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SUMMARY

The United States Navy has been evaluating the performance
benefits of using a ski jump during takeoff. The significant gains
available with the use of Vertical and Short Takeoff and Lmdmg

15 1510

deck requir improving Harr y.
Maximum payload capability for & ski jump assisted launch is up
to 53% greater than flat deck capability, allowing shipboard
Harrier operations to the same takeoff gross weight as shore
based. The heaviest Harrier to be launched from a ship to date was

(V/STOL) aircraft operating from a ski jump have been d
many times in the past; however, the U.S. Navy has ded this

lished during the test program (31,000 1b). The ski jump
hunch llwnys wothxced a positive rate of climb at ramp exit, the

pt to include C ] Takeoff and Lmdmg (CTOL)
aircraft. This paper will present the results of a recent shprolrd
evaluation of the AV-8B aboard the Spanish ski jump equipped
ship PRINCIPE DE ASTURIAS, and & shore based flight test evalu-
ation of CTOL aircraft operating from a ski jump ramp. The
analytical tools developed during the CTOL phase of testing are
used 10 project the benefits which could be realized by combining
the steam powered catapult and a “mini” ski jump ramp compatible
with today’s aircraft carriers.

NOMENCLATURE

ADA - Angle of Anack

G - Aircraft Center of Gravity
CRAT - CatapulVRamp Assisted Takeoff

CToL - Conventional Takeoff and Landing
MIL - Military Thrust

Max A/B - Maximum Afterburner Thrust

ROC - Rate of Climb

STO - Short Takeoff

SLW - Short Lift Wet

v - Ramp Exit Airspeed (KEAS)

Ve - Ramp Exit Speed (kt)

VIOoL - Vertical Takeoff and Landing
V/STOL - Vertical and Short Takeoff and Landing
w - Aircraft Gross Weight (1b)

Wh - Hover Weight (Ib)

WiW - Hover Weight Ratio

WOoD - Wind Over Deck

AV-8B SKI JUMP

Inwroduction

Flight tests were conducted aboard PRINCIPE DE ASTURIAS,

a Spanish ship designed for Harrier operations with a 12 degree ski
jump ramp, December 1988 to define operating procedures and
limitations and document performance gains over conventional
flat deck short takeoffs (STO's). A total of 89 STO's were
conducted. PRINCIPE DE ASTURIAS proved to be an excellent
platform for Harrier operations. The flight test program clearly
demonstrated the performance gains, reduced pilot workload, and
improved nfety inherent in a nkn ;ump assisted shipboard takeoff.
WOD q _were app ly 30 ki less than flat deck
in signifi fuel savings and flight

openuons hwmg less lmpnct on ship's heading and speed. Deck
un req! were app ly 350 ft (107 m) less then fiat

de gain allowing aircrew more time to evaluate and
react to an emergency situation. Pilot opinion is that the ski jump
launch is the easiest and most comfortable way to takeoff in a
Harrier.

Background

In the mid-1970's the British aerospace community identified
the significant nnprovemenu in takeoff performance for vecu)red
thrust aircraft obtained with the assi of an up
(ski jump) ramp and, as a result, incorporated ramps on existing
Royal Navy carriers. In 1977, the Spanish Navy began construc-
tion of the first ship designed from the keel up to support Harrier
operations. The basic ship design was modeled after the U.S.
Navy sea control ship promoted by Admiral Zumwalt in the mid-
1970's. A 12 degree ski jump ramp was incorporated 1o improve
takeoff performance. Based on previous shore based ski jump
testing and simulation efforts, a 12 degree ramp was found
optimum for maximizing takeoff performance while maintaining
aircraft structural loads within limits. The ramp profile is the same
as that of HMS HERMES of the Royal Navy. Construclion began
in 1977 at the El Ferrol shipyard of E Bazan Nacional. The
ship was commissioned PRINCIPE DE ASTURIAS and delivered 1o
the Spanish Navy 30 May 1988. Shortly thereafter, the Spanish
Navy made an agreement with Naval Air Systems Command for
Naval Air Test Center to conduct fhghl tests and engineering
analysis required to publish an op g bulletin for AV-8B
apemlons fmm the shxp thht test ob_yecuves were 10 define

and 1 and d performance
glms over convennoml flat deck STO's.
Test Asgets
Ship

PRINCIPE DE ASTURIAS can accommodate up to 36 aircraft
consisting of both Harriers and helicopters. The flight deck is
approximately 575 ft (175 m) long by 95 ft (29.0 m) wide. The
ski jump ramp coordinates are presented in table 1. The maximum
STO deck run length is 550 ft (168 m). The ship is stabilized in
roll with four stabilizers. The ship has six VTOL spots. The
flight deck including flight deck mukmgs is illustrated in
ﬁgure 1. A profile of the ship is prucmed in ﬁ[\ne 2 The lhlp
is equipped with SPN-35 radar for
Harrier Approach Path Indicator (HAPI) and Deck Approu:h
Projector Sight (DAPS) for glide slope information, and Hover
Position Indicator (HPI) for height control. The ship has a 7.500
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nautical mile range at 20 kt ship speed. The ship has a maximum
speed of approximately 25 kt.

Figure 1
PRINCIPE DE ASTURIAS Flight Deck
Table 1
Ski Jump Ramp Coordinates
Distance Along Ramp Ramp Height
ft (m) ft (m)

0.0 (0.0) 0.00 (0.00)
11.5 (3.5) 0.20 (0.06)
213 (6.5) Q.50 (0.15)
31.2 9.5 0.88 (0.27)
41.0 (12.5) 1.36 (0.41)
50.9 (15.5) 2.00 (0.61)
60.7 (18.5) 2.74 (0.84)
70.5 (21.5) 3.66 (1.12)
80.4 (24.5) 4.69 (1.43)
90.2 (27.5) 5.89 (1.80)
100.1 (30.5) 7.23 (2.20)
111.6 (34.0) 9.02 (2.75)
1214 (37.0) 10.69 (3.26)
131.2 (40.0) 12.56 (3.83)
141.1 (43.0) 14.55 (4.43)
151.6 (46.2) 14.94 (4.55)

Figure 2
PRINCIPE DE ASTURIAS Profile

Test Aircraft

The AV-8B is a single place, single engine, tactical attack,
vectored thrust, jet V/STOL aircraft built by McDonnell Aircraft
Company (MCAIR). The aircraft has a shoulder mounted supercrit-
ical wing, four rotatable engine exhaust nozzles, and a lift
improvement device system. The aircraft is powered by a Rolis
Royce PEGASUS F-402-406A twin spool, axial flow, mrbofan
engine with an uninstalled sea level static short lift wet thrust
rating of 21,500 Ib (95,600 N). The primary flight controls
consist of aerody ic and ion c Is which are interlinked
in all axes and hydraulically powered. The AV-8B is an excellent
aircraft for ski jump takeoff due to its excepuoml low-speed
ﬂymg qualities. A three view drawing of the AV-8B is presented
in figure 3.

