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Abstract: Vertical landing and recovery of a launch vehicle at sea can further reduce the launch cost of commercial
space-flight, so this paper investigates the issue of reusable launch vehicle landing at sea. A vehicle landing dynamics
model considering mechanism flexibility is established, and vehicle drop tests under various operating conditions are
conducted. By comparing the vehicle drop test, the simulations of the dynamics model are consistent with test results,
and the vehicle landing dynamics model considering the landing mechanism flexibility can simulate the vertical landing
process of the vehicle more effectively than the rigid body dynamics model, which is more meaningful to guide the
design of the reusable vehicle landing mechanism. Based on the vehicle landing dynamics model, a deck motion model
and wind disturbance model are added to simulate the vehicle vertical landing dynamics at sea. The simulation results
show that the sea landing causes the peak acceleration response of the vehicle, the main strut load and the buffer
compression stroke to become larger, and there is a significant decrease in the landing stability of the vehicle.
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0 Introduction

The expended first and second stages of tradi-
tional multistage rockets suffer impact damage upon
uncontrolled terrestrial impact, incurring prohibitive-
ly high refurbishment costs. Effective recovery of
launch vehicle stages presents a critical pathway to
substantially reduce spacecraft launch expendi-
tures'’. Recent successes in booster recovery—Ex-

[2]

emplified by SpaceX’ s Falcon series'” , Starship

Super Heavy boosters"” have catalyzed renewed
momentum in reusable launch vehicle (RLV) de-
velopment.

Concurrently, China’s space sector has entered
a phase of accelerated advancement, wherein reus-

able launch technology constitutes a strategic re-

*Corresponding author, E-mail address : zhm6196(@nuaa.edu.cn.

search priority. Precision vertical soft landing repre-
sents a foundational enabling technology for RLV

reusability'*’

. Within this paradigm, landing impact
attenuation systems perform the essential functions
of mitigating impact loads and ensuring airframe sta-
bilization. However, at present, reusable rockets in
China have not been successfully recovered, and
there is still a long time for China’s RLV technolo-
gy’

Multiple Chinese aerospace institutions have
initiated research efforts and experimental cam-
paigns on landing gear systems, predominantly
adopting deployable leg-type configurations as pri-
mary recovery mechanisms for vertical rocket land-
ings. Consequently, investigating the dynamic re-

sponse of landing legs during the recycling process
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remains imperative for advancing vertical recovery
capabilities.

Lei et al.'”’ designed a two-stage pneumatic-alu-
minum honeycomb shock absorber for a RLLV and
established a corresponding rigid-body landing dy-
namics model. Yue et al.”’ utilized a multidisci-
plinary optimization approach to optimize the design
parameters of a RLV shock absorber and analyzed
its performance. Tian et al.”® designed a novel four-
link landing gear through a single-degree-of-freedom
topological scheme and conducted limit landing sim-
ulations using a rigid-body model. Lei et al.”’ per-
formed multidisciplinary optimization on the geomet-
ric parameters of RLV landing leg mechanisms and
shock absorber parameters, followed by prototype
landing tests on the optimized legs. Blue Origin de-
signed a six-legged landing gear structure'®’ to miti-
gate the impact of single-leg failure. And the New
Glenn rocket successfully completed the sea recov-

" The landing legs of lunar landers

ery mission
share similarities with RLV attenuation mecha-
nisms, making research on lunar lander legs instruc-

tive. Liang et al."*

employed nonlinear finite element
analysis with a cap drucker-prager lunar soil model
to simulate the landing impact of a lunar lander.
Chen et al.""*' investigated the influence of various
parameters on the lunar lander landing process.
Literature review shows that research on RLVs
primarily focuses on terrestrial landing processes.
However, studies concerning vertical landing recov-
ery at sea remain limited. Unlike terrestrial plat-
forms, sea-based platforms, such as barges, pos-
sess constrained deck surface area, imposing strin-
gent requirements on landing precision. Vertical
landing on the ocean surface presents additional chal-
lenges. It demands stricter vehicle attitude control
under dynamic conditions, while complex sea states
including wind, waves, and vessel motion pose sig-
nificant risks to landing stability and recovery suc-
cess. However, sea-based recovery offers distinct
operational advantages. Performing landings on a
sea-based platform obviates the need for a return-to-
launch-site trajectory, thereby conserving propellant
associated  launch

and substantially reducing

costs' ™

!. Therefore, the development of reliable sea-
based landing and recovery technology represents a
critical strategic pathway for enhancing cost efficien-
cy within the commercial aerospace sector ™.

