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- ABSTRACT

The minimum control airspeed for an airplane has been classic‘alnlyl defined based
upon theo‘ry and methodo}ogy applicable to multi-gngine, propeller-driven and low
thrust-to-weight engine airplanes. This testing has traditionally beén performed assuming
aerodynamic characteristics remain constant throughout the test angle of attack (AOA)
range, and controllability was primarily a function of dynamic pressure. For these
airplanes, thrust level, thrust degradation and the interdependencies with the single
engine minimum control airspeed were simple to ﬂight‘ test énd analyze, as the résuitsh
could be linearly extrapolated to a reference, sea level, standard day, condition. These
extrapolations to reference conditions are critical to shipboard operations ﬁs these
airspeeds are used as a basis to establish minimum catapult fakeoff airspeeds’ during
shipboard operatiohs. Once established, safety margins over-and-abové these airspeeds
are applied to ensure controliability of the airplane is maintaiﬁed in the event of a

catastrophic engine failure during the critical catapult takeoff flight phase.

For the modern high thrust-to-weight fighter airplane, Vs is largely dependent
on atmospheric conditions and 'the classical test techniques are no longer valid and arel
unsafe. During the F/A-18 E/F Engineering and Manufacturing Development (EMD)
_ program, flight test results revealed additional Vs dependencies on AOA, and lateral.
weight asymmetry. As a result, the test téchniques and analysis of the resuits were

significantly more complex to analyze. This thesis discusses the: méthodology used to

iv




establish anci normalize the single engine minimum control airspeed flight test data for
the F/A-18 E/F airplane, carrier environment, shipboard launching process, and the flight
test demonstration requirements for airplanc;,s which- are catapult launched from ships.‘
These discussions also include-operatiQnal considerations, which must be made relative

to operating in the shipbdard environment.



PREFACE

The ﬂight' test results contajn‘ed within this thesis were obtained during a United
States Department of Defense sponsored Naval Air Systéms Command project coqducted
by the Naval Air Warfare Centef, Aircraft Division, Patuxent River, MD. The discussion
of the data, conclusions and recommendations presented are the opinions of the author
and should not be construed as an official position of the United States Department of
Defense, the Naval Air Systems Command, or. the Naval Air Warfare Center, Aircraft

Division, Patuxent River, MD.
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CHAPTER1

INTRODUCTION

BACKGROUND

The F/A-18 A/B was désigned in the late 1970s as a U.S. Navy, carrier based
replacément for the F-4 Phantom II and A-7 Corsair II airplanes with multi-mission
‘capability for the air-to-air fighter and air-to-grbund strike missions. Throughout the
1980s the airplanés were upgraded with night vision compatible 'devices th‘at included
improvements in avionics and software and were 'designated ag the F/A-18 C/D. By the
late 1980s the F/A-18 C/D became gross weight limited, as the air‘planes no longer had

additional growth capability for future technological improvements. '

Due to these limitations, thé U.S. Navy pursued an evolutionary upgrade to the
F/A-18 C/D, improving the range and endurance, payload capability, bring back
capability, survivability, and allowance for future growth. This airplane was designated

as the F/A-18 E/F.

As part of the overall F/A-18 E/F EMD program, the single engine minimum
control airspeed (Vica) needed to be determined in orderm to de'velop the aircraft carrier
‘launch bulletins for the airplane. It is in this high lift and thrust, transitioning flight phase-

where engine failure during takeoff can be catastrophic. ‘More importantly the catapuit



launch bulletins incorporate a 15 knot ai‘rsp‘eed margin above the established minimum

safe airspeeds that guarantees controllability in the event of an engine failure.

Traditiooally Vm;A testing has been performed using an assumption that tho
controllability of the airplane is predominately proportional to dynamic pressure. It was
determined duﬁng testing with the‘F/A—18 E/F that the lateral-directional controllability
in a single engino scenario may in some cases be more directly tied to AOA. Also,
methodologies used to correct the ﬂight} test data to a sea level (SL) reference condition
were based upon assumptions, that the ‘dependency upon thrust and lateral-directional
control power remained oonstant throughout the test envelope. Based upon these
assumptions, linear extrapolations to SL conditions were made to the flight test data.
Whiie these data reduction methodologies accounted for4variation‘s of thrust, true ajrsoeed
and air density variations with altitude, they did not adequately account for the significant

variations in thrust as a function of ambient temperature.

As a result, a new flight test technique and methodology for normalizing the flight
demonstrated Vpca data Was used for the F/A-18 E/F. This approach omployed a normal
load factor of one, constant AOA technique that was considered representative of tho
airplane attitudes observed during carrier takeoff. The data reduction methodology used
computer simulation to allow the flight test data, collected over a"three yeAar period, to be
corrected to a reference SL, standard day condition. Correction of the fli ght test data was

required since operational launches will be performed based upon these results.



