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ABSTRACT

This study investigates a modification to the T-45 Goshawk that releases brake pressure

when the aircraft is on the catapult of an aircraft carrier, preventing the pilot's inadvertent

brake application in the cockpit from applying the brakes at the wheel. The modification

arose from numerous incidents of Student Naval Aviators inadvertently actuating the

brakes during catapult shots, ultimately causing the tire(s) to explode. The subsequent

landings with blown tires have proven extremely hazardous resulting in at least three

catastrophic mishaps in four years of operational training. The modification takes a

radical departure from conventional naval aviation wisdom concerning the pilot's control

of brakes, because it inhibits hydraulic pressure from actuating the brakes. This system

effectively removes the pilot's pedal input to the brake system during a catapult launch,

when brake application is undesirable.

The problem of inadvertent braking on the catapult results mainly from cockpit

ergonomics in the T-45. Specifically, the fulcrum of the brake pedal sits too close to the

floor beneath, preventing the pilot from executing normal catapult procedures conducted

in the fleet, where he slides his feet to the deck for the catapult launch. The alternative

solutions included a "Toe-bar" and minor adjustments to the brake pedal height and deck

plate location within the limits of the aircraft's major structure. The "Toe-bar" was a

reference point at the mid-point of the'brake pedal, under which the pilot placed the toe

of his boot. It effectively placed the pilot in a position that prevented him from applying

sufficient moment to actuate the brakes. The "Toe-bar" was implemented in fleet T-45

aircraft, and produced moderate success at preventing blown tires on the catapult. It has

ergonomic issues of its own however, since it places the pilot in an extremely

uncomfortable position that is potentially hazardous in an ejection scenario. The other

modifications were found unsuitable, particularly for larger pilots during early cockpit

mock-up testing.

This study provides an analysis of the causes of blown tires on the catapult, the

human factors involved with alternative ergonomic solutions, the method of testing the

brake release solution, and a psychological discussion of the transfer of training concerns
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regarding students transitioning to fleet aircraft after flying the T-45 with brake release

incorporated.

The author concluded that the brake release system will successfully prevent pilot

brake application from resulting in blown tires on the catapult, but discovered one

correctable ground handling deficiency with the prototype system as it was installed in

the T-45.

The author made three recommendations:

•  The Navy should incorporate the brake release system in the T-45 after

correcting the ground handling deficiency.

•  The Navy should incorporate the brake release system in future fleet aircraft

•  The Navy should research whether the blown tire problem exists in fleet

aircraft, and pending the results modify existing fleet aircraft with the brake

release system.
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Chapter 1

Introduction

Background

Research Motivation

In August, 1998 a US Marine Corps First Lieutenant, Student Naval Aviator

(SNA) accepted his second, catapult launch in a T-45A “Goshawk” from a US naval

aircraft carrier. During the catapult stroke the right wheel locked causing the tire to skid,

and ultimately explode. Once airborne, the aircraft flew normally, but the difficult task of

landing the aircraft with a blown tire lay ahead. The ensuing landing was to be the

SNA’s second arrestment aboard an aircraft carrier. Landing an aircraft aboard an

aircraft carrier requires extremely precise control of the aircraft’s flight-path with little

tolerance for error. The student entered the aircraft carrier landing pattern and executed a

normal approach to the ship. The student flew the aircraft to touchdown on the deck of

the aircraft carrier, but missed the last arresting wire resulting in the aircraft rolling along

the deck toward the end of the landing area. As the aircraft rolled along the deck, the

increased drag from the blown tire yawed the aircraft to the right. The student lost

control of the aircraft and impacted the port side of the ship as the aircraft departed the

landing area approximately four seconds after initial touchdown. This mishap resulted in

one fatality and loss of the aircraft (Training Squadron-22, Message 232030Z Oct 98)

The US Naval Air Training Command had experienced numerous incidents of

blown tires on the catapult since the T-45 entered operational service in 1994, most of

which resulted in uneventful shore based landings. This mishap however, was the second

that resulted in the destruction of a valuable training asset and the first that resulted iii a

fatality in the aircraft’s relatively short operational service. The apparent cause of the

blown tires had been students inadvertently applying one or both brakes during the

catapult stroke, resulting in a locked wheel and ultimately a blown tire. The training
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command knew of the inadvertent brake application problem and attempted to prevent it

by training students to avoid applying the brakes during the catapult stroke. The attempt

to alleviate the problem through training however was ineffective since T-45 students

continued to experience blovra tires, as demonstrated in the August 1998 mishap. The

aircraft needed an engineering solution to prevent future blown tire occurrences.

The SHEL Model

Systems are composed of three major resources: Hardware, Software and

Liveware. Hardware is the components and materials used to make up the physical

portion of the system. Software is the procedures, rules, practices and habits that govern

the system’s operation. Liveware is the human beings within the sytem, often the system

operator. In any system each of the above exists in a surrounding environment, over

which the system designer has no control. These four elements make up a construct

known as the SHEL model Figure 1.

While each of the components is critical in the system, equally critical are the

interfaces between each of the components. It is at the interfaces where system failures

most frequently occur (Wiener & Nagel, 1988). In the case of the T-45 on the catapult of

an aircraft carrier, the Student Naval Aviator (Liveware), is in an unfamiliar environment

where the procedures (Software) are new as well. The student is therefore under

considerable stress and error prone (chapter 4). An inappropriate mismatch at the

Liveware-Hardware interface in a system that is intolerant of error, can easily result in

disaster. The critical node of Liveware-Hardware interface in this case is that of the T-45

rudder/brake pedal, and the pilot’s lower body, mainly his feet.
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Figure 1 SHEL Model

Source: Weiner, Earl L., Nagel, David C., Human Factors in Aviation. San Diego;
- Academic Press, 1988

Systems engineering process

The systems engineering process is a disciplined approach to problem-solving that

breaks dovm the components of the system into identifiable pieces that can be managed at

a subsystem level. The process is designed to optimize the system's components,

attributes, and relationships to maximize the efficiency of the entire system, vice

optimizing the system’s individual elements, which may sacrifice overall system

efficiency. In the case of the T-45 on the catapult, the system consists of the catapult on

the aircraft carrier, the personnel on the flight deck, the T-45 aircraft and its student

operator. The system shortcoming however, lies mainly in the relationship between the

T-45 aircraft and its student operator, the L-H interface in the SHEL model.

The author applied the concepts of the SHEL model and used a seven-step

process to develop a solution to the problem. The process consisted of the following

steps: problem definition, alternatives generation, alternatives and constraints analysis,

system selection, and system testing, and identification of the solution’s impact on other

portions of the global system (flight training).
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Problem definition

Clearly defining the problem is first step of the approach to obtaining an

engineering solution. It is crucial that the scope of the problem be sufficiently narrowed

such that solutions can be generated with the appropriate level of specificity to be

effective.

V

In the case of the T-45 the author began with the mishap statistics. Three Class-

A mishaps (30% of all T-45 Class-A mishaps) occurred during landing attempts with

blown tires. Landing the T-45 with blown tires however, involves the issues surrounding

the basic ground handling characteristics of the aircraft complicated by one or more

blown tires. Solving the innate ground handling problems in the T-45 will require

considerable effort and funding since the problems stem from numerous contributors.

Reducing the incidents of blown tires however, may be a more rapid and simpler

solution.

Narrowing the scope further, exposes the fact that two of the three blown tire

landings occurred as a result of blown tires that happened during catapult launches when
/

a student inadvertently applied the brake(s). Despite training attempts to prevent it

students were routinely applying the brakes on the catapult resulting in at least 16 blown

tire landings. All, except the two aircraft involved in mishaps, were safely recovered

ashore, but the blown tire phenomenon placed the aircraft, the pilot and groimd personnel

in extremis since likelihood of a mishap was high. The single largest pause of blown tires

was inadvertent braking on the catapult. If the inadvertent braking problem could be

eliminated, it had the potential to significantly reduce the risk associated with SNA’s

participating in carrier qualification. The problem of interest in this thesis, therefore is '

inadvertent brake application on the catapult.

Alternatives generation and constraints analysis is the phase when potential

solutions to the problem are conceptually developed. A free-thinking approach is used

throwing none of the potential solutions out, until the system constraints are applied. The

system constraints eliminate the impractical alternatives and reduce the scope of those

alternatives that remain practical but need a reduction in scope to fit within the
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constraints of the system. The system eonstraints may be any of a wide variety from

eeonomic to physical structures preventing progress in a particular direction. The

speeific alternative solutions to the inadvertent brake problem, and the system constraints

are discussed in ehapter 5.

The system selection phase further narrows the range of choiees by selecting the

solutions that offer the most promise to be effective, then preparing them for testing. In

the T-45 the ehosen system is the brake release system, the design of which is discussed

in chapter 6.

System testing is condueted to ensure the solution(s) operate within the

constraints of the system and accomplish their assigned mission. Testing may be

conducted by simple analysis, moek-ups, and in the latter stages, flight test. The brake

release method of testing and results are diseussed in chapter 7.

Solutions to problems in a system may impact other parts of the system or other

systems altogether. When solving one problem it is imperative that the designer identify

the potential side effects of incorporating the solution and determine if the solution

warrants implementation. The potential side effeet of the brake release system is its

impaet on transfer of training as the student transfers habit patterns learned in the T-45 to

future aireraft. This is discussed in chapter 8.

Research Obieetive

The objective of the research is to apply the systems engineering approach discussed

above to the problem of inadvertent brake applieation on the catapult in the T-45. This is

conducted in an effort to obtain a long term solution to last through the life expeetancy of

the aircraft.
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Chapter 2

Description of the T-45 “Goshawk”

Overview

The T-45 Goshawk is a subsonic, single-engine, tandem-seat, jet trainer (Figure 2

and Figure 3). The aircraft is used by the US Navy to train student naval aviators who

are destined to fly naval aircraft aboard aircraft carriers in the fleet. It is an adaptation of

the land-based, British Aerospace Hawk aircraft, but it has been modified to operate

aboard US naval aircraft carriers The T-45 acquisition program originally intended the

aircraft to be an inexpensive. Commercial Off The Shelf (COTS) purchase of an existing,

proven airframe, minimally modified to perform the mission of training student naval

aviators. The result however, was a significantly modified aircraft that did not conform

to many of the US Military Standards (MIL-STD) for aircraft design. The following

paragraphs provide an abbreviated overview of the aircraft’s critical systems involved

with ground handling and the blown tire phenomenon.

30 F 10 IN.

O4F
''

12 F 10 IN.

Figure 2 Front View of a T-45

Source: T-45 NATOPS Flight Manual
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Figure 3 Side View of a T-45

Source: T-45 NATOPS Flight Manual

Landing Gear

The T-45 incorporates a retractable, tricycle-type landing gear system. The nose

gear has dual wheels and a launch bar, designed for use on catapults of aircraft carriers.

This is one of the significant changes from the Hawk, which has only a single nose gear

tire, common for land-based aircraft. The T-45 main gear are wing mounted and have

trailing arm suspension, similar to the F/A-18 Hornet. The landing gear are mounted

such that the main gear tires are 12 feet, 10 inches apart and 14 feet, 2 inches aft of the

nose gear when the aircraft is on the deck. A conventional landing gear handle in each

cockpit controls retraction and extension of the landing gear, which are hydraulically

actuated. The nose gear retracts forward and the main gear retract inboard toward the

fuselage.

Nose Wheel Steering System

A fiill time nose wheel steering system provides the primary means of directional

control when the aircraft is on deck. It is electrically controlled and hydraulically

actuated through the landing gear hydraulic system. The hydraulic system also provides

rotational shimmy damping, limiting the likelihood that the nose wheel truck assembly
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will oscillate directionally during high-speed operations on deck. The nose wheel

steering system is dual gain during normal land operations. The low gain provides ±12°

of nose wheel rotation and is the default gain. The high gain is for low speed taxi only,

providing ±65° of nose wheel rotation either direction, and must be selected and held by

the pilot to remain engaged. Placing the aircraft’s launch bar down automatically

disengages the nose wheel steering. The pilot may reengage nose wheel steering to a

medium gain that provides ±20° of nose wheel rotation only when the launch bar is down.

This is typically accomplished only when preparing for a catapult launch from an aircraft

carrier.

The pilot controls the nose wheel steering system via two electrical switches on

the stick and through displacement of the rudder pedals. The pilot can disengage nose

wheel steering by momentarily depressing the Paddle Switch (Figure 4). During normal

taxi operations with the laimch bar UP, the pilot may engage nose wheel steering to low

gain by momentarily depressing the nose wheel steering button (Figure 4).

ROLL AND

.PITCH TRIM

SWITCH
WEAPONS

RELEASE

BUTTON

GUN

TRIGGER

MUTE

BUTTON

NOSEWICEL

STEERING

BUTTON

PAOOLE

SWITCH

X

Figure 4 T-45 Stick Grip and Controls

Source: T-45 NATOPS Flight Manual
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To obtain high gain, the pilot need only depress and hold the same button for as long as

he desires high gain nose wheel steering. With the launch bar down, a condition

normally encountered when preparing for a catapult launch aboard an aircraft carrier, the

nose wheel steering is automatically disengaged, but the pilot selects medium gain by

depressing and holding the nose wheel steering button. The pilot controls the azimuth of

the nose wheel relative to the fuselage through rudder pedal displacement. Pushing the

left pedal forward to its limit for example, will cause the nose wheel to rotate 12® left in

low gain, 20® left in medium gain, and 65® left in high gain.

The nose wheel steering system has two lights to advise the pilot of its operational

status. It has a green NOSE WHL STR advisory light, located on the Advisory light

panel (Figure 5), and an amber NOSE WHL STR caution light located on the

FIRE

WARNING
MASTER

LIGHT
ALERT

WARNING/CAUTION
LIGHT PANEL

"?) Q □ dl @ n
j&masDH

.00m0s“.

ARRESTING

ADVISORY
LiGHT

PANEL

I lfiHIS

% 1  .gk I

X.”

Figure 5 T-45A Forward Cockpit Instrument Panel

Source: T-45 NATOPS Flight Manual
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Waming/Caution light panel. The green advisory light illuminates only when high gain

steering is selected. The amber caution light illuminates when the nose wheel steering

system is disengaged or when the system self detects a fault. In either case the nose

wheel steering system will be inoperative with the caution light illuminated.

Launch Bar System

Carrier-based aircraft require a large propulsive force, much greater than that

provided by their internal engines, to attain flying speed in the short distance available on

the deck of an aircraft carrier. A steam-powered catapult, located beneath the flight deck

provides the necessary energy by accelerating the aircraft forward at roughly three times

the force of gravity. All current carrier-based naval aircraft, including the T-45, interface

STEERING

MOTOR
SHOCK

STEERING ELECTRICAL

CONTROL MODULE
STRUT

APPROACH

LIGHT RETRACT ACTUATOR
ASSEMBLY

STEERING MOTOR GEARBOX
TIE-DOWN POINT

LANDING/TAXI LIGHT
0

DOWNLOCK PROXIMITY SWITCH

I
^ DRAG BRACE

■"^DOWN AND LOCKED INDICATOR
DRAG BRACE CAM ROLLERS

LAUNCH
BAR

LAUNCH BAR POWER UNIT

(I
STEERING
COLLAR

HOLDBACK DAMPER

N

Figure 6 T-45 Nose Gear Assembly

Source: T-45 NATOPS Flight Manual

\
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with the ship’s catapult using a launch bar located on the nose gear strut. (Figure 6). The

figure pictures the launch bar in the RETRACT position, which prevents interference

with the ground objects during normal ground operations. Figure 7 provides a side view

of the launch bar in the extended position with the end of the launch bar set in the

,  catapult shuttle, as if preparing for a catapult launch.

The launch bar is electrically controlled and hydraulically operated. The pilot

controls the position of the launch bar through a two-position switch located on the front

cockpit instrument panel (Figure 7). The two positions are labeled “LAUNCH BAR

RETRACT” and “EXTEND” (Figure 7). The switch is spring loaded to the RETRACT

position but magnetically held4n the EXTEND position once placed there by the pilot,

when the aircraft is on deck. When the aircraft’s weight is off of its wheels, the

electromagnet in the switch disengages, allowing the switch to return to the RETRACT

position.

A green L BAR advisory light and a red LEAR warning light located on the

instrument panel in both cockpits display the condition of the launch bar to the pilot

(Figure 7). When the launch bar switch is placed to EXTEND and the launch bar is in

the EXTEND position, the green light illuminates indicating the laxmch bar is down when

the aircraft is on deck. The red L BAR warning light illuminates after the aircraft has
/

been airborne at least ten seconds and the launch bar has not retracted. This warns the

, Green

1^.
LAUNCH BAR

RETRACT 'cys<\
Launch Bar

Extended

Catapult Holdback
Fitting

J\r

1
Red

V EXTEND

^Catapult Shuttle L Bar Lights
Laundi Bar Switch

Figure 7 Nose Gear Strut with Launch Bar Extended. Launch Bar Switch and
Indicator Lights from Forward Cockpit Instrument Panel

Source: T-45 NATOPS Flight Manual

y
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pilot of an extremely dangerous landing condition due to the likelihood that the launch
bar will catch a cross-deck pendant after touchdown. '

Brake and anti-skid systems

The T-45 uses conventional disc brakes on the main landing gear to provide

deceleration power for the aircraft. The brakes are powered through an engine driven

hydraulic system and have a backup hydraulic accumulator to provide hydraulic pressure

in the event of a hydraulic system failure. The pilot actuates the brakes by pressing the

top portion of the rudder pedals, which modulate the brakes in proportion to the

displacement of the pedals. The right brake pedal controls the brake on the right main

wheel and the left pedal controls the brake on the left main wheel. A J-shaped parking

brake handle is located on the right vertical instrument panel in the front cockpit. Pulling

and rotating the handle clockwise sets the parking brake, immediately applying maximum
\

hydraulic pressure to both brake assemblies. The parking brake system includes a PARK

BRAKE caution light, located on the waming/caution light panel, which illuminates

when the parking brake is set, and the throttle is advanced beyond an intermediate

position.