Given this context, this study designs a dedi-
cated landing mechanism for RLVs. A coupled rigid-
flexible dynamics model incorporating the structural
flexibility of landing legs is established. Further-
more, a specialized RLV drop test is constructed to
validate the accuracy of the landing dynamics mod-
el. Leveraging the validated model, sea-landing sim-
ulations are subsequently performed. The simula-
tions specifically investigate the technical feasibility
of utilizing the designed mechanism to achieve sta-
ble vertical recovery for RLVs operating under ma-

rine conditions.

1 Flexible Multibody
Modeling of Reusable Launch

Dynamics

Vehicle Landing Mechanisms

An inverted four-leg landing mechanism is de-
signed in this paper, as shown in Fig.1 and Fig.2.
The mechanism is mainly composed of the main
support struct, pneumatic shell, auxiliary beam,
foot pad and buffer. The structure of the main sup-
port struct is shown in Fig.2, which is mainly com-
posed of three telescopic sleeves and locking mecha-
nism between sleeves. During launch, the main sup-
port strut and buffer are enclosed in a pneumatic
housing to reduce the aerodynamic drag of the vehi-
cle during ascent. Before the rocket lands vertically,
the telescopic sleeve is fully extended, and the lock-
ing mechanism is in a locked state to connect three
sleeves as a whole. During landing, foot pads make
direct contact with the ground and rely on buffers to

absorb energy. The design index of the landing im-

Fully unfold Fully fold
i | Pneumatic
A shell
\V &‘}ffer \\J\ ‘
A~ \

Auxiliary beam Footpad

Fig.1 Overall structure of the four-leg landing mechanism
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Fig.2 Main support strut

pact of the landing mechanism is as follows: The
peak vertical acceleration of the rocket is less than
4g; main support strut load less than 1.8X10° Nj;

maximum stroke of the buffer is 185 mm.

1.1 Force analysis of the landing attenuation

mechanism

1.1.1 Dynamic equations for the buffer pillar
The oleo-pneumatic shocker with a single air
cavity is selected, whose force can be expressed as
Fi=F,+F,+F,+F, (1)
where F, is the oil damping force, F, the total force
on the shock absorber, F, the air spring force, F;
the friction force, and F the structural support force.

The oil damping force can be expressed as

oAﬁsi 3
Loli2 § =0
2Ci AL
F,= ‘Y (2)
—L 5 <0
2Ci A%

where o, is the density of the oil, A, the compressed
oil area, A. the orifice of the compression stroke,
A _ the orifice of the extension stroke, C, the coeffi-
cient of contraction, and S, the stroke of the piston.

The air spring force can be expressed as

1

F,.=A, Poi 7Pz|lm
S (1(1/Ho)sa) )

where H, is the initial air chamber height, P, the ini-
tial air pressure, P, the atmospheric pressure, A,
the area of compressed air, and y the gas change in-
dex.

The friction force inside the buffer mainly con-
siders the friction caused by the piston seal ring, and
its magnitude is

D, D;

= [O~27C/Ur+/11(1+/11)Ar] (4)
1*/1]

T

where fis the friction coefficient between envelope
and sealing ring, D, the outer diameter of sealing
ring, D, the sectional diameter of sealing ring, A the
precompression of sealing ring, /, the elastic modu-

lus of sealing ring, p, the Poisson ratio, and A, the

precompression of sealing ring.

In the state of full extension and full compres-
sion of the buffer, the internal structure constrains
the stroke of the piston, the structural support force

can be expressed as

KS Sa Se\ < Se\()
F5: O Saogsagsamax (5)
Ks(S, = Simw)  Si> Siam

where S, is the initial stroke of the piston, S, ... the
maximum stroke of the piston, and K the contact
stiffness between the piston and the envelope.
1.1.2 Contact force model between footpad and
ground

The impact function model and the coulomb
friction model are used to monitor and solve the in-
teraction force between the footpad and the ground.

d
impact=keg"+ STEP(g,0,0,d...ﬂx,cmx)-d*f (6)

where g is the penetration depth, 4 the spring stiff-
ness, and r the shape index; STEP refers to the
step function; d,,, is the maximum allowable pene-
tration depth, and c¢,,, the maximum damping value
applied at maximum penetration depth.