Figure
AV-8B Three View Drawing

Two aircraft were used for shipboard testing: a preproduction
AV-8B which was insttumented for flying qualities and perfor-
mance testing and - nose and main landing gear strut positions, and
a non-i d AV-8B. Both aircraft were repre-
sentative of producuon EAV-8B aircraft for the purpose of these
tests.

Shipboard Tests
STO Launch Technique

A typical STO launch profile is illustrated in figure 4.
Nozzies are positioned to 10 deg below fully aft for the deck rum 1o
reduce vibratory loads on the flaps and stabilator. The iaunch
begins with application of full power with brake release s the
tres begin to skid. The stick is guarded in the preset trim position
throughout the deck run and nozzle rotation. As the aircraft exus
the ramp, the pilot positions the nozzle lever to the preset STO
stop. Ramp exit cues are both visual (nozzle rotation line) and
physical (decrease in load factor as the aircraft leaves the ramp)
After ramp exit, the pilot task is to maintain the aircraft pitch
attitude achieved at ramp exit (approximately 18.5 deg) and
monitor angle of attack (AOA). If AOA reaches 15 deg during the
trajectory, the pilot decreases the aircraft piich atitude as required
to maintain AOA at or below 15 deg. Immediately after ramp exit,
the velocity vector indicates a climb due to the upward velocity
imparted by the ramp. This initial rate of climb is not & wue
indication of aircraft performance, and decreases to a minimum at
an inflection point prior to the aircraft achieving a normal semi-
jetborne climb. Prior to the inflection point, the aircraft normal
acceleration is less than ] g. The aircraft has a positive rate of
climb due to the ramp induced ventical velocity. but raie of climb is
decreasing due to insufficient lift. At the inflection point the
aircraft has accelerated to an airspeed at which aircraft normal
acceleration is 1 ¢ (lift=weight), and rate of climb is no longer
decreasing. Afier the inflection point is reached. the aircraft
begins a normal semi-jetborne climb (normal acceleration greater
than 1 g). and rate of climb increases. At this point, the pilot
gradually vectors the nozzles aft and accelerates to wingbome
flight.




Inflection Point

Deck Run Semi-~Jetborne Trajectory Transition to Wingborne Flight
10 deg nozzles nozzles set to STO stop at ramp exit nozzles slowly moved aft
time = 3 to 10 pec
Figure 4
STO Launch Profile

STO Ramp Exit Speed R h and Develop Center. Worst case phasing of ship's
pitch, heave, and coriolis effects were used to determine load factor

STO ramp exit speed must be accurately predicted to ensure  increments due to sea state. The coriolis effect is the additional
ramp exit sirspeed required is obtained and landing gear al normal leration of the aircraft due to its increased velocity

limits are not exceeded. Ramp exit speed is a function of aircraft
hover weight ratio and deck run. Tests were conducted at deck runs
from 200 to 550 f1 (61 10 168 m). Actual Ramp exit specds were
obtained from infrared trips which were mounted at the end of the
ramp. Ramp exit speed data was reduced to an exit speed p

normal to the deck while it travels away from the ship's pitch
center. Analytical results were verified with test data and are
presented in figure 5.

and plotted against deck run. The exit speed parameter is defined
as V2(W/Wh) and its relationship 1o deck run is based on the
dynamic relationship V2248 where "a" is the average accelera-
tion and “S" is the deck run. STO ramp exit speed averaged one kt
less than that of an identical flat deck launch due to the decelerat-

ing effects of the ramp. Ramp exit speed was predictable within
2.5 ku

STO Lapding Gear § ! Limi

During ski jump launch with no ship motion, loads are
imparted on the landing gear due to aircraft gross weight, aerody-
namic lift, vectored engine thrust, pitching moments, and inertial
forces including centrifugal forces. Centrifugal forces are influ-
enced by aircraft velocity and local ramp curvature. The primary
dy i P hibited by the AV-8B during ski jump launch
is in the aircraft heave mode. Dynamic response to sircraft pitch
motion is small in comparison to heave.

STO maximum ramp exit speeds for landing gear structural
iimits were determined at gross weights of 26,000, 28,000, and
31,000 Ib (11,793, 12,701, and 14,062 kg). Fatigue strength for
1,500 lifetime ski jump launches defined the limiting criteria for
landing gear based on MCAIR analysis. Nose and main landing
gear strut positi were instr d d real-time.
Simulation data and previous ski jump testing indicated outrigger
landing loads would not approach limiting criteria and were
herefore not instr d. Target ramp exit speed for the first
launch at each gross weight was based on MCAIR simulation and
was at least 10 ke below the predicted landing gear limit. The ramp
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Figure §
Landing Gear Structural Limits

'O Minimum Remp Exit Aizzgeed

STO minimum ramp exit airspeed tests were conducted at
hover weight ratios of 1.43, 1.52, and 1.60. The purpose of these
tests was to define the mini ramp exit sirspeed required for a
safe launch and to evaluate the sensitivity of reducing ramp exit
airspeed when operating near the mini The mini

irspeed was app d by holding hover weight ratio constant
while decreasing ramp exit airspeed for each successive launch.
Ramp exit sirspeed for the first launch at each hover weight ratio
was based on MCAIR simulation and previous ski jump testing and
targeted an airspeed approximately 15 kt above the predicted
minimum. The ramp exit airspeeds for ive launches were

duced in d of i ly three to five ki by varying

exit speeds for i were d of
spproximately three to five ki by increasing deck run until the
limiting criteria were reached. A method suggested by MCAIR was
used to for ship Load factor wends were
incremented for sea state resulting in a shift in the aircraft gross
weight vs maximum ramp exit velocity curve for given sea states.
MCAIR correlated ship motion with sea state based on ship

i dies of similar type ships by David Taylor Ship

either deck run or WOD until the Tamp exit sirspeed was
resched. The limiting factor for ramp exit airspeed was zero rate of
climb st the inflection point. Test results are presented in
figure 6. Flying qualities at minimum ramp exit airspeeds were
satisfactory. AOA was controllable with & maximum transient
AOA of 17 deg. Lateral 1 was ptable throughout the STO
envelope. Longitudinal acceleration was acceptable for all
launches, averaging two to four ki/sec for launches with rate of
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1 4 £ boras

d from a ski jump assisted
launch is realized through reduced WOD and/or deck run require-
mcms and/or increased lsunch gross weight capability. The

ion in this jon deals with the performance gains
reslized with the PRINCIPE DE ASTURIAS ramp. Performance
gains obtained from different ramps will vary with ramp exit
angle.