Unlike automobiles, high performance jet aircraft provide no appreciable

feedback to the pilot if he applies too much brake resulting in a skid. In most

circumstances a pilot will not know that his tire(s) are skidding until one explodes,

resulting in a hazardous ground handling situation. Reliably obtaining the maximum

braking capability of the aircraft for a given set of gross weight, runway, landing speed,

crosswind and other variable parameters, is impossible for the pilot with an non-

augmented brake system. The T-45 brake system, therefore, includes an electrically

controlled anti-skid mechanism designed to minimize tire skid and decrease stopping

distance. The anti-skid system incorporates a two-position ANTI-SKID switch in both

cockpits, a wheel speed sensor on both main wheels, an electrical anti-skid control unit,

and an, anti-skid control valve as its main components. When the anti-skid system is

engaged, the pilot actuates the brakes through the brake pedals, and the brake system

modulates hydraulic pressure to the brakes in proportion to the brake actuation
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commanded by the pilot. If the commanded brake pressure exceeds either tire’s skid

threshold, the wheel speed sensor senses a rapid wheel deceleration, and opens the anti

skid control valve, releasing brake pressure to both brakes until the wheel speed recovers.

It then reapplies brake pressure to a threshold slightly lower than that when it sensed the

skid. The anti-skid system is inoperative until the aircraft has reached a speed of 30

knots during accelerations such as takeoff, and below 13 knots during decelerations, such

as landing. Below these speeds, the pilot has normal braking available, unassisted by the
1  1 ; ‘

anti-skid system. During carrier and field arrestments, the aircraft’s deceleration is so

rapid that the anti-skid system senses a skid and releases brake pressure, causing the

brakes to be temporarily inoperative. For this reason and the fact that taxi speeds are well

below 11-13 knots, anti-skid is"selected OFF for operations at the aircraft carrier.

The pilot controls the anti-skid through independent anti-skid switches; one in

each cockpit. With both switches selected ON, the anti-skid system operates except

when automatically disengaged during low speed taxi. With the anti-skid selected OFF

in either cockpit, the pilot has normal braking without anti-skid protection.

The anti-skid system incorporates a green ANTI-SKID advisory light on the

advisory light panel and an amber ANTI-SKID caution light on the waming/caution light

panel to display the condition of the system to the pilot (Figure 5). The advisory light

illuminates with both anti-skid switches ON and the landing gear DOWN. The amber

caution light illuminates when the anti-skid built in test detects a fault in the system

indicating that the system is inoperative.

Flight controls & hydraulic systems

The T-45 has conventional primary and secondary flight controls. The primary

flight controls include hydraulically powered ailerons and stabilator, and a mechanically

powered rudder. The ailerons and stabilator are irreversible, and have tandem hydraulic

actuators that use hydraulic power from both independent hydraulic systems. The rudder

control mechanism is a reversible system actuated wholly by the force the pilot imparts to

the rudder pedals. The reversible rudder system feeds back aerodynamic forces on the
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rudder to the pilot through the rudder pedals. The pilot interfaces with the primary flight

controls through a conventional control stick and rudder pedals.

Two engine-driven hydraulic systems (HYD 1 and HYD 2), provide power for

primary and secondary flight controls, and utility services. The HYD 1 system powers

the flight controls including ailerons and stabilator, and utility services including flaps,

slats, speed brakes, landing gear, nose wheel steering, wheel brakes, arresting hook and

launch bar. The HYD 2 system provides hydraulic power only to the ailerons and

stabilator.

Rudder & Brake pedals, the human interface

The pilot operates the directional control and wheel-brake systems through the

rudder and brake pedals actuated by the pilots feet. The aircraft incorporates a

conventional pedal system where a single pedal for each of the pilot’s feet actuates the

directional control and brake systems independently. This is accomplished by actuating

the two systems in two planes of operation. The directional control operates through

longitudinal pedal displacement, while the brake system operates through forward pedal

rotation about a fulcrum aligned with lateral axis(Figure 8). The entire mechanism is

longitudinally adjustable at nine equally spaced positions through a range of

approximately 18.2 cm (7.2 inches), to accommodate pilots of varying sizes.

Figure 8 T-45 Brake Pedal Assembly

Source: Legal, Robert, et al. “Design Change Considerations to Prevent Inadvertent
Brake Applications.” First brief to US Navy T-45 Review Board. Boeing Patuxent River

Md. 6 May, 1999
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The pilot commands rudder, and corresponding nose wheel steering when the

aircraft is on deck, through longitudinal pedal displacement. When one pedal is

displaced forward, the opposite pedal is equally displaced aft. The amount of available

displacement changes slightly as a function of the adjustment position of the entire pedal

mechanism, but is nominally 12.5cm (4.9 inches) from full left to full right (Figure 9).

The angle formed between the pedal and the waterline of the aircraft changes as a

function of both the adjustment position of the rudder pedal mechanism, and directional

control pedal displacement. As the pedal mechanism is adjusted forward the angle

increases, to accommodate the pilot’s natural resting foot position. Likewise, as one

rudder pedal is displaced forward for directional control, its angle increases, while the

opposite pedal’s angle decreases. The pedal angle changes from approximately 57° at the

forward-most adjustment point, to approximately 40° at the aft most adjustment point.

The pedal angle varies from full left to full right pedal displacement, less than 1° at the

forward-most adjustment point to nearly 6° at the aft-most adjustment point.
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Figure 9 T-45 Rudder Pedal Adjustment and Displacement Geometry with respect
to the Neutral Seat Reference Point (measurements in mm)

Source: Douglas Aircraft Company. “T-45A Crewstation Geometry.” Scale drawing
number DA00SA0051. 28 July 1993
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The main landing gear brakes are actuated independently through the left and

right brake pedals. The brake pedal is designed to rotate forward through an angle of

approximately 16° to command full brake pressure at the brake assembly (Figure 10).

The pilot applies a toe-forward force to the top of the rudder pedal resulting in a rotation

about its fulcrum. The brake pressure and pedal angle that correspond to the applied

force are plotted in Figure 11. Brake pressure is  a linear function of pedal force over its

entire range, with approximately 16 lb of breakout force required to move the pedal off

the aft stop. The pedal angle is also a linear function of pedal force over most of the

useful range, but the gradient shallows at approximately 15° of travel, requiring nearly
s

BULL BRAKE APRl-IEO (‘TYP?

Figure 10 Brake Pedal Travel

Source: Source: Douglas Aircraft Company. “T-45A Crewstation Geometry.” Scale
drawing number DA00SA0051. 28 July 1993

double the pedal force to move the last ‘A degree of brake pedal travel. The sharp change

in gradient is designed to prevent the pilot from easily applying high pressures at the

brake assembly that will result in a tire skid.

The longitudinal braking force achieved at the tire is proportional to the brake

pressure applied at the brake assembly when anti-skid is disengaged. When anti-skid is

engaged the system operates the same until the tire begins to skid, then the anti-skid

system meters brake pressure to stop the skid. Many external variables contribute to tire

braking force including tire pressiue, weight on the main landing gear and flight deck or
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Pedal Force vs Brake Pressure & Pedal Angle
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Figure 11 Correlation between T-45 Brake Pedal Force, Pedal Angle and
Corresponding Hydraulic Brake Pressure.

runway condition, making it difficult to associate a particular brake pressure with

maximum tire braking effieiency. Therefore, the anti-skid system is engaged during

land-based operations to permit the pilot carefree brake operation.

T-45 Anthropometry

The speeifieation detailing the design requirements for the T-45 states “...the

coekpit shall be eompletely compatible with pilot(s) dimensions (lower limit three

pereentile man, upper limit 98 percentile and equivalent females, as speeified in U.S.

Navy Report NAEC ACEL-533, Anthropometry of Naval Aviators-1964 with personal

flight gear...)” (T-45 Detail Specification, SD-570).

Accommodation requirements focus on the airerew being able to eonduct the

mission of the aireraft and egress safely. The requirements do not consider mission

performance degradation due to abnormal, but safe sitting positions, or the discomfort
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and fatigue encountered from long periods in those positions. In aircraft equipped with

an ejection seat, the most restrictive cockpit design and human anthropometric

considerations revolve around providing the aircrew member with a safe ejection

envelope. This is largely due to the violent acceleration and harsh environment of an

ejection. While the T-45 may provide a safe ejection envelope over the population range

dictated in the specification, its anthropometric accommodation places many pilots,

particularly larger subjects, in uncomfortable and ergonomically unsuitable positions that

affect pilot performance. '

Cockpit ergonomics

Ejection seat

The Neutral Seat Reference Point (NSRP) is an arbitrary datum roughly midway

between the upper and lower seat adjustment limits at the back of the ejection seat. It is

a convenient datum from which to design the cockpit since it coincides with the pilot’s

tailbone, a point on the human that moves very little when sitting. Most of the cockpit

measurements are taken from the NSRP. The T-45 ejection seat has a total vertical

adjustment capability of 12.7 cm (5 inches). The lowest and highest adjustment limits of

the seat set 5.7 cm (2.2) inches below and 7.0 cm (2.8 inches) above the NSRP,

respectively (Figure 12). The seat has canopy breakers, which are pointed metal objects

designed to penetrate and shatter the canopy in an ejection. The canopy breakers sit atop

the head box at the highest point on the seat 97.3 cm (38.3 inches) above the NSRP.

In a normal ejection the pilot pulls the ejection handle between his legs at the

leading edge of the seat pan, which initiates a rapid sequence of events to remove the seat

and pilot from the aircraft. Among the earliest events in the ejection is initiation of an

explosion of the Mild Detonation Cord (MDC) on the canopy above the pilot’s head.

This shatters the canopy into small particles and allows the pilot to be propelled upward

without impacting the canopy. If the MDC system fails and the canopy remains intact,

the ejection sequence continues, but the canopy breakers atop the ejection seat pierce the

canopy, shattering it sufficiently to provide the pilot an unobstructed passage as he travels
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upward with the seat. If the pilot’s helmet rests above the canopy breakers, his helmet

will impact the canopy before the canopy breakers, potentially resulting in pilot injury.

This occurred in one T-45 ejection where the MDC system failed and the pilot was
i

ejected through the canopy. The pilot sustained significant neck and head injuries due in

part to his seat adjustment position that placed the top of his helmet above the canopy

breakers (Training Squadron-22,191900Z Feb 97).

Design Eve Position

Much of an aircraft’s cockpit is designed with respect to the Design Eye Position

(DEP) because a pilot obtains the vast majority of his flight information visually. In the

T-45 the DEP sets 76.7 cm (30r2 inches) above the NSRP (Figure 12). With the pilot’s

eye at the DEP in the T-45, the external field of view is relatively limited. (Appendix A,

Figure 24), but he is capable of seeing through the Head Up Display (HUD) field view
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Figure 12 T-45 Ejection Seat

Source; Douglas Aircraft Company. “T-45A Crewstation Geometry.” Scale drawing
number DA00SA0051. 28 July 1993
Note: Measurements in milimeters
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and viewing the instruments on the instrument panel. Many pilots therefore, desire to sit

elevated above the DEP to enhance their external field of view, enabling them to see

further downward. The Pilot’s desire for improved external field of view however, is

moderated by two concerns; The pilot sacrifices the capability of viewing the

instruments on the instrument panel because the glare shield over the top of the

instrument panel obscures them as the pilots eye elevation above DEP increases; and the

pilot faces the consequences of a back-up ejection scenario where he is ejected through

the canopy. Therefore, many pilots sit at an elevation such that their eyes are somewhat

above the DEP, and their helmets are even with or slightly below the canopy breakers.

This position permits improved downward external field of view while mitigating the

possibility of head and neck injuries from an ejection, since a small amount of spinal

compression would hopefully bring the pilot’s helmet below the canopy breakers. For

pilots with a large sitting height, the cockpit restrictions force them to adjust the seat to

the lowest setting.

Rudder/brake pedal adjustment

The rudder/brake pedals can be adjusted fore and aft over a range of 18.3 cm (7.1

inch) range with the forward-most adjustment position 100.2 cm (39.4 inches) forward of

the NSRP as seen in Figure 9. As the pedals are moved forward or aft, the vertical

position and pedal angle also changes through a very complex mechanism. The forward-

most adjustment position is very restrictive for larger pilots and results in a significant

gap between the pilot’s thigh and the ejection seat. For comparison, the F/A-18

rudder/brake pedals are adjustable longitudinally over a range nearly 1 Vi times larger

than that of the T-45,25.4 cm (10.0 inches), with the forward-most position 114.3 cm (45

inches) forward of the NSRP (Figure 13).

Rudder nedal to floor distance and Mil Std-1333B compliance

The distance between the fulcrum of the brake pedal and the floor of the cockpit is

approximately 7.1 cm'(2.8 inches). The military design standard governing cockpit
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design parameters. Mil Std-1333B, states “Throughout the range of yaw control

adjustment and travel, the distance from the brake fulcrum to the nearest point on the
crewstation floor shall be a minimum of 4.75 inches” (12.1cm) (Figure 14). The

additional distance dictated by Mil Std-1333B is intended to permit the pilot to actuate

the brake and rudder pedals during normal taxi, then lower his heels to the floor to

actuate the rudder pedals only, when brake application is not desired, such as during
catapult launches. The T-45 geometry however, contributes to inadvertent brake pedal

actuation because longitudinal leg force on the rudder pedals tends to couple into moment

about the fulcrum of the brake pedal. Additionally, the elevated position in which the

pilot rests his foot on the pedals reduces the muscular force required to actuate the brake,

furthermore contributing to inadvertent brake application.
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Figure 14 T-45 Rudder Pedal and Cockpit Floor Geometry

Source; Legal, Robert, et al. “Design Change Considerations to Prevent Inadvertent
Brake Applications.” First brief to US Navy T-45 Review Board. Boeing Patuxent River

Md. 6 May, 1999

Large pilot accommodation

Complaints about anthropometric accommodation in the T-45 come mainly from

relatively large pilots. The following provides a brief analysis of a 90‘'' percentile male

fromthe 1964 Anthropometric Survey of Naval Aviators (Gifford et al, 1965). The 90

percentile male was picked because he represents  a relatively large male whose

dimensions fit well within the cockpit design specification requirements. The adjustment

ranges of the seat and rudder pedals therefore, should permit him to funetion comfortably

within the T-45 cockpit. The pertinent measurements of concern are overall stature 185.5

cm (73 inches), sitting height 96.2 cm (37.9 inches), and sitting eye height 84.1 cm (33.1

inches)(Appendix C).

th
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The following is a simple analysis of the seat height required to place the pilot’s

eyes at the desired elevation. The two corresponding cockpit benchmarks about which

the pilot is concerned are the elevations of the DEP and canopy breakers. The DEP is

76.7 cm (30.2 inches) above the NSRP and the pilot’s sitting eye height is 84.1 cm (33.1

inches). If the pilot desires to sit with his eyes at the DEP, he will have to adjust the seat

to its lowest position, setting the seat pan 82.4 cm (32.4 inches) below the DEP. The

pilot will still have to slump down in the seat 1.7 cm (0.7 inch) to place his eye at the

DEP with the seat pan at the lowest setting.

Using the same linear analysis technique for a pilot desiring to sit at the highest

safe position, (top of the helmet level with the canopy breakers) the analysis must include

approximately 5.1 cm (2.0 inches) added to the pilot’s sitting height for helmet thickness.

In this case, the pilot can move the seat vertically only 1.7 cm (0.6 inch) above the lowest

setting, a relatively small range of adjustment.

The second anthropometric consideration is the rudder pedal adjustment position

as compared to the pilot’s functional leg length. Functional leg length is the distance

measured from the buttock to the sole of the foot with the leg fully extended. The 1964

survey did not measure functional leg length, but  a more comprehensive 1988 survey of

US Army aviators shows a 90*'’ percentile male’s functional leg length is 108.8 cm (42.8

Inches). Adding approximately 2 ‘A cm (1 inch) for the sole of the pilot’s boot, brings his

overall leg length to approximately 111 cm (43 Ya. inches). The rudder pedals adjusted to

their full forward position sit 100.2 cm (39.4 inches) forward and 12.9 cm (5.1 inches)

below the NSRP. Unfortunately simple trigonometry of the knee angle does not provide

an adequate prediction of the pilot’s lower body position due to numerous other variables

including buttock-to-knee length, sitting knee height, popliteal length, thigh

circumference and seat pan angle to the waterline of the aircraft. There is, nevertheless,

clearly 11 cm (4.3 inches) of extra leg length to be accommodated by a knee bend angle.

During measurements of one 90* percentile male subject, with the seat adjusted to place

the top of his helmet level with the canopy breakers (highest safe elevation) and rudder

pedals full forward, the subject had a 8 cm (3 14 inch) thigh gap. Although
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uncomfortable because of the large thigh gap described below, this position was the

optimum position for the pilot because it elevated the pilot’s head to the highest safe

position, maximizing external field of view, while minimizing thigh gap. The position

however, resulted in an uncomfortable body position that caused rapid buttock fatigue,

discomfort at the pilot’s heels and forced the pilot to slump to see through the HUD field

of view.

Thigh gap

In an ejection the aircraft seat imparts an extremely high upward acceleration to

the pilot. Many people associated with tactical aviation have voiced concerns that a

significant gap between a pilot’s thigh and the seat may result in serious femoral injuries

and possibly fracture, due to the impact of the seat with the pilot’s thigh, called seat slap.

