,  -30° p i t c h  and (b) -15O f l i g h t  pa th ,  -15O p i t c h .  
F igure  1 0  p r e s e n t s  t h e  l o n g i t u d i n a l  d e c e l e r a t i o n s  on t h e  a i r p l a n e  s t r u c t u r e  and 
t h e  ELT u n i t s  f o r  t h e  tests. 

-3OO f l i g h t  path.- Dece lera t ions  a t  t h e  -3OO f l i g h t  p a t h  are presented  i n  
f i g u r e  1 O(a) . The top of f i g u r e  1 O(a) shows t h e  recorded and f i l t e r e d  (20-Hz 
low pass  f i l t e r )  d e c e l e r a t i o n s  i n  t h e  cab in  area. The t w o  h i s t o r i e s  a t  t h e  
top are on t h e  cabin  s t r u c t u r e  whereas t h e  next  t w o  are on t h e  ELT u n i t .  The 
bottom of f i g u r e  1 0 ( a )  p r e s e n t s  similar d a t a  f o r  t h e  t a i l  area. The d a t a  ind i -  
cate t h e  presence of similar high-frequency local v i b r a t i o n s  p reva len t  i n  t h e  
c r a s h  tests d iscussed  i n  t h e  s e c t i o n  "Crash Environment Determinations." The 
f i l t e r e d  d a t a  show t h a t  t h e  low-frequency underlying c r a s h  p u l s e  was approxi- 
mately 15g which is w e l l  above t h e  5g t o  7g th re sho ld  f o r  ELT a c t i v a t i o n .  A 
comparison of t h e  ELT d a t a  i n  t h e  t a i l  cone area with those  i n  t h e  cab in  ind i -  
cates t h a t  t h e  superimposed high-frequency v i b r a t i o n s  were of somewhat lower 
magnitude i n  t h e  t a i l  than  i n  t h e  cabin ,  however; t h e  b a s i c  c ra sh  p u l s e  loading  
i n  t h i s  region of t h e  a i r p l a n e  w a s  also approximately 15g, The ELT i n  t h e  cab in  
a c t i v a t e d  dur ing  t h e  c rash .  I n  t h e  t a i l ,  one of t h e  t w o  ELT's  f a i l e d  to act i -  
va t e ;  y e t  when t h e  ELT was removed from t h e  a i r p l a n e  immediately a f t e r  t h e  c r a s h  
test and swung by hand, it d i d  a c t i v a t e .  

-15O f l i g h t  path.- F igure  10 (b )  p r e s e n t s  d e c e l e r a t i o n s  f o r  t h e  i d e n t i c a l  
l o c a t i o n s  and t h e  i d e n t i c a l  ELT u n i t s  f o r  t h e  -15O f l igh t -pa th  c ra sh  test. A 
comparison of f i g u r e  1 0  (b)  w i t h  f i g u r e  1 O(a) i n d i c a t e s - t h a i  both t h e  supe r -  
imposed local s t r u c t u r a l  v i b r a t i o n s  and t h e  underlying c ra sh  p u l s e  were lower 
for the  -15O f l i g h t - p a t h  c r a s h  test. 
i n  t h e  t a i l  with d e c e l e r a t i o n s  i n  t h e  cabin  area ( a t  t h e  -15O f l i g h t  pa th)  
i n d i c a t e  the  a t t e n u a t i o n  of t h e  magnitude of t h e  local v i b r a t i o n s  i n  t h e  t a i l .  
The lower d e c e l e r a t i o n  i n  t h e  t a i l  is reasonable  s i n c e  t h e  area is f u r t h e r  
behind t h e  i n i t i a l  c o n t a c t  reg ion  than  t h e  cabin.  Furthermore t h e  l o w -  
frequency c ra sh  pulse ,  between 5g and l o g  (also above t h e  59 to  7g ELT a c t i v a -  
t i o n  t h r e s h o l d ) ,  is lower i n  magnitude and longer i n  d u r a t i o n  than  t h e  -30° 
c rash  because a t  t h e  lower ang le  t h e r e  is less  energy taken o u t  i n  t h e  i n i t i a l  
impact and t h e  a i r p l a n e  s l i d e s  forward a t  a higher  speed. ELT a c t i v a t i o n s  and 
nonac t iva t ions  were i d e n t i c a l  to  t h e  previous -30° f l i g h t - p a t h  c r a s h  test. 
again when t h e  ELT which f a i l e d  t o  a c t i v a t e  dur ing  t h e  c r a s h  was removed and 
swung by hand, it a c t i v a t e d .  These types  of behavior are t y p i c a l  of what has  
occurred i n  many cases and is one reason f o r  explor ing  t h e  v i b r a t i o n  s e n s i t i v i t y  
of ELT i n e r t i a  switches.  

L i k e w i s e  a comparison of  t h e  d e c e l e r a t i o n s  

Once 
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Impact T e s t s  of ELT's  

Figure 11 p resen t s  experimental  results from the  l abora to ry  impact tests of 
11 ELT u n i t s  represent ing 7 d i f f e r e n t  manufacturers. The ELT's  represent  both 
in-service and off-the-shelf  un i t s .  Decelerat ions on t h e  ELT u n i t s  are present€ 
as a func t ion  of t i m e  i n  mi l l i seconds  and a c t i v a t i o n  s ta tus  is noted. 

O u t  of s p e c i f i c a t i o n s  - below threshold.-  Typical l ong i tud ina l  decelera- 
t i o n s  on th ree  of f i v e  ELT u n i t s  t h a t  ac t iva t ed  during the  impact s tudy  w e l l  
below the  proper spec i f i ed  threshold  a c t i v a t i o n  l e v e l  of Sg are shown i n  f i g -  
u r e  l l ( a ) .  The s t ruc tu ra l  resonance of t he  a i r p l a n e  t a i l  cone may be noted on 
a l l  t he  dece lera t ion  traces. Typical ly  f o r  t hese  ELT un i t s ,  t h e  impact appara- 
t u s  had t o  be lowered u n t i l  the  impact wedges ( f i g .  4)  were j u s t  touching or 
a c t u a l l y  pene t ra t ing  the  g l a s s  beads before a c t i v a t i o n  of t h e  u n i t s  would not  
occur upon impact of t he  test apparatus.  

O u t  of s p e c i f i c a t i o n  - above threshold.-  Figure 11 (b)  p re sen t s  longi tudi-  
n a l  dece lera t ions  on t w o  of t h ree  ELT u n i t s  t h a t  d id  n o t  operate a t  t he  proper 
spec i f i ed  dece le ra t ion  l e v e l  although, as noted i n  t h e  f igu re ,  t h e  ELT u n i t s  
experienced s u f f i c i e n t  dece lera t ion  magnitude and t i m e  (T) dura t ions  to have 
ac t iva t ed  even a t  the  upper allowed 7g l e v e l .  These p a r t i c u l a r  ELT u n i t s  also 
f a i l e d  to  properly a c t i v a t e  even from the  upper l i m i t  of i m p a c t  ve loc i ty  of the  
apparatus  of approximately 4.57 m/sec (15 f t / s e c ) .  

Within spec i f i ca t ions . -  Decelerat ions for t w o  of t h ree  u n i t s  t h a t  a c t i v a t e  
within t h e  ELT a c t i v a t i o n  s p e c i f i c a t i o n  l e v e l s  are shown i n  f i g u r e  l l ( c ) .  
top t r a c e s  a r e  fo r  one un i t ;  the  t w o  b o t t o m  traces are f o r  a second ELT. The 
upper traces f o r  each ELT ( labe led  "ELT ON") show t h a t  when t h e  ELT's  experi-  
enced a dece lera t ion  pulse  g rea t e r  than 5g f o r  a t  least  12.5 msec, a c t i v a t i o n  
of the  un i t  occurred (ac t iva t ion  v e r i f i e d  by radio rece ive r ) .  S imi la r ly ,  
the  dece le ra t ion  on the  same u n i t  a t  a s l i g h t l y  lower i m p a c t  v e l o c i t y  shows 
t h a t  t h e  magnitude of the  deceleration was not above 5g for s u f f i c i e n t  t i m e  
and the  ELT proper ly  d i d  not activate (traces labe led  "ELT OFF"). A comparison 
of t h e  measured t i m e  to  recept ion  of s i g n a l  from ELT's  i nd ica t e s  a wide spread 
i n  delay t i m e  f o r  t ransmission to  occur. Whether some part of the  delay was 
a resul t  of some of the  u n i t s  being o u t  of s p e c i f i c a t i o n s  could not  be assessed 
from these  tests. 

The 

Off-Axis Impacts 

The previous data are f o r  impacts along t h e  long i tud ina l  a x i s  of the  t a i l  
cone i n  t h e  ELT impact test  apparatus. 
o f f - ax i s  impacts on the  a c t i v a t i o n  of ELT's. The c y l i n d r i c a l  s ec t ion  with 
the  a i rp l ane  t a i l  cone mounted on the  platform ( f ig .  4)  can be rotated re l a t ive  
to the  impact wedges of the  ELT impact test  apparatus.  Any angle  between 
Oo and 90° can be obtained i n  t h i s  fash ion  so t h a t  t h e  impact wedges can be 
set  a t  any des i r ed  angle  to  the  s e n s i t i v i t y  a x i s  of the  ELT mounted i n  the  
t a i l  cone. Figure 1 2  i l l u s t r a t e s  t y p i c a l  r e s u l t s  of t he  of f -ax is  dece le ra t ion  
input  study. Angles, a, of Oo, 15O, 30°, 45O, and 90° were used i n  the  
inves t iga t ion .  
was used i n  the  tests. The da ta  i l lus t ra ted  i n  f i g u r e  12 are fo r  an angle  

T e s t s  were a l s o  conducted to eva lua te  

An ELT which was within t h e  a c t i v a t i o n  s p e c i f i c a t i o n  l e v e l s  
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of  30°. I n  t h e  top par t  of  t h e  f i g u r e ,  t h e  component of t h e  impact d e c e l e r a t i o n  
a c t i n g  a long  t h e  l o n g i t u d i n a l  s e n s i t i v i t y  axis of t h e  ELT was of s u f f i c i e n t  mag- 
n i tude  to  exceed t h e  a c t i v a t i o n  t h r e s h o l d  and t h e  ELT a c t i v a t e d .  On t h e  o t h e r  
hand, t h e  bottom f i g u r e  shows t h a t  a t  a s l i g h t l y  lower d e c e l e r a t i o n  l e v e l ,  t h e  
magnitude of  t h e  component a long t h e  s e n s i t i v i t y  a x i s  of t h e  ELT was no t  s u f f i -  
c i e n t  to a c t i v a t e  t h e  ELT. Analys is  of a l l  t h e  o f f - a x i s  data i n d i c a t e d  t h a t ,  
as expected, i f  t h e  component of d e c e l e r a t i o n  a long  t h e  ELT s e n s i t i v i t y  ax is  
is g r e a t e r  t han  t h e  5g th re sho ld ,  t h e  ELT a c t i v a t e s  and f o r c e s  perpendicular  
to  t h e  s e n s i t i v e  a x i s  of t h e  ELT d i d  n o t  cause a c t i v a t i o n  problems. 

Anomalous A c t i v a t i o n s  

F igure  1 3  i l l u s t r a t e s  anomalous behavior e x h i b i t e d  by an  ELT u n i t  used i n  
t h e  impact tests. The d e c e l e r a t i o n  trace a t  t h e  top of t h e  f i g u r e  is f o r  an  
impact wi th  t h e  ELT mounted i n  t h e  t a i l  cone of  t h e  ELT impact test apparatus. 
As may be noted i n  t h e  f i r s t  t w o  traces i n  t h e  f i g u r e ,  t h e  ELT experienced 
d e c e l e r a t i o n  magnitude and d u r a t i o n  w e l l  exceeding t h e  59 and 7g t h r e s h o l d  
l e v e l s  bu t  t h e  ELT d i d  no t  p rope r ly  a c t i v a t e .  However, when t h e  ELT was 
removed from t h e  t a i l  cone and whi r led  by hand to  produce t h e  d e c e l e r a t i o n  
(bottom trace) t h a t  j u s t  exceeded t h e  5g th re sho ld ,  t h e  ELT a c t i v a t e d .  Based 
upon t h e s e  r e s u l t s ,  it was concluded t h a t  t h e  c a n t i l e v e r  beam i n e r t i a  swi t ch  
was being a f f e c t e d  by t h e  h igher  f requency v i b r a t i o n s .  Addi t iona l  resu l t s  on 
t h e  e v a l u a t i o n  of t h e  s e n s i t i v i t y  o f  t h e  impact s e n s o r s  to local v i b r a t i o n s  
are d i scussed  i n  subsequent  s e c t i o n s .  

ELT Switch Vib ra t ions  and Analys is  

Seve ra l  of t h e  ELT impact swi tches  were mounted i n  t h e  ELT i m p a c t  t e s t  
apparatus ( f i g .  4)  f o r  eva lua t ion ,  and s i n u s o i d a l  v i b r a t i o n  tests wi th  t h e  
appa ra tus  shown i n  f i g u r e  8 were also conducted to  e v a l u a t e  t h e  s e n s i t i v i t y  
of impact senso r s .  R e s u l t s  of t h e s e  tests are shown i n  f i g u r e s  1 4  to  16. 

I n e r t i a  swi tch  c h a t t e r . -  Figures  1 4 ( a )  and 1 4 ( b )  i n d i c a t e  t h a t  ELT s e n s o r s  
respond to  t h e  s t r u c t u r a l  v i b r a t i o n s  superimposed on t h e  lower frequency i n p u t  
d e c e l e r a t i o n  p u l s e  ob ta ined  wi th  t h e  impact t es t  appara tus .  
resul ts  f o r  t w o  c a n t i l e v e r  beam swi tches .  The top trace i n  t h e  f i g u r e  is t h e  
impact d e c e l e r a t i o n ,  whereas t h e  lower t w o  traces are swi tch  c o n t a c t s  f o r  bo th  
a 5g and a 7g t h r e s h o l d  switch.  The c o n t a c t  of t h e  swi tches  is being a f f e c t e d  
by t h e  h igher  f requency v i b r a t i o n s  on t h e  inpu t  d e c e l e r a t i o n  pulse .  Responses 
o f  a b a l l  and magnet and a rolomite swi tch  to p u l s e  i n p u t s  w i th  h igher  f requency 
v i b r a t i o n s  are shown i n  f i g u r e  1 4  (b)  . The top traces are t h e  inpu t  to  t h e  b a l l  
and magnet swi tch  and t h e  swi tch  c o n t a c t  behavior.  The t w o  bottom traces are 
f o r  t h e  rolomite swi tch .  Both s e n s o r s  show c h a t t e r  from t h e  superimposed 
higher  f requency s t r u c t u r a l  v i b r a t i o n s .  

F igu re  1 4 (a) shows 

The impact behavior  of t h e  exper imenta l  low-frequency swi t ch  is shown i n  
f i g u r e  1 4 ( c ) .  The top trace i n  t h e  f i g u r e  shows t h e  d e c e l e r a t i o n  p u l s e  w i t h  
t h e  h igher  f requency v i b r a t i o n s ,  which was imposed on t h e  exper imenta l  switch.  
Nei ther  t h e  underlying d e c e l e r a t i o n  p u l s e  nor t h e  v i b r a t i o n s  caused t h e  swi t ch  
t o  make  c o n t a c t  i n  t h i s  case. I n  t h e  bottom trace, a d e c e l e r a t i o n  pu l se  

633 



exceeded the activation threshold of the low-frequency switch, and switch 
contact occurred. Data for these tests indicate that the switch made contact 
as it should have but was not affected by or was sensing the higher frequency 
structural vibrations present on the basic input pulse. This behavior is 
highly desirable to minimize possible false activations from structural vibra- 
tions during noncrash situations or nonactivations during crashes because of 
the vibration-induced on-off-on-off contact of the switch which may prevent 
ELT electronic latching times from being achieved. 

Switch vibration sensitivity.- In figure 1 5 ,  a classical plot used to 
describe the behavior of a simple oscillator is presented to allow a comparison 
between the response of the experimental low-frequency switch (14-Hz cantilever) 
and a commercial switch (44-Hz cantilever). In nondimensional terms, the ratio 
of the switch gap displacement A (for switch contact to occur) to the switch 
base acceleration U 
soidal forcing frequency W to the undamped switch natural frequency Wn. 
Three curves for damping ratios C/Cc of 0.0, 0.7, and 2 are presented out of 
the family of curves possible depending on the damping values (C 
damping and Cc is critical damping). As indicated in the figure, the experi- 
mental 14-Hz switch had a damping ratio of 0.7. The switch will respond iden- 
tically to the amplitude of input frequencies up to essentially its undamped 
frequency of 1 4  Hz (w/Wn = 1 )  but becomes less responsive to those frequencies 
above 1 4  Hz. For example, at approximately 42 Hz, 3 times the natural frequency 
(W/Wn = 3 ) ,  the response ratio is only 0.1. On the other hand with its higher 
natural frequency, the commercial 44-Hz switch (with C/Cc = 2) still has a 
ratio of 1/10 at approximately 88 Hz (w/f+, = 2 ) .  
is that, even being more highly damped, the commercial switch is too sensitive 
to the frequencies in the range of 30 Hz and above which places it too much 
into the purely local structural vibration regime of airplanes. Data on 
switches presented in the form of this figure also allow one to readily deter- 
mine the damping ratio in the sensor during experimentation with a switch 
design of a known undamped natural frequency. By testing the switch at 
W/Wn = 1 ,  the switch damping can be found from a nondimensional plot such 
as shown here. 

at contact is given as a function of the ratio of sinu- 

is actual 

The important point to note 

In figure 1 6 ,  additional results from the switch sensitivity tests are 
presented for both the experimental 14-Hz cantilever switch and the 44-Hz 
commercial cantilever switch of the previous figure along with ball and magnet 
switches, one a unidirectional and one with a radial sensitivity. Switch base 
displacement for switch contact to occur is plotted as a function of the excita- 
tion frequency. Lines of constant g units are also shown in the figure for ref- 
erence. 
cantilever switch, the commercial switch, and the two ball and magnet switches 
respond essentially the same. The only difference between the 44-Hz commercial 
cantilever and the other switches is that it is a 79 threshold switch instead 
of a 5g switch. Note, however, that, above approximately 20 Hz, the displace- 
ment of the switch base for switch contact to occur approaches the switch 
gap of 6 . 3 5  mm (0.25 in.) in the 14-Hz experimental switch whereas the 44-Hz 
switch displacement continues to decrease and approaches its switch gap of 
0 .635  mm (0.025 in.) at much higher frequencies. At the higher frequencies, 
the accelerations of the low-frequency 14-Hz switch must be very large before 
switch contact can occur. On the other hand, the 44-Hz commercial switch 

The data indicate that below approximately 20 Hz the experimental 
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makes c o n t a c t  a t  s u b s t a n t i a l l y  lower displacements;  f o r  example, a t  44 Hz 
t h e  commercial swi t ch  w i l l  make c o n t a c t  a t  24g, whereas 50g is requ i r ed  f o r  
t h e  14-Hz swi tch .  S i m i l a r l y ,  a t  100 Hz, t h e  commercial swi tch  w i l l  c o n t a c t  
a t  54g, bu t  t h e  low-frequency swi tch  r e q u i r e s  260g for c o n t a c t  to occur .  

Data f o r  t h e  t w o  d i f f e r e n t  b a l l  and magnet switches are q u i t e  r evea l ing .  
A t  t h e  l o w  end below 20 HZ,  t h e  response  is e s s e n t i a l l y  t h e  same as t h e  o t h e r  
type of switches.  However, w i th  i n c r e a s i n g  frequency t h e  g l e v e l  for contact 
of  t h e  swi tch  con t inues  to be e s s e n t i a l l y  5g to 6g. A t  approximately 90 Hz, 
t h e  l e v e l  increased  t o  o n l y  9g. I t  is i n t e r e s t i n g  t o  no te  t h a t  i n  r e f e r e n c e  5, 
an  ELT brand which had one of t h e  worst f a l s e  a c t i v a t i o n  records was one t h a t  
u s e s  t h e  ball  and magnet switch.  Based upon t h e  data i n  t h i s  f i g u r e ,  t h a t  
record  can be b e t t e r  understood. 

Thus from t h e  swi tch  s e n s i t i v i t y  s tudy ,  it can be seen  t h a t ,  by t h e  des ign  
of t h e  swi tch  resonance, t h e  sensor  can be made less s e n s i t i v e  to h igher  f r e -  
quency s t r u c t u r a l  responses  bu t  a t  t h e  same t i m e  s t i l l  be s e n s i t i v e  to  t h e  l o w -  
f requency crash-type p u l s e s  of a c t u a l  i n t e r e s t .  The less s e n s i t i v i t y  to  t h e  
higher  f r equenc ie s  is b e n e f i c i a l  both du r ing  normal o p e r a t i o n s  and du r ing  c r a s h  
s i t u a t i o n s .  During normal o p e r a t i o n s  t h e  g u n i t s  would have to  be extremely 
high (very  u n l i k e l y )  b e f o r e  swi tch  c o n t a c t  could  occur .  During c r a s h  s i t u a -  
t i o n s ,  a l though p r e s e n t  on t h e  c ra sh  pu l se ,  t h e  sensor  would be less l i k e l y  t o  
be confused by t h e  responses  i f  t hey  were l a r g e  enough i n  magnitude to  cause  
swi tch  c o n t a c t .  Furthermore,  it is no t  d i f f i c u l t  to  see local resonances wi th  
pe r iods  both b e l o w  and above ELT e l e c t r o n i c  l a t c h i n g  times. 
a c t i v a t i o n  problems as w e l l  as f a l s e  a c t i v a t i o n s  from v i b r a t o r y  input .  

Th i s  could  lead t o  

SUMMARY OF RESULTS 

Th i s  paper has  p re sen ted  t h e  r e s u l t s  of f u l l - s c a l e  c r a s h  tests and labora- 
t o r y  i m p a c t  tests and v i b r a t i o n  s t u d i e s  on emergency-locator- t ransmit ter  (ELT) 
a c t i v a t i o n  problems. The r e s u l t s  from t h e s e  s t u d i e s  are summarized as fol lows:  

(1)  Data from c r a s h  tests a t  t h e  Langley Research Center  i n d i c a t e  t h a t  t h e  
l o n g i t u d i n a l  c r a s h  environment imposed on ELT's i n  c r a s h  s i t u a t i o n s  is b a s i c a l l y  
a low-frequency load ing  p u l s e  w e l l  b e l o w  1 0  Hz; however, high amplitude,  local 
s t r u c t u r a l  resonances which may be between 30 to 200 Hz,  are superimposed on t h e  
c r a s h  pulse .  

(2)  With regard  t o  frequency of s t r u c t u r a l  v i b r a t i o n s  and b a s i c  shape o f  
d e c e l e r a t i o n  pu l se ,  good c o r r e l a t i o n  was ob ta ined  between s imula ted  c r a s h  p u l s e s  
wi th  superimposed s t r u c t u r a l  v i b r a t i o n s  i n  a special ELT impact test appa ra tus  
and a c t u a l  c r a s h  t es t  r e s u l t s .  

( 3 )  Crash tests and l a b o r a t o r y  impact tests i n d i c a t e d  similar errat ic  acti- 
v a t i o n  behavior of ELT u n i t s .  

( 4 )  Many ELT u n i t s  d i d  no t  operate wi th in  t h e  s p e c i f i e d  a c t i v a t i o n  th re sho ld .  

(5)  I m p a c t  s e n s o r s  typical of  t hose  used i n  ELT's were found to  be too sen- 
s i t i v e  to s t r u c t u r a l  v i b r a t i o n s .  
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( 6 )  The v ib ra t ion  s e n s i t i v i t y  of the  i m p a c t  sensors  is  undesirable  s ince  
local s t r u c t r u a l  v ib ra t ions  of the  a i rp l ane  could cause unwarranted a c t i v a t i o n s  
during normal a i rp l ane  opera t ions  or prevent t he  sensors  from proper ly  a c t i v a t -  
ing t h e  ELT i n  a c rash  s i t u a t i o n  (depending on t h e  frequency of the  v ib ra t ions ) .  

(7) A low-frequency switch design was found to  possess d e s i r a b l e  response 
c h a r a c t e r i s t i c s  i n  t h a t  it is s e n s i t i v e  to  low-frequency crash  pulses  and t h e  
inherent  na ture  of t he  design is less s e n s i t i v e  t o  higher f requencies  i n  the  
range of local s t r u c t u r a l  v ibra t ions .  

( 8 )  Research results from t h i s  s tudy and o t h e r s  w i l l  form the  b a s i s  of 
recommendations to  FAA and Indus t ry  on ELT's  through a Radio Technical Commis- 
s i o n  for Aeronautics (RTCA) report. 
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Figure 1.- Typical ELT's. 

Figure 2.- Typical mounting assembly used in tests. 
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Figure  4.- Laboratory ELT impact tes t  appara tus .  
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Figure  5.-  Comparison of a c t u a l  and s imula ted  longi -  
t u d i n a l  d e c e l e r a t i o n  c r a s h  p u l s e  on ELT. 
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(a) Cantilever beam switch. 

(b) Ball and magnet switches. 

Figure 6.- Typical ELT inertia switches. 
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(c) Rolomite switch. 

Figure 6.- Concluded. 
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(a) Disassembled. 

(b) Assembled. 

Figure 7.- Experimental low-frequency switch. 
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Figure 8.- Switch vibration apparatus. 
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(a) Cabin area. 

(b) Tail cone area. 

Figure 9.- ELT's mounted in test airplane for crash tests. 
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Figure 11.- Typical l a b o r a t o r y  impact t es t  r e s u l t s  
on ELT a c t i v a t i o n .  
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EXTINGUISHING IN-FLIGHT ENGINE FUEL-LEAK FIRES 

WITH DRY CHEMICALS 

Robert L. Altman 

Ames Research Center 

SUMMARY 

When fuels leak onto surfaces of an operating engine they can ignite 
when engine case temperatures exceed 540°C (1000°F). As aircraft flight 
speeds are increased, engine case temperatures, bleed air temperatures, maxi- 
mum air velocities, and fire extinguishant storage temperature requirements 
also increase, making the task of extinguishing fuel-leak fires in flight 
even more difficult. We have undertaken to find new fire extinguishants that 
are more effective than the CF3Br, CF2Bi-2, and CFZClBr now in use. Besides 
testing commercially available dry chemicals, such as NaHC03, KHCO3, KC1, 
and KC2N2H303(ICI Monnex @), we have tried to develop and test new dry- 
powder fire extinguishants. Specifically, our interest has been in develop- 
ing new dry-powder extinguishants that, when discharged into a jet engine 
fuel-leak fire, would stick to the hot surfaces. Moreover, after putting 
out the initial fire, these extinguishants would act as anti-reignition 
catalysts, even when the fuel continued to leak onto the heated surface. 

INTRODUCTION 

Previous fire extinguishment tests with Halons like CH3Br, CH2ClBr, 
CF3Br, and CF2ClBr have shown that the minimum Halon concentration in the 
gas phase above a liquid pool or spray fire required to extinguish the 
fire at first increases with increased airflow at low flow rates but then 
decreases at still higher flow rates. In both situations, however, the 
total weight of extinguishant required to put out the fire increased with 
increasing airflow (refs. 1, 2). To counter this, an increase in the Halon 
discharge rate by increasing the stored nitrogen pressure or by increasing 
the extinguishant discharge temperature will decrease the total weighc of 
Halon required for complete extinguishment (refs. 3 ,  4 ) .  The reduced weight 
effectiveness of Halons with increased airflow has induced Graviner, the 
manufacturer of the Concorde nacelle fire extinguishing system, to install 
a pair of airflow-reducing flaps upstream of the compressor; the flaps reduce 
the nacelle airflow to a minimum before Halon is discharged after an engine 
fuel-leak fire has been detected (ref. 5). 

The longer fuel-leak fires burn before extinguishment is begun, the 
harder they are to extinguish; also, long-burning fires can start up again 
once the extinguishant is exhausted because the surroundings are then hot 
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enough to reignite the fuel (refs. 6 - 8 ) .  Therefore, we have devised an 
experimental procedure for rating the effectiveness of fire extinguishants 
in controlling fuel-leak fires. In this technique, the effectiveness of an 
extinguishant is measured in terms of the delay between initial extinguishment 
and reignition; throughout the test fuel continues to drip on the heated sur- 
face until reignition occurs. 

This program was sponsored by Wright-Patterson AFB, but most of the 
experimental work was done id the facilities of the Chemical Research Projects 
Office of Ames Research Center. 
assistance of Professors A. C. Ling, L. A. Mayer, and D. J. Myronuk, San 
Jose State University, and their students. 

The program was conducted with the 

TEST PROCEDURES 

Static Test 

The initial experimental setup devised by Altman and Myronuk is shown 
schematically in figure 1 and in actual operation in figure 2. The fire 
was started by dripping JP-4 fuel onto a heated semicylindrical stainless 
steel surface. The surface was heated to a temperature between 700°C and 
900°C by a Nichrome heating element placed below the curved surface. The 
ambient air in the cavity above the stainless steel surface was also heated 
by a combination of hot-surface radiation and gas convection -to a temperature 
below that of the hot surface; however, we made no attempt to control this 
process. One of the two parameters used to rank the effectiveness of fire 
extinguishants was the hot-surface temperature, which was imprecisely 
determined by an uncalibrated Chromel-Alumel thermocouple. The thermocouple 
was welded to the semicylindrical surface at a point close to that where the 
fuel drop made initial contact with the hot surface. 

To further describe the experimental procedure, suppose that the 
steady-state temperature of the hot surface was a nominal 700"C, as 
determined from the recorded emf output of the thermocouple. The dripping 
of the JP-4 fuel was then started, and very soon after the first fuel drop 
hit the hot surface, the temperature of the surface dropped, to, say, 650°C 
(because of fuel evaporative cooling). Shortly thereafter, the thermocouple 
temperature began to rise because the fuel drops had burst into flame. When 
the nominal temperature had returned to 700°C a given weight of dry chemical 
fire extinguishant was discharged onto the plate in the same area where the 
drops had first landed. If the flame was extinguished, the continuous stream 
of nonburning fuel drops striking the hot surface induced further evaporative 
cooling and the temperature dropped again. Because the fire extinguishing 
powder now blanketed the thermocouple-to-surface weld, the nominal tempera- 
ture rose again when the drops burst into flame, although to a temperature 
higher than 700°C; the higher temperature was a result of the insulating 
effect of the powder blanket. The time from first extinguishment to second 
reignition, the so-called reignition delay time, was the prime measurement 
used in ranking the effectiveness of the dry chemical fire extinguishants. 
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Some of t h e  r e i g n i t i o n  t i m e  de l ay  r e s u l t s  ob ta ined  from an i n i t i a l  survey 
of commercial and reagent  d ry  chemicals made from N a -  and K-bicarbonate, 
carbonate ,  and c h l o r i d e ,  etc. ,  on a 775°C hot  s u r f a c e  are given i n  f i g u r e  3.  
The rank o r d e r  ob ta ined  

K2CO3 > KHCO3 > K C 1  > NaHC03 > N a 2 C 0 3  > N a C l  

i s  about the same as that r epor t ed  by o t h e r  i n v e s t i g a t o r s  ( r e f s .  9-13). Our 
experiments w i t h  two d i f f e r e n t  p a r t i c l e  s i z e  d i s t r i b u t i o n s  of KHCO3 and 
K 2 C 0 3 ,  a l l  made from reagent  chemicals ,  demonstrated t h a t  reduct ion  i n  p a r t i c l e  
s i z e  increased  the r e i g n i t i o n  t i m e  de lay  j u s t  as i t  increased  f i r e  ex t in -  
guishant  weight e f f e c t i v e n e s s .  I n  agreement wi th  t h e s e  earlier i n v e s t i g a t i o n s ,  
t h e  d a t a  i n  f i g u r e  3 a l s o  show t h a t  given t h e  e f f e c t i v e n e s s  of any sodium 
sa l t ,  the analogous potassium sa l t  always seemed t o  b e  s t i l l  more e f f e c t i v e .  
W,e w e r e ,  however, su rp r i sed  t o  observe t h e  s p e c i a l  e f f e c t i v e n e s s  of 
K 2 C 0 3  and NaAl(OH)2C03; as a r e s u l t ,  we  undertook t h e  p repa ra t ion  of a 
commercial d ry  chemical from K2CO3 wi th  an  a d d i t i v e  t o  reduce t h e  spontaneous 
hydra t ion  and a l s o  developed an  a l t e r n a t i v e  method of prepar ing  Na- and 
K-A1(OH)2C03 by hea t ing  d ry  powder mixtures  of Al(OH)3 and Na- o r  K-HC03 i n  a 
C 0 2  atmosphere ( r e f .  14) .  

Van Tiggelen e t  al. ( r e f .  15) s e p a r a t e  f i r e  ex t ingu i shan t s  i n t o  two 
classes: (1) those  that i n t e r f e r e  w i t h  t h e  flame chemical r e a c t i o n s  and 
(2) those  t h a t  coo l  t h e  flame, t h a t  i s ,  change t h e  mechanism of flame propa- 
ga t ion  r a t h e r  than  merely reduce t h e  o v e r a l l  rate of chemical r eac t ion .  
as mentioned i n  t h e  d e s c r i p t i o n  of ou r  experimental  procedure,  t h e  presence 
of f i r e  ex t ingu i sh ing  powder a l t e r e d  t h e  hot  s u r f a c e  hea t - t r ans fe r  p r o p e r t i e s ,  
w e  a l s o  t r i e d  alumina, A 1 2 0 3  and s i l i c i c  a c i d ,  H2Si03, as r e i g n i t i o n  de lay  
"basel ine" tes t  materials; alumina because no chemical change would b e  
expected and s i l i c i c  a c i d  because i t  could decompose t o  y i e l d  only water and 
S i 0 2 .  
reducers  w e r e  no less e f f e c t i v e  than t h e  poores t  chemical flame r e a c t i o n  
i n t e r f e r e n c e  agen t s ,  N a H C 0 3 ,  N a 2 C 0 3 ,  N a C 1 ,  NH4H2P04, o r  KC2N2H303  
(IC1 Monnex s). 

