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SUMMARY

This paper presents the results of a study to evaluate the capability of
an active load—control landing gear computer program (ACOLAG) for predicting

• the landing dynamics of airplanes with passive and active main gears, and the
application of that program in an analytical investigation of the dynamic

• behavior during landing of a large airplane equipped with both passive and
• active main gears. Correlations between computed data from ACOLAG , computed

data from a flexible aircraft take—off and landing analysis (FATOLA), and pre—
liminary experimental drop—test data for a modified active control main gear
from a light airplane indicate that ACOLAG is capable of predicting the landing
dynamics of airplanes with both passive and active load—control main landing
gears. A parametric study of passive and active main gears indicates that the
active gear is more effective in reducing the magnitude of the forces transmit—
ted to the aircraft structure than the passive gear . The effectiveness was
most pronounced for those touchdown conditions which would result in large
airframe—gear interface forces with the passive gear , that is, large airplane
masses, high touchdown sink rates, and uphill runway slopes. The active gear
is also effective in reducing airplane motions following initial impact. The
reduction of cyclic forces associated with the active gear further indicates
the potential for significant reductions in structural fatigue damage during
ground operations.

I~~RODUCT ION

Ground loads imposed on an airplane are important factors in the dynamic
loading of the airframe structure and may result in significant fatigue damage.
The ground—induced structural vibrations also result in crew and passenger
discomfort, and on large flexible airplanes these vibrations can reduce the
pilot ’s capability to control the airplane . These problems of ground—induced
vibrations have been encountered with some currently operational transport air-
planes , as discussed in references 1 and 2. Such problems will be magnified
for supersonic—cruise airplanes because of the increased structural flexibility
inherent in their slender—body design , their thin—wing construction, and their

• high take—off and landing speeds. For example, investigations of the ground
ride qualities of one particular design of a supersonic transport conducted in
the United States in the sixties indicated extremely high vibration levels in
the crew compartment during the take—off roll (ref. 3).

Analytical studies (refs . 3 to 5) have been conducted to determine the
feasibility of applying active load controls to the airplane main landing gear

• to limit the ground loads applied to the airframe. The study reported in ref-
er ence 4 ind icates that a shock stru t with a hydraul ically controlled actuator
in series with the passive elements of the strut provided the most desirable
dynamic properties . This study used a linear model as a simplification of an

• actual airplane shock—strut system but recommended that any future studies
should include the nonlinear landing—gear characteristics . Both nonlinear
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shock—strut and tire characteristics were included in the study of reference 5,
in which a mathematical model of a stiff airplane with a series—hydraulic ,

• active load—control main landing gear was developed .

The purpose of this paper is to present the results from a two—phase pro—
gram to evaluate the capability of an active load—control landing gear computer
program (ACOLAG) for predicting the landing dynamics of airplanes with passive
and active main gears, and to apply that program in an analytical investigation
of the dynamic behavior during landing of a large airplane equipped with both
passive and active main gears. The touchdown parameters varied in the study,
for both passive and active main gears, included airplane mass and pitch mass
moments of inertia, subsonic aerodynamics, aerodynamic pitch control (eleva-

• tors), pitch attitude, ground speed, and sink rate, in conjunction with the use
of actual runway profiles.

SYMBOLS

The units used for the physical quantities defined in this paper are given
first in the International System of Units and parenthetically in the U.S.
Customary Units . Measurements and calculations were made in U.S. Customary
Units.

A0 area of opening in shock—strut orifice plate, rn2 (ft2)

cross—sectional area of metering pin, m2 (ft2)

A1 shock—strut hydraulic area (piston area), rn2 (ft2)

A2 shock—strut pneumatic area (cylinder area), m2 (ft2)

A3 cross—sectional area of volume between shock—strut piston and
cylinder , rn2 (ft2) •

Fe force applied at composite mass center due to elevator moment,
N (lbf)

K ratio of elevator moment to applied moment

distance between composite mass center and elevator hinge ax is in
body coordinate system, rn (ft)

Ma applied moment, N—rn (lbf—ft)

elevator moment, N—rn (lbf—ft)

My,b pitching moment, N—rn (lbf—ft)

mc composite mass, kg (slugs)

mf one—half of fuselage mass concentrated at fuselage center of gravity ,
kg (slugs)
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mass assumed concentrated at .ax~e. kq ( s lu q ~;)

m
~ 

semi span wing mass assuno~d conconti at  ~‘d at sem i span wing ~
- q. on

spanwise chord containing wing— gear in tt ’t tai ’e , kg ( s l u g s)

p1 hydraulic pressure In shock—strut piston , Pa (lhf , t t ~~)

• P2 pneumatic pressut e in shock-strut cyl i nder , Pa (lt - ’t It 2)

flow rate through shock—strut orif i s.-e, m3, sec (g a l  m m )

Qpump flow rate of hydrau lic pump, m3 ’st’c (gal m m )

Q
~vi f l o w  r a t e  I r~iu h i g h — p r  ess nr c  aecumu I at oi thr oug h set  vo va lve to

• shock—s t r u t  piston , m -~~sec (ga l  m i s )

Q5v2 f low rate f r o m  shock— st ru t  ~ i s ton  th ro ugh servo va l vt ’ to
low—pr essure  r ese rvo ir  , m ’ sec (ga l :~~j n)

S shock—st ru t  s t roke , m ( I t )

• t elapsed ti me a f te r  touchdown , sec

Vac i n i t i a l  volume of charg in g  n i t rog en  in  h i g h — p r  ,‘ssur, ’ acc umul at ot ,
m 3 (p i n t s)