When the T-45 was introduced, the Escape Systems branch of the Naval Air

Development Center conducted a thigh gap study measuring the thigh gap in various

aircraft, and researching Naval Safety Center ejection statistics to determine the results of

thigh gap during ejections. While the Safety Center data showed little evidence of seat

slap injuries, the data was insufficient to make reasonable conclusions since it was

impossible to determine each pilot’s thigh gap at the time of the ejection. The

measurements however, showed that large pilots have a larger thigh gap in the T-45 than

in any of the other naval aircraft in which persormel were measured. Personnel with 99

percentile buttock-to-knee and sitting-knee-height measurements experienced a 19.8cm

(7.8 inch) thigh gap with the seat adjusted to place the subject’s eyes at the DEP

(Appendix B, Figure 25). Correlation between thigh gap and femoral injuries has still not

been established, but the Navy is conducting a study of thigh gap and the risks it poses in

ejection scenarios at the time of this publication.

The thigh gap pilots experience in the T-45 results partly from the limited forward

adjustment for the rudder pedals. Figure 13 shows  a comparison of the T-45 to the F/A-

18 seat-to-rudder pedal position. Note that the full forward adjustment position of the T-

45 corresponds approximately to the mid adjustment position of the F/A-18, the Navy’s

primary strike-fighter. The resulting thigh gap in the T-45 causes the pilot’s upper body

th
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weight to be supported by, his tailbone and much of the weight of his legs to be supported

by heel of his boot or his feet on the rudder pedals. While the ejection considerations of

thigh gap remain in question, thigh gap does contribute to inadvertent brake application

due the resulting position of the pilot’s lower body. Pilots with large buttock-knee

measurements, and correspondingly large functional leg lengths have their knees further

forward than pilots with smaller measurements. This reduces the shin-to-toe angle and

may place some pilots in a position such that their resting ankle position applies a force

against the top of the brake pedal; effectively a pre-loaded brake application force.

Anthropometric restriction

In 1998 the Human Systems Division of the Naval Air Warfare Center conducted

a study on the Navy’s trainer aircraft to develop new anthropometric restrictions for

crewmembers. Anthropometric accommodation was defined as “permitting an aviator

from a single seat position to see, reach, and operate all controls and displays that must be

seen and operated in immediate action emergency conditions under harness locked

conditions and have an unimpeded emergency escape path.” (Kennedy, Tucker and

Crawford, 1998) The evaluation did not address the effects of flying aggressive flight

profiles, limitations based on individual aircrew strength, or mission effectiveness due to

fatigue and discomfort. The resulting codes restricted from the T-45 and TA-4 are shown

in Table 1. The Exclude column restricts personnel with the listed code from operating

the aircraft. The Fit Check column requires persormel with the listed codes to don the

appropriate flight gear, sit in the crew station and have an aviation physiologist observe

whether that person’s dimensions are suitable for the cockpit while the subject performs

various cockpit tasks. The dimensions corresponding to each anthropometric code are

included in Table 2. Note that the TA-4, the T-45’s predecessor, had no restrictions for

aviators with large dimensions in sitting height, buttock knee, or functional leg length.

All of the Excluded and Fit Check codes lie outside the 3^*^ to 98“* percentile range

dictated by the T-45 design specification. The code 7 sitting height, buttock-knee length

and functional leg length are all extremely close, however to the 98**' percentile aviator.

Pilots with measurements near the 98“’ percentile are therefore very close to the limits of
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a safe ejection scenario and are certainly placed in an uncomfortable body position.

While the allowable codes theoretically provide the pilot with a safe ejection envelope

and the capability to operate all of the aircraft equipment, they fail to consider fatigue,

comfort and psychological stresses on the aviator that may affect his performance. If

these considerations could be quantified, they would likely result in ftirther restrictions to

the anthropometric accommodation in the T-45.

Table 1 T-45 and TA-4 Anthropometric Restriction Codes

Adapted from: Kennedy, Greg. Tucker, Heather. Crawford, Jennifer. “Navy

Aircrew Accommodation Expansion Program Revised USN Trainer Aircraft and H-60

Helicopters Anthropometric Restriction Codes” Report # NAWCADPAX--98-154-TR.

Naval Air Warfare Center-Aircraft Division, Patuxent River Md. 6 August 1998.

Revised ARC’S

Buttock Knee

Length

Functional

Leg LengthSitting Height Functional Reach

Fit Fit Fit FitAircraft/

Exclude Check Exclude CheckCrew Station Check Exclude CheckExclude

99 89 7 78T-45A/Fwd 089 1237

89 7 9 78T-45A/Aft 0189 27 9

TA-4/Fwd 0 1 89 567

TA-4/Aft 0 1 89 567
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Table 2 Anthropometric Restriction Codes and their Corresponding Measurements

(in inches)

Adapted from: Kennedy, Greg. Tueker, Heather. Crawford, Jetmifer. “Navy Aircrew
Accommodation Expansion Program Revised USN Trainer Aircraft and H-60

Helicopters Anthropometric Restriction Codes” Report # NAWCADPAX—98-154-TR.
Naval Air Warfare Center-Aircraft Division, Patuxent River Md. 6 August 1998.

Sitting

Height

Functional Buttock Knee Functional Leg

LengthReach Length

(in.) (in.)ARC (in.) (in.)

9 40.0741.0

:9i8 28.0-28.4

28.5-28.9 mmm1

6 38.5-38.9 29.0-29.4 26.0-26.4 46.0-46.9

5 38.0-38.4 29.5-30.4 25.5-25.9 45.0-45.9

4 35.0-37.9 30.5-30.9 25.0-25.4 43.0-44.9

|^34.0^4.9i^3 31.0-31.4 24.0-24.9 40.0-42.9

2 Mi;=a3.0-33.9 31.5-32.4 23.0-23.9 39.0-39.9

^32.5-32.S>-'?^1 32.5-33.9 22.0-22.9 38.0-38.9

TT

32.0-32^40 < or = 21.9 36.0-37.9= or > 34.0
*■

Note: Shaded areas depict exclusions or fit-check requirement in the T-45.
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Chapter 3

T-45 Ground handling

Although not the problem on whieh the author focuses, T-45 ground handling

characteristics are included for two main reasons. The first is to provide the reader a

sense of the urgency experienced in recovering a T-45 with a blown tire. The second is

to demonstrate the common ergonomic coimection between ground handling and blown

tires on the catapult to ensure that a solution to one problem doesn’t adversely impact the

other.

Historical perspective \

Since the first few months of the T-45 test program in 1988, poor ground handling

has plagued the aircraft. The first two prototype aircraft had a castored nose wheel

steered by differential braking and rudder. Test pilots observed Pilot Induced

Oscillations (PIO) during landing rollout in the 70 to 100 knot regime and identified it as

a serious safety of flight deficiency in November 1989 (SATD Yellow Sheet SA-4A,

1989). A full time, hydraulically powered nose wheel steering system was added to

prevent the PIO, but pilots continued to have problems in both low and high-speed

ranges.

During ship suitability testing, test pilots identified further problems however, in

February 1992 with the nose wheel steering system, stating that it lagged the commanded

rudder pedal position((SATD Yellow Sheet SA-147,1992). While taxiing on the aircraft

carrier flight deck where small radius turns and rapid directional changes were required.

The nose wheel steering system rotation rate of approximately 20° per second was too

slow, requiring 3 seconds to reach neutral from a fully deflected position resulting in
I

overshoots of the aircraft’s desired heading.

In May 1993, the Navy noted a deficiency clarifying some of the directional

control problems, stating that the directional control during landing rollout was overly

sensitive (SATD Yellow Sheet SA-162,1993). Directional inputs at speeds above 50
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knots frequently resulted in uncomfortable directional deviations from centerline that

initiated directional pilot induced oscillations. During landing rollout, the pilot had to

carefully match the brake input on both sides to prevent differential braking from steering

the aircraft. The brake pedal force to displacement gradient however, was very shallow

and combined with poor cockpit ergonomics making it difficult for pilots to accurately

match braking input between the two main wheels. Test pilots therefore, experienced

unintentional asymmetric braking and inadvertent nose wheel steering inputs during

landing rollouts that resulted in PIO.

In Junel994 the T-45 program formed a joint Navy-MDA team commissioned to

identify potential causes of, and solutions to the PIO problems on the groimd. Among the

many contributors to PIO, the team identified brakes, crew station ergonomics, flight

control mechanical characteristics, landing gear structure, mass properties, nose wheel

steering and tires as some of the largest contributors. None of the contributors however,

stood out as the central source of the problem, on which to focus a specific solution.

Although the team tested a configuration that fed yaw rate data to the rudder on the

ground, it was ineffective and not incorporated into the aircraft.

Ground handling Class A mishaps

The T-45 program has experienced ten Class A mishaps where an aircraft was

destroyed. Out of those ten mishaps, five were related to ground handling problems, and

three were the result of one or two blown main landing gear tires. In addition to the

above mishaps, the T-45 program has experienced one Class C mishap and at least 13

runway departures where ground handling was a contributing factor (Wester, Jan. 2000).

The August 1998 mishap that occurred on board an aircraft carrier was the most recent,

and caused the first ground handling fatality

1

General ground handling characteristics

While all of the ground mishaps had other contributing factors, there are

numerous problems with the basic groimd handling characteristics  of the T-45. The

factors that resulted in the ground handling mishaps, particularly blown tires, have
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become known as serious emergencies in the T-45. Identical circumstances in other

naval aircraft constitute an emergency, but are not elevated to the level of alarm that they

are in the T-45 since their basic ground handling characteristics are more docile.

Poor ground handling characteristics in the T-45 cause the most problems during

landing rollouts, which are complicated considerably by crosswinds. When a pilot makes

a directional correction, the aircraft yaws in the direction of the pilot’s input, after some

phase lag, but the aircraft’s direction of travel responds very slowly to that input.

Additionally, during crosswind landings, the aircraft requires a relatively large crab angle

to maintain the direction of travel aligned with the runway, after touchdown. The crab

required is a function of aircraft speed and dissipates at an unpredictable rate as the

aircraft decelerates. This presupposes a skid angle on the main landing gear during the

landing rollout that manifests itself into a sideforce felt by the pilot. The aircraft has a

pitot tube extending from the nose of the aircraft that provides the pilot with a precise

visual presentation of the direction the aircraft is pointing, but the pilot must estimate the

aircraft’s direction of travel from other, less precise visual cues.

The aircraft has a considerable roll-opposite-yaw characteristic  that frequently

results in 5° roll angles during routine landing rollouts. During ground handling tasks,

pilots consider roll angles larger than 2° extremely imcomfortable (Reinsberg et al, 1995).

The roll associated with directional activity accentuates the relatively high lateral forces

felt by the pilot; as much as 0.4g, and complicates his visual picture while tracking the

runway centerline. In crosswinds the roll characteristic further complicates the pilot’s

task, in that the upwind wing rises, creating a bank angle about which the oscillations

take place. The amount the wing rises is a function of the crosswind and the fuel weight

of the aircraft. If the aircraft is relatively light at touchdown the upwind wing will rise a

greater amount than if the aircraft is heavy, and remain elevated during most of the

landing rollout unless the pilot places nearly full lateral control into the wind immediately

at touchdown. If the pilot pauses until the upvrind wing has already risen, then the

belated lateral input into the crosswind will not be effective in reducing the bank angle

during the rollout. The lateral characteristics then, are a function of the innate aircraft
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configuration, crosswind strength, aircraft gross weight, and pilot technique, which

combine to make an unpredictable lateral response to pilot inputs.

The ergonomics of the lower portion of the aircraft’s cockpit contribute to a to

unintentional brake inputs. The limited distance between the pedals and the cockpit floor

combined with the thigh gap in large pilots results in a forward rotational force being

applied to the brake pedals for some pilots while the pilot’s lower extremities are resting

on the pedals. When a pilot applies a longitudinal force to the rudder pedal for

directional control, it tends to couple into a rotational moment about the fulcrum of the ,

brake pedal. Undulations in the rolling surface complicate this unintended brake

application since they cause minor dynamic vertical accelerations that vary the pilot’s

brake application. When the pilot commands left rudder, for example, the longitudinal
/  I

force along his left leg will tend to couple into  a toe-forward brake pedal application

dependent upon numerous anthropometric factors, including pilot’s shoe size. In this

scenario, the right leg moves aft during a left rudder pedal application, and the pilot’s

right thigh gap increases, reducing the angle between his toe and shin. This causes a

propensity for inadvertent brake application on the right side as well. These ergonomic

factors interface with the nose wheel steering, which has approximately 2° of rotational

ffeeplay. Asymmetric braking is a powerful directional controller in the T-45 and causes

the nose wheel steering to deflect to the limits of the freeplay as the pilot inadvertently

applies differential brakes.

Aircraft design contributions to static stability

While ground handling characteristics have been discussed, to gain a more

complete understanding of the T-45 groimd handling characteristics, one must look to the

basic aircraft design. It is convenient to compare the aircraft design to that of an aircraft

with ground handling qualities generally considered satisfactory. The T-45 is often
\

compared to the F/A-18 in many ways, because the F/A-18 is generally accepted as

having adequate ergonomic accommodation, flying qualities, performance and ground

handling qualities. Additionally, roughly 80% of the students completing training in the

T-45 will go on to fly the F/A-18 as their follow-on fleet aircraft (Manning, June 1999).
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Basic static directional stability

Referring to Figure 16, the T-45 main landing gear are relatively close

longitudinally, to the center of gravity (CG) (measurement “A”). This reduces the static

directional stability of the aircraft on the ground because the largest restoring moment for

directional deviations from the grovmd track comes from the side force provided by the

main landing gear about the CG. This moment is relatively small in the case of the T-45

due to the short moment arm from the main gear to the CG. In the extreme sense, if the

CG were moved aft in line with the main gear axles, the aircraft would have no restoring

moment from main gear sideforces, a neutrally stable condition. Aerodynamic effects are

stabilizing, but the effects become smaller as the aircraft decelerates from its touchdown

speed.

Longitudinal braking reduces static directional stability, for two main reasons.-

The maximum friction that the tire can develop is  a vector quantity approximately

independent of direction (Figure 15). As longitudinal braking is applied (Fiongitudmai), the

tire friction increases until it reaches its maximum value leaving no additional fiiction

available for the stabilizing sideforce (Fdirectionai) • Secondly, the effect of braking causes

a nose down moment about the main landing gear. This results in a transfer of weight to

the nose gear, which is destabilizing.

Tire

Foirectional

pLongitucImal

T

Figure 15 Tire-to-Surface Force Depiction
/
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Figure 16 F/A-18 and T-45 Landing Gear and Center of Gravity Configuration

Source: Reinsberg, James G., Kuhlmann, J. R., Venker, R.A., “T-45A Aireraft
Investigation of Aetive Rudder Yaw Damping to Reduee PIO Tendencies During

Landing Rollout.” 2 Volumes, Me Donnell Douglas Aerospace report # MDA97T0007.
24 April 1995

Main gear stanee

The T-45 main landing gear stance (measurement “W”) is relatively wide. The

problem this creates is that minor differences in drag or differential braking between the

right and left sides causes a relatively large yawing moment. It is complicated by the

roll-opposite-yaw eharacteristie where the aireraft transfers a significant amount of its

weight from one main landing gear to the other, changing the yawing moment. With a

constant and evenly divided level of brake applieation between the left and right sides,

the roll eharaeteristie causes an unexpeeted yawing moment for which the pilot must

compensate. The ergonomic factors in the eoekpit that lead to inadvertent braking and
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rudder pedal inputs, further complicate the ground handling characteristics in a complex

and dynamic directional control problem the pilot must solve during landing rollout.

Wheel-base scaling

The wheel-base (measurement “H”) is the major scaling factor for comparison

between the two aircraft. In the T-45 it is relatively short when compared with the wide

stance and short distance from the main landing gear to the CG. While the wheel-base of

the T-45 measures about 80% of the F/A-18’s, the stance is approximately 125% over

that of the F/A-18. This makes the main landing gear asyihmetric longitudinal force

(braking or blown tire) a relatively powerful directional controller in the T-45. This is

undesirable in most circumstances because pilots desire directional aircraft responses

through conventional directional controllers, such as rudder and nose wheel steering.

Dynamic stability

Systems Technology Incorporated in conjimction with Boeing and Navy test

pilots performed hundreds of ground handling tasks in Boeing’s Modular Six-Degree-of-

Freedom (MODSDF) simulation to provide an independent assessment of the T-45

groimd handling characteristics and propose potential solutions to the existing problems.

MODSDF has been used since the early stages of the T-45 program and is validated

through extensive flight test data. Two lower order equivalent models, commonly used

for automobiles, were developed to complement the MODSDF simulation. The lower

order systems were developed to assist in gaining an imderstanding of the dominant

dynamics at the simplest level leaving the second order effects for more complex models.

The simplest model was a two degree-of-freedom yaw-sideslip model referred to as the

“Bicycle”. The model essentially places the main landing gear at the lateral center of the

'  aircraft, obscuring the second order effects of roll. A three degree-of-freedom model,

which adds numerous details to the bicycle model, including the effects of roll, was also
/• ‘

used to complement MODSDF. The philosophy of reduced order simulation was to

capture the dominant characteristics in the simplest possible model and validate it against

MODSDF and available flight test data.

34



Understeer gradient and stability factor

Vehicle stability is routinely expressed in terms of stability factor, K, or

understeer gradient, UG, which are closely related and used almost interchangeably.

They arise from a yaw rate to steering command gainG^^ (0)

(secVft)K =Equation 1

UG = 573g(a+b)K (deg/g)Equation 2

Uo (sec')G.;(0) =Equation 3
ia + b)(\ + KU^,)

Equation 4

Where:

• Uo = vehicle speed;

• m = vehicle total mass;

•  a, b = front and rear longitudinal distances between the tire axles and the eg;

•  g = the acceleration of gravity

•  and

•  ̂ and rear (dimensional) tire cornering stiffness.