Coulomb friction force is shown in Eq.(7), and

its function characteristic is illustrated in Fig.3.

F o= pe1mpact
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—H V=,
Ha V=—17,
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Fig.3 Friction coefficient curve
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where p is the friction coefficient, g, the static fric-
tion coefficient, p, the dynamic friction coefficient,
v, the static transition velocity, and v, the dynamic

transition velocity.
1.2 Multi-body dynamics of flexible bodies

In the flexible multibody dynamics model, the
position of any point on a flexible body changes con-
tinuously over time. Consequently, elastic coordi-
nate systems must be employed to describe points
on the flexible body, meaning that the motion of
any arbitrary point on the flexible body comprises
the rigid-body motion of the moving coordinate sys-
tem combined with elastic deformation. For an arbi-
trary point P on the flexible body, its position vec-
tor is given by"'”

r=rot Au(sp+ up) (8)
where r is the spatial position vector of point P in
the inertial coordinate system, r, the spatial position
vector of the floating frame origin in the inertial coor-
dinate system, A j; the direction cosine matrix trans-
forming from floating frame B to inertial frame G,
sp the spatial vector of point P in the floating frame
under undeformed conditions, and up, the relative
deformation vector of the flexible body.

Thus, the velocity vector and acceleration vec-
tor of an arbitrary point P on the flexible body are
given by Eq.(9).

F=rt Alsp+ up)+ A®,q, ©)
F=F 4+ Alsp+ up)+ 2A® .4, + AD,§,
where @, is the assumed modes matrix satisfying
RITZ vector requirements for point P and g¢: the

generalized coordinates of deformation.

The equations of motion for the flexible body
are derived according to Lagrange’s Eq.(10).

T

M§+Mé—;(?; ) E+KE+f,+ZE+

.

dy
(85) A=Q (10)
where &, &, & correspond to the generalized coordi-
nates of the flexible body and their first and second
time derivatives, respectively; M is the mass ma-
trix and M the time derivative of the mass matrix;

K signifies the stiffness matrix, f, the generalized

gravitational force, Z the modal damping matrix.
corresponds to the constraint equations, A the La-
grange multipliers, and Q the generalized force vec-

tor.

1.3 Flexible body dynamics model of landing

buffer mechanism

First, import the digital prototype of the land-
ing mechanism design into Abaqus computer aided
engineering (CAE) and partition the mesh for each
component. Since the foot pad section is an irregular
geometric shape and to improve the computational
efficiency during contact collisions, the foot pad
mesh is set to quadratic tetrahedral elements
(C3D10) , which is shown in Fig.4, while the re-
maining component meshes are set to eight-node lin-
ear hexahedral elements (C3D8R). Second, estab-
lish connection points and constraint conditions be-
tween the components. Third, import the processed
mnf file into ADAMS to set up the dynamic model.
The schematic diagram of the dynamic model is
shown in Fig.5. Set up a rotational joint connection
between the main support struct and the rocket. Set
up a cylindrical joint connection between the main

support struct and the buffer, and add buffer pillar

Fig.4 Finite element model of landing leg

( Six-degree-of-freedom model of rocket ]
( Rotati01|1a1 joint ] | Sphericlal joint ]
( Main suplloort struct |
( Cylindn'lcal joint ] (
[Oleo-pneurllatic buffer |
[
[
[

Auxiliary beam ]

Rotational joint | [ Fixed joint )

l Footpad l )

Conta(!t force )

( Cementl ground )

Fig.5 Landing dynamics modeling block diagram
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forces according to Eq.(1). Set up a rotational joint
connection between the buffer and the footpad, and
add contact forces between the footpad and the
ground according to Eqs.(6—7). Set up a spherical
joint connection between the auxiliary beam and the
rocket. Set up a fixed joint connection between the
auxiliary beam and the footpad.

To optimize computational efficiency while pre-
serving simulation fidelity, the following model re-
ductions are proposed :

(1) The locked three-section telescopic sleeve
assembly is reduced to a monolithic rigid body. Lo-
cal dimensional adjustments are implemented to ap-
proximate the mass distribution and inertial proper-
ties of the physical prototype, ensuring mechanical
equivalence under quasi-static conditions.