• 
~~~~ 

total volume of h igh-pressure  accumulator , m 3 (pi n t s)

Vcum cumula t ive  f l u i d  volume t r a n s f e r r ed f rom shock—st int  p i st on  t . ’
cyl inder , m 3 (pi n t s)

V1 volume of shock—strut  p is ton , m 3 (pi n t s)

V2 pneumatic volume in shock—st r u t  c y l i n d e r , m 3 (pi n t s)

• V3 vol ume between shock—st ru t  p iston and shock—st ru t  c y l i n d e r ,
m 3 (p in t s )

X longitudina l coordinate axis

Y transverse coordinate a x i s

Z vertical or normal coordinate axis

bulk modulus of hydraulic fluid , N m 2 (Ibi It 2)

V ratio of specific heat of gas at constant pressure to  that  at
constant volume

‘1 general slope of runway , deg
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Subscr i pts:

b body-axis system

g gravity—axis system

i initial value

Dots over sym bols ind icate differentiation with respect to time .

MODIFICATIONS TO ACOLAG

The mathemat ical model of ACOLAG in reference S was used in the present
investigation . Subsequent to the publication of that reference, modifications
were made to the mathematical model of the series—hydraulic active control
gear , to the aerodynamic model of the airplane , and to the main—gear control
logic. The equations have been programmed for operation on a digital computer
and have a core requirement of 72 000 octal words.

Ser ies-Hydraulic- Act ive Control Gear Model

The mathematical model of the active control gear (ref. 5) assumes instan-
taneous control response and incompressible hydraulic fluid ; however , in real-
ity, delayed response and/or stability problems can arise with an active gear
as a consequence of hardware limitations and the compressibility of hydraulic
fluid at high operating pressures . Therefore, the mathematical model of the
series— hydraulic active control gear was modified to include servo—va lve
dynamics and compressible—fluid characteristics (ref. 6) . These modifications
changed the pressure and flow equations of reference 5.

Figure 1 shows schematics of the passive and active shock struts. The
conservation of mass of the hydraulic fluid in the shock—strut piston , repre-
sented by V1 in figure 1(a), and consideration of the effect of fluid corn-
pressibility lead to equations of the form

(A1~ — + Q5~ i — Qsv2)~
“ 1=  -

Vi

and

p t
Pt — f’j dt

The servo—valve flow rates Q
~~i and Qsv2 are functions of servo—valve geom—

etry  and spool di splacement, Instantaneous piston pressure, control supply
pressure , and control return pressure (ref. 6).

4
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The pressure-volume relationship for the pneumatic pressure in the shock—
strut cylinder (V 2 in fig. 1(a)) is

P2 P2,~(~~~~

where

with 

V2 = ~~~~ - (A2 — A 1 + A~~) s  + (V 3 — V 3 1 1) — Vcurn 
~~~~~~~~~~~~~~ 

, (

and 

Vcum = it:O 
Q0 dt ~

- 

/ 
)

V3 V3,~ + A3s

The main—gear shock strut of the simulated airplane has a snubber valve in
the orifice plate to restrict flow from the shock-strut cylinder to the piston
during strut extension . For a few simulated landings , the piston pressure
dropped below the fluid vapor pressure because of the high strut—extension rate
coupled with the restricted flow through the snubber valve . Consequently the
pressure equations were modified to limit the pressure in the piston to vapor
pressure for these conditions . Fluid continues to flow from the cylinder to
the piston until the shock-strut pressur e returns to charging pressur e or until
the gear impacts the landing surface.

Aer odynamic Model

The aerodynamic model presented in reference S does not include elevators
for controlling nose-gear touchdown velocity or the effect of such control on
the loading of the main gear. During simulations of airplane landings and
roll—out , nose—gear impact velocities and resulting nose—gear forces generated
by the simplified nose-gear representation (linear spring with no rebound) were
unrealistically large. Consequently, a simplified representation of the eleva-
tors was added to ACOLAG. The elevator control (ELCON) was included as a per-
centage of the other applied moments and of opposite sign , as follows:

M0 ~~KMa ELCON * Ma

For example, at touchdown the airplane is assumed to be aerodynamically trimmed
with the aerodynamic lift supporting the airplane mass. For this condition
the elevator moment is equal In magnitude but opposite in sign to the applied
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moment (K - 1 .0). The force applied at the composite mass center due to
elevator moment is

Me
=

Values of K may be input to simulate changes in elevator control during the
impact phase of a la I . d ing . During nose-gear impact the elevator moment and
fo rce are decreased as the nose-gear force and moment increase.

Mai n-Gear Control Logic

The opera t ion  of the se r i e s—h y d r a u l i c active control gear is described in
reference 5. Subsequent to the publ ica t ion  of reference 5, it was found that

• the control  logic was not conducive to efficient operation of the ac t ive  gear.
The control logic was , the r e f o r e , modified as descr i bed in the f o l l o w i n g
parag raphs.

Dur ing the initial portion of the landing impact , the elect ron ic  control
compu tes the ai r plane ki netic en er gy in the vertical direction from the mea-
sured sink rate and the vehicle mass, which is assumed to remain constant.
This energy is apportioned among the main  gears and is compared w i t h  the
remaining work capabili ty  of each main—gear shock strut dur ing the stroking
process. The work capab i l i ty  of the s t ru t  is the product of the instantaneous
value of the force at the interface between the gear and the airfram e and the
remain ing  shock—strut  stroke. When the wor k capabi l i ty  of the shock s t ru t
equals or exceeds the remaining vertical kinetic energy of the aircraft , the
control assigns that instantaneous value of the airfram e—gear interface force
as the limit force and the loading at the interface is controlled about this
value during the remainder of the impact. The transition from the impact phase
to the roll—out phase is as descr ibed in reference 5.

If the gear fully extends and the pressure tnt the shock—strut  piston is
less than the charging pressure, then the control adds fluid to the strut until
the pressure returns to charging pressure or until the control is required to
reduce the airframe-gear force. If the airframe-gear force becomes positive,
the gear is stroked, and fluid has been removed, then the control adds fluid
to the strut. The rate of addition of fluid is proportional to the difference
between the assigned limit force and the instantaneous values of the airframe—
gear force. Addition of fluid ceases when control is again required or when
the fluid volume in the strut has been returned to the design value. This
logic maintains the strut—fluid quantity and pressure at or near passive—gear
design values during control inactivity and provides more efficient utilization
of the control system. Dur ing the roll—out phase of the landing , a control
bias returns the gear to the design static stroke in approximately 10 sec.
This control bias does not degrade control performance dur ing other phases of
operation (ref. 6) 
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ANALYT I CAL MODELING

The passive and active shock struts of the m a i n  l and ing  gears and the
assumed stiff—airframe geometry of the large airplane were modeled as shown
schematically in figures 1 and 2, respectively.