*Since,  

A t  least  i n  amounts of 7 g o r  less t h e s e  p o s s i b l e  flame temperature  

The i n i t i a l  f i r e  test appara tus  w a s  modified somewhat as shown i n  
f i g u r e  4 i n  o rde r  t o  b e t t e r  c o n t r o l  t h e  f u e l  f low rate and make t h e  r e i g n i t i o n  
de lay  r e s u l t s  more reproducib le  ( r e f .  14).  Some of t h e  r e s u l t s  obtained 
w i t h  t h i s  newer appara tus  (designed by P ro fes so r s  Ling and Mayer) are given 
i n  f i g u r e  5. We w e r e ,  of course ,  p leased  t o  see t h a t  t h e  commercial K2CO3 
p repa ra t ion  w a s  the b e s t  of the l o t  of commercial d ry  chemicals.  Because 
e a r l y  experimental  work a t  WPAFB ( r e f .  16) had demonstrated t h a t  t h e  most 
weight -e f fec t ive  Halon w a s  one con ta in ing  iod ine ,  t h a t  i s ,  C H 3 1 ,  we  t r i e d  t o  
develop a d r y  chemical iod ide .  Of such iod ides  t e s t e d  - Snl2,  K I ,  N A I ,  
and C I 4  - C I 4  w a s  i n e f f e c t i v e  i n  de lay ing  r e i g n i t i o n  even a t  700°C; a l l  
t h e  o the r  i od ides  turned ou t  t o  be  less e f f e c t i v e  a t  900°C than  t h e  commercial 
d ry  chemicals.  The o t h e r  t i n  sa l ts  l i s t e d  i n  f i g u r e  5 w e r e  t r i e d  t o  see 
whether t h e  increased  e f f e c t i v e n e s s  of SnI2 over C I 4  had something t o  do 
wi th  t h e  t i n .  
t e s t e d  because Lewis and Von Elbe ( r e f .  17) c i t e d  some experimental  d a t a  on 
t h e  g r e a t e r  e f f e c t i v e n e s s  of Na2W04 over t h a t  of K C 1  as a s u r f a c e  coa t ing  

Sodium t u n g s t a t e ,  Na2W04, w i t h  and wi thout  water, w a s  
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on glass in removing H free radicals. 
from NA2W04 dihydrate in delaying hot-surface reignition is as great as the 
chemical effectiveness of Na2W04 by itself. 

Obviously, the effect of water release 

Figure 6 shows some of the results obtained with other experimental dry 
chemicals. Obviously, Na- and K-A1(OH)2C03, sodium and potassium dawsonite, 
are superior to Na- and K-bicarbonate. 
be considered to be an addition product of boemite, AlOOH, and the appropriate 
alkali metal bicarbonate, the effectiveness of K-dawsonite (KD) might then be 
expected to be some mole-fraction weighted sum of the effectiveness of KHC03 
and A100H. But the effectiveness of KD is clearly greater than the effective- 
ness of any combination of KHCO3 and A100H. 
tested because it melts at 450°C to form a glass; however, it seems to be 
no more effective than Al2O3, and a mixture of KD and B2O3 is even less 
effective than pure KD. We conclude this section by noting that the effec- 
tiveness of both mechanical and preheated mixtures of KI with either A1203 or 
KD seems superior to that of either constituent, particularly at the higher 
temperatures, but further discussion is deferred until the presentation of 
the effect of airflow rate on extinguishment effectiveness. 

Since either of the dawsonites can 

Boron trioxide, B2O3, was 

Dynamic Test 

A schematic of the dynamic fire test facility designed by Professor 
Myronuk and Richard Fish of ARC, is shown in figure 7. The test section 
downstream of the blower contains a stainless steel surface heated to 
800"C-900"C. Ambient air flowed over the surface at rates from 6 to 36 m/sec 
and JP-4 fuel was leaked onto the surface at a rate of 250 cm3/min. 
the static testing, once a steady hot-surface temperature was obtained at a 
given airflow rate, the fuel leak was initiated and made to ignite on the hot 
surface within 1 sec. After ignition a specific mass of extinguishant was 
discharged within 1 sec onto the heated surface, and, with the fuel leak 
uninterrupted, the time between initial extinguishment and reignition was 
recorded as the prime parameter of extinguishment effectiveness. The 
other variables were airflow rate and hot-surface temperature. 

As in 

Because of their potential toxicity we could not obtain static reignition 
delay time data with Halon extinguishants. Therefore, our first objective 
was to obtain dynamic results with these materials in order to establish a 
baseline; some of the results are given in figure 8. To explain the data 
tabulation, all four of the Halons tested extinguished the fuel-leak fire at 
an airflow rate of 6 m/sec and did prevent its reignition for 2 sec; 
however, 39 g of CH2ClBr were required but only 21 g of CF2Br2. 
these tests the fire reignited after 2 sec because the Halon was being 
continuously diluted by the airflow after the first second of discharge time. 
When the airflow was increased to 36 m/sec, even more Halon extinguishant 
was required to keep the fire from reigniting for as long as 20 sec- 40 g 
of either CF2Br2 or CF2ClBr and 60 g of either CF3Br or CH2ClBr. Twenty 
seconds is the upper limit of the reignition delay time reported because 
when the fire was kept from reigniting for a longer time the hot-surface 
temperature declined significantly as a result of fuel evaporative cooling. 
From data such as this we rank these extinguishants as follows: 

In all 
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A similar procedure was then carried out with commercial dry chemicals; these 
results are given in figure 9. A s  shown in figure 9 ,  the extinguishment 
effectiveness of these chemicals was ranked as follows: 

K2CO3 > K C ~ N ~ H ~ O ~ > K H C O S  > NaHC03> KC1 

Potassium carbonate, K2CO3, is reported to be more than three times as 
effective as Na2C03 or KC1 in fire extinguishment and Na2C03 is reported 
to be about twice as effective as Li2CO3 or NaHC03 (ref. 15). Since the best 
of the commercial lots reported in figure 9 was Ansul's K2CO3, Li- and 
Na-carbonate dry powders prepared from reagent chemicals were also tested as 
an exercise in varying the alkali metal element in the carbonate; the 
results are shown in figure 10. The parallelism between the recorded 
literature effectiveness and ours indicates that increased reignition delay 
time is directly related to extinguishment effectiveness. 
shows that while the effectiveness of pure KD is nil at an airflow rate 
of 36 m/sec, a 2 : l  mixture of KD and KC1 by weight increased the weight 
effectiveness of KC1 three to five times. The results were similar for a 
9 : l  mixture of KD and KI when compared with the results for pure KI. 
both KC1 and KI are volatile at these temperatures, the increase in KI 
and KC1 effectiveness in these mixtures with KD could be due to the creation 
of a diffusion barrier for the gaseous alkali halide molecules by the KD 
or to the creation of some new chemical compound between the alkali metal 
halide and KD thus reducing the volatility of both the alkali metal halide 
and decomposition products of KD. 

Figure 10 also 

Since 

To shed some light on these alternatives, a mixture of alumina and KI 
having approximately the same KI content as the mixtures of KI with KD was 
tested. 
even twice the total mass as the KD plus KI mixture, the diffusion barrier idea 
seems incorrect. Still another way of testing this idea is to try to 
increase the stickiness of KD, for if KD makes either the KC1 or KI stick 
to the hot surface longer, thereby increasing the effectiveness, then 
increasing the stickiness of KD should increase its own effectiveness to 
something like its static effectiveness, shown in figure 6. 
a mixture of KD with 10% B203 was prepared, but as shown in figure 10 it was 
no more effective than pure KD, even though some evidence of glass formation 
was apparent because the steel surface was very difficult to clean. 

Since no reignition delay resulted over the entire airflow range with 

For this test 

As for the possibility of some new chemical compound between KC1 or KI 
and KD being produced by the hot surface when mechanical mixtures of alkali 
metal halides and KD are tested, an intimate mixture of KI and the starting 
materials for making KD was heated as if to make KD. Since no chemical 
reaction is expected between KI and either of the KHCO3 or Al(OH)3 materials 
for making KD, the preheated mixture should show similar fire extinguishing 
properties to those of the mechanical mixture of KI and KD given in figure 10. 
Various such mixtures of the precursors of KD with 5% to 18% KI were heated 
as if to make KD; their reignition delay time properties, which are tabulated 
in figure 11, do not seem to be significantly different from those of a 
mechanical mixture of KI and KD. 
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In a separate study, we have shown t'mt heating SnI2 with the precursors 
of KD, that is, KHCO3 and A1(OH)3, yields K I ,  AlOOH, and Sn02 by the 
following gross reaction: 

SnI2 + 2KA1(OH)2C03 -+ SnO2 + 2 K I  + 2AlOOH + H2 I. + 2C02 I. 

An infrared investigation of the solid after it was heated demonstrated the 
presence of Sn02, KI, and AlOOH, and the entire disappearance of SnI2 and KD 
when the starting mole ratios of SnI2 to KD-precursors were l:1 or 1:2. As 
expected, KD remained when the SnI2-to-KD-precursors were 1:4. 
samples of the KD-SnI2 end product reported in figure 11, the KD is in great 
enough excess to give a product containing SnO2, AlOOH, KD, and KI. Further 
experimental work is necessary to determine why the fire extinguishment 
effectiveness of this material is better than that of the KD.KI preparations. 

For all three 

CONCLUSION 

Certain dry chemicals developed and tested in our laboratories seem to 
have greater weight effectiveness than the Halons in current use for control- 
ling fuel-leak fires, particularly in the presence of high airflow rates. 
However, the experimental variables and their role in the results obtained 
are insufficiently understood and the understanding of fire extinguishment 
has not been advanced much by this study. 
uncertainties is, therefore, deferred until more detailed publication in 
a scientific journal. 

A further discussion of the many 

The applicability and effectiveness of these materials, namely potassium 
dawsonite mixed mechanically with KC1 or KI, in controlling engine nacelle 
fires have yet to be demonstrated. However, we plan to participate further 
in such a test activity that will be conducted at the FAA Technical Center in 
Atlantic City, New Jersey, in the not too distant future. 
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Figure 1 .- Static nacelle f i re  test  facil i ty (schematic). 

Figure 2.- Static nacelle f i re  test  facil i ty (actual). 
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SAMPLE SIZE, grams 
DRY CHEMICAL 

FIRE EXTINGUISHANT POWDER 
SECONDS TO REIGNITE 

NHqH2P04 (ANSUL FORAY*) 

*THESE ARE COMMERCIAL EXTINGUISHANTS 

100 
17 
4 
2 
2 
1 
0 

125 
300 
38 
60 
40 
2 
2 

220 
70 
8 
2 
2 
1 
2 

340 
NO IGN. 

260 
200 
150 
15 
12 

Figure 3.- Average t i m e  for re igni t ion  of JP-4 f u e l  drip 
on 775OC hot surface.  

Figure 4.- Modified s t a t i c  nace l le  f i r e  test f a c i l i t y .  
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DRY CHEMICALS DELAY TIME, sec 

700°C 9oooc 

7 + - 4  KHC03 (ANSUL PURPLE-K) 

KC2N2H303 (IC1 MONNEX) 55 k 30 7 + 2  

NaCQ (PYROCHEM BCD) 33 k 15 5 + 2  

K2CO3 (ANSUL PREP) 150 + 80 - 
69 + 20 

KCQ (PYROCHEM SUPER-K) 3 3 + 4  - 

(NHq)HzP04 (ANSUL FORAY) 1 2 + 2  - 
(N H4) H2P04 {PY ROCH EM TU W- 156) 8 + 3  - 
Snl2 (68% I )  
KI (76% I) 
Nal (85% I )  
Cl4 (98% I )  
SnCQ4 0 2H20 
SnO 
Na2W04 0 2H20 
Na2WO4 

380 k 80 
>goo 

600 f 60 
NONE 
26 2 3 
1 5 + 5  
1722  
8 k 2  

2 + 2  
2 + 2  
3 5 2  
- 

Figure 5.- Reignition delay time for  JP-4 fue l  drip on 
hot surface with 10 g of commercial and experimental 
dry chemicals. 

DRY CHEMICALS 

NaAQ(OH)2C03t 
KAQ(OH)2C03t 

AQOOHt 

Ak2°3 
k 0 3  

KD + B2O3 (10%) 

AQ(OHI3 + Snlg (7% I) 
AP(OH)3 + K I  (8% I) 
AQ(OH)3 K1 (7% I) 
APOOH * KI (7% I) 
A9203 0 KI (7% I) 
KAP(OH)2C03 + Snlg (6% I) 
KAP(OH)2C03 0 Snlg (6% I )  
KAt(OHI2CO3 + K I  (7% I) 
KAQ(OH)2C03 * KI (7% I) 

Aa(OH)3 

e3603 

K3AQFg 

DELAY TIME, sec 

75OoC 900°C 

296 t 50 6 + 3  
153 2 15 10 2 4 
100 f 30 3 + 2  
48 + 35 NONE 
28f 12 NONE 
5 + 3  2 2  1 
10 - 

62 f 28 6 i 2  
1415 - 

204 rt 20 8f 1 
233 f: 56 - 
72 i 3 8 f l  

131 2 7  15 f: 4 
>goo 50% 12 

520 rt 52 51 f 3  
419 f 61 
500 rt 90 13 + 4 

50 f: 2 

>goo 50 f 14 

+ MECHANICAL MIXTURE 
e MECHANICAL MIXTURE PREHEATED BEFORE TEST (WEIGHT 

PERCENT IODINE IN MIXTURE) 
t PREPARED AT ARC FROM REAGENT CHEMICALS 

Figure 6.- Reignition delay t i m e  for JP-4 
fue l  drip on hot surface with 10  g of 
experimental dry chemicals. 
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EXHAUST 
MANAGEMENT 

WATER 
PUMP 

Figure 7.- Dynamic nace l le  f i r e  test f a c i l i t y .  

DELAY TIME, sec, 

6 36 

GRAMS AT VARIOUS AIRFLOWS, mps 
HALON 

- 21 2 
40 - 20 1202 CF2Br2 

1211 CF2CIBr 

1301 CF3Br 

1011 CH2CiBr 

24 
40 

35 
60 

39 
60 

- 2 
- 20 

- 2 - 20 

- 2 - 20 

EXTINGUISHMENT EFFECTIVENESS 

CF2Br2 = CF2CIBr > CF3Br = CH2ClBr 

Figure 8.- Reignition delay t i m e  versus airflow rate 
for JP-4 f u e l  drip on 8OO0C hot surface for various 
Halon extinguishants. 
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DELAY TIME, sec. 
AT VARIOUS AIRFLOWS, mps 

6 36 

DRY CHEMICALS GRAMS 

(ANSUL PKP) 

KHCO3* 

(ANSUL X) 

NaHC03* (ANSUL +50C) 

30 
50 

20 
30 

30 
50 

10 
KC2N2H303*(ICI MONNEX) 20 

(PYROCHEM) 
SUPER - K 

I< co * ANSUL 
2 3 (PREP ) 

30 
50 

8 
20 
30 

20 2 
20 

20 <I 
20 

20 0 
<I 

2 0 
20 20 

<I 0 
20 

- 

- 

- 

- 

0 20 
2 20 

20 

'800°C 
EXTINGUISHMENT EFFECTIVENESS 
K2CO3 > KC2N2H303 > KHC03 > NaHC03 > KCI 

Figure 9.- Reignition delay time versus airflow 
rate for JP-4 fuel drip on hot surface with 
commercial dry chemicals. 

DRY CHEMICALS DELAY TIME, sec, 
GRAMS AT VARIOUS AIRFLOWS, rnps 

6 36 

30 - 40 

30 - 40 

<I 0 

<I 0 

30 20 0 KAI(OH)2C03* ("KD") 

KD + KCI (32%)* 10 - 20 2 20 

Klt  40 <1 0 
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Figure 10.- Reignition delay time versus airflow rate 
for JP-4 fuel drip on hot surface with experimental 
dry chemicals. 
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RECENT DEVELOPMENTS I N  AIRCFUFT ENGINE 

NOISE REDUCTION TECHNOLOGY 

James R. S t o n e  a n d  C h a r l e s  E. F e i l e r  
L e w i s  R e s e a r c h  C e n t e r  

SUMMARY 

T h i s  p a p e r  r e v i e w s  some o f  t h e  more i m p o r t a n t  d e v e l o p m e n t s  a n d  p r o g r e s s  i n  
j e t  a n d  f a n  n o i s e  r e d u c t i o n  a n d  f l i g h t  e f f e c t s  made i n  t h e  p a s t  s e v e r a l  y e a r s .  
E x p e r i m e n t s  are r e p o r t e d  w h i c h  show t h a t  n o n a x i s y m m e t r i c  c o a n n u l a r  n o z z l e s  h a v e  
t h e  p o t e n t i a l  t o  r e d u c e  j e t  n o i s e  f o r  c o n v e n t i o n a l  a n d  i n v e r t e d  v e l o c i t y  p r o -  
f i l e s .  It now a p p e a r s  t h a t  a n  i m p r o v e d  u n d e r s t a n d i n g  o f  s u p p r e s s i v e  l i n e r  
b e h a v i o r ,  c o u p l e d  w i t h  t h e  new u n d e r s t a n d i n g  o f  f a n  s o u r c e  n o i s e ,  w i l l  s o o n  
a l low t h e  j o i n t  o p t i m i z a t i o n  o f  a c o u s t i c  l i n e r  a n d  f a n  d e s i g n  f o r  low n o i s e .  
It i s  a l s o  shown t h a t  f a n  n o i s e  s o u r c e  r e d u c t i o n  c o n c e p t s  are  a p p l i c a b l e  t o  
a d v a n c e d  t u r b o p r o p s .  A d v a n c e s  i n  i n f l o w  c o n t r o l  d e v i c e  d e s i g n  a re  r e v i e w e d  
t h a t  a p p e a r  t o  o f f e r  a n  a d e q u a t e  a p p r o a c h  t o  t h e  g r o u n d  s i m u l a t i o n  o f  i n - f l i g h t  
f a n  n o i s e .  T h i s  a p p r o a c h  w i l l  b e  assessed by f l i g h t  e x p e r i m e n t s  c u r r e n t l y  
b e i n g  c o n d u c t e d  o n  a JT15D e n g i n e  i n  a j o i n t  p r o g r a m  o f  t h e  L e w i s ,  L a n g l e y ,  a n d  
Ames Research C e n t e r s .  Also i n  r e g a r d  t o  f l i g h t  e f f e c t s ,  i t  i s  shown t h a t  
s t a t i c  j e t  e n g i n e  e x h a u s t  n o i s e  c a n  b e  p r o j e c t e d  t o  f l i g h t  w i t h  r e a s o n a b l e  
a c c u r a c y  o n  a n  a b s o l u t e  b a s i s .  

INTRODUCTION 

A i r c r a f t  n o i s e  h a s  b e e n  a major e n v i r o n m e n t a l  c o n c e r n  f o r  many y e a r s .  
i n d i c a t i o n  o f  t h e  p u b l i c  p r e s s u r e  t o  r e d u c e  n o i s e  i s  t h e  number o f  a i r p o r t s  
a r o u n d  t h e  world t h a t  h a v e  n o i s e  r e s t r i c t i o n s  s u c h  a s  c u r f e w s  o n  n i g h t t i m e  
o p e r a t i o n s ,  f l i g h t  r o u t i n g  a n d  o p e r a t i n g  r e s t r i c t i o n s ,  a n d  u s e  of p r e f e r e n t i a l  
runways.  Some d a t a  o n  n o i s e  r e s t r a i n t s  a t  major world a i r p o r t s  a re  shown i n  
f i g u r e  1 f o r  t h e  y e a r s  1 9 6 8 ,  1 9 7 3 ,  a n d  1 9 7 8  ( r e f .  1) .  It  c a n  b e  s e e n  t h a t  i n  
1 0  y e a r s  t h e  number o f  a i r p o r t s  w i t h  r e s t r i c t i o n s  h a s  d o u b l e d .  
h a p p e n e d  e v e n  t h o u g h  d u r i n g  t h i s  t i m e  t h e  F e d e r a l  A v i a t i o n  A d m i n i s t r a t i o n  (FAA) 
h a s  i s s u e d  i n c r e a s i n g l y  s t r i n g e n t  n o i s e  c e r t i f i c a t i o n  s t a n d a r d s  t h a t  are  c r i t i -  
c a l  d e s i g n  c o n s t r a i n t s  o n  new a i r c r a f t .  To  a l l e v i a t e  t h i s  n o i s e  p r o b l e m ,  w h i c h  
i s  a major c o n s t r a i n t  t o  t h e  g r o w t h  o f  t h e  c i v i l  a v i a t i o n  i n d u s t r y ,  NASA i s  
c o n d u c t i n g  r e s e a r c h  a n d  t e c h n o l o g y  s t u d i e s  t o  a d v a n c e  t h e  s t a t e  o f  t h e  a r t .  
T h e  L e w i s  R e s e a r c h  C e n t e r  h a s  c o n c e n t r a t e d  p r i m a r i l y  o n  p r o p u l s i o n  n o i s e  reduc- 
t i o n  t e c h n o l o g y .  

One 

T h i s  h a s  

P r o p u l s i o n  n o i s e  r e s e a r c h  i s  f o c u s e d  o n  u n d e r s t a n d i n g  t h e  n o i s e - p r o d u c i n g  
p r o c e s s e s ,  or s o u r c e s ,  so  t h a t  n o i s e  c a n  b e  r e d u c e d  i n  e f f i c i e n t  a n d  e c o n o m i c a l  
ways t h a t  do n o t  p e n a l i z e  t h e  e n g i n e  p e r f o r m a n c e  o r  w e i g h t  s i g n i f i c a n t l y .  
a d d i t i o n a l  o b j e c t i v e  i s  t o  d e v e l o p  p r e d i c t i o n  p r o c e d u r e s  f o r  e a c h  n o i s e  s o u r c e  

An 
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t h a t  w i l l  a l l o w  a i r c r a f t  n o i s e  t o  b e  es t imated  a c c u r a t e l y .  
p r i m a r i l y  w i t h  h i g h - b y p a s s - r a t i o  t u r b o f a n  e n g i n e s ,  a l t h o u g h  t h e  a p p l i c a t i o n  of 
t h i s  t e c h n o l o g y  t o  a d v a n c e d  t u r b o p r o p s  i s  a l s o  d i s c u s s e d .  
s u p e r s o n i c  c r u i s e  n o i s e  t e c h n o l o g y  are n o t  d e a l t  w i t h  s p e c i f i c a l l y  i n  t h i s  
p a p e r  b u t  are r e p o r t e d  i n  r e f e r e n c e  2. 

T h i s  p a p e r  d e a l s  

R e c e n t  a d v a n c e s  i n  

T h e  n o i s e  s o u r c e s  f o r  a t u r b o f a n  e n g i n e  are i l l u s t r a t e d  i n  f i g u r e  2. T h e  
sources a re  b o t h  i n t e r n a l  a n d  e x t e r n a l  t o  t h e  e n g i n e .  The  i n t e r n a l  s o u r c e s  a r e  
t h e  f a n ,  t h e  c o m p r e s s o r ,  t h e  c o m b u s t o r ,  t h e  t u r b i n e ,  a n d  t h e  f l o w  o v e r  t h e  sup-  
p o r t  s t r u t s .  T h e  l a s t  t h r e e  sources h a v e  u s u a l l y  b e e n  c o n s i d e r e d  c o l l e c t i v e l y  
a s  e n g i n e  core n o i s e .  Sound f r o m  t h e  i n t e r n a l  s o u r c e s  m u s t  p r o p a g a t e  t h r o u g h  
t h e  e n g i n e  d u c t s  and  n o z z l e s ,  w h e r e  i t  c a n  b e  r e d u c e d  by acous t i c  t r e a t m e n t .  
T h u s  acous t i c  t r e a t m e n t  a n d  s o u n d  p r o p a g a t i o n  i n  d u c t s  are  v e r y  i m p o r t a n t  ele- 
m e n t s  i n  e n g i n e  n o i s e  r e d u c t i o n .  The  e x t e r n a l  sources  a re  t h e  h i g h - v e l o c i t y  
j e t  e x h a u s t s  m i x i n g  w i t h  e a c h  o t h e r  and  w i t h  t h e  a m b i e n t  a i r .  An i m p o r t a n t  
a s p e c t  of the engine noise problem is  the effects  of f l i g h t  on the var ious  
n o i s e  sources. A s  is shown, t h e  e f f e c t s  of f l i g h t ,  o r  f o r w a r d  v e l o c i t y ,  d i f f e r  
f o r  t h e  

D 

f 

H 

!IO 

OASPL 

PN L 

PR i 

PRO 

s PL 

s e v e r a l  n o i s e  sources.  

SYMBOLS 
( S .  I. U n i t s  u n l e s s  n o t e d )  

d iameter  o f  n o z z l e  

f re q u e n c  y 

a n n u l a r  h e i g h t  o f  n o z z l e  

f l i g h t  Mach number 

o v e r a l l  s o u n d  p r e s s u r e  l e v e l ,  dB re 20 p N / m 2  

p e r c e i v e d  n o i s e  l e v e l ,  PNdB 

i nne  r-s t re am- t o t  a 1- t o  a m b i e n t - p r e  s s u r e  r a t  i o  

o u t e r -  s t ream- t o t a  1- t o  a m b i e n t - p r e  ssure r a t  i o  

s o u n d  p r e s s u r e  l e v e l ,  dB re 2 0  pN/rn2 

j e t  t o t  a 1 t e m p e r a t u r e  

s h i e l d i n g  s t r e a m  t o t a l  t e m p e r a t u r e  

j e t  v e l o c i t y  

s h i e l d i n g  s t r e a m  v e l o c i t y  

f l i g h t  v e l o c i t y  
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p o l a r  d i r e c t i v i t y  a n g l e  r e f e r r e d  t o  i n l e t ,  d e g  

a z i m u t h a l  a n g l e ,  d e g  

a z i m u t h a l  a n g u l a r  e x t e n t  of s h i e l d i n g  stream, d e g  

FAN NOISE 

The f a n  i s  a dominant  n o i s e  s o u r c e  i n  c u r r e n t  h i g h - b y p a s s - r a t i o  t u r b o f a n  
e n g i n e s ,  p a r t i c u l a r l y  d u r i n g  l a n d i n g  approach .  F u r t h e r m o r e  advanced  t u r b o f a n  
d e s i g n  s t u d i e s ,  s u c h  a s  t h o s e  a s s o c i a t e d  w i t h  t h e  E n e r g y  E f f i c i e n t  E n g i n e  pro-  
gram, i n d i c a t e  t h a t  t h e  f a n  w i l l  c o n t i n u e  t o  be a dominan t  n o i s e  s o u r c e  i n  
f u t u r e  h i g h - b y p a s s - r a t i o  e n g i n e s  ( r e f .  3 ) .  
r e s e a r c h  are  t o  d e v e l o p  n o i s e - r e d u c i n g  d e s i g n  f e a t u r e s  t h a t  a r e  c o m p a t i b l e  w i t h  
good ae rodynamic  p e r f o r m a n c e  and  t o  c o n f i r m  e x p e r i m e n t a l l y  t h e  a c o u s t i c  e f  f e c -  
t i v e n e s s  o f  t h e s e  d e s i g n s .  The  a p p r o a c h e s  t o  n o i s e  r e d u c t i o n  i n c l u d e  s o u r c e  
s t r e n g t h  r e d u c t i o n  and  u n i f i e d  d e s i g n  o f  t h e  f a n  and  l i n e r  t o  o b t a i n  t h e  o p t i -  
mum s y n e r g i s t i c  e f f e c t s .  The NASA r e s e a r c h  programs a r e  a imed a t  u n d e r s t a n d i n g  
t h e  n o i s e - g e n e r a t i n g  mechanisms and d e s c r i b i n g  i n  d e t a i l  t h e  f a n  s o u r c e  c h a r -  
a c t e r i s t i c s  ( e .g .  , r e f .  4 ) .  D e s c r i b i n g  t h e  s o u r c e  i s  i m p o r t a n t  b e c a u s e  propa-  
g a t i o n ,  l i n e r  s u p p r e s s i o n ,  and  r a d i a t i o n  a l l  s t r o n g l y  depend o n  t h e  i n i t i a l  
c o n d i t i o n s  a t  t h e  s o u r c e  ( r e f s .  5 t o  9) .  An i m p o r t a n t  c o n s t r a i n t  o n  e x p e r i -  
m e n t a l  cl7ork i n  s t a t i c  f a c i l i t i e s  i s  t h a t  t h e  t e s t  env i ronmen t  must  l e a d  t o  
n o i s e  l e v e l s  t h a t  c o r r e c t l y  s i m u l a t e  f l i g h t  ( r e f .  l o ) ,  a s  d i s c u s s e d  f u r t h e r  i n  
a l a t e r  s e c t i o n .  

The u l t i m a t e  g o a l s  o f  f a n  n o i s e  

Two p r imary  s o u r c e  mechanisms t h a t  a r e  a d d r e s s e d  i n  r e s e a r c h  t o  r e d u c e  f a n  
n o i s e  a re  shown i n  t h e  t u r b o f a n  c r o s s  s e c t i o n  i n  f i g u r e  3 .  R o t o r - s t a t o r  i n t e r -  
a c t i o n s  i n  t h e  form o f  r o t o r  wakes and  v o r t i c e s  i m p i n g i n g  o n  t h e  s t a t o r s  c a n  be 
p a r t i c u l a r l y  i m p o r t a n t  a t  t h e  s u b s o n i c  t i p  s p e e d s  t h a t  o c c u r  d u r i n g  l a n d i n g  
approach .  The c o r r e s p o n d i n g  nar rowband s p e c t r u m  i s  shown i n  t h e  u p p e r  p o r t  i o n  
o f  f i g u r e  4. The b l a d e  p a s s i n g  t o n e  and i t s  h a r m o n i c s ,  which  a r e  d u e  t o  p e r i -  
o d i c  i n t e r a c t i o n s  of the r o t o r  wakes w i t h  the s t a to r  b lades ,  are supe r imposed  
o n  t h e  b roadband  l e v e l s  t h a t  resul t  f rom i n t e r a c t i o n s  i n v o l v i n g  random f l o w  
d i s t u r b a n c e s .  R o t o r - a l o n e  n o i s e  p r o d u c t i o n  o c c u r s  b e c a u s e  of n o n u n i f o r m i t i e s  
i n  t h e  r o t o r - l o c k e d  s h o c k  wave p a t t e r n s  t h a t  fo rm a t  t h e  l e a d i n g  e d g e s  a t  
s u p e r s o n i c  t i p  s p e e d s .  T h e s e  p a t t e r n s  r a d i a t e  m u l t i p l e  p u r e  t o n e s  d u r i n g  t a k e -  
o f f  and  have  a s p e c t r u m  o f  t h e  t y p e  shown i n  t h e  l o w e r  p o r t i o n  of  f i g u r e  4. 
M u l t i p l e  p u r e  t o n e s  c a n  o c c u r  a t  a l l  m u l t i p l e s  o f  f a n  s h a f t  r o t a t i o n  f r e q u e n c y ,  
a n d  some o f  t h e  i n d i v i d u a l  t o n e  l e v e l s  o f t e n  e x c e e d  t h e  l e v e l  of t h e  b l a d e  
p a s s i n g  f r e q u e n c y  and i t s  harmonics .  

One of t h e  c o n c e p t s  t h a t  h a s  b e e n  i n v e s t i g a t e d  t o  r e d u c e  s h o c k - g e n e r a t e d ,  
m u l t i p l e - p u r e - t o n e  n o i s e  i s  t o  sweep t h e  r o t o r - b l a d e  l e a d i n g  e d g e s .  An e x p e r i -  
m e n t a l  s w e p t - r o t o r  f a n  d e s i g n e d  t o  e x p l o r e  t h e  a c o u s t i c  pe r fo rmance  of  s w e p t  
b l a d e s  i s  shown i n  f i g u r e  5 .  The a c o u s t i c  d e s i g n  of t h i s  f a n  was pe r fo rmed  by 
B o l t ,  B e r a n e k  and  Newman, I n c . ,  and  t h e  ae rodynamic  and  m e c h a n i c a l  d e s i g n s  were 
d e v e l o p e d  by t h e  Lycoming D i v i s i o n  o f  AVCO Corp. ( r e f .  11). The  b l a d e  l e a d i n g  
e d g e s  a r e  swep t  f o r w a r d  t o  midspan  and  t h e n  r e a r w a r d  t o  t h e  t i p  i n  o r d e r  t o  
l i m i t  t h e  maximum b l a d e  r o o t  stresses. T h e s e  stresses would be  u n a c c e p t a b l y  

673 



h i g h  i f  t h e  sweep were o n l y  i n  o n e  d i r e c t i o n .  T h e  sweep i s  v a r i e d  spanwise  i n  
s u c h  a manner  t h a t  t h e  no rma l  component of b l a d e  l e a d i n g - e d g e  r e l a t i v e  Mach 
number i s  s u b s o n i c  o v e r  t h e  e n t i r e  span.  I t  i s  t h i s  component t h a t  c o n t r o l s  
l ead ing -edge  s h o c k  f o r m a t i o n .  
r e v e r s a l  p o i n t  t h i s  d e s i g n  s h o u l d  e s s e n t i a l l y  e l i m i n a t e  t h e  l ead ing -edge  s h o c k  
s y s t e m  and  t h e r e b y  r e d u c e  t h e  m u l t i p l e - p u r e - t o n e  n o i s e .  