SCOPE OF THESIS

The EMD test airplanes El, E3 ‘and F1 wére used 'througl'.lout the flight test
program to establish the Vi characteﬁstiéé of the airplane. The term Vs used
throughout this paper refers exclusively tq the“,dynamic Viea. The Vch were determined
for the full and half flap positions in both military (MIL) and maximum afterburner thrust
(MAX A/B) péwer settings. The variation of Vpca with both symmetricél and
asymetﬁcally pylon mounted stores were also 'assessed. The tests were conducted from

March 1996 through June 1999.

TEST LOADINGS

The flight demonvstrated Vmea Were established for the symmetric and asymmetric -
store loadings and are presented in figures 1 and 2, respectively. - These loadings were |
selected based upon wind tunnel data that were available for computer simulation and
siﬁﬁ]arity to operational loadings that were used during shipboard testing. The
'symmetric loadings were defined as Fighter Escort (FE), and Interdiction with three 480-
gallon external fuel tanks (INT3). The asymmetric loadings were a baseline from the
interdiction loading with 15,000, 22,000 and 30,000 ft-Ib of lateral weight asymmetry.

These loadings were designated INT3-15, INT3-22 and INT3-30, respectively.



Symm‘etricllhterdi’ctio‘n Loading. -,

Figure 1. F/A-18 E/F Symmetric Test Loadings

~ Source: Manned Flight Hzifdware Simulator Report, F/A-18 E/F-341C-6976, The Boeing
- Company, 1999. : ' ' : ‘
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Figure 2. F/A-18 E/F Aéymmetric Test Loadings

Source: Manned Flight Hardware Simulator Report, F/A-18 E/F-341C-6976, The
Boeing Company, 1999. , :




CHAPTERII

DESCRIPTION OF F/A-18 E/F AIRPLANE

GENERAL
The F/A-18 Eis a single seat fighter/attack ajrpiane built by The Boeing
Cornpany along .with the’ two-place, tandem-seat F/A-18 F shown in figure 3. | The
' airplane. features a Variahle camberl nﬁd—wing ‘with leading edge extensions (LEX)

mounted on each side of the fuselage The wmg area is approx1mate1y 500 ft* with the,

l
LEX area approx1mately 75 ft The wings mcorporate hydraulically actuated, fu]l-span |
leading edge maneuvering flaps, trailing edge flaps, drooped ailerons and LEX vents. The
airplane incc‘)rporat‘e‘ twih vertical stabilizers, ,hydraulically‘ ‘-\actua'ted th_at' are canted .
outboard 20 degrees from the chtical ef the arrplane. Also, the'airptane incorporates
_ hydraulicaily actuated stabilators that"' can ‘be positioned differentiall}t~ atloWing for
increased roll rates. Spoilers are also rnourrted on the top of each LEX,‘ vent. The

ajrplane wing span is approximately 45 feet and incorporates eight wing weapon stations

‘ for a total of eleven airplan'e weapon stations.

.The F/A-18 EJF is powered by two General Electrrc F414 GE-400 turbofan

engmes which each produce approx1mate1y 22, 000 lb of thrust in afterbumer at

' unmstalled statlc sea level, standard day condltlons A Full Authorrty D1g1tal Engme

PPN

" Control (FADEC) umt that is mounted on each en gme case mamtams engme control via
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throttle commands that are electrically transmitted from the throttles in the cockpit. The
engines employ low bypass, two spool turbofans with afterburners and:Variable Exhaust

Nozzle (VEN) geometry.

FLIGHT CONTROL SYSTEM?>

The F/A-18 E/F was designed with relaxed static stability and is controlled by a
four channel digital, fly-by-wire Flight Control System (FCS) through hydraulically

actuated, irreversible flight control surfaces. The flight control surfaces-are ailerons, twin

rudders, leading edge flaps, trailing edgé f]aps, LEX vents, LEX spoilers and differential |

spoilers. The leading edges of the wing 'incorporate a snag to increase outboard wing

area and increase roll authority in the approach and landing configuration.

Longitudinal control of the ;airpléne is - obtained primariAI.y through use Qf
stabilators but rudder toe-in or flare and LEX spoilers are used for longitudinal control in
several different flight -configurations and conditions. | The longitudinal control
augmentation system uses a blend of aif-data—scheduled pitch rate, normal acceleration,
and AOA feedback. Proportional pitch rate, proportional AOA, and proportiongl and
integreﬂ normal acceleratioﬁ feedback improve aircraft stability and flight path conirol,

and are most effective in the high dynamic pres’sure flight regimes.

The lateral control system uses roll rate feedbac‘k that is scheduled with dynamic
pressure to brovide increased roll damping ‘at low-to-mid dynamic pressure. The roll

control surfaces include ailerons, stabilators, and leading and trailing edge flaps.
. 8 N '



"The directional control system uses yaw rate feedback for increased directional

damping and lateral acceleration feedback for increased directional stability. In the

. power approach (PA) configuration, a beta dot (rate of change of sideslip) estimator is
used to increase the directional damping and stability. A rolling surface-to-rudder
(aileron and differential stabilator) interconnect, séheduled with AOA is used for roll

coordination.