Main—Gear Shock Struts

Passive gear .— The passive-gear shock strut is shown ir ’ figure 1 (a). The
main-landing—g ear shock strut of the modeled airpl ane is an air-over-oil type .
The main orifice between the piston and the cylinder is equipped with a snubber
valve. The valve remains open during the compression phase of gear operations
but reduces the orifice area for flow from the cylinder to the piston during
gear extens ion and thus increases gear damping . The pressure-relief orifices
in the orifice tube permit pressure equalization between the orifice tube and
the outer portion of the cylinder. Similarly, the orifice s in the piston wall
permit pressure equalization between the cylinder and the annular volum e
between piston and cylinder.

Active gear .— Modifications to the passive—gear shock strut to accommodate
the ser ies—hydraulic active control are shown in figure 1 (b). The control
hardware includes a servo valve, a high-pressure accumulator , a low—pressure
reservoir , a hydrauHc pump, and an electronic control. In addition , the
single—wall orifice tube is replaced by an annular tube to permit the control
to operate on the fluid in the shock-strut piston . A schematic representation
of these modifications is shown by the diagonally lined area in figure 1 (b).
Control instrumentation consists of an accelerometer to monitor airframe—gear
acceleration , a potentiometer to measure strut stroke, and a pressure trans-
ducer to measure fluid pr essure in the piston. The electronic control utilizes
these data in a feedback loop in conjunction with the programmed logic to drive
the servo—valve spool and control hydraulic fluid pressure in the shock-strut
piston and thus control the force applied to the airframe.

Airplane Geometry and Mass Distribution

A schematic representation of the geometric configuration of the stiff
airframe and the mass distribution is shown in figure 2. All geometric dimen-
sions are shown with reference to the airplane composi te mass center (airplane
center of gravity, e.g.). The geometric locations of all mass centers are
assumed to be the same for all mass conditionts. Althoug h the geometric loca—
tion of the hub mass center does change with stroke, its effect on the airplane
c.g. is small and is assumed to be negligible. In this study the composite

•
; mass center is located at the most allowable aft position of the center of

gravity. This location results in the maximum loading (due to mass changes)
of the main land ing gears during land i ng impact and roll—out.

