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Abstract: Solid propellant rocket engines are subedito dynamic loads during its transportationrfrats factories
to its launching sites. The loads in transportatfrase usually are different from the launching #ight ones, but
should also be taken into account in order to pré\damage in the propellant grain. The InstituteAgfronautics
and Space (IAE), has developed a small satelliidher VLS (Veiculo Lancador de Satélites). Inpcsl VLS
launching mission, the solid propellant is loadadhe rocket engine cases (manufactured in anatite)y in an IAE
facility in Jacarei, Sdo Paulo. After that the emeg are carried by a truck to Sdo José dos Camppsra where

are shipped into a military cargo aircraft to Saaik, Maranh&o. Finally it is carried by truck agaia Alcantara
base where the VLS is assembled by connecting fiyape S43 engines, the S44 engine, the payloadogmer
launcher components. Since a part of the rocketnesgpath to its launch site is travelled by ro#ite dynamic
loads which occur in this phase should be evaludtethis work the vertical dynamics of a tract@msitrailer with

a S43 solid rocket engine as payload was analy&emhathematical model of the vehicle was built IMATLAB

routine. The model for the whole vehicle was oladiby considering the tractor and the semi-traéerrigid bodies
connected by the fifth wheel. The vehicle resptmsesinusoidal road profile (described by time @mfunction)
and to a road quality profile described by poweedpal density function was calculated. The infeerof a
deviation in a vehicle parameter (tire stiffness) the dynamic response of the semi-trailer cenfemass was
estimated.
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INTRODUCTION

A launcher rocket vehicle used for suborbital dria missions is subjected to strong dynamic lahdsughout its
operational life. During the conceptual phase thHeads must be taken into account by the desigm teaorder to
design a rocket capable of fulfill its mission cdeiply. An obvious first step is to estimate theamic loads by using
numerical modeling, semi-empirical methods or bjparing with similar vehicles.

Solid propellant rocket engines suffer dynamic lngd also during transportation from the engineedope loading
facility to the launching site location. Intensecelerations and motions can affect the propellartt propellant-
structure junction which may result in failure dwgiengine operation. Once these loads are diffefrem the
operational ones it should be estimated and madtdike done by Camargo (2013).

Performing computer simulations allows one to eatémthe engine dynamic response to loads typicdarnd
transport and evaluate if this loads could be hakaef the engine. Then, if necessary, measuresduace these loads
could be taken.

The present work aims to perform dynamic analybesterrestrial vehicle (a tractor truck) and ttensport carriage
of a rocket engine during ground transportatioterding the work of Romero and Souto (2016).

TRACTOR SEMI-TRAILER - ROCKET ENGINE SET ANALYZED

The set tractor semi-trailer-rocket engine analyinettlis work can be seen in Fig.1 and its dimemsiare displayed
in Fig.2.
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Figure 1 — Tractor semi-trailer-rocket engine analy  zed
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Figure 2 — Tractor semi-trailer dimensions in mm

The dynamic characteristics of the tractor semierawvere taken from the characteristics of a simiehicle
analyzed in Plaxico et al (2007). Table 1 displigsvehicle’s dynamic properties considered.

Table 1. Tractor semi - trailer characteristics

Mass (Kg) 2631
Moment of Inertia - pitching (Kg.m2) 13709

The tractor suspension data is displayed in Tabdne subsystem data info was not available in &bagt al
(2007) and so other references were consideredit@ims marked with * were taken from Deng (2009 #me ones
marked with ** in Tabs. 2 and 4 were taken from Rirdany (1987).

Table 2. Tractor suspension properties

Suspension Stiffness Damping (N.s/m) Axle mass  Tire stiffness Tire damping (N.s/m)
(N/m) (%) (Kg) (N/m) (*) ()
Front 200000 6570 544 980000 700
Intermediate 200000 7790 1043 980000 1200
Rear 200000 7790 1043 980000 1200

The trailer dynamic properties are displayed in.Band its suspension data is listed in Tab.4.