.CHAPTER III

CARRIER LAUNCH ENVIRONMENT

An aircraft carrier is & unique operating environment for an airplane where
catapult takeoffs are performed by accelerating the airplane from- rest to a flyaway
airspeed in eipproximatel'y 300 feet’. Solely, the catapult can be used to attain the

required launch airspeed, if within the cafaﬁillt capacity and airplane structural limitations

(tow load and longitudinal acceleration). Alternately, the required launch airspeed can be

attained through a qombin‘at'i.or'i; of catapult performance and wind, measured over the

ﬂight_ deck of the carrier. This'Wihd measurement is called wind over deck (WOD), and

1is required for "takﬂeoff i‘fztlhe required _lhunch airspeed is greate‘r' than the faizailable catapult
capacity. ‘A typical ‘Catapl‘llt launch envelope for a carfier_ airpiané is presented in figure -

4,

As illustrated in thé. ;liagr‘am, the wmd over. dc_.;,;c,k;shc‘)Wn to-perform a maximum
gross weiAght- t‘akedff is thev difference between the launch airspeed and available catapult
perfonlna;lcel. The catapuit launch envelope‘is bounded 5y the required launch airspeed,
limit (’:a.t"apullt- capacity and airpléme struétura] limitations, and is presented as the sha_ded

region of the diagram. -

As depicted in figure 5, the F/A-18 is anose gear launch airplane. As the catapult

is fired, the afrplane is a_cceléréted to flyway airspeed by tdwing the airplane by the

10
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Source: Naval Air Warfare Center — Aircraft Division, SA—FI‘M 01, Carrier Suztabzlzty'
Testing Manual, Rev181on 2,30 September 1994.
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Figure 5. F/A-18 E/F Nose Tow Launch Assembly
Source: Zirkel, J., Nace, K. and Ziem, C., Aircraft Carrier Reference Data Manual,

Revision D, Naval Air Warfare Center -Aircraft Division, Lakehurst, New Jersey, 1
‘November 1997.
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- launch har th'at is attached to the‘nose'wheel strut' .The tow’ load limit wasAes'tablishec‘l .
,durlng the prehmmary des1gn of the alrplane and 1s a functlon of the airplane takeoff o
gross welght and Ax The laurich - Ax is d1rectly proportlonal to the catapult endspeed‘ |

requ1red for takeoff

Due to these, chérateteﬁstics,"es{tobli‘shir:l‘g the .nlinimutn catapultlaunch mend afrspeed
as lov‘yn‘as ‘possible has consitlerehfe .ope'rational"-a si;g;ni,ficaﬁce antl zic,hzah'tages“r 'fhese
advantztges are: . H » P |

1) Mlmmlzmg the’ reqthred wmd otfer ‘ dt:ck for takeoff Wthh ‘increases’ the

| operat10na1 ﬂex1b111ty of the afrcraft cztrrter ahcf atrplane by lowermg the sh1p :

steammg speeds necessary for launching. -

2) Decreg‘tsing‘v thefcatz\lpultj- Ioads :imp‘afted'hon‘the ztirplahe; 'whieh'-increases' th‘el A !

'fatigue life of the Aairflta‘rr_fe‘.‘ r | e
3) f)ecreesing the c‘atapultirtg energy requirerheht, .which :reduees 't,he ‘aircraft)cghfers

-fuel and water usage.

. The mmlmum takeoff airspeeds for ‘an aif‘plane -are determihed hesed upon the'
followmg 51x crlterla, hlgh AOA ﬂylng qua11t1es prox1mlty to or wammg of- tmpendmg
stall, mmlmum level ﬂlght acceleratlon alrplane altltude loss measured at the center of
grav1ty of the a1rplane when launched from the bow of the sh1p (sink off the bow) Vimea
‘and automatic ﬂlght control sens1t1v1t1es3 In cons1der1ng the crlterla the 1ntent was. to”
estebllsh the lowestiend'alrspeed that the airplahe could be safely launched from the

carrier. The ‘minimum- end aifspeed is the lowest airspeed that satisfies ‘all of these -
L 12 | -




criteria. For the F/A-i8 E/F, the Vmea and sink off the bow established the minim_um end

airspeeds for the airplane. At light to medium gross weights, where the sink.off the bow
airspeeds . were low due to the high lift wing, Vipca limited the launch airspeeds. At the
heavier takeoff gross weights, above Vmc,;, sink off the bow established the takeoff

airspeeds.

Since the airplane sink off the bow airspeeds are established during shipboard
testing, the Vpca had to be established prior to these tests to ensure controilability of the

airplane in the event of an engine failure during takeoff. In the event of an engine failure,

airspeed margin above the minimum allows the pilot to safely execute emergency

procedures, and eject from the airplane, if necessary.