7

- - -

~

-

~ 

~~~~~~~~~~~~ ~~-- • •
~~- ~~~~1ii :



• •--~~~~- -~ •~~—•-~~~~~ 
— - -•

~ 
•

Control Hardware

The hardware required for the series—hydraulic control system is shown
schematically in figure 1 (b). The simulated characteristics of the hardware
for this study are the same as those of reference 6. The servo valve is a
thr ee—stage , industrial—typ e valve with a rated flow of 0.01 26 m 3:’sec
(200 gal/mint) and a maximum flow rate of 0.01 51 m3/sec (240 gal/mint) for a
6.9 MPa (1 .0 ksi) pressure drop across the valve. The characteristics of the
electronic control as designed in reference 6 are also used for the landing
simulat i ons made dur ing this study. The low—pressure reservoir is assumed to
be at atmospheric pressure. The hydraulic pump is assumed to supply fluid to
the high—pressur e accumulator at a flow rate of 0.0006 m 3/sec (9.0 gal/mm )
and a pressure of 20.7 MPa (3.00 ksj), and the high—pressure accumulator is
assumed to supply fluid to the servo valve at a constant pressure of 20.7 MPa
(3.00 ksi).

Parameter Variations

In this study touchdown parameters consistent with landing—approach flig ht
operation of the airplane are established. ACOLAG was used to compute the air-
plane dynamic loads and motions from initial touchdown on the runway through
main— and nose—gear impacts followed by a portion of the ground roll—out phase.

For economic computer operation , it is desirable to use the maximum time
interva l in the integration procedure that satisfies established error toler-
ances for the integrated variables. Art evaluation of the maximum time interval
and maximum error tolerances of the integrated variables that could be used
without significantly changing the variables was conducted. It was found that
a time interva l of 0.0001 see, in conjunction with the error tolerances shown
in table I, was the maximum time interval that could be used without noticeable
changes in the integrated variables . Therefor e, the landing simulations for
this study were made using this time interval and these error tolerances.

The touchdown parameter variations include three airplane mass configura-
tions: small, medium , and large. The small mass configuration repr esents a
minimum mass landing condition , and the medium and large mass configurat ions
are selected as 1 .4 and 1 .8 times greater , r espectively , t h a n  the  small mass
conf igura t ion. Since the center of g r a v i t y  is as fa r  a f t  as a l lowab le , the
greater pitch mass moments of inertia for the larger mass configurations impose
a greater deman d on the main—landing—gear control system.

An analysis of 2385 landings of civil airplanes in reference 7 indicates
that only 1 landing in 10 000 had a sink rate equal to or greater than
1 .5 rn/sec (5.0 ft/sec). Therefore, the maximum design sink rate at touchdown
for this study is 1.5 rn/sec (5.0 ft/see). To encompass a range of sink rates
at touchdown, 0.3 rn/sec (1.0 ft/see) and 0.9 rn/sec (3.0 ft/see) were also
selected. An off—design (emergency) sink rate of 2.4 m,’sec (8.0 ft/see) was
also investigated.

Pitch attitudes and ground speeds selected to provide constant—sink—rate
touchdowns were 7.5° and 84.4 m/sec (277 ft/see) for the small mass configura—

8
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tion , 8.7 ° and 91 .4 m ’sec (300 ft/sec ) for the med i um mass configuration , and
10° and 97.8 rn/sec (321 ft/sec) for the large mass c o n f i g u r a t i o n .  The elevator
de f lec t ion  (EL~DN = 1 .0 for ACOLAG) was i n i t i a l i z e d  at touchdown to m a i n t a i n
the a i r p l a ne in a t r i imn ed condi t ion.

Landings were simulated for two operational runways with different slopes
and unevenness elevation profiles . The elevation profiles of these r unways are
presented in figure 3 for uphill slopes . For simulated land ings on downhill
slopes, the unevenness profiles are superposed on the reversed slopes . Touch-
down for all land i ng simulations occurred at the runway threshold (zero runway
distance) .

RESULTS AND DISCUSSION

The results of this analytical investigation are presented to compare the
performance of the airpl ane with the active control landing gear with the per-
formance with the passive landing gear. Variables in the simulated control
system are also presented to illustrate the limitations -of the control hardware
and logic used in this investigation .

Validation of ACOLAG

Resul ts are presented in figures 4 and 5 to demonstrate the validity of
the ACOLAG analysis and computer program for predict ing the landing dynamics of
airplanes with both passive and active load—control main-landing—gear systems-.

Passive-gear mode .- Comparisons of computed data from ACOLAG with data
from the validated flexible aircraft take—off and landing analysis (FATOLA ,
ref. 8) are made in figure 4 to demonstrate the validity of ACOLAG to compute
landing dynamics with passive landing—gear systems . Landing dynamics of a
large , stiff airplane for a symmetric touchdown on a smooth flat runway were
computed with FATOLA and ACOLAG . The sink rate was 1 .5 rn/sec (5.0 ft ’sec), the
pitch rate was —0.5 deg/sec nose over , and the e.g. vertical acceleration was
zero. Comparisons are shown in figure 4 of control inputs , pitch rates , pitch
attitudes , and main— gear strut forces and strokes for the simulated land ing .

Elevator deflections in FATOLA and ELCcI4 inputs for simulated elevator
control in A~DLAG are shown in figure 4(a). The elevator-control input varia-
tions for ACOL~~ were defined by trial and error and are denoted by the dashed
line in figure 4(a). These elevator—control variat ions resulted in good agree—

• ment with pitch rates , pitch attitudes , and time of nose-gear contact obtained
from FATOLA , as shown in figure 4(b). Subsequent to nose—gE’ar contact , some
differences in pitch rates result because of differences in r~~ e—gear simula—

• tions . In FATOLA , the more realistic r~ose—gear simulation permits pitch—rate
changes as the nose-gear loads and unloads, whereas in ACOLAG the pitch rate is
set to 0 deg/sec and the nose—gear force is computed to offset the moment
applied by the main gears. The pitch attitude computed in FP~TOLA is slightly
larger than that obtained with ACOLAG following nose-gear contact.

9
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Ccuip.u isons ot ma i n—~~’a: St  u t  ~t ce; a: e ~h~~~n in t igu : e 4(c). ~~t :  Ut

t or ces at e in ~~ . ~ -.1 a-~ r et nent up to  rtos o— ~iea: contact . D i i  I cr ~~
-
~~

_ e;; shown at

~ie j r  ~‘~‘n t a ct  es ul t rL~ t t ~~ I eva t or and no;~ e— .~j e a  t si mul at i otis w; ed i n
~ond i~ e— - ’ •~~~t a ct  ~o’ t ces sti l l a~ r ee w e l l ;  ~‘ever  , ~ t r u t

• ~t cec f ~‘~n ~~~~ .\~~ a t ~~ eat  • t ~ t ‘ hoc e t tom FATOI.A . The d i  i et er ic .  ; bet ween
he wo s in a 1 at i o n ;  occ at t e c a a i e  in  FATO L~ he tn~~~ e ‘1 at t ac~ is s l i g h t l y
i: eat e: an t he :er 0— l i t  t an~ 1 e •in 1 in  ACULAG t he ant i  1 e i ci t ght 1 y 1 ~~~~~ t’i t h a n

i t  anq 1 e . ~~ce~ aen lv l i f t  ed aces ma i n— gear I oa ic I n FATO1~ and I oadc
to ae a r a i ght v in  A~1)LA G . Mat  r i —  ‘it ~ a t  t o kec f or t he si mu l at i otis mpa r e

