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FOREWORD

This report was prepared by P. T. Somm, H. H. Straub, and J. R. Kilner of
The Boeing Company, P. 0. Box 3707, Seattle, Washington, 98124, under USAF
Contract F33615-76-C-3004. The contract was initiated under Project No.
1369 "Development of Adaptive Landing Gear Systems For Military Aircraft
Evaluation," Task No. 136901, the work was conducted under the direction
of the Vehicle Equipment Division, Air Force Flight Dynamics Laboratory,
Air Force Wright Aeronautical Laboratories, Wright-Patterson Air Force
Base, Ohio, K. Schwartz and P. Ulrich (AFFDL/FEM), project engineers.

A11 work related to this effort was carried out between January 1976 and
August 1977. The Final Report was submitted in September 1977.

The authors are indebted to C. Larkins and T. C. Taylor of BMAD Structures
Staff, Boeing Aerospace Company, for conducting the comparative Fatigue
Analysis with the YC-14 type landing gear.
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SUMMARY

This report describes all work related to Contract F33615-76-C-3004
"Development of Adaptive Landing Gear for Military Aircraft Evaluation."

Taxi performance in terms of airplane CG (RMS) acceleration was evaluated
with a digital simulation for the T-43A, KC-135 and the YC-14. Simple
landing gear oleo modifications such as metering pin bypass orifices, and
dual stage air chambers were then used to reduce airplane CG acceleration
by as much as 47%. The study indicated that oleos with a single stage air
curve would benefit from a two stage design. For an oleo with an initial
two stage air curve, reduced hydraulic damping forces resulting from a
metering pin bypass orifice showed improved taxi performance. Additional
improvement was achieved by softening the second stage spring rate and
adjusting it to the anticipated airplane touchdown weight.

Payoff in terms of taxi imposed gear loads and fatigue damage was evaluated.
Results indicated that the KC-135 and YC-14 type gear benefit from the
modifications when obstacles of medium wave length are encountered because
the induced vertical and horizontal loads are lower than those calculated
with the baseline gear. In the case of short wavelength bumps (dips and
bumps) only the damping modification for the YC-14 gear results in reduced
vertical and horizontal loads. A similar analysis for the KC-135 indicates
no significant changes in loads. Fatigue analysis for the YC-14 shows a
measureable increase in 1ife as long as missions are conducted from austere
fields. If missions from prepared runways are included, then the payoff

in terms of reduced fatigue damage is very small.

xi




1.0 INTRODUCTION

Traditionally, landing gear shock strut design has been based entirely on
touchdown requirements. The oleo stroke length is a function of maximum
touchdown load, impact velocity, stroking efficiency, and tire deflection.
The metering pin is shaped to provide the required stroking efficiency for
the design case. In general, it has been found that the shock strut designed
for landing is acceptable for taxiing on prepared runways.

Recent experience with airplanes operating on semi-prepared fields has
shown that dynamic taxi loads can cause considerable fatigue damage, compar-
able to the effect of turbulence during flight.

For example, on some of the C-130 airplanes operating repeatedly on semi-
prepared fields in South East Asia, fatigue damage did occur and did result
in costly repairs and modifications.

Air Force airplanes must, however, operate from austere airfields and as a
result experience severe penalties due to taxi induced loads and reduced
ground performance.

Also, survivability is of major concern for AF airplanes where the ability of

the airplane to operate on combat-damaged surfaces may be required for the
successful completion of its mission. Advanced gear technology also holds
promise for improved sortie rate when used on advanced tactical fighters.
Therefore, studies were initiated to develop simple passive adaptive landing

gear concepts which will increase the fatigue 1ife and survivability, and improve
the ground handling of existing and future Air Force airplanes. Particular
emphasis was placed on the modification of oleo parameters such as air-spring
rate, metering pin and rebound orifice damping, so that the adaptive landing

gear could only have a minor impact on system complexity and 1ife cycle costs.