Thus  e x c e p t  f o r  b l a d e  e n d  e f f e c t s  and  t h e  sweep- 

The  s w e p t - r o t o r  f a n  shown i n  f i g u r e  5 was a c o u s t i c a l l y  t e s t e d  i n  t h e  NASA 

The  m u l t i p l e - p u r e - t o n e  power l e v e l s  f o r  a n  unswept  f a n  a n d  
L e w i s  R e s e a r c h  C e n t e r  a n e c h o i c  chamber  ( r e f .  1 2 ) ,  and  t h e  major r e s u l t s  are 
shown i n  f i g u r e  6. 
t h e  s w e p t - r o t o r  f a n  a r e  compared a s  a f u n c t i o n  o f  f a n - t i p  r e l a t i v e  Mach num- 
b e r .  
Mach numbers ,  a b o u t  1 .25  i n s t e a d  o f  1.0, a n d  r e d u c e d  t h e  l e v e l s  o v e r  a l a r g e  
p o r t i o n  o f  t h e  t i p - s p e e d  r a n g e ,  i n c l u d i n g  s p e e d s  r e p r e s e n t a t i v e  of t a k e o f f .  
The  ae rodynamic  p e r f o r m a n c e  o f  t h e  f a n  d i d  n o t  m e e t  t h e  d e s i g n  g o a l s  ( e .g . ,  t h e  
e f f i c i e n c y  was 9 p e r c e n t  l ow) ,  b u t  t h i s  i s  n o t  s u r p r i s i n g  s i n c e  t h i s  was t h e  
f i r s t  b u i l d  o f  a new d e s i g n  c o n c e p t  f o r  which  t h e r e  are  no  e s t a b l i s h e d  d e s i g n  
p r o c e d u r e s .  T h e s e  i n i t i a l  r e s u l t s  a r e  e n c o u r a g i n g ,  and  r e f i n e m e n t  o f  t h e  a e r o -  
dynamic  d e s i g n  may l e a d  t o  f u r t h e r  m u l t i p l e - p u r e - t o n e  n o i s e  r e d u c t i o n s  w i t h  
more  a c c e p t a b l e  ae rodynamic  pe r fo rmance .  

Rotor sweep d e l a y e d  t h e  o n s e t  o f  m u l t i p l e  p u r e  t o n e s  t o  h i g h e r  r e l a t i v e  

APPLICATION OF SWEPT-ROTOR TO ADVANCED TURBOPROPS 

The  s w e p t - r o t o r  c o n c e p t ,  d e s c r i b e d  e a r l i e r ,  i s  a l s o  b e i n g  c o n s i d e r e d  f o r  
advanced  h igh - speed  t u r b o p r o p s ,  which  have  a p o t e n t i a l  c a b i n  n o i s e  p rob lem a t  
c r u i s e  d u e  t o  p r o p e l l e r  n o i s e .  B l a d e  sweep a l s o  h e l p s  r e d u c e  ae rodynamic  
losses c a u s e d  by c o m p r e s s i b i l i t y  e f f e c t s .  T h r e e  b a s i c  b l a d e  p l a n f o r m s  p i c t u r e d  
i n  f i g u r e  7 were tes ted i n  t h e  NASA Lewis  8- by 6-Foot S u p e r s o n i c  Wind Tunne l  
( r e f .  1 3 ) .  B l a d e  sweep a n g l e s  o f  O", 30°,  a n d  45" were u s e d  f o r  t h e s e  de- 
s i g n s .  
t i c  d a t a .  

Wall-mounted p r e s s u r e  t r a n s d u c e r s  were u s e d  t o  o b t a i n  near - f  i e l d  a c o u s -  
( F u r t h e r  d e t a i l s  a r e  g i v e n  i n  r e f s .  1 4  and  15 . )  

The  b e n e f i c i a l  e f f e c t s  o f  sweep o n  p r o p e l l e r  n o i s e  r e d u c t i o n  a r e  shown i n  
f i g u r e  8, which compares  4 5 "  sweep w i t h  no sweep. Maximum b l a d e  p a s s i n g  t o n e  
l e v e l  i s  p l o t t e d  a g a i n s t  h e l i c a l  t i p  Mach number ( t o t a l ,  i n c l u d i n g  f l i g h t  a n d  
r o t a t i o n ) .  The a d v a n c e  r a t i o  and  t h e  power c o e f f i c i e n t  f o r  a l l  c a s e s  a r e  
a p p r o x i m a t e l y  t h e  d e s i g n  v a l u e s .  V a r i a t i o n  i n  h e l i c a l - t i p  Mach number was 
o b t a i n e d  by t a k i n g  d a t a  a t  v a r i o u s  f r e e - s t r e a m  Mach numbers.  
b o t h  t h e  0" a n d  45" s w e p t  b l a d e s  e x h i b i t  a s h a r p  n o i s e  i n c r e a s e  w i t h  i n c r e a s i n g  
h e l i c a l - t i p  Mach number; t h i s  i s  t h e n  f o l l o w e d  by a r e g i o n  where n o i s e  l e v e l s  
o f f .  The  t a i l o r e d  sweep o f  t h e  45"  d e s i g n  p r o v i d e s  n o i s e  r e d u c t i o n  o v e r  t h e  
c o m p l e t e  r a n g e  of t i p  s p e e d s .  Near t h e  c r u i s e  d e s i g n  t i p  Mach number o f  1.14, 
t h e  r e d u c t i o n  i s  a b o u t  5 t o  6 dB and  a p p e a r s  t o  b e  e v e n  l a r g e r  a t  t h e  l o w e r  t i p  
s p e e d s  t e s t e d .  D a t a  i n  r e f e r e n c e  14, o b t a i n e d  w i t h  a 30" swep t  b l a d e ,  s u p p o r t  
t h e  b e h a v i o r  shown i n  f i g u r e  8. 

The p l o t s  f o r  
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EXHAUST NOISE 

The v a r i o u s  n o i s e  s o u r c e s  a s s o c i a t e d  w i t h  t h e  e x h a u s t  a r e  c o n s i d e r e d  i n  
t h i s  s e c t i o n .  Exhaus t  n o i s e  sources  i n c l u d e  j e t  m i x i n g  n o i s e ,  j e t  s h o c k - c e l l  
n o i s e ,  and  core n o i s e .  The  a f  t - r a d i a t e d  t u r b o m a c h i n e r y  n o i s e  i s  n o t  i n c l u d e d .  
However, n o i s e  t r a n s m i s s i o n  t h r o u g h  t h e  t u r b i n e  i s  a n  i m p o r t a n t  e l e m e n t  i n  t h e  
core n o i s e  p rob lem,  and  r e c e n t  r e s u l t s  a r e  g i v e n  i n  r e f e r e n c e s  16  and 1 7 .  Core 
n o i s e  g e n e r a l l y  becomes i m p o r t a n t  a t  low power  s e t t i n g s ,  p a r t i c u l a r l y  i n  
f l i g h t .  R e c e n t  r e s u l t s  o f  core n o i s e  i n v e s t i g a t i o n s  a r e  r e p o r t e d  i n  r e f e r -  
e n c e s  18 t o  23. Je t  s h o c k - c e l l  n o i s e  i s  a p o t e n t i a l l y  i m p o r t a n t  source f o r  
s u p e r s o n i c  c r u i s e  a i r c r a f t  b u t  i s  g e n e r a l l y  n o t  a f a c t o r  f o r  h i g h - b y p a s s - r a t i o  
t u r b o f a n  e n g i n e s .  F o r  j e t -powered  a i r c r a f t  t h e  most i m p o r t a n t  s o u r c e  a t  t a k e -  
o f f  i s  u s u a l l y  j e t  mix ing  n o i s e ,  and  so t h e  p r e s e n t  d i s c u s s i o n  f o c u s e s  on  t h i s  
n o i s e  s o u r c e .  C o n s i d e r a b l e  r e s e a r c h  h a s  been  c o n d u c t e d  o n  j e t  mix ing  n o i s e  
r e d u c t i o n ,  p a r t i c u l a r l y  f o r  s u p e r s o n i c  c r u i s e  a p p l i c a t i o n  ( r e f .  24 ) .  P r o g r e s s  
h a s  a l s o  been  made i n  d e v e l o p i n g  j e t  n o i s e  r e d u c t i o n  c o n c e p t s  a p p l i c a b l e  t o  
s u b s o n i c  a i r c r a f t .  Two b a s i c  a p p r o a c h e s  t h a t  have  r e c e i v e d  c o n s i d e r a b l e  a t t e n -  
t i o n  a r e  shown i n  f i g u r e  9. 

One a p p r o a c h  i s  t o  mix t h e  f a n  and  c o r e  s t r e a m s ;  t h i s  r e d u c e s  t h e  maximum 
j e t  v e l o c i t y  and  c o n s e q u e n t l y  r e d u c e s  j e t  n o i s e .  I n  a d d i t i o n ,  t h i s  a p p r o a c h  
o f f e r s  t h e  p o t e n t i a l  added  b e n e f i t s  o f  i n c r e a s i n g  t h r u s t  and  r e d u c i n g  s p e c i f i c  
f u e l  consumpt ion .  Such  i n t e r n a l  m i x e r s  have  been  i n v e s t i g a t e d  by t h e  i n d u s t r y  
( r e f s .  25  and  26) , w i t h  some s u p p o r t  f rom t h e  FAA ( r e f .  2 7 ) .  NASA h a s  a l s o  
s u p p o r t e d  mixe r -nozz le  deve lopmen t  s t u d i e s  f o r  l a r g e  and  s m a l l  t u r b o f a n  e n g i n e s  
( r e f s .  2 4  and 13 ,  r e s p e c t i v e l y ) .  Mode l - sca l e  r e s e a r c h  i s  c u r r e n t l y  b e i n g  eon-  
d u c t e d  a t  t h e  Lewis  R e s e a r c h  C e n t e r  t o  h e l p  d e v e l o p  i n t e r n a l  m i x e r  n o i s e  t e c h -  
nology f o r  h i g h - b y p a s s - r a t i o  t u r b o f a n  e n g i n e s  s u c h  a s  t h e  Ene rgy  E f f i c i e n t  
Eng ine .  

T h e  o t h e r  a p p r o a c h  i s  t o  u s e  asymmetry i n  t h e  j e t  e x h a u s t  i n  t h e  form o f  a 
n o i s e  s h i e l d i n g  c o n c e p t .  Two v a r i a t i o n s  t o  t h i s  a p p r o a c h  t h a t  have  been  in -  
v e s t i g a t e d  o n  a p r e l i m i n a r y  b a s i s  a t  t h e  L e w i s  R e s e a r c h  C e n t e r  are  d i s c u s s e d  i n  
t h e  f o l l o w i n g  s e c t i o n s .  

Thermal  A c o u s t i c  S h i e l d i n g  

V e l o c i t y  and  t e m p e r a t u r e  p r o f i l e s  i n  t h e  j e t  f l o w  f i e l d  a f f e c t  n o i s e  gen-  
e r a t i o n  and  p r o p a g a t i o n  ( e .  g. , r e f .  28) , and t h e s e  phenomena c a n  l e a d  t o  n o i s e  
s u p p r e s s i o n  c o n c e p t s  ( e .g .  , r e f .  29 ) .  I t  h a s  been  shown t h a t  a r e l a t i v e l y  
q u i e t  j e t  c a n  s h i e l d  a n o i s i e r  j e t  ( r e f s .  30 and 31). 
c o n s i d e r a t i o n s  t h e  t h e r m a l  acous t i c  s h i e l d  c o n c e p t ,  i l l u s t r a t e d  i n  f i g u r e  l o ,  
i s  r e c e i v i n g  c o n s i d e r a b l e  a t t e n t i o n .  

On t h e  b a s i s  o f  t h e s e  

P r e v i o u s  e x p e r i m e n t a l  s t u d i e s  ( r e f .  32 )  have  shown t h a t  j e t  e x h a u s t  n o i s e  
c a n  be  r e d u c e d  by u s i n g  a f u l l  (os = 360") a n n u l a r  t h e r m a l  a c o u s t i c  s h i e l d  
c o n s i s t i n g  of a h i g h - t e m p e r a t u r e ,  l o w - v e l o c i t y  g a s  stream s u r r o u n d i n g  t h e  h igh-  
v e l o c i t y  c e n t r a l  j e t  e x h a u s t .  I t  h a s  a l s o  been  r e c o g n i z e d  f o r  some t i m e  t h a t  
even  a low- tempera tu re  a n n u l a r  f l o w  r e d u c e s  t h e  n o i s e  o f  t h e  c e n t r a l  j e t ,  a s  i n  
a c o n v e n t i o n a l  b y p a s s  e n g i n e  ( e . g . ,  r e f .  33 ) .  The r e d u c t i o n s  o b t a i n e d  w i t h  a 



fu l l - annu la r  s h i e l d i n g  s t ream are be l ieved  t o  be l imi t ed  by m u l t i p l e  r e f l ec -  
t i o n s  w i t h i n  t h e  j e t ,  It has  been suggested t h a t  a semiannular s h i e l d  
( 9 ,  = 180") would n o t  be l i m i t e d  i n  t h i s  manner. Therefore  an  exp lo ra to ry  
s tudy  o f  t h i s  concept  w a s  begun a t  t h e  L e w i s  Research Center  ( r e f .  34).  

The semiannular thermal  a c o u s t i c  s h i e l d  c o n f i g u r a t i o n  w a s  ob ta ined  by 
b locking  t h e  f low i n  h a l f  of  t h e  o u t e r  stream of a cop lana r ,  coannular  nozz le ,  
as  shown i n  f i g u r e  11. 
t h r e e  a n g l e s  - 8 = 45" (forward quadrant ) ,  8 = 90" (overhead) ,  and 
( a f t  quadrant)  a r e  shown i n  f i g u r e  1 2 .  
p rovides  high-frequency n o i s e  reduct ion  a t  a l l  a n g l e s ,  bu t  t h e  e f f e c t  i s  most 
pronounced i n  t h e  a f t  quadrant  ( 8  = 135"). 
where j e t  n o i s e  peaks,  s i g n i f i c a n t  peak perce ived  n o i s e  l e v e l  (PNL) reduct ions  
should r e s u l t .  Perceived n o i s e  l e v e l  d i r e c t i v i t i e s ,  s ca l ed  up t o  a nominally 
f u l l - s i z e  engine ,  are  shown i n  f i g u r e  13  f o r  t h e s e  same cond i t ions .  
s h i e l d i n g  b e n e f i t s  can  be observed a t  a l l  angles ,  and t h e  r educ t ion  i n  peak PNL 
i s  about 4 PNdB. These promising results i n d i c a t e  t h a t  t h e  thermal a c o u s t i c  
s h i e l d  should be f u r t h e r  i n v e s t i g a t e d  s i n c e  t h e  p re sen t  s tudy w a s  exp lo ra to ry  
and t h e  geometry by no means optimized. 
c o n t r a c t  s tudy  of t h e  thermal  a c o u s t i c  s h i e l d  i n t e g r a t e d  wi th  a n  annu la r  p lug  
nozz le .  
supersonic  c r u i s e  a p p l i c a t i o n ,  promising r e s u l t s  might l ead  t o  concepts  app l i -  
c a b l e  t o  high-bypas s-rat i o  turbofans .  

Typica l  n o i s e  s p e c t r a  f o r  a subsonic  primary j e t  a t  
0 = 135" 

It can  be seen  t h a t  t h e  p a r t i a l  s h i e l d  

S ince  i t  i s  i n  t h e  a f t  quadrant  

The 

L e w i s  h a s  r e c e n t l y  begun a model-scale 

Although t h i s  s tudy i s  motivated p r imar i ly  by t h e  p o s s i b i l i t y  of 

Nozzle Shaping 

Other  means of u s ing  asymmetry i n  t h e  f low f i e l d  of dual-stream exhaus t s  
have been proposed t o  c o n t r o l  noise .  A s  shown i n  f i g u r e  14, f o r  a 
convent ional-ve loc  i t  y-prof i l e  c oannul a r  no zz 1 e, i nc reas i ng t h e  annul a r  he ight  
H f o r  f i x e d  v e l o c i t i e s  and temperatures  reduces t h e  noise .  However, f o r  t h e  
inve r t ed -ve loc i ty -p ro f i l e  c a s e ,  t h e  oppos i t e  t r end  occurs  ( r e f .  35). It  seems 
reasonable  t h e n  t h a t  f avorab le  a c o u s t i c  r e s u l t s  might be obta ined  by proper  
i n t r o d u c t i o n  of asymmetry. S p e c i f i c a l l y ,  t h e  passage he igh t  should be in- 
c r eased  on t h e  s i d e  toward t h e  observer  f o r  a convent iona l  p r o f i l e ,  and f o r  an  
i n v e r t e d  p r o f i l e  t h e  passage he igh t  should be decreased  i n  t h e  d i r e c t i o n  of t h e  
observer .  These t r e n d s  were observed i n  exp lo ra to ry  experiments w i th  t h e  noz- 
z l e  shown i n  f i g u r e  15. The o u t e r  nozz le  w a s  mounted e c c e n t r i c a l l y  t o  produce 
a 70 pe rcen t  r educ t ion  i n  passage he ight  i n  one d i r e c t i o n  and a corresponding 
70 pe rcen t  i n c r e a s e  i n  passage he igh t  i n  t h e  oppos i t e  d i r e c t i o n .  

The expected type  of  r e s u l t s  was obta ined  f o r  t h e  convent ional-veloci ty-  
p r o f i l e  c a s e ,  most l i k e l y  t o  be app l i cab le  t o  high-bypass-ratio tu rbo fans ,  and 
t y p i c a l  r e s u l t s  ( r e f .  36) are shown i n  f i g u r e  16. Measured s p e c t r a  f o r  t h e  
c o n c e n t r i c  and e c c e n t r i c  nozz le s  a r e  compared a t  a d i r e c t i v i t y  angle of 
125", which i s  a t  o r  n e a r  t h e  peak n o i s e  angle .  A s i g n i f i c a n t  suppress ion  i s  
ob ta ined  w i t h  t h e  e c c e n t r i c  nozz le  f o r  model-scale f requencies  above 1000 Hz. 
For  lower f r equenc ie s  t h e  e f f e c t s  are minimal. Also g iven  on t h e  a b s c i s s a  i s  a 
second s c a l e  showing t h e  corresponding f r equenc ie s  f o r  a t y p i c a l  f u l l - s c a l e  
engine  (0.69-m diam). It i s  apparent  t h a t  t h e  suppress ion  occur s  i n  a f r e -  
quency range where i t  would be b e n e f i c i a l  a t  f u l l  s ca l e .  S i m i l a r  r e s u l t s  were 
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o b t a i n e d  f o r  t h e  i n v e r t e d - v e l o c i t y - p r o f  i l e  c a s e  and  show p o t e n t i a l  f o r  s u p e r -  
s o n i c  c r u i s e  a p p l i c a t i o n  ( r e f .  37 ) .  

F o r  p u r p o s e s  o f  p r a c t i c a l  a p p l i c a t i o n  n o i s e  s u p p r e s s i o n  i s  g e n e r a l l y  
d e s i r e d  b o t h  i n  t h e  s i d e l i n e  p l a n e  (Cp e 65") and  t h e  f l y o v e r  p l a n e  (Cp = 0 " ) .  
The e c c e n t r i c  n o z z l e  p r o v i d e s  maximum s u p p r e s s i o n  i n  t h e  f l y o v e r  p l a n e ,  w i t h  
d e c r e a s i n g  s u p p r e s s i o n  a s  Cp i n c r e a s e s  toward  90" .  However, by s h a p i n g  t h e  
a n n u l u s  w i t h  a c o n s t a n t  w ide  w i d t h  t o  CP = go", o r  e v e n  g r e a t e r ,  s i d e l i n e  sup- 
p r e s s i o n  s h o u l d  be a c h i e v a b l e .  I n  t h i s  p r o c e d u r e  t h e  a n n u l u s  w i d t h  must  be  
d e c r e a s e d  f o r  Cp v a l u e s  l a r g e r  t h a n  t h e  Cp f o r  t h e  wide-width a n n u l u s .  T h i s  
i n  e s s e n c e  y i e l d s  a n  a s y m m e t r i c  p a s s a g e  ( f i g .  17)  f o r  t h e  p r e s e n t  n o z z l e  
c o n c e p t .  

It  i s  e x p e c t e d  t h a t  f u r t h e r  s u b s t a n t i a l  n o i s e  s u p p r e s s i o n  c a n  be  a c h i e v e d  
w i t h  shaped  n o z z l e s  by i n c o r p o r a t i n g  s u p p r e s s o r  e l e m e n t s  i n t o  t h e  d e s i g n  con-  
cep t .  Such  n o z z l e  c o n c e p t s  c o u l d  i n c l u d e  e i t h e r  f u l l - c o r e  s t r e a m  s u p p r e s s o r s  
o r  p a r t i a l - c o r e  stream s u p p r e s s o r s .  The a p p l i c a t i o n  o f  s u c h  s u p p r e s s o r s  c o u l d  
n o t  o n l y  r e d u c e  t h e  j e t  n o i s e ,  b u t  c o u l d  a l s o  e n h a n c e  t h e  u s u a l  s u p p r e s s o r  
n o i s e  r e d u c t i o n  o f  t h e  b a s e l i n e  n o z z l e s  by a d v a n t a g e o u s l y  a l t e r i n g  t h e  j e t  
plume v e l o c i t y  p r o f i l e .  

FLIGHT EFFECTS 

To a s s e s s  t h e  e f f e c t  o f  a i r c r a f t  n o i s e  o n  t h e  e n v i r o n m e n t  i n  t h e  v i c i n i t y  
o f  a n  a i r p o r t ,  i t  i s  n e c e s s a r y  t o  p r e d i c t  t h e  e f f e c t s  of  f l i g h t  on t h e  v a r i o u s  
components  of e n g i n e  n o i s e .  F o r  new o r  p roposed  a i r c r a f t  s u c h  p r e d i c t i o n s  mus t  
o f t e n  be  made o n  t h e  b a s i s  o f  o n l y  s t a t i c  d a t a  f o r  t h e  f u l l - s c a l e  e n g i n e ,  s i n c e  
c o s t s  l i m i t  t h e  number of  c o n f i g u r a t i o n s  t h a t  c a n  be f l i g h t  tes ted.  T h e r e f o r e  
i t  i s  e s s e n t i a l  t h a t  me thods  be  d e v e l o p e d  f o r  o b t a i n i n g  v a l i d  s t a t i c  d a t a  f o r  
p r o j e c t i o n  t o  f l i g h t  a s  w e l l  a s  a n a l y t i c a l  p r o c e d u r e s  f o r  making s u c h  p r o j e c -  
t i o n s .  The g e n e r a l  p rob lem i s  c o m p l i c a t e d  by t h e  f a c t  t h a t  t h e  e f f e c t s  o f  
f l i g h t  a r e  n o t  t h e  same f o r  a l l  t h e  n o i s e  components .  The Lewis  R e s e a r c h  
C e n t e r  p rograms  f o c u s  o n  t h e  d i f f e r e n t  p rob lems  o f  i n l e t  and  e x h a u s t  n o i s e  
f 1 i g h t  e f f e c t  s and  s i m u l a t i o n .  

F a n  I n l e t  'No i se  

Modern t u r b o f a n  e n g i n e s  e x h i b i t  less f a n  n o i s e  i n  f l i g h t  t h a n  i s  p r o j e c t e d  
f r o m  g round  s t a t i c  tests.  A m a j o r  r e a s o n  f o r  t h i s  d i s c r e p a n c y  i s  t h e  a p p a r e n t  
e x i s t e n c e  o f  a n  a d d i t i o n a l  n o i s e  s o u r c e  i n  g round  s t a t i c  tes ts  t h a t  i s  not pres- 
ent i n  f l i g h t .  T h i s  extraneous noise mechanism, i l l u s t r a t e d  i n  f igu re  18, is 
d u e  t o  ro tor  i n t e r a c t i o n  w i t h  i n f l o w  d i s t u r b a n c e s .  The  rotor b l a d e s  c u t  e x t e r -  
n a l l y  p roduced  t u r b u l e n c e ,  wakes,  o r  v o r t i c e s  t h a t  a r e  drawn i n t o  t h e  i n l e t .  
A t  s u b s o n i c  f a n  t i p  s p e e d s  t h i s  source o f t e n  o b s c u r e s  o r  c o m p l e t e l y  masks  t h e  
rotor-s ta tor  i n t e r a c t i o n  s o u r c e  e x p e c t e d  t o  be  dominan t  i n  f l i g h t  

The  r e a s o n  f o r  t h e  prominence  o f  t h e  i n f l o w  s o u r c e  s t a t i c a l l y  a n d  i t s  
g r e a t l y  r e d u c e d  i m p o r t a n c e  i n  f l i g h t  ( r e f .  10 )  are  i l l u s t r a t e d  i n  f i g u r e  19. 
The n a t u r e  o f  t h e  f a n  i n l e t  f l o w  f i e l d  f o r  b o t h  t h e  s t a t i c  and  f l i g h t  c a s e s  i s  
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shown o n  t h e  l e f t  s i d e  o f  t h e  f i g u r e ,  and  t h e  c o r r e s p o n d i n g  f a n  s p e c t r a  a r e  
shown o n  t h e  r i g h t .  I n  t h e  s t a t i c  c a s e  t u r b u l e n c e  i n  t h e  a tmosphe re  a s  w e l l  a s  
wakes  and  v o r t i c e s  f rom t h e  p r o x i m i t y  o f  t h e  t e s t  s t a n d  and  g round  p l a n e  a r e  
d rawn  i n t o  t h e  i n l e t  t h r o u g h  t h e  g r e a t l y  c o n t r a c t i n g  stream t u b e s .  The con- 
t r a c t i o n  i n t e n s i f i e s  t r a n s v e r s e  t u r b u l e n t  f l u c t u a t i o n s  and  s t r e t c h e s  t h e  d i s -  
t u r b a n c e s  a x i a l l y  so t h a t  t h e  r o t o r  b l a d e s  c u t  e a c h  i n t e n s i f i e d  d i s t u r b a n c e  
many times. Tone b u r s t s  a r e  g e n e r a t e d  t h a t  a p p e a r  as  a s t r o n g  b l a d e  p a s s i n g  
t o n e  and  ha rmon ics  i n  t h e  f a n  spec t rum.  I n  c o n t r a s t ,  i n  t h e  f l i g h t  case t h e  
s t r e a m  t u b e s  d o  n o t  c o n t r a c t  t o  i n t e n s i f y  and  e l o n g a t e  t h e  a t m o s p h e r i c  t u r b u -  
l e n c e ,  and  t e s t - s t a n d  and g round-p lane  d i s t u r b a n c e s  a r e  n o t  p r e s e n t .  Thus  f o r  
f a n  s t a g e s  t h a t  have  b e e n  d e s i g n e d  t o  l i m i t  t h e  n o i s e  produced  by . r o t o r - s t a t o r  
i n t e r a c t i o n ,  t h e  t o n e  l e v e l s ,  p a r t i c u l a r l y  t h o s e  o f  t h e  fundamen ta l  t o n e ,  a r e  
g r e a t l y  reduced .  

S e v e r a l  i n v e s t i g a t o r s  ( r e f s .  38 t o  44) have  shown t h a t  honeycomb-screen 
s t r u c t u r e s  mounted o v e r  t h e  t e s t  i n l e t  c a n  r e d u c e  i n f l o w  d i s t u r b a n c e s  and  t h e  
r e s u l t a n t  t o n e  n o i s e .  R e c e n t  t es t s  have  b e e n  c o n d u c t e d  a t  t h e  L e w i s  R e s e a r c h  
Cehter  t o  e v a l u a t e  s e v e r a l  t y p e s  of  i n f l o w  c o n t r o l  d e v i c e s  (ICD) s i m i l a r  t o  
t h a t  shown i n  f i g u r e  20 ( r e f .  4 5 ) .  T h e s e  t e s t s  were c o n d u c t e d  o n  a JT15D en- 
g i n e  w i t h  a m a s s i v e  e x h a u s t  m u f f l e r ,  a s  shown i n  f i g u r e  21. The I C D ' s  r anged  
f r o m  1.6 t o  4 f a n  d i a m e t e r s  i n  s i z e  and d i f f e r e d  i n  s h a p e  and  f a b r i c a t i o n  
method.  The resul ts  o b t a i n e d  w i t h  t h e  I C D  shown i n  f i g u r e s  20 and 21 a r e  sum- 
m a r i z e d  i n  f i g u r e  22. A l l  t h e  I C D ' s  s i g n i f i c a n t l y  r educed  t h e  b l a d e  p a s s i n g  
t o n e  i n  t h e  f a r  f i e l d ,  b u t  t h e  s m a l l e s t  I C D ' s  a p p a r e n t l y  i n t r o d u c e d  p r o p a g a t i n g  
modes t h a t  c o u l d  be  i d e n t i f i e d  by a d d i t i o n a l  l o b e s  i n  t h e  d i r e c t i v i t y  p a t -  
t e r n s .  O t h e r  r e c e n t  e x p e r i m e n t s  o n  f a n  s o u r c e  n o i s e  w i t h  t h i s  t y p e  o f  I C D  a r e  
r e p o r t e d  i n  r e f e r e n c e  46. F l i g h t  t e s t s  a re  b e i n g  c o n d u c t e d  by t h e  Lang ley  
R e s e a r c h  C e n t e r  f o r  t h i s  e n g i n e  mounted o n  a n  OV-1 a i r p l a n e  a s  shown i n  f i g -  
u r e  23. Thus a c t u a l  f l i g h t  d a t a  w i l l  be  o b t a i n e d  t h a t  w i l l  p e r m i t  a n  e v a l u a -  
t i o n  o f  how w e l l  t h e  ICD's r e p r o d u c e  t h e  f l i g h t  t y p e  o f  i n f l o w  c o n d i t i o n .  

Jet E x h a u s t  N o i s e  

The s u b j e c t  o f  f l i g h t  e f f e c t s  o n  j e t  e x h a u s t  n o i s e  h a s  been  a r a t h e r  con-  
t r o v e r s i a l  o n e  i n  r e c e n t  y e a r s .  Some o f  t h e  t e r m i n o l o g y  needed  t o  d e s c r i b e  
f l i g h t  e f f e c t s  i s  d e f i n e d  i n  f i g u r e  24. The c a s e s  c o n s i d e r e d  h e r e i n  a r e  l e v e l  
f l y o v e r s  a t  a n  a i r p l a n e  v e l o c i t y  o f  V o .  The o b s e r v e r  i s  l o c a t e d  a t  a n  
a n g l e  6 f rom t h e  e n g i n e  i n l e t  a x i s .  

Accord ing  t o  c l a s s i c a l  j e t  n o i s e  t h e o r y  i n - f l i g h t  j e t  n o i s e  s h o u l d  f o l l o w  
a f a i r l y  s i m p l e  r e l a t i o n ,  a s  t h e  v e l o c i t y  a r r o w s  a t  t h e  bo t tom o f  f i g u r e  2 4  
s u g g e s t .  V j  (shown by t h e  u p p e r ,  l o n g e r  
a r r o w ) ,  i n c r e a s i n g  t h e  f l i g h t  v e l o c i t y  V o  ( shown by t h e  lower ,  s h o r t e r  
a r r o w )  r e d u c e s  t h e  v e l o c i t y  of t h e  j e t  r e l a t i v e  t o  t h e  a i r .  T h i s  r e d u c e s  t h e  
s h e a r ,  and t h e r e f o r e  t h e  n o i s e  s h o u l d  be  less i n  f l i g h t .  

F o r  a g i v e n  a b s o l u t e  j e t  v e l o c i t y  

The c u r r e n t  i n t e r e s t  i n  f l i g h t  e f f e c t s  was g r e a t l y  s t i m u l a t e d  s e v e r a l  
y e a r s  a g o  when Ro l l s -Royce  ( r e f s .  47  and 48 )  r e p o r t e d  r e s u l t s  l i k e  t h o s e  shown 
i n  f i g u r e  25,  where  t h e  o v e r a l l  sound p r e s s u r e  l e v e l  i s  p l o t t e d  as  a f u n c t i o n  
o f  d i r e c t i v i t y  a n g l e .  The s t a t i c  case i s  shown by t h e  s o l i d  c u r v e ,  and  t h e  
c o r r e s p o n d i n g  f l i g h t  c a s e  i s  shown by t h e  dash -do t  a n d  c u r v e .  The n o i s e  i n  t h e  



r e a r  q u a d r a n t  was r e d u c e d ,  a s  e x p e c t e d .  However, i n  some cases,  s u c h  as  t h e  
one  shown h e r e ,  t h e  n o i s e  i n  t h e  f o r w a r d  q u a d r a n t  i n c r e a s e d  i n  f l i g h t .  F u r t h e r  
c o n f u s i n g  t h e  i s s u e  i s  t h e  f a c t  t h a t  mode l - j e t  s i m u l a t e d  f l i g h t  t es t s  i n d i c a t e  
t h a t  i n - f l i g h t  n o i s e  s h o u l d  b e  r e d u c e d  a t  a l l  a n g l e s ,  a s  shown by t h e  d a s h e d  
c u r v e .  S t u d i e s  c o n d u c t e d  o r  s p o n s o r e d  by NASA s u g g e s t  t h a t  t h e s e  a p p a r e n t  
a n o m a l i e s  c a n  be  r e s o l v e d  when t h e  e n g i n e  i n t e r n a l  n o i s e  i s  c o n s i d e r e d  
( r e f s .  49 t o  55 ) .  
( r e f .  56)  t h a t  t h e  t o t a l  i n - f l i g h t  n o i s e  e x c e e d s  t h e  s t a t i c  l e v e l  e v e n  t h o u g h  
t h e  j e t  n o i s e  i s  r educed .  