1 ( i . 4 d 1 , un t i 1 t he d i t i  or ences  in the a or o d v n ar n  i c l i f t  n 1 uence  t he
r oc • .  l t s , as no ~‘d t or t he a h~ ~~~~ 

— at  r u t  fo t  cea

The pr ~‘ced. t i  compar i con- ;  i n d i c a t e  t hat t h e  AcOLAG cc~~put  et pr  oar  am is
V3 I i  Li t 01 oompu t na a t  p1 ar t  l a n d i n g  I oadc and mot ions  t ~~ a miliet t i c 1 and i ngs
of • i i r p l net ;  wt th s t i t f  a t t f r a m e s  and pa ssive m a i n  l anding aeats.

Ac tive— ar mode.— P: el i m i n a t  v v a l  idat lOn t  of the act i y e — g e a r  mode
is accomplished b co mp a r i n g  computed  da t a  w i t h  e x p e r i m e n ta l  r e s u l t s

o b t a i ned f r c ~n the t e at  pr oa t am of r e f e i  once 6. Coni pa r 1 sot .;; of ci.)mpu te d and
xp e ’  t~~e n t a l  aj r f  am.~— q e a r  f o t  cea and s h o c k — a t r  at s t rokes  are  pr esented in  f i a —

ate 5 fan a aea: s i n k  rate of 1 .5 m soc ( 5.0 ft soc~ . As shown in  t i g u re  5~ al
there wac a t o t  ct ’ i m b a l a n c e  ot ~ .4  E kN ( ~S0 I bt between t h e  ex p e r i m e n t a l  d a t  a
c i r a a I a t  a iiii t~~ I a and the  L~ amp ut  ed t ott al t s at t i m e  of t ouch d own . The i nba —

ance t es ul t ed  f r cin d i  t er oncos in the simulat ed 1 i f t  fan ce and t he  i n e r t  i a
force a c t i n g  at  the  s t r u t  a t t a c h m e n t  i n  t he  experiment. From i m p u l s e — m o m e n t u m
c o n a id e r a t ~ ons , t h e  i n t e g r a l  of t he  f o r c e —  time curve from the .~~. 4 S — k N  ( 5 5 0 — l h f )
level to the time of maxim um c’ear s t r o k e  ( 0 . 3 3  sec ) d i s s i p a te s  the  test mass
v e l o c i ty .  T h e r e f o r e , it is valid to  s h i f t  t h e  experimental data t o  reflect a
f o r - c e balance at touchdown as w i t h  the computed d a t a .  A comparison of the
s h i f te d  exp er im e n t a l  fo r ce data  (dashed line in fig. 5(a)) with the computed
fo r c e  d a t a  ind i cates iood agr eement  in  bot h m a g n i t u d e  and vat iat i ons . The
aood aqr ~~ement between the  computed and e x p e r i m e n t a l  s t r u t  s t r o k e s , shown in
f i g u r e  ~ (b~ , f u r t her ind i cates the v a l i d i t y  of s h i f ti n g  the f o r ce da ta  for
pur poses of conrpar t son

These r e s u l t s  ind i cate t h a t  the  ACOLAG computer  pr oqram is  v a l i d  for  pre-
d i c t i n g  the dynam i cs of liaht airplane s with active gears during t he  impac t
1 ;a ;~~ of l and i ngs .

O p e r a t i o n a l  C o n s i d e r a t i o n s

D a t a  ar e  presented to show the  o p e r a t i o n  of an a c t i ve  load-con t ro l  sy stem
in the  m a i n  l a n d i n g  gear of a l a rge  a i r p l a ne .  The data are p resen ted  as time—
h i s t o r y  plot s of a i r f r am e - g e a r  fa n c e s , s h o c k — s t r u t  s t rokes , and fu se l age  mass—
center d i sp lacements  along the Zg axis fo r  a i r p l a n e  l a n d i n g  s i m u l a t i o n s  w i t h
both pass ive  and ac t ive  g e a r s .  For the a c t i v e— g e a r  s i m u l a t i ons , hy dt  .~iil ic—
f lu i d  f lo w  rates and volume of fluid transferred are also presented t~ illus-
trate the operational compatibility of the s i m u l a t e d  con t ro l  h a r d w a r e  and the
modified landing—gear shoc k s t r u t .  A l l  l a n d i n g  s i m u l a t i o ns  w i t h  the  active
gear were computed with a constant p re s s u r e of 20.7 MPa (3.00 ksit in the high—
pressure accumulator .
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Formulated cons t ra in t s .-  To assure mean ingful  performance of the active
load—control main landing gears investigated in this  study the following opera—
tiona l cons t r a in t s  were imposed :

1. The control must never remove a quantity of fluid from the strut
greater than the volume of fluid in the piston of the fully extended strut
(0.010 m3 (21.8 pints)).

• 2. The control must never add a quantity of fluid to the strut equal to
or greater than the instantaneous value of the gas volume in the strut .

3. The maximum shock—strut stroke encountered during any landing sim-
ulation should never equal or exceed the allowable design stroke (0.508 m
(20.0 in.)).

4. The control—hardware characteristics for an optimum design should
supply hydraulic fluid at the f low rates required by the dynamic behavior
of the shock strut.

5. All the aforementioned constraints must be met for the range of design
touchdown parameters of the airplane.

6. The active load—control landing gear must be adaptable for accommodat-
ing greater than design touchdown sink rates which may be encountered in emer-
gency situations .

Performance within constraints .- To show operation within the imposed
constraints, typical data are presented in figure 6 for landing simulations of
all the airplane mass configurations at a touchdown sink rate of 0.9 rn/sec

• (3.0 ft/sec) on runway A with both uphill and downhill slopes. Data for these
mass configurations for other touchdown sink rates, r unway slopes, and runway
unevenness are presented in the appendix. Tabulated results are shown in

• table II for all airplane landing simulations on runway A with active load-
control main gears. The data are presented as follows: percent airframe—gear—
force reductions of the active gear relative to the passive gear during initial

• impact and main—gear response to nose—gear impact; maximum flow rate of fluid
from and into the strut; maximum volume of fluid removed from or added to the
strut; maximum shock—strut stroke encountered dur ing landing simulations; and
the allowable volume of fluid that could be added to the strut.

The maximum volume of the fluid removed from the strut dur ing the landing
simulations was 0.0081 m3 (17.20 pints), which is approximately 79 percent of
the allowa ble volume, and occurred for the medium mass configuration at a sink
rate of 1.5 rn/sec (5.0 ft/sec) on the uphill slope of runway A. The maximum
volume of fluid added to the strut was 0.0072 m3 (15.10 pints), which is
approx imately 56 percent of the allowable volume and occurred dur ing the
landing simulation of the large mass configuration at a sink rate of 1.5 rn/sec
(5.0 ft/sec) on the uphill slope of runway A. The maximum shock—strut stroke
used by the active gear was 0.480 m (18.9 i n . ) ,  which is 95 percent of allow-
able stroke and occurred during initial impact of the landing for the large
mass configuration at a sink rate of 1.5 rn/sec (5.0 ft/eec) on the uphill slope
of runway A.

~I 1
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The servo va lve became saturated (maximum displacement of servo—valve
spoo l, ±0.0025 in (fO. 10 in.)) during the removal of fluid from the strut at
initial impact for all landing simulations , indicating that the control—
hardware characteristics used were not for an optimum design. However , this
nonoptimum design was sufficient to substantially reduce the forces with the
active gear during initial impact. Therefor e, the performance of the active
load-control gear has been demonstrated over the design range of touchdown
parameters w i t h i n  the imposed cons t ra in t s .

The adaptability of the active load—control gear to accommodate o f f—des ign