(2) Given its negligible contribution to struc-

tural dynamics during landing events, the aerody-
namic shell is excluded from the model. This com-
ponent, composed of lightweight carbon fiber com-
posite material, experiences minimal impact loading
and does not influence the system’s rigid-body kine-
matics. Its removal reduces model complexity and
enhances computational throughput without compro-

mising simulation validity.

2 Drop Test of the Rocket with
Landing Mechanism

To validate the effectiveness of the established
dynamic model for the landing mechanism’s flexible
body, a rocket with the landing mechanism assem-
bly is assembled, and a drop test is conducted. The
parameters of test are shown in Table 1. And the

critical landing conditions are shown in Fig.6.

Table 1 Critical landing conditions

Landing parameter Condition 1 Condition 2 Condition 3
Rocket weight/t 5.2 5.2 5.2
Pitch angle/(") 3
Vertical touchdown velocity/(mes™") 2
Horizontal touchdown velocity/(mes™") 0 0 0
Landing form Simultaneously landing of all legs 1-2-1 272

Ground form

Cement floor

Cement floor Cement floor

Simultaneously
landing of all legs 1-2-1 2-2
1/ \3 101 \3 1/4 ) 1\ 2/3
VL Y Z\ZQ £\
2/4

Fig.6 Schematic diagram of landing form

In reusable rocket recovery operations, vertical
deceleration is achieved through engine throttling
while attitude control is governed by grid-fin actua-
tors. This study employs a drop-test methodology
focused on simulating the free-fall phase to evaluate
landing gear performance. During testing, critical
parameters including vertical acceleration, buffer
stroke displacement and main structural load are in-

strumentally recorded upon ground impact. The ex-

perimental setup features a factory bridge crane ele-
vating the test article to predetermined altitude. A
10 t electromechanical decoupler, as shown in Fig.7,
remotely triggered via tether release, facilitates in-
stantaneous separation between the crane hook and
test vehicle. This configuration achieves terminal ve-
locities emulating actual landing dynamics. Differen-
tial leg-height adjustment enables controlled simula-
tion of asymmetric touchdown scenarios, including
but not limited to: Single-leg-first (1-2-1 condition)
and Dual-leg-synchronous (2-2 condition). Accord-
ing to the law of conservation of energy, the re-
quired height of the rocket from the ground to
achieve the specified vertical velocity at the time of
arrival can be calculated as

H=" (11)

28

where v, is the target vertical velocity at impact and

g gravitational acceleration (9.81 m/s?).
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Bridge crane

Rocket
Unlocking rope

Landing
mechanism

Fig.7 Principle of vehicle drop test

The experimental measurement system con-
sists of four WPS-S cable displacement sensors,
one 1A106 piezoelectric accelerometer and several
strain gauges. Four cable displacement sensors are
installed between the outer tube and the piston rod
of the hydraulic buffer to measure the compression
stroke of the buffer. A unidirectional accelerometer
is installed at the center of the rocket’s top to mea-
sure the acceleration in the direction of the rocket ax-
is during landing. During the rocket’s landing impact
process, it is necessary to measure the load on the
main support column. Using tension and compres-
sion load sensors directly will inevitably damage the
integrity of the buffer support column and increase
the complexity of the mechanism. Therefore, in this
experimental plan, strain gauges are used to mea-
sure the strain of the corresponding structure. Three
strain gauges are uniformly distributed at 120 degree
intervals and pasted at the same height at a certain
position in the middle of each main buffer support
column. The DH8902 dynamic signal measurement
and analysis system from Donghua Company is used
for data collection. The installation positions of each

sensor are shown in Fig.8.

Piezoelectric accelerometer

. ¢
Strain gauge

1

Displacement sensor

Fig.8 General installation diagram of sensors

3 Comparison of Simulation and
Test Results

When the rocket lands with 1-2-1 condition,
the main support struct that first touches the ground
bears the maximum load, and the compression
stroke of the buffer is also the largest. When the
rocket all legs land at the same time, the load on the
four main support columns and the compression
stroke of the buffer are the same. Therefore, by ana-
lyzing the measurement results of the No.l landing
leg (the landing leg that first touches the ground) ,
the difference between the dynamic simulation and
experimental results can be compared to verify the
effectiveness of the dynamic model.