The  i n t e r n a l  n o i s e  i s  a m p l i f i e d  by a s u f f i c i e n t  amount 

Based o n  t h e  f a v o r a b l e  c o m p a r i s o n s  w i t h  f l i g h t  d a t a  when i n t e r n a l  n o i s e  i s  
a c c o u n t e d  f o r ,  a methodology h a s  b e e n  d e v e l o p e d  f o r  p r e d i c t i n g  i n - f l i g h t  ex- 
h a u s t  n o i s e  f o r  s i n g l e - s t r e a m  e x h a u s t s  f r o m  s t a t i c  d a t a  ( r e f .  5 7 ) .  
odo logy  i s  i l l u s t r a t e d  i n  f i g u r e  26. The e x p e r i m e n t a l l y  d e t e r m i n e d  s t a t i c  
t o t a l  n o i s e  i s  compared w i t h  t h e  j e t  mix ing  and s h o c k - c e l l  n o i s e  p r e d i c t e d  f r o m  
r e f e r e n c e  58. T h e  p r e d i c t e d  j e t  n o i s e  and  s h o c k  n o i s e  a r e  a n t i l o g a r i t h m i c a l l y  
s u b t r a c t e d  f r o m  t h e  t o t a l  measu red  n o i s e  t o  p r o d u c e  a n  i n f e r r e d  e x c e s s  n o i s e .  
The i n f e r r e d  e x c e s s  n o i s e  i s  c o r r e l a t e d  w i t h  s i m i l a r  d a t a  f o r  o t h e r  a n g l e s  and  
power s e t t i n g s  t o  p r o d u c e  a n  e m p i r i c a l  e x c e s s  n o i s e  c o r r e l a t i o n .  
l a t e d  e x c e s s  n o i s e  and  t h e  s h o c k  n o i s e  a r e  t h e n  p r o j e c t e d  t o  f l i g h t ,  a s  shown 
o n  t h e  r i g h t  s i d e  o f  f i g u r e  26,  w i t h  t h e  a s s u m p t i o n  o f  a D o p p l e r  f r e q u e n c y  
s h i f t  and  a n  a m p l i f i c a t i o n  o f  -40 l o g  ( 1  - Mu cos 8). 
i n  f l i g h t  i s  p r e d i c t e d  f rom r e f e r e n c e  58 ,  and  t h e  t o t a l  p r o j e c t e d  f l i g h t  n o i s e  
i s  o b t a i n e d  by a n t i l o g a r i t h m i c  add  i t  ion .  

T h i s  meth-  

The c o r r e -  

The j e t  mix ing  n o i s e  

T y p i c a l  s t a t i c  r e s u l t s  a r e  shown i n  f i g u r e  27 f o r  a n  Orenda  t u r b o j e t  o n  a n  
F-86 a i r p l a n e  a t  h i g h  j e t  v e l o c i t y  ( 5 9 6  m/sec>. The r e s u l t s  were o b t a i n e d  by 
Boeing  ( r e f .  59)  and made a v a i l a b l e  t o  NASA. Noise s p e c t r a  a r e  shown a t  t h r e e  
a n g l e s  - 8 = 50" ( f o r w a r d  q u a d r a n t ) ,  8 = 90" ( o v e r h e a d ) ,  and 8 = 130" ( p e a k  
n o i s e ,  a f t  q u a d r a n t ) .  I t  c a n  be  s e e n  t h a t  t h e  i m p o r t a n c e  of  t h e  v a r i o u s  n o i s e  
s o u r c e s  v a r i e s  w i t h  t h e  d i f f e r e n t  a n g l e s .  Shock n o i s e  i s  dominant  i n  t h e  f o r -  
ward q u a d r a n t ,  and  j e t  mix ing  n o i s e  i s  dominant  i n  t h e  a f t  q u a d r a n t .  A t  l o w e r  
power s e t t i n g s  t h e  e x c e s s  n o i s e  becomes more i m p o r t a n t .  The  p r o j e c t i o n  of  
t h e s e  d a t a  t o  f l i g h t  i s  compared w i t h  a c t u a l  f l y o v e r  d a t a  i n  f i g u r e  28. The 
r e l a t i v e  i m p o r t a n c e  of  j e t  m i x i n g  n o i s e  i s  r educed  a s  compared w i t h  t h e  s t a t i c  
c a s e  ( f i g .  271,  and  t h e  p r o j e c t i o n  a g r e e s  r a t h e r  wel l  w i t h  t h e  e x p e r i m e n t a l  
d a t a .  
r e f e r e n c e  58 and  f o r  t h e  585 t u r b o j e t  o n  t h e  B e r t i n  a e r o t r a i n  i n  r e f e r e n c e  60.  

A d d i t i o n a l  c o m p a r i s o n s  a r e  shown f o r  t h e  Orenda  e n g i n e  o n  t h e  F-86 i n  

CONCLUDING REMARKS 

T h i s  p a p e r  r e v i e w s  some of  t h e  r e c e n t  i m p o r t a n t  d e v e l o p m e n t s  i n  e n g i n e  
n o i s e  r e d u c t i o n  t e c h n o l o g y .  Some d e v e l o p m e n t s  o f  p a r t i c u l a r  i n t e r e s t  a r e  a s  
f 01 lows : 

1. Sweeping o f  t h e  f a n  b l a d e s  h a s  b e e n  shown t o  be  u s e f u l  i n  r e d u c i n g  
m u l t i p l e - p u r e - t o n e  n o i s e .  S i m i l a r l y ,  i n c r e a s i n g  sweep h a s  b e e n  shown t o  r e d u c e  
t h e  n o i s e  of advanced  t u r b o p r o p  models. 
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2. Two methods of  u s i n g  n o z z l e  asymmetry have been shown t o  reduce j e t  
e x h a u s t  n o i s e :  n o n c o n c e n t r i c  d u a l - s t r e a m  e x h g u s t s  and t h e  the rma l  a c o u s t i c  
s h i e l d .  

3. I n l e t  f l o w  c o n t r o l  d e v i c e s  have been  deve loped  t h a t  a p p e a r  t o  a l l o w  
s t a t i c  f a n  n o i s e  t es t s  t o  be made w i t h  i n f l o w  c o n d i t i o n s  approx ima t ing  t h o s e  
e n c o u n t e r e d  i n  f l i g h t .  F l i g h t  t es t s  are planned t o  more f u l l y  r e s o l v e  t h e  
issue. 

4. It  i s  shown t h a t  s t a t i c  j e t  e n g i n e  e x h a u s t  n o i s e  c a n  be  a c c u r a t e l y  pro- 
j e c t e d  t o  f l i g h t  on a n  a b s o l u t e  b a s i s .  
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Figure  1.-  Noise c o n s t r a i n t s  a t  major world airports. 
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Figure  2.- Turbofan engine n o i s e  sources .  
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Figure  3.- Fan n o i s e  sources .  
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Figure  4.- Fan no i se  spectra a t  subsonic  
and supe r son ic  t i p  speeds. 
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Figure 5.- Swept-rotor fan. 
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Figure 6.- Multiple-pure-tone generation of unswept- 
and swept-rotor fans. 
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Figure 7.- Propeller model comparison. (Note: 1 f t  = 0.305 m 
and 1 hp / f t2  = 801 8 W/m2. ) 
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Figure 8.- Effect of t i p  Mach number on measured noise. 
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Figure  9.- Jet n o i s e  r educ t ion  concepts .  
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Figure  10.- Thermal a c o u s t i c  s h i e l d  schematic.  
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F i g u r e  11.- Thermal a c o u s t i c  s h i e l d  

t es t  c o n f i g u r a t i o n .  
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F i g u r e  12.- Effect  of s h i e l d i n g  f l o w  on s u b s o n i c  je t  n o i s e  for 
c o p l a n a r ,  coannular  nozz le .  Je t  velocity, 575 m/sec. 
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F igure  14.- Coannular nozz le  geometric effects. 
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Figure 15.- Concentric and eccentric nozzles. 
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Figure 16.- Model-scale spectra. 8 = 125O; PRi = 2.2; 
P&, = 1.4;  Vo = 496 m/sec; Vi = 229 m/sec. 
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Figure 17.- Nonaxisymmetric application 
of suppression principle. 
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Figure  19.- Forward v e l o c i t y  e f f e c t s  on 
i n l e t  flow and noise .  
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Figure  20.- Inf low c o n t r o l  device.  ( N o t e :  1 in .  = 2.54 Cm.) 
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Figure  21 .- JT15D engine w i t h  ICD i n s t a l l e d .  
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Figure  22.-  Effec t  of inf low c o n t r o l  device  on f a n  no i se  genera t ion .  
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Figure 23.- OV-1 i n  f l i g h t  with JT15D engine i n s t a l l e d .  
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Figure 24.- F l ight  effects on 
exhaust noise .  
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Figure 25.- Typical flight effects on exhaust noise. 
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Figure 26.- Methodology for predicting in-flight 
noise from static data. 
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SOURCES, CONTROL, AND EFFECTS OF NOISE FROM AIRCRAFT 

PROPELLERS AND ROTORS 

John S. Mixson, George C. Greene, and Thomas K. Dempsey 

SUMMARY 

C o n t r o l  of n o i s e  g e n e r a t e d  by a i r c r a f t  p r o p e l l e r s  and r o t o r s  i s  i m p o r t a n t  
t o  minimize annoyance o r  d i s c o m f o r t  f e l t  by community r e s i d e n t s  and a i r c r a f t  
passengers .  T h i s  paper  d e s c r i b e s  r e c e n t  NASA and NASA-sponsored r e s e a r c h  on 
t h e  p r e d i c t i o n  and c o n t r o l  of p r o p e l l e r  and r o t o r  s o u r c e  n o i s e ,  on t h e  a n a l y s i s  
and d e s i g n  of f u s e l a g e - s i d e w a l l  n o i s e  c o n t r o l  t r e a t m e n t s ,  and on t h e  measure- 
ment and q u a n t i f i c a t i o n  o f  t h e  r e s p o n s e  of p a s s e n g e r s  t o  a i r c r a f t  n o i s e .  
Source n o i s e  p r e d i c t i o n s  are compared w i t h  measurements f o r  c o n v e n t i o n a l  low- 
speed p r o p e l l e r s ,  f o r  new high-speed p r o p e l l e r s  ( p r o p f a n s ) ,  and f o r  a 
h e l i c o p t e r .  R e s u l t s  from a l i g h t  a i r c r a f t  demonst ra t ion  program are d e s c r i b e d ,  
i n d i c a t i n g  t h a t  about  5-dB r e d u c t i o n  of f l y o v e r  n o i s e  can  b e  o b t a i n e d  w i t h o u t  
s i g n i f i c a n t  performance p e n a l t y .  S i d e w a l l  d e s i g n  s t u d i e s  are  d e s c r i b e d  f o r  
i n t e r i o r  n o i s e  c o n t r o l  i n  l i g h t  g e n e r a l  a v i a t i o n  a i r c r a f t  and i n  l a r g e  t r a n s -  
p o r t s  u s i n g  propfan  p r o p u l s i o n .  The weight  of t h e  added a c o u s t i c  t r e a t m e n t  
i s  e s t i m a t e d  and t r a d e o f f s  between weight  and n o i s e  r e d u c t i o n  are d i s c u s s e d .  
A l a b o r a t o r y  s t u d y  of passenger  r e s p o n s e  t o  combined broadband and t o n a l  
p r o p e l l e r - l i k e  n o i s e  is  d e s c r i b e d .  S u b j e c t  d i s c o m f o r t  r a t i n g s  of combined 
tone-broadband n o i s e s  are compared w i t h  r a t i n g s  of broadband (boundary l a y e r )  
n o i s e  a lone ,and  t h e  re la t ive  importance of t h e  p r o p e l l e r  t o n e s  i s  examined. 

INTRODUCTION 

Noise g e n e r a t e d  by a i r c r a f t  p r o p e l l e r s  and r o t o r s  can  propagate  i n t o  t h e  
a i r p o r t  community and i n t o  t h e  a i r c r a f t  i n t e r i o r  c a u s i n g  annoyance and discom- 
f o r t  of r e s i d e n t s  and p a s s e n g e r s .  The importance of c o n t r o l  i s  i n d i c a t e d  by 
t h e  l a r g e  number of g e n e r a l  a v i a t i o n  a i r c r a f t ,  t h e  i n c r e a s i n g  u s e  of  fixed-wing 
and rotary-wing b u s i n e s s  a i r c r a f t ,  and t h e  i n c r e a s i n g  number of  p r o p e l l e r - d r i v e n  
commuter a i r c r a f t .  I n  a d d i t i o n ,  t h e  need t o  r e d u c e  f u e l  consumption h a s  l e a d  
t o  t h e  s t u d y  of  high-speed, l a r g e  c a p a c i t y ,  p r o p e l l e r - d r i v e n  a i r c r a f t  t o  b e  
used i n  scheduled  a i r l i n e  service as a l t e r n a t e s  t o  c u r r e n t  j e t  a i r c r a f t .  While 
developing  n o i s e  c o n t r o l  methods,  i t  is a l s o  impor tan t  t o  minimize t h e  impact  
of n o i s e  c o n t r o l  on t h e  a i r c r a f t  performance and weight .  

C o n t r o l  of  t h e  n o i s e  a t  t h e  s o u r c e  can  b e  expec ted  t o  r e d u c e  t h e  impact on 
b o t h  community and p a s s e n g e r s .  T h i s  paper  d e s c r i b e s  r e c e n t  s t u d i e s  of t h e  
p r e d i c t i o n  and c o n t r o l  of s o u r c e  n o i s e  genera ted  by c o n v e n t i o n a l  low-speed 
p r o p e l l e r s ,  by new high-speed p r o p e l l e r s  ( p r o p f a n s ) ,  and by h e l i c o p t e r  r o t o r s .  
I n  a d d i t i o n  t o  s o u r c e  n o i s e  r e d u c t i o n ,  n o i s e  c o n t r o l  t r e a t m e n t  i s  u s u a l l y  
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requi red  i n  t h e  a i r c r a f t  s idewa l l  t o  provide a comfortable environment f o r  
passengers .  Recent s t u d i e s  of t h e  a n a l y s i s  and des ign  of a c o u s t i c  t rea tment  
f o r  a i r c r a f t  s idewa l l s  are descr ibed  f o r  a p p l i c a t i o n  t o  l i g h t  gene ra l  a v i a t i o n  
a i r c r a f t  and t o  l a r g e  t r a n s p o r t s  using propfan propuls ion.  Approaches t o  
minimizing t h e  added weight are a l s o  d iscussed .  Minimizing t h e  a i r c r a f t  weight 
o r  performance pena l ty  whi le  providing an accep tab le  environment r e q u i r e s  a 
d e t a i l e d  understanding of t h e  responses  of people  t o  t h e  noise .  Therefore ,  t h e  
f i n a l  t o p i c  d iscussed  i n  t h i s  paper i s  t h e  measurement of passenger response 
t o  n o i s e  and v i b r a t i o n  environments, inc luding  a r ecen t  l abora to ry  s tudy  us ing  
combined broadband n o i s e  and t o n a l  propel le r - type  noise .  The paper summarizes 
t h e  o b j e c t i v e s ,  r ecen t  r e s u l t s ,  and f u t u r e  t r ends  of NASA and NASA-sponsored 
r e sea rch  i n  t h e  t h r e e  areas, wi th  s p e c i f i c  a t t e n t i o n  t o  a p p l i c a t i o n s  t o  
genera l  a v i a t i o n  a i r c r a f t ,  h e l i c o p t e r s ,  and advanced high-speed turboprop 
a i r c r a f t  . 

PROPELLER AND ROTOR NOISE PREDICTION 

The purpose of NASA's p r o p e l l e r  and h e l i c o p t e r - r o t o r  no i se  r e sea rch  
program is t o  provide a technology base f o r  reducing no i se  with a minimum of 
performance, weight ,  and economic p e n a l t i e s .  Noise p r e d i c t i o n  technology 
r e p r e s e n t s  t h e  most b a s i c  p a r t  of t h e  program. The emphasis of t h i s  a c t i v i t y  
i s  on t h e  understanding and p r e d i c t i o n  of n o i s e  us ing  b a s i c  p r i n c i p l e s  of 
physics .  This  r e q u i r e s  a knowledge of t h e  geometry, ope ra t ing  cond i t ions ,  and 
aerodynamic c h a r a c t e r i s t i c s  of the  p r o p e l l e r / r o t o r .  

Low-Speed P r o p e l l e r s  

Examples of n o i s e  c a l c u l a t i o n s  f o r  low-speed p r o p e l l e r s  using r e c e n t l y  
developed technology ( r e f s .  1-3) are shown i n  f i g u r e s  1 and 2. F igure  1 
shows a comparison of measured and ca l cu la t ed  n o i s e  f o r  a l i g h t ,  twin-engine 
t r a n s p o r t  a i r c r a f t .  The d a t a ,  obtained dur ing  an ex tens ive  f l i g h t  test 
program ( r e f .  l ) , w e r e  taken a t  a p r o p e l l e r - t i p  Mach number of approximately 
0.85, a t  an a i r speed  of approximately 55 m / s ,  and wi th  one engine shutdown. 
The a c o u s t i c  measurements w e r e  made i n  t h e  p l ane  of t h e  p r o p e l l e r  wi th  a micro- 
phone mounted on a boom on t h e  a i r c r a f t  wing. The n o i s e  c a l c u l a t i o n s  were 
made us ing  t h e  two methods descr ibed  i n  r e f e r e n c e  3 ,  both g iv ing  t h e  same 
numerical r e s u l t s .  The good agreement shown i s  t y p i c a l  of t h e  comparisons over  
a range of f l i g h t  condi t ions .  

F igure  2 shows another  comparison of measured and ca l cu la t ed  r e s u l t s  f o r  
low-speed p r o p e l l e r s  ( r e f .  2 ) .  The measurements w e r e  made dur ing  t h e  
eva lua t ion  of q u i e t  p r o p e l l e r  des igns  i n  an  anechoic wind tunne l ,  as shown 
i n  t h e  schematic on t h e  r i g h t  s i d e  of t h e  f i g u r e .  The d a t a  are f o r  a 1 / 4 -  
scale model of a l i g h t ,  s ingle-engine a i r c r a f t  p r o p e l l e r  a t  an a i r speed  of 
approximately 30 m / s .  
t h e  airstream 1 diameter  from t h e  cen te r  of p r o p e l l e r  r o t a t i o n .  The a c o u s t i c  
p re s su re  t i m e  h i s t o r y  i s  presented  f o r  approximately two r evo lu t ions  of t h e  
p r o p e l l e r .  The almost p e r f e c t  agreement is  a r e s u l t  of very  c a r e f u l  

Noise d a t a  w e r e  measured wi th  a microphone mounted i n  
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a c o u s t i c  measurements and a c c u r a t e  c a l c u l a t i o n s  of t h e  p r o p e l l e r  aerodynamic 
c h a r a c t e r i s t i c s .  

High-speed P r o p e l l e r s  

High-speed p r o p e l l e r / r o t o r  n o i s e  p r e d i c t i o n  technology i s  evolving 
r a p i d l y  ( r e f s .  3-7). It i s  a d i f f i c u l t  problem because of t h e  r e l a t i v e l y  h igh  
t i p  Mach numbers, advanced b l ade  geometry, and complex aerodynamic f low f i e l d .  
I n  a d d i t i o n ,  t h e r e  i s  l i t t l e  a c o u s t i c  d a t a  a v a i l a b l e  t o  e v a l u a t e  t h e  pre- 
d i c t i o n s  because t h e r e  are no high-speed a c o u s t i c  f a c i l i t i e s  f o r  t e s t i n g  
p r o p e l l e r s .  

A comparison of p red ic t ed  and measured n o i s e  f o r  a compromise test 
cond i t ion  ( r e f .  8 )  is  shown i n  f i g u r e  3. These r e s u l t s  are f o r  a 0.61-m 
diameter ,  two-bladed v e r s i o n  of t h e  high-speed p r o p e l l e r  shown i n  t h e  photo- 
graph. This  p r o p e l l e r  w a s  designed f o r  a f r ees t r eam Mach number of 0.8 and 
w a s  t e s t e d  i n  an  open-jet  wind tunne l  a t  a f r ees t r eam Mach number of 0.3 wi th  
t h e  p r o p e l l e r  rpm increased  so  t h a t  t h e  t i p  Mach number w a s  equa l  t o  t h e  des ign  
va lue  of approximately 1.13. The n o i s e  measurements w e r e  made i n  an anechoic  
chamber surrounding t h e  f r e e  j e t  wi th  c o r r e c t i o n s  a p p l i e d  f o r  t h e  shear - layer  
e f f e c t s .  
which inc ludes  only  t h e  e f f e c t s  of b l ade  th i ckness  and loading.  The agreement 
f o r  t h e  lower harmonics i s  good; howeversthere  i s  a tendency t o  underpredic t  
t h e  l e v e l  of t h e  fundamental. 

The n o i s e  c a l c u l a t i o n s  were made using t h e  method of r e f e r e n c e  9 ,  

This  tendency t o  underpredic t  t h e  fundamental is  d i f f e r e n t  from r e s u l t s  
( r e f .  10) obta ined  i n  a hard-wall wind tunne l  a t  f r ees t r eam Mach numbers 
between 0.6 and 0.85. Reference 10 i n d i c a t e s  t h a t  t h e  n o i s e  l e v e l  a t  t h e  
fundamental frequency i s  n e a r l y  cons t an t  f o r  t i p  Mach numbers above 1.07. A t  
a t i p  Mach number of 1 . 1 4 ,  t h e  n o i s e  l e v e l  p red ic t ed  by t h e  method of 
r e f e r e n c e  9 i s  5 t o  10 dB h ighe r  t han  t h e  va lues  measured i n  t h e  hard-wall  
tunnel .  It has  no t  been e s t a b l i s h e d  whether t h e  d i f f e r e n c e s  between measured 
and c a l c u l a t e d  n o i s e  are due t o  f a c i l i t y  d i f f e r e n c e s ,  measurement techniques ,  
o r  d i f f i c u l t y  i n  modeling t h e  ae roacous t i c  phenomena. This  u n c e r t a i n t y  may be 
reso lved  dur ing  planned f l i g h t  tes ts  of t h e  p r d p e l l e r s  used i n  t h e  s tudy  
descr ibed  i n  r e f e r e n c e  10. 

He l i cop te r s  

He l i cop te r  n o i s e  i s  more d i f f i c u l t  t o  p r e d i c t  than  p r o p e l l e r  n o i s e  because 
of t h e  complex aerodynamic environment i n  which t h e  r o t o r s  ope ra t e .  The n o i s e  
f i e l d  is  h igh ly  dependent upon a i r c r a f t  geometry and aerodynamic environment, 
and t h e  dominant n o i s e  gene ra t ing  mechanism may change wi th  f l i g h t  cond i t ion  
o r  observer  l o c a t i o n s .  

He l i cop te r  n o i s e  p r e d i c t i o n  methodology has  been under development f o r  
many yea r s .  I n  s p i t e  of s i g n i f i c a n t  advances ( f o r  example, r e f .  111, there i s  
s t i l l  no g e n e r a l l y  accepted method which can a c c u r a t e l y  p r e d i c t  h e l i c o p t e r  
r o t o r  no ise .  E f f o r t s  t o  develop b e t t e r  methods have been hampered by t h e  
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p r o p r i e t a r y  n a t u r e  of h e l i c o p t e r  n o i s e  p r e d i c t i o n  methods and a r e luc t ance  t o  
sha re  n o i s e  d a t a  because of compet i t ive  p re s su re  and pending n o i s e  r egu la t ions .  
The absence of a h igh-qual i ty  and complete d a t a  base  f o r  a wide range of 
h e l i c o p t e r  conf igu ra t ions  has  had a nega t ive  impact on t h e  development and 
gene ra l  acceptance of no i se  p r e d i c t i o n  theory .  

Acquis i t ion  of a d a t a  base  has  a l s o  been hampered by t h e  gene ra l  l a c k  
of ground f a c i l i t i e s  wi th  c a p a b i l i t y  f o r  a c o u s t i c  tests of h e l i c o p t e r  models. 
The only f a c i l i t y  s p e c i f i c a l l y  designed f o r  h e l i c o p t e r  n o i s e  r e sea rch  i s  t h e  
Army indoor hover f a c i l i t y  a t  t h e  Ames Research Center ,  which has  proved t o  be  
a va luab le  r e sea rch  t o o l .  A number of o t h e r  f a c i l i t i e s  have been used f o r  
h e l i c o p t e r  no i se  r e sea rch  inc luding  the  Ames 40 x 80 wind tunne l ,  t h e  Langley 
V/STOL tunne l ,  and s e v e r a l  smaller wind tunne l s .  
f ac i l i t i es  is  l i m i t e d  t o  some degree by a c o u s t i c  c h a r a c t e r i s t i c s ,  model s i z e ,  
o r  forward speed c a p a b i l i t y ,  some u s e f u l  r e s u l t s  can be obtained i f  care i s  
taken i n  t h e  experiment design.  This  may e n t a i l  measuring no i se  i n  t h e  near  
f i e l d ,  s i g n a l  averaging t o  minimize background no i se  e f f e c t s ,  o r  t e s t i n g  one 
conf igu ra t ion  r e l a t i v e  t o  another .  For a v a r i e t y  of reasons ,  it has  proven 
d i f f i c u l t  t o  o b t a i n  good, a b s o l u t e  l e v e l  d a t a  i n  t h e  wind tunnel .  It i s  t h i s  
a b s o l u t e  d a t a  which is  requi red  f o r  v e r i f y i n g  and developing b e t t e r  n o i s e  
p r e d i c t i o n  methods. 

Although each of t h e s e  

F l i g h t  tests may prove t o  be t h e  b e s t  source  of h igh-qual i ty  n o i s e  d a t a .  
Two e f f o r t s  w e r e  r e c e n t l y  i n i t i a t e d  t o  assemble e x i s t i n g  f l i g h t - t e s t  d a t a  and 
u s e  i t  t o  assess t h e  s t a t u s  of c u r r e n t  n o i s e  p r e d i c t i o n  methods. The d a t a  
being assembled c o n s i s t s  of n o i s e  d a t a  and ro tor -b lade  p res su re  measurements 
f o r  two h e l i c o p t e r  conf igu ra t ions ,  as w e l l  as a complete set of f l i g h t  
parameters, and w i l l  be  prepared wi th  complete documentation i n  a format 
s u i t a b l e  f o r  computer processing.  These measured d a t a  are c u r r e n t l y  being used 
t o  eva lua te  a new n o i s e  p r e d i c t i o n  method based on an ex tens ion  of t h e  computer 
program descr ibed  i n  r e f .  9 and l i n e a r  a c o u s t i c  theory of r e fe rence  11. I n  
a d d i t i o n ,  ca l cu la t ed  aerodynamic i n p u t s  are being used t o  determine t h e  
s e n s i t i v i t y  of t h e  pred ic ted  no i se  t o  t h e  q u a l i t y  of t h e  input  d a t a .  

One of t h e  conf igu ra t ions  being s tud ied  i s  shown i n  f i g u r e  4 .  It i s  i n  t h e  
15 000-kg gross-weight range and has  a 22-m diameter ,  six-bladed r o t o r  wi th  a 
t i p  speed of about 216 m / s .  Although t h e  s tudy is  not  complete,  t h e r e  have 
been a number of pre l iminary  comparisons between t h e  p red ic t ed  and measured 
n o i s e  d a t a .  
The comparison w a s  made us ing  ca l cu la t ed  r o t o r  a i r l o a d s  f o r  an observer  on t h e  
ground, 305 m ahead of t h e  a i r c r a f t .  The agreement between p red ic t ed  and 
measured n o i s e  l e v e l s  i s  encouraging f o r  t h e  l imi t ed  number of harmonics shown. 
The agreement f o r  g r e a t e r  observer  d i s t a n c e s  is  not  as good. This  i s  due, a t  
least i n  p a r t ,  t o  t h e  f a c t  t h a t  only s p h e r i c a l  spreading e f f e c t s  are included 
i n  t h e  c u r r e n t  c a l c u l a t i o n s .  An a d d i t i o n a l  concern i s  t h a t  t h e  o r i g i n a l  
measured d a t a  contained ground r e f l e c t i o n  e f f e c t s  which w e r e  removed wi th  a 
r e l a t i v e l y  s i m p l e  c o r r e c t i o n  method. These e f f e c t s  w i l l  r e q u i r e  f u r t h e r  
i n v e s t i g a t i o n .  

F igure  5 shows a comparison f o r  a 49-m/s f lyove r  a t  152-m a l t i t u d e .  
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PROPELLER NOISE/PERFORMANCE DEMONSTRATION 

The p r o p e l l e r  noise/performance program is a j o i n t  NASA/EPA program t o  
demonstrate  t h a t  p r o p e l l e r  n o i s e  f o r  gene ra l  a v i a t i o n  a i r c r a f t  can b e  reduced 
i n  a n  economically r easonab le  manner. The goa l  of t h i s  e f f o r t  is t o  reduce 
l i g h t  a i r c r a f t  p r o p e l l e r  n o i s e  by 5 dB(A) whi le  main ta in ing  o r  improving 
p r o p e l l e r  performance. The e f f o r t  c o n s i s t s  of (1) op t imiza t ion  s t u d i e s  t o  
assess t h e  p o t e n t i a l  n o i s e  and performance b e n e f i t s  of v a r i o u s  p r o p e l l e r  
parameters, (2) wind-tunnel tests t o  v e r i f y  des ign  concepts ,  and ( 3 )  f l i g h t  
tests t o  demonstrate  t h e  n o i s e  r educ t ion  technology. P a r a l l e l  e f f o r t s  are 
being conducted a t  t h e  Massachuset ts  I n s t i t u t e  of Technology and t h e  Ohio 
State  Un ive r s i ty .  

The parameters  which a f f e c t  both n o i s e  and performance w e r e  analyzed t o  
determine t h e  t r a d e o f f s  r equ i r ed  t o  opt imize  t h e  p r o p e l l e r .  The r e s u l t s  of 
one such parameter v a r i a t i o n  are shown i n  f i g u r e  6.  This  f i g u r e  shows t h e  
c a l c u l a t e d  e f f e c t  of vary ing  t h e  p o s i t i o n  of t h e  peak of t h e  r a d i a l  load  
d i s t r i b u t i o n  on both  t h e  p r o p e l l e r  n o i s e  and e f f i c i e n c y .  
is t h a t  t h e  n o i s e  l e v e l  can be  reduced s e v e r a l  dB(A) wi thout  a s i g n i f i c a n t  
e f f e c t  on p r o p e l l e r  e f f i c i e n c y .  This  change combined wi th  several o t h e r  
parameter changes can r e s u l t  i n  a s i g n i f i c a n t  n o i s e  r educ t ion  wi th  l i t t l e  o r  no 
performance pena l ty .  

The s i g n i f i c a n t  p o i n t  

I n  o rde r  t o  test some of t h e  concepts  which w e r e  developed dur ing  t h e  
paramet r ic  s t u d i e s ,  two 1 /4-sca le  model p r o p e l l e r s  were t e s t e d  i n  an anechoic  
wind tunnel  ( r e f .  2 ) .  The b a s e l i n e  p r o p e l l e r  w a s  a model of a s tandard  
Cessna 172 p r o p e l l e r .  A "quiet"  p r o p e l l e r  w a s  a l s o  cons t ruc ted  which had a 
s l i g h t l y  smaller diameter  and a wider  b l ade  chord. The n o i s e  r educ t ion  w a s  
achieved through a r educ t ion  i n  t i p  speed due t o  t h e  smaller d iameter  and t h e  
movement of t h e  load  d i s t r i b u t i o n  inboard on t h e  p r o p e l l e r  blade.  

These p r o p e l l e r s  were t e s t e d  over a wide range of  cond i t ions  on a 
p r o p e l l e r  sp inning  r i g  wi th  and wi thout  an a f te rbody t o  s imula t e  an  a i r c r a f t  
fuse lage .  F igure  7 shows t h e  t es t  conf igu ra t ion  i n  t h e  a c o u s t i c  wind tunne l  
wi th  a fuse l age  a f te rbody.  

Af t e r  demonstrat ing t h e  no i se  r educ t ion  techniques  i n  t h e  wind tunne l ,  
f u l l - s c a l e  p r o p e l l e r s  w e r e  designed f o r  f l i g h t  tests. F igure  8 shows t h e  
s tandard  and "quiet"  p r o p e l l e r s  mounted on a Cessna 1 7 2  a i r c r a f t .  The air- 
c r a f t  w a s  flown over  a ground microphone a r r a y  a t  305-111 a l t i t u d e  t o  determine 
t h e  n o i s e  r educ t ion  under FAA n o i s e  c e r t i f i c a t i o n  cond i t ions .  In  a d d i t i o n ,  
a i r c r a f t  rate of climb w a s  measured over a range of a i r s p e e d s  t o  determine t h e  
r e l a t i v e  performance of t h e  two p r o p e l l e r s .  These n o i s e  and performance 
r e s u l t s  are a l s o  shown i n  f i g u r e  8. The "quiet"  p r o p e l l e r  c o n s i s t e n t l y  
produced a n o i s e  r educ t ion  of about 5 dB(A) wh i l e  r e t a i n i n g  climb performance 
c h a r a c t e r i s t i c s  comparable t o  t h e  s tandard  p r o p e l l e r .  
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PROPELLER NEAR-FIELD NOISE 

Design of a c o u s t i c  t rea tment  f o r  an a i r c r a f t  s idewal l  r e q u i r e s  knowledge 
of t h e  e x t e r i o r  no i se  impinging on t h e  s idewa l l  and t h e  i n t e r i o r  n o i s e  l e v e l  
d e s i r e d ,  as w e l l  as knowledge of t he  b a s i c  s idewa l l  s t r u c t u r e .  Impinging n o i s e  
has  been def ined  f o r  both low-speed and high-speed p r o p e l l e r s  and sample r e s u l t s  
are presented i n  f i g u r e s  9 and 10. 