Ski jump launch WOD pared with flat
deckrequnemammﬁgwc7 ReqnwedWODforlshpmpunn
ed launch is approximately 30 kt less than a flat deck launch. Ski

60 Flat Deck
‘ /|

7
/ Ski Jump

7’

w
(=]

b=
o

/
/

8

L/
R AN
1] - / /

21 23 25 27 29 3
Gross Weight (1b/1,000)

[~
[~

Minimum Required WOD (kt)

(=]

Figure 7
STO WOD Requirements
300 ft Deck Run
Standard Day, Nominal SLW Engine

jump launch operati are therefore not as dependent on natural
winds for Iumch. Azlmmll.mmdlnmchopulmdonot
dictate ship’s heading, allowing the ship maneuvering flexibility
tnddecruudvpetmguudurmgmghtoperm Reduced
WOD requi can be app in fuel savings, as the ship
can steam at the speed required for mini ge and not
dictate ship's heading, allowing the ship maneuvering flexibility
decreased

and opuum;uud\nmgﬂ:ghtopetmmdsﬁllhne
the required WOD for P vshtps
speed from 25 10 7 kt @ fuel ion by app
mately 80%.

Deck run requirements for ski jump launch are compared with
flat deck requirements in figure 8. Instead of launching at lower
WOD, ski jump 1 hes can be ducted at the same WOD
required for flat deck launches while reducing the deck run by
approximately 350&(107 m). The result is improved interoper-
ability b iers and heli Onﬂudeckslnps.xf:
Harrier is to launch with a slgmﬁcam payload then the entire
mgm deck is oh:n required for the deck nun. This makes

ary perability y difficult. By reduc-
m;!hereqmreddeckrmmdnhemoflthp.ﬂmas
can conduct takeoff and landing operations from the forward flight
deck while helicopters operate mmﬂymdcwnphuly inde-
pendently from the aft seccion, o the
forward deck spoupmv:deexoellemvuud cuesduenolhznmp

height, offering signifi over | landi
opermommfmnddeckmonaﬂndeckshm Thelhh:y
o iers and h P at the same time from the same
ﬂlght deck greatly enh the efficiency of the hibi
asssult force.

800 Flat Deck

/

700 Vi

g

0.3048 m)
\

Minimum Required Deck Run (ft)

500 Vs
1 .
& / Ski Jump
=@ / e <
300 Vi A
200 /
23 25 27 29 31
Gross Weight (1b/1,000)
Figure 8
STO Deck Run Requirements
35 kt WOD

Standard Day, Nominal SLW Engine

Gross weight capability for 2 ski jump launch is compared
with flat deck capability in figure 9. For a given WOD and deck
rn, an AV-8B cxn carry 3,000 to 5,900 1b more payload from a
ski jump ship than from a flat deck ship. This equates 0 up to a
53% increase in takeoff peyload capability. When opersting from
ﬂndeck:hxpmmuddnymuhmAV-&Bmﬁmm

d is L d by ff performance, which is not the case
forupaumﬁmnshywnpnhlp The efficiency of the close
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STO Gross Weight Capability
30 kt WOD

Tropical Day, Nominal SLW Engine
There are several safety enhancing ch h

jump assisted launch is up to 53% greater than flar deck capabili-
ties, allowing 3,000 to 5,900 Ib more payload. The heaviest
Harrier to be launched from a ship 10 date was acoomplished during
thelalmm(:!looon:) Increased paylosd capability allows
to the same takeoff gross weight as
shmehmd. Ash)\unplmhdwmpmdxmnponuvenuof
climb at ramp exit. The resulting altitude gain allows the sircrew
more time to evaluate and react 10 emergency situations. The loss
of an aircraft due to an gency during a flat deck launch may be

idable with the of a ski jump. Pilot opinion is that
the ski jump launch is the easiest and most comfortable way to
ukeoff in a Harrier.

CONVENTIONAL TAKEOFF AND LANDING (CTCL) AIRPLANE
SKIJUMP EVALUATION

Background

TheU S. wahudmev-luwdskuumpnkeoffum
ive to shipb h for com
airplanes. The Naval Air Test Center conducted a ski jump takeoff
test using a T-2C, an F-14A, and an F/A-18A operating from s

varisble geometry ski jump ramp to:

8) Evaluate the feasibility of the concept.
b) Define the operating limitations.

¢) Document performance gains.

@  Verify and update scrodynamic and i ski jump

in
a ski jump assisted lmmch. ﬂewnhngmkdm;lshj\mp
lmhuamerdundwmglﬂndacklmhbecmulhem

beeomplmly lmkﬁeeforlfewneecndllfternmpent. This
the tendency for pilot induced oscillations when attempt-
mglocq)mrelpuchmmde The stick free characteristics inher-
mtmllhmphmhdecwpﬂolwuﬂoldm.ﬂwm
time for ing snd critical launch
parameters. The aircraft llwny:huaponnve rate of climb as it
exits the ramp. The resulting additional altitude allows the aircrew
more time to evaluaie and react 1o emergency sitoations. The loss
of an aircraft due 10 an during a flat deck launch may be
idable with the of a ski jump. Pilot opinion is that
the ski jump lsunch is the easiest and most comfortable way to
takeoff in a Harrier.

Summary

PRINCIPE DE ASTURIAS proved to be an excellent platform
for Harrier operations. The flight test program clearly demon-
strated the performance gains, reduced pilot workload, and
improved safety inherent in a ski jump assisted shipboard takeoff
for Harrier sircraft when compared to that of a conventional flat.
deck. WOD requirements were approximately 30 kt less than flat
deck requirements. Reduction in WOD requirements means signifi-
cant fuel savings and flight opuuiom having less impact on

ship's heading. Deck run reqmnmenu were woxmuly 350 f
(107 m) less than flat deck reqnmenu Reducuon in required
deck run improves the Harrier/h bility,
lllowmgﬂmnonuthcforwudhﬂfofdnﬂx;hldeckmd
helicopters the aft portion. Maximum payload capebility for s ski

€) Propose sirplane and ramp design considerations.

This section of this paper discusses the test program con-
ducted with the F/A-18A airplane. Tea results obtained with the T-
2C and F-14A airpl can be obtained from refe tand2. A
more detsiled discussion of the F/A-18A ski jump test program is
presented in references 3 and 4.

Teat Equipment
Ski Jump Ramp

The ski jump ramp, which was constructed at the Naval Air
Test Center, was 60 ft (18.3 m) wide and 112.1 ft (342 m) or
1221 £ (37.2 m) long, depending on the ramp It was of
modular steel construction of which the first 42 ft (12.8 m) was a
ﬁndmglzmnpmmﬂwmmwwedofmxwﬁoo
x 9.1 m) steel modul d to steel p The heights of
ﬂumlpeduldswuvmedw;wemademedmpmm
Figure 10 gives presents the general ramp arrangement and
specific heights for the two ramp geometries. Leading into the
nmpvul60ﬁ(183m)wxdexl.ONh(@Gm)hn;muy

isting of AM-2 C was (wo tram
lmu 25 l'l (08 m) either side of lhe cemulme. A modified

dt was de d permitting stabilized
Mslpnormdnukaoffmmnmm This system could be
positioned anywhere along the runway to provide the desired ramp
speed.