sink rates is illustrated by data presented in figure 7. Airframe—gear forces
are shown in figure 7(a) for landing simulations of the large mass configura-
tion with both passive and active gears. Landings were made on the uphill
slope of runway A with a sink rate of 2.4 in/sec (8.0 ft/sec). The control
logic was the same as that used with design sink rates. Following initial
impact the airplane rebounded from the runway and sustained second impacts at
sink rates of approximately 1.2 rn/sec (3.9 ft/sec) and 1 .4 rn/sec (4.7 ft/sec)
for the passive and active gears , respectively. After initial impact the
active—gear control had transitioned from the impact limit force to a roll—out
limit force of zero. The designed force limits of ±8.896 kN (+2000 lbf ) were
too low and the allowable shock—strut stroke was exceeded during the second
impact for this simulated emer gency condition. Consequently, the present
control logic requires modifications which will either increase the roll—out
force limits if the touchdown sink rate is greater than the maximum sink rate
for which the control was designed , or reset the control to the impact mode
following rebound. For this study the roll—out force limits were increased
from ±8.896 kN (p2000 lbf ) to ±1 33.45 kN (+30 000 lbf). As a result of these
large roll—out force limits , the control. was not required after the second
impact and the maximum stroke capability of the shock strut was not exceeded,
as shown in figure 7(b). The force reductions after nose—gear impact result
from changes in shock—strut pressure and fluid volume effected by the control
dur ing the initial and second impacts.

The performance of the active load—control main landing gear simulated
in this study has thus been demonstrated for operation within the imposed
cons t ra in ts .

Effect of accumulator pressur e and pump capacity. — The airplane landing
simulations with active load—control gears were made with the assumption of a
constant 20.7 MPa (3.00 ksi) pressure in the high—pressure accumulator . To
maintain this pressure with the large flow rates encountered would require a
more massive accumulator or a hydraulic pump with a large pumping capacity
requiring excessive power. A limited study was conducted to determine the
effect of varying accumulator pressure and pump capacity on the performance of
the active gear. Results of the study are presented in figure 8 for airplane
landing simulations of the large mass configuration on the uphill slope of

• r unway A at a touchdown sink rate of 1.5 rn/sec (5.0 ft/sec). These conditions
• required the largest transfer of fluid from the high—pressur e accumulator to

the shock strut. (See table II.)

Two accumulator-vo lume and ~ump—capaclty combinations were investigated:
an accumulator volume of 0.038 m~ (10.0 gal) and a pump capacity of

-
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0.0006 m - 3 ’ sec (9 gal ‘ml n) ; and an accrimul at or Vt) I inr e of 0.  01 ‘~ in -~ ( ~ . 0 gal
and a pump capacity ot 0.0032 m 3/sec (50 gal m in I . As shown in tiqur e 8(a),
neither combinat i on of accumulator  volume and pump capacity had any appreciabl e

* effec t  on the a i r f r a m e—gear fo rce . However , f i g u r e  8(b) shows that the shock—
s t r u t  extens i on is lee r; for  these two coinhi nat  ion ;; comp are d with the e’~t t ’i r ; ;  ion
for  the constant  accumulator  p r e s sure  d u r i n g  the hi  gh — p r t ’esur e  phase of opera-
tion . The sh o c k — st r u t  extens i on for the 5—ga l accumul ator and the  50—ga l m m
pump is less t han t h a t  fo r  the 10—gal accumula tor  and 9 — g a l  mm pump . These
data Ind i cate that  the re sul ts of the ~ r r amet r i c study at a ~~n;; t ant accumu-
lator pressure during the h i g h — p r e s s u r e  phase ol conti ol opt’! at  ion ar t ’
conserva t ive .

Ef fec t  of b r a k i n g . —  An i n v e s t i q at  ton of the  et t t ’ct : ;  ot the combined opt’r  a—
t ion of the act ive load— contro l  gea r and a s i m p l i f i e d  anti skid braking system
was conducted for  the la rge  mass configuration with a sink rate of O~ Q m sec

• ( 3 . 0  f t /sec ) on the uph i l l  slope of runway A. Airfram e—gear—force and shock—
st r u t — s t r o k e  t ime h i sto r i e s  are shown in  f i g u r e  • tot b r ak e  app~ i c .t i on  a t t e r  P
nose—gear impact . Comparison of f i g u r e s  9(a) and ~(h) w i t h  f i g u r e s  6 ( 1 1
and 6 (j ), respect ively, i l l u st r a tes  the ef f ect 01 h r ak i nq on t he ai r plane
landing si mulat i ons w i t h  passive and a c t i ve  gear;; . Fo l l owing  brake  a p p l i c a t i o n
w i t h  passive gears , the magn i tudes  of the a i r f r a m e — g e a r  t or cot; and s h o c k - s tr u t
strokes increase. The active gear , however , controls the  airtram e-geat t o i ce;;
e f f e c tively du r ing  b r a k i n g , but at a h i g h e r  f r equency  ot o p e r a t i o n . Sh ock—
strut strokes for the active gear (fig. 9(b)) indic ate that the stroke r t’t ur ns
to the designed static stroke more rapidly with brakin g t han with out braking
(fig. 6(j)). No detrimental e f fec t s  on the p er f o r m a n c e  of the a ct iv e  gear
coupled with the simplified ant Iskid braking were encounter ,‘d. I udeed , it is
possible that improved braking performance could be realized , •;rnce the id lye
gear m ai n tai ns a more constant force at the tire—runway i ri ter I ace t han the
passive gear .

Compar i son of Pass i ve and A c t i v e  ( e ’ar Resul t -;

The typical data presented in f i g u r e  6 and the tabu l at ed dat a shown i n
tabl es II and I I I  are used to compare the resul ts o b ta i n e d  t o t  the  a c t i v e  load—
control gear with those obta i ned for the pa ssive  gear . These comparisons ar e
made for a i r f r a m e — g e a r  for ces and shock — st r u t  s trokes , f uselage mass—center
displacements , and cyclic forces .

Airfram e-gear forces and shock—strut strokes .— The airframe— gear for-ce’;
and shock—st ru t  strokes computed for typica l  ai rpl ane l and i ng simu lat i ons wi th
both passive and active main  gears are compared in  f i g u r e  6 for  the  same l and-
i ng conditions . The various phases of the l anding  s i m u l a t i ons a r e  shown in
f i g ure 6 ( a )  for both types of ma in  g e a r s .  The i n i t i a l  impact and rebound phase
f or the a i r p l ane w i t h  the passive gear d i f f e r s f r o m  that  w i t h  the active gear ,
since the active gear reduces the  sh o c k — s t r u t  fo rce  (at  the  expense ot
i ncr eased shock—st ru t  stroke , f i g .  6 ( h ) ) .  The r ed uced s h o c k — s t r u t  for ce
res ul ts  in  ~na l l e r  a i r f r a m e—gear and ground forces . No se—gear contact
occurred at approximately the same t ime  for  the l anding simul at i ons with both
passive and active ~1ear 5 , i ntl i catinq that the i ot at ional  impul to app l it’ii to
the a i rp lane  was approximately  the same w i t h  bot h  puserve and rct rye ~it ’-~ r s
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dur ing the impact phase and the rebound and rotation to nose—gear contact
phase. Since the airfram e—gear and ground forces were smaller with the active
