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Introduction 3

* Low-cost, high-volume, high-frequency space transportation
 Commercial Space Transportation by Private Companies  [FEGEEE S

= Increased movement toward reusing rockets

Falcon9 Tip Over [1] —y
NEW SHEPARD _-©Blue Origin

b ]
=

—— lg
= e .,

ocket —tall ok p— " Landlng of Lunar Lander with 4 Legs [2].
eiEE= el ki ESrhasls O greiilyg !Coeffluent of friction between landing !

‘leg and ground !
High likelihood of tipping over on landing = ! >g Highg=> liable to topple over :

‘ | > Low = difficult to topple over '

Reduced friction between the landing legs and the ground in
reusable rockets = Improved fall down resistance

[1] https://www.youtube. com/watch?v-bV|m4rsNHkQ&t 50s D 50~ 537 i %
RIERNE, TR, “EAEEEOZEMDFET & REIETE", BAMRERmXE (CR) , 7857905 (2012 )y~




Research Purpose

Verification of the fall down resistance of
Reusable Rocket when the Friction Force
between the Landing Legs and the Ground
Is Reduced

Contents of implementation
1. landing simulations in ADAMS
= change the coefficient of friction to static
—> Observation of landing behavior

2. Verification of the usefulness of the wheel

- Methods to change the coefficient of friction : wheel
2-D drop experiment of a test model
= Observation of landing behavior




Rocket geometry in simulations 5

» Landing simulation = change the coefficient of friction to static
= Verification of whether reducing frictional force is effective in
improving fall down resistance

v Landing analysis using ADAMS
ADAMS : a MSC Software product in multibody dynamics

Rocket geometry

Refer to the dimensions of
the FTB of the air breathing
engine planned by JAXA.

parameter value
mass 1000 kg
IXX 1018 kg * m?
lyy 90.67 kg * m?
12z 1018 kg * m?

Diametqr
0.2 [m]|

Ground > Center of gravity is aJittle.low,..



Landing simulation conditions 6

Initial conditions of the rocket Landing simulation conditions
=+ —
O ——~— Pitch Angle
‘ +5 / + + +
oideg] | O/ 5/ %10/ +15/ %20
Main Body Horizontal
Center of Velocity 0/05/1/15 /2.0
gravity v, [m/s]
coefficient of
friction 0.8/0.5/0.3/0.1/0.01
height h 5 1
[m] '
Uy

Simulated with landing legs oriented 2-2 when viewed from the side



Landing simulation results

X Unstable O Stable
u=20.1 u=0.5
30 30

20 O O O O O 20 —0O0 0O 00X
o O O O O O > O O 0 O X
S 10 - 0O O O O © o, 10 O O O O X
';' O O O O O @ O O O O X
o 0 © 0 O0_0O_O o 0 OO0 0 0 O
> O O 0O O O = O O O O O
c -10 - O O O O O < -10 OO 00X
< O 00 O O = O 0 0 X X
§ 20 O O O O O 220 O O X _X X
m _30 | 1 1 1 | _30 | 1 | 1 1

05 0 05 1 15 2 25 05 0 05 1 15 2 25

Horizontal Velocity vx [m/s] Horizontal Velocity vx [m/s]

v’ At Pitch angle 6 is negatively large, High horizontal speed
=Smaller coefficient of friction is more stable.

v Reduction of frictional force=Effective in improving fall down resist%rd\cte



Landing simulation results 8

v, - 1.5[m/s] 8 : -15[deg] u = 0.1 v, + 1.5[m/s] 8 : -15[deg] u = 0.5

Landing behavior varies depending on the coefficient of friction
Coefficient of friction
v' Low = The rocket slips, and the rocket’s rotational motion is used as
the horizontal motion.
= Stable
v High >The rocket didn’t slip, and rocket tipped over with landing legs
as fulcrum
= Unstable



Coefficient of friction and horizontal movement 9

Coefficient of friction and Horizontal movement distance
condition : Pitch Angle 8 = O[deg], Horizontal Velocity v, = 1.5[m/s]

2.5 I
- ——u=0.01

_ Landing —p=0.1
e 2.0 u=0.3
] u=0.5
815 m—
%‘
£1.0
2
£0.5

0.0

0.0 0.5 1.0 1.5 2.0 29 3.0
Time [s]
u fall down resistance | Horizontal distance
High /N Short
Low @) Long