As shown in Figure 17 a vehicle is termed neutral steer, and yaw rate gain increases in

proportion to speed, when K = 0. When K > 0 the vehicle is understeer, and yaw rate

gain is more constant with speed. Finally, when K<0the vehicle is oversteer. Above the

critical speed, Uc, the oversteer vehicle becomes directionally unstable. Understeer

vehicles are generally considered more desirable for passenger cars and typical drivers.

Some racecars are intentionally made to be oversteer to provide the appropriate response

to aggressive driver inputs. In the case of aircraft an oversteer characteristic is
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Characteristics of a Navy Jet Trmner” DRAFT COPY AIAA Atmospheric Flight
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undesirable since a pilot, particularly a student, needs docile handling characteristics

under all runvtray conditions during the relatively short period the aircraft is landing or

taking off. Aircraft generally do not gain mission effectiveness by the capability to

maneuver aggressively on the takeoff or landing roll so stability is desirable over

controllability.

The fundamental difference between aircraft and automobiles is that aircraft

intentionally develop large aerodynamic forces, while automobile designs generally

attempt to minimize most aerodynamic forces. While automobile aerodynamic effects

are roughly constant over a wide speed range, aircraft aerodynamic forces change

dramatically with aircraft speed and greatly effect the understeer gradient. For the

discussion of directional control, these forces can be lumped into two general categories,

direct and indirect. Direct aerodynamic forces are those that affect the directional

stability, provided mainly by the vertical stabilizer. Indirect aerodynamics are those that

affect the tire normal forces, primarily lift, pitching and rolling moments. Both direct and

indirect aerodynamics provide a powerful stabilizing force in the T-45, but both dissipate

rapidly as the aircraft-decelerates from its touchdown speed during a landing rollout.
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Figure 18 shows the primarily oversteer eharaeteristic of T-45 as a funetion of speed.

Note the stabilizing effeets of aerodynamies. The aircraft touches down on a landing

rollout nominally between 115 and 120 knots where it appears to have an understeer

characteristic. The understeer gradient decreases rapidly and the aircraft becomes

oversteer below approximately 110 knots. Between approximately 70 and 40 knots the

aircraft’s directional characteristics come very near the boundary, between positive and

negative stability. The T-45 is closest to its critical speed between 50 and 60 knots.

Below 50 knots the directional handling characteristics migrate further above the stability

boundary and the aircraft gradually becomes a better ground-handling vehicle as it

decelerates.

VKTAS (kts)

Figure 18 Understeer Gradient as a Function of Speed

Source: Reinsberg, James G. “Boeing Final Report: Analysis of T45 Ground Handling
Characteristics Performed by Systems Technology, INC (STI).” Boeing Report #

■  Boeing-STL 00T0002.17 March 2000.
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Blown tire simulation

Following the August 1998 mishap, test pilots took part in simulations to reassess

the ground handling problems with blown tires. The simulation results provided data that

supported two main conclusions. First, the T-45 was controllable to a full stop with a

single blown main landing gear tire. Second, the aircraft was uncontrollable below

approximately 70 knots with two blown main tires.

With a single blown tire the pilot must input nearly full rudder and nose wheel

steering opposite the blown tire within one half second of the aircraft touchdown, then

reduce the pedal throw to approximately % to maintain directional control during the

remainder of the landing rollout (NATOPS Flight Manual, 1999). Since the T-45

directional control system is not boosted, the initial full pedal input required up to 180

lbs. pedal force from the pilot, which is a greater force than some pilots can apply with a

single leg. After the initial full pedal input, % rudder displacement was an average

position to trim the drag from the blown tire, but the aircraft heading oscillated requiring

rapid directional inputs from the pilot to prevent directional divergence. Coordinated

opposite brake was also required, particularly between 40 and 70 knots where the

handling characteristics near the stability boundary. The task was extremely difficult,

although controllable, for an experienced pilot, and beyond the capabilities of a student

pilot.

Summary

The T-45 has experienced a disproportionately large number of mishaps and

incidents caused by inherently poor ground handling characteristics. Numerous factors

contribute to the aircraft’s ground handling, including cockpit ergonomics, which is the

primary connection to the problem of blown tires on the catapult. With a single blown

main landing gear tire the aircraft is controllable, but gives experienced pilots an

extremely difficult ground handling task. With two blown tires, the aircraft is

uncontrollable below approximately 70 knots regardless of the pilot’s level of experience.

An arrestment is the only existing method of safely recovering an aircraft with one or
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more blown tires, but a suecessful arrestment requires ground equipment, personnel and

considerable pilot skill (chapter 4),

When evaluating a potential solution to the problem of blown tires on the catapult,

one must ensure that it doesn’t adversely affect the already deficient ground handling

characteristics. 1

/
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Chapter 4

Problem—Blown Tires on the Catapult

Description of the Blown Tire Problem

A blown tire on the eatapult causes significant problems for the T-45 in the

landing phase of flight. It may cause two independent emergency conditions, each of

which has significant hazards, ̂ t combined, synergistically lay the groundwork for

disaster.

Blown tire

A blown tire on the catapult is not only hazardous to the aircraft, but also to

nearby personnel on the aircraft carrier, because air pressure in the tires for carrier

operations is very high. Tire pressure is increased from 125 psi for shore-based

operations to 350 psi for carrier operations in the T-45 as part of a process to “carrierize”

the airpraft before it commences operations at an aircraft carrier (T-45 NATOPS flight

manual, 1999). This increase in pressure is intended to prevent the tire carcass from

being pinched between the wheel and an arresting cable, should the aircraft land directly

on a cable during a carrier arrestment. When the carcass of a tire with such high pressure

is breached, it releases a large amount of energy, propelling tire particles in a manner

similar to shrapnel from an exploded bomb. After the tire blows, the tire carcass

continues to roll with the tire, but may be destroyed as the rim of the metal wheel pinches

the tire between itself and the deck. As the aircraft accelerates through speeds

exceeding 100 knots the rotating wheel may throw large pieces of tire in its plane of

rotation. This can result in flying object damage to the aircraft and injury to flight deck

personnel. It also leaves particles on the flight deck that may be ingested into the engine
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intake of the victim aircraft, or other jet engines, possibly resulting in catastrophic engine

failure.

Once the aircraft is airborne, the blown tire is not a problem by itself, because it

does not affect the flying qualities of the aircraft. It does, however cause significant

consternation to the pilot who, in the case of the T-45, is an inexperienced student, and to

the local command structure that is responsible for helping the student to safely land the

aircraft. The real problem arises when the aircraft must be landed since the normally

deficient ground handling qualities of the T-45 are even further degraded. It is possible,

although extremely difficult to maintain directional control of the aircraft on a

conventional landing rollout with a single blown tire, but an aircraft with dual blown tires

becomes directionally uncontrollable below approximately 70 knots (NATOPS Flight

Manual, 1999). In either situation the aircraft will likely depart the prepared runway

surface pointed in a direction other than its direction of travel. This greatly increases the

likelihood that the aircraft will roll over. To reduce the risk of a conventional landing

with blown tires the first priority for recovery is for the aircraft to engage a field arresting

cable. This decelerates the aircraft rapidly, while providing static directional stability

from the arresting cable pulling aft on the aircraft’s arresting hook. Successfully engaging

a cable at the field, however, is a task highly dependent on pilot technique during the

approach and on the ground. Landing Signal Officer (LSO) assistance, and a properly

serviced arresting hook system.

/

HYP 1 system hydraulic failure

The wheel well and landing gear contain numerous high-pressure HYD 1 system

hydraulic lines that provide hydraulic power to the landing gear actuators and the wheel

brakes. The hydraulic lines are vulnerable to flying tire particles when a tire has blown at

high speed since they may burst from the impact of a tire particle. A ruptured HYP 1

hydraulic line quickly depletes the hydraulic system fluid, leaving the aircraft with only

its HYD 2 system flight controls, and emergency operation of the flaps and wheel brakes.

This provides the flaps with a single actuation, and the wheel brakes with approximately

ten cycles before the emergency fluid is depleted. When using the emergency
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accumulator for flap extension, the flaps are held extended by hydraulic pressure alone.
I

Therefore, the flaps will remain extended for only a limited time, the length of which is

dependent on the integrity of the already ruptured hydraulic system. If the flaps retract

before the aircraft lands, the aircraft must fly faster, potentially above the maximum

engagement speed of the arresting gear. This forces the pilot to land well before the gear

to decelerate on deck, while attempting to remain on the runway.

While the approach flying qualities are minimally affected by a HYD 1 failure,

the handling qualities on the ground are considerably degraded. With a HYD 1 failure

the nose wheel steering is inoperative, making the rudder and differential braking the

primary means of directional control. Rudder effectiveness is completely lost below

approximately 70 knots leaving differential braking, with a very limited number of

applications, as the sole means of directional control to a full stop. For these reasons a

short field arrestment is the first priority for landing the aircraft with a HYD 1 failure.

Short field arrestment

A field arrestment involves engaging a cable rigged across the runway with the

arresting hook on the tail of the aircraft. The cable is connected to any one of a variety of

mechanisms designed to rapidly dissipate the kinetic energy of a rolling aircraft. A short

field arrestment specifically identifies the use of a cable rigged normally within 1500 to

2000 feet of the approach end of the runway. At most airfields, the Optical Landing

System (OLS) is displaced a considerable distance toward the approach end of the

runway. For emergencies when directional control is not in question, this permits the

pilot to fly the commanded glideslope to touchdown then comfortably roll approximately

500 to 1000 feet before engaging the arresting gear. When the aircraft has an emergency

such as a blown tire, where directional control is questionable immediately upon

touchdown however, the aircraft must land as close as possible to the arresting gear

without flying past it. This requires the assistance of an LSO located at the side of the

runway, adjacent to the arresting gear to talk the pilot onto the appropriate glideslope that

that results in aircraft touchdown within 50 feet of the cable. Arresting gear also have

very limited off-center engagement capability, requiring the pilot to precisely control his
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lateral position on the runway during the approach and touchdown. Once on deck,

engaging the cable requires carefully coordinated pilot technique and a properly serviced

arresting hook. The pilot must first maintain directional control with full rudder opposite

the side of the blown tire to counter the impending yaw at touchdown, while

simultaneously applying military thrust and longitudinal control to rotate the aircraft to a

5° to 10° nose-up attitude. This places the aircraft in a proper arrestment attitude and

prepares it for immediate takeoff in the event the arresting hook fails to engage the cable.

If the pilot fails to accurately control the aircraft’s yaw, pitch attitude, or thrust, the hook

will likely miss the arresting gear since wheel brake or blown tire drag tends to lift the

tail causing the hook to bounce on the deck. This level of coordination is challenging for

experienced pilots and possibly exceeds the neophyte’s level of competency.

Blown tire incidents

In four years of operational training the T-45 experienced 16 incidents of blown

tires during catapult launches. Statistically, blown tires were occurred in at least once

every 12,500 flight hours. All of the incidents occurred during one of the first three

catapults a student received, and all but one occurred during one of the first two (Wester,

October 1998).

Blown tire mishaps

As part of the 16 blown tire incidents on the catapult, the training command

experienced twoT-45 Class A mishaps when students attempted landings. A third blown

tire Class A mishap was caused when a student landed with good tires, but applied too

much brake with the anti-skid OFF, blowing a tire during the landing rollout and departed

the runway surface. Of the ten T-45 Class A mishaps to date, two (20%) were the result

of one or more blown tires on the catapult.

The T-2C Buckeye and the TA-4J Skyhawk, are the recent predecessors of the T-

45. Naval Safety Center statistics for those aircraft note only one Class A mishap and

three incidents of blown tires on landing resulting in runway departures in the TA-4J over

an eighteen year period. Neither airframe however, had any reports of mishaps or
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incidents resulting from inadvertent blown tires on the catapult over the same period.

Since the training program for student carrier qualification has changed very little, these

statistics pointed strongly to a problem unique to the T-45.

Cockpit ergonomics contribution to the problem

In the T-45 students inadvertently actuating one or both brakes causes the

problem of blown tires on the catapult. This phenomenon is largely due to a cockpit that

is ergonomically unsuitable for the task of training naval aviators, but it also has a

psychological human factors origin that explains why seasoned aviators have not

encountered the problem.

Catapult procedures in naval aircraft

Most of the procedures for launching a fixed-wing naval aircraft from an aircraft

carrier are similar between the different types of planes. As the aircraft approaches the

catapult track, the pilot ensures he has completed the takeoff checklist and taxies slowly

forward, following the direction of the taxi director on the flight deck. The ground crew

installs a hold back fitting (Figure 7) and the pilot continues to taxi forward very slowly

until the launch bar. is forward of the catapult shuttle. The catapult officer directs the

pilot to lower the launch bar into the shuttle, then directs the catapult operators to take

tension. Taking tension places a forward force on the launch bar that is not strong

enough to break the hold back, but sufficient to remove any backlash in the aircraft-

catapult system. The pilot selects military thrust, scans his engine and warning

indications, exercises the flight controls, drops his heels to the floor beneath the rudder

pedals and salutes the catapult officer to signal that he is prepared for the launch. Pilots

generally brace for the catapult shot to ensure their back and head are firmly against the

seatback. This prevents being slammed against the seatback when the catapult

acceleration begins.

44



Specific ergonomic factors

Three major ergonomic factors described in chapter 2 are the dominant

contributors to inadvertent brake application. The vertical distance between the brake

pedal fulcrum and the cockpit floor is too small. In other naval aircraft the pilot has room

to move his heels to the deck when he is ready to launch, thereby moving his ankle below

the fulcrum of the brake pedal, making it difficult to apply brake pressure. In the T-45,

however, pilots with relatively large feet have the forward edge of the heel of their boots

resting on the fulcrum of the brake pedal while the back of the heel rests on the deck.

This places the ankle vertically above the fulcrum of the brake pedal such that

longitudinal leg force against the rudder pedal couples into a toe-forward moment

actuating the brake (Figure 14). Additional muscular tension in the calves, which is

natural for a high stress situation, exacerbates the inadvertent brake problem.

The second factor is the limited forward adjustment capability of the rudder

pedals, which contributes to the third factor, thigh gap. Many T-45 pilots fly with the

rudder pedals at the full forward position. That position fails to comfortably

accommodate the pilots with large lower body and sitting height dimensions however, as

noted in chapter 2. Those pilots are placed in a position where they have a considerable

gap between the seat pan and their thigh, and for those with large buttock-knee

dimensions, the angle between their toe and shin is reduced to the limit that the flight

boot will allow. These factors all result in the pilot applying a brake-application moment

to the brake pedal when he is relaxed. Longitudinal force inputs to the rudder pedals

increases the toe-forward moment, worsening the effect of inadvertent brake application

(Parker, March 1999).

Student human factors and psychology

While the largest contributor to the blown tire problem is cockpit ergonomics, the

psychological stress of the imfamiliar environment is also a significant contributor.

These factors offer an explanation why seasoned aviators accustomed to the aircraft

carrier environment have not experienced blown tires on the catapult due to inadvertent

brake application.
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Human factors for the student aviator during Carrier Qualification

When the student enters the Carrier Qualification (CQ) phase of his training, he

has flown approximately 160 hours in the T-45 and 230 hours total flight time in naval

aircraft (CNATRAINST 1542.120A, 1995). CQ is one of the final phases of training
before the student becomes certified as a Naval Aviator. He is relatively comfortable in

the T-45 and knows its limitations well, but all of his flight experience up to this point

has been land-based. In a land-based scenario, simple procedures such as taxiing the
aircraft are far less complex and much more forgiving of any errors, than aboard the ship.
Although the student receives some CQ simulator training, when he goes to the ship he
enters a completely foreign environment. During CQ in the T-45 the student experiences

many facets of shipboard operations for the first time. The following are just a few:

•  The extremely tight control a taxi director exhibits over an aircraft. (Aircraft are

taxied within inches of structures, other aircraft and the edge of the flight deck,

requiring the student to follow taxi directors with a level of attention they have

before exercised for taxi operations.)

• Radio communications procedures, standard phrases and controlling agencies

different from those with whom he is accustomed.

• Hot crew-switch and hot refueling (changing aircrew in an aircraft and refueling

while the engine is running). These are methods of rapidly replenishing an aircraft

with new aircrew and fuel, but permit the new aircrew minimum time in the cockpit
to prepare for his upcoming launch.

• Takeoff and landing checklists change to meet the needs of shipboard operations.
These and many other environmental factors differ significantly from any operations the

student has experienced thus far in his training. The most significant however, are the

shipboard arrestments and the catapult shots for which the CQ instructors spend
considerable time instilling a healthy respect. Not only are they the most critical phases
of flight ashore, but they are fraught with their own imique hazards at the ship.

never
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During the catapult shot, the student experiences  a longitudinal aeceleration

approximately 3 times the acceleration of gravity for about 2 14 seconds. Until his first

catapult launch, he has never felt longitudinal acceleration near that magnitude. Before

the student accepts the launeh, he spends anywhere from 2 to 25 minutes waiting in line,

refueling or taxiing to the catapult, generally consumed by other tasks requiring high

levels of attention. While taxiing, he is handed off from one taxi direetor to another as he

traverses the ship in what appears to be a maze of confusion to the novice. Once at the

eatapult, he is directed to taxi with an inch-by-inch precision he has never before

experienced. Meanwhile, he must complete a takeoff checklist that differs slightly fi-om

his land-based habit pattern, ensure all of his systems are operating normally, and follow

direetions fi'om outside the aircraft from personnel with whom he is not familiar. Finally,

the catapult will be ready to go, “in tension,” and a few persormel will rush out from

under the aircraft. The student must select maximum power, exercise the flight controls,

check that all onboard systems are functioning normally, and signal to accept or suspend

the catapult shot via visual signals to the catapult officer on the deck of the ship. Once

the student eommits to the catapult shot, he must determine by feel and vestibular

sensations whether the launeh will produce sufficient speed to support the aircraft in

flight. At the end of the stroke he must instantaneously decide whether to fly or eject

based upon a rapid scan of his instruments despite potential neural confusion'brought

about by his inner ear. All of these procedures differ signifieantly from the land-based

procedures for takeoff. Additionally, the pilot has no abort option once he accepts the

eatapult launeh. While the student prepares for the carnival ride of his life, he is unable

to draw upon the habit patterns that he has developed during land-based training to

conduct the elementary and routine operations preparing him to fly. When the

acceleration of the catapult commences, the student naturally braces himself against the

rudder pedals to ensure that his body is firmly against the seat baek. When combined

with an ergonomically unsuitable cockpit for carrier operations, the natural reaetion to

brace for the shot on the rudder pedals couples into a rotational moment about the

fulcrum of the pedal resulting in brake application. In short, the student is under an
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extremely high stress situation where the routine matters of going flying consume his

cognitive capabilities. This renders him incapable of attending to the peripheral details of

the launch, such as avoiding the natural ergonomic reaction of depressing the brakes.