13




CHAPTER IV

" MINIMUM CONTROL AIRSPEED (Vies)

* GENERAL

The V,;;C'A 1s fhe slowest airspeed be‘lpyv‘which, fc\)ll’owing éudden ehgine failure,

recqvefy controls could not contain angle of bank (AOB) below 20 degrees and/or angle

of sideslip (AOSS) belqw 10 degréess. Also,‘lV,,-ch_ was reached if the pi:iot determined

-that the roll and/or Slarw rates were of suéh magnitudé that recovery-to controlled flight .

‘would not be'pqssiblé.' Recovery controls were applied two seconds after initiation of the

‘thrust asymmetry as speéificd by fhe ajlrplan’e[, sl:)eciﬁc'ation5 .

MANEUVER DEVELOPMENT *

Prior to ﬂiéht ‘test,i‘the Boeing Manned Flight Hardwaré Simulator (MFHS) was

used tb develOpA a test technique that qu_antified the Vinea interdependencies with AOA .

-and lateral weight asymmetry. The goal of the simulator evaluation was to develop a
technique that not only- quantified the results, but also ,&vlaé‘ a'(':curat’eh, repeatable and

operationally representative of the attitudes,"zir—ld AOA’s observed during carrier takeoff. E
- The t@chniqué that was developed was based upon the ‘fcléssical’; technique, and a

 revised flight 'test'téchn«iqﬁe referred to iﬂ this paper as fechni_que A, that was deVéioped

during the F/A-18'A/B and F-18 C/D flight test programs.

14



“CLASSIC” TECHNIQUE
N The “classic’f V,;,cA test technique assumes that the lateral;dire‘ctional control of
the airplane is,dependent upon dynamic pressure and the aerodynamic characteristics of
the airplane do not vary ‘within the test AOA range6 For most “classic” airplanes single‘
engme ﬂight does not reach the large pitch attitudes and AOA’s due to the low thrust-to-
weil ght ratios in these conflgurations Usmg this test techn1que the thrust asymmetry’ was
established by the pilot by performmg a “throttle chop on the cr1t1cal” engine. | A
. “throttle chop” is performed by advancing both throttles symmetncally to MIL or MAX
’A/B power, as spec1f1ed by the test cond1t10n followed by a rap1d retard of a single
‘ throttle to fl1ght 1dle at the target airspeed. This maneuver - is performed from a -
stabilized, high pOwer, symmetric thrust condition. ’l‘he critical engine was deflned as the'
throttle chopped engine that res'ulted in\the highest V{;I;A-. Once initiated, airspeed w.as‘
maintained with pitch attitude adjustments and lateral-directional re00very controls‘ were
‘ap‘plied following a lapse of two seconds.' This' time ‘period lapse was .intended to
L' simulate the pilot’s engine failure recognition and res‘p'Onse 'time as’ speE"ified by the detail

specification for the airplane.

Attempting to establish the low airspeed,‘ high power's'etting“condition 1n the | )
F/A-18 A/B and F/A-18 C/D resu1ted in the airplane being in an unusually high pitlch" o
| attitudes and AOA’ : During thi‘s testing, pitch attitudes 'and'AOA’s upward of 2(l
' degrees were obtamed ThlS conditlon was.unsafe and was not mission relatable to the

catapult takeoff env1ro’nment, since the range of AOA durmglcatapult takeoff,ls from zero.

15



to fifteen degrees. The stall warning in the F/A-18 A/B/C/D and F/A-18 E/F is initiated

at 15 degrees AOA and 14 degrees AOA, respectivelyg’l.

TECHNIQUE A

Due to the hi gh pltCh attitudes and AOA’s observed whlle using the “classic” test

' techmque a modified technlque was developed durmg testmg with the F/A-18 A/B Th1s

test maneuver was 1n1t1ated from a 20 degree AOA and power for level ﬂ1ght (PLF)
condition that was below the target throttle chop airspeed. Once established, the throttles
were symmetrically advanced to MIL‘or MAX A/B as required by the test condition,

while the pitch attitude was lowered to 14 degrees AOA. For this‘testing, a pitch attitude

of 14 degrees was chosen as this was tllevupper bound of the F/A-18 A/B NATOPS

‘Aircraft Settling Off Catapult’ emergenéy procedure. As the airplane accelerated, the

_throttle chop was performed at selected alrspeeds and repeated with build down until

" Vinea Was 1dent1f1ed These tests were repeated with throttle chops on both engmes

Performing this maneuver in the ‘F/A—18’A/B and F/A-18 C/D yielded alow AOA

(8 to 10 degrees), low lndueed drag recoverypwith high flight path accelerations that were

representative of a faile‘d engine scenario during an approach or waveoff. Approach
AOA is sigﬁificantly lower than the range of peak: AOAvtyplcally observed d‘uring'

catapult takeoff and ﬂyaway. Fof the F/A-lsvseﬁes, the approach‘ AOA is 8..1 degrees

. and performmg sin gle engme maximum power waveoff results in a rapld 12 t0' 4 knot per

second i increase in airspeed. During this testmg, the fli ght path accelerat1on was so rapld

16



that the airplane typically recovered from the throttle chop, prior to the pilot applying

recovery controls. Also, no ‘critical’ engine was identifiable using this technique.