Low-Speed P r o p e l l e r  

Impinging n o i s e  from a low-speed p r o p e l l e r  is  i l l u s t r a t e d  i n  f i g u r e  9.  
The measurements w e r e  made on t h e  fuse l age  of a twin-engine, l i g h t  a i r c r a f t .  
Noise w a s  measured us ing  an a r r a y  of 10 flush-mounted microphones, seven of 
which w e r e  loca ted  i n  a h o r i z o n t a l  l i n e ,  and f o u r  of which were i n  a v e r t i c a l  
l i n e  i n  t h e  p r o p e l l e r  plane.  Minimum c learance  between t h e  s idewa l l  and t h e  
p r o p e l l e r  t i p  w a s  about 0.05 o f  t h e  p r o p e l l e r  diameter .  T e s t s  were run a t  
s e v e r a l  rpm/power combinations i n  s t a t i c  cond i t ions  and f o r  s e v e r a l  forward 
speeds i n  t a x i  tests. Extensive r e s u l t s  are presented i n  r e fe rence  1 2 ;  s ample  
r e s u l t s  are shown a t  t h e  r i g h t  of t h e  f i g u r e .  The r e s u l t s  i n d i c a t e  t h a t  t h e  
e m p i r i c a l  p r e d i c t i o n  agrees  wi th  r e s u l t s  f o r  s t a t i c  tests and t h e  a n a l y t i c a l  
r e s u l t  agrees  a t  low f requencies  wi th  measured d a t a  from t a x i  tests. The 
a n a l y t i c a l  r e s u l t s  w e r e  obtained using t h e  computer program of r e fe rence  9 wi th  
empir ica l  co r rec t ions  f o r  t h e  e f f e c t s  of t h e  s idewa l l  ( r e f .  1 2 ) .  The d i f f e r e n c e  
between s t a t i c  and t a x i  tes t  r e s u l t s  is due t o  t h e  inges t ion  of tu rbulence  t h a t  
i s  generated by t h e  p r o p e l l e r  inf low i r i t e r ac t ing  with t h e  ground. The lower 
n o i s e  l e v e l s  a s soc ia t ed  wi th  t h e  t a x i  cond i t ion  were obtained wi th  a forward 
speed of about 20 m / s  o r  more. From t h i s  f i g u r e  ( i n  a d d i t i o n  t o  f i g u r e s  1 and 
2 1 ,  i t  can be concluded t h a t  p r e d i c t i o n  procedures are adequate f o r  no i se  
l e v e l s  of low-speed, gene ra l  a v i a t i o n  p r o p e l l e r s .  

High-speed P r o p e l l e r  

Near-f ie ld  no i se  of a high-speed, propfan p r o p e l l e r  is  i l l u s t r a t e d  i n  
f i g u r e  10 .  T e s t  d a t a  i n  t h i s  f i g u r e  were obta ined  from re fe rence  13. The test 
se tup  i s  ind ica t ed  i n  t h e  ske tch  a t  t h e  upper l e f t  of t h e  f i g u r e .  The 
p r o p e l l e r  t e s t e d  (shown i n  f i g u r e  3) w a s  a 0.61-m-diameter model of a swept -  
b l ade  p r o p e l l e r  designed t o  o p e r a t e  a t  a forward speed of Mach = 0.8 a t  an 
a l t i t u d e  of 10 .67  km. The b lade  sweep i s  designed t o  reduce no i se  and main ta in  
aerodynamic performance. The tests w e r e  c a r r i e d  out  i n  an  anechoic chamber of 
an a c o u s t i c  wind tunne l  having a i r f l o w  c a p a b i l i t y  a t  Mach = 0.3. A t  t he  power 
cond i t ions  of t h e  tests, t h e  p r o p e l l e r  w a s  f u l l y  immersed i n  t h e  a i r f low.  To 
compensate f o r  t h e  lower speed of t h e  a i r f l o w ,  t h e  model p r o p e l l e r  w a s  run a t  
increased  rpm so t h e  h e l i c a l  t i p  speed w a s  t h e  s a m e  on t h e  model as t h e  f u l l -  
scale des ign  condi t ion .  
diameter  c l ea rance  from t h e  model p r o p e l l e r  t o  s imula te  t h e  a i r c r a f t  fu se l age ,  
and t h e  impinging n o i s e  w a s  measured wi th  an a r r a y  of microphones f lush-  
mounted i n  t h e  c y l i n d e r .  

A b o i l e r p l a t e  cy l inde r  w a s  l oca t ed  a t  0.8 p r o p e l l e r  
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Contours of equal  sound p r e s s u r e  level a t  t h e  blade-passage frequency from 
t h i s  t e s t  are shown a t  t h e  lower l e f t  and p red ic t ed  contours  ( r e f .  1 3 )  are 
shown a t  t h e  lower c e n t e r  of t h e  f i g u r e .  Comparing measured contours  wi th  
p red ic t ed  contours  shows t h a t  t h e  h ighes t  l e v e l  and i ts  l o c a t i o n  ahead of t h e  
p r o p e l l e r  p l ane  are i n  agreement. 
shows reasonable  agreement, t h e r e  are d i f f e r e n c e s  i n  t h e  d e t a i l e d  shapes.  
Improvements i n  t h e  p r e d i c t i o n  procedures  d iscussed  earlier may improve 
agreement. The same a n a l y t i c a l  procedure used t o  c a l c u l a t e  t h e  model r e s u l t s  
w a s  a l s o  used t o  p r e d i c t  impinging n o i s e  f o r  f u l l - s c a l e  f l i g h t  cond i t ions  and 
t h e  r e s u l t s  are shown a t  t h e  lower r i g h t .  For t h i s  f l i g h t  cond i t ion ,  t h e  
maximum n o i s e  occurs  a f t  of t h e  p r o p e l l e r  plane.  The f i g u r e  i n d i c a t e s  t h a t  t h e  
h ighes t  l e v e l  i s  150 dB wi th  a l a r g e  area subjec ted  t o  148 dB. 

While t h e  o v e r a l l  appearance of t h e  contours  

THEORETICAL METHODS FOR INTERIOR NOISE REDUCTION 

Light  A i r c r a f t  

T h e o r e t i c a l  methods f o r  p r e d i c t i n g  i n t e r i o r  n o i s e  l e v e l s  i n  l i g h t  a i r c r a f t  
are under development ( r e f .  1 4 ) .  The methods are intended f o r  use i n  des igning  
minimum-weight s idewa l l  s t r u c t u r e s  having s u f f i c i e n t  n o i s e  t ransmiss ion  l o s s  
t o  provide passenger comfort .  A number of mathematical  models of t h e  s i d e w a l l  
s t r u c t u r e  are  being i n v e s t i g a t e d  t o  f i n d  t h e  s i m p l e s t  model t h a t  p rovides  
accu ra t e  r e s u l t s .  F igure  11 shows t h r e e  s idewa l l  models t h a t  are under 
i n v e s t i g a t i o n .  When using t h e  f l e x i b l e  p a n e l / r i g i d  s t i f f e n e r  model o r  t h e  
f l e x i b l e  p a n e l / f l e x i b l e  s t i f f e n e r  model, an  a r r a y  of subpanels  i s  assembled t o  
r ep resen t  t h e  complete s idewa l l  area. 

The graph i n d i c a t e s  t h e  s e n s i t i v i t y  of i n t e r i o r  n o i s e  t o  added weight f o r  
t h r e e  candida te  n o i s e  c o n t r o l  approaches.  The n o i s e  measured used i s  A- 
weighted dB t o  r ep resen t  passenger comfort;  t h e s e  r e s u l t s  were obtained us ing  
t h e  p a n e l / r i g i d  s t i f f e n e r  model. A l l  t h r e e  t r ea tmen t s  c o n s i s t  of mod i f i ca t ions  
of t h e  s k i n  p r o p e r t i e s .  Each t rea tment  i s  appl ied  s e p a r a t e l y  t o  t h e  s t r u c t u r e .  
The f i g u r e  i n d i c a t e s  t h a t  t h e  curves  f o r  a given t rea tment  tend t o  f l a t t e n  o u t  
as weight i n c r e a s e s ,  sugges t ing  a "diminishing r e t u r n s "  type  of behavior .  
Comparing t h e  t rea tments  shows t h a t  t h e  dampjng provides  t h e  most i n t e r i o r  
n o i s e  r educ t ion  f o r  a given weight and t h a t  i nc reas ing  s k i n  th i ckness  provides  
comparatively s m a l l  r educ t ions .  The r educ t ions  obta ined  by damping are 
s u b s t a n t i a l ;  t h e  o r i g i n a l  l e v e l  of 104 dB(A) is  uncomfortable whi le  t h e  l e v e l  
of about 85 dB(A) is  reasonably  comfortable .  The weight r equ i r ed  (about 
36 kg) 
payload. 

is  l a r g e r  than d e s i r e d  but  s m a l l  compared t o  t h e  a i r c r a f t  weight /  

The t h e o r e t i c a l  p r e d i c t i o n s  have been v e r i f i e d  us ing  s imple l a b o r a t o r y  
panel/box tests ( r e f .  15 ) .  The models are being extended by i n c l u s i o n  of 
a c o u s t i c  t r ea tmen t s  such as f i b e r g l a s s  wool and double  w a l l s ,  and t h e  improved 
model is  t o  be  used i n  a n  i n v e s t i g a t i o n  of optimum t rea tment  f o r  a twin-engine, 
l i g h t  a i r c r a f t  . 
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High-speed Turboprop A i r c r a f t  

Theore t i ca l  s t u d i e s  have been c a r r i e d  o u t  t o  determine t h e  weight and 
conf igu ra t ion  of fuse l age  s idewa l l  a c o u s t i c  t reatment  requi red  t o  provide an 
80-dB(A), cab in  n o i s e  l e v e l  i n  propfan-powered a i r c r a f t  ( r e f s .  1 6  and 17) .  
F igure  1 2  summarizes t h e  r e s u l t s .  The s tudy  requi red  t h e  development of new, 
comprehensive i n t e r i o r  n o i s e  p r e d i c t i o n  methods and considered wide-body, 
narrow-body, and execut ive  a i r c r a f t  f l y i n g  a t  Mach = 0.8 a t  9.14-km a l t i t u d e .  
The fuse l age  s idewa l l  s t r u c t u r e  cons i s t ed  of s k i n ,  s t r i n g e r s ,  and r i n g s  and 
had dimensions and materials t y p i c a l  of cu r ren t  ope ra t iona l  a i r c r a f t .  The 
s t u d i e s  ind ica t ed  t h a t  a d d i t i o n a l  a c o u s t i c  t rea tment  weight i s  requi red  i n  
comparison wi th  t h e  t rea tment  normally expected f o r  tu rbofan  powered ve r s ions  
of t h e  s tudy a i r c r a f t .  Added t rea tment  i s  r equ i r ed  along t h e  fuse l age  from a 
s t a t i o n  s l i g h t l y  ahead of t h e  forward p r o p e l l e r  p lane  t o  t h e  t a i l  s e c t i o n  and 
c i r cumfe ren t i a l ly  around t h e  fuse l age  above t h e  passenger f l o o r .  The s idewa l l  
c o n s i s t s  of t h e  elements i nd ica t ed  i n  t h e  ske tch ;  however, t h e  primary no i se  
c o n t r o l  a c t i o n  i s  provided by t h e  masses of t h e  inne r  t r i m  panel  and o u t e r  
s k i n  a c t i n g  as a double-wall no i se  b a r r i e r .  The weights  requi red  t o  provide 
t h e  80-dB(A) i n t e r i o r  n o i s e  l e v e l  are shown a t  t h e  r i g h t .  I n  gene ra l ,  t hese  
weights  are  less than  2 . 5  percent  of g ross  weight. The shaded po r t ion  of t h e  
bar  i n d i c a t e s  t h e  range of r e s u l t s  obtained from v a r i a t i o n s  of s idewa l l  
conf igu ra t ion  and a n a l y s i s  methods. The weight pena l ty  f o r  t h e  wide-body 
a i r c r a f t  from t h e s e  s t u d i e s  i s  s l i g h t l y  less than  t h e  weight obtained from t h e  
RECAT (reduced energy f o r  commercial t r a n s p o r t a t i o n )  system s tudy;  t hus ,  t h e  
previous r e s u l t  (RECAT) is  confirmed by t h e  more ex tens ive  and in-depth r ecen t  
s t u d i e s .  
sav ing  and d i rec t -opera t ing-cos t  advantage over  tu rbofan  a i r c r a f t ,  even a f t e r  
t ak ing  t h e  a c o u s t i c  weight pena l ty  i n t o  account.  

The RECAT s tudy  showed t h a t  propfan-powered a i r c r a f t  have a fue l -  

PASSENGER COMFORT 

Comfort P r e d i c t i o n  Model 

A program a t  Langley Research Center has  l e d  t o  t h e  development of a model 
f o r  p red ic t ing  passenger discomfort  (o r  acceptance)  f o r  e x i s t i n g  o r  f u t u r e  
t r a n s p o r t a t i o n  veh ic l e s .  Input  t o  t h e  model, f i g u r e  13, i s  t h e  passenger 
v i b r a t i o n  and n o i s e  environment f o r  t h e  v e h i c l e  and output  of t h e  model is  t h e  
t o t a l  discomfort  measured along a discomfort  s c a l e .  Development of t h e  model 
has  involved: (1) empi r i ca l  e s t ima t ion  of discomfort  due t o  s i n u s o i d a l  and/or 
random v i b r a t i o n s  wi th in  s i n g l e  axes ;  (2)  empi r i ca l  e s t ima t ion  of t h e  discomfort  
due t o  v i b r a t i o n  i n  combined axes ;  and (3 )  a p p l i c a t i o n  of empi r i ca l ly  determined 
c o r r e c t i o n s  f o r  t h e  e f f e c t s  of i n t e r i o r  no i se  and du ra t ion  of v i b r a t i o n .  The 
discomfort  scale used t o  measure t h e  output  of t h e  model i s  d isp layed  i n  
f i g u r e  1 4 .  The scale i s  r a t i o  i n  n a t u r e  and anchored a t  discomfort  th reshold .  
The f i g u r e  shows t h e  r e l a t i o n s h i p  between t h e  discomfort  scale ( o r d i n a t e  of 
f i g u r e  14)  and t h e  corresponding percentage ( absc i s sa  of f i g u r e  14) of passen- 
g e r s  who would rate t h a t  discomfort  l e v e l  as being uncomfortable. 
u n i t y  a long t h e  discomfort  scale corresponds t o  discomfort  th reshold ,  i .e . ,  
50 percent  of t h e  passengers  would be uncomfortable. 
procedures used t o  d e r i v e  t h i s  discomfort  scale are given i n  r e fe rences  18 and 

A va lue  of 

Details of t h e  methods and 
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19. 
discomfort  can be obtained from re fe rences  20 and 21. The ex tens ive  informa- 
t i o n  contained i n  t h e s e  r e fe rences  has  been incorpora ted  i n  a computer program 
f o r  ease of c a l c u l a t i o n .  
comparison of va r ious  v e h i c l e s  a long t h e  discomfort  s c a l e .  
t h e  discomfort  l e v e l  produced by va r ious  a i r  and s u r f a c e  t r a n s p o r t a t i o n  
v e h i c l e s ,  r e l a t i v e  t o  discomfort  th reshold .  The discomfort  v a l u e s  f o r  each 
v e h i c l e  w e r e  obtained by us ing  a c t u a l  measured v i b r a t i o n l n o i s e  levels as inpu t  
t o  t h e  r i d e  comfort model. These r e s u l t s  provide an  estimate of abso lu t e  
discomfort  as w e l l  as a q u a n t i t a t i v e  comparison (and ranking)  between 
veh ic l e s .  For example, t h e  commercial j e t  t r a n s p o r t  t oge the r  wi th  t h e  Bay Area 
Rapid T r a n s i t  system and a f u l l - s i z e d  automobile provided t h e  b e s t  r i d e  qua l i ty ,  
i .e . ,  t h e  discomfort  l e v e l s  of each are below discomfort  th reshold .  The 
va r ious  r a i l  v e h i c l e s  ( inc lud ing  t h e  German Bundesbahn and magnet ica l ly  
l e v i t a t e d  v e h i c l e )  produced estimates of passenger discomfort  t h a t  were 
gene ra l ly  somewhat above discomfort  th reshold  and discomfort  w a s  seen t o  
inc rease  as v e h i c l e  speed increased .  A t y p i c a l  c i t y  bus produces a r e l a t i v e l y  
l a r g e  va lue  of d i scomfor t ,  a l though t h e  most uncomfortable r i d e  f o r  which d a t a  
are a v a i l a b l e  w a s  es t imated f o r  a h e l i c o p t e r  i n t e r i o r  n o i s e  and v i b r a t i o n  
environment. However, removal of t h e  n o i s e  component of t h e  h e l i c o p t e r  r i d e  
environment r e s u l t e d  i n  a discomfort  l e v e l  estimate s l i g h t l y  below discomfort  
th reshold ,  t hus  i n d i c a t i n g  t h a t  n o i s e  w a s  t h e  predominant source of passenger 
d i s s a t i s f a c t i o n  wi th in  t h e  h e l i c o p t e r .  The a b s o l u t e  l e v e l s  of discomfort  and 
r e l a t i v e  ranking of v e h i c l e s  shown i n  t h e  f i g u r e  are i n  good agreement wi th  
a c t u a l  passenger experience and, hence,  provide f a c e  v a l i d i t y  of t h e  NASA r i d e  
comfort scale. Fur the r ,  s i n c e  t h e  s c a l e  w a s  developed as common t o  a l l  types  
and combinations of v i b r a t i o n  and no i se ,  i t  provides  a s i m p l e  and concise  
index f o r  comparing t h e  individual/combined a x i s  components of discomfort ,  as 
w e l l  as a des ign  t o o l  f o r  e s t ima t ing  t h e  t r a d e o f f s  t o  passenger r i d e  q u a l i t y  
of va r ious  n o i s e / v i b r a t i o n  v e h i c l e  i npu t s .  

A complete d e s c r i p t i o n  of t h e  r e l a t i o n s h i p  between v i b r a t o r y  i n p u t s  and 

For purposes of i l l u s t r a t i o n ,  f i g u r e  15  provides  a 
The f i g u r e  p r e s e n t s  

Combined Noise and Vibrat ion 

An important p o r t i o n  of t h i s  program has been d i r e c t e d  a t  inc luding  i n  t h e  
model t h e  e f f e c t s  of combined no i se  and v i b r a t i o n  on passenger comfort. 
F igure  16 d i s p l a y s  t y p i c a l  r e s u l t s  of t h i s  research .  The i n d i v i d u a l  curves  of 
f i g u r e  16  i n d i c a t e  t h e  D-weighted n o i s e  l e v e l ,  dB, and v i b r a t i o n  a c c e l e r a t i o n ,  

requi red  t o  produce cons t an t  amounts of o v e r a l l  discomfort  f o r  combina- grms ’ 
t i o n s  of n o i s e  and v i b r a t i o n .  (See r e f .  22 f o r  a d d i t i o n a l  information about 
development of t h e  curves. )  The s o l i d  curves  of t h e  f i g u r e  r ep resen t  subjec- 
t ive  d a t a  f o r  t h e  range of phys i ca l  f a c t o r s  i nves t iga t ed  i n  t h e s e  s t u d i e s ;  
whereas, t h e  dashed curves  r ep resen t  ex t r apo la t ions  over an extended range of 
t h e  phys ica l  f a c t o r s .  Although t h e  ex t r apo la t ions  are f e l t  t o  be reasonable ,  
cau t ion  should be exerc ised  i n  t h e  use  of t h e  ex t r apo la t ed  va lues .  The 
v a l i d i t y  of t h e  ex t r apo la t ions  remains t o  be v e r i f i e d  by f u t u r e  research .  A s  
shown i n  f i g u r e  16 ,  cons tan t  discomfort  curves  w e r e  generated f o r  discomfort  
(DISC) va lues  ranging from discomfort  th reshold  ( D I S C  = 1) t o  va lues  as high 
a s  DISC = 6,  corresponding t o  a very  h igh  degree of discomfort .  The use fu lness  
3f f i g u r e  16  l i es  i n  t h e  f a c t  t h a t  i t  rep resen t s  a very  important source of 
information f o r  determining t h e  t r a d e o f f s  a v a i l a b l e  between n o i s e  and v i b r a t i o n  
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i n  t e r m s  of passenger discomfort .  
(e .g . ,  D I S C  5 o r  6 ) ,  v a r i a t i o n s  of a c c e l e r a t i o n  over  t h e  range shown r e s u l t  i n  
s m a l l  changes of discomfort  l e v e l ,  i n d i c a t i n g  t h a t  n o i s e  l e v e l  i s  t h e  dominant 
f a c t o r  i n  t h e  de te rmina t ion  of o v e r a l l  discomfort .  For low l e v e l s  of d i s -  
comfort ,  however, t h e  n o i s e  l e v e l s  must be reduced s u b s t a n t i a l l y  wi th  inc reases  
of a c c e l e r a t i o n  i n  o rde r  t o  main ta in  a cons tan t  degree of discomfort .  This  
i n d i c a t e s  t h a t  a t  t h e  lower degrees  of d i scomfor t ,  both n o i s e  and v i b r a t i o n ,  
c o n t r i b u t e  s i g n i f i c a n t l y  t o  o v e r a l l  discomfort .  F i n a l l y ,  i t  should be  noted 
t h a t  t h e  threshold  of n o i s e  discomfort  f o r  t h e  combined environment is  
approximately 75 t o  78  dB, LD. 

For example, a t  h igh  l e v e l s  of discomfort  

Passenger Response t o  Tones 

Recent f u e l  conserva t ion  measures have l e d  t o  proposals  f o r  development of 
propel le r -dr iven  a i r c r a f t  f o r  use  i n  commuter as w e l l  a s  high-speed, long-haul 
a p p l i c a t i o n s .  The increased  f u e l  e f f i c i e n c y  of t h e s e  v e h i c l e s  could be o f f s e t ,  
however, i f  passenger acceptance n e c e s s i t a t e s  increased  a i r c r a f t  weight f o r  
purposes of no i se  reduct ion .  A n o i s e  c h a r a c t e r i s t i c  t y p i c a l  of such p rope l l e r -  
d r iven  a i r c r a f t  environments t h a t  may be c r i t i c a l  t o  passenger comfort is  t h e  
low-frequency t o n a l  con ten t .  Research w i t h i n  t h e  NASA Langley program t o  t h i s  
po in t  had not  accounted f o r  t h e  e f f e c t s  of such no i se  on passengers.  Conse- 
quent ly ,  an explora tory  s tudy w a s  conducted t o  examine s u b j e c t i v e  response t o  
propel le r - type  tone  n o i s e s  i n  combination wi th  broadband (boundary l a y e r )  noise.  
The s tudy w a s  conducted i n  t h e  Passenger Ride Qual i ty  Apparatus (PRQA) a t  
Langley Research Center ( r e f .  2 3 ) ,  shown i n  f i g u r e  1 7 .  The s tudy  involved a 
t o t a l  of 96 s u b j e c t s  who eva lua ted  synthesized n o i s e s  us ing  a 9-point discomfort  
category scale. The n o i s e s  cons i s t ed  of t u r b u l e n t  boundary l a y e r  n o i s e  
combined with propel le r - type  no i ses  i n  a f a c t o r i a l  combination of blade- 
passage f requencies  (50, 80,  100, 1 2 5 ,  and 200 Hz), harmonic r o l l o f f  rates 
(0 and 10 dB/harmonic), t one /no i se  r a t i o s  (0 ,  10,  and 20 dB), and n o i s e  levels 
(85, 90, 95, and 100 dB). The r e s u l t s  of t h e s e  tests ind ica t ed  t h a t . n o i s e  
l e v e l  and blade-passage frequency ( tones)  were t h e  primary n o i s e  cha rac t e r -  
i s t i c s  t h a t  determine passenger r e a c t i o n .  The s tudy  r e s u l t s  are  summarized 
i n  f i g u r e  18, which d i s p l a y s  mean s u b j e c t  r a t i n g s  of discomfort  as a func t ion  
of A-weighted no i se  l e v e l .  Mean s u b j e c t  r a t i n g  w a s  obtained by averaging t h e  
r a t i n g s  of t h e  96 s u b j e c t s  f o r  each noise .  The mean sub jec t  r a t i n g s  f o r  t h e  
sounds wi th  tones  f e l l  i n  t h e  reg ion  between t h e  dashed l i n e s .  For comparison, 
t h e  s u b j e c t s  r a t e d  a sound conta in ing  no tones ;  t h e  mean r a t i n g s  f o r  t h i s  
sound are ind ica t ed  by t h e  s o l i d  l i n e  l abe led  "boundary l a y e r  noise"  i n  t h e  
f i g u r e .  There i s  a complex r e l a t i o n s h i p  between discomfort  and va r ious  t o n a l  
c h a r a c t e r i s t i c s  ( tone /no i se  r a t i o ,  fundamental f requency,  and r o l l o f f  ra te) .  
Figure 18 i n d i c a t e s  t h a t  t h e  discomfort  r a t i n g s  of t o n a l  n o i s e s  range from 
s l i g h t l y  less than  boundary l a y e r  ( t h e  lower dashed l i n e ) ,  t o  more discomfort  
than boundary l a y e r  ( t h e  upper dashed l i n e ) .  The maximum d i f f e r e n c e  between 
t o n a l  no i se s  and boundary l a y e r  n o i s e  can be q u a n t i f i e d  by comparing t h e  upper 
dashed l i n e  wi th  t h e  s o l i d  l i n e  on t h e  b a s i s  of equal  sub jec t  r a t i n g ,  as 
ind ica t ed  by t h e  h o r i z o n t a l  l i n e  a t  a r a t i n g  of fou r .  The d a t a  on t h i s  
h o r i z o n t a l  l i n e  i n d i c a t e  t h a t  t h e  most uncomfortable t o n a l  n o i s e  and t h e  
boundary l a y e r  n o i s e  a re  r a t e d  equal  i n  discomfort  when t h e  t o n a l  n o i s e  i s  

708 



5 dB(A) lower i n  level than  t h e  boundary l a y e r  no ise .  Thus, t o  provide 
comfort i n  a p r o p e l l e r  a i r c r a f t  t h a t  is  equal  t o  t h e  comfort i n  a turbofan  
a i r c r a f t ,  t h e  no i se  l e v e l  may need t o  be as much as 5 dB(A) less i n  t h e  
p rope l l e r  a i r c r a f t ,  depending on t h e  s p e c i f i c  va lues  of parameters such as 
tone /noise  r a t i o ,  tone  r o l l o f f  rate, and frequency of t h e  fundamental tone.  
Curren t ly ,  r e sea rch  is  being planned t o  f u r t h e r  examine s u b j e c t i v e  response 
and t o  develop a no i se  metric c o r r e c t i o n  t o  account f o r  t h e  i n t e r i o r  no i se  
environments of t h i s  type  of veh ic l e .  

CONCLUDING REMARKS 

This  paper desc r ibes  r e c e n t  r e s u l t s  of NASA and NASA-sponsored r e sea rch  
on t h e  p r e d i c t i o n  and c o n t r o l  of n o i s e  from a i r c r a f t  p r o p e l l e r s  and r o t o r s ,  
Control  approaches considered inc lude  reduct ion  of t h e  n o i s e  generated by t h e  
p r o p e l l e r  and reduct ion  of t h e  n o i s e  t ransmi t ted  through t h e  a i r c r a f t  s idewa l l  
t o  t h e  i n t e r i o r .  Appl ica t ions  t o  gene ra l  a v i a t i o n  a i r c r a f t ,  high-speed 
turboprop t r a n s p o r t s ,  and h e l i c o p t e r s  are reviewed,and an  explora tory  
l abora to ry  s tudy of passenger response t o  p r o p e l l e r - l i k e  t o n a l  n o i s e s  i s  
descr ibed .  

Comparisons of p red ic t ed  and measured no i se  from low-speed genera l  
a v i a t i o n  p r o p e l l e r s  i n d i c a t e  t h a t  t h e  n o i s e  can b e  p red ic t ed  wi th  s a t i s f a c t o r y  
accuracy provided s u f f i c i e n t  e f f o r t  i s  devoted t o  d e f i n i t i o n  of d e t a i l e d  
aerodynamic p res su re  d i s t r i b u t i o n s .  
wi th  wind-tunnel model s t u d i e s  t o  develop a q u i e t  p r o p e l l e r  t h a t  w a s  shown by 
f l i g h t  test  t o  reduce f lyove r  n o i s e  by about 5 dB(A) i n  comparison wi th  t h e  
s tandard  p r o p e l l e r .  P r e d i c t i o n  of n o i s e  from high-speed p r o p e l l e r s  and 
h e l i c o p t e r  r o t o r s  i s  more d i f f i c u l t  because of t h e  complex b lade  shape and 
aerodynamic flow f i e l d .  However, f a i r  agreement i s  obtained i n  t h e  lower 
frequency harmonics, and several f e a t u r e s  of t h e  n o i s e  genera t ing  mechanisms 
are  under i n v e s t i g a t i o n  t o  improve p red ic t ions .  Theore t i ca l  s t u d i e s  have been 
c a r r i e d  ou t  t o  design s idewa l l  a c o u s t i c  t rea tments  f o r  gene ra l  a v i a t i o n  and 
high-speed turboprop a i r c r a f t .  These s t u d i e s  i n d i c a t e  t h a t  s idewa l l s  can be 
designed t o  provide accep tab le  cabin  n o i s e  levels,  bu t  t h a t  a d d i t i o n a l  weight 
is  requi red .  Passenger s u b j e c t i v e  r a t i n g s  of t o h a l  n o i s e s  and comparison wi th  
r a t i n g s  of broadband (boundary l a y e r )  n o i s e  ind ica t ed  t h a t  t o n a l  no i se  r a t i n g s  
range from s l i g h t l y  less uncomfortable t o  more uncomfortable than  broadband, 
depending on t h e  p a r t i c u l a r  va lues  of tone /noise  r a t i o ,  tone  fundamental 
frequency, and tone  r o l l o f f  rate. 

Current p r e d i c t i o n  methods were used along 
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Figure 1.- Measured and predicted noise of general 
aviation propeller. 
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Figure 2.- Measured and predicted noise of general aviation propeller models. 
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Figure 3.- Harmonic noise spectrum of model 
high-speed propeller. Diameter = 0.61 m. 

Figure 4.- Large helicopter type used in flyover noise tests. 
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Figure 5.- Measured and predicted noise  l e v e l s  for helicopter i n  
49-m/s l e v e l  f lyover a t  152-m a l t i t ude .  
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Figure 6.-  Calculated effect of varying radial  load d i s t r i b u t i o n .  
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Figure 7.- Acoustic tests of quiet general aviation propellers 
in anechoic wind tunnel. 
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Figure 8.- Noise and performance flight demonstration. 
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FREQUENCY, H t  

Figure  9.- P r o p e l l e r  no i se  on fuse l age  o f  twin-engine, 
l i g h t  a i r c r a f t .  

F igure  10.- Noise from model high-speed propeller on s imula ted  fuse lage .  
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NOISE/WEIGHT SENSITIVITY STUDY 

Figure 11.- Theoretical studies of interior noise control 
by sidewall treatment on l i g h t  aircraft .  
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Figure 12.- Theoretical studies of sidewalls for interior noise control 
on high-speed turboprop aircraft .  
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Figure 13.- Ride quality model. 
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Figure 14.- Relation between discomfort scale and percent 
of passengers uncomfortable. 
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Figure 15.- Discomfort scale rating of transportation vehicles. 
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Figure 16.- D-weighted noise levels required to produce 
constant discomfort curves as function of vibration 
acceleration. 
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Figure  17.- The Passenger Ride Q u a l i t y  Apparatus 
a t  Langley Research Center .  
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Figure  18.- Sub jec t ive  response to  t o n a l  i n t e r i o r  no ise .  
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NASA PROGRESS IN AIRCRAFT NOISE PREDICTION 

J.  P .  Raney, S .  L. Padula and W. E.  Zorumski 
Langley Research Center 

SUMMARY 

For several years NASA has maintained an a i r c r a f t  noise prediction 
ac t iv i ty  a t  the Langley Research Center w i t h  the goal of  developing methodology 
f o r  predicting the e f fec t ive  perceived noise level (EPNL) produced by j e t -  
powered CTOL a i r c r a f t  t o  an accuracy of ? 1.5 dB. Another goal i s  t o  es tab l i sh ,  
in  terms of fundamental acoustic theory, the relat ionship of noise t o  the 
design and operation of a i r c r a f t  and t o  demonstrate the f e a s i b i l i t y  of incor- 
porating a i r c r a f t  noise constraints  i n t o  the preliminary design process. 
Much progress has been made toward these goals. 
Program (ANOPP) contains a complete s e t  of prediction methods fo r  CTOL 
a i r c r a f t  which i ncl udes propul  si on system noi se  sources , aerodynami c o r  
airframe noise sources, foward speed e f f ec t s ,  a layered atmospheric model 
w i t h  molecular absorption, ground impedance e f f ec t s  including excess ground 
attenuation ( E G A )  , and a received-noise contouring capabi 1 i ty .  A method 
for calculating noise-constrained o r  noise-minimized a i r c r a f t  operations i s  
presently in the validation phase. 
measured a i r c r a f t  noise levels  a re  encouraging and highlight areas where 
fur ther  improvements a re  required. 

. 

The Aircraf t  Noise Prediction 

Comparisons of ANOPP calculations with 

INTRODUCTION 

In 1973, a focused a i r c r a f t  systems noise prediction ac t iv i ty  was 
established a t  the Langley Research Center. 
s ta te-of- the-ar t  computer system f o r  calculating a i r c r a f t  noise ( r e f s .  1 and 
2 ) .  The commitment t o  develop the Aircraf t  Noise Prediction Program (ANOPP)  
stemmed from the need f o r  a credible  means of quantifying the expected benefits 
from NASA's noise reduction research programs. I t  was a l so  anticipated tha t  
t h i s  program could from time t o  time support the prediction needs of other 
government agencies concerned with a i r c r a f t  noise and could be useful t o  
NASA contractors.  