From Table 2, it can be seen that under the
condition of landing with four legs simultaneously,
the vertical acceleration peak of the vehicle is the
maximum, with a flexible body model of 3.06g and
a relative experimental error of 5.15% , while the
rigid body model is 3.26g with a relative experimen-

tal error of 11.2%. Under the landing condition of

Table 2 Comparison of dynamic simulation and test results

Flexible body model  Rigid body model

Condition Data type result (Exror/ %) result (Exror/ %) Test result
Simultaneously ~ Peak vertical acceleration of the vehicle/(mes ?) 3.06g (5.15) 3.26g (11.2) 2.91g
landing of all Maximum load of the main support strut /10° N 1.061 (10.7) 1.121(11.3) 0.988
legs Maximum buffer stroke /mm 93.2 (6.6) 93.3(6.5) 99.8
Peak vertical acceleration of the vehicle/(mes ™) 2.03g (10.6) 2.26g(0.5) 2.27g
1-2-1 Maximum load of the main support strut /10° N 1.141 (1) 1.226 (10.7) 0.115
Maximum buffer stroke /mm 121.5(5) 121.7 (4.9) 127.9
Peak vertical acceleration of the vehicle/(mes ?) 2.75g (6.8) 3.26g (11.1) 2.95g
2-2 Maximum load of the main support strut /10° N 1.106 (3.1) 1.203 (10.5) 1.141
Maximum buffer stroke /mm 114.0 (4.9) 114.2 (4.8) 119.9
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1-2-1, the main support column bears the maximum
load, with a flexible body model of 1.141X10° N
and a relative experimental error of 1%, while the
rigid body model is 1.226 X 10° N with a relative ex-
perimental error of 10.7%. At the same time, un-
der the 1-2-1 landing condition, the compression
stroke of the buffer is also the maximum, with a
flexible body model of 121.5 mm and a relative ex-
perimental error of 5% , while the rigid body model
is 121.7 mm with a relative experimental error of
4.9%.

From Figs.(9—11), it can be seen that the ver-
tical acceleration of the rocket and the load on the
main support column of the dynamic model undergo
a sudden change at the moment of landing, while in
the experiment, the change is relatively slow and ac-

companied by small vibrations. The main reason for

this phenomenon is that rigid connections between
components in the dynamic model lack the nonlinear
contact between components. However, compared
to the rigid body model, the flexible body model has
flexible deformation and structural damping of the
landing legs. The peak values of the vertical acceler-
ation of the rocket and the load on the main support
column are smaller and change more smoothly at
the moment of contact with the ground, which is
more consistent with the results of the drop shock
test. During the landing process of the rocket, the
gas in the buffer is compressed with a non-steady -
state gas polytropic exponent, and the friction of the
foot pad is different between dynamic simulation
and experiment. Therefore, there are errors in the
angle between the main support column of the land-

ing leg and the rocket when the rocket stabilizes and

— ol — Flexibility 120 000 — Flexibility 140 — Flexibility
2 30000F ., - - -Rigidity 100 000 - - -Rigidity 120+ - - -Rigidity
---Test 100
20 000 z 80 000 g
= S 60000} = 80
'§ e % 40 000 % 60
g 0 = Z 40
° 20 000
£-10000 ‘ 20
< 0 p— 0
_20 000 1 1 1 1 1 1 1 1
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Time /s Time /s Time /s
(a) Vertical acceleration of rocket (b) Load of the No.1 main support struct (c) Stroke of No.1 buffer
Fig.9 Vehicle impact response under simultaneously landing of all legs
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Fig.10  Vehicle impact response under 1-2-1 condition
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Fig.11 Vehicle impact response under 2-2 condition
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stops in the dynamic simulation and the experiment.
Therefore, there is about a 10% error in the com-
pression stroke of the buffer when the rocket is bal-

anced, which is considered reasonable.

4 Simulation of Vehicle Vertical

Sea-Based Landing

When studying the problems of carrier-based
aircraft and sea landing, the ship’s motion caused
by wind and waves, i.e. deck motion, is usually en-
countered. Deck motion includes linear motion in
three directions: Heave, sway, and surge, as well
as rotational motion in three directions: Roll, pitch,
and yaw. The direction of deck motion is shown in
Fig.12. When studying the landing problem, the am-
plitude of the ship’s sway, heave, and yaw motion is
very small, and the impact on the landing is small.
Therefore, only the pitch, roll and heave motion
are usually considered "', Compared with carrier-
based aircraft landing, during the landing process of
the spacecraft, the recovery barge is not in a for-

ward state!!”

