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ACCELERATIONS IN LANDING WITH A TRICYCLE-TYPE LANDING GEAR

By Robert T. Jones

In connection with the application of stable tri-
cycle-type landing gears to transport airplanes, the gues-
tion arises as to whether certain of the passengers may
not experience relatively great accelerations in an emer-
gency landing. Since the main landing wheels are behind
the center of gravity in this type of gear, a hard-braked
landing will cause immediate nosing down of the airplane
and, when this motion is stopped due to the front wheel
striking the ground, there will be some tendency for the
rearmost passengers to be thrown out of their seats. The
following rough calculations are designed to show the
magnitudes of the various reactions experienced in a se-
vere landing under these circumstances,

DEFINITIONS OF SYMBOLS
(See figure 1)
Axes .- The airplane axes are fixed at the center of

gravity and are chosen parallel and perpendicular to the
ground at the instant of landing as shown in figure 1.

b, angle of pitch of axes relative to their initial
position on landing (positive when airplane
is nosine up)

a6

d it
Uy, forward velocity of axes on landing (along X

axis)

u, change in forward velocity during landing

w, vertical descent velocity of axes during landing
(along Z axis)

, W

m, mass of airplane in slugs = g

2
mky , moment of inertia of airplane in pitching



M, pitching moment about c.g. of airplane

g oM
My = é—é—/kag

oM 2
b, wing span
8, wing area

¢, Wing chord’
f, distance from airplane c.g; to tail post

XF.W.’ distance from airplane c.g. to front wheel

XR p.» distance from airplane c.&. to rearmost passenger

h, heiznt of‘c.g. above ground (shock absorber ex-
* tended)

u,' coefficient of sliding friction of tires on land-
ing surface

ASSUMED LANDING CONDITIONS

a) The airplane strikes the grouni at a vertical de-
scent velocity of w feet per second and with a forward
velocity of Uo feet per second. The wheels are consid-

ered to be locked and the landing attitude as in ficure 1.

The maximum vertical acceleration encountered is Dwmax

and the maximum braking acceleration is Dup,y =

w (Dw - g)maxA both applied at the peints of contact of the
the main landing wheels with the ground.

b) The motion of the airplane after striking the
ground will consist of combined pitching and vertical
movement. The vertical movement of the c.g. is considered
to be predetermined by the action of the main shock ab-
sorber and to consist of a practically constant decelera-
z tion of the vertical descent velocity w.




Owing to the deflection of the tires and imperfection
in the absorber device there will, however, be some delay
in the attainment of the full deceleration after landing.
This delay is assumed to be represented by a simple for-

nmula, viz:
/

(Dw -~ &) = (Dw - &),y (1 - e %) (1)

If the airplane remained in the attitule depicted

in figure 1 througchout the interval of absorption of the
shock after landineg, every part of the machine wonli ex-
perience the same deceleration Dw as the center of
gravity. However, since the brakine load mDu is applied
some distance below the c.g., the airplane will also ex-
perience an angular acceleration on strikine the ground
egual to ‘

neglectineg the variation in h due to the deflection of
the shock absorber. This acceleration will cause a ro-
tation in pitch, resultinzg in parts of the airplane be-
hind the c.g. being accelerated upwardi relative to the
c.g. and consequently receiving a greater shock during
the landing. In adiition to this, the pitching angular
velocity acqguired during the period of absorption of the
shock andl before the front wheel strikes the ground must
be redunced to zero by a shock absorber attached to the.
front wheel. This later deceleration in pitching, subse-
guent to the main landing shock, tends to 1lift the rear
passengers from their seats and on this account should
not be allowed to exceed 32.2 feet per{seconi

It will be necessary to calculate the angular veloc~

ity and acceleration in pitchineg acquired during the pe-

riod of absorption of the main shock in order to find the
reactions experienced by the passengers in the rear seats.
This pitching motion is at first caused by the braking
load applied at the wheels but, as tne motion commences,
is modified by several secondary factors 4Aue to the mo-
tion itself, as follows:

a) A pitcnine moment Aue to change in anzle of pitch



after landing arising partly from the static stability of
the airplane in pitch and partly from the displacement of
the c.2, of the airplane away from the point of support.
The part of this secondary moment arisineg from the aerody-
namic effect is calculated as:

2
M, = @ Q‘&%g S -S'Uo c
(2)
s 2y
: . dCm 2 "o c
or . ‘Abl == da - kYg

where the change in angle of attack o 1is assumed to be
egual to the change in pitch angle b since the airplane
is ‘sensibly constrained to travel alongz the grouni after
landinz. The part of the moment arising from the dis-
placement of the c.g. ist

My = - m(Dw - g)h sin b (3)

The variation of (Dw - g) with time, given by eguation (1)
will be approximated in computing this secondary effect
by simply taking 90 percent of the maximum value. The
difference between sin b and bt will also be neglected,
resulting in

Mo, = - 0.9 (Dw - &)y —B5 (4)

ka

Actually the lencgth n will be decreased somewhat due to
the deflection of the shock absorber andi the above esti-
mate of Mba may be considered conservative., The total

secondary effect due to rotation in pitch is:
M, = M + M ' (5
M o, + i, )
b) A pitching moment due to the aerodynamic damping
of the pitching motion. This moment is calculated by us-
ing the customary aerodynamic formula:

St — U f _ (6)

M . = . 2
(Aamping) U, da, 5 "o



where the subscripts t refer to the horizontal tail
rlane. . h :

ic S
2 L £
: * (7)

B [vlo
o}

q k2 day

#ith the aid of these factors defining the secondary ef-
fects due to motion the pitching motion due to any torque
applied by braking at the wheels may be calculated. The
equation of motion is: -

2
Do - Mg Db = My b = M (8)

where ka2 X Mo is the applied torque and is assumed to

be known in terms of the time. Following the assumed law

of variation of shock-absorber reaction (equation (1)) and
considering the applied torgue as being dus to the break-

ing reaction at the wheels we have:

mh . mh -nt
My = Du 2=Dumax"""'g‘(1"e )
mky mky
(9)
-nt
= MOmax (l - e )

GENERAL SOLUTION OF EQUATION OF MOTION

Bquation (8) may be integrated in general terms and
actual numerical values for the various gquantities may be
substituted into the general solution later,

The easiest way to integrate this egquation is to make
use of the Heaviside expansion theorem. The first step is
to obtain an algebraic resolution for ¢, visz,

: 1 1 '
b .= MO = T MO (10)

| F (D)
D - M D -l




According to equation (9) M, is .given by two terms. The

distribution of the operator 1 over these terms re-
. P F(D)
sults in:

o 1 -nt
L, = u, ( - s ") (11)
F (D) max *F (D) F(D) ’
The expansion of the first term is -
. :
L At
g 1 1 T e
= + N T (12)
F (D) F(0) ATFU(N)
and of the second term
- N
1 -nt e"Bt v e
- = ooty (13)
F (D) F(-n) (A + n) Fr(N)

where the A's are the roots-of the auxiliary equation
F(N) = 0.

In the preseant problem

1 s

Moo= 2 Qg+ VT ) (14)
1 . —3 ‘ :

,7\g=*("1q~~/mq + 4Mg )

o .

The substitution of these roots into the expansions (12)
and (13) results in:

At ' Apt
e ... e

: + —
MRy - M) Ae(Bha - M)

61 = 1 = — .].-. -+
o F(D) M
max

. (15)



) At Aot
bg 1 ot o nt N el . PAL=)
= e = "5
My .- 7 (D) 1f'+Mq n-Mg (K1+n)(2%1—Mq) (Aa+n)(2%1~Mq>
ma x | o . (15)

’

where b; 1s the angle of pigch at any iﬁstant under the
condition of a sudden impact, that is, under -the condition

that Momax reaches its full value instantaneously, and

tp represents. the amount to be subtracted from &, %o
account for the delay in the full action of the shock ab-
sorber:

b= by - by Can

The motion represented by the foregolng equations is
to be continued only so long as is required for the land-
ing gear to absorb the impact -of the landing. If w, is
the vertical descent velocity on 1and1ng, this time is
found from

ta

r

w, = - J Dwadt - (18)
0

The total vertical stroke of the shock absofbér necessary
to absord the vertical velocity w, with the specified
acceleration is:

\ ta rt ) ‘]
Ah = f  { /J Dw at |4t (19)
o i

t, B

Snbsequent to the time (t;) of absorption of the
vertical descent velocity W the loads at the wheels
will be much reduced and a new' equation of motion with
1ifferent values of g and M, will be in force. The
angular velocities. ani dlsplacements calculated from the
original equatlons at the time ¢t = '+ ghould be taken
as initial conditions in the new equation. Presumadly,
the time of absorption of the landing shock will not be
sufficient for the front wheel to strike the ground and
the conditions under the new equations of motion will be
extended to that time, In the numerical calculations
that fcllow it was found that the equations for the sec-
ond phase of the motion after landing represented a con-
tinued rotation in pitch at a practically constant angu-



lar veloc1ty, the aerodynamlc stability and damplna effects
nearly counterbalanclng the reduced braking and nosing-over
moments. TFor this reason it was assumned that the angular
~velocity in pitch at the instant the front wheel struck the
ground was the same as that acquired durlng the shock-ab-
sorptlon perioi,

CALCULATIONS FOR AIRPLANE A

1) Assumed specifications of airplane:
- w = 18,000 1b.
b = 80 ft.
S = 939 sq. ft.
c =11.86 f¢t.
f = 35,8 f¢t.
Xp gy, = 14 ft.
Xp.p. = 14 ft.
| h = 8.4 ft.
ky = 11,75 ft.

ilm - _p.s58

‘St‘:'154 6 sq. ft.

2) At a 1lift coefficient of approximately 2. o the
landing speed w111 be 60 miles per hour.

5) Assume a vertical descent velocity of w, 5115
feet per second at the instant of landing and assume that

the maximum: vertlcal acceleratlon encountered after land-
1ng is ' - :

h-;Dw :.f.a g _ :V_' ‘ . » ) (20)

.4) Assume that theé law eXpressing the building up of



acceleration after the 1nstant of contact with the ground
isg

e"BBt)

(ow - &) = (Dw - &) pay (1 - (21)

(See figure 2)

This formwla is taken to represent roughly the con-
ditions obtained with an ordinary oleo landing gear and
was devised after examination of some experimental records
obtained in drop tests of military airplanes.

5) Calculation of My and Mg:

a) Mg (See equations 2 and 4.)

: 11.86
Mb = 0,688 X 939 X 9,2 X ——— = 0,87
1 77200.

18000 X 8.4
77200

il
N

Mba X 95 percent

Total My = 8.5

b) Mq (See equatipn.V.)
Assume that the slope of the tail-plane l1ift curve
with anegle of attack is 4.0.

-35.62 X 4 X 154.6 X 0012 X 88
Moo= = -1.183 (23)
@ . 77200 .

6) If the landing is made with the brakes locked and
the coefficient of sliding friction of the wheels on the
landing surface is one-half, the applied angular accelera-
tion due to the braking ‘is:

8.4 -23t

M. o= - X === - 7y
M, 3 g 138 (1 e )

- 3.92 (1 - e 23

) (See equation 9) (24)

i

(It is to be noted that the value of the coefficient of
friction assumed may be left undeuermlned up to the point
of the final solution.) :
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7) The egquation of motion with the foregoimg gquantities
substituted for iy, My, M is:
q 0.
(0% 4+ 1.13 D - 6.5)6.= - 3.92 (1 ; e—azt)
or ) o (25)
(D)6 = 3.92 (1 - e”23%)

The roots of F(D) =0, as required‘by'equatioﬁsv(15) and
(18), are “" : - .

- 1.13 £+ 4/ 1,132 + 4 X 6.5.