The mission was t o  develop a 

One of the f i r s t  major applications of ANOPP was t o  support  the Supersonic 
Cruise Research (SCR) project  a t  Langley; ANOPP continues t o  be applied to  
SCR research a t  th is  time. The next application was in conjunction with the 
FAA i n  an International Civil Aviation Organization (ICAO) study t o  determine 
economically reasonable and technologically feas ib le  noise 1 imits f o r  fu ture  
supersonic t ransports  ( r e f .  3 ) .  
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The ANOPP development group has a continuing commitment to  assess and 

Recent prediction assessment, or validation studies, 

improve NASA's noise prediction capability. 
predictions t o  measured data from both  laboratory models and ful l -scale  
f l i gh t  measurements. 
have included comparisons of prediction w i t h  flyover noise from the McDonnell- 
Douglas DC-9 and DC-10, the Boeing 747, and the Lockheed L-1011 a i r c ra f t .  

This i s  done by comparing 

Protocol established i n  conjunction w i t h  the SCR project has been 
improved and methodology for  incorporating noise as a design constraint i s  
being developed. An engine modeling capabili ty which will allow investigation 
of the effects  of variations i n  the relationships of engine control variables 
i s  planned, and a method for  cal cul a t i  ng noi se-constrai ned takeoff procedures 
has recently been incorporated in ANOPP ( r e f ,  4 ) .  

Several research projects which address c r i t i ca l  weaknesses in noise 
prediction have been identified as a resu l t  of the focus provided by the 
ANOPP development and application ac t iv i t i e s .  These include shock cel l  noise 
generation, ground effects  on propagation, forward f l i gh t  effects  on j e t  
noise, coaxial and inverted coaxial j e t  noise prediction, and jet-on-jet  
shielding effects .  

The purpose of t h i s  paper i s  t o  describe ANOPP i n  i t s  present s t a t e ,  t o  
assess i t s  accuracy and applicabili ty t o  the preliminary a i r c ra f t  design 
process, and t o  indicate where further theoretical and experimental research 
on noise prediction i s  required. 
which are incorporated in ANOPP will f i r s t  be described. Next, the resul ts  
of comparisons of ANOPP calculations w i t h  measured noise levels will be 
presented. Progress toward treating noise as a design constraint i n  a i r c ra f t  
system studies will then be discussed. The paper will conclude w i t h  a summary 
of noise-prediction-related research ac t iv i t i e s  which have been in i t ia ted  as 
a resu l t  of the need t o  improve a i r c ra f t  noise prediction accuracy. 

The elements of the noise prediction problem 

SYMBOLS 

ai 
A 

'a 
D 

DI 

f 

source noise prediction parameters 

atmospheric propagation effects  factor 

ambient speed of sound, m/sec 

overall source d i rec t iv i ty  factor 

d i rec t iv i ty  index 

frequency , Hz 

G 

H 

ground effects  factor 

a1 t i  tude, m 
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I 

M 

n 

P 

'ref 
PS 

R 

r 

R 

RL 

S 

SL 

t 

W 

( X 3 Y J )  

7r 

pa 
0 

(b 

(5, r l Y  z 1 
Subscripts 

f 

2 source intensi ty ,  watt/m 

a i r c ra f t  Mach number 

number of frequency bands 
2 acoustic pressure, N/m 

reference pressure, N/m 2 

power set t ing , percent 

a i r c ra f t  position vector w.r.t. earth-fixed axes 

noise propagation vector w.r.t. body axes 

re lat ive spectrum factor 

re la t ive  spectrum level ( = l o  l o g  R )  

power spectrum factor  

power spectrum level ( = l o  l o g  S )  

time, sec 

weighting factor 

Cartesian coordinate system 

angle o f  at tack,  deg 

source elevation angle, deg 

source d i rec t iv i ty  angle, deg 

acoustic power, w a t t  

= 3.1415926 

ambient density, kg/m 3 

atmospheric attenuati  on 

source azimuth angle, deg 

cylindrical polar coordinate system 

f i nal 
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i 

max 

m i  n 

0 

r e f  

S 

ANOPP 

CTOL 

(CL/CD) 

EGA 

EPNL 

I CAO 

OASPL 

PNLT 
2 <P > 

SAE 

SCR 

S N E CMA 

SPL 

index  

maximum 

m i  n i  mum 

observer  

r e f e r e n c e  

source 

ABBREVIATIONS AND SPECIAL SYMBOLS 

A i r c r a f t  Noise P r e d i c t i o n  Program 

convent iona l  takeof f  and l a n d i n g  

l i f t - d r a g  r a t i o  

excess ground a t t e n u a t i o n  

e f f e c t i v e  perce ived no se l e v e l  

I n t e r n a t i o n a l  C i v i l  Av a t i o n  Organ iza t ion  

o v e r a l l  sound pressure  l e v e l  

tone-cor rec ted  perce ived n o i s e  l e v e l  

mean-squared pressure  

S o c i e t y  o f  Automot ive Engineers 

Supersonic Cru ise  Research 

S o c i e t 6  N a t i o n a l e  D'Etude e t  de C o n s t r u c t i o n  de 
Moteurs D ' Av i  a t i  on 

sound pressure 1 eve1 

Supersonic T r a n s p o r t  

normal ized s p e c i f i c  t h r u s t  

t h r u s t - w e i g h t  r a t i o  
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ANOPP NOISE PREDICTION METHODOLOGY 

The purpose o f  ANOPP i s  t o  p r e d i c t  no ise f rom an a i r c r a f t  by account ing 
fo r  the  e f fec ts  of i t s  engines, i t s  operat ions,  t he  atmosphere i n c l u d i n g  
ground ef fects ,  and o the r  c h a r a c t e r i s t i c s  which may i n f l u e n c e  the  noise i t  
generates. The approach t o  t h i s  problem has been placed on a fundamental 
basis,  as depic ted i n  f i g u r e  1 ( r e f .  1 ) .  The a i r c r a f t  f o l l ows  an a r b i t r a r y  
f l i g h t  pa th  i n  the presence o f  an observer on the  ground. 
operat ion,  no ise sources on the  a i r c r a f t  emi t  r a d i a t i o n  w i t h  def ined power, 
d i r e c t i o n a l i t y ,  and spec t ra l  d i s t r i b u t i o n  c h a r a c t e r i s t i c s ,  a l l  o f  which may 
depend on time. This source noise propagates through the  atmosphere (be ing 
at tenuated) t o  the  v i c i n i t y  o f  the observer. 
s igna l  f rom the  d i r e c t  r a y  p l u s  a s igna l  f rom a r a y  r e f l e c t e d  by the  l o c a l  
ground surface. 

Dur ing t h i s  

The observer receives the noise 

The essent ia l  i ng red ien ts  o f  the  a i r c r a f t  no ise  p r e d i c t i o n  problem which 
are  embodied i n  ANOPP are  as fo l l ows :  ( 1 )  the  source i n t e n s i t y  I, (2)  the  
a i r c r a f t  p o s i t i o n  giverl by vec tor  R ( t ) ,  ( 3 )  the  a i r c r a f t  o r i e n t a t i o n  given by 
8 and C p ,  ( 4 )  the  atmospheric and ground-impedance c h a r a c t e r i s t i c s  g iven by 
A and G, and (5 )  the l o c a t i o n  o f  the  observer g iven by the vec tor  r ( t ) .  

A number o f  approaches a r e  a v a i l a b l e  f o r  t h i s  general p r e d i c t i o n  problem. 
These approaches are d i v i d e d  i n  ANOPP i n t o  f o u r  categor ies,  c a l l e d  func t i ona l  
l eve l s ,  which are  depic ted by the schematic i n  f i g u r e  2. 
l e v e l s  a re  def ined by the  amount o f  data which i s  processed and by the degree 
o f  approximat ion i n  the  p r e d i c t i o n  methods ( r e f .  5 ) .  Level I pred ic t s  an 
e f f e c t i v e  measure o f  no ise  which depends on the  observer l o c a t i o n  and assumes 
uniform f l i g h t  cond i t ions .  
the  observer and time, b u t  assumes standard atmospheric cond i t ions .  I n  Level 
111, frequency e f f e c t s  are p red ic ted  i n  a d d i t i o n  t o  the  e f f e c t s  o f  observer 
and time. Both nonstandard atmospheric e f f e c t s  and d e t a i l e d  f l i g h t  procedures 
can be handled i n  Level 111. I n  Levels I 1  and 111, the noise measured may be 
subdiv ided as t o  the noise source which generates them. 
the  same in fo rmat ion  as Level 111, b u t  w i t h  more d e t a i l  i n  the spec t ra l  data. 
The present  paper deals  p r i m a r i l y  w i t h  Level I11 no ise  p r e d i c t i o n .  

The func t i ona l  

Level I 1  p r e d i c t s  a no ise  l e v e l  which depends on 

Level I V  p red i c t s  

An ANOPP Level I11 noise p r e d i c t i o n  i s  charac ter ized  by the  p r e d i c t i o n  
o f  1/3-octave band noise.  
and are independent o f  t ime. 
t ime dependent. 
dependent on the  observer and t ime so t h a t  the ou tpu t  f rom a source i s  a 
func t ion  o f  frequency, t ime, and observer. 

The band centers  a re  based on observer f requencies 
A l l  o the r  i npu ts  t o  the  p r e d i c t i o n  modules are  

The vec tors  f rom the  source t o  the  observer a re  n a t u r a l l y  

The p r e d i c t i o n  o f  1/3-octave band no ise  i s  a l i m i t a t i o n  which should 
Some o f  the  more impor tan t  no ise  sources are n o t  be passed over l i g h t l y .  

a c t u a l l y  tones, f o r  example, f rom the  fan r o t o r  o f  a bypass-type engine. 
I n  the p r e d i c t i o n  module, these tones are  assigned t o  a 1/3-octave band and 
subsequently t rea ted  as broadband noise.  Th is  w i l l  cause subsequent e r r o r s  
i n  the  p r e d i c t i o n  o f  atmospheric a t tenuat ion ,  ground e f f e c t s  and even noise 

725 



levels.  Nevertheless, the added complexity of  carrying a separate procedure 
for tones suggests that  t h i s  is not an appropriate task for ANOPP Level I11 
and t h i s  type of analysis has been assigned to  Level IV. 

Source Noise Prediction 

ANOPP source modules use standard forms fo r  the prediction equations. 
The s t a n d a r d  equation of  Level 111 prediction modules i s  shown in equation (1 ) .  

where 

S ( f , e ; a i )  D(B,f,;ai) 
R(f ,e ;a . )  1 = .T S ( f ; a i  = D(O;ai) 

2 The basic noise variable i s  mean-squared pressure, <P >. 
dimensionless group i s  used, with paca2 being the reference pressure. The 
equation i s  shown in dimensional form i n  equation ( 1 )  so t h a t  i t  will be 
more familiar t o  the reader. 
from different  sources t o  be added d i rec t ly ,  t h u s  avoiding the time consuming 
logarithmic and exponentiation operations required to  add sound pressure 
level , SPL. 

W i t h i n  ANOPP, a 

The use o f  mean-squared pressure allows noise 

Each noise source i s  characterized by an acoustic power II. This power, 
divided by the area of a sphere with r a d i u s  rs and multiplied by the charac- 
terist-ic impedance of the atmosphere, paca, 
mean-squared pressure for virtual observers a t  distances rs from the source. 
The power i s  a function of source parameters a i ,  which have been previously 
evaluated by analysis of the engine, and the a i r c r a f t  f l ight-  

gives the average overall 

The average overall mean-squared pressure i s  not adequate fo r  most 
predictions. 
energy i s  distributed i n  different frequency bands. T h i s  information i s  
contained in three factors: the overall d i rec t iv i ty  factor D ,  the power spectr 
factor  S ,  and the relat ive spectrum factor R. 

I t  must be known how the sound i s  directed and how the acoustic 

The overall d i rec t iv i ty  and power spectrum factors are  defined in figure 
The d i rec t iv i ty  factor i s  the r a t io  of the overall mean-squared pressure a t  
angle 8 t o  the average overall mean-square pressure on the virtual observer 
sphere of radius rs. The equation shown in figure 3 i s  for an axisymmetric 
source, however, ANOPP provides the d i rec t iv i ty  effects  i n  the azimuthal 
direction as well as in the polar angle e shown here. The d i rec t iv i ty  factor  
i s  usually plotted as a d i rec t iv i ty  index, DI, which is  simply ten-log of the 
d i rec t iv i ty  factor against e ,  the polar d i rec t iv i ty  angle. 
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The power spectrum factor ,  S ( f ) ,  i s  the r a t io  of the acoustic power i n  a 
band to  the overall acoustic power. 
of integrals of the mean-squared pressure as shown in figure 3 .  
equation shown is  for  an axisymmetric source. 
computing S ( f )  from experimental data. 
plotted in logarithmic form against frequency or Strouhal number. 
factor must be less  t h a n  one, i t s  logar i thm i s  negative and usually has a 
peak value a t  about  -10 dB. 

T h i s  factor may a l so  be expressed in terms 
Again, the 

The power spectrum factor i s  usually 
Since the 

The integrals are used in 

The overall d i rec t iv i ty  and the power spectrum give some information 
about how the mean-squared pressure i s  directed over angles and distributed 
over frequency bands, b u t  th i s  information i s  n o t  complete. What is  needed 
i s  e i ther  the spectrum factor for  the mean-squared pressure a t  each angle 
or the d i rec t iv i ty  a t  each frequency band of the acoustic power. Either of 
these variables can be expressed i n  terms of the re la t ive  spectrum factor 
as shown i n  f igure 4. In logarithmic form, the re la t ive  spectrum level i s  
the difference between the mean-squared pressure spectrum level and the 
power spectrum level.  I t  can be shown t h a t  th i s  i s  identical t o  the difference 
between the d i rec t iv i ty  index of the frequency band and the overall direc- 
t i v i ty  index. The reader may observe t h a t  many empirical prediction 
formulas assume a re la t ive  spectrum level o f  zero dB. 

Forward f l i g h t  effects  on noise sources are not easi ly  expressible i n  a 
standard form. This i s  a current research area and there i s  a tendency t o  
use specialized procedures for  each source. 
however, which distinguish the Level IV ANOPP system from the Level I11 and 
lower versions. 
subscripts o and s denote quantit ies a t  the observers and a t  the source, 
respectively. 

There are two def ini te  re la t ions,  

These are  shown i n  equations ( 2 a )  and ( Z b ) ,  where the 

fo  ( M y @ )  = f s  ( 1 - M  COS e)-’ 

where a i  = a ( M )  i 

i s  the relationship for  Level IV moving source system and 

fs(Fl,B) = fo(l-M COS e ) - l  

a i  - - a i  (M,e) where 

is  the relationship fo r  Level 111 fixed source system. In Level IVY the 
frequencies are  fixed a t  the source and the Doppler factor adjusts the observer 
frequency as a function of Mach number and d i rec t iv i ty  angle. 
a l l  sources a re  treated l ike  broadband noise so that  the observer frequency 
i s  fixed and the noise frequency i s  accordingly shifted by the Doppler factor.  
The noise source parameters i n  Level I11 may accordingly be a function of 
Mach number and d i rec t iv i ty  angle in some f l i gh t  e f fec t  schemes. 

In Level 111, 
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Some of the ANOPP modules which are  presently used fo r  CTOL subsonic 
cruise a i r c ra f t  and SST noise prediction are  shown i n  Table I .  Since the 
noise source modules f i t  within the standard form equation described previously, 
there i s  no need t o  go into further detai l  here. 
referenceable and the reader may refer  t o  the documents l i s ted  i n  Table I 
for  fu l l  de ta i l s  on a particular method. 

All ANOPP methods are fu l ly  

Propagation and Noise Effects 

Having discussed source noise computations, the next t a sk  i s  t o  account 
for  propagation effects  as the sound travels t h r o u g h  a real atmosphere t o  an 
observer on the g round .  
information i s  organized and stored, how propagation effects  are included and 
how the result ing noise i s  measured and reported. The final portion of t h i s  
section will compare three different  noise contouring methods available i n  
ANOPP. 

I t  i s  necessary t o  understand how the source noise 

Level 111 propagation effects .  - All of the source noise prediction 
methods covered above calculate mean-squared pressure a t  a given distance rs 
from the center of the source. 
i s  shown i n  figure 5. Since these sources are axisymmetric, i t  i s  suff ic ient  
t o  define acoustic pressures on a half c i r c l e  centered a t  the center of the 
j e t  nozzle. Usually, the predicted pressures are  tabulated a t  eighteen values 
of d i rec t iv i ty  angle, 8, s ta r t ing  a t  the engine i n l e t  axis and  ending a t  the 
j e t  nozzle axis.  Pressures are  also tabulated a t  each 1/3-octave band center 
frequency from 50 Hz t o  10,000 Hz as indicated in figure 6. 

The geometry for  any of the engine sources 

Level I11 propagation effects  are represented schematically i n  figure 6 

Equation (3)  contains a more detailed representation showing t h a t  
as correction factors which modify the near-field curve t o  become the far-fie11 
curve. 
mean-squared pressure a t  the observer equals mean-squared pressure a t  radius rc 
mu1 t i  pl i ed by correction terms for impedance di fferences , spheri cal spreading ,- 
atmospheric attenuation, and ground effects .  

where 
effects factor.  
time step along the trajectory because the distance from source to  observer, 

rapidly with time. 

i s  an average atmospheric attenuation measure and G i s  a ground 
Notice t h a t  propagation effects  m u s t  be recomputed a t  each 

and the elevation angle between source and observer, 8 ,  are changing 
The mean-squared pressure a t  the source <P >s  may not rO 2 
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need t o  be r e c a l c u l a t e d  a t  every t i m e  s t e p  s i n c e  engine parameters v a r y  s l o w l y  
w i t h  t i m e  and s i n c e  t h e  v a r i a t i o n  o f  <P*>s w i t h  8 can be accounted f o r  by 
i n t e r p o l a t i o n  over  a s e t  o f  v i r t u a l  observers.  

Noise r e c e i v e d  b y  each observer  i s  measured i n  terms o f  sound pressure  
Equat ion ( 4 )  g i v e s  a genera l  express ion  f o r  SPL and i n d i c a t e s  l e v e l  (SPL). 

two o f  t h e  most common w e i g h t i n g  f u n c t i o n s .  

n 

where 

A c t u a l l y  , 

r e f  r 

PL i s  t h e  l o g a r i t h m  o f  a r a t i o  o f  t h e  area under a we,ghted mean- 
squared pressure spectrum and t h e  square o f  the  r e f e r e n c e  pressure.  
ANOPP approximates t h e  i n t e g r a l  over  a l l  f requenc ies  b y  a summation o f  
i n t e g r a l s  o v e r  each t h i r d  octave band. The weights ,  wi, a r e  chosen f rom 
many p o s s i b l e  w e i g h t i n g  f u n c t i o n s  used t o  eva lua te  t h e  e f f e c t  o f  sound on 
humans. O v e r a l l  sound pressure  l e v e l ,  OASPL, i s  a f l a t  w e i g h t i n g  f u n c t i o n  
which g i v e s  equal importance t o  each frequency band. Perce ived n o i s e  l e v e l ,  
PNL, i s  a compl i cated w e i g h t i  ng f u n c t i o n  based on e m p i r i c a l  annoyance curves. 
The e m p i r i c a l  da ta  i n d i c a t e  t h a t  b o t h  t h e  f requency c o n t e n t  and t h e  loudness 
o f  a sound c o n t r i b u t e  t o  i t s  no is iness .  The measure PNLT uses t h e  same 
weights  as PNL b u t  i n c l u d e s  c o r r e c t i o n s  f o r  d i s c r e t e  tones i n  t h e  sound 
spectrum 

Level  I11 

As t h e  a i r c r a f t  f l i e s  by an observer  l o c a t i o n ,  t h e  perce ived n o i s e  l e v e l s  
w i l l  reach a peak and then subside as i n d i c a t e d  i n  f i g u r e  7. Psychoacoust ic 
research suggests t h a t  t h e  observer  r e a c t s  t o  t h e  peak n o i s e  l e v e l  and t o  t h e  
d u r a t i o n  o f  t h e  almost-peak n o i s e  l e v e l s .  
(EPNL) i n c l u d e s  t h i s  d u r a t i o n  e f f e c t  by measur'ing t h e  area o f  t h e  shaded r e g i o n  
i n  f i g u r e  7. The p r e s c r i b e d  method o f  c a l c u l a t i n g  EPNL i s  t o  approximate t h e  
i n t e g r a l  o f  PNLT over  t i m e  b y  a p p l y i n g  t h e  t r a p e z o i d  r u l e  a t  ha l f -second t i m e  
i n t e r v a l  s. 

E f f e c t i v e  perce ived n o i s e  l e v e l  

Contour ing methods. - E f f e c t i v e  perce ived n o i s e  contours a r e  u s e f u l  
v i s u a l  a i d s  f o r  r e p r e s e n t i n g  t h e  n o i s e  l e v e l  r e c e i v e d  b y  a l a r g e  number o f  
observers.  ANOPP prov ides  two p o s s i b l e  avenues toward produc ing  contour  p l o t s  
i n  a reasonable amount o f  computer t ime.  
approx imat ions t o  c a l c u l a t e  a l a r g e  number o f  EPNL values o r  he may use t h e  
ANOPP contour  enhancement methods t o  produce smooth contours f rom a l i m i t e d  
number o f  accura te  EPNL values.  

based on l e v e l  f l y o v e r  da ta  c o r r e c t e d  t o  s tandard day c o n d i t i o n s .  

The u s e r  may e i t h e r  use Level  I 

Both approaches w i l l  be d iscussed below. 

The s i m p l e s t  c o n t o u r i n g  method uses Level  I approx imat ions which a r e  
EPNL can 
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be tabu la ted  as a f u n c t i o n  of minimum approach distance, ro, and engine power 
s e t t i n g  as p i c t u r e d  i n  f i g u r e  8. 
must supply o r  compute a i r c r a f t  p o s i t i o n  and power s e t t i n g  a t  each t ime step 
i n  the  f l i g h t  and must s p e c i f y  the  d i r e c t i v i t y  angle e a t  which the  maximum 
no ise  occurs. P l o t t i n g  a g iven contour i nvo l ves  i n t e r p o l a t i n g  i n t o  the  EPNL 
t a b l e  f o r  the  value o f  ro a t  which t h a t  no ise  l e v e l  occurs. 
8 ,  and a i r c r a f t  p o s i t i o n  then de f i ne  an observer l o c a t i o n  as shown i n  f i g u r e  
9. This  process i s  repeated a t  each t ime s tep  and the  contour i s  drawn by a 
graphics subrout ine which connects the  observer l oca t i ons .  

This  s imple contour ing  method has been the accepted p r a c t i c e  f o r  a number 
o f  years.  I t  i s  c lea r ,  however, t h a t  t h i s  method can be no more accurate than 
the  Level I p r e d i c t i o n s  on which i t  i s  based. Using t h i s  method t o  draw no ise  
contours f o r  a maneuvering a i r c r a f t  o r  f o r  r e a l i s t i c  t a k e o f f  and land ing  
operat ions i s  n o t  recommended. 

I n  a d d i t i o n  t o  the  EPNL table, the user 

The values o f  ro, 

A much more powerful  and v e r s a t i l e  method i s  i l l u s t r a t e d  i n  f i g u r e  10. 
Noise l e v e l s  a re  p red ic ted  f o r  an evenly spaced g r i d  o f  observer l o c a t i o n s  
us ing  e i t h e r  Level I 1  o r  Level I11 p r e d i c t i o n  methods. A standard contour ing  
computer package can draw the  noise f o o t p r i n t  f rom these data which are 
appropr ia te  f o r  any nonuniform a i r c r a f t  opera t ion .  
bas ic  contour ing  method i s  the  computing cos t  s ince a dense g r i d  o f  observer 
l o c a t i o n s  i s  needed t o  produce smooth contours.  A secondary problem i s  the 
q u a l i t y  o f  t he  contours produced. 
general purpose a p p l i c a t i o n  and u t i l i z e s  no knowledge o f  the  bas ic  shapes o f  
t h e  noise contours.  These shapes are  rough ly  concent r i c  e l l i p s e s  which are  
symmetric about the runway c e n t e r l i n e .  
r a r e l y  conform t o  the use r ' s  expectat ions.  

The major drawback o f  t h i s  

The standard contour ing sof tware i s  f o r  

Thus the  noise f o o t p r i n t s  produced 

The advanced ANOPP contour ing  c a p a b i l i t y  overcomes the d i f f i c u l t i e s  
mentioned above i n  two ways. F i r s t ,  i t  uses a more reDresentat ive coord inate 
system, and second, i t  enhances t h e  data be fore  contour ing.  The method employs 
the  conversion from Car tes ian coordinates (x ,  y, z )  t o  c y l i n d r i c a l  p o l a r  
coord inates ( E ,  q ,  z ) .  
coordinates,  achieved by d i v i d i n g  y by a constant  before conversion t o  p o l a r  
coordinates.  By us inq  t h i s  more na tu ra l  representat ion,  i t  i s  poss ib le  t o  
produce reasonable contours w i t h  as few as s i x teen  observer l oca t i ons .  The 
ANOPP enhancement program f i t s  a cubic  sur face through these s i x teen  po in ts  
and i n t e m o l a t e s  t o  form a dense g r i d  be fore  contour ing.  Typ ica l  r e s u l t s  a re  
shown i n  f i gu re  11, i n  which countours produced from the enhancement of s i x teen  
ca l cu la ted  p o i n t s  compare favorably  w i t h  contours produced from a very dense 
g r i d  o f  ca l cu la ted  po in ts .  

I t  i s  o f t e n  advantageous t o  use s t re tched p o l a r  

ANOPP VALIDATION AND EVALUATION 

The I C A O  Study 

I n  1977 the  I n t e r n a t i o n a l  C i v i l  Av ia t i on  Organizat ion ( I C A O )  requested 
through i t s  C i v i l  A i r c r a f t  Noise (CAN) committee a recommendation f o r  no ise 
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standards a p p l i c a b l e  t o  f u t u r e  SST's. P a r t i c i p a t i n g  c o u n t r i e s  i n c l u d e d  t h e  
U n i t e d  States,  t h e  U n i t e d  Kingdom, France, and t h e  USSR. 
o r g a n i z a t i o n s  i n c l u d e d  Boeing A i r c r a f t  Company, McDonnell-Douglas, Lockheed, 
B r i t i s h  Aerospace, General E l e c t r i c ,  P r a t t  & Whitney A i r c r a f t ,  Rol ls-Royce, 
SNECMA, and NASA Langley.  

P a r t i c i p a t i n g  

A p r e d i c t i o n  subcommittee was e s t a b l i s h e d  and g i v e n  t h e  t a s k  o f  choosing 
a "Reference P r e d i c t i o n  Procedure" which would serve as a common denominator 
f o r  t h e  paramet r ic  s t u d i e s  and n o i s e  c a l c u l a t i o n s  s u p p o r t i n g  each p a r t i c i p a n t ' s  
recommendations. 

I n  o r d e r  t o  p r o v i d e  a b a s i s  f o r  s e l e c t i o n  o f  t h e  Reference P r e d i c t i o n  
Procedure i t  was decided t o  reques t  p a r t i c i p a n t s  t o  c a l c u l a t e  component and 
t o t a l  n o i s e  l e v e l s  f o r  a h y p o t h e t i c a l  v e r y  low bypass r a t i o  SST engine 
s p e c i f i e d  by SNECMA. Noise d a t a  f o r  severa l  a i r c r a f t / e n g i n e  combinat ions 
were a l s o  made a v a i l a b l e  t o  any who wished t o  compare p r e d i c t e d  n o i s e  l e v e l s  
a g a i n s t  measured data.  

H y p o t h e t i c a l  SST ___L engine. - The r e s u l t s  o f  t h e  h y p o t h e t i c a l  SST engine 
n o i s e  c a l c u l a t i o n s  a r e  summarized i n  Table 11. C a l c u l a t i o n s  were made f o r  
each o f  t h r e e  power s e t t i n g s  r e p r e s e n t i n g  t a k e o f f ,  c r u i s e ,  and l a n d i n g  approach 
T o t a l  f l y o v e r  n o i s e  i s  presented i n  terms o f  e f f e c t i v e  perce ived n o i s e  l e v e l  
(EPNL) and t h e  component l e v e l s  presented i n  terms o f  peak perce ived n o i s e  
l e v e l  (PNL) f o r  j e t ,  shock c e l l ,  and combustion no ise .  
l e v e l s  c a l c u l a t e d  a r e  shown t o  i n d i c a t e  t h e  range o f  t h e  r e s u l t s .  
c a l c u l a t e d  u s i n g  ANOPP a r e  a l s o  i n d i c a t e d .  

The h i g h e s t  and lowest  
The l e v e l s  

Two conc lus ions  were drawn f rom t h e  r e s u l t s  o f  t h e  paper SST engine n o i s e  
c a l c u l a t i o n s .  The f i r s t  i s  t h a t  t h e r e  were l a r g e  d i f f e r e n c e s  i n  t h e  n o i s e  
l e v e l s  p r e d i c t e d  by d i f f e r e n t  methods. The second i s  t h a t  ANOPP produced 
r e s u l t s  which compared very  f a v o r a b l y  w i t h  t h e  average o f  those c a l c u l a t e d  by 
o t h e r  o r g a n i z a t i o n s .  

One a d d i t i o n a l  o b s e r v a t i o n  should be recorded. The r e s u l t s  f o r  f a n  and 
t u r b i n e  n o i s e  were d i s a p p o i n t i n g  and i n c o n c l u s i v e .  The range f r o m  h i g h  t o  
low values exceeded 20 dB w i t h  no apparent  concensus as t o  t h e  b e s t  method. 
The SST engine p r e d i c t i o n  exerc ise ,  t h e r e f o r e ,  c l e a r l y  i d e n t i f i e d  t h e  need f o r  
g r e a t l y  improved t u r b o  machinery p r e d i c t i o n  methodology e s p e c i a l l y  f o r  o t h e r  
than je t -no ise-dominated a i r c r a f t .  

Comparisons w i th  measured a i r c r a f t  n o i s e  data.  - Noise l e v e l s  f o r  f i v e  
a i r c r a f t  i n c l u d i n g  Concorde and f o r  t h e  A e r o t r a i n  were a l s o  c a l c u l a t e d  f o r  
comparison w i t h  measured data.  The procedure f o l l o w e d  f o r  t h i s  p o r t i o n  o f  
t h e  I C A O  s tudy  was f i r s t  t o  c a l c u l a t e  n o i s e  l e v e l s  based on i n p u t  da ta  which 
was prov ided th rough t h e  chairman o f  t h e  p r e d i c t i o n  subcommittee. 
p r e d i c t e d  and measured perce ived n o i s e  l e v e l s  (PNL) were t ransposed t o  t h e  
same p l o t  f o r  comparison and e v a l u a t i o n  o f  t h e  accuracy o f  t h e  p r e d i c t i o n  
methods. 

L a t e r ,  t h e  

The d i f f e r e n c e s  between measured and ANOPP-predicted va lues o f  EPNL f o r  
a l l  o f  t h e  a i r c r a f t  i n  t h e  I C A O  s tudy  a r e  summarized i n  f i g u r e  12. On average 
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the ANOPP predictions were approximately 2 dB below measured levels. The 
dashed curve for  the Concorde indicates underprediction of from 1 t o  4 EPNdB 
dependi ng on the j e t  velocity. 

I n  summary, the ICAO study provided an early opportunity t o  compare 
ANOPP with other prediction methods and w i t h  measured a i r c r a f t  data. 
ICAO study also provided a basis for  identifying future improvements, 
particularly in the turbomachinery area, in ANOPP methods. The resul ts  of the 
study were encouraging since the reference procedure selected by the noise 
prediction subcommittee i n  1978 consisted mostly of ANOPP methodology. 1 

The 

DC-9 

Following the ICAO study, ANOPP noise predictions were made for  a 
McDonnell -Doug1 as DC-9-32 powered by JT8D-9 so-call ed hardwall engines. 
Noise levels,  f l i g h t  p a t h ,  and a i r c r a f t  data for  actual t e s t  conditions were 
supplied by the manufacturer. Engine data were made available by Pra t t  81 
Whitney. Four f l i gh t s  of in te res t  were drawn from a large s e t  of t e s t s  done 
by McDonnell-Douglas a t  the Yuma t e s t  s i t e  ( r e f .  6 ) .  
perceived noise level predictions were made by summing j e t ,  core, and fan 
noise components. 
in two s t a  es using a modified Heidmann method, as per the ICAO recommended 
procedure.! Ground effects  and atmospheric attenuation were included i n  the 
prediction scheme since these were present i n  the measured data. 
effective perceived noise levels were calculated. 

f igure 13. 
predicted by ANOPP compare very well w i t h  the values supplied by the 
manufacturer. The 1 t o  2 dB underprediction of EPNL value by ANOPP resul ts  
primarily from an underprediction of peak perceived noise levels. 
graphs presented in figure 13 are representative. The f i r s t  graph compares 
measured and predicted PNLT as a function of radiation angle. 
agree very well except i n  the region between 100" t o  130". 
compares measured and predicted sound pressure level spectra for  one angle 
in th i s  peak noise region. 
shape; however, the predicted levels average a b o u t  3 t o  5 dB lower t h a n  the 
measured d a t a .  

Tone corrected 

There were no shocks present. The fan noise was calculated 

Finally, 

The resul ts  of the DC-9 exercise are summarized i n  Table I11 and i n  
As seen in the table ,  the effect ive perceived noise levels 

The two 

The two curves 
The second g r a p h  

The measured and predicted curves agree in general 

1The final report of the Subcommittee on SST Noise Prediction was given 
by the chairman, M .  J .  T. Smith, t o  a meeting of ICAO noise prediction 
spec ia l i s t s  a t  the Department of State ,  Washington DC, June 15, 1978. 

Tone Corrected Perceived Noise 
Level and Sound Pressure Level Comparisons of McDonnell-Douglas DC-9 Flight 
Data and NASA/ANOPP Predictions. 