Variable Angle Radius
6 deg=> 955 f1 (291.1 m)
9 deg =» 591 ft (180.1m)

Fixed Angle Radius
1,000 fi (304.8 m)

216 1 M3k 6lan  Skan ALn b

122.1 ft
(37.2m) (342m) (31.2m) (28.1m) (25.1m) (22.0m) (190m) (16.0m) (129m)
- Modulsr C S Fixed Angle Section =3
9 Degree Ramp Depicted
Distance Ramp Height Distance Ramp Height
Along Ramp ft Along Ramp ft
(m) m)
ft ft

1m2 6 d{ 9 deL m 6 9 deg

0 0 0 82.3 3.88 4.40

(25.1) (1.18) (1.34)

42.4 1.16 1.16 923 4.81 5.62

(12.9) (0.35) (0.35) (28.1) (1.47) (1.71

52.4 1.68 1.71 102.2 5.85 7.02
(16.0) (0.51) (0.52) (31.2) (1.78) (2.14)

62.4 2.30 2.44 112.1 5.85 8.58
(19.0) (0.70) (0.74) (34.2) (1.78) (2.62)
72.3 3.03 3.33 122.1 — 8.58
(22.0) (0.92) {1.01) (31.2) {2.62)
Figure 10
Ski Jump General Arrsngement
Test Aiplane All b\uld-up ground md ﬂlg}u sests and ski jump launch

The F/A-18A airplane is a single-place, midwing, high
performance, twin-engine strike fighter powered by two General
Electric F404.-GE-400 engines with an uninstalled thrust of
16,000 Ib (71,171 N) each. The F/A-18 incorporates a digital fly-
by.wne flight control system. Thc test m-phne was umdy-

y and of p

No modlﬁumm were mnde 0 the test mplme for the conduct of
the tests. The following special flight test instrumentation instal-
lations were available:

1) Magnetic tape and tel Yy 8y to
all required parameters.

Tt
P

b) Flight test instr 3 1s in the

c) B-.llnl was mmlled (] mnulne the weight and CG of
not instalied in the sirplane.

P qQuip

d) Radome d angle of sideslif
displayed on the Head Up Display (HUD).

vane which was

€) Retro-reflectors near the tip of each vertical tail to
provide LASER tracking spatia) data.

to obtain shock strut

n L g gear instr
deflections and structural loads.

1 takeoff config
Table 2 dewk the test oondmom Two airplane gross weights
wete chosen to vary the thrust/weight ratio. External stores

eompmedtwoumwmgup d AIM-9 (Sidewinder) and two
inert d AIM-7 (Sp ) missil
Table 2
Configuration Summary
F/A-18A Airplane
Gross Field
Takeoff Weight Takeoff Thrust/Weight
Configuration 1 Airspeed
sk“ KEAS
32,800 146 0.52 MIL
Half Flaps (14,878) 0.76 Max A/B
(30 deg)
37,000 154 0.46 MIL
(16,783) 0.67 Max A/B
M 4 Simulai

Exlmnve'nmllll\oneﬁmwuupmdedmwﬂuﬁtnlh

jump takeoff. Simulati and a
Imdm;geuloldnmodel mmmlmommonlymmodw
predict performance gains and structural loads, but enabled the test
team to develop a build-down procedure during actual ski jump




operations,  Also, airplane single engine failure response
characteristics and minimum safe ejection airspeeds in the event of
an engine failure were established.

Early in the simulation effort, it was determined that addi-
nomlped‘ormmsumwuldberuhzedbyl “man in the loop”
pitch attitude cap Earlier simulation and all the ski
jump takeoff tests with the "T-2C and F-14A had been using the
“stick free” technique. With these iwo airplanes, longitudinal trim
was set to achieve the desired flyaway AOA. However, current F/A-
18 flight control logic is such that a trim AQA is based on the
initial stabilator wim position prior to the takeoff run. This AOA
hrim schedule is shown in figure 11. Initial simulation runs at the

Single Engine Airspeed Considerati

The reduced takeoff airspeed inable with ski jump oper-
ations are significantly below minimum controllability airspeeds
in the event of a single engine failure. Simulation resulis allowed
mcmzmmdeummmglemgmem:peedbomdmumd

{ in event of an engine failure.
Predmed F/A 18A minimum ski jump takeoff airspeeds were as
much as 40 kt below dynamic singe engine control airspeeds. Ski
jump operations in this region mandated cjection should an engine
t'ulm occut at or shortly after ski _mmp ramp exit. F/A-18 safe

ies were blished during lation., With but
one exception (32.800 Ib with Max A/B on the 6 deg ramp). safe

higher ramp exit airspeeds permitted initial wim
providing stick free flyaways at 12 deg AOA. However, as the
ramp exit airspeed was reduced, the initial trim position had to be
reduced to keep peak AOA's within limit (17 deg AOA true) during
the initial rotation phase following ramp exit. This resulted in
trim AOA’s during the flyaway somewhat below any optimum for
use éurmg 2 ski jump takeoff. A pﬂol pitch cnpmre lechmque was
n d which lted in & in the takeoff
mspeed of approximately 15 kt below the stick free results. The
technique was to allow the plwh attitude 10 increase during the
initial rotation following ramp exit and peak at approximately 18
deg, at which time nose down pitch rate was generated as the flight
control sysiem q the ded rim AOA. As
the pitch atttude decrused to 15 deg the pilot commanded aft stick
10 maintain 15 deg pitch attitude. A target capture pitch attitude of
15 deg was chosen as the HUD pitch ladder is incremented every 5
deg and at zero rate of climb, a 2 deg AOA margin below the limit
AOA was provided. Dunng the flight test program, both the stick
free and pitch cap were ev

'
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Trim Angle of Attack vs
Initial Stabilator Trim Position

d at ramp exit airspeeds below the
pred:cted two engine minimum takeoff airspeeds. For this one
condition, testing was conducted only down to the safe ejection
sirspeed. For all tests, ejection was mandatory below 120 kt.

ild-up Test Operasi

Prior w0 umul ski jump ukeoffs. extensive build-up ground
tests were perf d. These i

a) Acceleration performance: Following thrust stand cal-
ibration, normal ficld takeoff tests were performed to equate
ground roll and speed to airplane gross weight and thrust seiting.
The results provided ground roll requirements to provide the
desired ramp speeds.

b) Abon capabnhty The ubon capability and pilot pro-

were d d during simulated aborted takeoffs with the
additional requirement of the pilot taxiing around the ski jump
ramp (nmp sxmulned in posman) During the takeoff ground roll
at the d p the pilot ded one engine o idle.
After 1 sec, msmulmmonmne.thepuouetuded the other
engine to idle and made aggressive lateral/directional inputs to the
right on the runway. From these tests an abort location and speed
could be determined. These data were provided to the pilot for each
test event.

c) Single engme—commmed 0 ukeoﬂ' Once past the abort
pable point, the airplane is itted 10 Yamp takeoff. A single
engine failure is the most critical from a standpoint of keeping the
airplane within the 60 ft (18.3 m) width of the ski jump runway
and ramp. As with the abort capability testing, engine failure
during takeoff ground roll was simulated; however, the pilot task
was 1o maintain runway centerline. The maximum lateral
deviation recorded was 6 ft when using Max A/B. If an engine
failure had occurred past the abort capable point, the sirplane was
controllable within the width of the runway and ramp.