and the carrier does not have the pro-
cess of sliding along the deck, that is, the x and z di-
rections are not distinguished on the horizontal

81 Therefore, in the vertical landing simula-

plane
tion of the rocket on the sea, only the heave motion
of the deck and the pitch motion in the direction of

the rocket’s tilt are considered.

y

Fig.12 Schematic diagram of the deck motion with 6 degree

of freedoms

4.1 Deck motion model based on power spec-

trum

In recent years, deck motion has been exten-

sively studied both domestically and abroad. There

are two common models for deck motion, one

based on a deterministic model using trigonometric

[19]

functions'”’ and the other based on a stochastic mod-

1 The second modeling

method is more in line with actual ship motion'*!",

el using power spectra

so the stochastic model based on power spectra for
deck motion modeling is adapted in this paper.

In the stochastic process theory, a stochastic
process can be considered stationary when the trig-
ger conditions of a random phenomenon do not go
through significant changes for a certain period of
time. During the vehicle landing at sea, the mass
and moment of inertia of the recovery barge are
large, and the landing process is short, so the mo-
tion of the recovery barge can be regarded as a sta-
tionary stochastic process. For this stationary sto-
chastic process, the recovery barge’ s heave dis-
placement and pitch angle can be generated using

1221 " as shown in

white noise through a shaping filter
Fig.13. Referring to the heave and pitch motion of
the US Essex aircraft carrier in sea state 5%, the

transfer function of the filter can be calculated as

Ar 0.3545(s 4 0.04)

WN (2 0.165 + 0.42)(5* + 0.225 4 0.55)
(12)

Ag 0.005 83s

WN (524 0.225+0.552)( 52+ 0.384s + 0.64?)
(13)

where WN denotes the white noise.

Heave /m
l\l) S N B
%

10 15 20 25 30 35 40
Time /s

o
wn

Pitching angle / (*)
oo
o O O
wn O© W

Fig.13 Deck motion trajectory diagram

4.2 Wind disturbance model of the vehicle at sea

During launch vehicle operation, the signifi-
cantly larger dimensions of the rocket body com-
pared to the landing legs necessitate calculating sole-

ly the aerodynamic forces acting on the rocket body
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under crosswind conditions. This research employs
the Euler equations to solve unsteady inviscid flow.
Computational results demonstrate that employing
the Euler equations yields minimal deviation from
Navier-Stokes solutions while achieving high-preci-
sion aerodynamic force/moment coefficients. The
method significantly enhances computational effi-
ciency through accelerated convergence rates. The
FlowCart solver within Cart3D software is utilized
with central differencing scheme for Euler equation
discretization and explicit temporal advancement via
4 order Runge-Kutta method. Finally, comprehen-
sive rocket body flow field solution is obtained'*'.

The Euler equation®” has the form in
d d Q2
By ory

=0 14
Jr  dx (14)

ay
where B is the conserved variable, while y and £

denote fluxes.

0 ou 0ov
ou pu’+p ouv
= Y = = ) (15)
B ov 4 puv v+ p
E (E+plv (E+plv

where u and v are the velocities in the x and y direc-
tions; o is the fluid density, p the fluid pressure,
and E the internal energy of the fluid. When solving
the flow domain, its boundary is divided into two re-
gions, namely

r=r.+ry (16)
where I'_ represents the far-field boundary and Iy
the body surface boundary. Assuming the free

stream at infinity is undisturbed as

p.=1

o[
Ma.. «sina

p-=1

In the Eq.(14), p.. and p.. are the free-stream
density and pressure, serving as non-dimensional
parameters. v.. is the free-stream velocity, Ma..
the free-stream Mach number, and «a the free-stream
angle of attack. The aerodynamic force coefficients
and moment coefficients of the rocket under 5-level
crosswind (10 m/s) are computed using Cart3D, as

shown in Fig.14.

Lateral force
coefficient

2 4 6
Pitching angle / (*)

Pitching moment
coefficient
Sommibh 202202
S N O wmO S =Wk

(=]

Fig.14 Aerodynamic force and moment coefficient curves

of rocket

The aerodynamic force and moment induced by
crosswind are given by
F=Cy+q..*S
- qq s (18)
where F' and m denote the aerodynamic force and
moment; Cy is the aerodynamic force coefficient,
C, the moment coefficient, ¢.. the dynamic pres-
sure, and L the reference length; S corresponds to

the reference area.
4.3 Criteria for vehicle landing stability

During the vehicle landing at sea, the recovery
barge experiences heave and sway motions due to
the wave, which can cause excessive rocking of the
landing process or even serious accidents such as
capsizing. Therefore, the stability of rocket landing
is crucial for its sea landing and recovery.