'LTV/HTC memorandum, 1-25-79 , Subject: 

jSee Footnote 1 .  
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DC-10 

In the f i r s t  of three ANOPP validation studies for  U.S. wide body aircraf t ,  
McDonnell-Douglas submitted comparisons of predicted to  measured noise levels 
for  s ix  level flyovers of a DC-10 a t  power set t ings ranging from approach t o  
f u l l  takeoff power ( r e f .  7 ) .  Inputs of noise c r i t i c a l  engine data were 
prepared by the Douglas propulsion group while airplane tracking and noise 
data were taken from f i l e s  of the f l i gh t  t e s t  group. 
access to  the Langley computer was arranged so tha t  Douglas could r u n  ANOPP 
a t  Langley from the i r  Long Beach plant. 

Remote computer terminal 

Comparisons were made on the basis of PNLT vs. angle from the i n l e t  axis 
and on the basis of 1/3-octave band spectra a t  selected angles as shown in 
figure 14. Ground effects  are apparent i n  b o t h  the predicted and measured 
noise spectra. Predictions 
included j e t ,  fan, combustion, turbine and  airframe component noise. Since 
the JT9D engine was instal led in an acoustically treated nacelle, the e f fec t  
of,duct treatment was estimated. 
eliminated the fan tones b u t  did n o t  reduce the broadband noise. Even with 
th i s  assumption, ANOPP tended to  overpredict the high-frequency fan noise. On 
the other hand, the lower-frequency j e t  noise was consistently underpredicted. 
These effects  are apparent in the frequency spectrum a t  8 = 120". 
of PNLT versus radiation angle in figure 14 also shows overprediction in both 
the forward and rear arcs which is  caused by the high predicted values of fan 
noise. 
average overprediction of 1.3 EPNdB for  the s ix  flyovers. 
shown i n  f igure 14,  the overprediction was 1.6 EPNdE, which i s  a representative 
case. 

EPNL comparisons were also made for  each f l i gh t .  

I t  was assumed t h a t  the duct treatment 

The graph 

On an EPNL basis,  ANOPP overpredicted from 0.4 t o  3.1 EPNdB w i t h  an 
For the example 

The  DC-10 was the f i r s t  a i r c r a f t  fo r  which ANOPP had overpredicted the 
This overprediction could probably be removed by a more accurate 

I t  i s  
noise. 
estimate o f  the attenuation of fan noise provided by duct treatment. 
also possible that  beneficial forward f l i g h t  effects  on fan noise are 
responsible fo r  these differences. 

L-1 01 1 

The Lockheed-California Company participated in the second wide-body 
ANOPP validation study under contract to  Langley Research Center. Under th i s  
contract, Lockheed selected an a i r c ra f t  noise data base consisting of s ix  
flyovers a t  engine power set t ings from 60 percent t o  100 percent of corrected 
fan speed. The noise data for  these flyovers were accompanied by tracking 
data and engine performance information on the Rolls Royce RB-211 engines. 
Lockheed was linked t o  the Langley computer complex via a remote terminal 
so that  the ANOPP noise prediction could be made by Lockheed's engineers. 

The resul ts  of the L-1011 validation study as published in reference 8 
are  disappointing. 
a t  the low power set t ings is  quite good, the noise produced a t  

While agreement between measured and predicted data 
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takeoff power set t ings i s  grossly overpredicted. The difference between 
measured and predicted noise levels i s  as much as 20 PNdB for  the fu l l  power 
takeoff case. The agreement i s  particularly bad i n  the forward quadrant, 
tha t  i s ,  for radiation angles between 20 and 80 degrees. 

A study of the predicted levels of the component noise sources suggests 
tha t  the overpredictions a re  due t o  high levels for  the fan combination 
tones which are  generated by supersonic t i p  speed fans. T h i s  explains why 
the low power cases, where fan t i p  speed i s  subsonic, are  not overpredicted. 
If the Lockheed engineers had eliminated fan tones, as was done-by Douglas, 
the resul ts  would have been greatly improved. 

Figure 15 and 16 are  representative of the L-1011 validation study 
resul ts .  Each g r a p h  contains measured data, the original predicted noise 
levels obtained by Lockheed and the revised predicted levels obtained by 
eliminating the fan combination tone or buzz-saw noise. Figure 15 contains 
a perceived noise level plot and a spectra plot for  the fu l l  power takeoff 
case. Even w i t h  the revision t o  the fan noise prediction, the takeoff noise 
i s  overestimated in the forward quadrant. Figure 16 i s  included t o  show t h a t  
for  reduced power se t t ings ,  ANOPP can predict L-1011 flyover noise quite well. 
This figure compares the measured and predicted noise spectrums a t  a radiation 
angle of 60" and a power set t ing of 90% fan speed. 
buzz saw noise component i s  suppressed, the measured and predicted curves look 
very similar.  Even the reinforcements and cancellations caused by ground 
reflection are correctly predicted. This figure is  typical of a l l  the reduced 
power resul ts  included i n  the validation study. 

Notice t h a t  once the 

Boeing 747 

The Boeing Aircraft Company has recently completed the third wide body 
validation study, which compared ANOPP predictions t o  747 flyover data. 
flyovers, depicted in figure 1 7 ,  were made a t  constant 122 meter a l t i tude  
(400 f t )  with several engine power set t ings.  
mounted microphones on the airport  runway. The predicted total  noise was 
assumed t o  be the sum of j e t ,  fan, core, turbine, and airframe noise components. 
The j e t  and fan noise components dominated the predicted levels in most cases. 

The 

Noise was measured by flush- 

Comparisons of predicted and measured tone-corrected perceived noise 
levels are shown in figure 17 .  A t  approach power, the predictions were less  
than the measured data a t  a l l  d i rec t iv i ty  angles. The approach power predictior 
for EPNL was 5 dB below the measured data. 
noise levels were overpredicted i n  the forward quadrant and underpredicted i n  
the a f t  quadrant causing a 1 dB difference i n  effect ive perceived noise levels.  
No attempt to  analyze the source of these discrepancies has been made except to  
note t h a t  buzz-saw noise was included i n  the ANOPP calculation by the Boeing 
engineers. 

A t  takeoff power, the perceived 
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Discussion 

The three wide body validation studies a l l  indicate a need for  improved 
fan noise prediction methods. The fan noise overprediction which often 
reaches 10 t o  15 dB isthought t o  resu l t  from extrapolating s t a t i c  t e s t  stand 
data t o  f l i gh t  conditions. Acceptable results fo r  the DC-10 were obtained 
because of the Douglas engineers' decision t o  "model" fan noise by neglecting 
the buzz-saw component. For the Lockheed L-1011, resul ts  were shown with and 
without the buzz-saw component demonstrating s ignif icant  improvement when the 
buzz-saw component was omitted. 
were apparently overpredicted in the forward arc because of the buzz-saw term. 

The Boeing 747 takeoff power noise levels 

Improvement i n  j e t  noise prediction also appears necessary. J e t  noise 
The wide body validation prediction methods are based on scale model d a t a .  

studies indicate that  s ignif icant  underpredictions of j e t  noise may resul t  
from extrapolating these model d a t a  t o  ful l -scale  engines. Flight effects  
on j e t  noise appear t o  be another source of prediction error.  

The resul ts  of the three wide body validation studies will be documented 
as NASA Contractor Reports and will be available for  detailed analysis by the 
prediction community. 
a component-by-component comparison of ANOPP prediction methods with measured 
noise levels of current technology a i r c ra f t .  
Deficiencies in fan and j e t  noise prediction methods have been pinpointed which 
will provide the focus of future prediction research. 

The intent  in conducting these studies was to  provide 

The resul ts  are encouraging. 

SYSTEMS STUDIES 

The application of ANOPP t o  preliminary design systems studies or 
parametric analyses i s  i l lus t ra ted  in figure 18. A few of the key dimensionless 
variables are the thrust-weight r a t io ,  (T/W) ). which s izes  the propulsion 
system; the l i f t -drag r a t io ,  ( C  / C  ), which represents the a i r c r a f t ' s  aerodynamic 
characterist ics;  and the normalkzea specific th rus t ,  (Tihc,), which i s  an 
indicator of source noise. The interrelationships among these and other 
dimensionless variables must be carefully studied before the ultimate compromise 
between noise a t  the FAA cer t i f ica t ion  points, performance, and economics can 
be reached. 
quantifying the benefits of proposed noise reduction technology has been 
established th rough  the NASA SCR project interface and the ICAO/SCR studies. 
NASA i s  committed t o  continued cooperative development and improvement of'ANOPP 
for  application t o  future parametric and preliminary design studies of advanced 
a i r c ra f t  system concepts. 

An example of application of ANOPP t o  a systems study involving noise- 
constrained takeoff procedures i s  discussed in the next section. 

The value of ANOPP fo r  design studies and, consequently, for 
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Optimized Takeoff Procedures 

The Aircraft  Noise Prediction Program has f ac i l i t a t ed  a s e t  o f  systematic 
noise reducing t ra jectory studies which i s  unique i n  a number o f  ways. First, 
a standard optimization program i s  used to  adjust  continuous control functions 
and produce r e a l i s t i c  takeoff solutions. 
s u r r o u n d i n g  the runway tend t o  reduce noise i n  every direction, n o t  j u s t  a t  
a single point. T h i r d ,  detailed mathematical descriptions of f l i gh t  path, 
engine operations, and noise t a i l o r  the solution t o  a specif ic  a i r c ra f t .  
the completeness of the studies and the approach to  the problem are unique. 

i s  t o  f i n d  that  takeoff trajectory which minimizes noise a t  each selected 
observer location. The range of physically possible and acceptable t ra jec-  
tor ies  i s  represented by the shaded region i n  figure 19. The lower l imit  
represents a minimal adherence to  accepted safety practices and the upper 
l imit  represents the maximum power takeoff. 
trajectory which produces minimum noise a t  the observers. 

i s  t o  real ize  tha t  the inverse problem i s  easier  t o  solve. 
rather t h a n  minimizing noise a t  mu1 t i p l e  observer locations with the constraint 
t h a t  f inal  a l t i t ude ,  H exceeds some minimum safe  a l t i tude ,  i t  i s  more natural 
t o  maximize H f  w i t h  

Second, multiple noise constraints 

Both 

The general optimization problem i s  i l l u s t r a t ed  in figure 19. The object 

Between these extremes l i e s  the 

A key t o  the solution of th i s  general class of optimal control problems 
I n  other words, 

f’multiple noise constraints as summarized below. 

Payoff : Maximum a1 t i  tude 

Controls : 

Constraints: EPNLi < EPNLmax i = 1 , 2  . . .  
Side Constraints: < a < a  ami n max 

The optimization problem is t o  adjust the f l i g h t  controls, angle of attack 

res t r ic t ing  the noise a t  each observer t o  some acceptable l imit .  
noise l imit  can then be lowered until  no feasible solution exis ts .  The side 
constraints on a and ps establish a range of possible angle-of-attack values 
and a range of physically a t ta inable  engine set t ings.  These constraints a re  
equivalent to  defining minimum and maximum possible t ra jec tor ies  bounding 
the shaded region i n  figure 19. 

M ,  and power se t t ing  ps, i n  order t o  maximize final a l t i tude  while 
The acceptable 

ANOPP i s  especially handy for  solving optimization problems of t h i s  type. 
I t  contains a module to  calculate the f l i gh t  trajectory and (See figure 20.) 

one o r  more modules t o  evaluate Level I1 noise predictions a t  each observer. 
I t  also contains executive control statements which perform in i t i a l i za t ion  

736 



and decision logic. 
can be introduced to  the executive system and used as any other functional 
module. 
Gary Vanderplaats and i s  described i n  reference 9. 

The optimization code, while n o t  s t r i c t l y  a part  of ANOPP, 

The optimizer i n  use was developed a t  NASA Ames Research Center by 

The optimization approach has already been applied t o  advanced design 
supersonic transport takeoffs. The de ta i l s  of this research, including a 
description of the f l i gh t  dynamics module, are  contained i n  reference 4. One 
issue l e f t  unresolved i n  that  work i s  the applicabili ty of optimized procedures 
t o  present commercial a i r c ra f t .  A study of the L-1011 takeoff procedures has 
since c la r i f ied  th i s  point. 

Optimized L-1011 Takeoff 

The Lockheed L-1011 Tr is ta r  i s  selected for  an optimized takeoff study 
for  a number of reasons. 
and noise data are published in references 8 and 10. 
L-1011 with three high by-passratio RB-211 engines provides a sharp contrast  
t o  the supersonic transport concept studied previously. Finally, the L-1011 
has a wide range of operating capabi l i t ies  which make optimized procedures 
a t t ract ive.  Even ful ly  loaded, the L-1011 has a considerable amount of excess 
power capabili ty so t h a t  the a i r c r a f t  can maintain a climb in the event of an 
engine fa i lure .  

The primary reason i s  t h a t  detailed engineperformance 
Moreover, the wide-body 

The t e s t  problem designed for  the L-1011 i s  based on FAA cer t i f ica t ion  
procedures for  large commercial a i r c ra f t .  Two observer locations are  
si tuated along the FAR-36 s idel ine a t  5500 m and 6000 m from brake release 
and a third observer location i s  on the runway centerline and 6486 meters 
from brake release. Noise levels a t  each observer are  res t r ic ted t o  96 EPNdB 
which proved to  be the lowest feasible noise goal. 
omitted). 

(Here buzz-saw noise is  
Side constraints on the control functions are s e t  very loosely a t  

= 16", psmin = 70%, psmax = 100%. - - 4", amax mi n a 

The resul ts  of the L-1011 study are  presented in figures 21-23. The 
i n i t i a l  condi tjons are  based on a representative (constant power/constant 
velocity) takeoff procedure found i n  reference 10. 
routine can approximate th i s  takeoff based- on the i n i t i a l  a i r c ra f t  position 
and the angle-of-attack and power set t ing schedules given i n  the reference. 
The optimization routine then adjusts the control functions in order t o  
maximize final a l t i tude  and t o  conform t o  the noise constraint .  In i t i a l  and 
optimal values of angle-of-attack, power se t t ing ,  a l t i t ude  and velocity are 
given in figure 21 and 22. 
gradual cutback such tha t  minimum thrust  occurs s l igh t ly  before the a i r c r a f t  
f l i e s  over the centerline microphone. The thrust  schedule plus the modified 
angle-of-attack schedule resul ts  in a slower ra te  of climb than in the i n i t i a l  
takeoff. However, the optimal solution conforms t o  FAA safety standards in 
tha t  the climb gradient remains above 4 percent and in that  the thrust  cutback 
occurs a f t e r  the a i r c r a f t  has reached 213 m (700 f t )  a l t i tude.  

The ANOPP f l  ight dynamics 

Notice t h a t  the optimum thrust schedule i s  a 
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Use of the optimal f l i gh t  procedure resul ts  i n  reduced effect ive 
perceived noise levels everywhere along the s idel ine and a t  the flyover monitor,  
(See figure 23.) This t e s t  problem demonstrates the use o f  optimization 
to  reduce noise levels for  cer t i f ica t ion  purposes. 
be applied to  community noise abatement studies by positioning the observer 
locations i n  areas of h i g h  population density or i n  areas where ci t izen 
complaints are frequent. 

T h e  same technique could 

NOISE PREDICTION RESEARCH 

Several areas requiring further research have been identified as a resu l t  
of systems studies using ANOPP t o  provide predicted noise levels. 
these noise-constrained o r  optimum takeoff procedures has been discussed i n  
the previous section. 

One of 

Three others are indicated i n  f igure 24. 

Shock Cell Noise 

Shock cell  noise was identified as a c r i t i ca l  research area d u r i n g  the 
Supersonic Cruise Research studies. Shock cell  noise has a nearly omni- 
directional radiation pattern which causes i t  t o  dominate the forward arc 
during takeoff. This forward radiated noise l imits  the benefits of power 
cutback as a noise reducing operational procedure. Consequently, the 
elimination of shock cel l  noise i s  c r i t i ca l  to  the success of a supersonic 
vehicle. NASA has a s t r o n g  in-house program underway which i s  aimed a t  
developing the a b i l i t y  t o  understand and control shock ce l l  noise. The 
i n i t i a l  portion of t h i s  study has been described by Seiner and Norum ( r e f .  1 1 ) .  
A new theory of shock cell  noise has been developed and i s  presently i n  the 
validation process. 
new model of shock ce l l  noise i s  i t s  more forgiving nature when the exhaust 
nozzle i s  operated in off design condition. 

As indicated i n  f igure 24 the essential feature of th i s  

Lateral Attenuation Research 

I t  became apparent d u r i n g  the Supersonic Cruise Research and ICAO studies 
that  more information was needed on ground effects  on a i r c ra f t  noise. 
Quantifying the low angle of incidence phenomenon of excess ( f ig .  25) ground 
attenuation ( E G A )  was of particular in te res t .  
available t o  check the theoretical predictions were the ground-to-ground 
propagation d a t a  taken by Parkin and Scholes i n  the mid f i f t i e s  ( re f .  12) .  
There were almost no air-to-ground d a t a  available. 

The only large data base 

NASA conducted a ser ies  of f l i gh t  t e s t s  a t  Wallops Island in 1979 in 
order t o  o b t a i n  this needed air- to-ground EGA data ( r e f .  13). 
shows a smmary of the resul ts  of these t e s t s  i n  terms of a plot  of the 
EPNdB attenuation as a function of elevation angle and distance to  the 

Figure 25 
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observer. Similar curves a re  available for  the attenuation as a function of 
frequency. These curves agree f a i r l y  well w i t h  theory, however, there i s  a 
tendency t o  measure s l igh t ly  more attenuation than i s  predicted. Also, the 
actual data points from the experiment show a sizable amount of sca t te r .  The 
timely acquisition and interpretation of this data s e t  has supported the 
development of a credible method of calculating la te ra l  attenuation which has 
been documented by the SAE (A-21 Aircraft  Noise Committee) i n  an aerospace 
i nformati on report ( r e f .  14).  

Wallops Island s i t e  t o  provide a further comparison between prediction and 
experiment. 
and explain any remaining difference between theory and experiment. 

S t a t i c  t e s t s  were made u s i n g  a source mounted on a tower a t  the same 

I t  i s  hoped that  these t e s t s  will exhibit  reduced data sca t t e r  

J e t  Shielding Research 

Lateral attenuation measurement on multi-engine a i r c r a f t  often show 
greater attenuations t h a n  predicted by ground e f fec t  theory or than measured 
i n  the T-38 t e s t s .  
the microphones operating a t  fu l l  power so t h a t  there would be no j e t  shielding 
effect .  

The T-38 t e s t s  were made with only the engine nearest 

NASA has a program underway t o  determine the shielding e f fec t  of one j e t  
An analytical study i s  being conducted on another as indicated i n  f igure 24. 

t o  t ry  to  compute th i s  effect .  
the shielding of a point source. 
of  the shielding of a j e t  by a j e t  i s  also planned. 

An in-house study i s  being conducted to  measure 
A contract study t o  provide experimental d a t a  

CONCLUDING REMARKS 

This paper has attempted t o  describe some of the essential  features of 
the ANOPP system fo r  a i r c r a f t  noise prediction and t o  provide a basis for  
evaluating i t s  present capabi l i t ies  and future potential. In just a few years 
ANOPP has progressed from a turbojet  prediction capabili ty t o  i t s  present 
capability of predicting the noise from high-bypass-ratio engines w i t h  coaxial 
flow. By virtue of participation i n  SCR and ICAO systems studies,  procedures 
fo r  incorporating noise as a constraint a t  the preliminary design stage have 
been established. A takeoff noise optimizing procedure has been developed and 
installed in ANOPP which calculates a m i n i m u m  noise takeoff procedure subject 
to  multiple s i te  noise constraints.  

ANOPP provides the framework i n  which more sophisticated source prediction 
theories may be evaluated when, and i f ,  these theories show the possibi l i ty  of 
representing experimental data over a reasonable range of t e s t  conditions. I t  
also provides the basis fo r  evaluating new noise reduction concepts such as 
inverted flow vs. conventional j e t s  by interchanging modules s o  that  the user 
immediately sees the effect  on flyover noise o r  on a takeoff noise contour of 
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the inverted j e t  as compared to  the conventional j e t .  
useful i n  comparing the predictions of different  theories t o  ful l -scale  f l i gh t  
data. The ANOPP data base contains flyover spectra from three wide-body 
a i r c ra f t .  New fan modules may be instal led in ANOPP t o  have the i r  predictions 
compared to  these data. In this way, the more promising theories may be 
evaluated and selected for  use. This procedure fo r  the objective evaluation 
of noise prediction methods is  an important contribution to  noise research 
and futher suggests the use of ANOPP as a means of evaluating proposed noise 
reduction designs and techniques. 

Future ac t iv i t i e s  t o  improve prediction accuracy include the refinement 
of present empirical procedures and the development of f i r s t  principles 
prediction methodology. 

The  program is also 
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GEOMETRY 

FLIGHT DYNAMICS 
FLIGHT PATH- I 

M"' SOURCE INTENSITY, NOISE 

. ' . I  Y/ 

I.",..... I yz_/- 
Figure 1.- ANOPP prediction methodology. 

A I RCRAFT 

I E 

Figure 2.- ANOPP functional level computation flow diagram. 
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Figure 3.- Overall d i r e c t i v i t y  and power spectrum l e v e l s .  
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Figure 4 .- Relative spectrum l e v e l s .  
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Figure 5.-  Source noise  predict ion geometry. 

50 10,000 FREQUENCY, Hz 

Figure 6.-  Near-f ie ld and f a r - f i e l d  no i se  spectra.  
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P NLT, 
dB 

60 

TIME, sec 

- 

Figure 7.- Effective perceived noise level computation. 

Figure 8.- Noise level/slant range curves. 
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Figure 9.- Level I contouring procedure. 

Z Y 

/ 90 dB 

Figure 10.- Level I1 and 111 grid contouring method. 
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Figure  11.- Comparison of ANOPP enhanced EPNL con tour s  w i t h  
very  a c c u r a t e  nonenhanced contours .  

@ CONCORDE 
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A TWIN M I X E D  TURBOJET 

6 

EPNL 4 
dB 2 

0 
-2 
-4 
-6 

A c V BAC 1 - 1 1  
0 CANBERRA 

OVERPRED ICTED 
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I I I I 1 I 
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mlsec 

1000 1500 2000 2500 
JET EXHAUST VELOCITY, ft/ sec 

Figure  12.- Comparison of AJYOPP p r e d i c t i o n s  w i t h  measured 
data i n  t h e  1977 ICAO exercise. 
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Figure 13.- Comparison of DC-9 noise prediction with 
measured data. 
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108 - 0 DATA 0 DATA 
PERCEIVED 
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Figure 14.- Comparison of DC-10 noise prediction with 
measured data. 
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-MEASURED 
Q---o WITHOUT B U Z Z  SAW 
*--*WITH BUZZ SAW PNL, d B  SPL, d B  

WER SETTING = 100 POWER SETTING = lM)% 

RADIATION ANGLE, deg FREQUENCY, Hz 

- L - U  40 
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Figure 15.- Comparison of L-1011 noise prediction with 
measured data. 

-MEASURED 
D-U W ITHOUT BUZZ-SAW 
*--* WITH BUZZ-SAW 

SPL, 
dB 

10 000 
FREQUENCY, Hz 

Figure 16.- L-1 01 1 noise spectra for a reduced 
power f lyover . 
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Figure 17.- Comparison of 747 noise prediction with 
measured data. 

1. PROPULSION 
SYSTEM 

/ 
I 

Figure 18.- ANOPP preliminary design systems studies. 
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Figure 19.- Noise reducing operational procedures. 

FLIGHT TRAJECTORY 3 
LEVEL II 

OPT IM IZER 9 
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Figure 20.- Flow of the optimization 
computations. 
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Figure 21.- Comparison of i n i t i a l  and optimal 
control functions. 
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Figure 22.- Effect of optimal controls on L- lo l l  

f l ight  performance. 
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I N I T I A L  SIDELINE 
OPTIMAL SIDELINE 
I N I T I A L  FLYOVER 
OPTIMAL FLYOVER 

NOISE CONSTRAINT 

5000 5500 6000 6500 7000 
DISTANCE FROM BRAKE RELEASE. m 

Figure 23.- Noise reduction obtained from optimized 
flight procedures. 
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Figure 24.- New research areas identified by ANOPP. 
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Figure  25.- Lateral  a t t e n u a t i o n  i n  T-38 f lyover  data. 
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AIRPORT NOISE IMF'ACT REDUCTION THROUGH OPERATIONS 

Richard DeLoach 
Langley Research Center 

SUMMARY 

The o b j e c t i v e  of Langley Research Center ' s  a i r p o r t  community n o i s e  impact 
modeling program i s  t o  develop t h e  technology f o r  n o i s e  i m p a c t  assessment and 
minimization i n  a i r p o r t  communities. Focus f o r  t h i s  program i s  an  a i r p o r t  
community computer s imula t ion  model c a l l e d  ALAMO (Airport-noise  Levels and 
Annoyance Model) which i s  capable  of overlaying d i s t r i b u t i o n s  of a i r c r a f t  n o i s e  
l e v e l  ( f o o t p r i n t s )  on t h e  popula t ion  d i s t r i b u t i o n s  of any U.S. a i r p o r t  commu- 
n i t y .  Recently developed psychophysical r e l a t i o n s h i p s  between n o i s e  exposure 
l e v e l  and s u b j e c t i v e  response are then  invoked t o  p r e d i c t  t h e  o v e r a l l  impact of 
a i r p o r t  n o i s e  on t h e  surrounding community, based on t h e  number of i nd iv idua l s  
exposed t o  va r ious  levels of no ise .  Outputs of t h e  program inc lude  a predic-  
t i o n  of t h e  number of r e s i d e n t s  expected t o  be "highly annoyed" wi th  t h e  
a i r p o r t  no i se ,  as w e l l  as s e v e r a l  demographic v a r i a b l e s  l i s t e d  as a func t ion  of 
n o i s e  l e v e l ,  inc luding  popula t ion ,  popula t ion  d e n s i t y ,  and popula t ion  growth 
ra te .  
reduct ion  which can be achieved by va r ious  candida te  no i se  abatement s t r a t e g i e s .  
For example, a number of runway s e l e c t i o n  a l t e r n a t i v e s  might b e  compared wi th  
t h e  imposi t ion of a n igh t  curfew t o  see which s t r a t e g y  r e s u l t s  i n  t h e  g r e a t e s t  
r educ t ion  of h ighly  impacted r e s i d e n t s .  In a similar manner, va r ious  f leet  
mix and land-use a l t e r n a t i v e s  can be assessed  t o  determine which has  t h e  
g r e a t e s t  p o t e n t i a l  f o r  a l l e v i a t i n g  n o i s e  impact. Since each n o i s e  abatement 
s t r a t e g y  w i l l  have a c o s t  a s soc ia t ed  w i t h  i t ,  t h e  ALAMO model can be used t o  
determine a n  appropr i a t e  d i s t r i b u t i o n  of l imi t ed  a i r p o r t  no i se  abatement 
resources .  

The ALAMO model can be  used t o  quant i fy  t h e  degree of n o i s e  impact 

I n  this  paper ,  t h e  e f f e c t s  of va r ious  a e r o n a u t i c a l ,  ope ra t iona l ,  and land- 
use  no i se  impact r educ t ion  a l t e r n a t i v e s  are assessed  f o r  a major midwestern 
a i r p o r t .  S p e c i f i c a l l y ,  t h e  r e l a t i v e  e f f e c t i v e n e s s  of adding sound absorbing 
material  t o  a i r c r a f t  engines ,  imposing curfews, and t r e a t i n g  houses wi th  
a c o u s t i c  i n s u l a t i o n  i s  examined. 

INTRODUCTION 

Concern f o r  t h e  impact of no i se  on a i r p o r t  communities r e p r e s e n t s  a major 
impediment t o  t h e  growth and development of commercial a v i a t i o n ,  both i n  t h e  
United States and abroad. 
t h a t ,  i n  t h e  United S t a t e s ,  no cons t ruc t ion  has been i n i t i a t e d  f o r  new j e t  
a i r p o r t s  t o  serve major met ropol i tan  communities i n  a decade even though t h e  
demand f o r  a i r  t r a n s p o r t a t i o n  has  grown dramat ica l ly  i n  t h e  same period.  

Noise e f f e c t s  are l a r g e l y  r e spons ib l e  f o r  t h e  f a c t  
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Figure  (1) i l l u s t r a t e s  t h e  growth i n  passenger-km/yr (mi/yr) i n  t h e  United 
S t a t e s  s i n c e  1950, w i t h  t h e  c u r r e n t  t r end  ex t r apo la t ed  t o  1990 ( r e f .  1). The 
increased  demand f o r  a i r  carrier service has  been p a r t i a l l y  absorbed through 
increased  ope ra t ions  a t  e s t a b l i s h e d  a i r p o r t s .  Residents  of t h e  more s e v e r e l y  
impacted a i r p o r t  communities have organized themselves p o l i t i c a l l y  i n  o rde r  t o  
impose va r ious  no i se  abatement ope ra t ing  c o n s t r a i n t s  on t h e  a i r p o r t s  s e rv ing  
t h e i r  communities. F igure  2 i l l u s t r a t e s  t h e  t r e n d  toward increased  ope ra t ing  
c o n s t r a i n t s  a t  a i r p o r t s  worldwide. I f  t h e  h i s t o r i c a l  t rend  of i nc reas ing  
a i r  carrier demand cont inues  as expected, t h e  t r end  toward more t i g h t l y  
cons t ra ined  ope ra t ions  can a l s o  be  expected t o  cont inue.  

I n  a d d i t i o n  t o  c o n s t r a i n t s  on a i r p o r t  ope ra t ing  procedures which might 
t ake  the  form of n i g h t  curfews, takeoff  and landing  p r o f i l e  r e s t r i c t i o n s ,  o r  
r e s t r i c t i o n s  on ground t r a c k s ,  o t h e r  abatement countermeasures are a l s o  of 
i n t e r e s t  t o  a i r p o r t  opera tor  and community p lanners .  These nonoperat ional  
countermeasures can be  c l a s s i f i e d  as e i t h e r  a e r o n a u t i c a l  countermeasures o r  
land-use countermeasures. Aeronaut ical  countermeasures involve  t h e  development 
and implementation of source n o i s e  suppression technology t o  reduce no i se  levels 
emanating from t h e  j e t  engines.  Avai lab le  technology op t ions  inc lude  new f a n  
des igns ,  a c o u s t i c  l i n e r s ,  engine i n l e t  des igns ,  and i n t e r n a l  f low mixers 
( r e f .  2 ) .  Land-use countermeasures inc lude  zoning r e s t r i c t i o n s  t o  d iscourage  
f u t u r e  r e s i d e n t i a l  cons t ruc t ion  i n  t h e  a i r p o r t  v i c i n i t y ,  r e l o c a t i o n  of 
r e s i d e n t s  ou t  of h igh ly  impacted areas, and i n s u l t a t i o n  of impacted homes t o  
provide n o i s e  r e l i e f .  

The t a s k  of developing an  e f f e c t i v e  n o i s e  abatement s t r a t e g y  is  complicatec 
by d i f f i c u l t i e s  i n  de f in ing  q u a n t i t a t i v e l y  t h e  degree of n o i s e  r e l i e f  which i s  
a f fo rded  by a p a r t i c u l a r  countermeasure. Furthermore, t h e  n o i s e  r e l i e f  which 
a p a r t i c u l a r  countermeasure provides  can be  much d i f f e r e n t  f o r  one a i r p o r t  than  
f o r  another .  For example, a takeoff  procedure which involves  a l a r g e  cutback 
i n  t h r u s t  soon a f t e r  takeoff  w i l l  provide g r e a t e r  r e l i e f  i n  communities w i th  
higher  popula t ion  d e n s i t i e s  near  t h e  a i r p o r t  than  i n  communities wi th  h igher  
popula t ion  d e n s i t i e s  f u r t h e r  from t h e  a i r p o r t .  

This  paper desc r ibes  t h e  implementation of a n  assessment methodology which 
permi ts  t h e  q u a n t i t a t i v e  assessment of a v a r i e t y  of n o i s e  abatement op t ions  on 
and a i r p o r t - s p e c i f i c  b a s i s .  
computerized community response model c a l l e d  t h e  Airport-noise  Levels  and 
Annoyance Model (ALAMO), is  demonstrated f o r  t h e  case of a major midwestern 
a i r p o r t .  Severa l  p o t e n t i a l  ae ronau t i ca l ,  o p e r a t i o n a l ,  and land-use counter-  
measures are eva lua ted  f o r  t h i s  a i r p o r t .  

The assessment method, which is  implemented i n  a 

IMPACT ASSESSMENT METHODOLOGY 

The F r a c t i o n a l  Impact Method of a s s e s s i n g  community response  t o  a i r p o r t  
n o i s e  i s  used i n  t h e  impact assessments descr ibed  i n  t h i s  paper.  This  method 
expresses  n o i s e  impact i n  terms of t h e  number of people exposed t o  n o i s e  of a 
p a r t i c u l a r  l e v e l ,  i n  t h e  fol lowing way: The number of people  exposed t o  a 
p a r t i c u l a r  n o i s e  level i s  m u l t i p l i e d  by a dimensionless  weighting func t ion  
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which depends on t h a t  no i se  level.  
Schu l t z ' s  r e l a t i o n s h i p  between human s u b j e c t i v e  response t o  n o i s e  (percent  
"highly annoyed") and n o i s e  l e v e l  as descr ibed  by t h e  L metric ( r e f .  3 ) .  

The weighting func t ion  i s  obta ined  by normalizing t h e  Schul tz  dose-response 
t r a n s f e r  func t ion  t o  u n i t y  a t  75 L and r e p r e s e n t s  t h e  " f r a c t i o n  of impact" 

a s soc ia t ed  wi th  va r ious  n o i s e  levels,  assuming an  impact of 100 percent  a t  
7 5  Ldn ( f i g .  3 ) .  The product of t h i s  level-dependent weight ing func t ion  and 

t h e  number of people  exposed t o  each n o i s e  level i s  summed f o r  a l l  n o i s e  levels 
i n  t h e  a i r p o r t  community, r e s u l t i n g  i n  a quan t i ty  c a l l e d  t h e  level weighted 
populat ion,  which expresses  n o i s e  impact i n  t e r m s  of both n o i s e  level 
( i n t e n s i t y )  and popula t ion  exposed ( e x t e n s i t y ) .  