Test Results
General

4

A total of 91 ski jump takeoffs were obtained with the F/A-
lsA operating from both the 6 and 9 deg ramps. Significant
i in takeoff g d roll up to 66% with corresponding
takeoff airspeed reductions of 64 ki were achieved. With the
proper longitudinal trim set prior to the takeoff, a “hands off”
tskeoff during rotation and flyaway following ski jump ramp exit
was possible. However, additional performance gains were
obtained using the pilot pitch attitude capture technique described
earlier.




Performance Gains

As the ski jump takeoff exit sirspeed was d d, the
minimum rate of climb during the flyaway slowly decressed. The
minimum rate of climb ss & function of ramp exit airspeed for the
9 deg ramp is shown in figure 12. The minimum ski jump takeoff
airspeed tested was dictated by zero rate of climb during takeoff.
The minimum takeoff airspeeds achieved during tests are presented
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Figure 12
Minimum Rate of Climb during
Ski Jump Takeoff
9 Degree Ski Jump
F/A-18A
37,000 1b (16,783 kg) ~ Max A/B
Table 3
Ski Fump Minimum Takeoff Airspeeds
Gross Minimum Minimum
Thrust Weight Takeoff Ground
1b Airspeed Roll
(kg) KEAS ft
T)
Gdeg | 9deg | 6deg | 9deg
ramp ram ramy
MIL 32,800 ] 102 | 98 | 1.075] 830
(14,878) (328) | (259)
37,000 110 106 | 1,400 | 1,250
— (16,783) 427) | (381)
Max A/B 32,800 100 82 640 ass
(14,878) 195) | (117)
37,000 99 90 700 575
(16,783) 213) | (175)

NOTE: Minimum airspeed criteria: Proximity to zero rate of climb
for all test points except 32,800 1b (14,878 kg) with Max A/B on
6 deg ramp which was limited by operation within safe ejection
boundaries.

Wilh!hereducﬁoninmezkijmpnkeoﬂninpeedwnn
eonupotdmg reduction in the takeoff ground roll. F/A-18A ski

jump reduction in takeoff distance for takeoff ground roll is
presented in figure 13. The reduction is distance is related to the
airplanes flight manual performance data for the test day condi-
tions. The maximum reduction in takeoff ground roll relates to the

minimum takeoff sirspeed, whether dictated by zero raw of climb
or single engine safe ejection boundaries. For any takeoff where
mmm;romdmllumq\medndlhenboﬂ'uqmyum
critical, the lowest airspeed y. jons in takeoff
damcum:mmzedmnbh‘
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b
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Figure 13
F/A-18A Reduction in Takeoff Distance
during Ski Jump Takeoff
37,000 1b (16,783 kg) ~ Max A/B
Table 4
Comparison of Reduction in Takeoff Distance
F/A-18A Ski Jump
Thrust Gross % Reduction in
Weight Takeoff Ground Roll
(1b)
6 Deg 9 Deg
Remp | Renp

32,800 51 51
MIL (14,878)

37.000 51 55
(16,783)

32,800 49 62
Max A/B (14,878)

37,000 61 66
(16,783)

The ski jump takeoff commenced when the modified hold-
back/rel ivated. In both MIL and Max A/B thrust

was

takeoffs, the initial acceleration was smooth with only a slight
tendency towards pilot “head-jerk”™ at rek Although ler
stion was more rapid in Max A/B, especially at the lower gross
weight, the pilot had sufficient time to make pre-abort checks of
mmpufamm mnrplmewunotmddydumrbedmu
jonal track by i larities in the AM-2 matting; any small




deviations were easily controlled + 2.5 ft (£ 0.8 m) of

centerline. No significant longitudinal airplane response (pm:h
oscxlhnon. nouwhael bounce, etc.) was encountered lflu
hee! lighwening was experienced prior

gom;anm:hnrmhomc.nvumobpmnbhmdsd
not affect directional control. The abort capebility point within £
50 ft (15.2 m) was recognized by the pilot visually and reinforced
by scanning the INS display for the predetermined ground speed
for abort. Once beyond the abort point and committed to takeoff,
the pilot was able to monitor engine performance and maimtain
centerline tracking. An increase in normal accelerstion of 20 4 g
characterized the entry onto the ramp, with more omset rate
perceived on the 6 deg ramp than the 9 deg ramp. Using the 6 deg
ramp, a rapid and abrupt g-onset was encountered, feeling to the
pilot as though the airplane had rolled over a small obsuscle.
Entry onto the 9 deg ramp was smooth with predictable g-onset
buikding rapidly and withow the “thump” associated with the 6 deg
ramp. Dmnofehvmd.onﬂumpwumlnmmm
3/4 sec. The dy i rface with the ramp allowed
for predictable and satisfi ,ﬂym;thmnponmnpem.

The inclination of the ramp established the initial pich
attitude off the ramp. Longitudinal rim settings, accurate 1o
within + 0.5 deg. produced comfortable, initial positive pitch
rates of 6-8 deg/s.c. The tim sesting was adjusted 10 obtain a peak
pitch attitude of 18 £ 2 deg at less than the AOA limit of 17 deg.
Pitch rates damped to zero or slightly positive during stick free
takeoffs or were mrested to zero by pilot flight conwol input
during pitch caprure takeoffs. The aplane flew an arc with normal
wulum‘oaniminguOZS;mimm;mlgovan4w
5 sec time frame. The 15 deg pitch capture was easily
accomplished w ‘thin + 0.5 deg using longitudinal stick inputs of
mmlm(Sun)mdmdlymedmlymmdmpu
No wendencies for longitudinal PIO were experienced during the
pitch capture. 'l'hnAOApuhsdlhwdylﬁerllwpukpmh
atitude and peaked a second time when the pilot caprured 15 deg of
pitch then smonthly decreased as the airplane accelerated.

Lateral control throughout the ski jump test program was
excellent, even with a crosswind component. After departing the
end of the runway, the airplane would yaw smoothly into the
relative wind and little or no control input was required to maintain
wings level attimade.

The F/A-13A dmul flight
sdverse
HUD i

1 system eliminated any
ﬂmqualma following takeoff from the ramp. The
ion is sufficiently

these factors nade the F/A-18A ski jump tskeoff, stick free or
pilot-in-the-loop, easier than & field akooff.