This work has been carried out in the following phases.

a) Analyt'cal determination of the shock strut characteristics required
to improve ground roll and taxi performance. (KC-135, T-43A, YC-14).

b) Realistic determination of simple hardware concepts required for improved
taxi performance. (KC-135, T-43A, YC-14).

c) Payoff in terms of gear loads when taxiing over discrete obstacles such
as repaired bomb craters, bumps and dips, and rutted runway. (KC-135, YC-14).

d) Payoff in terms of fatigue life when operating from prepared and semi-
prepared fields. (YC-14).

The study was conducted for three different airplanes, in order to derive some
generally valid conclusions.




2.0 METHOD OF ANALYSIS

The analysis for the adaptive landing gear was performed for the T-43A,

KC-135 and the YC-14. Each of these airplanes have main landing gears of
different design. The T-43A (Boeing 737) has a very conventional T -

type gear which is designed for prepared runways and normal sink rates.

The KC-135 has a truck type gear and is also designed for prepared runways

and normal sink rates. The YC-14 has a trailing arm gear and four main

gear posts even though the operational gross weights are less than those

of a Boeing 727. The YC-14 gear is designed for STOL landings, high flotation
and taxi over austere runways.

2.1 Airplane Models

The analysis was performed with a digital program coded in MIMIC language
which included an accurate non-linear dynamic representation of the landing
gear, air frame, and aerodynamic forces. Principal airplane motion about the
center of gravity is calculated in the pitch axis only. The model does not
include calculation of motion about the roll axis. The dynamic response of
left and right main gears is therefore identical.

Table 1 summarizes the contents of each simulation, namely the airplane
degrees of freedom, the flexible modes, the simulation of the main and nose
gear forces and the representation of the aerodynamic and thrust forces.

More details of the oleo simulation are shown on Table 2. For most cases the
tire was represented as a linear spring. No damping forces were assumed.

For short wave length runway disturbances where profile transitions are of
significant height and occur in less than three tire foot print lengths a
pneumatic tire model was used to represent the tire as a toroidal membrane
and calculates horizontal and vertical ground contact forces.
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The most significant airplane parameters and constants used in the taxi
simulations are summarized on Table 3.

2.2 The Runway Model

Excitation to the taxi model was for most cases perturbation of the ground
with a profile closely approximating the runway power spectral density

per MIL-A-008862A. An artificial runway profile was generated with a normally
distributed random number generator and a digital filter as shown on Figure
1. The calculated power spectral density of the runway model was found to
be in good agreement with the required values. The profile allows the
representation of prepared, semi-prepared and unprepared runway by a

simple adjustment of the output signal magnitude. The artificial runway
profile assures an even distribution of all excitation frequencies and
precludes a unique characteristic of an actual runway profile from impacting
the design of the adaptive landing gear.

2.3 Carpet Plots

The approach for this study was to custom tailor the oleo characteristics for
improved taxi performance such as a decrease in airplane C.G. acceleration

in response to taxi excitation and reduction in peak landing gear loads when
certain discrete obstacles are encountered. Taxi loads are transferred into
the airframe through the landing gear oleo by way of two possible load paths.
One such path is completed with the pneumatic spring. Forces generated by
the spring are directly related to the relative displacanent between inner and
outer cylinder. The second load path is generated with the hydraulic damping
forces of metering pin and rebound damper. These damping forces are directly
proportional to the squared velocity difference between inner and outer

oleo cylinder. As the pneumatic air curve and damping orifices are varied
parametrically, changes to the C.G. acceleration result. The sample plots
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shown on Figure 2 show the effect of changing the air spring and damping
coefficient in equal increments. Depending on baseline conditions the effect
on C.G. acceleration can differ. If, as an example, the initial air spring
is very soft and damping forces are the cause of most airframe excitement,

of course only a reduction in these damping forces will result in a reduction
in airplane acceleration. Conversely, if the air spring is very stiff and
damping forces are minor, only a reduction in air spring stiffness will
decrease the airplane acceleration.