The weighting func t ion  i s  based on 

dn 

dn 

Working Group 69 of t h e  Nat iona l  Research Counci l ' s  Committee on Hearing, 
Bioacoust ics ,  and Biomechanics (CHABA) developed t h e  level weighted popula t ion  
concept as i t  i s  used i n  t h i s  paper and has  recommended t h i s  concept f o r  
quant i fy ing  no i se  impact i n  t h e i r  "Guidelines f o r  Preparing Environmental Impact 
Statements  on Noise" ( r e f .  4 ) ,  prepared a t  t h e  r eques t  of t h e  Environmental 
P r o t e c t i o n  Agency. 
d e s c r i p t o r  c a l l e d  t h e  Noise Impact Index (NII ) ,  which i s  def ined  as t h e  r a t i o  
of t h e  level weighted popula t ion  (descr ibed above) t o  t h e  t o t a l  impacted 
populat ion.  The N I I  i s  a u s e f u l  measure f o r  comparing t h e  n o i s e  impact i n  
communities w i t h  d i f f e r e n t  numbers of impacted r e s i d e n t s .  

Also descr ibed  i n  r e fe rence  4 i s  a second n o i s e  impact 

IMPLEMENTATION OF ASSESSMENT METHODOLOGY 

The idea  t h a t  community response t o  n o i s e  should be descr ibed  i n  terms of 
n o i s e  level and popula t ion  exposed i s  not  new. Ear ly  a p p l i c a t i o n s  of t h e  
f r a c t i o n a l  impact concept are descr ibed  i n  r e fe rence  5 f o r  example. Even 
though t h e  b a s i c  concept i s  n o t  new, a p r a c t i c a l  means f o r  r o u t i n e l y  performing 
f r a c t i o n a l  i m p a c t  c a l c u l a t i o n s  has  had t o  a w a i t  t h r e e  t e c h n i c a l  developments, 
two of which have occurred only r e c e n t l y .  

The f i rs t  of t h e s e  developments has  t o  do wi th  desc r ib ing  no i se  l e v e l s  a t  
a r b i t r a r y  l o c a t i o n s  w i t h i n  a n  a i r p o r t  community. Methods f o r  performing t h i s  
t a s k  have been a v a i l a b l e  f o r  several years  and involve  t h e  combining of air-  
c r a f t  source  no i se  and performance d a t a  wi th  no i se  p r e d i c t i o n  methodology t o  
genera te  contours  of cons tan t  n o i s e  exposure around a n  a i r p o r t  ( r e f s .  6 and 7 ) .  

The second t e c h n i c a l  development t o  f a c i l i t a t e  a p p l i c a t i o n s  of t h e  
f r a c t i o n a l  impact method involves  t h e  r ecen t  i n t r o d u c t i o n  of census d a t a  base  
management computer programs which provide a cos t - e f f ec t ive  means of ob ta in ing  
t h e  demographic informat ion  requi red  i n  f r a c t i o n a l  impact c a l c u l a t i o n s .  Before 
such census d a t a  w e r e  a v a i l a b l e  i n  machine r eadab le  formats ,  the demographic 
d a t a  had t o  be  acqui red  by t ed ious  manual techniques,  which w e r e  c o s t l y  and 
t i m e  consuming. Now t h e  popula t ion  wi th in  a no i se  contour  of e s s e n t i a l l y  
a r b i t r a r y  s i z e  and shape can b e  determined q u i t e  e a s i l y  f o r  any z i r p o r t  commu- 
n i t y  i n  t h e  United S t a t e s ,  w i th  a r e s o l u t i o n  approaching ha l f  a square  m i l e  i n  
densely populated areas ( r e f .  8) .  
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The t h i r d  and f i n a l  t e c h n i c a l  development t o  f a c i l i t a t e  r o u t i n e  app l i -  
c a t i o n s  of the f r a c t i o n a l  impact method is  Schu l t z ' s  i d e n t i f i c a t i o n  of a 
s t a b l e  r e l a t i o n s h i p  between n o i s e  level and human s u b j e c t i v e  response as 
descr ibed  i n  t h e  previous s e c t i o n .  
t h e  " f r a c t i o n  of impact" a s s o c i a t e d  wi th  a g iven  n o i s e  l e v e l  is based on t h i s  
r e c e n t l y  developed n o i s e  dose-response r e l a t i o n s h i p .  

The weighting func t ion  used t o  determine 

The t h r e e  major components requi red  t o  assess a i r p o r t  community n o i s e  
impact v ia  t h e  f r a c t i o n a l  impact method, namely, a community n o i s e  p r e d i c t i o n  
program, a census d a t a  base  management program, and t h e  Schul tz  dose-response 
t r a n s f e r  func t ion ,  have r e c e n t l y  been incorpora ted  i n t o  a n  a i r p o r t  community 
no i se  impact assessment model c a l l e d  ALAMO (Airport-noise  Levels and Annoyance 
Model) ( r e f ,  9 ) .  The ALAMO is  a computerized implementation of t h e  f r a c t i o n a l  
impact method which can be used t o  assess n o i s e  impact f o r  any a i r p o r t  community 
i n  t h e  United S t a t e s .  (Assessments are l i m i t e d  t o  U.S. a i r p o r t s  on ly  because 
t h e  demographic d a t a  base  b u i l t  i n t o  ALAMO i s  based on U.S. census da t a . )  
ALAMO r e p o r t s  t h e  number of people impacted as a func t ion  of n o i s e  level,  t h e  
number p red ic t ed  t o  be "highly annoyed" (via t h e  Schul tz  dose-response t r a n s f e r  
f u n c t i o n ) ,  t h e  l e v e l  weighted populat ion and t h e  Noise Impact Index. I n  
a d d i t i o n ,  complete demographic p r o f i l e s  are generated which con ta in  several 
q u a n t i t i e s  of i n t e r e s t  t o  n o i s e  c o n t r o l  p lanners ,  such as d i s t r i b u t i o n s  of age,  
p roper ty  va lues ,  homeowners, r e n t e r s ,  s ingle-family dwel l ings ,  and apartment 
bu i ld ings .  
d i r e c t  i n t e r e s t  i n  a n o i s e  i m p a c t  a n a l y s i s ,  may provide i n s i g h t  i n t o  t h e  
p r e v a i l i n g  a t t i t u d e  of t h e  impacted popula t ion  toward t h e  a i r p o r t .  Family 
income, e t h n i c  o r i g i n ,  occupat ion,  and educa t iona l  l e v e l  are examples of such 
v a r i a b l e s .  ALAMO genera tes  r e p o r t s  which d i s p l a y  demographic v a r i a b l e s  and 
t h e  r e s u l t s  of n o i s e  impact c a l c u l a t i o n s  as a func t ion  of n o i s e  level f o r  t h e  
community as a whole and f o r  each of e i g h t  o c t a n t s  def ined  by superimposing 
an  o c t a n t  compass r o s e  over t h e  n o i s e  f o o t p r i n t ,  cen tered  a t  t h e  a i r p o r t .  
Thus, i t  is p o s s i b l e  t o  determine t h e  numbers of r e s i d e n t s  l i v i n g  t o  t h e  north-  
n o r t h e a s t  of t h e  a i r p o r t  who own t h e i r  own homes and who are exposed t o  n o i s e  
l e v e l s  between 60 and 65 Ldn, f o r  example. 

Other demographic v a r i a b l e s  are a l s o  a v a i l a b l e  which, whi le  no t  of 

The ALAMO has  r e c e n t l y  been used t o  assess both t h e  cu r ren t  ope ra t ing  
scena r io  and a number of hypo the t i ca l  n o i s e  abatement s cena r ios  a t  a n  e x i s t i n g  
l a r g e  a i r p o r t .  Resu l t s  of t h i s  assessment are presented  i n  t h e  next  s ec t ion .  

Base l ine  Operating Scenario 

Most of t h e  ope ra t ions  informat ion  upon which t h e  impact assessment i n  
t h i s  example i s  based can be found i n  d r a f t  and f i n a l  Environmental Impact 
Statements  f o r  t h e  a i r p o r t  ( r e f s .  10 and ll), requi red  because of p l ans  t o  
extend its two major p a r a l l e l  runways. Operat ions information found i n  t h e  
EIS  w a s  augmented by information obtained from cur ren t  f l i g h t  schedules  and 
from d i scuss ions  wi th  c o n t r o l  tower personnel  a t  t h e  a i r p o r t .  

The ALAMO r e q u i r e s  t h a t  t h e  ope ra t ing  scena r io  f o r  t h e  a i r p o r t  under s tudy  
b e  descr ibed  i n  t e r m s  of fou r  types  of information:  runway d e s c r i p t i o n s ;  
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takeoff  and landing p r o f i l e  d e s c r i p t i o n s ;  ground t r a c k  desc r ip t ions ;  and 
d e s c r i p t i o n s  of t h e  ope ra t ions  schedule  i n  terms of the number of ope ra t ions  
by a i r c r a f t  type,  t i m e  of day, s t a g e  l eng th  ( f o r  t a k e o f f s ) ,  ground t r a c k s ,  and 
p r o f i l e s .  
recording t h e  l eng th  and o r i e n t a t i o n  of each of t h e  runways. These d a t a  w e r e  
obtained from t h e  Ai rpor t  Layout P lan  ( r e f .  10)  ( f i g .  4 ) .  The takeoff  
p r o f i l e s  f o r  t h i s  a i r p o r t  were modeled a f t e r  recommendations i n  FAA Advisory 
C i rcu la r  91-39 ( r e f .  12)  which d e f i n e s  a s tandard  takeoff  procedure c a l l i n g  
f o r  a r educ t ion  from takeoff  t h r u s t  t o  maximum climb t h r u s t  b e f o r e  f l a p  
r e t r a c t i o n  (cleanup) .  Ground t r a c k s  presented i n  t h e  d r a f t  EIS (ref. 10) w e r e  
used i n  t h e  present  impact assessment ( f i g .  5). 

The runway d e s c r i p t i o n s  are s t r a igh t fo rward  and simply involve  

The ALAMO r e q u i r e s  t h a t  f l i g h t  opera t ions  be def ined  i n  t e r m s  of t h e  
number of ope ra t ions  of each a i r c r a f t  type  which occur on each ground t r a c k  
as a f u n c t i o n  of time of day (day o r  n igh t )  and s t a g e  l eng th .  The EIS d id  n o t  
con ta in  ope ra t ions  d a t a  wi th  q u i t e  t h i s  l e v e l  of d e t a i l ,  a l though enough 
information w a s  provided t o  develop a n  approximate model of t h e  ope ra t ing  
schedule,  wi th  augmentations from a i r l i n e  f l i g h t  schedul ing information.  
Percentage use  rates g iven  i n  t h e  E I S  f o r  each ground t r a c k  were mul t ip l i ed  
by t h e  number of d a i l y  ope ra t ions  g iven  f o r  each a i r c r a f t  type  i n  order  t o  
d e f i n e  t h e  number of each a i r c r a f t  type  t o  a s s i g n  t o  each t r ack .  These per  
t r a c k  ope ra t ions  w e r e  f u r t h e r  divided i n t o  day (7 a . m .  t o  10  p.m.) and n igh t  
(10 p.m. t o  7 a.m.) ope ra t ions  according t o  t h e  fo l lowing  d i s t r i b u t i o n ,  given 
i n  E I S :  

Night Day 

A i r  Carrier 90% 10% 
Commuter 68.9% 31.1% 
General Aviat ion 93.4% 6.6% 

Stage l eng th  d i s t r i b u t i o n s  f o r  depa r t ing  a i r c r a f t  were no t  given i n  t h e  EIS, 
bu t  estimates w e r e  made of t h e  number of depar tures  by s t a g e  l eng th  based on 
a i r l i n e  schedul ing information ( r e f .  1 3 ) .  A percentage d i s t r i b u t i o n  of 
takeoff  ope ra t ions  by s t a g e  l eng th  w a s  cons t ruc ted  from t h i s  in format ion  and 
appl ied  t o  t h e  per  t r a c k  day and n i g h t  ope ra t ions ,  w i t h  a l t e r a t i o n s  t o  i n s u r e  
t h a t  a i r c r a f t  types wi th  takeoff  rol l .  l eng ths  too  long t o  use  o t h e r  runways 
were assigned t o  t h e  longes t  runway. The r e s u l t s  of t h i s  ope ra t ions  d e f i n i t i o n  
e x e r c i s e  w a s  a t a b l e  of t h e  number of each a i r c r a f t  type  assigned t o  each 
ground t r a c k  as a func t ion  of t i m e  of day and takeoff  s t a g e  l eng th .  

Resul t  of t h e  Base l ine  Impact Assessment 

Demographic r e p o r t s  and f r a c t i o n a l  impact r e p o r t s  were produced f o r  t h e  
a i r p o r t  community as a whole and f o r  each of t h e  e i g h t  o c t a n t s  around t h e  
a i r p o r t  def ined  by over lay ing  an  o c t a n t  compass r o s e ,  centered on t h e  a i r p o r t .  
The compass r o s e  thus  d iv ided  t h e  community i n t o  t h e  nor th-nor theas t  (NNE), 
ea s t -no r theas t  (ENE), eas t - southeas t  (ESE), south-southeast  (SSE), south- 
southwest (SSW), west-southwest (WSW), west-northwest (WNM), and north-  
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northwest  (NNW) o c t a n t s .  F igure  6 p r e s e n t s  t h e  number of people  exposed t o  
a i r p o r t  n o i s e  l e v e l s  i n  excess  of 55 L and inc ludes  t h e  l e v e l  weighted 

popula t ion  and t h e  number of people  p red ic t ed  t o  be  h ighly  annoyed by t h e  
a i r c r a f t  no i se ,  a l l  as a func t ion  of community l o c a t i o n ,  by oc tan t .  Figure 7 
p re sen t s  t h e  corresponding Noise Impact Index and percent  h igh ly  annoyed da ta .  
It i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  o c t a n t s  which are most s eve re ly  impacted 
(west-southwest and north-northwest)  con ta in  t h e  fewest  people.  Th i s  sugges ts  
t h a t  e i t h e r  t h e  a i r p o r t  n o i s e  d i s t r i b u t i o n  a f f e c t s  t h e  popula t ion  d i s t r i b u t i o n  
around t h e  a i r p o r t ,  w i th  fewer people  choosing t o  l ive i n  t h e  h igher  impacted 
areas, o r  t h a t  t h e  c u r r e n t  a i r p o r t  f l i g h t  t r a c k s  avoid t h e  most populated 
areas . 

dn’ 

F igures  8 t o  10 i l l u s t r a t e  how popula t ion  d e n s i t y ,  popula t ion  growth rate, 
and average home va lues  vary as a func t ion  of n o i s e  l e v e l  i n  t h e  a i r p o r t  
community. 
and t h e  growth rate d a t a  r ep resen t  average annual  percentage growth rates from 
1970 t o  1977. The average home va lue  f i g u r e s  are from 1970 census d a t a .  The 
p r e c i s i o n  of t h e s e  demographic d a t a  can be quest ioned because of t h e  assump- 
t i o n s  which must n e c e s s a r i l y  be made about t h e  a i r c r a f t  and a i r p o r t  ope ra t ing  
scena r io  when computing t h e  n o i s e  contours  used t o  bound t h e  a i r p o r t  community 
r e s i d e n t s  counted i n  t h e s e  d a t a .  Furthermore, t h e  average home va lues  
presented i n  f i g u r e  10 r ep resen t  1970 p r i c e  levels,  which are no t  r e l e v a n t  
today. However, i t  i s  t h e  t r end  of t h e  d a t a  t h a t  i s  of i n t e r e s t ,  r a t h e r  than  
t h e  a b s o l u t e  va lues  of t h e  numbers. 

The popula t ion  d e n s i t y  d a t a  are based on 1977 popula t ion  f i g u r e s  

The d a t a  i n  f i g u r e  8 i n d i c a t e  a maximum popula t ion  d e n s i t y  i n  t h e  65 t o  
70 Ldn band, w i th  a decrease  i n  popula t ion  d e n s i t y  both as t h e  a i r p o r t  i s  

approached ( inc reas ing  no i se  l e v e l s )  and as t h e  d i s t a n c e  from t h e  a i r p o r t  g e t s  
l a r g e r  (decreas ing  n o i s e  l e v e l ) .  Th i s  i s  c o n s i s t e n t  wi th  a gene ra l  t rend  
repor ted  i n  r e f .  1 4  f o r  a i r p o r t  communities of t h i s  s i z e .  

The growth rate d a t a  i n  f i g u r e  9 i n d i c a t e  a gene ra l  d e c l i n e  i n  t h e  
popula t ion  r e s i d i n g  i n s i d e  t h e  55 L contour .  While t h e  growth rate is  dn 
nega t ive  f o r  a l l  t h e  n o i s e  bands presented ,  t h e  t r end  i s  f o r  a g r e a t e r  d e c l i n e  
i n  popula t ion  i n  t h e  h igher  impacted neighborhoods than  i n  neighborhoods 
r ece iv ing  less i m p a c t .  

Average home va lues  a l s o  e x h i b i t  a d e c l i n i n g  t r end  wi th  inc reas ing  n o i s e  
l e v e l  ( f i g .  1 0 ) .  It should be noted,  however, t h a t  t r e n d s  i n  such parameters 
as average home va lues  and popula t ion  growth rate should no t  be  a s soc ia t ed  
exc lus ive ly  wi th  t h e  in f luence  of a i r p o r t  n o i s e  s i n c e  many o t h e r  f a c t o r s  of 
course  p lay  a r o l e  i n  determining t h e s e  t r ends .  

EVALUATION OF HYPOTHETICAL NOISE IMPACT COUNTERMEASURES 

The previous s e c t i o n  presented  t h e  r e s u l t s  of a noise-impact assessment 
based on a model of t h e  c u r r e n t  ope ra t ing  scena r io  a t  a l a r g e  midwestern 
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a i r p o r t .  It i s  not  necessary t o  l i m i t  such an  assessment e x e r c i s e  t o  t h e  
cu r ren t  ope ra t ing  scena r io ,  however, A l t e rna te  scena r ios ,  inc luding  those  
which may have t h e  p o t e n t i a l  f o r  reducing no i se  impact,  can be  modeled as w e l l .  
The re la t ive e f f e c t i v e n e s s  of s e v e r a l  hypo the t i ca l  n o i s e  abatement s t r a t e g i e s  
can thus  be r e a d i l y  determined. A number of such n o i s e  abatement counter- 
measures have been modeled and are presented i n  t h i s  s e c t i o n .  

Descr ip t ion  of Countermeasures 

Seven n o i s e  abatement countermeasures which w e r e  modeled are descr ibed  i n  
t h i s  s ec t ion .  These inc lude  two a e r o n a u t i c a l  countermeasures,  two o p e r a t i o n a l  
countermeasures, two land-use countermeasures , and one combined ae ronau t i ca l /  
o p e r a t i o n a l  countermeasure. 

The f i r s t  n o i s e  abatement s cena r io  t o  be considered cons i s t ed  of t r e a t i n g  
t h e  engines  of narrow-body j e t  t r a n s p o r t s  with sound absorbing material (SAM 
t rea tment ) .  
7 2 7 ,  737, DC-9, 707, and DC-8 n o i s e  curves  which r e s i d e  i n  t h e  d a t a  base of 
t h e  ALAMO n o i s e  p r e d i c t i o n  subprogram wi th  r e s i d e n t  n o i s e  curves  desc r ib ing  
SAM-treated engines .  It should be noted t h a t  as  o l d e r ,  no isy  a i r c r a f t  are 
r e t i r e d  from t h e  f l e e t ,  t h e  f l e e t  mix which evolves  w i l l  con ta in  a progres- 
s i v e l y  l a r g e r  f r a c t i o n  of a i r c r a f t  which are powered by q u i e t e r  engines ,  and 
t h e  a t t r a c t i v e n e s s  of t h i s  engine modi f ica t ion  a l t e r n a t i v e  w i l l ,  t h e r e f o r e ,  
diminish wi th  t i m e .  It i s  i n t e r e s t i n g ,  none the le s s , t o  compare t h i s  source- 
n o i s e  countermeasure wi th  o p e r a t i o n a l  and land-use a l t e r n a t i v e s .  

This  countermeasure w a s  implemented by r ep lac ing  t h e  s tandard 

The second scena r io  cons i s t ed  of d i v e r t i n g  a l l  gene ra l  a v i a t i o n  a i r c r a f t  
t o  a l t e r n a t e  a i r p o r t s .  While i t  is recognized t h a t  such a po l i cy  would be 
imprac t i ca l  t o  implement, i t  i s  nonethe less  of i n t e r e s t  t o  assess t h e  r e l a t i v e  
c o n t r i b u t i o n  of gene ra l  a v i a t i o n  ope ra t ions  t o  t h e  t o t a l  a i r p o r t  n o i s e  i m p a c t .  

A n i g h t  curfew w a s  modeled, i n  which a l l  of t h e  ope ra t ions  scheduled 
a f t e r  10 p.m. w e r e  rescheduled be fo re  10 p.m. This  case w a s  run  a second 
t i m e ,  wi th  t h e  n igh t  curfew app l i ed  only t o  scheduled ope ra t ions .  

I n  t h e  f o u r t h  scena r io ,  a l l  a i r c r a f t  were modeled as landing f u r t h e r  down 
t h e  runway than  i n  t h e  b a s e l i n e  case ,  i n  which t h e  landing threshold  w a s  
modeled a t  1000 f e e t  from t h e  end of t h e  runway. This  d i sp l aced  threshold  
countermeasure is  o f  p a r t i c u l a r  i n t e r e s t  s i n c e  i t  has  i n  f a c t  been implemented 
at  JFK I n t e r n a t i o n a l  Ai rpor t  f o r  Concorde SST approaches.  Two t:hreshold 
displacements  w e r e  modeled, 1000 f e e t  and 2000 f e e t .  

Two land-use countermeasures w e r e  modeled: vaca t ing  t h e  75 L contour  

and i n s u l a t i n g  a l l  homes i n s i d e  t h e  65 L contour t o  provide t h e  equiva len t  

of a 6 dB reduct ion  i n  n o i s e  l e v e l .  I n  t h e  f i r s t  land-use scena r io ,  a l l  
r e s i d e n t s  i n s i d e  t h e  75 L contour were presumed t o  be r e loca ted  completely 

ou t s ide  of t h e  a i r p o r t  community and w e r e  neglected i n  t h e  ensuing f r a c t i o n a l  
impact c a l c u l a t i o n s .  I n  t h e  second land-use scena r io ,  6 d e c i b e l s  were 

dn 

dn 

dn 
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sub t r ac t ed  from a l l  t h e  contour  va lues  i n s i d e  t h e  65 dB contour p r i o r  t o  pe r -  
forming t h e  f r a c t i o n a l  i m p a c t  c a l c u l a t i o n s .  

The f i n a l  countermeasure t o  be modeled cons i s t ed  of a combination of two 
of t h e  countermeasures prev ious ly  desc r ibed ,  
curfew and a l l  narrow-body j e t  t r a n s p o r t s  t r e a t e d  wi th  sound absorbing material, 

This  case modeled both a n i g h t  

Besides t h e  seven n o i s e  abatement countermeasures descr ibed  above, one 
a d d i t i o n a l  case w a s  run  which, whi le  not  a countermeasure opt ion ,  is of 
i n t e r e s t  nonethe less .  I n  t h i s  case ,  a l l  ope ra t ions  w e r e  doubled i n  o rde r  t o  
assess t h e  n o i s e  impact which such an  inc rease  i n  ope ra t ions  might have, 
assuming no change i n  t h e  populat ion d i s t r i b u t i o n  modeled i n  t h e  b a s e l i n e  case. 

Noise Ef fec t  of A l t e r n a t i v e  Ai rpor t  Community Scenarios  

The number of community r e s i d e n t s  p red ic t ed  t o  be h ighly  annoyed w a s  
c a l c u l a t e d  f o r  each of t h e  a l t e r n a t i v e  a i r p o r t  community scena r ios  descr ibed  
i n  t h e  previous s e c t i o n ,  and compared wi th  t h e  number p red ic t ed  t o  be  h ighly  
annoyed under t h e  c u r r e n t  s cena r io .  The percentage reduct ion  i n  populat ion 
h igh ly  annoyed w a s  then  ca l cu la t ed  i n  o rde r  t o  assess t h e  r e l a t i v e  e f f e c t i v e -  
nes s  of each of t h e  hypo the t i ca l  n o i s e  abatement countermeasures. These 
c a l c u l a t i o n s  w e r e  performed f o r  each of t h e  e i g h t  compass r o s e  o c t a n t s  around 
t h e  a i r p o r t ,  as w e l l  as f o r  t h e  community as a whole, and t h e  r e s u l t s  are 
presented i n  f i g u r e s  11 t o  18 and summarized i n  Table I. 

TABLE I.- IMPACT COUNTERMEASURE EFFECTIVENESS 

REDUCTION I N  
ANNOYED POPULATION COUNTERMEASURE 

SAM Engine Treatment 
Curfew - A l l  Operat ions 
Curfew - Scheduled Operations 

dn House Treatment I n s i d e  65 L 

Vacate 7 5  Ldn Contour 

Ban A l l  G / A  Operat ions 
1000 F t .  Displaced Landing 
2000 F t .  Displaced Landing 
SAM + Curfew 

4 3% 
30% 
29% 
2 6% 

4% 

2% 
2% 
1% 

68% 

The most e f f e c t i v e  ind iv idua l  countermeasure modeled w a s  t o  treat t h e  
a i r c r a f t  engines  wi th  sound absorbing material. A 43 percent  r educ t ion  i n  
popula t ion  h igh ly  annoyed is  predic ted .  Next i n  p red ic t ed  e f f e c t i v e n e s s  i s  t o  
impose a n igh t  curfew so t h a t  a l l  ope ra t ions  a f t e r  10 p.m. are rescheduled 
f o r  before  10 p.m. This  no i se  abatement s t r a t e g y  i s  predic ted  t o  r e s u l t  i n  
a 30 percent  r educ t ion  i n  h igh ly  annoyed populat ion.  
t o  scheduled j e t  t r a n s p o r t  ope ra t ions  w a s  found t o  be almost as e f f e c t i v e ,  

R e s t r i c t i n g  t h e  curfew 
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with  a 29 percent  r educ t ion  i n  t h e  most severe ly  impacted r e s i d e n t s .  
houses i n s i d e  t h e  e x i s t i n g  65 L contour  with s u f f i c i e n t  n o i s e  i n s u l a t i o n  t o  

r e s u l t  i n  an  e f f e c t i v e  L 

reduct ion  i n  h ighly  annoyed populat ion.  The remaining ind iv idua l  counter- 
measures,banning G / A  opera t ions ,  us ing  d isp laced  landing  th re sho lds ,  and 
r e l o c a t i n g  r e s i d e n t s  who l i v e  i n s i d e  t h e  75 L contour ,  were found t o  have a 

r e l a t i v e l y  s m a l l  (1 percent  t o  4 percent )  e f f e c t  on t h e  number of h ighly  
annoyed r e s i d e n t s .  When t h e  two most e f f e c t i v e  countermeasures (SAM engine 
t rea tment  and n i g h t  curfew) w e r e  combined, t h e  r educ t ion  i n  highly-annoyed 
populat ion w a s  found t o  be 68 percent ,  compared wi th  43  percent  and 30 percent  
r e s p e c t i v e l y ,  f o r  t h e  two countermeasures appl ied  sepa ra t e ly .  

T rea t ing  

dn 
r educ t ion  of 6 dB is p red ic t ed  t o  cause a 26 percent  dn 

dn 

The d a t a  i n  Table I r e f e r  t o  t h e  e f f e c t s  of va r ious  countermeasures on t h e  
a i r p o r t  community as a whole, whi le  f i g u r e s  11 t o  18 ind ica t ed ,  i n  add i t ion ,  t h e  
impact i n  each of t h e  o c t a n t s  surrounding the  a i r p o r t .  It i s  i n t e r e s t i n g  t o  
no te  t h a t  t h e r e  i s  a r e l a t i v e l y  wide v a r i a t i o n  i n  t h e  degree of r e l i e f  a s soc i -  
a t e d  wi th  each countermeasure from o c t a n t  t o  oc t an t .  
providing a c o u s t i c  i n s u l a t i o n  f o r  homes i n s i d e  t h e  65 L contour  i s  p red ic t ed  

t o  r e s u l t  i n  a community-wide reduct ion  i n  no i se  impact of 26 pe rcen t ,  t h e  
n o i s e  i m p a c t  reduct ion  i s  p red ic t ed  t o  vary  from as l i t t l e  as 10 percent  t o  
t h e  south-southwest of t h e  a i r p o r t ,  . to as much as 38 percent  t o  t h e  north-  
northwest.  These d i f f e r e n c e s  i n  t h e  degree of i m p a c t  r educ t ion  achievable  i n  
d i f f e r e n t  areas of t h e  same a i r p o r t  community are a t t r i b u t e d  t o  t h e  nonuniform 
na tu re  of both t h e  n o i s e  and populat ion d i s t r i b u t i o n s .  Such d i f f e r e n c e s  i n  
impac t  by area wi th in  t h e  community are e s p e c i a l l y  i n t e r e s t i n g  f o r  counter- 
measures such as i n s u l a t i n g  homes, which can be c a r r i e d  ou t  i n  s e l e c t e d  
neighborhoods when l imi t ed  n o i s e  abatement resources  preclude applying t h e  
countermeasure t o  t h e  a i r p o r t  community as a whole. 

For example, whi le  

dn 

I n  a d d i t i o n  t o  i n v e s t i g a t i n g  p o t e n t i a l  no i se  abatement countermeasures,  
t h e  no i se  impac t  of doubling t h e  number of ope ra t ions  w a s  a l s o  ca l cu la t ed  
( f i g .  18 ) .  Noise impact i s  no t  a l i n e a r  func t ion  of t h e  number of f l i g h t  
Operat ions,  s i n c e  doubling a l l  ope ra t ions  increased t h e  no i se  i m p a c t  by a 
f a c t o r  of only 1 . 5 .  

CONCLUDING REMARKS 

The n o i s e  impact of c u r r e n t  f l i g h t  opera t ions  has  been modeled f o r  a 
major a i r p o r t  using t h e  F rac t iona l  Impact Method, and p r e d i c t i o n s  of t h e  number 
of r e s i d e n t s  h ighly  annoyed wi th  a i r c r a f t  no i se  have been made based on a 
recently-developed psychophysical r e l a t i o n s h i p  between no i se  level and human 
s u b j e c t i v e  response t o  noise .  A number of a e r o n a u t i c a l ,  o p e r a t i o n a l ,  and land- 
use  n o i s e  impac t  countermeasures were a l s o  modeled t o  assess t h e i r  r e l a t i v e  
e f f e c t i v e n e s s  i n  reducing t h e  cu r ren t  n o i s e  i m p a c t .  

Source n o i s e  r educ t ion  w a s  found t o  be t h e  most e f f e c t i v e  n o i s e  impact 
countermeasure ( 4 3  percent  reduct ion  i n  h ighly  annoyed popula t ion) ,  whi le  
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banning n i g h t  f l i g h t s  and i n s u l a t i n g  homes i n s i d e  t h e  65 L contour w e r e  a l s o  

found t o  be e f f e c t i v e  (30 percent  and 26 percent  r educ t ion  i n  highly-annoyed 
popula t ion ,  r e s p e c t i v e l y ) .  Other countermeasures,  such as d i sp laced  landing  
th re sho lds ,  d i v e r t i n g  G / A  a i r c r a f t ,  and r e l o c a t i n g  r e s i d e n t s  who l i v e  i n s i d e  
t h e  75 Ldn contour ,  w e r e  found t o  have a s m a l l  (less than  4 percent )  e f f e c t  

on t h e  number of highly-annoyed a i r p o r t  community r e s i d e n t s .  Doubling t h e  
number of ope ra t ions  w a s  found t o  inc rease  t h e  no i se  impact by a f a c t o r  of 1.5. 

dn 

The r e s u l t s  obtained f o r  t h i s  a i r p o r t  i l l u s t r a t e  t h e  p o t e n t i a l  e f f e c t i v e -  
ness  of va r ious  a e r o n a u t i c a l ,  ope ra t iona l ,  and land-use noise-impact 
countermeasures which might be appl ied  t o  a commercial j e t  a i r p o r t .  The 
s p e c i f i c  r e s u l t s  r epor t ed  h e r e  apply only t o  t h e  a i r p o r t  which w a s  s e l e c t e d  
f o r  a n a l y s i s ;  o t h e r  a i r p o r t s ,  wi th  d i f f e r e n t  n o i s e  and popula t ion  d i s t r i b u t i o n s ,  
may y i e l d  d i f f e r e n t  r e s u l t s .  I n  p a r t i c u l a r ,  t h e  rank-ordering of counter-  
measures  by e f f e c t i v e n e s s  may vary  from a i r p o r t  t o  a i r p o r t ,  and gene ra l  
conclus ions  about  t h e  re la t ive  e f f e c t i v e n e s s  of a p a r t i c u l a r  countermeasure 
must be  preceded by an  a n a l y s i s  of more a i r p o r t s .  
model used i n  t h e  present  s tudy  w a s  designed t o  f a c i l i t a t e  such an a n a l y s i s  
and provides  a t o o l  f o r  s tudying t h e  n o i s e  e f f e c t s  a s soc ia t ed  wi th  a wide 
v a r i e t y  of a c t u a l  o r  hypo the t i ca l  ope ra t ing  scena r ios  on a s i t e - s p e c i f i c  
a i r p o r t  community b a s i s .  

The ALAMO community response 
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Figure  5.- Ground tracks. 
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