Span of attention

Aircraft mishap reports have common phrases meaningful to aircrew used to

describe the aircrew failures such as “ lack of flight discipline”, “loss of situational

awareness”, or “poor crew coordination”. All relate to one of the following attention

anomalies also commonly cited in mishap reports, but are more meaningful to the

aviation psychologist: channelized attention, distraction, cognitive task saturation,

inattention, habituation, negative transfer, and fascination (Santilli, 1982). The student

on the catapult is most vulnerable to distraction and cognitive task saturation. Distraction

is the interruption of the required conscious attention to a task by non-task related

stimulus, which implies that the individual’s span of attention is sufficient to attend to the

task. In most cases the T-45 CQ student has a sufficient span of attention to accomplish

the task of his first catapult shot without applying the brakes, but once every 12,500 flight

hours, a shident demonstrates otherwise. In the cases of the T-45 blown tires, the student

may be distracted from the whole task of launching the aircraft. That task is multifaceted

in the T-45, in that it includes a conscious effort on the part of the aircrew to avoid

placing pressure on the brake pedals, while naturally bracing for the acceleration in an

ergonomically unsuitable cockpit. Other fleet aircraft do not require that level of effort,

because the rudder pedal system permits the pilot to drop his heels to the deck, placing

the fulcrum of rotation on the pedal above that of the pilot’s ankle.

Cognitive task saturation

Even more likely than distraction is the student’s vulnerability to cognitive task

saturation where the student receives a multiple stimuli that decrease his margin of

attention to zero. “Historically, good judgement comes from experience.. .’’(Santilli,

1982) Experienced naval aviators can differentiate between the cues requiring immediate

action and those that are merely informational. The student, however, must mentally
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process even the insignificant cues on an equal priority level, because of his lack of

familiarity with the environment. The irrelevant cue of maintenance personnel stepping

out from imder the aircraft as the pilot selects maximum thrust for example, probably

occupies a larger portion of the student’s span of attention, if he sees them, than that of

the experienced aviator. Since the student has never seen that cue before, he must focus a

greater portion of his attention span on that cue than an experienced aviator in an effort to

process the information. The student’s attention span is insufficient to process all of the

new stimuli by which he is being bombarded. Therefore, he will simply overlook the

peripheral portions of the task, such as keeping his feet off of the brakes, while he

attempts to process the visual and proprioceptive cues of his environment through a

dynamic and disorienting catapult launch.

Arousal

The student’s level of arousal during carrier qualification is at the highest point he

has experienced in flight training, and possibly in his life. This is largely due to the

threatening environment perceived by the student. The student feels threatened not only

through fear for his life, but through fear of unsatisfactory performance, possibly

resulting in removal from flight training. Training command instructors sometimes state,

tongue in cheek, that the student’s fear of a Down (imsatisfactory flight) far outweighs

his fear for his life. The smaller margin for error during carrier qualification and increase

in hazards to the student’s life both combine to raise the level of arousal to new heights.

The Yerkes-Dodson law is an inverted U-shaped function relating the level of arousal to

performance in an individual for a particular task (Figure 19). The law implies that for

both complex and simple tasks there is an optimum level of arousal where an individual’s

performance is maximized. In a classic experiment soldiers taking part in a field

exercise were very realistically misled to believe that their lives, or the lives of someone

for whom they felt responsible, were in danger. In each of the cases the soldiers had

procedural tasks to perform while imder the high state of arousal. Task performance in

all cases suffered, but the more experienced soldiers had far less degradation in
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Figure 19 Yerkes-Dodson law relating arousal to performance

Source: Wickens, Christopher D. Engineering Psychology and Human Performance
second edition. New York: Harper Collins, 1992.

performance (Wickens, 1992). When applied to the case of the T-45 on the catapult, the

student, who has no experience in the aircraft carrier environment, is at the greatest risk

of making an error in the task of launching the aircraft. This is due to the facts that the

student’s level of arousal is extremely high, and he is inexperienced in the carrier

environment.

Unfortimately, the Yerkes-Dodson law is not helpful in predicting the optimum

level of arousal for a particular individual, since the optimum level differs for each

person. Additionally, the multiple stressors complicate the picture in that their combined

effects are neither additive nor multiplicative. In fact, some combinations of stressors

will offset the effects of one another because they are influencing the level of arousal

from opposite ends of the continuum. The point is that predicting the student

psychologically most likely to make a mistake on any particular day is extremely

difficult. The most promising solution to an environment known to be error prone for the

student is to design an error tolerant system.
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Chapter 5

Alternative solutions to solve the blown tire problem

Ground handling interference considerations
i
I

When analyzing engineering solutions to the problem of inadvertent braking on

the catapult, one must observe the constraint that the proposed solutions must not degrade

the already deficient ground handling characteristics of the aircraft. While this is

possibly intuitive, it places considerable limits on ergonomic solutions that physically

move or alter the range of travel of the directional control system.

Feet on the floor

The simplest ergonomic solution is a procedural change, rather than an airframe

modification. The proposal is that the student should place his feet flat on the floor of the

cockpit during the catapult launch, since some pilots practice this in other tactical fleet

aircraft to ensure they avoid brake application. The slope of the heel rest and limited

space provided by the rudder pedals in the T-45 however, result in an undesirable body

position. The thigh gap becomes excessive, potentially rotating the pelvis out of

alignment for safe ejection and the pilot’s knees naturally migrate to a position outside

the aircraft’s safe ejection envelope (O’hara & Dykhoff, 10 Sep 1998). Note the

difference in the cockpit floor between the T-45 and F/A-18 (Figure 13).

Rudder pedal toe-bar guides

Another proposal is a compromise between the pilot’s normal foot position

(Figure 14), and placing his feet flat on the floor. It requires the pilot to place the toe of

his boot at the vertical mid-point of the rudder pedal. While causing a very large thigh

gap (appendix C, Table 4), and minor interference with maximum lateral stick

displacement, it met the basic ergonomic requirements for ejection. The position is

nevertheless awkward and requires a reference point under which the pilot can orient his
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foot to make the position repeatable. A horizontal Toe-Bar provides the neeessary taetile

and visual referenee point (Figure 20). The resulting foot position for the catapult launch

is pictured in (Figure 21)

This foot position tends to inhibit brake actuation in three ways. First, it reduces

the pilot’s lever about the fulcrum of rotation on the brake pedal, increasing the force

required by the pilot to actuate the brake. Second, it removes the ball of the pilot’s foot

from the pedal, substitutes it with his toe, placing him in an ergonomically incompatible

position to apply significant force to the brake. Finally, it moves the pilot’s heel aft,

decreasing the pilot’s knee angle to approximately 90°, further inhibiting the pilot from

applying significant force through his quadriceps when he braces for the launch.

The Toe-Bar modification was tested and ultimately implemented as a permanent

modification to the T-45. It was successful at reducing the incidents of blown tires on the

catapult, but failed to eliminate them. The toe-bar modification requires that the pilot

Figure 20 Toe-Bar Modiflcation to the T-45 Rudder Pedals

Source: Legal, Robert, et al. “Design Change Considerations to Prevent Inadvertent

Brake Applications.” First brief to US Navy T-45 Review Board. Boeing Patuxent River

Md. 6 May, 1999
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Figure 21 Foot Position for Catapult Launches with Toe-Bar Modification Installed.

Source: Legal, Robert, et al. “Design Change Considerations to Prevent Inadvertent
Brake Applications.” First brief to US Navy T-45 Review Board. Boeing Patuxent River

Md. 6 May, 1999

firmly wedge the toe of his boot beneath the toe-bar to prevent his foot from becoming

dislodged during the catapult launch. One student failed to do this causing his foot to slip

out from under the toe-bar. He recognized his incorrect body position and attempted to

reset his foot during acceleration of the catapult launch. He placed his foot in the normal

position on the brake pedals and inadvertently actuated the brake, causing the blown tire

(Training Squadron-23, Message 122200Z APR 99). This phenomenon was later termed

Dynamic Leg Flail. On this occasion, the aircraft was recovered ashore without further

damage, but it was clear that another solution was needed.

Deck plate and rudder pedal height adjustment

The most desirable solution to the ergonomic problem is an ergonomic airframe

adjustments that permit the pilot to move his heels to the floor of the cockpit and the
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rudder pedals further forward. These changes would require significant alteratibns such

as moving the forward pressure bulkhead, adding length to the forward portion of the

fuselage,'changing the floor configuration, and redesigning the rudder pedal and

directional control mechanisms. Each of these changes would impact major structural

members in the airframe, effect flying and ground handling qualities, raise fatigue life

concerns, and require a enormous monetary expenditures, well beyond the fiscal

constraints of the program.

The compromise is to incrementally improve the ergonomics of the cockpit by

altering those portions of the cockpit that would not effect major structural members in

the airframe, thereby bringing the cockpit closer to the requirements of Mil-Std-1333.

This approach is limited to increasing the distance between the fulcrum of the brake

pedals and the floor. The rudder pedals would be raised one inch and the sloped portion

of the heel rest moved aft Figure 22.

The modifications were installed in a mock cockpit for evaluation by five

relatively large T-45 pilots (Appendix C, Table 4). All of the pilots fell within the

allowable anthropometric sizes for the T-45. The toe-bar modification was installed in

the mock cockpit and pilots evaluated rudder pedal and heel rest modification proposals

with their feet in the normal position, and with their toes under the toe bars, as they

would be for a catapult launch. All but one of the pilots found an increase in comfort

with their feet in both positions and commented that the task of placing the toe of their
I

boot imder the toe bar was easier with the modifications. All but two of the pilots flew

with the pedals at the full forward limit of adjustment. The pilots who flew with the

pedals at a mid-range adjustment found the greatest improvement from the heel rest

adjustment since the pilot’s heel is directly over the heel rest only at pedal adjustment

positions aft of the full forward position. The pilot with the largest foot size found an

decrease in comfort and greater interference to rudder pedal throw with his foot in the
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Figure 22 Proposed Rudder Pedal and Heel Rest Modifications to the T-45 Cockpit.

Source; Legal, Robert, et al. “Design Change Considerations to Prevent Inadvertent
Brake Applications.” First brief to US Navy T-45 Review Board. Boeing Patuxent River

Md. 6 May, 1999

catapult position because the heel of his boot lie at the aft edge of the of the heel rest

where the adjustment tapered to zero. The original heel rest was parallel to the rudder

pedal’s line of travel (Figure 14), permitting the pilot to deflect the rudder pedals without

interference from the heel rest. The modified heel rest however, restricted aft movement

of the rudder pedal as the pilot’s heel beeame wedged between the pedal and the heel

rest. The results of the evaluation indicated that the smaller pilots obtained a marginal

improvement, but larger pilots, particularly those with large feet, found the modifieations

to be detrimental to crew comfort and would restrict directional pedal movement.

From a systems analysis perspective, the rudder pedal and heel rest modifications,

while not affecting major structural members, did effect the relatively complex

directional control system and a metal deek plate. Implementation of the modifications
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would require a redesign effort for the rudder pedal assembly, and new parts that would

affect the logistical costs. The resulting changes provided only marginal benefit for pilot

comfort and there was no way to quantify whether they aided in preventing inadvertent

brake application.

Brake release system

The confining geometric limitations imposed on ergonomic solutions makes all

but the toe-bars impractical from a systems and fiscal standpoint. Since inadvertent brake

application is the root cause of the blown tire problem, the next natural step is to look into

the brake system for a solution. Since the aircraft’s existing anti-skid system releases

brake pressure to prevent a skid, its logic inputs could possibly be altered to release brake

pressure under conditions encountered only on the catapult. If those conditions could be

identified and isolated, the system may be effective without adversely impacting other

aircraft characteristics or systems.
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Chapter 6

Brake Release solution

Catapult procedures in the T-45

Before diseussing the technical characteristics of the brake release system, one

must first have basic understanding of the key operational procedures used on the

catapult that relate to the system. When the aircraft is on the flight deck preparing to

launch, the pilot taxis the aircraft forward toward the catapult. Once the aircraft is

properly aligned and at the appropriate position, persoimel on the flight deck install a

holdback fitting on the aft side of the nose gear strut. The pilot continues to taxi very

slowly forward again; pulling the holdback through its track, until the aircraft nose gear

arrives at the catapult shuttle. The pilot lowers the launch bar to the EXTEND position

via the launch bar switch on the forward cockpit instrument panel, and taxi slowly

forward until the launch bar falls into the catapult shuttle (Figure 7). The flight deck

personnel place the aircraft in tension, causing the shuttle to place a forward force on the

launch bar, which removes any backlash from the catapult-aircraft-holdback system. The

forward force combined with engine maximum thrust is not sufficient, however, to break

the holdback. When the aircraft is in tension the pilot selects maximum thrust, ensures

the systems in the aircraft are operating normally, places the launch bar switch to

RETRACT, and signals the catapult officer that he is ready to accept the catapult launch.

The shuttle holds the launch bar down until the aircraft has been launched. The key

portions of the above procedure that isolate them from any other activity in the aircraft

are:

1. Launch bar position

Launch bar switch position (forward cockpit instrument panel)

Throttle position

2.

3.
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System overview

The brake release system is a relatively simple design that uses the aircraft’s

existing anti-skid control valve to prevent hydraulic pressure from reaching the brake

assembly regardless of the pilot’s brake application when the following conditions are

satisfied: <

1. Left main landing gear down & locked

2. Laimch bar not in the RETRACT position (EXTENDED or in transition)

3. Throttle position greater than approximately 95% engine RPM

4. Launch bar switch in the RETRACT position

Each of the above conditions has an electrical switch associated with it that produces a

discreet electrical signal when the condition is met. When the above conditions are met,

the anti-skid control valve ports hydraulic fluid to the brake return line, preventing the

brake assembly from applying pressure to the wheel brakes, regardless of pilot input on

the brake pedals. The system senses the above conditions through proximity switches

already used for other fimctions in the aircraft.

The brake release system adds one additional caution light to the waming/caution

lights panel (Figure 5) to notify the pilot of a system failure or abnormal condition,

specifically that brake pressure may be available on the catapult. The portion of the

brake release system associated with the caution light uses a separate circuit and

proximity switches to prevent switch and relay failures from causing a brake release

system failure without annunciation.

Circuitry

The brake release modification amounts to little more than one external proximity

switch, a few relay switches a caution light and some wiring added to the existing

production aircraft. From the top-level standpoint of the operator, the circuit can be

simplistically divided into two portions: the brake release control, and caution light

control (Appendix E).
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Brake release control

Control of the brake release circuit is accomplished through four proximity or

relay switches in placed series. If any of the switches is not in the appropriate position,

then brake release will not occur. The switches are:

1. The Throttle position 95% proximity switch, (senses throttle position above or

below a point corresponding to 95% engine RPM)

2. Launch Bar switch (pilot switch located in the cockpit),

3. Launch Bar Position #1 proximity switch (located on the nose gear to sense

launch bar position)

4. Left Main Landing Gear Down proximity switch.

Once all of the switches are closed, they energize two Anti-Skid valve mode select relays

(two for redundancy), which open the anti-skid control valve, releasing hydraulic

pressure at the brake assembly until one or more of the switch conditions changes

(Appendix E).

One switch, the Launch Bar Position #1 proximity switch, has a two second delay

built in. When the catapult shuttle reaches the end of its travel it stops and the aircraft

laimch bar retracts as the aircraft continues to roll the remaining short distance to the

bow. With the brake release system installed, brake pressure would be available once the

launch bar retracted during the last approximately few feet of roll to the end of the ship.

For this reason the Launch Bar Position #1 proximity switch has a two-second delay to

ensure the aircraft is airborne before allowing hydraulic pressure to be applied at the

brake assembly.

Caution indication control

The caution light portion of the system uses separate relay and proximity switches

to prevent a single switch from controlling both the brake release and the caution

annunciation. The caution light circuit receives power from the anti-skid valve mode

select relay after the Brake Release control switches are closed (Appendix E).
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Parking brake control

The parking brake handle contains a relay, which disables the entire brake release

electrical circuit when the parking brake is set. The parking brake also performs its

intended function of setting the parking brake, resulting in maximum brake pressure

being applied to the brake assembly.

System safety risk analysis

Incorporating a system that intentionally fails the pilot’s lifeline of stopping

power on the deck naturally sparks negative emotional reactions from pilots who want an

immediate, positive response to their control inputs, particularly the brakes. To a far

greater extent than land-based aircraft, a loss of brakes on the deck of the carrier causes a

condition of extremis for the aircraft, aircrew, flight deck personnel and other aircraft on

the flight deck. A brake loss on the flight deck can easily end in tragedy if the aircrew

and flight deck personnel fail to act immediately to stop the aircraft before it hits another

aircraft or structure, or rolls over the side of the ship. The second concern is a brake

release system failure during a catapult launch. If the student inadvertently applies the

brake, with a system failure, then the original problem of blown tire(s) will result.