Stmucoiral Loads

Significan: | loads are imposed on an airplane during
ski jump ranp transit. The stringent structural design
requirements - © US Navy camrier based airplanes provided the
necessary streazth for ski jump operstions. The principle area of
concern was landing gear loads. The dasire to conduct initial ski
jump takeoffs close o normal field takeoff sirspeeds posed a
ddmmmhdnmnmbﬂmmmmﬁu
ski jump takeoffs. In general, main gear loads showed good
agreement with simulation predictions; however, higher noss gear
loads were obtsined. A significant random varistion in nose gesr
loads was due 10 nose gear dynamics encountered prior
to the start of the ramp. These nose gear dynamics were

to the unloading of the nose gear during the
nceelenmnmmdmenn:vmmfucoftheAM-Zrnm;
runway. Most muble lo thepxlotthnmgrmp transit u the
incremental | accelerations

numaduﬂumplmeCGm-hownmﬁgmM Accelerations

experienced by the pilot were higher.
4
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Figure 14
Maxi Normal A
During Ramp Transit
9 deg Exit Angle

A circular radius of curvature ramp, as tested, is not the
optimum curvature profile for a ski jump ramp. Figure 15 depicts
F/A-18A nose and main landing gear loads along the curvamre of
thcmp. High nose gear londs were encountered only during »

mmglbduredmnpexumgle.nmpmglebungm
dominant factor in performance gains, using a minimum ramp size
and till keeping the loads within limits. Simulation is the perfect
wol to evaluate different ski jump ramp profiles 10 optimize nose

[

ni

Figure 15
F/A-18A Nose and Main Landing Gear
Loading During Ramp Transit



g { CTOL Airplane Ski Jump Tass

Shmﬂmﬂmwﬂhmmmw
wing airplanes are possible. mngmﬁcmpufummepm
uexemph&dbyn“% duction in ukeoff ground roll clearly

the "of:helh;unpewept From &
ground handling and flying qualities standpoint, a ski jump
takeoff is an easier than a 1 field takeoff.
Longitudinal rim can be set to permit a stick free takeoff;
however, additionsl performance gsins were realized by the pilot
using a pitch capture technique. Stuctural loads during ramp
transit were well within the design limits of the test airplane.

CATAPULTRAMP ASSISTED TAKEOFF
Introdycgion

The beneficial ute of ramp sssisted (Ski Jump) takeoff has
been proven operationally by the British Navy, US Marine Corpe
and, most recently, by the Spanish Navy for AV-8B Harrier
V/STOL aircraft. The US Navy test program described earlier in
this paper demonsirated the feasibility of unn; Ski Jump to
greatly reduce land-based uh:oﬂ‘dm nqlnrememl for CI"OL
aircraft ss well. The lytical tools developed and vali
during the US Navy CTOL program have boen used to investigate
potential benefits which might be derived from the use of Ski
Jump for shipboard L ft launch A cross-
section of operational US Navy carrier-based sircraft (F/A-18A, E-
2C, A-6E, BEA-6B, S- 3A F-14A) have boen analyzed in
conjunction with a modified mini-ramp geometry and steam
catapult combination (Catapult/Ramp Assisted Takeoff (CRAT)).
An'cnft performance, ﬂymg quhuu. nmcmnl dynamics nd

i ‘WOD ducti ot"
Analytical results sre presented
mducnmmWODofﬁmnSmSSktfwopamﬂuwlﬁm
weights while keeping (1) maximum landing gesr loads well below
dmplnmnmda)mumxmmdmdsnbwemmmmh

9

(3) Some combination of 1) and 2).

For ease of analysis and imitial flight test validation, the
geometry of the "fixed” portion of the ramp used in the previous
Ski Jump test program was used for snalytical evaluation

be used in flight test. The geometry is presented in figure
6mdrqxumnlheﬁrn42.4h(12.9m)ofﬂlenmpdmin

ga

figare 10. It has a reference rading of curvamure of 1,000 fi (305 m),
ldsp.mnmg of spproximately 2.1 degrees and a maximum
height above the flat deck of 13.875 in (35 cm).
12
1.0 V.
- J/
1 0.8
$us ).
-2 /
[
§04
[
0.2} 1ft=.3048m
0.0
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Horizontsl Distance ~ ft
Figure 16

Mini-Ramp [42 ft (12.8 m)] Geometry
Dnmg-CllA‘l‘hn:h.lhmu:hunmedmlcweme

" mw'nhmim]md-of landing gesr compression and
mﬁ""ﬁ? “‘“’“l o1 progr n is pl im, . ‘M A pitch atitude (ses table ). Catapult endspeed was para-
possibl ‘“‘m.cmlmdnl i y varied 1o per

Table 5
CRAT Coneept and Ground Rules Nominal Aircraft End-of-Catapult Conditions
The ski jump concept uses a ramp to rofate the aircraft flight 3 5
path from horizontal to & positive climb angle at forward spoeds Aty | 8 Qom Compreasion | Pisch
less than those which are normally required to rotate the aircraft Nose ‘Man
serod ically. The “emrly” rotation and lift-off provides an jmes— - e —— —
initial ROC and altitude margin which allows the aircraft to | F/A-18A L] 3.0 -9.1¢
accelerate to flight speed while in a partially ballistic wajectory. | E-2C 83,3 33
A reduction in takeoff distence is achieved primarily as a result of | AGE 10 S.7 44
Lift-off speeds which may be considersbly less than the stall speed EA 6B 3.5 5.37
of the aircraft. S-3A 6. 4.5 []
F-14A 2 7.2 2.13
CRAT uses the same concepx as CTOL Ski Jump but replaces
the free ground roll acceleration with a steam catapult assisted
acceleration and the large rump is replaced with a much smaller  “Miniguan™ Criteria Definition
mpdmbdeckw;llinﬁm. The lift-off speed reduction is
spplied w & reduction in catapult endspeed requirement for leunch. N
In this case, takeoff distance is not reduced as it was in the mm:nlﬁhugﬁlmhmmmdmh
Pevious CTOL Ski Jump effort but benefit is derived from: catapukt thin Navy is defined 2 the minimum
equivalent sirspeed st the end of the catapult stroke for which the

1)  Reduced WOD required for lsunch;

2) Incressed takeoff gross weight at the conventionally
required endspeed;



1)  Sull Speed - The stall speed of the aircraft in the takeoff
configuration or the speed at which stall waming first occurs if the
warning does not significantly intensify as stall is approached.

2) Minimum Satisfactory Flying Qualities Speed -The rpeed

below w}uch the hlgh AOA ﬂymg lities of the config!
(e.g. ping. P e b isfactory.
3) Minimum Level Acceleration Speed - The speed at which

sufficient thrust excess is available to provide at least 1 10 1.5
kt/sec of longitudinal acceleration.

4) Mini I Speed - The minimum
airspeed for which there is sufﬁcwm lnznllduecuoml control to

Addiliondly. the obvious criterion that flying qualities must
remain satisfactory down to the lsunch speed is also enforced.
Mmm(mmmmmmofdmb 1.5 kt/sec minimum
y flying g ) were also used
mcoeufullymnfelyeuﬂ:h:hﬂwmmmmmuﬂspeedfm
the CTOL Ski Jump program described earlier in this paper

Cnmformmlmmn dsp ‘fotCRAT' hes are not so
clearly d d. Consider the } ies of
figure 17. Whnarmpofuymclmnmnumedtompm
noseup rotation snd rate of climb to a lsunching aircraft, the
flyaway traj y may be gorized into one of three classes.
At higher s'peeds, parable to ] (flat deck) launch

dsp ¢ y exhibits positive raie of climb

-,

an engine failure i ly follovnng the 1
power swoke or for which single engine maximum rate of climb is
antainable.

