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Abstract This paper presents the network-based
modeling, validation and analysis of the nonlinear
liquid spring damper model under vertical landing
conditions of reusable launch vehicle. The impedance
function of damper model is derived first. Then, its
mechanical and hydraulic networks are newly estab-
lished based on the hydro-mechanical analogy and
network-based analysis. By comparing the networks
between the corresponding symmetric and asymmetric
structures, the meaning of each branch in the network
is elucidated. After that, the validity of the network-
based model for the liquid spring damper is confirmed
by comparison against the experimentally verified
nonlinear model in both frequency and time domain.
The force and energy absorption characteristics of the
damper model are further decomposed, and,

S. Yue - Z. Li - C. Wu - Z. Du

School of Mechanical Engineering, Nanjing University of
Science and Technology, Nanjing 210094, China

e-mail: yueshuai @njust.edu.cn

Z. Li
e-mail: lizhigian @njust.edu.cn

C. Wu
e-mail: web@njust.edu.cn

Z. Du
e-mail: duzhonghua@aliyun.com

B. Titurus (X))

Department of Aerospace Engineering, University of
Bristol, Bristol University Walk, BS8 1TR, UK
e-mail: brano.titurus @bristol.ac.uk

specifically, the influence of the orifice area and
orifice length on the attenuation performance is
studied. The results show that the network-based
model provides predictions consistent with those
generated by the nonlinear model. The main discrep-
ancy is attributed to the inaccuracy caused by the
equivalent fluid bulk modulus. The network-based
analysis indicates that the orifice area mainly influ-
ences the damping force in the network, which further
affects the loads and efficiency of the damper. The
orifice length mainly influences the inertia force in the
network, which should be limited to a small value. The
proposed novel interpretation of the damper models
and responses under impact conditions constitutes a
framework suitable for systematic design of typically
highly nonlinear landing systems in reusable launch
vehicles.

Keywords Liquid spring damper - Reusable Launch
Vehicle - Landing system - Impact - Network model

1 Introduction

Due to the anticipated flight cost reduction and an
increase in launch flexibility to be brought by the
vertically landing reusable launch vehicle (RLV)
technologies, many organizations consider them to
be a promising mode of space transportation [1]. For
these RLVs, the touchdown event is the final step for
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their recovery which closely influences the success of
the whole mission [2]. The liquid spring dampers are
commonly used in RLV landing systems to attenuate
the touchdown impact due to their compact structure,
light weight, high reliability, and reusability [3].
Consequently, it is necessary to study the buffering
characteristics and influence of the key parameters on
the resultant forces and energy absorption of liquid
spring dampers and other related devices.

Many researchers have conducted theoretical and
experimental analysis of liquid-based dampers used in
landers or other vehicles. Welsh [4] analyzed the
dynamic characteristics of a helicopter hydraulic
damper with the gas chamber and spring-assisted
valve under low and high frequency excitation using
simulations and tests. Raja et al. [5] developed a liquid
spring damper with high spring rate for a vehicle
suspension system. In that work, a fluid-based numer-
ical model was proposed to predict performance of the
system at different conditions. Yue et al. [6] designed a
novel landing system for the landers using double-
chamber and single-chamber hydraulic dampers in the
primary and auxiliary struts, respectively. The
dynamic models were established, and their buffering
performance was analyzed under the critical landing
conditions numerically and experimentally. Choi et al.
[7, 8] developed the design-focused analysis and
control of adaptive magnetorheological hydraulic
dampers to enable adaptive shock mitigation in a
lightweight helicopter. A mathematical model was
established to obtain the time-domain landing
responses under impact conditions. Wang et al. [9]
proposed an adaptive landing system with liquid-
based dampers for an RLV, and its model was also
implemented. Both, the influence of the structural
flexibility and friction on the landing performance was
analyzed. Lei et al. [10] established the dynamic
model of a single chamber hydraulic damper used in
the RLV landing legs. The design parameters were
then optimized to reduce the maximum acceleration
and strut force based on the dynamic model. Gan also
performed the analysis and optimization design of an
oleo-pneumatic landing gear to tune the resulting
damping force [11]. The above research mainly
focused on building nonlinear dynamic models of
the landing suspension systems to analyze their
dynamic performance in the time domain. More
focused analysis and interpretation of the force
generation and energy absorption mechanisms, as
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well as their links to the device architecture, have been
typically omitted.

To enable analysis of the liquid spring damper
attenuation characteristics in the frequency and time
domains, the network analysis concepts are used in
this paper. This approach was originally applied to
design the electrical circuits with the required
impedance characteristics by constructing and then
modifying their network diagrams. In recent years,
with the introduction of the inerter component leading
to the full analogy between the electrical and other
physical domains, including a hydraulic one, the
passive network synthesis concepts were made appli-
cable for the design and analysis of liquid-based
dampers [12]. Some researchers studied the dampers
based on this approach and furthered the idea of the
equivalent mechanical networks. For instance, Hu
et al. [13] used six selected passive mechanical
networks to conduct analysis of the vehicle suspension
system by balancing the ride comfort, suspension
stroke and tire grip ability with multi-objective
optimization method [14, 15]. Shen et al. [16]
designed a vibration mitigation approach for vehicles
based on a selected spring-damping-inerter (ISD)
network configuration. The damping characteristics of
the network were then analyzed in the frequency
domain, and validity of the model was verified through
a 1/4 vehicle vibration experiment. Giaralis [17]
applied the mechanical network approach to develop
the wind-resistant vibration mitigation in buildings.
The analytical solution of the dynamic responses was
deduced, and vibration performance under the differ-
ent frequencies and peak wind loads was studied. The
accuracy of the network representation was then
verified experimentally. Li et al. [18] studied and
optimized the aircraft landing performance using a
range of candidate shock absorber designs represented
by their corresponding mechanical networks.

Some researchers used the domain analogies to
establish the equivalent mechanical networks from the
underlying hydraulic damper networks aiming to
study their predictive potential and basic damping
characteristics. For example, Swift et al. [19] built the
dynamic model of the liquid damper with a helical
tube and then proposed its corresponding hydraulic
and equivalent mechanical networks. The validity of
these models was verified using the harmonic vibra-
tion tests. The energy absorption characteristics and
their frequency dependence under the different fluid
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bulk modulus values were also analyzed. Dario et al.
[20] established the mechanical and hydraulic net-
works of a liquid-based damper design used in
buildings and optimized the buffering parameters
present in the network. Liu et al. [21] built the dynamic
model of a symmetric double-rod hydraulic damper
while taking into consideration the liquid elastic,
inertial and nonlinear frictional effects. The equivalent
mechanical and underlying hydraulic damper net-
works were then deduced. The device network topol-
ogy was investigated highlighting the relationship
between the damper parameters and characteristics.
Traditionally, the verification of the established net-
work was completed through a range of quasi-static
and dynamic tests. Liu et al. [22] completed investi-
gations of the mechanical and hydraulic networks for
multiple liquid damper designs. In particular, the
correlation between the elements from the equivalent
mechanical and underlying hydraulic network was
elaborated. The network parameters were identified
from the dynamic tests under the range of conditions,
and predictive potential of the proposed network was
experimentally shown by studying the magnitude-
frequency and phase-frequency transfer characteris-
tics. It can be concluded from the above research that
the key in establishing a reliable network representa-
tion is to determine the topology and then coefficients
of the equivalent spring, damping and inerter ele-
ments. Once the equivalent mechanical network is
established, the next typical step in network analysis is
optimal vibration damping or absorption system
redesign with the prescribed degree of increased
system complexity, e.g., in terms of the number of
additional components. However, the equivalent net-
work models can also be used in other way. This work
introduces an alternative and novel point of view
where the equivalent network model is used to focus
the investigation on the performance characteristics of
either realized or realizable damping systems, their
interpretation and analysis of the contributing factors
or constituent elements. This is done to improve
understanding of the device when in operation. Here,
the construction of the network model is an initial
enabling step which supports further analysis. Having
established this model opens new routes to the analysis
of the factors contributing to the produced shock
absorbing forces and temporal evolution of the energy
absorption in the system. The main advantage of this
approach, compared to the classical strategy which

uses the overall and integral measures such as the total
forces or energys, is the ability to interpret the origins of
the responses at their fundamental source level. The
proposed process is illustrated through the study of the
previously validated nonlinear landing system model
with the added challenge arising from the presence of
an asymmetric piston. The broad contributions of this
work therefore cover the methodology to investigate
the shock absorbing systems in highly transient
conditions and the development and analysis of the
equivalent mechanical network model of the previ-
ously unexplored liquid spring system with an asym-
metric piston.