gear than they were with the passive gear , the moment applied to the airplane
during the impact and rebound phase had to be sustained for a longer period of
time. This was the case, as shown by the longer period of decelerating (nega-
tive) airframe—gear force (fig. 6(a)) and also by the greater period of ground—
force application as indicated by the sustained shock—strut stroke for the
active gear (fig. 6(b)). During nose—gear impact, the airframe-gear force for
the airplane landing simulation with the active gear was less than that with
the passive gear. The shock—strut stroke was only slightly greater than that
of the passive gear for the small mass configuration (fig. 6(b)), but was sus-
tained at a greater stroke for a longer period of time. Subsequent to nose—
gear impact (during the roll—out phase), the airfram e—gear force for the land-
ing simulation with the active gear was generally smaller than that of the
passive gear and the shock—strut strokes were approximately the same for the
small mass conf igurat ion.

The results of the airframe— gear—force comparisons for the landing simula-
tions of the medium and large mass configurations (figs. 6(e), 6(g), 6(i),
and 6(k)) are the same as those for the small mass configuration (figs. 6(a)
and 6(c)). The results of the shock—strut—stroke comparisons for the larger
mass configurations are the same as those of the small mass configuration dur-
ing the initial impact and rebound phase. However, during the rotation to
nose—gear contact, the shock—strut strokes for the larger mass configurations
show that the main gear does not extend as much as it did with the small mass
configuration. This shortened stroke is indicative of reduced airplane
motions. In addition , during the nose-gear impact and roll—out phases, the
shock—strut strokes for the active gear were less than those of the passive
gear because of the control logic employed. However , as the time during roll—
out increased, the shock—strut stroke of the active gear approached that of the
passive gear , which had attained the value of stroke required to support the
static mass of the airplane.

The tabulated percent force-reduction data presented in table II are used
to illustrate the effectiveness of the active load-control gear and to aid in
discussion of the effects of a ir plane mass , touchdown sink rate, and runway
slope on airframe— gear forces. The active load—control gear was most effective
in reducing the airframe—gear forces during main—gear response to nose—gear
impact, as shown by the large values of percent force reduction in table II.

— Significant reductions were also achieved during the initial—impact phase for
all the landing simulations investigated. The airframe—gear-force reductions
generally increased for the larger mass configurations for landing simulations
at the same touchdown sink rate and on the same runway slope during both m i —  - - •

tial impact and main—gear response to nose-gear impact. For the same mass
conf igura tion and r unway slope , the a i r f rame—gear—force  reductions generally
increased for the larger touchdown sink rates. The effect of runway slope was
pr imarily discern ible dur ing init ial impact, for which the airframe—gear—force
reduction was generally greater for the land ng simulations on the uphill run-
way slope at constant mass and touchdown sink rate. This result is to be
expected, since the airframe—gear forces for the passive—gear landing simula-
tion are greater because of the added component of sink rate due to airplane
horizontal motion into the uphill slope. The airframe-gear forces for the
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active—gear landing simul ation were essentially the same for land i ng simula-
tions on uphill or downhill r unway slopes. A similar effect of ~ ‘rnway .lope
on airfram e—gear—force reduction occurred dur i ng the roll-out phase ~rti i s
most pronounced for the landing simulations of the large mass configuration
(figs. 6(i) and 6(k)).

The foregoing results indicate that the active load—control gear is effec-
tive in reduc ing the airframe-gear force relative to that occurring with the
passive gear during all phases of a landing . The effectiveness of the active
gear was most pronounced for those touchdown conditions which resul t in large
airframe-gear forces with the passive gear: that Is, large airplane masses,
higher touchdown sink rates , and uphill runway slopes.

Fuselage mass—center displ acements.— Comparisons of airplane motions for
land ing simulat ions with both passive and active main gears are made with the
typical data shown in figure 10. Gravity vertical axis Zq displacements of
the fuselage mass center , which is located 3.05 in (10.0 ft~ forward of the
airplane composite mass center (airplane c.g.), are shown, relative to its
displacement at touchdown, as a function of time. The data presented are for
simulations of the medium mass configuration on the uphill slope of r unway A at
each of the touchdown sink rates investigated . The various phases of the l and-
ing simulations which affect the airplane motion are indicated in figure 10(a).
Since very little rotation occurs during initial impact , the shock—strut stroke
is primarily responsible for the fuselage mass—center displacement. Subsequent
to Initial impact and prior to nose—gear contact , the fuselage mass—center dis-
placement is due to airplane rebound and rotation. Following nose-gear contact
and impact , the displacement results from the change in runway elevation due to
the uphill slope.

The fuselage mass—center displacements for the landing simulation with the
active gear are greater during initial impact than those occurring with the
passive gear because of the greater shock—strut stroke required by the active
gear. However, during rebound from initial impact and rotation through nose-
gear impact, the displacements are significantly reduced by the active gear
compared with those of the passive gear . This reduction in displacement
results from the reduced rebound of the airplane with the active gear due to
controlled variations of the shock—strut stroke. The magnitude of the second—
ary motions, which occur with the passive gear dur i ng the roll-out phase, is
reduced by the active gear through control of the shock-strut force and stroke.

These results are typical of those obtained dur ing the airplane landing
simulations for the small and lar ge mass configurations . These r~’suIts m di—
cate that the active gear is effective in reducing airplane motions following
initial Impact.

Cyclic forces .— The cyclic forces on an airplane structur e are Important
since the fatigue damage sustained by the structure is primarily a function of
cyclic loadings due to the ground-air-ground loads, maneuver loads, gust loads,
acoustic loa ds, and ground operational loads. For most parts of a conventional
transport airplane structure , the fatigue damage sustained from cyclic ground
operational loads is small compared with the fatigue damage sustained during
other phases of operation . However , the application of active controls to
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reduce aerodynamic maneuver and/or gust loads or increased operation of super-
