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Abstract: Liquid-propellant rocket motors are widely used in satellite launch rockets because of their high specific
impulse (compared to solid-propellant motors) and the ability to control the magnitude of thrust, including in-flight
shutdown and restart. During its whole mission a launch vehicle is submitted to different dynamic loads and the resultant
response may be affected by the liquid mass in the propellant tanks. In this sense, the lateral transient loads such as
wind gusts and control forces cause oscillations of the launch vehicle and the dynamic behavior analysis with sloshing
effects is of great importance during different phases of the project. A liquid mass with a free surface in a reservoir
subjected to displacements may suffer the phenomenon of "sloshing”, which consists of oscillations of the liquid free
surface. Also, when certain kinds of sloshing modes are excited, the liquid volume center of mass position can be shifted.
Since the liquid propellants mass in a launcher can be significant in relation to the whole vehicle mass, oscillations in
the fluid volumes can lead to important dynamic effects. In this work, the dynamic behavior of a launch vehicle is
analyzed when the vehicle is submitted to lateral transient loads caused by discrete wind gusts during ascent flight. The
influence of liquid propellant on the vehicle dynamics is taken into account considering lateral sloshing effects. The
launch vehicle body is modelled as a finite element beam and the liquid slosh mass is modelled as a spring-mass system.
It is shown that for different fill ratios of the propellant tanks submitted to the same transient load caused by gust wind,
the presence of slosh mass increases the lateral accelerations along the vehicle body.

Keywords: launch vehicle, sloshing, dynamics, transient load, finite element.

INTRODUCTION

A liquid mass with a free surface in a reservoir subjected to displacements may suffer the phenomenon of “sloshing",
which consists of oscillations of the liquid free surface.

From an engineering point of view, this phenomenon can be quite significant for storage tanks positioned directly on
the ground or at high elevations on supporting structures subjected to seismic loads. In the case of vehicles, the presence
of large masses of liquid can affect the dynamic behavior of the system. The greater the fraction of fuel in the total mass,
the more relevant sloshing becomes in vehicle dynamics. Thus, due to the large use of liquid-propellant rocket engines,
and the large fraction of the propellants in their total mass, as can be seen in Fig. 1, launch vehicles will be particularly
susceptible to sloshing.
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Figure 1 — Mass fraction of fuel in different types of vehicles (Adapted from Shimote, 2005)
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A practical way to analyze sloshing effects on a launch vehicle consists of conceptually replace the liquid by an
equivalent linear mechanical system, and thus including the dynamic effects of sloshing in the launcher dynamic model,
as pointed out in Barrows and Orr (2021).

Considering the methodology described above, recently Aguiar and Souto (2021) presented a study on a launch vehicle
with slosh effects. In this work, a conceptual launch vehicle proposed by (Zhuang and Yulin, 2021) is analyzed. A finite
element model using beam elements was constructed with the Nx Nastran, (2014) package software. The slosh parameters
of propellant tanks were calculated based on linear theory according to Abramson (1966), Ibrahim (2005), and Dodge
(2000). The natural frequencies and mode shapes of the vehicle with and without including the liquid slosh mass and
sloshing modes and bending modes were calculated for different fill ratios of the propellant tanks.

During its whole mission a launch vehicle is submitted to different dynamic loads, as described in NASA-HDBK,
(2001), and its response can be affected by the liquid mass in the propellant tanks. In that sense, the lateral transient loads
such as wind gusts and control forces cause oscillations of the launch vehicle and the dynamic behavior analysis with
sloshing effects is of great importance during different phases of project. As an example, Steny et al. (2020) discusses
dynamic loads estimation for launch vehicles during atmospheric phase, considering transient loads such as a discrete
wind gust and control forces, and its dynamics effects are established with respect to rigid body loads. In another study,
Jayasidhan et al., (2015) performed transient analysis on launch vehicle where different conditions of discrete wind gust
loads were evaluated in order to obtain the more critical condition. An overview of the loads on a launch vehicle can be
seen in Fig. 2 extracted from Suresh and Sivan, 2015.
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Figure 2 — Criticalities of atmospheric flight phase (Extracted from Suresh and Sivan, 2015)

In the last two references previously cited, the slosh was not considered for structural dynamics analysis. Therefore,
this work seeks to evaluate this effect when the launch vehicle is submitted to discrete wind gust. The effects of wind gust
are transformed into transient aerodynamics forces distributed along vehicle body for the maximum dynamic pressure
flight condition. Different fill ratios of the propellant tanks are considered for only the specific aerodynamic transient load
since the main aim consist of a sensitive analysis of the slosh mass effects. The transient acceleration responses are
calculated in different stations of the vehicle model using direct transient response analysis.