2.4 Operating Conditions

The operating conditions used for the parameter variation studies are as
follows: For the YC-14, the selected conditions represent the anticipated
operating conditions at the mid-range point. The assumed airplane gross
weight was in all cases 150,000 1bs. For landing and take-off operations,
semi-prepared field conditions were assumed, and for the 15 KTS Taxi opera-
tion unprepared field conditions were assumed to exist. The aerodynamic
and thrust forces were simulated in accordance with STOL requirements, i.e.,
maximum thrust during take-off and maximum reverse thrust during landing.

It is worth noting that during a landing with maximum reverse thrust, an
additional downward force of 50,000 1bs. acts on the airplane during most
of the landing roll, resulting in a total load on all wheels of approximately
200,000 1bs.

Operating conditions 1, 2 and 3 differ from each other only in the section
of runway used, starting at 1000, 2000, and 3000 feet respectively. The
reason for running all three conditions was to determine the effect on the
results introduced by choosing different sections of runway.

For the KC-135 airplane, the selected baseline conditions are intended
to represent ground operations during a typical re-fueling mission, i.e.,
take-off at maximum gross weight (297,000 1bs) on a paved field.
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For the T-43A, the selected mission was a take-off on a paved field at a
heavy gross weight (98,000 1bs).
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3.0 RESULTS OF ANALYSIS

3.1 Data Presentation

Carpet plots are used to show the effects of air spring and damping
variations on the following performance indicators:

APS = Airplane Pilot Station Acceleration (g RMS)
ACG = Airplane C.G. Acceleration (major indicator) (g RMS)
ILFN = Incremental load factor for nose gear (RMS)
ILFM = Incremental load factor for main gear (RMS)

The C.G. acceleration is the most important performance indicator, because
it is a direct measure for loads and accelerations at other locations of
the airplane structure.

The incremental load factor is a measure of the dynamic variations of the shock
strut load,

BE = Fg© Feo
Fso
where:
FS = Instantaneous strut force
Fogo - ™ Initial strut force (= constant)

The variations of the pneumatic spring rate (Kair) are expressed as a
percentage of the incremental spring rate of the baseline aircurve at the

initial equilibrium point.

12




The representation of the air spring in the computer taxi model is still
non-linear, however, as indicated in Figure 3. The above method of varying
the pneumatic stiffress was chosen in order to retain the same initial
equilibrium positions of the shock strut for the baseline and for the
modified gear configuration, and thus to minimize changes of the hydraulic
damping coefficient due to changes in metering pin area.

The shock strut hydraulic damping was varied by simulating a bypass orifice
between the hydraulic chamber and the primary pneumatic chamber or a modification
to the area of the metering pin.

3.2 YC-14 Gear Optimization

Figures 4 through 7 show the main gear optimization in chronological

order. Starting from the Baseline (Figures 4 and 5) carpet plots for the
landing and taxi condition were generated. Next, the rebound damping was
reduced, resulting in further performance impro.ements. Finally, with the
rebound damping optimized, further optimization of pneumatic spring and main
orifice damping was performed, resulting in the final carpet plots shown in
Figure 6. This figure shows the sequence used for the YC-14 main gear taxi
optimization. First the oleo damping forces were. decreased until no further
measurable reduction in C.G. acceleration was noticed. Then the air curve
was modified to result in a decrease in stiffness and improved ride quality
for the taxi condition. Some adjustments were also made to the size of the
rebound orifice and an even further reduction of C.G. acceleration was obtained.

Figure 7 summarizes the results of the parameter variation study for the YC-14
main gear. Data is shown for the following landing gear configurations:

1. Baseline
2. Optimized metering pin bypass orifice

3. Bypass orifice, reduced rebound damping and softer air spring which is
the fully optimized configuration.

13
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FIGURE 4
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YC-14 MAIN GEAR PARAMETER VARIATION
LANDING CONFIGURATION
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FIGURE 6 YC-14 MAIN GEAR PARAMETER VARIATION
LANDING CONFIGURATION
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It will be noted that using a Fully Optimized Configuration would reduce

the C.G. acceleration substantially, typically to 60% of baseline, while

use of the bypass orifice only would result in improvements of approximately
half that magnitude. It is also interesting to note that the acceleration
at the C.G. on a prepared runway is about 1/3 of that experienced on semi-
prepared runways for all oleo configurations.