The network-based methodology is used to derive
the impedance function of the linear liquid spring
damper based on the previously developed and
experimentally verified nonlinear model [23]. The
mechanical and hydraulic network representations of
the damper are then established using the hydro-
mechanical analogy, with the physical meaning of
each branch in the network explained. The validity of
the equivalent network-based model is further con-
firmed by its comparison with the original nonlinear
model in the frequency and time domains. After that,
the transient force and energy absorption characteris-
tics of the damper are decomposed in the time domain.
This leads to the novel insights and a way of analyzing
the spring, damping and inertial forces separately
under highly transient conditions. The influence of the
orifice area and orifice length on the attenuation
performance is studied with the aim to further
optimize the damping and inertial factors in the future
damping device architectures.

In summary, to rationalize the design and analysis
of nonlinear liquid-based damping devices which
operate in highly transient conditions, this paper
proposes a new methodology to investigate their
shock-absorbing characteristics. Within this context,
the contributions of this work are summarized as
follows: (1) the introduction of the new methodology
where a piecewise linear equivalent mechanical
network model with the time-invariant topology is
used to perform the component-based response force
and energy absorption analysis; (2) the development
and validation of an equivalent network model of the
liquid spring damper with asymmetric piston followed
by its functional and performance analysis based on
the proposed component-based analysis; (3) the
application of the methodology in the analysis of the
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influence of the primary flow restrictor design param-
eters on the shock absorbing qualities of the investi-
gated liquid spring damper.

The paper is organized as follows: Sect. 1 presents
an overview of the relevant research and the main
contributions of this work. Section 2 provides the
deduction of the equivalent mechanical and hydraulic
network for the liquid spring damper. Section 3
contains the parameter identification and validation
of the damper network model and landing impact
model. Section 4 investigates the composition of the
damper force and absorbed energy under the landing
conditions. Section 5 concludes this research with
analysis of the selected network-based model
parameters.

2 Equivalent liquid spring damper network
2.1 Working principle and nonlinear model

The overall configuration of the chosen RLV landing
system is shown in Fig. 1. The structure of this
retractable four-legged landing system is inspired by
the existing design [24]. Each landing leg includes the
main strut and auxiliary strut. The main strut consists
of the four deployable cylinders and one liquid spring
damper for energy absorption. The footpad is mounted
at the lower end of the auxiliary strut and is in direct
contact with the ground during the touchdown.
Before this, four deployable cylinders are unfolded
using the pneumatic control system until they reach
the locking position. The liquid spring dampers,
located at the lower end of the main struts, are
responsible for dissipation of the landing energy. The

Main body

Main strut

Auxiliary strut

Footpad g

Fig. 1 Overall configuration of the RLV landing system
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. ;; Liquid spring damper

Outer cylinder

composition of the considered damper is shown in
Fig. 1. The damper mainly includes the outer cylinder,
piston, piston rod and sealing components. The piston
rod is connected to the deployable pneumatically
controlled strut cylinders, and the main (outer) damper
cylinder is attached to the auxiliary strut through a
spherical joint. When the piston rod compresses, the
fluid flows from the lower chamber to the upper
chamber, which generates the pressure difference
between the two chambers [25, 26]. This process
converts a significant proportion of the landing energy
into heat. Besides this, with increasing compression
stroke, the piston rod causes reduction of the total
volume of the working chambers and further com-
presses the fluid. Therefore, the fluid, which is a type
of highly compressible dimethyl silicone oil, generates
the elastic effects as well. The friction effects due to
the sealing components should also be considered
during a full working cycle of the damper.

Based on the authors’ previous work [23], the three-
state lumped parameter damper model, which was
verified experimentally, can be represented by the
following set of three first-order nonlinear ordinary
differential equations:

dP B
=21 (AP,1vh - p;Vg : Qo)

dr v )
Vg'Qa) (1)

dP, B, Pa
el

EPARTA ( p2Vh + S
Fh :AP,IPI —Apy2P2+Ff

where, respectively, P, and P, are the pressures of the
upper and lower damper chamber; V; and V, are the
volumes of the upper and lower chamber; B; and B,
are the fluid bulk moduli of the upper and lower
chamber; Ap; and Ap, are the wetted piston areas in

Piston rod

Seal component

Upper chamber

Piston 7]

Orifice

Lower chamber
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the upper and lower chamber; x;, and v;, are the piston
stroke and velocity; p, and p, are the densities of the
upper and lower chamber, p,,, is the average density
of the two chambers; Q, is the volumetric fluid flow
rate through the orifice; Fris the damper friction force,
F;, is the damper force obtained from the piston rod
force analysis. It should be noted that the explicit form
of the liquid flow rate model is discussed in detail in
Ref. [23].

To enable initial linear analysis, the above model is
considered with the constant coefficients relative to
the initial working conditions of the chamber pres-
sures and fluid flow rate. Thus, the equivalent
mechanical, as well as underlying hydraulic networks,
can be formed and the corresponding solution proce-
dure developed. This approach sets the framework for
the subsequent force decomposition analysis and
parameter influence analysis.

2.2 Linear damper model and its equivalent
mechanical network

To facilitate the application of the network as well as
classical frequency domain analysis methods during
the transient landing conditions, the nonlinear model
in Eq. (1) is initially simplified by the following
assumption: The relations between the flow rates and
pressure drops in the damper are assumed to be linear,
and the bulk modulus and the volume of each chamber
are assumed to be constant in this section. Further, to
provide a complete description of this model, a
particular pressure-flow model is also assumed here
where the liquid flow inertia /;, and resistance R;, are
included in their commonly accepted linear form [23].
This model can be written as follows:

Py =By (AP,l Xn —(Paver/ P1L) QfL) /Vi
Py =B, (—AP,z Xne +(Paver/ Par) QfL) /Vi (2)

On = (PiL — P — Ru Op) /1

where By, Vi, Ry, pig, por and p,, are taken as
constants in the linear model; x;,;, is the damper stroke
of the linear model; I, and R;, are the inertance and
resistance of fluid in the orifice, respectively; Qy is the
volumetric fluid flow rate through the orifice in the
linear model. The inertia of the piston is neglected
because of its comparatively low value. Using the
Laplace transformation with the initial pressure and
flow rate set as the atmospheric pressure P, and zero
in the simulation, respectively, the liquid spring
damper model can be written as:

sPi, — P =By (AP,l - SXpL — Paver/ P11+ @)/VL
sPy — Pao = By, (—Am “SXhL + Payer/ Par - é;)/ Vi
sQZ — 0o = (F; — Py — RhLé,Z) /I

(3)

where P79 and P,;o are the reference or initial
pressures of the lower and upper chamber, respec-
tively; Qg o is the initial flow rate, which is 0 before the

damper compression; s is a complex variable. (g)\
represents the Laplace transformation of the respec-
tive states and of the piston motion function. By joint
solution of the linear system from Eq. (3) and the
damper force model F),, from Eq. (1), the following
relationship between the overall damper force and the
relative velocity between the damper attachment ends
(terminals) is derived:
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Fp=Ap, (PIL - ?m) —AP,2(P2L - Z;m> +Fr = (

_ BuBay (ApipiL —Ap2apar) (Ap1 —Ap2)

N

+ ky

kl b]S+C1 ) 1;\ @

b]S2 “+ 1 +k2

b Viep1.Bar + Varpa Bir
ky = (Ap1B1LVar + ApaBor Vi) (Ap1B1LVarpar + ApaBorVipir) “
VieVar(ViepiBor + VarpyBir)
by=1- PiLPar (ApiBiLVar + ApaBorViL) (AP,lBlLVZLszz +Ap2BoViLpir)
Paver. (ViLp1Bar + Varpy Bir)
¢l =Ry PP (Ap1BiVar +Ap2BarVin) (ApiBiLVarpsr + ApaBarViepir)
Paver. (ViLpi Bar + V2LP2LBIL)2
where Fio = A1(P120 — Pam) — A2(Pazo — Pam)s

which represents the reference or initial damper force

due to the pressurized fluid. f’; is the Laplace
transformation of the friction force. From the above
equations, the parameters k; and k,, whose physical
units are N/m, represent the damper stiffness charac-
teristics. The parameters b; and c;, whose physical
units are kg and Ns/m, represent the liquid flow inertia
and damping characteristics, respectively.