A fault tree is a safety analysis of a system, primarily used to uncover single point

failure modes and establish the probability of a specific event occurring. The fault tree of

interest that dealt with catapult operations identifies “Blown tire due to brake pressure in

the catapult” as its top event (Appendix G, Figure 28). It assumes the pilot follows

catapult procedures, placing the launch bar switch to retract while the aircraft is in

tension. The pilot will be directed by the catapult officer to do so. For the pilot to blow a

tire on the cat after he has completed the appropriate procedures; he must have his feet on

the brakes, the brake release system must not energize, and the caution light must be

inoperative since he would abort the launch for any caution light. That situation is

statistically calculated to occur 5.96 E -10 per flight hour, or approximately once every

1.7 billion flight hours. The fault tree concerned with failure of brakes during ground

operations identified “Loss of Brake pressure during ground operations” as its top event.

For this to occur, the aircraft must be on the ground, and the system must fail, energizing
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the brake release system. That situation is statistically calculated to occur 1.99 E -08 per

flight hour, or approximately once every 50 million flight hours (Appendix G, Figure 27).

The T-45 fleet is forecast to operate approximately 3.5 million flight hours through its
I

life expectancy in 2035 (Wester, May 1999). The probability of a non-annunciated

failure in the brake release system is extremely remote, far less likely than the probability

of far more serious emergencies occurring.
I

r>
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I
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Chapter 7

Ground and flight test

Background

A prototype version of the brake release modification was installed in a flight test

aircraft for the purpose of evaluating the mechanization and operation of the brake

release system. The test aircraft was imiquely suited to the task of testing the brake

release system since it was extensively instrumented for carrier'suitability testing.

Method

The method of testing a system such as the brake release must differ from that of

the ergonomic alternative solutions. While the investigation of the earlier cockpit

modifications was subjective based upon individual pilot opinions, the brake release

system is designed to remove the ergonomic concerns from the cockpit. The brake

release system was tested using a systems approach, breaking the entire system down into

its individual components to verify that they operated as designed.

The test matrix (Appendix F) is divided into four general categories that provide a

build-up in technical risk level and developed test team familiarity with the system:

•  System Verification and Failure Simulation,

•  System Verification Static Checks,

•  Catapult Launches and Arrested Landings.

System Verification and Failure Simulation tests are the basis of the test matrix,

essentially providing a circuit analysis ensuring that the brake release system logic

operates as intended. It is an exhaustive matrix testing each of the discrete electrical

signals from the individual system components.

The System Verification Static tests continue the previous test, but more closely

mimic operational conditions, stopping short of an actual catapult launch. These tests
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include the engine running and the aircraft placed in tension at a shore-based catapult to

analyze the impact of external environmental and procedural factors on the brake release

system. These tests specifically address only the controls and displays directly observed

by the pilot during catapult operations, integrating normal and abnormal catapult

procedures into the test. This is also the first opportunity to test the system with all

aircraft system components operational, allowing  a verification that the brake release

system is electromagnetically compatible with the aircraft.

The Operational checks are the final phase of testing, consisting of land-based

catapult launches and land-based arrestments that simulated conditions on an aircraft

carrier. Since the previous test points are conducted up to the point of laimch, the

launches and arrestments are essentially a sneak circuit analysis checking that the brake

release system is not affected by the stresses and accelerations or carrier operations.

These tests expose the aircraft and aircrew to the greatest risk and continue to

building-block approach within this phase of testing. The testing begins with a nominal

catapult launch and ends with the test pilot actuating both brakes during the catapult

stroke to ensure satisfactory system operation. Arrested landings at the field are included

to ensure unforeseen system anomalies do not effect the aircraft’s braking capability

during operationally representative conditions on the aircraft carrier.

use a

Results

During the test program the Brake Release system operated as designed, by

preventing pilot brake inputs from reaching the brake assembly during catapult launches.

The system exhibited excellent potential as a means to alleviate blown tires on the

catapult, traditionally caused by inadvertent braking.

Flight test programs inevitably discover unexpected anomalies in the systems they

test, and the Brake Release test program was no exception. One advantage of flight test

is the opportunity to place the system being tested into near operational conditions, many

of which are unrelated to the test itself During the brake release testing the test team

discovered two anomalies, one of which was serious deficiency, unacceptable for

incorporation into fleet aircraft.
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While taxiing and making sharp left turns, the brake release system disengaged

the nose gear steering, illuminated the brake release caution light and sounded the aural

caution tone when the nose gear rotation angle exceeded approximately 45° to the left.

The pilot was able to re-engaged the nose wheel steering system, but lost directional

control momentarily. When onboard an aircraft carrier, very tight turns are commonplace

and normally conducted within inches of other aircraft or structures. Losing control of

the nose wheel steering'on the carrier deck would eventually result in the aircraft

impacting another aircraft or object on the deck of the carrier. The problem was caused

by a second proximity switch that was added for the laimch bar on the backside of the

nose gear. When the nose gear rotated beyond approximately 45° left the new proximity

switch sensed a launch bar do^^ condition, disengaging the nose wheel steering. This

was considered an unacceptable deficiency that must be corrected prior to incorporation

into fleet aircraft.

During normal preflight checks, the pilot exercises the various external

hydraulically operated components on the aircraft to ensure they work as designed,

including the launch bar. The launch bar was lowered, then raised as a normal part of the

ground checks, and requires approximately two seconds to transition both directions.

During the launch bar’s transition from the EXTENDED position to the RETRACTED

position, the Brake Release caution system senses the following logic:

1. Left main landing gear down & locked (normal catapult condition)

2. Launch bar not in the RETRACT position (normal catapult condition)

3. Throttle position less than approximately 95% engine RPM {abnormal catapult

condition)

4. Launch bar switch in the RETRACT position (normal catapult condition only

after the throttle is set above 95%).

The one a logic condition out of place for the catapult is the low throttle setting, which

the Brake Release system assumes to be a failure of the throttle proximity switch,

resulting in the annunciation. In this case the caution ceases after approximately 2

seconds when the launch bar arrives in the RETRACT position. While this could be
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viewed as a nuisance alert, it also provides assurance that the brake release logic and the

caution system operate correctly. This test occurred during ground checks when the pilot

normally performs other routine tests to ensure that all of the aircraft’s systems operate

normally. Hence, the new annunciation was deemed acceptable as an additional item the

pilot should check for as a part of the existing preflight checks, requiring no changes to

existing procedures.

Conclusions

The test team found the brake release system to be a positive contribution to

alleviating the problem of blown tires on the catapult. When the pilot executed normal

catapult procedures, the system prevented his brake application from resulting in brake

pressure at the brake assembly. With one exception, the brake release system did not

interfere with other aircraft systems and allowed the use of normal catapult procedures.

The test team found one major deficiency regarding the nose wheel steering

control, for which they recommended the vendor provide a solution for fiirther ground

testing. The remaining issues found during testing were less notable and could be

included into the T-45 operator’s manual upon installation of the brake release system.
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Chapter 8

Transfer of training

Training transfer concerns

The chief concern surrounding the Brake Release modification is that it may

cause students to take the habit of applying brakes on the catapult stroke with them to

their fleet aircraft with undesirable results. Although the modification will permit the

pilot to apply the brakes during the catapult shot without fear of a blown tire, it is

unlikely the training command_policy will allow the carrier qualification phase to

intentionally train the students to apply the brakes on the catapult. The brake release

system was intentionally designed to permit the training command to continue using

existing procedures without changes. In a similar sense, the aircraft’s brake system also

contains “spin-up” protection that doesn’t allow brake pressure to be applied until the

wheels have spun-up to a specified rotation rate following a landing touchdown. Despite

the fact that this mechanism aids in preventing blown tires on landing, the training

command doesn’t teach the students to land the aircraft with the brakes applied at

touchdown, because of the potentially devastating results in the event of a system failure.

The system is taught as a back up to good pilot technique. The behavior of depressing

the brakes on the catapult, therefore, should not become a highly learned response to the

stimulus of a catapult shot, but only a byproduct of a poorly designed ergonomic cockpit

and student anxiety. The anxiety will most likely be overcome by experience after the

first few catapult shots, since this has already been observed in the data, showing that

inadvertent brake applications have occurred only during students first three catapult

launches and all but one have occurred during their first two. System designers and flight

testers may have a limited influence on operational doctrine through the operators manual

and reports of test results, but do not have direct control over the training techniques.

One must consider the possibility therefore, albeit unlikely, the worst case situation that
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the student leams to apply the brakes on the catapult as a matter of routine operations in

the T-45.

External stimuli and response

Transfer of a learned behavior from one aircraft to another is a function of the

stimuli in the environment and the response to those stimuli that the operator is trained to

command. If a pilot is trained to perform a particular action in response to a given

stimulus in a training aircraft, and that same action is appropriate to similar stimulus in

his follow-on aircraft, then there is a positive transfer of training. For example, when the

pilot flies a retractable landing gear trainer and leams to lower the gear before landing,

then transitions to another retractable gear aircraft and carries over the same behavior,

then a positive transfer of training will occur. Conversely, if a pilot observes similar

stimuli in two different aircraft, but is supposed to take a different action in response to

those stimuli, then a possibility for negative transfer exists.

Training transfer, positive or negative

A highly learned behavior in one aircraft becomes the pilot’s response to similar

stimuli in the other aircraft, but if the behavior is undesirable in the second aircraft the

transfer is considered negative. Stated another way, the major source of negative transfer

is actually a positive transfer of responses that are inappropriate in the new aircraft. The

transfer matrix in Table 3 shows the combinations of stimuli and responses that influence

the degree of transfer from one aircraft to another. If the environmental stimulus is the

same between two aircraft for example, while the desired response from the pilot is

different, then the transfer is “highly negative.” This implies that the pilot will execute

the incorrect procedure in one of the aircraft due to a highly learned behavior from the

other aircraft. Conversely, if the stimulus is different and the desired response is

different, then no transfer occurs. The extreme example of differences in both stimuli

and desired responses might be a fixed-wing pilot transitioning to a helicopter, and

attempting to perform a vertical takeoff task. Much of the environmental stimulus is

different from the fixed wing scenario and most of the desired responses are different.
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Table 3 Transfer Matrix

Source; Boyd, Stephen P, Patrick M. Harper. “Flight Deck Improvement versus

Commonality - Human Factors Implications for Mixed Fleet Operations.” 9***

International Symposium on Aviation Psychology Proceedings. (1997): 831-836

STIMULUS RESPONSE

SAME DIFFERENT

SAME HIGH POSITIVE HIGH NEGATIVE

DIFFERENT LOW POSITIVE NONE

Therefore, there is no effective transfer of training making the highly learned skills of

fixed wing flying nearly useless in the helicopter for the specific task of a vertical takeoff.

Conditions for training transfer

Four factors most heavily influence the transfer of training between aircraft (Boyd

& Harper, 1997):

•  The amount of experience the pilot has in one variant vs. the other variant.

• How frequently the pilot switches between the two variants.

• How often the specific behavior is exercised.

• Whether the behavior is called up by memory or by written procedure.

Responding to the above issues individually for the case of the T-45, the student

will complete his training in the T-45 with approximately 175 hours in the aircraft, but

only ten catapults and arrestments at the aircraft carrier. He will then be trained in his

fleet aircraft at a Fleet Replacement Squadron (FRS), but he may experience a lengthy

period, sometimes as much as a year, before he begins training in his fleet aircraft. Most

importantly, he won’t experience flight in the aircraft carrier environment again imtil he

has established a minimum of 50 hours, generally more, in his new aircraft. While his

experience level in his fleet aircraft may be less than in the T-45 when he begins the
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carrier qualification phase, his overall flight experience and decision making capabilities

will have grown considerably. During the carrier qualification phase in his fleet aircraft,

he will have extensive preparation for the carrier environment, emphasizing the

operational procedures of that particular aircraft. The recent procedural training in his

fleet aircraft and the long period of time since T-45 flight training, will both aide in

reducing the likelihood the student depressing the brakes on the catapult in his fleet

aircraft.

Once the student completes training in the T-45, earning his wings as a Naval

Aviator, he will not likely fly the aircraft again. Therefore, he will not switch between

aircraft on a regular basis, unlike the commercial pilots in the mixed fleet operations.

Applying the brakes during a catapult shot vwll therefore not be reinforced following

completion of the T-45 syllabus. Additionally the student will be trained to respond

procedurally to the ergonomic stimulus of his fleet aircraft that readily permits him to

move his heels to the deck as he braces for the catapult launch. This will aide in

preventing inadvertent brake application.

Compared to other procedural and skill-based tasks in flight training, the

frequency that the catapult behavior will be exercised is relatively low for both the T-45

and follow-on fleet aircraft. As previously mentioned, the student will receive

approximately ten catapult launches in the T-45, statistically averaging around eleven

considering the students who fail at their first attempt at carrier qualification, then repeat

that phase of training. When the aviator gets to the carrier qualification phase of training

in the FRS, he will most likely receive 16 catapult launches, possibly 20 if he is to be

transferred directly to a deployed fleet squadron. When compared to the hundreds of

field landings that the student practices prior to carrier qualification, the frequency is

extremely low. It is not clear how many times a task must be performed to become a

highly learned habit, but practicing beyond the first or second error-free trial causes the

student to begin overlearning the skill, making it reside in memory longer (Wickens,

1992). In the case oflandings practiced during hundreds of events, students clearly

overleam the skill-based stick and throttle responses and transfer those to their fleet
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aircraft. In the case of catapult launches, the relatively small number of events minimizes

any degree of overlearning the task.

Skill-based and procedure-based task

The task of keeping one’s feet off the brakes during a catapult shot has both skill-

based and procedural characteristics, but the dominant is procedural. While there are

external cues providing the aviator some direction to which he responds as he goes to the

catapult (skill-based), he must remember to execute the procedure appropriate to his

aircraft for avoiding brake application (procedural). Even if a student overleams a

procedure, recall attenuates quickly for procedures with multiple parts or steps, making

the length of time between rehearsals a powerful determiner of the level of recall.

Supervising one’s feet is only one part of a much larger procedure for a catapult launch.

The skill-based memory used during catapult shot, however, will decline in the same

fashion as procedural memory in Figure 23, albeit at a much slower rate. In most cases

T-45 students finishing carrier qualification will not experience a catapult shot in his fleet

aircraft for over one year. While a student is likely to recognize and respond to signals

from flight deck personnel, it is unlikely he will resort to a barely learned procedure/skill

last performed a year prior.

1 Item

3 Items

5 Items

Multiple
Items

Retention Interval (Time)

Figure 23 Effect of Retention Interval on Recall from Working Memory with
Rehearsal Prevented.

Adapted from; Wickens, Christopher D. Engineering Psychology and Human
Performance second edition. New York: Harper Collins, 1992
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Memorized vs. written procedure

In both the T-45 and fleet aircraft, the procedures for appropriately positioning

one’s feet are called up by memory, rather than written procedure. This generally

increases the likelihood of a negative transfer occurring. The ergonomic differences in

the fleet cockpit however, will provide differences in environmental stimuli. In some

aircraft the naval aviator is placed in a less comfortable position, having to physically lift

the weight of his legs in front of him to be able to apply the brakes. Simply relaxing in

these cases will naturally cause the aviator’s heels to fall to the deck. The ergonomic

differences between the fleet cockpit and that of tihe T-45 will provide significantly

different stimuli to which the student is expected to respond differently. Referring to

Table 3, one observes that a different stimulus and response leads to no transfer of

training.

The preceding transfer of training discussion assumed that the student would be

taught to actuate the brakes during catapult launches, as though it was a required

procedure in the T-45. This scenario is unlikely, hut presents a worst case consideration

for transferring an imdesirable habit pattern to fleet aircraft. Predicting the outcome of

the learned behavior in the T-45 as it relates to fleet aircraft is extremely difficult since

there is not an analytic tool to quantitatively measure the effect each stimulus will have

on the pilot. It is clear however, that T-45 cockpit ergonomics play an important role in

the inadvertent braking phenomenon and that a student’s fleet aircraft will provide

significantly different stimuli to mitigate the probability of the same occurring in the

student’s fleet aircraft. Applying the general guidelines regarding habit transfer to the

case of the T-45, persuaded the author toward the belief that a learned brake application

habit will not be transferred to fleet aircraft.
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Chapter 9

Conclusion

Blown tire problem

The T-45 has poor baseline ground handling characteristics that challenge even

experienced pilots during routine landing rollouts. One or more blown main landing gear

tires exacerbates the ground handling problems making the aircraft marginally

controllable in the case of a single blown tire, and uncontrollable in the case of dual

blown tires. Thirty percent of the T-45’s lost to Class A mishaps have occurred as a

result of one or more blown tires, making blown tire landings one of the most critical

emergencies the pilot faces in the T-45.

Blown tires have been caused largely by students inadvertently applying the

brakes on one of their first three catapult launches from an aircraft carrier. While the

training command has made efforts to instruct students to avoid brake application on the

catapult, training alone has not been successful at alleviating the problem. This is largely

due to the ergonomics of the T-45 cockpit.

Ergonomics

Inadvertent brake application on the catapult in the T-45 is caused mainly by

cockpit ergonomics that are unsuitable to the mission of training tactical Student Naval

Aviators. The rudder pedal mechanism has very limited forward adjustment capability,

causing many pilots to sit in an uncomfortable position with a significant gap between

their thighs and the seat pan. Not only is the resulting body position fatiguing, but it

promotes inadvertent brake application during ground operations including catapult

launches, and routine.landings. The thigh gap problem is made worse for pilots with a

tall sitting height because they must adjust the seat to a position near the lowest

adjustment point for ejection safety considerations. The rudder pedal mechanism also
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sets too close to the floor of the cockpit, placing the fulcrum of the rudder pedal below

the elevation of the pilot’s ankle. This causes the pilot’s longitudinal leg force to couple

into an inadvertent brake application.