3.3 YC-14 Nose Gear Optimization

The YC-14 nose gear is a levered design with a conventional single stage

oleo and metering pin. Carpet plots of the parameter variation for a reduced
air spring and damping constants are shown on Figure 8. Results indicate

that pilot station acceleration can be reduced by about 10% if the air spring

is reduced to 40% of its original value. The effect on the airplane C.G.
acceleration, however, is minor. This indicates that the pitching motion of
the airplane is the chief contributor to pilot station acceleration. Because
these results show no improvement to C.G. acceleration, nose gear parameter
modifications have been excluded from further studies for the YC-14 type landing
gear.

3.4 KC-135 Airplane

Carpet plots showing the effect of varying the air spring and the hydraulic
damping are shown in Figure 9. Except for the parameter Cd defining the
hydraulic damping, the meaning of symbols used in these plots is the same

as on the carpet plots for the YC-14 airplane. The coefficient Cd is applied
directly to the calculation of damping forces for the metering pin as shown
below:

c . Hydr. Damping Force of Modified Config.
d Hydr. Damping Force of Baseline Config.

Same Strut Velocity
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The results indicate that a reduction in C.G. acceleration can be achieved
only with a reduction of air spring stiffness. Modification of the damping
force from the metering pin results in only a very minor change in C.G.
acceleration.

3.5 T-43A Airplane

Carpet plots showing the effect of varying the airspring and the hydraulic
damping of the main gear oleo are shown in Figure 10. The meaning of the
symbols used is the same as in the corresponding KC-135 data. Similarly
to the results of the KC-135 main gear analysis, the T-43A taxi analysis
indicates that only a reduction in main gear spring rate results in a
reduction in airplane C.G. acceleration while the modification of metering
damping forces has only a minor effect.

3.6 KC-135 and T-43A Analysis Summary

Figure 11 summarizes the results of the parameter variation studies for the
KC-135 and T-43A main gears. These results indicate that the performance
improvements obtainable are only modest, i.e., approximately 25% reduction
in C.G. acceleration for the KC-135 airplane and approximately 11% reduction
in C.G. acceleration for the T-43A airplane.

For both airplanes, attaining these improvements would require reducing the
main gear pneumatic spring rate at the operating point considered to 40%

of the baseline value. The hydraulic damping was found to have only a
negligible effect on the taxi dynamics and would remain the same in an
adaptive gear as in the baseline configuration. '

The KC-135 was also analyzed when taxiing over a semi-prepared runway. This,
of course, is only a hypothetical case since the KC-135 gear configuration does
not allow operation on an austere field due to flotation considerations.
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The summary of the results are shown on Figure 11 and indicate that the C.G.
accelerations increase by a factor of 3.5 by a change in taxi environment
from a prepared to semi-prepared field. The adaptive configuration reduces
the C.G. accelerations induced by the semi-prepared runway. The pilot station
acceleration increased from 0.39 G RMS (prepared runway) to 1.5 G RMS (semi-
prepared runway) for the baseline conditions. The adaptive gear reduces the
pilot station acceleration to a value of 1.25 G RMS.
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4.0 HARDWARE IMPLEMENTATIONS - CONCEPTS

4.1 YC-14 Airplane

In the taxi analysis for the YC-14 type landing gear two solutions for
lowering the C.G. acceleration were identified. One consisted of modified
damping and a reduced air spring stiffness and the other solution required
modified damping only. The effect of these modifications must come into
action shortly after airplane touchdown, so that the landing dynamics is

not altered. For take-off this quick switch-over is, of course, not required.

4.1.1 Fully Optimized Configuration

In the fully optimized configuration, the need for pressurizing or depressuri-
zing the secondary air chamber in order to generate the optimum pneumatic
spring rate, requires relatively complex hardware.