To identify the underlying structure of the equiv-
alent mechanical network, based on Eq. (4), the
impedance function [12] of the linear liquid spring
damper is expressed further as follows:

‘F/

Vi | —3

Vi

]

Ve/ Vi) Ve/Vb

(a) asymmetric structure (b) symmetric structure

Fig. 2 The equivalent mechanical network of the linear liquid
spring damper model
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bis+c ) 7’; Fro

Fr [k LB,

W \s 2b1s2 415 + ky Vi Vh-S
k 1 F, F
=—+ +2L+ 2 (5)

s slka+1/(bis+c1) Vi S
:f/;Jrff;Jrl/V;_’_ Fpo
Vi Vi S

On the basis of Eq. (5), the corresponding equiv-
alent mechanical network of this liquid spring damper
can be obtained as shown in Fig. 2. It can be seen that
there are four main branches in the network which
constitute the load paths for the forces Fy,y, Fjo, Fio
and F}. In the following, these labels denote both the
forces and the branches through which they flow. The
reference or initial force branch (F,) is connected in
parallel with the other branches. The Fj,; branch
contains a spring element with the spring coefficient
ki. In the Fj, branch, a damping element c¢; is in
parallel with an inerter element by, both of which are in
series with a spring element k,. Since the friction force
is mainly caused by the contact between the piston rod
and cylinder seals, the friction branch (Fy) is consid-
ered in parallel with all other branches.

The vy, v, and v, in Fig. 2a represent the relative
terminal velocities of the spring, damper and inerter in
the F;, branch, respectively. The relationship between
Via, Ves Vp and vy, can be written as:

_ bis®> +cis
bis? +ci1s+ky

(6)

Vb = Ve = Vi — Via. (7)
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To clarify the physical significance of the Fj,
branch, the coefficient of the spring element & in this
branch is simplified with the assumption that the fluid
bulk modulus and density of both working chambers
are equal (that is By, = Byy = B, p; = po = p). The
simplified coefficient k; can be written as:

__ B(Apy —App)

k) = - (Ap1 —Apy). 8
1 Vi & VoL (Ap,1 P2) (8)

Because the expression (Ap; —Ap2)/(Vie + Var)
represents the volumetric strain of the liquid spring
damper with a unit stroke, based on the definition of
the fluid bulk modulus [27], B(Ap1 —App)/(Vie +
V,1) is the chamber pressure change with a unit stroke
under the quasi-static loading conditions. Therefore,
the coefficient k; can be interpreted as the stiffness of
the quasi-static spring force which is experienced
when engaging the asymmetric liquid spring damper
quasi-statically. This can also be confirmed by
observing that k; = 0 when the liquid spring damper
has a symmetric double rod cylinder (Ap; = Ap>.
= A), which can be taken as an extreme design
condition.

To better interpret the other components within the
configuration, the network of the corresponding sym-
metric damper design is established and shown in
Fig. 2b. The coefficients of the elements of the
symmetric structure can also be obtained based on
Eq. (4), and the assumption of the equivalent bulk
modulus and density for both working chambers is
also applied here:

A A
kys = (— + —)BA, by = IhA27 Cis = RhLAZ (9)
Vi Va

N prvi

(a) asymmetric structure (b) symmetric structure

Fig. 3 The hydraulic network of the liquid spring damper

where A is the wetted piston area of the symmetric
double rod cylinder; the subscript s represents the
symmetric structure. Based on Eq. (9), k,, represents
the sum of the effective stiffness due to the upper and
lower chambers in parallel generated by the fluid
during the transient conditions. The damping force F
and inertial force F, in the F,,, branch are determined
by the flow restriction and inertance characteristics of
the orifice, respectively. Through similar reasoning,
the spring k, in the network of the asymmetric liquid
spring damper represents the fluid transient compres-
sion, and the damping force F. and inertial force F,, are
related to the orifice properties.

The hydro-mechanical analogy [28] can now be
used to develop the corresponding hydraulic network
which links every mechanical component directly to
its hydraulic counterpart. It should be noted that the
F0 and Fybranches are omitted from this process. This
is because the Fj is generated by the initial chamber
pressure and the Fris generated through the mechan-
ical interface interactions, both of which have no
relationship with the liquid flows in the hydraulic
network. According to the analogy, the damper force
(Fy) corresponds to the pressure difference (AP) and
the relative terminal velocity (v,) is equivalent to the
total flow rate (Q). Due to the asymmetric configura-
tion of the liquid spring damper, the average area of
the upper and lower chamber (Ap; 4+ Ap)/2is chosen
to establish the relationship between the two domains.
The relations between the two sets variables are
obtained by introducing the following definitions:

(Apy +Ap2)AP
2

I
(Ap1+Apy)

Substituting Egs. (10) and (11) in Eq. (5) and
excluding Fj,o and F}, the relationship between Q and
AP is obtained as:

Fy = (10)

(11)

vy =

~

_ |
AP — -
(Cnls ot 1/ (s +Rn)> 0

(Ap1 +Aps)* Co— (Ap1 +Aps)*
4k, » 4y
401 4b1

RnL = 2 In =
(Ap1 +Ap2) (Apy +Ap2)

Cnl = ) (12)

where AP and Q are the fluid-domain and network-
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specific pressure difference and total flow rate
between the chambers, respectively, which will be
more closely interpreted in subsequent discussion; C,;
and C,, are the hydraulic compliances, R,; and I, are
the hydraulic resistance and inertance, respectively.
The hydraulic network of the liquid spring damper
with asymmetric structure can be thus attained, which
is shown in Fig. 3a. The relationship between the flow
rate, pressure difference of each element in the
hydraulic network and the corresponding force,
velocity in the mechanical network can be written as:

Vi (Ap1 +Ap2) v (Apy +Ap2)

Q = ) ) Ql - ) 5 Q2
_ Ve (Ap1 +Ap2) _ V- (Ap1 +Ap2)
2 2
(13)
2F, 2F
Ap = , = , A
P Ap1+Aps P Ap1 +App Pe2
2Fy
— Ap,+ Api = 14
P P Ap1+App (14)

where Q; and Q; are the flow rates of the two branches
in Fig. 3a, respectively; AP.; and AP, are the
pressures of C,,; and C,,, respectively.

Similarly, the hydraulic network for the liquid
spring damper with symmetric structure can be
obtained, which is shown in Fig. 3b. In this figure,
the hydraulic compliance C,; is removed from the
hydraulic network due to the equivalent area of both
working chambers. Then, the relationship between the

980

J upper chamber
975 A

- - - lower chamber

970 +

965 4

960 +

density (kg/m®)

el

3

“w
1

950 1l

945 X

940 T T T T 1
0.0 0.2 04 . 0.6 0.8 1.0
time (s)

(a)

hydraulic network elements and equivalent mechan-
ical network elements can be simplified as:

Os=vn-A, Qis=vio- A, Qs =Vve A=W - A
(15)

Apx - APCZS - Aprs + Apis - % (16)

When Ap; = Ap, (symmetric structure), it can be
seen that the pressure and flow rate in Fig. 3b have
clear physical meaning based on Egs. (15) and (16). Oy
represents the total flow rate between the upper and
lower chambers. It is separated into the transient-
compression-related flow (Q;,) and orifice-related
flow (Q,,) components. AP, or AP is the pressure
difference between the chambers. AP; (or AP.y)
consists of AP,; and AP;; which represent the pressure
difference through the orifice caused by the flow
resistance associated with the fluid viscosity and
inertance associated with the fluid mass, respectively.
When Ap | # Ap, (asymmetric structure), the addi-
tional component of the hydraulic compliance (C,,;) is
present in Fig. 3a due to the asymmetric design. AP
and Q for this asymmetric structure do not have the
same physical meaning as they have for the symmetric
structure, but their hydraulic network is evolved from
the symmetric structure. There, it is obtained that the
hydraulic resistance is in series with the hydraulic
inertance, both of which are in parallel with the
hydraulic compliance.

96.025

upper chamber
[ - = - lower chamber
96.020 -

96.015 - I

96.010 I

viscosity (x1 0-Pa-s)

96.005

96.000 "

0.0 02 0.4 6 0.8 1.0

, 0.
time (s)

(b)

Fig. 4 The fluid density and viscosity curves during the landing impact
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2.3 Piecewise linear damper model and network

Considering only the approximate nature of the linear
damper model when representing the nonlinear con-
ditions with the large piston strokes and velocities, a
more detailed piecewise linear model and its network
is further proposed in this section.

2.3.1 The introduction of the piecewise linear model

The standard relationship between the terminal force
and velocity for the spring, damper and inerter
elements, after their Laplace transformation, can be
written as follows:

—~ k —

F.=c-V,F,=b-s-7. (17)

bl
I
|
=)

With reference to Eq. (9), when the network
element coefficients change their values during the
simulations, the linear force—velocity equation for the
spring elements in Eq. (17) is no longer representative
due to changing piston displacement, whereas the
force—velocity equations for the damping and inerter
elements are not affected by this consideration. This
conclusion can be further extended to the analysis of
the damper network.