Counter-measure for horizontal movement 10

» Different friction coefficients for each landing leg

Considering the direction of movement of the rocket
—Landing legs in v, direction . front leg

7, —‘;-I;::‘," Landing legs in opposite v, direction - back leg
Main v »@front leg .05 backleg u:0.1
Body . .
Center of @ frontleg u : 0.1 backleg u: 0.5
gravity VUx condition : Pitch Angle & = 0[deg], Horizontal Velocity v, = 1.5[m/s]
2.5
YA —p=0.1
back IEg front Ieg % 4 front leg u=0.1, back leg u=0.5
c front leg p=0.5, back leg n=0.1
g 1.5
x T‘g 1.0 /
=]
Ground S 05 ey
0.0

0.0 0.5 1.0 1.5 2.0 P2 3.0

Time [s]

=>Horizontal distance has been reduced.



fall down resistance when u differs from front to back 11

X Unstable

9 1 1 ,‘
Main Body

Center of
gravity

O Stable

All landing legs u : 0.5

All landing legs u : 0.1

Pitch Angle 0 [deg]

N
o
T

i

05 0 05 1 15 2 25

Horizontal Velocity vx [m/s]

Pitch Angle 6 [degd]

30
20
10
0
-10
-20
-30

05 0 05 1 15 2 25

Horizontal Velocity vx [m/s]

frontleg u - 0.5 backleg u - 0.1

frontleg u - 0.1 backleg u - 0.5

Pitch Angle 0 [deg]

30

IS EEES
HEEERE
w888 %%
-30

05 0 05 1 15 2 25
Horizontal Velocity vx [m/s]

Pitch Angle 0 [deg]

30
20
10
0
-10
-20
-30

I

05 0 05 1 15 2 25

1 |

Horizontal Velocity vx [m/s]

fall down resistance of a rocket depends on the coefficient of friction of the front legs

This document is provided by JAXA.




Improved fall down resistance and reduced horizontal movement 12

Horizontal movement after |anding Friction coefficient of the back |eg and
horizontal distance moved

Lb i

u = 0.01

i
(<

-
n

u=20.1

u=0.3 u=0.5

o

%)}
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|
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|
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Horizontal distance [m]
[T
=)

o
(=

0.0 0.5 1.0 1.5 2.0 2.5 3.0 K
Time [s]
condition : Pitch Angle 8 = O[deg], Horizontal Velocity v, = 1.5[m/s]

Coefficient of friction of back leg [High] = Reduced horizontal distance
frontleg u . [Low] back leg u : [High]
= Improved fall down resistance + Reduced horizontal movement

This document is provided by JAXA.



Methods to reduce frictional forces in actual rockets : wheel 13

Methods to reduce frictional forces in actual

Test model
rockets = wheel *

Wheel attached to Test model centre of
gravity

780mm

—» Wheel

v’ Verification of the landing behavior of the test model ’ 430mm
when wheels are attached
< But, difficult to give horizontal velocity
» Consider alternatives to horizontal velocity
=Ground slope

mass:6.5 kg

This document is provided by JAXA.



2-D drop experiment : experimental configuration 14

Test model

Side view of experimental apparatus
( Camera angle)

T 1Electromagnetic Holder
<

780mm crane Camera

the front

centre of
gravity

Test model

430mm

mass:6.5 kg Hard urethane mat

S ’ Test model

elevator

» The airframe model is attached to a electromagnetic holder attached
to the crane.

» Release the permanent electromagnetic holder and drop the
fuselage model.

» Video of landing on a hard urethane mat..



Experimental Conditions 15

Experimental Conditions
Initial height h [m] 0.35/0.45
Pitch Angle 6 [deg] -0.6*0.6/-9.3*1.05/-18.4+1.29 /- 26.3=0.56

Ground slope y [deg] 0/2/4/6

wheel rotation Free / Semi-fixed

Semi-fixed

Pitch Angle 0

.

Push the bolt with POM on the wheel.
= Makes it harder to spin the wheel

This document is provided by JAXA.



Experiment : Results 16
X Unstable O Stable
Free Semi-fixed
= 0 mrO—©—o0 O = 0 © © © 0]
g 5 | g 5t
-0 o ©O O O 10 O O |O X
Initial %7 -15 | % -15
height -2 O o, O O E-ZO - O O X X
S 25 | © =25 |
0.35 o X X X = X
[m] o -30 | ' * | L L L o .30 * ] * ] * I !
-1 01 2 3 45 6 7 1 01 2 3 45 6 7

Ground slope y [deg]

Ground slope y [ded]

» At Pitch angle 0 is negatively large, Ground slope is large.
=> Rotation of the wheel [Free] is more stable.