Testing with this technique was iﬁitially repeated on the F/A-18 E/F and also
produced léw AOA recoveries. Also, the test technique was not instinctive for the pilot
to fly and the maneuver was not representative of an actual catapult launch trajectory
éihce the pilot was pushing forward on the control stick to capture pitch attitude, while
reducing AOA. In executing technique A, the timing of the. pitch capture, tﬁe throttle
chop, and the application of recovery controls were cn'fical since flight pafh‘ accelerations
were even greater than what had been previously observed during testing on the F/A-18
A/B and F/A-18 C/D. This produced a maneuver that was very difficult for the pilot to

fly and resulted in a significant amount of data scatter.

A time history depicting the technique A,. Vmea flight maneuver is provided in
figure 6. As illustrated, during the two seconds between the throttle chop and the
initiation of recovery controls, AOA was significantly reduced. As AOA was reduced
the airplane rapidly accelerated, which was not rei)resentative of a catapﬁlt launch
trajectory where AOA (and drag) is increasing fqllowihg main wheel lift-off. 'Th.etend
result was that this technique produces an artificially low Vn‘,c}; that masks the airplanes

true dependency on AOA and lateral weight asymmetry. '

TECHNIQUE B
A new flight technique was required that was safe, accurate and repeatable. Also,
17
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it was important to develop a technique where the attitudes were representative of the
actual takeoff t;ajectory. This new technique, referred to as “technique B”, was a normal
load factor of one, constant AOA techniqﬁe v‘vith an initial condition of both engines at
pbwer for level flight. | Thisv technique allowed AOA to be maintained throughoht the

maneuver with entry airspeed being controlled by varying gross weight. Thrust

asymmetry was established by performing a throttle “split” versus throttlé chop from

~ power for level flight. This approach was easier for the pilot to initiate and was deemed

acceptable as the FADEC éontrolled F414-GE-400 engines exhibit rapid transient
response characteristics. Figure 7 ciepicts thrust responée to representative left and rights
throttle motions as calculated by the Boeing transient engine Iﬁodel (TEM). As figuré 7
illustrates, the transient response charlacteristics of the F414-GE-400 engines are such that
the throttle split used with technique B resﬁlts in highef asymmetry levels than technique

A during the first two seconds following the throttle split.

Performing this maneuver was simpler for the pilot to fly than technique A in that
AOA‘and airspeed were either constant or nearly constaﬁt. The only variable during the
maneuver was the time delay, where 2 seconds was used as the simulated pilot reaction
time between the throttle split and the application. of recovery coynt'rols. This length of
- time was critical as roll and yaw rates were building through this period and recovery

controls had to arrest these rates before a stable flight condition could be reacquired.

Several sessions in the Boeing MFHS were required to not only develop and

refine technique B, but to establish predicted Vpca variations with external store loading
19 '
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and‘lateral weight asynqrnetryl The resulting technique is described as follows:_'
1l With the airplane configured to the appropriate test c'onfigurati{on, sta‘oilize 1n yv'ings .
level steady heading ﬂlght at the specrfled 1n1t1a1 cond1t10ns | |
o a) On speed AOA (8.1 degrees full chevron 111ummated on AOA 1ndexer)
b) Landlng gear extended, full or half flaps |
. c) Test a1t1tude plus 500 to 1 000 ft pressure altltude (Hp)

d) Longrtudlnal and lateral tnm as requ1red

2) Slowly decelerate to target AOA (and airs'peed_), dual engine thrust required, for sloyV'

rate of descent (~500 to 1,000 ft/min): »

©3) Whlle mamtammg wrngs level steady headlng ﬂlght and pass1ng through target .
’ alt1tude perform “throttle split”. The “throttle spht” is performed by first reducm g power
“on the cntlcal engine to ﬂlght idle (s1mu1ated cnglne failure), 1mmed1ate1y followed by .

A 1ncreasmg power on the opp031te englne to the thrust level defined in the test matrix,

either MIL or MAX A/B

4) Maintain initial AOA within 0.5° and with neutral directional controls. Lateral inputs '

'requ'iredto maintain a wings level condjtion are permitted.