If the spring coefficients k;, k, in Eq. (4) are
considered to be constants and ¢, b; become variables
in simulation, where ¢| and | are introduced to
represent the variable damping and inertial coeffi-
cients, then the following equations are deduced for
the general network topology in Fig. 2a:

— 0 _ki ko

Fp + Frp = 5 + S vk
o (18)
?sz = (Cll er,] <8) - (Vh — vi2)

From Eq. (18), the impedance function under this
scenario is obtained:

Fy ki bis+¢] Fr  Fio
Vo <s+ 2b’lsz—i-c’]s—i—kz> +E+ Vs (19)

It is seen that Eq. (19) and Eq. (5) have the same
form, which suggests the possibility of the same
underlying network topology. However, if the spring
coefficients k; and k, are considered to be variables k|
and k), respectively, then owing to their nonlinear
dependency on the total piston displacement, it can be

observed that k| v, /s + Kyvia /s # 7’; It is therefore
important to note that the above analysis is enabled by
the linearity assumption of the underlying network
element models. However, this assumption is signif-
icantly limiting for the liquid spring dampers during
the normal RLV landing conditions. Therefore, to
extend this approach to the full operational range of a
working device, a new linearization strategy is devel-
oped next. With such approach, it will become feasible
to conduct the energy analysis and research participa-
tion of each network branch and its constituent
elements during the damper operation. The force and
energy distribution relationships for all elements
during the different landing phases can then be further
obtained and analyzed, which is useful for detailed
inspection of the buffering mechanism.

A piecewise linear damper modeling and analysis
approach underpinned by the network model with the
time-invariant topology is therefore introduced here to
complement the original fully nonlinear model. In this
new model, the overall response is split into the N,
calculation steps. The spring, damper and inertance
coefficients remain constant in each step, and they are
varied between the steps. The number N, of the
operational points can be chosen such that the
piecewise linearized model yields responses which
are representative of the full nonlinear behavior. To
derive the equivalent network model, the parameters
which change with the damper stroke and velocity are
divided into two categories. The first category includes
the chamber volume, fluid bulk modulus, density and
viscosity, while the second category contains the
orifice flow resistance parameter R,. It can be seen
from Eq. (4) that the coefficients ki, k,, b; and ¢,
change with the parameters in the first category, while
only the coefficient ¢ changes with the parameter R;,
in the second category. Whereas the variation of b,
and ¢, parameters do not affect the network config-
uration, the potential use of the displacement-sensitive
coefficients k; and k, would lead to the network
topology different from the one introduced in the
previous sections. To retain the network topology
consistent with the one based on the linear arguments,
and thus enable the proposed decomposition analysis,
only the parameter R}, is taken as a variable during the
linearized simulation, while all parameters in the first
category are assumed to have their equivalent and
constant values.
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Table 1 The constant spring coefficients for the three selected conditions

Lower chamber volume (m?®) Upper chamber volume (m%) ky (N/m) k> (N/m)
Condition 1: full extension 1.767 x 107 1.787 x 107° 1.642 x 10°  1.698 x 10°
Condition 2: half extension 1.611 x 107 1.740 x 107° 1.655 x 10°  2.097 x 108
Condition 3: fully deployed 1.455 x 107 3301 x 1070 1.669 x 10° 1.240 x 10®

2.3.2 Equivalent chamber volume, fluid bulk modulus,
density and viscosity

Aiming to establish the piecewise linear damper
model, the constant equivalent values of the chamber
volume, fluid bulk modulus, density and viscosity are
chosen for the full duration of each considered
simulation. Figure 4 shows the fluid density and
viscosity of the nonlinear damper model under the
landing impact condition with 1.4 m/s initial velocity.
From Fig. 4, the fluid density and viscosity in the
lower chamber experience a sudden change at the
touchdown instant due to the cavitation effect, with
density decreasing from 958.8 kg/m> to 943.6 kg/m?
and viscosity increasing from 96 x 107> Pas to
96.02 x 1072 Pa s. After that, the fluid density fluc-
tuates within [958.8 kg/m?, 977.4 kg/m?], while vis-
cosity remains at 96 x 107> Pa s. Due to these small
variations, the equivalent fluid density and viscosity
for both chambers are taken as 960 kg/m® and
96 x 107 Pa s, respectively.

network condition 1
[\ — - - - network condition 2
—-—--network condition 3
Zz nonlinear
N
N
817
I
L
]
=
@
£ 27
<
=
-3
T T T T T T T T T T T 1
0.0 0.1 0.2 .03 0.4 0.5 0.6
time (s)

Fig. 5 Damper forces predicted using the different models and
parameter sets
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The chamber volumes undergo changes with the
varying damper stroke during the touchdown simula-
tions. The chamber volumes are approximated as
constant quantities instead of employing the real
chamber volumes at each step. As indicated above, the
reason for this approximation is to maintain the
identical (invariant) network configuration (topology).
This is because the change of the chamber volume
would cause the change of k; and k, based on Eq. (4),
which would further result in Egs. (18) and (19) no
longer holding and thus the change of the network
topology. This could bring the additional difficulties in
the following force and energy decomposition analy-
sis. Three different constant chamber volumes are set
to verify this approximation, which corresponds to the
damper in its full extension state (Condition 1), half
extension state (Condition 2) and fully deployed state
(Condition 3), respectively. Because the constant
volumes in the piecewise linear model mainly affect
the spring coefficients k; and k;, the spring coefficients
for these three conditions are calculated and listed in
Table 1.

From Table 1, the value of k; experiences little
change (1.642 x 10° N/m-1.669 x 10° N/m) for the
three different conditions due to the small damper
stroke and this trend has slight influence on the landing
responses. For k,, even though it changes from
1.698 x 10 to 1.240 x 10° N/m under the chosen
conditions, the values are all significantly higher than
ky, causing thus only a slight effect on the landing
responses. It is therefore concluded that for the
nonlinear case, the k; and k, values would vary within
the range of [1.642 x 10° N/m, 1.669 x 10° N/m]
and [1.698 x 10° N/m, 1.240 x 10® N/m],
respectively.

The damper forces for the above three conditions
and the original nonlinear model under the impact
condition with 0.886 m/s initial velocity are summa-
rized in Fig. 5.
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From Fig. 5, the damper forces for the cases with
the constant chamber volumes (network model) and
variable chamber volumes (nonlinear model) under
impact conditions display only minor differences. The
trends followed by these damper forces are consistent,
and the numerical discrepancies between the network
and nonlinear models are within acceptable range.
This confirms the feasibility of the constant chamber
volume assumption. The damper force predicted under
condition 1 is the closest to that of the nonlinear
model. Consequently, the constant chamber volumes
are set to the conditions of the damper’s full extension
state. Based on this analysis, the equivalent chamber
volumes are denoted as:
Vequl = Vo _AP,lthax (20)
Vequz = Vo2 + Ap 2Xp max
where Vqu; and Vg, are the equivalent volumes of
the upper and lower chamber, respectively; V; and
Voo are the initial volumes of the upper and lower
chamber, respectively. The maximum damper stroke
Xpmax 18 used to calculate the equivalent chamber
volume.

In addition, the equivalent fluid bulk moduli Beg,
for both chambers are assumed to be equal. By, and
Xpmax are determined with the help of the following
procedure: B, is first determined by means of a
simulation test comparison for the full range of the
Xpmax values. Then, the relationship between B.q, and
Xpmax 1S established through the polynomial fitting.
Finally, under the specific linearization case, Beq, and

vy

L)

Fh
(a) (b)

Fig.6 The mechanical and hydraulic network of the piecewise
linear model

Xpmax are found simultaneously by an iterative calcu-
lation which is elaborated in Sect. 2.4.

2.3.3 Mechanical and hydraulic network

This piecewise linear modeling approach is introduced
to complement the original fully nonlinear model. The
overall response is split into different calculation
steps. The piecewise linear model can be described by
the following set of differential equations:

Pii = Begu (Ap,l Xhi _Qﬁ) [ Vequi
Py = Bequ (_AP’2 X};i B Qﬁ) /Vequz (21)

Qﬁ' = (P1i — Pai — Rii Q) /1n

where index i represents the ith calculation step; Py;,
P,; and Qj are the state variables of the piecewise
linear model; B.q, is the equivalent fluid bulk mod-
ulus; Py; and P,; are the upper and lower chamber

Initial value of maximum stroke |
T

th ax 01
Determine Veyand Bey
Eqn.(20). Eqn.(25)
I/:j// 12 I/:;// 22 Bv/! l
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velocity, flow and pressure
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Hydraulic damper network
Eqn.(4)
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Vehicle vertical landing model
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Fig. 7 The piecewise linear model evaluation flow chart
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pressures in ith step, respectively. Oy is the orifice flow
in ith step. The initial value of the state variables is

P10, P2jo and Qy. x;,; and xp; are the damper stroke in
the global coordinate system and velocity, respec-
tively. Ry,;, which is a constant in the ith step, is defined
as follows:

87y g

pavg
hi — 2
A()

2(C4A,

7 |Opo (22)
where [, is the length of the orifice; u,,, is the average
viscosity of the two chambers used due to the viscosity
discontinuity; A, is the orifice area; C, is the discharge
coefficient; Qyo is the initial orifice flow for the ith
step.