}\ =
2
or . , ‘ (26)
A= - 316
7\3 = 2,03

8) The final solution, consistine of two parts as in
equations (15) and (16), is

_ 3.92 3,92 —3.16t _ 9.92 eg,ost

! 6.5 15.4 " 10.583

or : ‘ \ B ‘ (27)

i

0.503 - 0.239 ~3-16% _ 5 zyg g2.03%

where b, 1is the angle of pitch attained at the time ¢
if the landing shock is instantaneous. 6,5, or the angle
to be subtracted from 6&; to account for the delay in
the full shock-absorber action is:

b, = 0.0079 e723% _ 0.0380 ¢ °"*®" + 0.0301 620" (28)
The complete solution follows as
, v -2zt - =3.16t 2.03%t
b = 0.803 + 0.0079 e "7~ 0.277 e - 0.342 ¢
(29)

The angular velocity and acceleration:at'any instant
are found by differentiating this equation:
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q = -0.182 ¢723% 4 0.874 ¢72-28% _ 0. 594 g2 03"

-3.16%t (ZO)

Dg = 4.19 e~23% _ 2,75 ¢ - 1.41 ¢%-0°%

At the time t = 0 it = 1, so that the assumed
initial conditions on landing

should be given by the sums of the coefficients of e in
the above solutions. Thust -

bt = o) = 0.603 + 0.0079 ~ 0.277 - 0.342 = -0.008
9t = ) = - 0.182 + 0.874 - 0.894 = -~ 0,002 . (32)
Da(f = o) = 4.19 - 2.76 - 1.41 = - 0.03,

which is a check on the solution of the ecuations.

The motion represented by the forecoing equations is
to be continued only so long as is reqguired for the land-
ing gear to absorb the impact of the airplane. This time
is found from ' :

w, = 15 ft./sec. = éleg (1 - o734 44
or ' , O _ ‘ (33)
' ~23t ‘
4.18 - 96 t, - 4.18 ¢ ° ' = - 15
¢12 = 0.2 second, very nearly:

Having found the time of absorption of the shock, the to-
tal vertical stroke of the shock absorber may be found by
integration; thus
2 t

io[a'g g (1 - e

° —-23t ]
Ah = [ )y at lat
[e] 2
or, : (34)

Ah = 1.76 feet, approximately

It will be necessary to calculate b, g, and Dqg at
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0.2 second from the equations given: (See equations (29)
and (30).) "

’ - -0. : .406
6, 5= 0.6803 + 0.0079 e **® _ 0.277 7 °°°%% | 0.342 &°

= - 3.24° (degregg)

q  , =-0.182 «7*"® 4+ 0.874 ¢7°°°%% _ 0.694 %" *°° (35)
= -~ Q.577 radian/secoqd
qu = 4.19 e™%"® _ .75 ¢"0-632 _ 1.41 5 0406

= . 3.54 radians/second/second

On substituting these initial conditions into the
new egnation of motion it is found that the aerodynamic
stability and dampine moment nearly balance the now much-
reduced brakineg and nosing-over moments. - For this reason
it will be sufficiently accurate to nezlect any changing
condit ions thereafter and to assume that the above angular
velocity persists until the front wheel strikes the ground
at = - 15°. This anegular velocity (of 0.577 radian/
seconi) produces an upward velocity of

0.577 X 14 ft. = 8.1 ft./sec. . (38)

at the rearmost passenzer's seat. If stopped suidenly at
this speed the seat would cause the passenger to rise
1.02 feet. At constant deceleration, the front-wheel
shock absorber must travel approximately XF,W,/XR.P. of

this distance to prevent the passenger from leaving the
seat; hence, it is concluded that the front-wheel shock
absorber should have a travel of slightly over one foot
(including tire deflection) in order to accomodate the
above conditions with a safe allowance for inefficiency
of o§eration (that .is, deviation from constant accelera-
tion). ’

Assumineg that the law expressing the rise of shock-
absorber load with time is the same for the front wheel
as for the rear, the more accurate value for the travel of
the front-wheel system is: (choosing a new origin for the
time scale)

Ang = [ 7 ) At 1 at (37)
o A P
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The 1limit of integration t, is foundA from the known ve-
locity by performing an additional integration, thus

t -23%
- 8.1 = /1. 32.2 (1L - e )y as, (38)
[¢]
whence t; = 0.295 second, and the distance
0.295 [ t ) "
LS - 32.2 (1 - e733%) dt] it = 1.3 f£t., (39)
0 1 0.295 4

approximately.
CALCULATIONS FOR AIRPLAVE B

1) Assumed specifications of airplane:

w = 54,000 1b.
b = 139 f+t,
ete.