Mechanical slosh model

In the present study, the lateral slosh model for a cylindrical tank partially filled liquid propellant was used, Fig. 3.
The geometry of the cylindrical tank consists of its height, H, and diameter, d. Its volume depends on fill of the tank when
the actual liquid level is equal to h.
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Figure 3 — Spring-mass slosh model (a) cylindrical tank and (b) mechanical model equivalent

According to linear theory in Abramson (1966) the action of lateral sloshing, represented by a set of spring-mass
systems, it causes the displacement, Yn, of slosh mass, Mn, with respect to the tank wall. Each of the spring constant, k

is chosen such their ratio to the oscillating mass is equal to the square of natural frequency, cof , of that mode, that is:

w? = K _ %tanh(ihj (1)
d d

n
n

where the parameters m_and k are given by:

) d [, (2&h
mn_mliq|:h(§nz_1)_|:tanh( d j:| (2)
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kn_m,i{h(gnz_l)]tanh( ; ﬂ ®)

In the above equations, Mg is mass of the liquid, ¢ are the roots of specific Bessel functions, g is gravity’s

acceleration and tanh is the hyperbolic tangent function.
Structural dynamic model

Dynamic Equation of Motion
According to Craig and Kurdila, (2006), the motion of complete system is represented by:

[M (@)} + [C Hu(®)} + [K u@®)}; = {F ()} )

where, [M],[C]and [K] are, respectively, mass, damping and stiffness matrices. Displacements, velocities, and
accelerations are represented by {u(t)}, {u(t)} and {i(t)} . respectively. On the right hand side {F(t)} represents the
forces acting on the system.

Transient Response Analysis

Considering a time domain analysis (transient response), to evaluate the shifted response of Eq. (4) numerical
integration is performed. Two methods can be used: Direct Transient Response and Modal Transient Response. As the
finite element model of the launch vehicle has a small number of degrees of freedom, and in order to obtain greater
accuracy, we performed a Transient Modal Response Analysis using the Central Difference Method.

The Central Difference Method

According to Komzsik, (2013), the method is based on the 3-point central difference formula for the first and second
order numerical derivatives as:
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{u(t)}=—l {u(t+At)—u(t—At)} (5)
2At
and
. 1
{u(t)}:A—tz{u(t+At)—2u(t)+u(t—At)} (6)

In the central difference method the equilibrium of the system is considered at time t and the displacements are
calculated at time t+At, where the at is the equidistant time step, hence this is an explicit time integration scheme.
Substituting into the equilibrium equation at t we get:

[M]é {u(t+At)—2u(t)+u(t—At)}+[B]i{U(t+At)—U(t—At)}+[K]{U(t)}= F(t) @
Reordering yields:

{é{mpi[sﬂ{umm )}:{F(t)}+[§[M]—[K]}{u(t)}

_[éw ]+$[B]}{U(t - A0 ®)

Transient loads

During ascent flight, a launcher vehicle experiences different dynamics loads NASA-HDBK, (2001). In this sense,
the turbulent atmosphere is the major source due to wind gust presence.

According to Kabe and Sako, (2020), a launcher vehicle, takes very little time within any altitude band and, therefore,
turbulence must be treated as short duration, nonergodic transient. In addition, a launch vehicle’s flight control system is
an integral part of its low-frequency dynamic response. Hence, launch vehicle turbulence/gust must be computed
numerically in the time domain.

Synthetic gust profiles

If measured winds data are not available, synthetic profiles that are intended to yield conservative responses could be
used. Two such profiles used for launch vehicle loads analysis are one-minus cosine an the one-minus cosine flat-top,
Fig.4 , Kabe and Sako, (2020).