On the basis of Eq. (21), and in analogy with the
development presented in the previous sections, the
mechanical and hydraulic networks of the piecewise
linear model are shown in Fig. 6a and b, respectively.
The symbol “* in the figure represents the possible
nonlinearity in the damping element.

2.4 Procedure for the piecewise linear model
solution

By solving the piecewise linear model, the participa-
tion of the individual spring, damping and inerter
elements in the network on the device response can be
further analyzed. The procedure for the piecewise
linear damper model evaluation is described in Fig. 7.

0
= o s
Z 14
v 1
-
L
2
o=
g
2 -2+
g
g step length_le-4
- — -step length 5e-4
—-—-step length_le-3
-3 4
T T T 1
0.0 0.2 0.6 0.8

04
time (s)

auxiliary strut force (KN)

Step I: The initial value of the damper maximum
stroke is first estimated as xj,max0, and from there, the
equivalent fluid bulk modulus and volume of the upper
and lower chamber are calculated.

Step 2: In the first and the ith calculation step: a.
based on Eq. (22), the parameter Ry, is first calculated.
b. Ry; is substituted in Eq. (4) to obtain the damping
coefficient cy,,, and then, the damper network model is
substituted in a vehicle landing model (Eq. (26)). The
damper stroke x;,;11)0 and velocity xh<i;1)0 attime #;,
are calculated based on Eq. (26) and used as the initial
values for the next step. c. Based on Eq. (21), the
orifice flow Qp;1y0 and the upper and lower chamber
pressures P10, Pait1)0 at time ¢, are obtained.
Ori+1)o 1s used for substitution in Eq. (22) to attain
Rpiy1y of the (i + 1)th step, and all three parameters
Ori+1)0> P1ii+1y0s Pagi+1)0 are used as the initials for the
calculation in the (i + 1)th step.

Step 3: If t; <tend (feng 1s the simulation end time),
then i = i 4+ 1 which is followed by the return to step
2. Otherwise, output the new x;,,,x and proceed to step
4,

Step 4: If | Xpmaxo — Xamax| = € (¢is set to 0.01 mm in
this paper), then substitute x;,max0 DY Xsamax, and return
to step 1. Otherwise, the whole process ends.

The outer loop is used to come up with an improved
estimate of the maximum stroke under different
landing conditions. Thus, the selection of the initial
stroke X;maxo does not influence the solution process
and determination of the final value. In addition, note
that the parameter choices and calculation of the

1.0
0.5
step length_1c-4
0.0 1 — =—step length_Se-4
— - =step length_le-3
-05 T T T 1
0.0 0.2 0.4 0.6 0.8
time (s)

Fig. 8 Landing responses with the different calculation step lengths
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damper friction force are same to those introduced in
Ref. [23].

It can also be seen from Fig. 8 that the quality of the
piecewise linear network-based model depends on the
calculation step length. Different step lengths
(1 x 107%s,5x 10*sand 1 x 1073 S) are set to
obtain the landing responses, which are used for the
determination of the calculation step size. The results,
represented by the main and auxiliary force, are shown
in Fig. 8.

From Fig. 8, the different calculation step sizes
between 1 x 107> s and 1 x 10~* s slightly influ-
ence the predicted landing responses during the initial
touchdown instant and damper compression. The
change of the step size causes the change of the
damping and inertia coefficients. This results in the
change of the main and auxiliary forces from — 2.68
KN and — 0.3 KN to — 1.83 KN and — 0.01 KN
during the initial touchdown, respectively. Also, the
minimum damper force and maximum auxiliary force
undergo change from — 0.82 and 1.32 KN to — 0.72
and 1.35 KN at the maximum compression state. In
general, the discrepancies between the network-based
model and nonlinear model are reduced with the
decrease in the step size from 1 x 107 to
1 x 10™*s. To maintain predictive quality, the step
size 1 x 107* s is adopted for the following analysis.

For the computations, the network-based models
and nonlinear models are implemented in MATLAB
[29]. Its ordinary differential equation (ODE) solvers
are employed to compute the required transient
responses. The damper model parameters are adopted
from the authors’ previous work [23]. The test
structure parameters are directly obtained from the
test prototype. The network-based model parameters,
such as the spring, damping and inertance coefficients,
are derived from the nonlinear model. The fluid bulk
modulus is identified via the model-experiment
comparison.

The established methodology enables the topology-
driven response force decomposition which, in turn,
allows targeted analysis of all network branches
individually during the highly transient damper oper-
ation. The calculated force and energy temporal
relationships can be thus obtained and used when
investigating the benefits of the obtained buffering
characteristics.

3 Parameter identification and model validation

In this section, initially, the equivalent fluid bulk
modulus at different maximum strokes is identified.
Then, the frequency domain characteristics of the
piecewise linear network-based damper model and the
original nonlinear model are compared. After that, the
time domain response comparison for these two
models under impact conditions is conducted.

3.1 Identification of fluid bulk modulus

The fluid bulk modulus is identified under quasi-static
conditions, where the damper is compressed and
stretched at a low velocity v,. The damper is assumed
to be in the quasi-static loading conditions, with the
aim to determine its steady-state response. Therefore,
the stiffness effects are separated from the inertial and
damping effects under such conditions. In this section,
the axial force and corresponding mechanical network
of the damper under the chosen quasi-static conditions
are first discussed. Then, the equivalent fluid bulk
modulus under the varying damper stroke is obtained
through minimization of the discrepancy between the
network-based model and nonlinear model. Finally,
the identified equivalent fluid bulk modulus and the
corresponding damper stroke data are fitted by an
approximating function.

According to Fig. 6a, the force of Fj; branch,
which includes the spring element ki, solely depends
on the damper stroke, while the initial force Fq and
friction force F, remain constant during the quasi-
static conditions. Therefore, compared with Fig. 6a,

(b)

Fig. 9 The mechanical damper network under quasi-static
operational conditions
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Table 2 The identified fluid bulk moduli and the corresponding minimum Rgys values
Stroke interval(mm) Landing leg 1 Landing leg 2 Landing leg 3 Landing leg 4

chu (MPa) RRMS (%) chu (MPa) RRMS (%) chu (MP&) RRMS (%) chu (MPa) RRMS (%)
[0.3] 608.7 11.25 596.2 9.74 587.4 11.76 578.6 12.44
[0,5] 738.2 10.06 753.2 9.68 758.9 10.77 727.6 11.10
[0,10] 869.9 7.03 874.7 6.82 885.5 7.02 863.8 7.79
[0,15] 926.4 5.95 933.4 5.75 948.0 6.11 921.3 6.17
[0,20] 970.3 5.61 974.5 5.69 988.3 5.62 973.1 6.09
[0,25] 1008.2 5.85 1011.1 5.85 1022.5 5.63 1011.3 6.30
[0,30] 1042.0 6.06 1047.7 6.16 1055.4 5.91 1044.3 6.38
[0,35] 1071.6 6.39 1075.8 6.46 1084.8 6.20 1072.5 6.49
[0,38] 1088.4 6.58 1091.5 6.65 1100.1 6.28 1090.5 6.61

the only modification of the damper mechanical
network under this condition is the Fj, branch.
Assuming a constant damper velocity and applying
the final value theorem [21], the steady-state response
of Fj, can be described as:
. . . ky(bi1s+c %
T
=Clv " Vh

(23)

Note that Eq. (23) shows that the stiffness and
inertance items will not affect the steady-state
response of the branch. Then, the total axial force
can be denoted as:

Fh(l):kl-xh+C1v'Vh+Fh0+Ff. (24)

Based on Eq. (24), the mechanical damper network
under quasi-static conditions is derived and shown in
Fig. 9a. Since v, is a small value, the force Fj; is
relatively small compared with other forces. Neglect-
ing the Fj, branch, the damper network under the
stated quasi-static conditions can be further simplified
as shown in Fig. 9b. There are three branches in this
simplified network which represent the spring force
Fp, initial damper force Fjo and friction force Fy,
respectively. Based on this simplified damper net-
work, the axial forces under the different stroke
intervals are obtained, which are later compared with
the nonlinear damper forces using the relative root
mean square (Rgs) measure [30]. The nonlinear
damper forces of the four different liquid spring
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dampers, which belong to the individual landing legs,
were compared with experiments previously [23].