Figure 12 shows one possible approach for accomplishing the required
pressurization/depressurization of the secondary air chamber. In this
implementation, the airplane would touch down with the secondary air chamber
vented to ambient. Approximately two seconds after touchdown the secondary
air chamber would be pressurized and result in the soft pneumatic spring
characteristics required for ground roll/taxi. Pressurization would be
accomplished by connecting a pre-pressurized residual volume via a three way
valve to the secondary air chamber. The residual volume vres and the
pressure Pres would be adjusted for airplane touchdown weight with the
electronic control circuit. Every main gear requires a similar secondary
oleo air chamber pressurization system.

Figure 13 shows tihe proposed method of changing the hydraulic damping in the
fully optimized system. The motion of the separator piston, occuring after
touchdown when the secondary air chamber is pressurized, would be used to
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open a metering pin bypass orifice in a simple and reliable manner.

It can be seen that the hardware modification for the fully optimized gear
configuration is quite complex and requires major hardware development.

In addition the weight of the airplane would undoubtedly increase. It is
felt that such a complex system is not warranted for improved taxi
performance.

4.1.2 Dual Mode Damping Configuration

Figure 14 shows a possible concept for implementing the Dual Mode Damping

Configuration. In this system the pneumatic spring characteristics of the
baseline configuration are retained. The required change of the hydraulic
damping is accomplished by means of a spring loaded sliding valve.

Before touchdown, the sliding valve is kept in its uppermost position by

the secondary piston. After touchdown, when the secondary piston has moved

off its upper stop, the sliding valve becomes free and is moved downward
by a preloaded spring, thereby opening a metering pin bypass orifice. The
motion of the sliding valve is rate limited by means of a delay orifice in
order to insure that the bypass orifice is not opened before the initial
compression-stroke is completed. Thus, the device employed to accomplish
the change of the damping coefficient is located entirely within the shock
strut, requiring no external means for actuation or for sensing that
touchdown has occured. The device is extremely simple, reliable and cost
effective.

4.2 KC-135 Airplane

The requirement is to soften the pneumatic spring rate to 40% of the base-
line value at the operating point considered. In order to implement these
softer air spring characteristics, a three stage (dual chamber) air curve,
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similar to the existing YC-14 design, was cnosen. The required air curve,
shown in Figure 15 could be implemented by a hardware modification as shown
in Figure 16. In Figure 16, a presently unused volume, located within the
inner cylinder below the hydraulic chamber is being used as a secondary air
chamber. A separator piston is added in order to separate the secondary

air from the fluid in the primary air chamber. This concept would require
replacing the existing inner cylinder of the KC-135 main gear by the modified
design shown in Figure 16.

4.3 T-43A Airplane

Similar to the KC-135 type landing gear the requirement is to decrease the
bneumatic spring rate to 40% of the baseline value at the operating point
considered. The required three-stage air curve is shown in Figure 17.

This curve can be implemented by a hardware modification as shown in Figure
18.

The implementation shown in Figure 18 is similar to the concept used for the
KC-135 except that the secondary air chamber can be a self contained pressure
vessel within the lower part of the inner cylinder. The advantage of this
type of implementation as compared to the one chosen for the KC-135 is that

it would require only a modification (not a replacement) of the inner cylinder,
the disadvantage would be increased weight of the landing gear.
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5.0 PAYOFF ANALYSIS

A landing gear which is designed to reduce the dynamic taxi loads which

are transmitted into the air frame will allow the airplane to negotiate
and survive rougher fields and taxi over larger obstacles without incurring
structural damage. Also, a longer life can be anticipated for certain
structural elements of the air frame with the improved landing gear when

it is exposed repeatedly to runways of abnormal roughness. Both of these
payoff areas have been evaluated and a quantitative assessment of each has
been made.

5.1 Survivability

The term survivability applies to the landing gear and air frame being able

to negotiate certain defined discrete obstacles which could be encountered

on bomb repaired runways and forward bases during wartime operation. Three
distinct runway obstacles were selected. Included were a representation

of a hastily repaired bomb crater in a concrete runway, a rectangular bump

and dip representing a loose block of pavement or a sharp trough in a concrete
runway, and a series of five unevenly spaced ruts resulting from airplane

taxi operations on semi-pre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>