sonic cruise airplanes at altitudes where the number of gusts encountered are
considerably smaller will cause the ground operational loads to become propor-
tionately more important.

A comparison of the typical airframe—gear—force time histor ies presented
in figure 6 for the simulated airplane landings with passive and active gears
shows that the magnitude of the cyclic forces with the active gear was substan-
tially less than that with the passive gear during all phases of the landings.
An in—depth structural— fatigue analysis is not~ considered appropriate for the
analytical data presented in this paper; however, to obtain an indication of
the effect of the reduction in cyclic forces on fatigue damage, obtained with
the active gear , the following procedure was used. The fatigue life of a
structur e (ref. 4) , for fully reversed stress, may be expressed by

A

where

A a constant for a given material and loading pattern

N numbe r of cycl es to f a i lur e

o peak-to-peak stress

and the exponent 5 is a typical value used in structural—fatigue analysis and
Is the value used in this study . Since the airplane structure in this study
is the same for landing simulations with the passive and active gears , the
term A is a constant and force reductions are equivalent to stress reductions.
Therefore, the number of cycles to failure for the airplane structur e can be
expressed as

A
N

and

Na~~~~~~
~a

5

where F represents the peak—to-peak forces and subscripts p and a repre-
sent passive and active gears, respectively. Fatigue damage D can be defined
as the inve rse of the f a tigue lif e , that is,
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and

1 Fa 5
Da = =

N a A

Hence, the damage to the structure with the active gear relative to that with
the passive gear is

Da 
— 

F’a 5/~ 
- 

Fa5 A 
- 

Fa
5 -•

Dp F~
5/A A F~

5 Fp5

or

fFa\
5

Da D~ —

The damage occurring with the passive gear is assumed to be unity to permit
evaluation of the relative damage occurring with the active gear .

Results of the application of this procedure to the cyclic airframe-gear I
forces obtained from landing simulations of the large mass configuration with
passive and active gears at a touchdown sink rate of 0.9 nVsec (3.0 ft/sec) on
the uphill slope of runway A are shown in figure 11. Negative and positive
force bounds for the passive and active gears were obtained by averaging the
ruts va lues of the peak negative and peak positive forces measured during the
landing simulations. Summing the absolute values of the force bounds resul ts
in the average of the rms values of all peak—to-peak forces equal to 59.920 kN
(13 471 lbf) for the passive gear F~ and 14.13 kN (31 77 lbf) for the active
gear Fa. Applying these forces in the relative damage equation gives

Da /14.13
— = I i = 0.0007
Dp \59.920/

Since the structural—fatigue damage which occurs with the passive gear is
assumed to be unity, the damage which occurred with the active gear for the
same landing conditions was less than 1 percent of that resulting with the
passive gear .

• The data obtained from applying this procedure to all landing simulations
of this study are presented in table III. The data are presented as peak neg-
ative and positive ruts average forces and rms average peak—to-peak forces
(F~ and Fa) for landing simulations with both passive and active gears. The
potential. of the active gear to reduce structural fatigue damage (relative to
that of the passive gear) is also shown for each landing simulation made during
the study. The average value of this fatigue damage is 0.14; that is, struc-
tural fatigue damage with the active gear was 86 percent less than that which
would occur with the passive gear .
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~DNcLUDING REMARKS

This paper presents the results of a s tudy to evaluate  the capability of
AcVLAG for predicting the land i ng dynamics of airplanes with passive arid active
main gears , and resul ts of the application of that program to an analytical
investigation of the dynamic behavior dur i ng landing of a large airpl ane
equipped with both types of main gears.

Correlations between computed data from ACOLAG , computed data from FATOLA ,
and preliminary experimental drop—test data (for a modified active control main
gear from a light airpl ane) indicate that ACOLAG is valid for predicting the
landing dynamics of airplanes with both passive and active load—control main
landing gears. Results from the analytical parameter study show that the
active load—control gear performs within formulated operational constraints.
The operation of a simplified antiskid braking system was shown to have no
detrimental effects on the performance of the active gear , and it is possible
that improved braking performance could be obtained with the active gear . A
comparison of the passive— and active-gear results indicates that the active
gear is more effective in reduc ing airframe—gear forces than the passive gear
for all parameters investigated and during all phases of a landing . The
effectiveness of the active gear was most pronounced for those touchdown con-
ditions which would result in developing large airframe-gear forces with the
passive gear , that is, large airpl ane masses, higher touchdown sink rates , and
uphill r unway slopes. The active gear is also effective in reducing airplane
motions following initial impact. The reduction in cyclic forces resulting
from use of the active gear indicates the potential for significant reductions
in structural fatigue damage during ground operations.

Langley Research Center
National Aeronautics and Space Acluinistration
Hampton , VA 23665
October 16, 1979
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APPENDIX

ADDITION AL DATA FOR AIR P LANE LANDING SIMU LATIONS

This appendix presents data for airplane landing simulations of the small
mass configuration at a touchdown sink rate of 1.5 nVsec (5.0 ft/sec) on the
uphill and downhill slopes of the more uneven runway (runway B). Data are also
presented for the airplane landing simulations of all mass configurations at
touchdown sink rates of 0.3 rn/sec (1 .0 ft/sec) and 1.5 rn/sec (5.0 ft/sec) on
the uphill and downhill slopes of runway A.
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TABLE I . - INTEGRATION ERROR TOLERANCES FOR DEPENDENT VARIABLES

Upper bound of local
Dependent variable relative truncation

error

Translat ional velocities, rn/sec (ft/sec) 0.0003 (1.0 x
Rotational velocities, rad/sec 0.01
Translational displ acements, m (ft) 0.0003 (1.0 x 10~~)Rota tional displacements, rad 0.01
Shock—strut hydraulic pressure, Pa (lbf/ft 2) 48.3 (1.01)
Servo—valve spool acceleration, cm/sec2 (in/sec 2) 2.54 (1.00)
Servo—valve spool velocity, cm/sec (iri/ sec ) 0.0254 (1.00 x 1o 2 )
Servo— valve spool displacement, cm ( in . )  0.000254 (1 .00 x 10~~ )

• Hydraulic fluid fl~~i rates, rn3/sec (gal/mm ) 1.64 x i0~~ (2.60 x 10~~ )
Fluid volume transferred , in3 (pints) 2.83 x i0~~ (5.98 x 10 2 )
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~This paper presents the results of an evaluation of an active load—control landing
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