The stroke-dependent equivalent fluid bulk modu-
lus is identified next. The identified equivalent fluid
bulk moduli and corresponding minimum Rg,,s values
are shown in Table 2. The identified bulk moduli under
the varying strokes are close to each other, demon-
strating thus a low level of discrepancies in machining
as well as the assembly and damper filling procedures.
The force Rgys values between the two compared
models are below 12.5%. The equivalent bulk mod-
ulus of the network model remains constant within
each simulation, causing a nearly linear relationship
between the axial force and stroke. The bulk modulus
of the nonlinear model is mainly influenced by the
entrapped air during the initial small stroke intervals
and by the high chamber pressures under large stroke
intervals causing a distinctly nonlinear force—stroke
relationship. This factor causes a varying level of the
Rrys discrepancy across the considered stroke
intervals.

By fitting the polynomial function across the mean
equivalent bulk moduli for all four dampers (B.q,) at
their corresponding stroke intervals, the following
relationship is obtained:

Bequ = —0.002-x} . +0.177 - x5 . —6.12-x7
+96.412 - xpmax + 369.412. (25)

Figure 10 shows the behavior of the resulting fitted
network  models. The curves shown in
Figs. 10(a) 8(d) represent the mean axial forces of
the nonlinear model for the four dampers and the
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Fig.10 The force
comparison and the
identified equivalent bulk
modulus relationship
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network model under different stroke intervals. These
intervals then correspond to the different identified
Bequ. In Fig. 10e, the red points represent the original
Bequ and the blue curve represents Eq. (25). The Rrvs
value between the original and fitting data in Fig. 10b
is 1.34%, which demonstrates a good fitting process.
Generally, the network-based model with the
stroke-dependent equivalent bulk modulus reflects
the damper characteristics under the quasi-static
conditions with an acceptable level of discrepancies
between this and the reference nonlinear model.
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(€) Begu under different strokes

3.2 Model validation in the frequency domain

The piecewise linear network-based model is com-
pared here with the nonlinear model in the frequency
domain to continue its validation [31]. The compar-
isons, which use the impedance function magnitude
and phase responses of the damper under different
excitation frequencies and amplitudes, are shown in
Fig. 11 [21]. To further interpret the difference
between the nonlinear model and piecewise linear
network-based model, a linear network-based model
without the friction force is introduced as a reference.
It is noted that the equivalent damping coefficient of
damper c; in the linear network model is taken as the
average damping coefficient of the nonlinear model
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Fig. 11 The Bode plot under different excitation amplitudes

within one period under the selected excitation
frequencies (10 Hz, 100 Hz and 300 Hz). The corre-
sponding results are shown as d;, d, and dj3 curves,
respectively. The magnitude and phase responses of
the linear model are shown in the left and right
columns of Fig. 11, respectively.

Three comparison indices are introduced to analyze
the response magnitudes of the nonlinear and piece-
wise linear network-based models. These are the
maximum and minimum value of the responses
(shown in the middle column of Fig. 11), and the
amplitude of the underlying first-order harmonics is
obtained with the help of the harmonic balance method
(HBM) approach (shown in the left column of Fig. 11)
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[32]. In addition, the phase-frequency curves of the
HBM responses for nonlinear and piecewise linear
network-based model are shown in the right column.

The following analysis describes the differences in
the dynamic responses between the nonlinear model
and network-based model across the frequency
domain while also further highlighting the different
dominant features during the excitation. The fre-
quency response of the linear model is first analyzed
and shown in the first and third column of Fig. 11.
With the excitation frequency increasing from 0.1 Hz
to approximately 1 Hz, the magnitude curves of the
linear model first decrease with — 20 dB/decade
slope, demonstrating that the spring k; dominates the
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low frequency dynamic response. Moreover, the phase
values in this region show a gradual increase from
approximately — 90 degrees. This could be caused by
the increasingly dominant damping element ¢; and
decreasing influence of the spring element k; (since
the phase for an ideal spring and damper are -90 and 0
degrees, respectively). In addition, for the linear
model, it is noted that the phase angle growth toward
the smaller phase lag angles becomes more pro-
nounced with the increasing excitation amplitude.
With the excitation frequency rising from 1 Hz to
approximately 35 Hz, all curves of the linear model,
except the d; curve under 0.003 m excitation ampli-
tude, show a 0 dB/decade slope in the magnitude and
they gradually approach a 0-degree phase angle. This
is caused by the ¢; damping element’s dominance in
the system responses in this frequency region. It is
noted that this phenomenon does not appear in the d,
curve under 0.003 mm excitation amplitude due to the
relatively low value of the damping coefficient. Here,
with the excitation frequency increasing from approx-
imately 35 Hz, the d, curve under 0.003 m excitation
amplitude experiences an increase with + 20 dB/
decade slope in the magnitude and it gradually
approaches a + 90-degree phase angle. This is due
to the dominant influence of the inertial effect, since an
ideal inerter element introduces both the + 20 dB/
decade growth in the magnitude and the 90 degrees
lead in the phase angle. When the excitation frequency
is above approximately 60 Hz, both d, and d; curves
under 0.015 m and 0.03 m excitation amplitudes show
a decline with the — 20 dB/decade slope, which is
dominated by the elastic effect caused by the transient
compression of the liquid associated with the spring
element k, in the network model. This is confirmed by
the phase decrease to — 90 degrees simultaneously.
Additionally, it is noted that with the increase in the
excitation amplitude, the magnitude curves tend to
shift left-ward to the low frequency regions. This is
because the growth of the excitation amplitude at the
same frequency would increase the corresponding
excitation speeds, which further induces the shift of
the regions dominated by the damping element c¢; and
spring element k,, respectively.

Following the analysis of the linear model, the
frequency responses of the nonlinear model and
piecewise linear network-based model are studied.
The curves of the nonlinear and piecewise linear
model agree well with the d; curve in the low-

frequency range [0.1 Hz, 1 Hz], indicating the influ-
ence of the spring element k; on the damper perfor-
mance. However, the phase ranges from — 63 degrees
under the 0.003 m excitation amplitude to — 80
degrees under the 0.03 m excitation amplitude instead
of — 90 degrees in the d; curve, which is mainly
influenced by the damper friction force. This influence
decreases with the growth of the excitation amplitude
due to the lower relative presence or participation of
the friction force in the total damper force. In the high-
frequency range of the 0.015 m and 0.03 m excitation
amplitude, the curves of the nonlinear and piecewise
linear model display the similar trend with the d;
curve, indicating the dominance of the spring element
k. In the mid-frequency range of 0.015 m and 0.03 m
excitation amplitude and the high-frequency range of
the 0.003 m excitation amplitude, the magnitude
curves increase with the 4+ 20 dB/decade slope and
the phases gradually increase from the negative values
toward a O-degree value. This is caused by the
dominance of the nonlinear damping element cy,.
Based on Egs. (11) and (22), the damping coefficient
c1, is linear with the velocity, leading to the damping
force which is proportional to the square of the
velocity across the element. The slope of the magni-
tude curve reaches 4+ 20 dB/decade, and the phase
angle in this case is 0 degrees due to the absence of any
phase lead or lag.

Through the comparison between the nonlinear and
piecewise linear network-based models, it is observed
that they have good consistency in the low-frequency
range, while the discrepancies between these two
models become larger over 100 Hz, 50 Hz and 30 Hz
for 0.003 m, 0.015 m and 0.03 m excitation ampli-
tudes, respectively. The main reasons for these
discrepancies are: 1. The equivalent fluid bulk mod-
ulus of the piecewise linear network-based model
remains constant within each simulation, whereas the
fluid bulk modulus for the nonlinear model varies
continually with the chamber pressures; 2. the equiv-
alent fluid bulk modulus is identified from the quasi-
static conditions, which would cause the difference
under the landing impact condition due to its fast
changes during the touchdown.

Overall, with the increasing excitation frequency,
the responses of the nonlinear model and piecewise
linear network model would undergo changes from the
low-stiffness-spring-dominated region under the
0.015 m and 0.03 m excitation amplitude and low-
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stiffness-spring-friction-dominated region under the
0.003 m excitation amplitude through the damping
dominated region and then toward the high-stiffness-
spring-dominated region. The responses of the net-
work-based model correlate well with the nonlinear
model in the lower frequency ranges, which are
[0,100 Hz], [0,50 Hz] and [0,30 Hz] wunder the
0.003 m, 0.015 m and 0.03 m excitation amplitudes,
respectively. The discrepancy between the two models
increases in the higher frequency range due to the
simplified representation of the equivalent fluid bulk
modulus, which is still acceptable for this application.