5) Apply recovery controls (rudder to oppose yaw lateral strck to arrest roll rate) after 2.

seconds has elapsed (srmulatcd pllot reactlon tnne) or one of the followmg factors has
) 21 '




been reached:
a) 20° AOB 'chahg‘e
b) 10° AOSS change -
" ¢) Pilot concern of yaw / roll rates

d) Full rudder deflection does not result in reversal in yaw acceleration
6) Re-acquire steady heading flight using up to 5° AOB into the operating éngine'. o
. Dynamié Vch was defined as the airsﬁced (actual thfottlé splirtvéi'répeec'l)‘bélow .whi(:h

recovery controls could not contain AOB, AOSS of yaw / toll rates Within lthg limits

defined in Step 5.

RECOVERY MANEUVER
Forward stick was the ‘pn'mé.ry control input for performing a safe recovery from tcét

points below Vpca. Breaking AOA had an immediate and positive effect on

Lcontrollabi.iity', typjcally féquiring less than a 5 degree AOA change. Matching the |

throttles at a medium range position was the final step in completing the recoverj).' Inno

case did altitude lost during recovery exceed 500 ft'..

Technique B proved to be a reliall)le~ test téchnique that revealed the airplanes trueé
lateralldirectionallcontrol def)endency on AOA and laterai weight asjminetry.' Flight test

time histories depicting technique B are provided in figure 8.~
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CHAPTER V

' FLIGHT TEST METHODOLOGY *

Based upon results from the MFHS. a test technique and fli ght test demonstration

plan was developed that allowed the Vch interdependencies to be quantified. The )

MFHS was also used to practlce and perfect the test: technique and to establish a hlgh
level of confidence in the ability to recover from an inadvertent departure. Based upon

these results a departure recovery technique and minimum safe alt1tude for testing were

established at 2 000 ft AGL To perform this testing as eff1c1ently as possible, 1n1t1al
" Vmea Mmaneuvers were flown at pressure altitudes of 5,000 and 10,000 ft to validate the

lateral-directional. characteristics, which were predicted in the simulator. After verifying

these results, all testing was cOnducted at a’ pressure altitude of 2,000 ft. The

,demonstratlon matrix was deflned to estabhsh MAX A/B and MIL power Vch in both :

the full and half flap configurations at 15, 14, 12 and 10 deg AOA. Lateral weight

asymmetries to 30,000 ft-lb were also evaluated.

Fi gure 9 illustrates the approach used for th1s test. In th1s exarnple more than one

store loading was requlred to evaluate the gross weight range necessary to cover the .
desired a1rspeed range. Testmg was 1n1t1ated at 15 degrees AOA at the heav1est weight :
achievab]e for a given test store loading. If the ,Vch success criteria were satisfied, the -

" maneuver was repeated. As fuel was used and the airplane becamellighter, the stabilized

airspeed in wings level flight at a given AOA was reduced. Consequently, the maneuver .
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was repeated at successively lighter weights and lower airspeeds until Vpea was.

- establishpd. Once Viea Was established for a particular AOA, the test AOA was reduced

to the next lowest value in the test matrix and the pfocess was repeated. An inhereﬁt

shortfall in using this test approach is that the test airspepd range for ;i'paﬂicuiap AOA is
dependent upon the airplane gross weight, wﬁich reqﬁire tpstiné to be performed. in

several test loadings.
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CHAPTER VI

DATA REDUCTION AND CORRECTION METHODOLOGY

Since Vch data wére collected jover a broad range of ambient conditions, the
ability to correct the flight test data to a reference condition was required. To accomplish
this task, high fidelity | computer simulation rnodels were used to quentify V;ncA
sensitivities with AOA, pressure altitude (Hp), temperature and lateral weight asymmetry.
Once established, adjustments to the flight test data alloWed the results to be corrected to

a SL, standard day condition. To perform this comput_er analysis, the following databases

and models were used.

AERODYNAMIC DATABASE

The F/A-18 E/F aerodynamic database was developed based upen results from the
wind tunnel and the flight test programs. The wind tunnel database was developed.using
a 15% sc.ale‘ model where the wing Quter moldline and high lift geometry design

tolerances were held to tolerances of +/--0.001 inches. Testing was conducted in the = °

~ wind tunnels at up to 45% of the full scale Reynolds number.

THRUST MODELING
In addition to a 31gn1flcant dependency on pressure the thrust produced by the
FADEC controlled F414- GE 400 englnes is strongly dependent on amblent temperature '

as 111ustrated in figure 10. To quantlfy these results a Boemg trans1ent engme model

26
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(TEM) was used to duphcate the rapid thrust Tesponse to large throttle split 1nputs that

_ vwere command by the prlot whlle perforrmng the ﬂrght maneuver. "'The TEM was a‘ o
simplified. second order computer model that duphcated«results -from engme cell and .

_ground testmg twth the a1rplane The thrust levels used for the development of these ‘
models were based upon pre- ﬂ1ght qua11f1ed (PFQ) new enéme performance and 11rn1ted~

‘ productlon qualified (LPQ) 1,000 hour engme performance Smce testmg was performed_

on several test assets (airplanes and engines) over a range of engme hours, the sensrt1v1ty

to engine deterioration was assessed. Based. upon results from the computer simulation

the Vpca sensitivity to engine deterioration was negligible.