To determine the stability of rocket landing,
the distance from the arrow’s center of gravity to the
stability boundary is used as the stability criterion.
First, the adjacent pad centers are connected by a
straight line, and a vertical plane passing through
this line is set up. Four vertical planes generated by
four pads are the stability boundaries in the rocket

landing process, as shown in Fig.15.

Footpad 1 Footpad 2

Center jof mass

D,

—r Footpad 3 ]

(a) Quantitative criterion for
landing stability

Fig.15 Stability boundary of the vehicle

Footpad 4

(b) Horizontal projection
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Therefore, the quantitative criterion for land-
ing stability is defined as the minimum distance from
the horizontal projection of the rocket’ s center of
mass to the four stability boundary planes *’, denot-
ed as D=min(D,, D,, D, D,). Here, D, can be

expressed as

_ 2Ly (Lp—a ) (Lp—a,)(Ly,—c¢)
C

D, (19)

1,D=%<al+az+c> (20)

The curves of the stability criterion obtained
from landing simulations under three operational
conditions in Chapter 3 are shown in Fig.16. From
Fig.16, it can be seen that the stability of the rocket
landing under the three conditions is good, with no
risk of capsizing during land-based landing. Com-
pared with the other two landing forms, the 1-2-1
landing form has the smallest stability margin,
which means that the center of gravity of the rocket
is closest to the stability boundary in this condition
and 1s most likely to capsize. Therefore, the 1-2-1
landing condition is chosen for the sea vertical land-

ing simulation of the rocket.
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Fig.16 Vehicle landing stability curves under three operat-

ing conditions

4.4 Simulation of the vehicle sea-based landing

under dangerous condition

Since the mass and moment of inertia of the re-
covery barge are far greater than those of the rocket,
the influence of the rocket landing on the attitude of
the recovery barge during the landing process is ig-
nored. Based on the flexible-body model of the land-
ing mechanism described earlier, a power spectrum-
based deck motion model and a wind disturbance
model based on Euler’s equations are added to sim-
ulate sea~based 1-2-1 landing. From Fig.17, it can

be seen that due to the deck motion, the maximum
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Fig.17 Sea landing simulation results under 1-2-1 condition
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load on the landing main strut of the rocket increases
to 1.28X10° N, which is 12.3% higher than that
during land-based landing. At this time, the vertical
acceleration of the rocket reaches a maximum of
2.36g, and the maximum compression stroke of the
buffer reaches 137 mm, which is 12.8% higher than
that during land-based landing. At the same time,
the deck motion significantly reduces the landing sta-
bility of the rocket, but the outward-folding landing
mechanism designed in this study has high stability
redundancy. Even when the deck motion is most se-
vere, the distance between the center of mass of the
rocket and the stability boundary is still 2.4 m, and

there is no risk of capsizing.

5 Conclusions

(1) Compared to rigid-body models, the multi-
body dynamic model considering landing mecha-
nism flexibility more accurately simulates rocket
landing. In drop impact tests, prediction errors of
the flexible-body model for the peak vertical acceler-
ation of the rocket body, main strut loads, and buf-
fer compression strokes (average 5%—10% ) are
significantly lower than those of the rigid-body mod-
el (average 10%—12%) , aligning more closely
with experimental results.

(2) Deck motion (heave and pitch) caused by
waves on the sea recovery platform, combined with
wind disturbance, exacerbates landing dynamic re-
sponses. Compared to land-based landings, peak
vertical acceleration of the rocket body increases by
12.3%. Main strut loads increase by 12.8% . Buffer
compression strokes increase by 12.8% . Concurrent-
ly, the stability margin significantly decreases, with
the minimum distance from the center of gravity to
the stability boundary reduced to 2.4 m.

(3) The designed inverted four-leg landing
mechanism maintains redundant stability even under
extreme sea conditions (Sea state 5). Employing
the most stability-challenging, 1-2-1 landing form
(single leg first contact) , the minimum distance
from the rocket body’ s center of gravity to the sta-
bility boundary remains 2.4 m, eliminating the risk

of overturning.
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