5) Minimum Roution/Sink-off-the-Bow Speed - The speed
below which asircraft pitch is not sufficiently rapid or
dynamic pressure is not great enough to provide enough lift
(vertical acceleration) to arrest sink and esubhsh level or
climbing flight within some of
altitude loss; past experience indicates that this scceptable sink-
off-the-bow is 15 to 20 ft (4.6 0 6.1 m).

The minimum jonal it end d is typicail
defined bi ofmmdunmofﬂlepmcedmg
criteria over lhe ukeoff gross wught range of a ;wen aircraft.
The gperational end d is set 15 kts
higher than the prevnolnly defmed minimum to allow for the

gative effect of deck jon and non:

(see ) y 1 on the figure). As endspeed is
wuwmmmmofdmbm;duﬂywaydum
until rajectory 2 is achieved with the rate of climb decreasing to
zero but never becoming negative. msisequivaknlw:he
minimum definition used for the previous CTOL programs.
Fmﬂy.uuzdspeednﬁmrdeaeued.lhemmnmmof
climb gative and there is some minimum
dw(amummmk)whmedbefmmofchmbbemm
increase (trajectory 3).

The likely candidate criteria for setting minimum endspeed are
either 1) zero minimum rase of climb or 2) maximum allowable
altitude loss. . Zero minimum rate of climb has been proven for

isting ski jump operations (both V/STOL and CTOL) and has the
added benefit of always providing the pilot with a reassuring
positive rate of climb. Maximum allowable altitude loss. on the
other hand, is most like the current citeria for setting minimum
endspeed for conventionsl catapult lsunch. Piloted flight
:mhmndpuhquwmﬂ:ghtmureqmedwudeqmuly

pti pilot techniqy mdm ish (if not entirel )
the probability of any sink-off-the-bow during normal lnmchu

Current practice for shipboard (AV-8A/B) ski jump operations
is to define minimum launch speed such that the rate of climb
during the flyaway does not become negative and available
longitudinal acceleration does not become less than 1.5 ki/sec.

=

Max Alnmde Loss

or some compromise of the two (e.g.
mnmmnuofmk) Of course, conventional catapult launch
criteria 2), 3), and 4) from above must still be satisfied The
anl.lyncnl results which follow include potential performance

ts for both zero minimum rate of climb and maximum
allowable altitude loss trajectories.

O

Zero min ROC

oo o

gure 17

Fi
Possible CRAT Flynvny Trajectories



Analvtical Results Table 6
Nominal Aircraft Configurations
The three degree of freedom (longitudinal, vertical and pitch —
dynamics) digital simulation model which was developed and Aircraft Gross Weight Thrust Seuing
validated during the CTOL Ski Jump program was used to anal b  —
CRAT trajectories for & group of operational Navy F/IA-18A 46,000 (20,866) [ MIL
sircraft. Table 6 list the aircraft configurations which were 46,000 (20,866) | Max A/B
analyzed, including pon weights, thrust levels and flsp lenmgx 52,000 (23,587) { MIL
The models for each 52,000 (23,587) | Max AB
;hmu h istics md 1 ding gear strut load md E2C 53,000 (24,041) | M (D)
am| stem dy y .
(see refecence 6). i ki | 53000 @041) |y @
A-6E 46,000 (20,866) | MIL
The snalysis proceeded as follows. First, & 1 flat _ 58,600 (26,581) { M.
deck launch was simulated for each configuration at the minimum EA-6B 50,000 (22,680) | MIL
catapult endspeed and maximum altitude loss between 10 and 20 ft 58,600 (26,581) ] MIL
(3 1 and 6.1 m) was noted. These mjecmnes were used as a S-3A 44,000 (19,958) I MIL
for comparison with the predicted CRAT launches. The 52,500 (23.814) |MIL
ramp geometry of figure 16 was thm simulated at the end of the F-14A 59,000 (26,762) | MIL
canpult and the h\mch j ies were d for 59,000 (26,762) | Max AB
M dspeeds starting with the flat 69.800 (31.661) | Max ABB
deck nummum and d m 2 ki Mini e CREeTT 110 degree flap scxting —

ofclimbnﬂallimdenz:muleofchmbwmreemdedmﬁldw
maximum altitude loss equllledorexeeededthufor the flat deck
launch. In all cases, inal end of conditions (landi
gwsmeomplmnon.nmnpxwhmmdemdmlmgh(n:me
deck) were assumed. Typical results are shown in figure 18 for the
46,000 1b (20,866 kg) F/A-18A with Max A/B Thrust. In this
case, the flat deck minimum is 149 kit and the altide
loss at this speed is approximately 16 ft (4.9 m). With the ramp
simulated, leeexofulumdelonoecmummdrpeedoflwh
providing e red ired end airspeed of 20 k. If
u\emmnnwnwerembedeﬁmdbyzmmmmunnmeofclunb
instead of altitude loss, the minimum endspeed would be 137 kt
providing & 12 kt reduction. Absolute minimum end airspeeds for
all of the simulated configurations for fiat deck Isunches with 15
lo20f((46w61m)ofsmkdeRATlmheswnhoompnﬂc
smk -nd monumum rate of climb are tabulated in table 7.

ial for each of the minimum criteria
(smkotmomeofclnnb)ucompuedmﬁgunw The results of
table 7 and figare 19 indicate that minimum catspult end airspeed
(mdﬂleefoterequnedWOD)mbereduoedbylnywhcnﬁwnﬁS
to 34.0 kt depending on the aircrafyconfiguration. If zero
minimurn rate of climb is used as a criterion, minimum endspeed
reduction is decressed by a third to a half in most cases.

2. 20 degree flap setting
3. With loaded Multiple Bomb Racks

?20 @ Allinude Loss 8
= W Rate of Cimb

510 4
)

=]
<0

IS o
Rate of Climb ~ fps (1 fps = 0.3048 mss)

do

Altitude Increment ~
S

-12

Figure 18
Altitude Loss and Mimimum Rate of Climb vs.
CRAT Launch of 46,000 1b (20,862 kg) F/A-18A with Max A/B