FLIGHT CONTROL SYSTEM (FCS)

A six: degree of freedom model was used to duphcate the alrplane control surface ‘

‘ response to pllot control 1nputs and a1rcraft motion. The FCS response was venﬁed by

duplicating actual fl1ght‘test maneuvers as presented in figure -11. . As deplcted the

predicted airplane trajectories for both the PFQ and LPQ engine models match the actual '
flight test maneuver. Based upon these esults, the FCS response for. use as an analysis

. tool was accurate.

PILOT MODEL

To perform Viea sensitivity and trend ana1y31s a pllot model was developed to

' perform prec1se repeatable computer 31mulat10n of the ﬂ1 ght test maneuver at the various® .

ﬂlght conditions. To establish the pilot model, an AOA of 14 degrees was selected as the

8
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initial reference AOA for analysis since this was the condition for stall warning in
the takeoff and power approach configurations. Once the maneuver was initiated,
longitudinal stick displacements were input as required to maintain the AOA within + 0.5
degrees. Figure 12 presents the Vica pilot model that was used to perform the anaiysis.
Once established, the Iﬁaneuver was repeated for variations in atmospheric pressﬁre and
temperature, AOA and lateral weight - as.ymmetry. For symmetrically loaded
configurations, the simulation was performed and it was verified that neither engine was
the critical engine. However, for asymmetrically loaded configurations, the simulation
was performed and it was found that the critical engine was on thevwing—heavy side of the
airplane. The critical engine‘ was on the wing-heavy side of the airplane due to the

additional aileron deflection required to balance the lateral weight asymmetry.

As illustrated in figure 12 of the pilot modei, the computer simulation model
replicated the flight test maneuver by pérformin g the initial throttle split and applying full

directional recovery controls following a time delay of two seconds. This time delay was

used to account for the delays in recognizing and reacting to a sudden engine failure. As -

Flen-lonstrated in-flight, lateral stick inputs were allowed to maintain wings level flight
with no more than 5 degrees of AOB into the operating engine. To simulate a worst case
scenario for the analysis, lateral stick inputs. were initiated following a time delay of two
'seconds while attempting to ;:apturc 5 degrees of AOB into the operating engine. The
magnitudes of the lateral stick inputs were allowed to vary to counter the initial roll rates

of the airplane.
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Once the simulation models were developed, performing comparisons with actual
flight test daté validated the models. As.illustrated in figure 12, the airplane attitudes and

rates predicted by the simulation were nearly identical to the flight test results.

Subsequently, the computer simulations were conducted at pressure altitudes of
200, 1,000, 2,000, 3,000, 4,000 ana 5,000 feet. At each altitude, temperatures and air
density corresponding to cold, pollar, standard, tropic and hot ‘day, Qeré simulated®. A
graphical representation of the atmospheric models used for the analysis is provided as
figure 13. For each of the simulation conditions, the build-down approach and technique
were identical to what was performed during the flight test. To establish the maneuver

entry speeds for each condition the aircraft gross weight was varied and the

corresponding center of gravity and inertias weré used based upon a nominal fuel burn
sequence. Figure 14 presents a Vpca condition where recovery controls are unable to
contain AOSS within the 10 degree limitation. As illustrated, the gross weight and thus
| maneuver entry airspeed are incrementally reduced and the maneuver repeated until the

Vmea 18 obtained.

As illustrated in figure 15, the Viea ‘sensitiv'ity to both pressure altitude and
femperature was generated using the methodology described within this chapter. Based
upon these results the flight test data were corrected by applying an airspeed incremeﬁt to
the measured Vyca, at corresponding atmospheric pressure and temperature. Thelse

results are illustrated in figure 16. As presented in figure 16, the flight test data can be
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corrected fo a reference sea level, standard day condition. Additional compufer
éimulation and analysis were performed tq determine the Vca, lateral Weight asymmetry ‘
sensitivity to a particul‘ar store loading. This was performed since several loédings could
be used to achieve a specific ‘lateral w_éight ..asymmetf.y. . Results from this analysis
indicated that the sensitivity to store loading, for a fixed .lateral weight asyﬁmcﬁy were
negligible, ‘and that one set of coﬁection curves could be used fo normalize the flighi test

data to a reference flight condition.




CHAPTER VII

PREDICTED VERSUS CORRECTED FLIGHT RESULTS

Following establishment of the correction curves the flight test data were adjusted
to a SL, standard day reference condition. . As illustrated in figure 17, the difference
between the predicted and actual flight test results for Vi,ca were less than 4 knots for
both symmetric and asymmetric store loadings to 30,000 ft-1b. The Viea fof 14 degrees
AOA, full flaps, with MAX A/B power was presented since this was established to be the
| .