Experiment : Results

X Unstable O Stable
Free Semi-fixed
5 0 FrO—©—0 0|z 0 roT©—0—0
(] _5 | ()] _5
= S,
-0 o ©O O O 10 O ©O O X
Q («})
Initial o 15 S -15 @
height -2 O o o <-20 O o X
L =
035[m] | € 25 X x X \X S -25 %
[ ] 0 _30 | I I | | ] o _30 * * | i
-1 01 2 3 4 5 7 1 2 3 4 5 6

Ground slope y [deg]

Ground slope y [ded]

Here is a video of an experiment under these conditions.

» At Pitch angle 0 is negatively large, Ground slope is large.
=> Rotation of the wheel [Free] is more stable.




Experiment : Results 18

Change in wheel rotation=>fall down resistance changes
Yy =4[deg], h =0.35[m], 6 =-18[deg]

wheel rotation [Free] wheel rotation [Semi-fixed]

Movement changes when the leg on the underside of the slope is grounded

v' [Free] ->Aircraft model slides down the slope and does not fall down
= Stable

v [Semi-fixed] - Rotation of the aircraft model with the fulcrum at the ground

contact point of the leg on the lower side of the slope = Unstable

This document is provided by JAXA.



Simulation of landing on a slope

Rocket geometry in lainding simulation
» Use the same model as with horizontal speed
» Ground slope as a parameter instead of horizontal velocity

» Wheels are not simulated,

Initial conditions of the rocket

-+ [ —p
0 —ue~

Main Body

Center of \\.
i ]

gravity

-~

change the coefficient of friction to static

Landing simulation conditions

Pitch Angle n 4 4 +
o lien | 0/ %5/ %10/ £15/ %20
Ground Slope
(] 0/2/4/6 /8
coefficient of
friction u 0.8/0.5/0.3/0.1/0.01
height h 5 1
[m]

conditions 19




Simulation of landing on a slope : Results 20

° u 0.1 (simulation) u 0.5 (simulation)
s | S 5 0 —6—0—0—0—%
& 5 0 O O O O O S 5F O O O O X
O e 5 0 0 0 O O o _ L
P > -10 OO0 O XX
-10 O O O O O 515 | 0 -0 -0 X X
<150 0 O 0 O g
o £-20 O O O O O £ 20 OO0 O XX
.g E -25 ] 1 ] ] ] E -25 1 1 1 1 1
‘é 05 0 05 1 15 2 25 05 0 05 1 15 2 25
i Ground slope y [ded] Ground slope y [ded]
wheel rotation [Free] wheel rotation [Semi-fixed]
(Experiment) (Experiment)
5 0 Moo o 0o | 0O —©—©° 0
Q _5 . (4] _5 L
S, S
=-10 o ©O O O >-10 O o] o) X
Q Q
= -15 > -15
<-20 + O o O o Z-20 L O (o) X X
€25 rx  x X X ||£25rx 9 x x X
o -30 L 1 | L L L 1 o .30 1 I I I 1 | ]
-1 01 2 3 45 6 7 -1 01 2 3 4 5 6 7
Ground slope y [deq] Ground slope y [deg]

=The same effect as friction force reduction can be achieved by the wheel s s



Summary 21

€ Reduction of frictional force= Effective in improving fall down resistance
& frontleg u: [Low] backleg u: [High]

= Improved fall down resistance + Reduced horizontal movement
€ 2-D drop experiment and simulation of landing on a slope

=The same effect as friction force reduction can be achieved by the wheel



Problems - Future Prospects 22

|.  Adaptation to 3D movement
Wheels attached to landing legs = Need to adapt to 3D movement
4 Example : Omni-Wheel

Mechanism like an omniwheel = Adaptable to 3-D movement

This document is provided by JAXA.



Problems - Future Prospects 23

Il. change the coefficient of friction to dynamic
* Counter-measure for horizontal movement
v Equipped with a mechanism like a brake
v Limits the direction of wheel rotation

Limits the direction of
Mechanism like a brake wheel rotation

brake pad

Rocket Main Body

O

Rotating wheels Wheel rotates only
in the direction of
the arrow