3.3 Model validation in the time domain

The time domain landing impact responses of the
nonlinear and piecewise linear network-based models
of the liquid spring dampers are further compared. The
minimal 3-DOF landing model, which represents a
symmetric vertical landing regime, is utilized to study
performance of the damper. Its governing equations
can be written as [33, 34]:

dv,
mu%:Fhsinﬂ—Fasin(p—mug

d

md%:FhCOSH—Facosq)qLF, (26)
dver

my ;;f = —Fusin0+ F,sinp + F, — myg

where m,, is the upper mass, m, is the lower mass, g is
the acceleration due to gravity, v, is the velocity of
upper main mass in the vertical direction in the global
coordinate frame, v, and v,, are the velocities of the
lower (landing leg) mass in the vertical and horizontal
directions, respectively, F, is the axial force in the
auxiliary strut, F,, and F, are the contact forces from
the ground in the vertical and horizontal directions,
respectively, and 0 and ¢ are the rake angles of the
main and auxiliary strut, respectively.

Both the nonlinear and piecewise linear network-
based damper models are coupled with the landing
model through the damper force F},, while the landing
model is coupled with the damper models through the

Fig. 12 Calculation

scheme of the landing .
impact simulation in the 3-DOF landing model :

time domain Eqn. (26)

kinematic inputs, the stroke x; and velocity v;. The
calculation scheme is summarized in Fig. 12.

Four landing conditions with the initial velocities of
0.626 m/s, 0.886 m/s, 1.4 m/s and 1.715 m/s are
considered to evaluate the landing responses of the
nonlinear and piecewise linear network-based damper
models. The obtained vehicle acceleration, damper
force, auxiliary force and the corresponding Rgzyss
values are shown in Fig. 13.

From Fig. 13a, the vehicle acceleration reaches its
peak at the touchdown instant, and then, it changes
more gradually. The acceleration peak increases with
the initial landing velocity from 0.626 to 1.715 m/s.
Overall, the acceleration curves for the two models are
consistent both in their trends and magnitudes under
the different landing velocities. A notable difference
can be observed in the values of the predicted
acceleration peaks of the network-based model
(13.48 m/s®>, 27.08 m/s®, 57.91 m/s>, 78.26 m/s”)
which are consistently larger than those of the
nonlinear model (5.74 m/s>, 18.12 m/s?, 45.23 m/s”,
62.78 m/s®). This discrepancy in the acceleration
peaks comes from the difference in the maximum
damper loads, which is shown in Fig. 13b and c. From
Fig. 13b and c, the initial touchdown damper force
peaks in the network-based model have the distinctly
pointed and narrow shape, while the peaks in the
nonlinear model have a relatively flatter and wider
shape. This behavior can be explained with the help of
Fig. 11. It is known that the damper undergoes high-
frequency excitation during the touchdown instant and
the typical range here is between 130 and 230 Hz. In
this frequency range, the response magnitudes of the
network-based model are larger than those of the
nonlinear model, which can be seen in the middle plot
of Fig. 11a. After the initial touchdown instant, the
induced responses shift to the lower frequency bands,
typically within the range of [3.5 Hz, 6 Hz], where the
two models have a good agreement and correlation
with each other. From Fig. 13d, it can also be seen that
the touchdown damper force discrepancies affect the
agreement between the auxiliary forces predicted by
the two models. After that, the trend and magnitude of
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Fig. 13 The summary of the landing impact responses in the time domain

the auxiliary force curves retain a good consistency.
Figure 13e shows the Rgrys value, the peak damper
force and the stroke discrepancies between the two
models. The peak damper force is separated into two

parts (Max1 and Max2). They correspond to the
maximum value during the touchdown instant and the
maximum experienced during the subsequent times,
respectively. From Fig. 13e, the differences in the
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initial peak force between two models are the largest,
between 25 and 35%, while the differences in the
stroke are small, within 1.5%. Other discrepancies are
generally less than 9%, demonstrating a good match
between the two models.

Despite the discrepancy of 25-35% in the predic-
tion of the initial peak touchdown damper force, the
acceptable differences obtained in the subsequent
stages (less than 9%) admit the force and energy
decomposition analysis with the help of the piecewise
linear network-based model performed in the next
section.

4 Force and energy decomposition analysis

The resulting damper response is further analyzed
based on the validated piecewise linear network-based
model. Utilizing the network-based force decomposi-
tion, it is possible to perform the energy analysis and
study selectively the participation of the individual
network branches during the damper engagement.
Specifically, the energy distribution relationships for
the spring, damping and inerter elements during the
different landing phases can be obtained and assessed.
Analysis of the force and energy distribution across
the equivalent network model can also be beneficial
when interpreting the buffering mechanism and
developing the guidance for rational and optimal
design of dampers.

According to the network configuration shown in
Fig. 6, the damper force can be separated into the
spring force F;, damping force F., inerter force F)
and friction force F, where these forces correspond to
the spring k;, damping cy,, inerter b; and friction
element branches, respectively. The force of the
element k; is in parallel with the sum of the damping
force F. and inerter force F),. Since the initial pressure
of the damper is assumed to be equal to the
atmospheric pressure, the initial damper force Fj, in
Eq. (24) is zero Dbased on its definition
Fno = A1(P120 — Pam) — A2(P210 — Pam)- Therefore,
the total damper force can be written as:
Frp=Fu+Fo+F=Fqy+F.+F,+ Fy.

Based on the damper force decomposition, the
equation of the energy distribution, which represents
the energy stored or dissipated among the various
network elements, can be further written as follows:
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E;, = /Fthdf = /Fklvh + Fi,vi + (Fe + Fp)vip + Frvyde
:Wk1+Wk2+WC+Wb+Wf
(27)

where E;, represents the total work done by the
damper-induced force within the specified operational
time interval and vy, and v, represent the velocity
between the two ends of k, element and b, ¢ elements,
respectively. The elastic energies stored in the spring
element k; and k, are Wy = [ Fyqvudt = kis3,/2 and
Wi = f Fyvpdt = /’czs,%2 /2, respectively; the v, rep-
resent the relative velocity across the ends of the
spring element k,, the s, sy, represent the relative
displacements across the ends (terminals) of the spring
elements; the energy dissipated in the damping
element ¢y, is W, = [Fovpdt = [cvl,dt; the vy,
represent the relative velocity across the ends of the
damping and inerter elements; the energy stored in the
inerter element is W, = f Fpvppdt = bvﬁ2 /2 and the
energy dissipated due to the friction branch is
Wf = f F fvhdt.

The landing condition with 0.886 m/s initial veloc-
ity is selected for the response analysis. The simula-
tion time is set to capture the first compression-
rebound cycle of the damper. Since the direction of the
forces in each branch could change during landing,
only the absolute values of the forces in each branch
are shown for convenience of comparison. The results
of the force and energy absorption decomposition are
summarized in Fig. 14a and b, respectively.

As shown in Fig. 14, the compression stage of the
damper located between O s and 0.128 s is followed by
the rebound stage. The spring force of k; (Fy;)
increases from O N at the touchdown instant to
2906.3 N where the damper is in its maximum
compression. After that, Fy, gradually decreases with
the rebound of the damper. The energy storage by the
k| component experiences an increase from 0 to 25.2 J
initially and then a gradual decline. The damping force
due to the ¢, (F.) branch participates significantly on
the total damper force during the initial touchdown but
decreases gradually with the increasing compression.
During the rebound stage, the direction of . changes
its sign and its participation on the total force stays
within the relatively low levels due to the compara-
tively low rebound velocity. The contribution due to
the friction force F; remains unchanged between 0 and
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Fig. 14 Force and energy decomposition of the damper touchdown response

0.05 s, and then, it increases due to the surging
chamber pressure caused by the damper compression
[19]. The friction force component enters a viscous
phase after 0.128 s and changes its direction after
approximately 0.144 s. The orifice here is designed as
having only 6 mm length, and the inertance coefficient
b, is small. This causes the inerter forces to be very
small when compared with the damper or spring
forces. This small participation leads to the blue line-
like regions, which correspond to the symbols “E},”
and “F},”. The ratio of the spring coefficient k; and k,
is 1.42 x 1073, indicating thus that the stiffness of k,
is much larger than k;. This condition causes only a
small compression of the spring element k,, which
further leads to its low energy storage participation. In
addition, it is obtained from Fig. 14b that after the first
compression-rebound cycle, the damping (c;,) and
friction elements dissipate approximately 87% of the
total landing energy, while the spring element k; stores
approximately 13% of the total landing energy. The
amount of energy absorbed by these elements keeps
increasing monotonously because they dissipate the

mechanical energy, while the energies absorbed by the
springs first grow and then decline with the progress-
ing compression-rebound cycle of the damper.