‘ peak AOA during the catapult takeoff and flyaway trajectory. As illustrated, the Vimca
dependency upon lateral weight asymmetry was significant and varied non-linearly up to
the airframe limit of 30,000 ft-lb. Similar results and accuracy were achieved for the 12
degree AOA, half flap, MAX A/B power configuration. This configuration was relevant
to a dynamic engine failure in the approach and landing scenario. Further analysis of the
flight test data determined that the flight test results were conservative due to the

difference in lateral control input used during flight.

As discussed in the previous chapter, lateral control input was delayed for two

seconds for the computer simulation to represent a worse case scenario. However, during
the flight test program the pilots instinctively input small lateral control inputs to
maintain wings level prior to two seconds and also rudder inputs just prior to two

seconds. These differences in lateral-directional control input resulted in the difference
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in Viea between the computer analysis and corrected flight test results presented in this

graph.




- CHAPTER VIII

" AIRCRAFT LAUNCH BULLETIN DEVELOPMENT

Following esfablishment of the s&mmetric and asymmetric Vpca for the airplane,

shipboard testing was pe;rformed to determine the SOB airspeeds and catapult tékeqff

“envelope for the airplane. Once established the envelopes were used to gen¢fate a set of
-aircraft launching bulletins used by ships company to perform takeoffs for a range of

tactical loadings, power settings and ambient conditions.

As illustrated in figure 18, the symmetric Vpca limited the minimum takeoff:‘

airspeeds foriight-’to-me‘dium gross weight loadings (héﬂzontai line). Above this gros;&:‘
~weight the -lminimum takeoff rairspeeds were above the symmétr’ic_ Vmea and were
restricted by the takeoff 'perf(")nnan& of the airplane (&iagonal liﬁe). Thesg points aloﬁg
the curves we.1‘re eséablis.,hed by pédonﬁng catapult takeoffs at fixed gross weigh.ts, while
decrementir‘1g the launch a;irspeed until an altitu&g loss of 10 feet at the airplam; CG were
achieved. O:n‘ce thc;, slopes of the curves were estab&ished, the nﬁﬂimum t‘akeoff a;rspeed
'. envelope of the ajfplane is cqm:plgte“. As presénted in figure 19, the minimum launch
airspeeds were fncrementally adjusted. to account for tvhel_ as&mmetrjc Vinca store loadiﬁg

effects (horizontal lines).

Following establishment of the takeoff envelope, a 15 knot airspeed margin was

applied to these minimum airspeeds and the aircraft launch buﬂetins was published based
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upon these results. This airspeed margin is used to account for variations in airplane and
catapult performance, wind velocity measurement and sevéral miscellaneous effects.
Also, this margin is used to account for effects which were not tested during the Vipea
testing, such as the effect of an actual failed engine; windmilling as opposed to at flight
idle as tested. As presented in figure 20, the effect of a failed, windmilling engine can be
significant and the effect can be analytically determined and accounted for in the overall

analysis of the takeoff performance of the airplane.
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CHAPTER IX

 CONCLUSIONS

Over the course of the three and one-half years of the F/A 18 E/F EMD ﬂ1ght test R
program, approx1mately three hundred test po1nts were performed in a vanety of testu
loadings, power sett1ngs ﬂap conﬁgurat1ons and amb1ent conditions- to estabhsh the'. t

Vmea for- the a1rplane The accurate deterrmnatlon of - Vch was cr1t1cal to the

development of the a1rcraft launchmg bulletlns which were requ1red for operatlonal

deployment of the F/A-18 E/F W1thout accurate deterrmnatlon of Vch, engrne fa11ure

durlng catapult takeoff could be catastrophlc since a1rplane controllab111ty could not be |
ensured and’ escape with use of the eJectlon seat may not have been posmble at the_ '

correspondmg a1rplane att1tudes and rates Thrs was: s1gmflcant .for ,a ‘carrier based-’

aerlane s1nce safe s1ng1e engine- ﬂyaway ‘was not guaranteed in th1s scenano

Th1s thesis presented the dependency of atmospherlc condrtrons AOA and, lateral .

~ “weight- asymmetry on Vch for a highly - augmented h1gh thrust—to we1ght ﬁghter

.a1rplane ‘The methodology and test approach developed and ut1l1zed in this thes1s were a

practical, effect1ve approach to quantrfyrng these dependenc1es and resulted in the~ :

successful operat10nal deployment of the F/A- 18 E/F alrplane Also th1s methodology -

- resulted in a safe; eff1c1ent and -accurate means to detenmne Vinea that i is appllcable to

- other airplanes of this class and should be used to document these dependencies.
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CHAPTER X

RECOMMENDATION

The methodology used in this thesis to determine V,;,cA, and the dependency on
AOA and lateral weight asyrhmetry are applicablé to other. airplanes of this class and

should be used to document these dependencies.
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