Ve (t)=1.0

-+ Th=Asg/ Vv ———P

Figure 4 — Synthetic gust profile, “Kabe and Sako, (2020)
The one-minus cosine profile is defined as:

1 2r

n

0 otherwise

The amplitude Ag requires that we compute the profile wave length, Asg, i.e., Asc, =TnVy, Where Vy is the speed of the
vehicle and Ty, is the period of vibration of the mode to which the profile is “tuned”.
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The one-minus cosine with flat-top is defined as:

1 27
— 1-cos—t| 0<t<0.1T
2 AG( T j "

n

Ag 0.1T,<t<0.9T (10)
Vo= | o N f
EAG (1_COST_tJ 09T, <t<T,

n

0 otherwise

Aerodynamic load

The effect of wind gust should be factored in the load analysis, as pointed out in Chin, S.S., (1961). This may be done
by increasing the angle of attack by an incremental value defined below:

(11)

where o is the angle of attack due to gust and Vy is the velocity of the launcher vehicle. The lateral aerodynamic force
in a determined station along the launch body is given by:

Fi(t)= 03 (CNaj)aG (12)

where q is the dynamic pressure, Srer the reference area and CNj is aerodynamic coefficient for a station j. Combining
Egs.(10),(11) and (12) the transient aerodynamic force due to wind gust given by:

Fj (t)=q¢ Sref (CNaj )[VG\ft )j (13)

In this work, we calculated local normal force coefficient CN; for a station j, which take into account a specific angle
of attack, at an predefined altitude and Mach. This task was performed through a routine developed in the numerical
computation software MATLAB, (2014). In this case, the peripheral pressure coefficient distributed on determined station
along the body produced by Missile Datcon, Blake, W.B., (1997), The local normal-force coefficient per length unit may
determined as follow, Chin, S.S., (1961):

2r o=
C, = ?jo c,cos0do (14)

where [ is the radius of the body, S is the area and C, is coefficient of pressure given by:

 _(p—p) )

P do

where p is the pressure on body surface station, p, reference pressure and (|, is dynamic pressure reference. The value
of CN; is next plotted v. body station as shown in Fig.5.

Cn; A

0 Distance from Nose (x/d) 1

Figure 5 — Variation of local normal-force coefficient with body station
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Flight conditions

The available trajectory data of a conceptual launcher vehicle present in Zhuang and Yulin, (2021) were used. The
maximum dynamic pressure is considered as flight critical condition. Thus, the variation of local normal-force coefficient
were determined considering the altitude, Mach number and a fixed angle of attack. For a sensitivity analysis of slosh
effects, the same aerodynamic loads are applied on body vehicle for different fill ratios of the propellant tanks during first
stage flight.

Table 1 contain the parameter used to calculate local normal-force aerodynamic coefficients for critical flight
conditions.

Table 1 - Trajectory parameters, Zhuang and Yulin, (2021)

Time(s) Altitude (m) Mach (Omax (Pa) a(®)
75.0 110000.0 1.4 44500.0 3.0

Finite element model

The data used for constructed the launcher vehicle model in commercial package Nx Nastran, (2014); they are these
available in Zhuang and Yulin, (2021). Due to large (L/D) ratio the beam model is adequate for capturing the flexibility
effects. The propellant can be considered as rigid or distributed mass on the idealized beam while a smaller portion must
be allowed to sloshing in the lateral model. Basically, beam elements, lumped mass element and linear spring elements
were used, Fig. 6. The launcher vehicle model contain a total of 172 elements.

ST-151

Figure 6 — Finite element model

Modal analysis

In Aguiar and Souto, (2021), the mode shape and natural frequencies of the same launcher vehicle, Fig.6, were
calculated. Behavior vibration of slosh and structural bending were founded. These dynamic characteristics change with
time and they were stablished for respective fill ratios of 75%, 50% and 25%.

The Table 2 presents the natural frequencies for both dynamic characteristics. These frequencies should be tuned to
calculate the wind gust profile, Fig 4, for transient analysis.