CRAT Endspeed Summary
Aircraft Configuration Minimum Minimum Ramp Airspeed Minimum
Flat Deck KEAS Control
Airspeed Altinide Loss Zero Minimum ROC Airspeed
Wt ~ Thrust Absolute A Absolute A
ib KEAS kt KEAS kt KEAS
F/IA-18A ] 46,000 (20.862) ~ MIL 152.0 138.5 -13.5 144.0 -8.0 120.0
46,000 (20,862) ~ Max A/B 149.0 129.0 -20.0 137.0 -12.0 130.0
52,000 (23,583) ~ MIL 164.0 150.5 -13.5 155.5 -8.5 120.0
52,000 (23,583) ~ Max A/B 161.0 141.5 -19.5 150.0 -11.0 130.0
E-2C 53,000 (24.036) 10 deg flap 122.0 115.0 -1.0 122.0 0.0 97.0
53.000 (24.036) 20 deg flap 108.0 102.5 -5.5 108.0 0.0 97.0
A-6E 46,000 (20,862) 115.0 105.5 -9.5 110.5 -4.5 * 1050
58,600 (26.576) 144.0 134.5 -9.5 138.5 -5.5 * 120.0
EA-6B (50,000 (22.676) 119.0 110.0 9.0 114.0 -5.0 * 107.0
58,600 (26.576) 129.0 119.0 -10.0 122.0 -1.0 * 120.0
S-3A 44,000 (19,955) 104.0 93.0 -11.0 102.0 2.0 88.0
52.5¢0 (23.810) 115.0 106.0 -9.0 110.0 -5.0 88.0
F-14A 59,000 (26,757) ~ MIL 122.0 99.0 -23.0 111.0 -11.0 + 880
59.000 (26,757) ~ Max A/B 122.0 92.0 -30.0 105.0 -17.0 + 103.0
69.800 (31.655) ~ Max A/B 135.0 101.0 -34.0 112.0 -23.0 + 103.0

* - 2 engine stall speed

+ - Mid-Compression Bypass open, locked rotor, 10 deg sideslip

Aircraft Gross Weight and Configuration

46,000 1b (20,362 kg) ~ MIL
46,000 1b (20,862 kg) ~ Max A/B
$2,000 b (23,583 kg) ~ MIL
52,000 1b (23,583 kg) ~ Max A/B
53,000 Ib (24,036 kg) ~ 10 deg flaps
53,000 1b (24,036 kg) ~ 20 deg flaps
46,000 Ib (20,362 kg)

58,600 1b (26,576 kg)

50,000 1b (22,676 kg)

58,600 Ib (26,576 kg)

44,000 1b (19,955 kg)

52,500 Ib (23,810 kg)

59,000 Ib (26,757 kg) ~ MIL
59,000 Ib (26,757 kg) ~ Max A/B
69,800 Ib (31,655 kg) ~ Max A/B

FIA-18

E-2C

A-6E

EA-6B

S-3A

F-14A
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Figure 19
CRAT Endspeed Reduction Potential

The last column of table 7 indicates the minimum control
speed for esch of the configurations. This speed is determined
from engine out control capability or acrodynamic stall speed of
each configuration, whichever is most critical. The table shows
that the minimum end airspeed with the ramp and using the altitude

loss criterion is significantly below the minimum control speed
for only the F-14A Max A/B cases. Therefore, the wind over deck
rdummndfmmuemmnybemudbymmm

1 speed icti If the zero minimum rate of climb
criterion is used, all of the predicted endspeeds are grester than the




corresponding minimum control speed. Table 8 summarizes the
predicted maximum nose and main gear reaction loads and Limit
loads for each configuration for all speeds up to the current flat

deck minimum launch speeds. In all cases the predicted loads are
well below the limit loads.

Table 8
CRAT Landing Gear Load Summary
Aircraft Configuration Landing Gear Reaction Load ~ 1,000 Ib (kN)
Wi ~ Thrust Nose Main
b Maximum Limit Maximum Limit
F/A-18A 46,000 (20,862) ~ MIL 53.2 (236.6) 80.0 (355.9) 433 (214.9) 77.0 (342.5)
46,000 (20,862) ~ Max A/B 50.6 (225.1) 1 46.4 (206.4) 1]
52,000 (23,583) ~ MIL 66.7 (296.7) I} 61.9 (275.3) U
52,000 (23,583) ~ Max A/B 64.5 (286.9) I’} 59.6 (265.1) Il
E-2C 53,000 (24,036) 10 deg flap 194 (j86.3) 81.0 (360.3) 65.8 (272.7) 109.0 (484.9)
53,000 (24,036) 20 deg flap 144 (64.)) 3 46.4 (206.4) ]
A-SE 46,000 (20,862) 41.9 (186.4) 64.0 (-2-84.7) 384 (170.8) 88.0 (391.4)
58,600 (26,576) 47.9 (213.1) U 54.3 (241.5) [
EA-6B 50,000 (22,676) 35.6 (158.4) 1320 (5_87.12) 67.8 (301.67- 137.0 (609.4)
58,600 (26,576) 41.7 (185.5) ) 704 (313.2) [
S-3A 44.0-00 (19,955) 365 (1?2.4) 80.0 (355.9) 29.0 (129.0) 105.0 (467.1)
52,500 (23,810) 38.3 (170.4) [} 36.2 (161.0) J
F-14A 59,000 (26,757) ~ MIL 58.8 (261.6) 7-(')3(311.4) 41.0 (182.4) 100.0 (444.8)
59,000 (26,757) ~ Max A/B 58.8 (261.6) [} 422 (182.7) U
69,800 (31,655) ~ Max A/B 65.1 (289.6) ! 52.5 (233.5) 1
0 ional Considersii S
While the precedi i results indi the strong In summary, non-real time simulation has indicated the
jal for duw WOD for It launch from  potential to reduce WOD requirements for current US Navy carmier-

an acrodynamic pelformme vmvpomt opennoml factors must
still be considered. For example, is there sufficient usable space
in front of existing catspult instsllations to accommodate & ramp
of the required length? Should ramps be positioned in front of all
catapults or just the bow catspults? If ramps are positioned in
front of the waist catapults, what is the effect on bolter
performance/characteristics and safety? Should operational launch
speed be based on the minimum altitude criterion plus 15 kt
excess, the zero minimum rate of climb criterion or some other
criterion? These questions, as well ag I'm sure others, must be
answered before CRAT becomes an operational reality.

Plans

The current US Navy plan is 1o conduct pilot-in-the-loop
simulation evajustion of F/A-18 shipboard CRAT performance and
handling charscteristics. This simulation would also investigate
failure procedures (engine and other system failures) and piloting
xechmquu pﬂol o my ﬂlgm test. Following successful

jon flight test program is
planned usmg uncxmmgdz ft (128 m) mini ramp and the Naval
Air Test Center TC.7 steam catspult installation. If the flight test
successfully validates the CRAT concept, the simulation tools will
be updated, if required, and CRAT compatibility with all US Navy
carricr-based aircraft will be verified. Shrpbourd openuoml

based aircraft by as much as 35 kis using a combined catapulitframp
assisted Jaunch. Mmmnlmdm;gwmonlondsmnmweu
within ptable limits and mini
sbove the minimum aircraft control speeds. Buedonlhenm-rul
time simulation, pilot-in-the-loop simulation followed by land-
bueddmmﬁonﬂig}nmi:plmmdmvnﬁdmduemup«.
lflhe demonstration is successful, ramp shape, size, placement
jon will be optimized and the feasibility of carrier-
buedmghtmmllbemvuugm

RELEASE

The conclusions concerning benefits of CRAT are the
opinions of the suthors and do not neces:arily reflect those of the
Naval Air Sysiems Command.
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