Airplane B is similsr to airplane A except that the weight
and wing area are increased by the factor 3. The moment

of inertia is increased by 3 X 3 = 9, resulting in the fol-
lowing modifications to the guantities occurrine in the
equations of motion:

1
M, = 4= u
b3 B o
M ; M. : 40
ag = Hg, (40)
Ly
°g M3 0%

The equation of motion becomes:

-23t
)

024 =00 6 M, + & Mg - 2.27 (1 - e (41)
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The solution of this equation, obtained in the same way

as for airplane A, is:
-2 —-2,58 1.45
6 = 0.602 + 0.0046 & 22% _ 0.2456 5¢Y _ 0.366 e b
— t -2 t . t
q =-0.106 & 2%" + 0.533 & °%°%" _ 0.531 &'**°
—23 t ~2.58t 1.45 ©
Dg = 2.44 ¢ ° - 1.63 e - 0.77 e
Sincé the landing conditions are the same as before,
the required stroke of the shock absorber is the same and
the time taken to absord the impact is likewise 0.2 sec-
ond. The following table lists the inmportant results of
the calculations in the two cases.
Airplane Airplane
A B
18,000 1b.{54,000 1b,.
1) Maximum angular acceleration
. ~-3.54 ~-1.97
LDq(t = 0-2)] '
2) Maximum angular velocity
(94 = 0.2)J - .B77 A - .B36
3) !daximum vertical feaction at
rear seat -5.54 g -5.48 g
4) Maximum risineg velocity at
rear seat 8.1 8.1
ft‘/sec, ft./sec
5) Travel of main shock absorber 1.72 ¢, 1.72 %,
o (incluiinz tire)
6) Travel of front shock absorber
(includine tire) necessary
to prevent rear passenger
"from leaving seat 1.32 %, 1.32 £+,
'Note: The value given here is for
(ow - g) + Xy. p. Dgq

(42)
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DISCUSSION AND CONCLUSIONS

The foregoing calculations show that in landing under
the assumed conditions the rearmost passenger receives a
somewhat greater primary landing reaction than would be
expectel in the case of the conventional unstable type
landing gear under the same conditions (5.5 gz at the rear
seat compared with 4 g at the center of gravity). In the
calculations no account was taken of seat cushioning, nor
of any flexibility of the structure of the airplane and,
since this acceleration reaches its maximum and disappears
within two-tenths of a second, it may be concluded that it
would not result in injury or great discomfort to the pas-
senger. The conditions assuwmed correspond to a severe
landing that should be encountered only in an emersgency
and it may be assumed that the additional acceleration
due to this landing-gear design would not be noticeable
under ordinary circumstances.

The calculations further showed that a certain mini-

‘mum shock-absorber travel for the front wheel was neces-

sary to preclude the possibility of 1lifting the rearmost
passengér from his seat. This necesssary travel depends
on the placine of the front wheel relative to the c.g.
and relative to the beckward distance of the rearmost
passenger from ths c.2., anl is lessenedl when both 4is--
tances are made shorter, It may be concludei, however,
that in most cases the stroke reguired of the front shock
absorber will be less than that of the rear ones.

The possibility of the rearmost passengers being
thrown npward when the front wheel strikes the ground de-
pends on the existence of a large braking effort at the
main landing wheels. This brakineg effort also tends to *
cause the passenger to slide forward out of the seat.
Supposedly the passenger is restrained both from sliding
forwardi and from rising upward by a safety belt. It is
to be noted that the braking deceleration assumed in the
present analysis was of such magnitude that the passen-
gers were more likely to be thrown forward and injured
on this account directly than to be thrown upward and in-
jured as a result of the subsequent checking of the nos-
ing-over motions. It may be supposed that this braking
deceleration will be present under similar conditions
with any design of landing gear and, since the secondary
vertical reaction that arises when the front wheel
strikes the ground in the case of the stable-type gear
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is ordinarily much less than the braking reaction, it is
concluded that there should be no difficulty with the
stable tricycle landing gear on this account.

Langley Memorial Aerondutical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.

ltt



N.A.C.A. Figs.1,2
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Figure 1l.- Initial landing conditions : Definitions
of symvols and axes.

(Note: contact with ground made at t=0 )
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Figure .- Represgntation ef shock-apsorbing lag
oy formula: (Dw-g)=-4g (1_9-43t\