Solution(s)

Both blown tires and ground handling issues can be partially attributed to the

ergonomics of the T-45 cockpit. A combination of ergonomic adjustments to the cockpit

to bring the design up to the Mil Std requirements would be a desirable solution but is

restricted by existing structural components. Solving the problems ergonomically will

likely require a cockpit redesign that moves major structural members and possibly

extends the forward portion ofthe fuselage. Within the scope of this thesis, the program

technical and financial constraints disallow such large-scope airframe changes.

The toe-bar modification has been at lease partially responsible for reducing the

statistical likelihood of a blown tire on the catapult, but it has not eliminated the problem.

Its apparent success however, may not be entirely due to the engineering change, but also

due to a heightened awareness of the blown tire phenomenon since it was implemented

within a short period of the death of a Student Naval Aviator. The success of the toe-bar

modification depends heavily on the pilot carefully placing his foot in an awkward

position that results in an imcomfortable, and possibly hazardous lower body posture.

While the toe-bar solution was simple and somewhat effective, it represents an interim

measure to mitigate the risk of inadvertent brake application on the catapult. The aircraft

continues to need a long-term solution that will alleviate the blown tire problem for the

remainder of its operational life.

Brake release

The brake release solution is a relatively simple system that represents a radical

departure from conventional wisdom about operations on the deck of an aircraft carrier.

Its technical and program risks are low however, and its cost is significantly less that the

major airframe modifications required to bring the aircraft’s cockpit up to the military

standard. The system inhibits pilot brake inputs from being transformed into brake
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application under the conditions present only on the catapult, and requires no

modifications to current flight deck procedures. Since pilots will not be trained to

specifically apply the brakes during a catapult launch with the system installed, the

concern that they will transfer an inappropriate habit pattern to fleet aircraft is

unsubstantiated.

Despite one major deficiency, the brake release system ground and flight test

demonstrated successful system operation, preventing pilot brake pedal application from

resulting in brake actuation. Furthermore, because of the system’s simplicity, there are a

few avenues available to correct the deficiency through hardware or software alterations.

The carrier qualification phase of the Student Naval Aviator’s training has been

statistically the most hazardous, largely due to blown tires on the catapult. The brake

release system is a non-ergonomic solution to the blown tire problem that is largely

caused by cockpit ergonomics in the T-45. The brake release system will eliminate

blown tires due to inadvertent brake application on the catapult, significantly diminishing

the hazards of qualifying Student Naval Aviators in aircraft carrier operations.
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Chapter 10

Recommendations

While one detail of the brake release system remains unacceptable for "

incorporation as a permanent modification into the T-45, the overall design concept is

mature. The directional control problem associated with a large, left nose gear steering

angle should be corrected through a minor change to nose landing gear hardware. The

brake release system should subsequently be incorporated as a modification to existing T-

45 aircraft, and included as part of current production line T-45 aircraft.

The brake release system represents a significant change in operational mindset,

by removing control of a critical system from the pilot. The pilot relinquishes control of

the brakes, however, during a phase of flight when brake application is undesirable

regardless of the type of aircraft on the catapult. The brake release system is a solution to

a problem that is mainly ergonomic in the T-45. Inadvertent brake application on the

catapult however, has psychological origins as well, which exist regardless of the

airframe in which the pilot sits. Future carrier aircraft will likely continue to become

more complex, incorporating systems for status analysis. These systems should include a

brake release system that prevents inadvertent pilot braking from actuating the brakes

during a catapult launch.

The US Navy should additionally support research to establish whether there is a

similar inadvertent braking problem in current fleet aircraft, particularly in the Fleet

Replacement Squadrons where Naval Aviators receive their first experience in their fleet

aircraft. If the results of such research indicate a problem with blown tires on the

catapult, the Navy should investigate the applicability of the brake release system as a

potential solution to the problem.
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Figure 24is a hand-drawn rectilinear plot of the field of view from Design Eye

Position in the forward cockpit of a T-45A. The 0° azimuth is aligned with the

longitudinal axis of the aircraft. The 0° elevation corresponds to the pilot’s view of the

horizon with the aircraft sitting on the ground and normal tire and strut servicing.

Data to develop the plot was collected by hand using a protractor and string to estimate

the relative positions of the obstructions to external field of view. Data were collected at

key points, mainly where significant angles were formed by two obstructions, then curves

faired by hand to fit the points.

While the field of view may appear relatively unobstructed, the pilot’s primary

concern lies immediately ahead of the aircraft, primarily between ±60® azimuth and ±30®

elevation. The canopy bow and the glareshield obstruct much of that area, greatly

limiting the forward field of view.
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Thigh gap comparison

COCKPIT THIGH GAP COMPARISON
Front Cockpit

seat adjusted for DEP

THIGH GAP, IN INCHES
10

9 -

7.8
8--:.

7 ‘H B*K%/SKH%

39%/99%

29%/6lt.

i3i3

6--

5

4 - - r.-r.rrrr

.3
23 -

i-?1 -
'SK

0
14 ATA-4J T-2C

AIRCRAFT TYPE

T^45A

MeHSufements made vertically at front
edfle of seat tcit, pedals neutral

Figure 25 Plot of thigh gap in inches with the seat adjusted to place the occupants
eye at DEP

Source: (Whitman, 1989) T-45 Thigh Gap Study

Figure 25 shows the vertical distance from the leading edge of the seat pan to the

bottom of the pilot’s thigh (thigh gap) for the listed aircraft, when the seat was adjusted to

place the pilot’s eye at the Design Eye Position. Each colored bar on the chart represents

a test subject with the measurements listed in the legend. The measurements listed in the

legend are B-K (Buttock-Knee) and SKH (Sitting Knee Height) and their associated

percentiles with respect to the 1964 Anthropometric survey of Naval Aviators.
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Note that the T-45 accommodates the smaller subjects with a relatively small

thigh gap. The large subject however, is restricted by the forward travel limit of the

rudder pedals, creating a larger thigh gap than in other tactical naval aircraft. While the

T-45 was not designed to accommodate the 99* percentile aviator, it was designed to

accommodate the 98* percentile aviator, whose Buttock-Knee and Sittmg Knee Height

measurements are smaller by only 0.28 inch(0.71 cm) and 0.25 inch (0.64 cm)

respectively, appendix C The T-45 clearly accommodates the large aviator poorly,

placmg him in an uncomfortable lower body position that induces fatigue and exacerbates

inadvertent brake application.

The T-45 program manager commissioned the Naval Air Development Center to

study thigh gap and its impact on ejection injuries, largely because of the known

ergonomic problems with the T-45. The study looked at 1940 ejections from naval

aucraft by sorting through Naval Safety Center data, looking for evidence of seat slap

mjunes. The results ranged from none in the TA-7 to over 9% of the total number of

ejections in the TA-4 displaying signs of seat slap injury. When mvestigating further for

signs of disabling seat slap mjunes, most aircraft had none, while the A-4 had 1.2%, the

TA-4 had 1.8% and the F-14A had 0.6% of the ejections showmg signs of disabling

injuries due to seat slap. The data obtamed from this study is valuable, but provides

anecdotal information that is subjective, leaving numerous ejection variables unknown.

Nevertheless, it provided the program manager with sufficient information to continue

the T-45 program and termmate further investigation into the thigh gap.

With advances in anthropometry, and computer modeling, the T-45 program has

once again commissioned a study that will model the conditions of an ejection and its

impact on the various sizes of personnel that can be accommodated by the T-45. It will

also perform actual ejection seat tests with mstrumented anthropometric dummies to

specifically isolate thigh gap as a vanable dunng an ejection. The data obtained from this

study is expected to provide more detailed information about the impact that the

ergonomics of the T-45 has in an ejection (Lackner, 2000).
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T-45 Cockpit Mock-up Subjects, 1964 Naval Aviator, and 1988 Army
Survey Anthropometries

Table 4 Measurement summary of pilots participating in 3 March 1999 T-45
Cockpit Mock-up

Source: (Kennedy) Spreadsheet of Anthropometric Measurements of Pilots m 3 March
1999 T-45 Cockpit Mock-up.

4Subject # 2

cm in cm in cm in cm in cm in

13Boot size (US size) 12.5 12 5 9.5 9.5 10 10 9 9 13

69 9 184 3 73 3Stature 174 5 69 5 173 4 69 0 187 5 74 6 175.6

Sittmg height 36 7 96 9 38 191.9 36.2 91.2 35 9 95 7 37 7 93.1

Sittmg eye height 78 7 80 0 82 6 32 5 81 8 32 2 84 4 33 2310 315

2.0 20Seat adjust at PEP 2.0 2.0 2.5 25 20 2.0 2.5 25

Sittmg shoulder height 610 60 8 64.6 62.7 647 25 524.0 23 9 25 4 24.7

Buttock knee 63 2 64 8 25 524 9 62 6 24 6 67.6 26.6 618 24.3

Sittmg knee 57 3 22.6 59 4 58 6 23 154 0 21.3 23 4 55 0 217

Popliteal length 50.5 19 9 513 20 2 54 7 21 5 51.9 20 4 515 20 3

Toe Bar thigh gap 9.9 39 13.2 5.2 17.5 6.9 9.7 38 13 7 54

Toe Bar knee angle 106 0 106.0 99 01100 1100 98 0 98.0 108.0 108.0 99 0

Functional leg length 113 4 44.6 112.3 47 8 45 4442 121.5 111.5 43.9 115 4

Thumb tip reach 313 31.3 29 8 29 8 33 8 33 8 29.5 29 5 33 5 33 5

Thigh curcumeference 2
inches from knee

17 3 17.3 16.0 16 0 14.3 14 3 17 0 17 0 17.5 17 5

Thigh cu-cumeference 5
mches from knee

210 210 19 0 19 0 16.5 16.5 19 8 19.8 20 8 20 8

Shoulder breadth 52 0 20.5 51.6 20 3 48.9 19 3 50.0 19.7 51.0 201

Table 4represents anthropometric and cockpit fit measurements taken of T-45
male pilots during a coclqnt mock-up evaluation for various proposed changes to the T-
45 cockpit.
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Table 5 Functional Leg Length of Army Aviators.

Source: (Donelson) 1988 Anthropometric Survey of US Army Personnel: Pilot Summary
Statistics.

Functional Leg Length
Mean Standard

Deviation

Range

1.85 (0 06)42 81

(0 21)

38 62-

48 23 IN

108 73 4 71 (0.15) 98 10-
(015) I I 122 50 CM
Coefficient of vanation; 9.7%

Inches Percentiles Centimeters

St
39 96 1 98.97

39.28 99 77
3107

39 51 100 35

5^39 84 101 19
TH

40.40 10 102 62
TH

40 82 15 103 67
TH

41 16 20 104 54
TH

41.46 25 105 32
TH

4175 30 106 03
TH-

42 01 35 106 70
TH-

42.26 40
T

107 35
H

42 51 45
T

107.98
H

42.76 50 108.61
TH

43.01 55 109.25
TH

43 27 60
T

109.90
H

43 53 65 110 57
TH

43.81 70 11127
TH

44.11 75 112 04
TH

44 44 80
T

112.89
H

44 83 85 113.86
TH

45.30 90 115.06
TH

9545 97 116 77
TH

46 39 97 117.82
TH

46 67 98 118 55
TH

47 10 99 119.62

Table 5 represents functional leg length statistics of male army aviators from the
1988 anthropometric survey of486 subjects. This group was chosen as a surrogate to the
1964 Nav^ Aviator study smce the 1964 study did not measure functional leg length.
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Table 6 Buttock-Knee Length of Naval Aviators

Source: (Gifford) Anthropometry of Naval Aviators-1964

Buttock - Knee Length
Mean Standard

Deviation

Range

1.00 (0 02) 20 73-

27 81 IN

24.09

iOM
2 54 (0 05) 52 65-

70.55 CM

61 20

(0 06)

Coefficient of vanation 4.15%

CentimetersInches Percentiles

St
21 78 1 55 32

2^ 56 0622.08
■pr22 26 56 55
5Tir22.50 57 15

TH
22.85 10 58 03

TH23 08 15 58.61
TH23 26 20 59 07
TH23.41 25 59 47
TH23.55 30 59.82
TH 60 1623.68 35
TH23 81 40
T

60 48
H23.93 45

T
60.79

H24.06 50
T

61 10
H24.18 55 6142

TH24.31 60 61 75
TH24 44 65 62 09
TH24 59 70 62 45
TH24 75 75 62 85
TH24 92 63 3180
TH25.13 85
T

63 84
H25.40 90 64 52

TH25.80 95 65 53
TH26 06 97 66.18
TH26 24 98 66.65
TH26.52 99 67.37
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Table 7 Functional Reach of Naval Aviators

Source: (Gifford) Anthropometry of Naval Aviators-1964

Functional Reach
Standard

Deviation

RangeMean

1 42 (0.03)31.51 27.26-

36 31 IN(0.04)

3.61 (0.06) 69 26-

92 15 CM

80 03

(0 09)

Coefficient of vanation 4.51%

CentimetersInches Percentiles

2f
1 72.5428.56

73.3428 87
■pay 73 8429 07
pm29 33 74 51

TIT29 75 10 75 55
76 2930 03 15

th30 27 20 76 89
Tir 77 4330.48 25
TH30 68 30 77.92
m 78 6930 86 35
TIT3104 40 78 85
TIT 79 33122 45
TIT 79 763140 50
TIT 80.233159 55
TIT3178 60 80.72
TIT31.98 65 81.23
TIT32 20 70 8178
m32.44 75 82.39
m32 71 80 83 08
m33 03 85 83.89

33 44 90 84 93
m34 04 95 86 46
Tir34 42 97 87 44
TIT34.70 98 88 13
TIT35.11 99 89.17
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Table 8 Overall Height of Naval Aviators

Source: (Gifford) Anthropometry of Naval Aviators-1964

Height (Stature)

Standard

Deviation

Mean Range

2 33 (0.04)69.94 63.48-

77 25 IN(0 06)

177.64

(015)

5 91(0 11) 161.25-

196 15 CM

Coefficient of vanabon 3.33%

Inches Percentiles Centimeters

St
65.09 165.321

2^65 5 166.38

167 1265 79

5^66 22 168 19
TFI

66 92 10 169 99
TIT

67.44 171.315
m

67 87 20 172 39
TIT

68.25 25 173 35
m

68 6 30 174 24
TIT

68.93 35 175 08
m

69.25 40 175 89
m

69 56 45 176 68
TH

69 87 50 177 47
TIT

70 28 55 178 26
m

70 50 60 179 07
m

70 83 65 179 91
m

71 18 70 180 8
m

71.56 1817675
m

71.98 80 182 83
TIT

72.46 85 184 05
m

73.06 90 185 57
TIT

73.91 95 187 72
TIT

74.42 97 189 03
Tir

74 78 98 189.94
m

75.3 99 19126
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Table 9 Sitting Eye Height of Naval Aviators

Source: (Gifford) Anthropometry of Naval Aviators-1964

Sitting Eye Height
RangeStandardMean

Deviation

1 18 (0 02) 28 05-

35 72 IN

3157

iOM
3 01 (0 05)80 18 71.25-

90.65 CM(0 08)

Coefficient of vanation 3 75%

CentimetersInches Percentiles

ST
28 81 1 73 18

29 19 74 14

29 41 74 70
pr

29.70 75 43
TH

76 4830 11 10
TH

30 38 15 77 17
TH

30 59 20 77 70
TH

30.77 25 78.16
TH

30.94 30 78.58
TH

3109 35 78.96
TH

3123 79.3440
TH

31.38 45 79 70
TH

3152 50 80.07
TH

3167 55 80.44
TH

31 82 60 80.82
TH

31.98 65 8122
TH

32 15 70 8165
TH

32.33 75 82.13
TH

32.55 80 82.67
TH

32 8 85 83 31
TH

33 12 90
T

84 14
H

33 61 95 85.38
TH

33 93 97 86 19
TH

34.16 98 86.78
TH

34 52 99 87.68

Appendix C 95



Table 10 Overall Sitting Height of Naval Aviators

Source: (Gifford) Anthropometry of Naval Aviators-1964

Sitting Height
Standard Range
Deviation

Mean

36 28 1 25 (0.02) 32 19-

41.62 IN

92.14 3 16(0.06) 8175-

105.65 CM(0 08)

Coefficient of vanation 3 43%

Inches Percentiles Centimeters

St
33 46 1 85 00

33.76 85.75

33 96 86.26
jTH

34 24 86.96
TH

34.68 10 88.09
TH

34 98 15 88.86
TH

35.23 20 89 47
Tir

35 43 25 90.00
TH

35 62 30 90 48
TH

35 79 35 90.92
TH-

35 96 40 91.33
TH

3611 45 91 73
TH

36 27 50
T

92 13
H

36 43 55 92 52
TH

36 58 60 92.92
TH

36 75 65 93.33
TH

36 92 70 93 77
TH

37 10 75
T

94.24
H

37 31 80 94 77
TH

37 56 85 95.39
TH

37 87 90 96 19
TH

38 36 95
T

97.43
H

38.69 97 98.27
TH

38 95 98 98.92
TH

39.37 99 100 00
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Table 11 Sitting Knee Height of Naval Aviators

Source: (Gifford) Anthropometry of Naval Aviators-1964

Sitting Knee Height
Mean Standard Range

Deviation
21 84 0 98 (0 02) 19 00-

25 13 IN(0 02)

55 48 2 48 (0.05) 48.25-

63 75 CM(0.06)

Coefficient of variation 4 47%

Inches Percentiles Centimeters

St
19 71 1 50.06

19 93 50 61

20 07 50.97
5Tir

20.27 5148
TH

20 59 52 2910
TH

20 81 15 52 86
m

20 99 20 53.33
m

21 15 25 53 73
TH

2130 30 54.10
TH

2144 35 54 45
TIT

21 57 40 54.78
m

2169 45 55.10
m

21 82 50 55 42
TIT

21.95 55 55.75
TH

22 08 60 56 07
TH

22.21 65 56 42
TH

22 35 70 56 78
TH

22 51 75 57.17
TH

22 68 80 57.61
TH

22 88 85 58 12
TIT

23 14 90 58 76
m

23 50 95 59 70
Th

23 74 97 60.29
m

23 91 98 60.72
m

24.16 99 61 37
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Acronyms and Definitions

Acronyms

Center of GravityCG

Carrier QualificationCQ

Fleet Replacement SquadronFRS

Head Up DisplayHUD

Hydraulic system number oneHYD-1

Instrumented Tire Test VehicleITTV

LSO Landing Signal Officer

MDC Mild Detonation Cord

Mil-Std Military Standard

MODSDF Modular Six Degree of Freedom

NSRP Neutral Seat Reference Point

OLS Optical Landing System

PIO Pilot Induced Oscillations

PSI Pounds-force per Square Inch

RAT Ram Air Turbme

SNA Student Naval Aviator
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Definitions

Accumulator - A component commonly used in hydraulic systems that stores hydraulic

fluid under pressure to prevent system pressure loss during periods of high

demand.