5 Parameter analysis

Based on the proposed methodology, the influence of
various design parameters, e.g., the orifice area and
orifice length, on the attenuation performance and
landing response is studied in this section. The initial
velocity of the landing condition is set as 0.886 m/s. It
is noted that the analysis still focuses on the first
compression-rebound cycle of the liquid spring
damper.

5.1 Orifice area

To analyze the influence of the orifice area on the
damper force, energy absorption and vehicle landing
responses, the orifice diameter is set as 1.6 mm,
3.2 mm and 4.8 mm, which is denoted further as the

Table 3 Landing responses

‘ - Landing condition
with the different selected

Condition 1 Condition 2 Condition 3

orifice area values

Maximum damper stroke (mm)

Attenuation efficiency (%)
Descending distance (mm)
Rebound distance (mm)

Maximum damper force (KN)

491 3.17 3.85
8.29 17.32 21.25
58.13 74.47 56.74
38.98 74.54 89.62
0.72 45.30 77.84
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Fig. 15 Damper responses with the different orifice areas

landing condition 1, 2 and 3, respectively. Table 3 lists
the relationship between the chosen landing response
measures and the orifice area. Figure 15 shows the
variation of the force and energy components for the
different orifice areas. In Table 3, the descending and
rebound distances represent the sinking and rebound-
ing heights of the vehicle’s main body in the vertical
direction after the touchdown, respectively. The
attenuation efficiency is denoted as:

Ein
— % 100%

Fmax : Smax

Eff = (28)
where Ej,. represents the absorbed energy of the
damper during its compression, F,,, represents the
maximum damper force during compression, and Sy«
represents the maximum compression stroke of the
damper.

Based on Table 3 and Fig. 15, the damping force F,
grows significantly with the decrease in the orifice
diameter, especially in the initial landing period. With
the decrease in the orifice diameter from 4.8 to
1.6 mm, the maximum damper force first decreases
from 3.85 to 3.17 KN and then increases to 4.91 KN.
This is because when the orifice diameter is 4.8 mm,
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the maximum force occurs at the maximum compres-
sion stroke which is dominated by the spring force, but
when the orifice diameter is 1.6 mm, the maximum
force occurs at the touchdown instant which is
dominated by the damping force. The maximum
compression distance and its corresponding force
become smaller in response to the high damping force
observed at the 1.6 mm orifice diameter condition.
The attenuation efficiency increases from 56.74 to
74.47% and then decreases to 58.13% with the
decreasing orifice diameter, showing that the optimal
orifice diameter is located within the interval [1.6 mm,
4.8 mm]. Moreover, the maximum stroke is reduced
significantly with the decrease in the orifice diameter,
causing reduction in the participation of the spring
force Fy; and friction force Fy In terms of energy
conditions, the total energy absorbed (i.e., stored and
dissipated) by the damper at the maximum stroke
decreases significantly with reduction in the orifice
diameter. This is because the overall gravitational
potential energy absorbed by damper is reduced with
the vehicle’s decreasing descending distance from
89.62 to 38.98 mm. With the decreasing orifice
diameter, combined with the significant reduction of
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Table 4 Landing responses

‘ - Landing condition
with the different selected

Condition 1 Condition 2 Condition 3

orifice length values

Maximum damper stroke (mm)

Attenuation efficiency (%)
Descending distance (mm)

Rebound distance (mm)

Maximum damper force (KN)

3.17 6.38 6.45
17.32 16.2 15.13
74.47 36.42 35.15
74.54 69.43 64.86
45.30 34.92 26.21
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Fig. 16 Damper responses with the different orifice lengths

the rebound distance from 77.84 to 0.72 mm, the
energy fully dissipated by the damping element cy,
after completing a compression-rebounding cycle
increases significantly. Further, it is noted that the
inerter force and the energy absorbed by this element
are significantly smaller than those of the damping or
spring elements. This is because the inertance coeffi-
cient b is small for the cases where the orifice length is
limited. Generally, the orifice area mainly influences
the damping force F. in the network, and its subop-
timal (e.g., too small, or large) value may worsen the
induced loading conditions and efficiency of the
damper.

time (5)0'2

(e) Energy in Condition 2

03 0.0 0.1

. .2 ..
time (s)0 e

(f) Energy in Condition 3

5.2 Orifice length

To analyze the influence of the orifice length on the
damper force, energy absorption and vehicle landing
responses, the orifice length is set as 6 mm, 500 mm
and 1000 mm, which is denoted here as the landing
conditions 1, 2 and 3, respectively. It should be noted
that the orifice length can be significantly adjusted by
installing additional damper features, such as a helical
tube or channel plate, outside the damper cylinder
[35, 36].

Table 4 lists the relationship between the chosen
landing response measures and the orifice length.
Figure 16 shows the variation of the force and energy
components with the different orifice lengths. For
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better comparison, the vertical axis range in Fig. 16 is
set to be the same under all three conditions. Based on
Table 4 and Fig. 16, especially during the initial
touchdown instants, the proportion of the inerter force
F, gradually increases when the orifice length changes
from 6 to 1000 mm. This causes a considerable surge
in the maximum damper force from 3.17 to 6.45 KN as
well as significant reduction in the attenuation effi-
ciency from 74.47 to 35.15%. From Fig. 16b and c, the
direction of F), changes three times during this
simulation, which occurs once during the compression
and twice during the rebound phase and is caused by
the alteration of the local acceleration direction. The
damping force F. at the touchdown instant is reduced
due to the increase in F,. This interaction results from
the parallel arrangement of the damping element cy,
and inerter element b,. Additionally, with increasing
F, the duration of the compression-rebound cycle also
increases from 0.32 to 0.39 s. In terms of energy
absorption, when increasing the orifice length, the
total and elastic energies at the maximum stroke
change from 41.1 and 25.1 J, respectively, to 34.5 ]
and 19.2 J, which is influenced by the reduction of the
descending distance from 74.54 to 64.86 mm. This
also leads to the reduction of the rebound distance.
With the introduced parameter variation, the energy
absorption capacity of the inerter element b generally
increases, while the energy dissipation of the damping
element ¢y, and friction is slightly reduced. Therefore,
the orifice length mainly influences the inerter force F),
in the network, and it should be retained at a small
value for the liquid spring damper discussed in this

paper.

6 Conclusion

This research develops a novel methodology for
analysis of damping devices applied in the highly
transient conditions of the landing impact such as
those experienced by the RLV landing systems. It
consists of two complementary steps. The first step
involves the development of an approximate piece-
wise linear model, along with its equivalent network
realization, of the reference nonlinear model. To
obtain a time-invariant network topology for the use in
the proposed force decomposition analysis, the cham-
ber volumes are assumed to be constant during the
damping operation. This choice introduces an
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acceptable discrepancy between the two models. In
the second step, the network model is used to interpret
the device responses and parameter effects with the
help of the force decomposition and energy absorption
characteristics attributed to the individual network
components and branches. The intended benefits of
this approach stem from its inherent ability to reveal
the role and significance of the individual design
parameters. In that respect, this methodology can be
used to rationalize the design and analysis of novel
dampers used in landing systems.

The methodology is developed and illustrated on a
specific instance of the liquid spring damper which,
owing to its simplicity and robustness, has been
studied extensively both experimentally and analyti-
cally using detailed nonlinear dynamic models. Based
on the network analysis approach and the hydro-
mechanical analogy, the impedance function of the
new and simplified linear model of the liquid spring
damper is derived and its mechanical and hydraulic
networks established. The physical significance of
each branch in the network is then demonstrated by
comparing the networks with the symmetric and
asymmetric structures. After that, a new piecewise
linear network-based model with the time-varying
damping coefficient and equivalent fluid bulk modulus
is proposed.

The magnitude and phase impedance characteris-
tics of the original nonlinear model and network-based
model for the liquid spring damper in the frequency
domain are compared to validate the new model. It is
shown that the damper’s behavior undergoes specific
changes that are attributed to a sequence of the regions
characterized by the low-stiffness-spring, low-stiff-
ness-spring and friction, damping, high-stiffness-
spring dominated behavior. The landing impact
responses of the two models are then further com-
pared, and a good consistency is noted. A single area
associated with relatively large, albeit conservative,
discrepancy experienced during the initial touchdown
instant is observed and linked with the inaccuracy in
the equivalent fluid bulk modulus model. Despite this,
the piecewise linear network-based model is deemed
to reflect correctly the experimentally verified nonlin-
ear model. The damper force and energy decomposi-
tion in the first compression-rebound cycle is then
completed with the help of the network model. The
effects of the orifice area and orifice length are
selected for further studies. It is shown that the orifice
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area mainly influences the damping force component
in the network, and that its suboptimal value may
worsen the peak loads and efficiency of the damper.
The orifice length is seen to primarily influence the
inerter component in the network, and it should be
restricted to within a small value for this specific
design of the liquid spring damper.
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