Table 2 — Natural frequencies, Aguiar and Souto, (2021)

Dynamic Sloshing Bending
Characteristic Mode 1 Mode 2 Mode 1 Mode 2
FR (%) fbl(HZ) sz(HZ) f31(HZ) fsz(HZ)
75.0 1.318 1.338 8.416 33.146
50.0 1.140 1.166 8.862 34.338
25.0 1.021 1.093 11.752 34.912

RESULTS

The simulation results were calculated with the transient response solution (SOL109) of the Nx Nastran, (2014).The
accelerations were obtained with respect to two distinct points of the finite element model, Fig.6. The first point is the
engine support structure (ST-001) and the second one is the payload support structure (ST1-151). These points are
important for the launcher vehicle’s development, mainly during its preliminary phase. In fact, they are related to design
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requirements for the control system frequency and for the dynamic environment at the payload, respectively. The Fast
Fourier Transform (FFT) of acceleration at both points was calculated in order to identify the response frequencies.

Simulation (I): Transient response: sloshing frequencies

The launcher vehicle was submitted to the following wind gust profiles: (a) one-minus cosine and (b) flat-top, Fig.4.
The first sloshing frequency was taken into account as tuning frequency with respect to the fill ratio, Tab.2. Figure 11
presents results related to the engine support structure (ST-001) and Fig. 12 presents results for the payload support

structure (ST-151).
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Figure 11 — Time responses (in blue) and its FFT (in red) in the point ST-001 (fs1)
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Figure 12 — Time responses (in blue) and its FFT (in red) in the point ST-151 (fs1)

(a) one-minus cosine profile (b) flat-top

Simulation (11): Transient response: structural bending frequencies

Only the payload (ST-151) was considered due to their bending’s frequencies are more close these related to its
dynamic environment. This analysis compares the acceleration response for two different conditions: when the slosh mass
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is fixed to the vehicle’s body and when it is free to oscillate. For this case, the excitation is a one-minus cosine gust profile
with frequency of the first bending frequency, Tab.2. The Figures 13-15 present the results for the fill ratios.
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Figure 15 — Time responses (in blue) and its FFT (in red) in the point ST-151 (fo1): FR = 25%

Remarks

Simulation (1): In general, considering the time domain analysis: (a) flat-top gust profiles produce accelerations higher
than one-minus minus cosine gusts, (b) As it would be expected, acceleration responses decreased with time due to an
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imposed stiffness-proportional damping of 2% at the first sloshing frequency. The acceleration responses at ST-001
increased as the fill rate decreased. However, at ST-151 variations occurred, with FR= 50% presenting slightly higher
accelerations than FR=25%. In frequency-domain analysis, response peaks with values close to the first launcher vehicle’s
sloshing mode were identified for all fill ratios. In some cases, peaks with frequencies close to the vehicle's first bending
mode were also observed, mainly in the responses calculated for the station ST-151.

Simulation (11): In time-domain analysis, the acceleration decreased due to structural damping, as above-mentioned.
The oscillation condition with free slosh masses provided greater acceleration responses than when masses are fixed to
the launcher's body, especially when filling rates were increased. From the frequency-domain analyses, it was identified
that, for all fill ratios, the free slosh masses oscillate in frequencies close to the first structural bending mode.

CONCLUSIONS

The methodology described can be applied during preliminary design’s phase to analyze the dynamic behavior of a
launch vehicle with lateral sloshing effects during the ascending flight through the atmosphere. Thus, the acceleration
responses in critical regions along the vehicle’s body are analyzed. For example, the engine point and payload point were
chosen due to their design requirements. The vehicle was submitted to transient load originating from two types of discrete
wind gust (a one-minus cosine and a flat top) as a forcing function. Configurations with 3 tank filling ratios (25%, 50%
and 75%) were studied in order to verify the sloshing effects. Overall, for most fill ratios, the one-minus cosine burst
excited the sloshing modes more intensely than the flat top burst. This last one excited mainly the vehicle’s bending
modes. For the 50% fill ratio, the sloshing and bending modes responded with similar magnitudes. In future works, it is
also intended to include the effects of forces originated from the vehicle's control system.
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