Angle deck - That portion of the aircraft earner flight deck that runs approximately 10°

left of the longitudinal axis of the ship. It permits aircraft to land without

directly impacting aircraft or operations takmg place on the bow of the

ship.

Backlash - Play or lost motion between mechamcal links in a system.

Buttock knee length - An anthropometric measurement taken while the human subject

is sitting erect against a vertical wall with the thigh level. The

measurement extends from the wall to the leading edge of the subject’s

knee.

Carrierize - A maintenance process conducted on naval aircraft preparing them for

operations aboard an aircraft carrier. It includes, amongst other

procedures, increasing tire pressure to that specified for carrier operations.

Catapult officer - The officer responsible for directing the launch process for aircraft on

an aircraft carrier.

Catapult shuttle - The portion of the catapult on the flight deck, into which the aircraft’s

launch bar mates.

Class A, mishap - A naval aircraft accident resulting in $1 million damage, a fatality, or

destruction/loss of the airframe.

Class B mishap - A naval aircraft accident resulting in between $200,000 and $ 1 milhon

m damage or permanent partial disabihty of government personnel

Class C mishap - A naval aircraft accident resulting in $10,000 to $200,000 in damage.

Crab Angle - An angle formed between the longitudinal axis of the aircraft and its

direction of travel. It is used to compensate for crosswinds.

Appendix D 100



Cross-deck pendant - The cable across the landing area that is engaged by an aircraft’s

arresting hook. The cable is connected to a mechanical device that rapidly

dissipates the aircraft’s kinetic energy.

Down - An unsatisfactory grade for a ground or flight event in the Naval Aviation

Training Command.

Drag - A force opposite the direction of travel of an aircraft.

Field Arrestment - Short, Long or Mid field arrestment refers to a maneuver where the

aircraft uses its tail hook to engage a cable across the runway to quickly

decelerate. Short field refers to arresting gear nearest the approach end of

the runway.

Freeplay - Lost motion in a control system.

Functional Leg Length - The straight Ime distance between the plane of the bottom of

the foot with the leg extended, and the back of the subject’s buttock.

Glideslope - The vertical path flown by an aircraft on an approach to touchdown.

Hazard report - A naval aviation safety system message reporting a hazardous

condition to other ancraft users and to the Naval Safety Center for

statistical tracking purposes.

Hold-back fitting - A fittmg that attaches to the aft side of the nose gear stmt of a carrier

aircraft. It prevents the aircraft from moving forward when the pilot

selects maximum thmst and the catapult is placed into tension.

Knot(s) - A rate of speed equivalent to one nautical mile per hour.

Landing Signal Officer - An LSO is responsible for the safe recovery of aircraft aboard

ship. He controls the landing pattern, talks to pilots to help them land,

waves off unsafe approaches, and grades and comments on each landing.

Launch bar - The component on the nose landing gear of a carrier aircraft that can be

lowered into the catapult shuttle on the deck of the aircraft carrier.

Margin of attention - Margin of attention is an individual’s excess cognitive capability

when focused on a particular task.
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Military thrust - The maximum amount of thrust a non-afterburning jet engine can

develop.

MK-7 arresting gear - Arresting gear used on board aircraft carriers. It differs from

conventional field arresting gear in that the available run out is less so it

dissipates aircraft energy more rapidly.

Overlearning - Practicing a task beyond the first error-free trial, reducing the cogmtive

thought process required to repeat the task.

Pitot - A hollow tube that senses the dynamic pressure from travel through the air.

Popliteal length - A measurement taken with a subject sitting erect with thigh parallel to

the deck and shin vertical. The measurement is from the deck to the back

of the knee.

Port - The left side of a ship as the observer faces the bow.

Proximity switch - An electromagnetic switch that senses when a metal target is near to

open or close an electrical circuit. The switch does not use physical

contact

Reversible - A term describing a type of control system where the control forces are fed

back to the pilot.

Shuttle - That portion of the catapult mechanism which rides above the flight deck and

mates with an aircraft launch bar.

Sitting knee height - An anthropometric measurement taken as the subject sits erect

with shin vertical and thigh parallel to the deck. The measurement is from

the deck to the top of the knee.

Span of attention - Span of attention is both the duration and capacity that an individual

is capable of devoting to a task. It varies with age, motivation, training

and experience.

Tension - The process where the catapult shuttle applies a forward force (approximately

4500 lbs) to the launch bar in preparation to launch the aircraft. The force

IS insufficient to break the holdback when combined with maximum thrust

from the aircraft.
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Wing aircraft - The aircraft which is not the lead aircraft in a flight of two.
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Figure 26 illustrates the electrical circuit of the brake release system. The portion

of the circuit nearest the bottom of the figure includes the four switches in series that

control the brake release system that can be thought of the Brake Release Control. It

includes:

1. Throttle Position 95% proximity switch

2. Coclqiit Launch bar switch

3. Launch bar position proximity switch #1 (located on the nose gear)

4. Left mam landmg gear down & locked relay

When those four switches are closed, they energize the two Anti-skid valve mode select

relays (redundant relays in lower right portion of the figure). The Anti-skid valve mode

select relays then close the four switches connected by the vertical dashed line. The top

three of those switches opens the anti-skid control valve, releasing hydraulic brake

pressure at the brake assembly, while the bottom switch energizes the caution indication

portion of the circuit.

The Caution Indication portion of the circuit consists of three switches in series that
include:

1. Right main landing gear down & locked relay

2. Launch bar position proximity switch #2 (located on the nose gear)

3. Launch bar switch relay

When the three switches above are closed, they energize the “Brakes” caution light

located in the “CWSEU” (Caution and Warning System Electronic Umt) box at the upper

left of the diagram. The caution light will only illuminate if the system logic senses an

abnormality in the circuit, which may represent a failure in the system, potentially

permitting brake application on the catapult.

The Parkmg Brake proximity switch, seen at the lower right comer of the figure

grounds the entire system. If the pilot pulls the Parkmg Brake handle, closing that

switch. It disables the brake release system.
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Ground and Flight Test

Tables 12-14 represent the groimd and flight test effort conducted to ensure that

each of the components of the Brake Release system operated as designed. The test

method was essentially a system venfication and sneak circuit analysis that used build up

m risk over the course of the test, finally achieving operational catapult laimches. The

System Verification/Failure Simulation Ground Test, shown in Table 12, was the first

phase of testing conducted in the hangar with external electrical and hydraulic power

applied to the aircraft. The ground test was an exhaustive assessment of the various relay

and proximity switches in the brake release system. The switches and relays were tested

to ensure that the system released/restored brake pressure, and provided the appropriate

caution hghts and tones for abnormalities in the system logic.

System Verification Static Checks at TC-7 was the second phase of testing, and a

natural build up following the System Venfication/Failure simulation. Table 13 shows

the specific actions taken with the engme running and the ancraft stationed at the land-

based TC-7 catapult. The catapult was inactive, but had hydraulic power to place the

aircraft in tension. This made the catapult incapable of inadvertently launchmg the

aircraft. The aircraft was connected/disconnected to/from the catapult shuttle utilizmg

various procedures, some differing from normal procedures. This was done to ensure

that the brake release system released and restored brake pressure then provided the

necessary caution lights and tones in near operational conditions.

The final phase of the test consisted of Operational Catapults at the TC-7 catapult

site and Arrestments at the MK-7 arresting gear Table 14. The TC-7 catapult and MK-7

arresting gear are the same equipment as those on an aircraft carrier, but are located at

NAS Patuxent River for the express purpose of testing new aircraft and their components

to ensure that they are suitable for the aircraft carrier environment. The operational

catapult launches consisted of a build up beginnmg with a nominal launch and progressed
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to launches with the pilot mtentionally applying both brakes during the catapult stroke.

The arrestments were conducted to ensure that no unexpected brake anomalies would

occur as a result of the rapid deceleration during an arrestment.
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Brake Release Fault Tree Analysis

The following briefly discusses the fault tree analysis (Boudreau, 1998)

performed to analyze the probability of failure for the Brake Release system. It details

the assumptions that were made to arrive at the final results, and includes two of the 14

fault trees performed to analyze the system’s safety. The two fault trees provide an

analysis of the likelihood of the system failing to an non-annunciated condition of brake

pressure on the catapult and a non-annunciated condition of loss of brake pressure on the

ground, when the pilot desires brake availability.

The safety engineer assumed that the existing brake and anti-skid system had

acceptable level of safety such that they would not be covered m the fault tree analysis

for the brake release system. This means that the probability for internal brake failure,

anti-skid dump valve, electncal failures and other existmg hazards were not considered

since their level of contribution to the top level hazard did not change as a result of the

brake release system.

Safety events are normalized to the number of flight hours flown by the fleet of

aircraft. While events associated with failures of a brake system or blown tires on the

catapult do not lend themselves well to a flight hour correlation, the safety analysis must

be compared with systems on the rest of the aircraft and other aircraft. This requires that

the event probabilities be normalized to the number of flight hours. The probabilities of

most basic importance are the probability that the aircraft is on the catapult, the

probability that the aircraft is in ground operations (taxi, takeoff, landing etc.), and the

probabihty that the pilot has his feet on the brakes during the catapult shot. Based on the

number of carrier operations over the operational life of the aircraft, number of catapult

launches, estimated time in the catapult, number of blown tires on the catapult, and

estimated time for field ground operations, the analyst established the followmg three

probabilities:

Pa/cm cat = 4.83 E-3

Pa/c in gnd ops = 2.08 E-1
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Pfeet on brakes — 8.10 E-5

The brake release system is a simple system, primarily comprised of electrical

relay switches and proximity switches. Actual failure rates, based on maintenance

actions, were used to establish the probability of failure of the individual switches. The

failure mode, could not normally be determined, so the analysis included here assumed a

worst case where the switch failed to the hazardous condition 100% of the time.

Figure 27 presents the fault tree detailing the probability for loss of brakes during

ground operations. Two main events must occur: the aircraft must be in ground

operations, and one or more component failures in the brake release system must energize

the brake release relay.

Figure 28 presents the fault tree detailing the probability that a student will

experience blown tire(s) due t brake pressure availability on a catapult launch. Figure 29

through Figure 33 provide fault trees that support the sub-events in Figure 28. This

particular fault tree assumes that the student executed the catapult checklist correctly and

raised the launch bar switch prior to acceptmg the launch. The primary concern is with

potential for system failure, vice human error, which is not likely to change as a result of

the mstallation of the brake release system. In order to blow a tire, the student must

apply the brakes, the brake pressure relay must fail to energize, and the brake dump

caution hght/aural tone must be ineffective.
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Loss Of Brake
Pressure Ourlng

Ground Ops

I LOBPDBO 1

□ 1 S9E-0B

1
Component Failure
Orives Relay To

Energized

In Ground Operations

I TIMEINGOPS I
9 55E-08a 08E-01

1r
Failure Of Launch
Bar Signal InputFailure Of Throttle

Position Prox
Switch Signal Input

r

I FOPLAPSSfl
1 92E-04A 9BE-04

1II
Launch Bar Prox

Switch #1 Fails To
Bar Oown

Launch Bar Retract
Time Delay Belay
Fails To Bar Oown

Throttle Position
Prox Switch Belay

Falls To >95*

Throttle Position
Prox Switch Fails

To >95*

1 LBPSiFLDNl

o
I LaTORFLOl^

D
I TPPSRF>g5X I

o
I TPPSFL>95n

o
1 BSE-042 66E-054 42E-064 94E>04

Figure 27 Fault Tree detailing the probability of losing brakes on the ground due to
the Brake Release system.

Source: (Boudreau) Safety Considerations for Proposed Removal of Brake Pressure
Prior to a Catapult Launch. 3 September 1998.
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Blown Tires Due To
Brake Pressure
Available In
CatapultI BTDTB^t^

2 BAE-IO

1I
Brake Dump Caution
Ljont Ineffective

Brake Pressure Dump
Relay Does Not

Energize

Feet On Brakes
wnile In Tne

Catapult

IcAu^JrJlNePa

S
dhprelfaiiTI
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Page 6

Component Failure
Doesn*t Drive Dump
Relay To Energize

One Brake Preasure
Dump Relay Falls To
Deenergized Position

rto^Ait.:t

U
5 3BE-044 42E-0B

11r
Failure Of Throttle

Position Prox
Switch Signal Inputs

Failure Of Left
Main Signal Inputs

Brake Pressure Ounp
Relay #2 Falls To

Deenergized Position

Brake Pressure Dump
Relay it Fails To

Deenergized Position

I lminpiVailI

s
I pi,apinfailJ

S
I BP0H2FTDP I

o
I BPORlFTOPn

D
2 49E-041 70E-042 21E-062 2iE-0S

Page 4Page 2

1r

Failure Of Parking
Brake Handle Prox

Switch Signal Inputs

Failure Of Launch
Bar Signal Inputs

I LBlNp-TFAtn

A
1 7SE-05

A
9 5BE-05

Page 5Page 3

Launch Bar Cockpit
Switch Fails to Bar

Down

I LBCSFAlLDfJ \
3 05E-06

2

Figure 28 Fault Tree detailing the probability of blowing a tire on the catapult.

Source; (Boudreau) Safety Considerations for Proposed Removal of Brake Pressure
Prior to a Catapult Launch. 3 September 1998. .
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Brake Dump Caution
Light Ineffective

A 1 caultineffH

0
Page 1

l.OgE-03

1
Brake Dump Caution
Light Fails To

Illuminate

Pilot Doesn't
See/React To The

Brake Dump Caution

I caulfailTlI

Q
I PILOTMISSl

n
9.00E-05l.OOE-03

1I
Launch Bar Relay #3
Fails To Bar Up

Launch Bar Relay
3k3205 Fails to Bar

Up

I LB3205FLU^

o
21E-0B2.21E-06

1
Launch Bar Position

Prox Switch #2

Fails to Bar Up

Launch Bar Cockpit
Switch Fails to Bar

Down

I lbcsfaildFTI

0 <>
a.25E-053.05E-06

Figure 29 Fault Tree detailing probability that the Brake Release Caution light will
not function.

Note Contmues m Figure 2 under “Brake dump caution light meffective

Source: (Boudreau) Safety Considerations for Proposed Removal of Brake Pressure
Pnor to a Catapult Launch. 3 September 1998.

>5
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Failure Of Left

Main Signal Inputs

A i LMINPTFAIL I

n
Page 1

1.70E-04

1i
Left Main Gear Down
Relay *2 Fails To

Not Down

Left Main Prox

Switch Fails To Not
Down

1 LMPSFNOT'pFn

O
1 LMR2FN0TDN I

2.21E-061.6aE-04

Figure 30 Fault Tree detailing probability that the inputs from the left main
landing gear will fail

Note- Continues m Figure 2 under “Failure of left mam signal mputs.”

Source: (Boudreau) Safety Considerations for Proposed Removal of Brake Pressme
Pnor to a Catapult Launch. 3 September 1998.
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Failure Of Throttle
Position Prox

Switch Signal Inputs

A I PLAPINFAIL I
Page 1 2.49E-04

1f
Throttle Position
Prox Switch Relay

Fails To <95%
Position

Throttle Position

Prox Switch Fails
to <95% Indication

I TPPS<95% 1
21E-062.47E-04

Figure 31 Fault Tree detailing probability that the Throttle Proximity switch signal
will fail.

Note Continues in Figure 2 under “Failure of throttle position prox switch signal inputs ”

Source: (Boudreau) Safety Considerations for Proposed Removal of Brake Pressure
Prior to a Catapult Launch. 3 September 1998.
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Failure Of Launch

Bar Signal Inputs

A I LBINPTFAIL I

n
Page i

g.58E~05

1I
Launch Bar Retract

Time Delay Relay
Fails To Bar Up

Launch Bar Position

Prox Switch #1

Fails to Bar Up

I lbtdrfluFI

n
\ lbpsiflup t

1.asE-osa.25E-05

Figure 32 Fault Tree detailing probability that the Launch Bar signal will fail.

Note Continues m Figure 2 under “Failure of launch bar signal inputs.”

Source: (Boudreau) Safety Considerations for Proposed Removal of Brake Pressure
Prior to a Catapult Launch. 3 September 1998.
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Failure Of Parking
Brake Handle Prox

Switch Signal Inputs

A I EBINPTFAfin
Page 1

1.75E-05

11
Parking Brake

Handle Prox Switch
Fails To Extend

Position

Park Brake Handle

Prox Switch Relay
Fails To Extend

Position

I EBHRLFLEXi

O
IEBHPSFLEin

1.53E-05 2.21E-06

Figure 33 Fault Tree detailing probability that the Parking Brake signal will fail.

Note Continues m Figiue 2 under “Failure of parking brake handle prox switch signal inputs ”

Source: (Boudreau) Safety Considerations for Proposed Removal of Brake Pressure
Prior to a Catapult Launch. 3 September 1998.
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