Table 3. Properties of the set trailer/rocket engine S43/Wooden box.
Set total mass (Kg) 19955
Moment of Inertia — pitching (Kg.m?) 0.27498e+6

Table 4. Suspension properties of trailer
Suspension Stiffness (N/m) Damping (N.s/m) Axle mass Stiffness (N/m) Tire damping (N.s/m)

(*) *) (Kg) *) )
Front 1000000 30000 1043 980000 1200
Rear 1000000 30000 1043 980000 1200
MATHEMATICAL MODEL

A mathematical model with two bi - dimensional dgbodies connected describes the vertical dynaofidhe
tractor - semi-trailer. The model was obtained bypting a two and a three axle vehicles. Both Vekicnodels can be
seen in Fig. 3.
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Figure 3- Two axle vehicle Figure 4- Three axle vehicle

The equations of motion of the two and three axdbicle were described in Bayrakdar, 2010 and atedi
respectively in Egs. (1-4) and Eqgs (5-9) below:

m* X = —ka* (x +a* - xa) —kb* (x—b* 8 - xb) — ca* (X + a* 8 - xa) — cb* (X —b* § - 3b) )
Jy* 6 = —ka* (x+a* §-xa *a+kb* (x—b* 6 -xl) *b—ca* (x+a* - x3) *a+ch* (x-b* -3 *b )
mpa* ¥a = —kc* (xa—u) + ka* (x +a* 8 - xa) —cc* (xa—U) +ca* (x+a* 6 - 5a) 3
mpb* o = —kd* (xb—u) + kb* (x —b* 8- xb) —cd* (X —U) + ch* (X —b* 8 - ¥b) 4
m* X = —ka* (x+a* 8- xa) —kb* (x—b* @ — xb) —kc* (x—c* 8- xc) —ca* (x+a* 8- xa) (5)

—ch* (x=b* 8- %) —cc* (Xx—c* 8- xc)

Jy* @ = —ka* (x+a* 8- xa *a-kb* (x+b* 8- xb) *b+kc* (x+c* 8-xd *c—ca* (x+a*&-xd) * a (6)
—cb* (x+b* 8- x) *b+cc* (x+c* 8- %) *C

mpa* a = —kd* (xa—u) + ka* (x+a* 8- xa) —cd* (ka—U) +ca* (x+a* 0 - xa) (7
mpb* o = —ke* (xb—u) + kb* (x—b* 8- xb) — ce* (X —U) + ch* (X —b* - %b) )
mpc* %c = —kf * (xc—u) + kc* (x —c* 8- xc) —cf * (xc —U) + cc* (X —c* 8 - xC) ©)

For both vehicles equations described in Eqgs.(2¥0s the vehicle masgly is the rotary inertia about theaxis
(orthogonal to the paper,is the distance from the center of mass to théclefront, b is the distance from the center
of mass to the vehicle rear ands the displacement imposed by the pavement otirdse

The dynamic properties (stiffness and damping) tifeaare represented by a coil and a damper irsdnee way as
for each wheel suspension. Each wheel is reprasénta mass.

The equations of motion of the vehicles can betanmitn a matrix form:

[MEsd +[cHx + [K{xt={F®)} (10)
For the two axle vehicle the matrices and the coatd vector are:

m 0 O 0
0 J 0 0
m]=|~ Y (11)
0 0 mpa O
0 0 O mpb
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(ka+kb) (ka* a—kb* b) -ka -kb
- 2 2 —
[K] _ (ka* a—kb*b) (ka*a”+kb*b”) (-ka*a) (kb*bh) (12)
-ka (-ka* a) (kc+ka) 0
-kb (kb* b) 0 (kd + kb)
(ca+ch) (ca*a—cb*b) —-ca —-cb
Ic]= (ca*a-cb*b) (ca*a®+cb*b®) (-ca*a) (cb*b) (13)
- -ca (-ca* a) (cc+ca) 0
-cb (cb*b) 0 (cd +ch)
{BT={x 6 x_a x_b (14)
For the three axle vehicle the matrices and thedioate vector are:
m 0 O 0 0
0 Jy O 0 0
[M]=l0 0 mpa 0 © (15)
0 0 0O mpb O
0 0 mpc
(ka+kb+kc) (ka* a + kb* b —kc* c¢) -ka -kb -kc
(ka* a+kb*b-kc*c) (ka*a® +kb* b®+kc* c?) (-ka*a) (-kb*b) (kc*c)
[K]= -ka (-ka* a) (kd + ka) 0 0 (16)
-kb (—kb* b) 0 (ke+ kb) 0
-kc (kc* c) 0 0 (kf + ko)
(ca+cb+co) (ca*a+cb*b-cc*c) -ca —-cb —-cc
(ca*a+cb*b-cc*c) (ca*a’+cb*b?+cc*c?) (-ca*a) (-cb*b) (cc*c)
[c] -ca (-ca* a) (cd +ca) 0 0 17)
-cb (—=cb* b) 0 (ce+ch) 0
-cc (cc*c) 0 0 (cf +co)
(18)

{$"={x 6 x_a x_b x_d'

The complete vehicle model is shown in Fig.5.
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Figure 5- Tractor semi-trailer model
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In Fig.5 A, B, D, bl1,b2,b3,b4,b5 are dimensionstled complete vehicle. The tractor mass and rotaeytia with
respect to axisy (orthogonal to the paper) are respectively mt #ndts center of mass vertical and angular
displacements are respectively xt aid In a similar manner, the semi-trailer same pri@e and coordinates are ms,
Is, xs andOs. The displacements imposed by the road on theelwlieto 5 are ul,u2,...,u5. The tires, wheels and
suspension stiffness and damping properties fdr edeel are organized as in Figs. 3 and 4.

By coupling the equations of tractor (two axle i) and trailer (three axle vehicle) one can abthe equations

for the complete vehicle:

PR e 10 L S St
RN e {03 e

Where

(19)

{xtractor}:{)(t & xa x2 X3}T {Xtrailer}:{xs & x4 X5}T

{X;ompme_ Vehid(}:{xt & X1 x2 x3 Xxs & x4 x5}T

The coupling among the vertical motions of the tvahicles in the junction was not included yet ie #quations
above. This coupling can be deduced from the gegyrdétplayed in Fig.5 (EImadany, 1988):

xt+D& _ xs (20)
B (B-A

Equation (20) can be rewritten as:
B 1 (21)

=—XS——Xt
D(B-A) D

To consider the coupling, Eqg.(21) must be includedhe system of equations in Eq.(19). To avoidurethncy of
variables, only two of the three variables in Ef)(&hould be included in the full set of equatiofise new vector of

variables will be:
{xcompme_ VehidJ:{xt XL X2 x3 xs & x4 x5}T (22)

In order to obtain the full set of equations of ttwenplete vehicle a coordinate transformation sthdn@ applied to the

matrix system in Eq.(19) in this way:

Kesend =T [KIT]  [Cosend =TT [CfT] Mysiend =TT [M]IT] (23)

The transformation matrix [T] can be obtained bysidering the transformation from vect&)(;omplete_ VehiC,J to

vector {Xcomplete_ vehicle} :
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{X::omplete_vehicle} = [T]{Xcomplte_vehiclt} (24)
The matrix [T] is given by:

1 0 0 0] (25)
- 0 0 0 0
Vs /5
0 1 0
! A A
T|= =1-— =D[1-—
y 1 a=1-2 p=o[1-2]
1
1
10
L 0 0 1_9x8
ANALYSES PERFORMED

Calculation of modal parameters

By solving eigenvalue problem given by:

([Kcomplete_vehicle.l - a)z[McompIete_vehicltJ){ X} =0 (26)

one can obtain natural frequencies and mode shiaptee complete vehicle.

Dynamic response to tire random displacement

The road profile varies randomly and so should bscdbed by using its power spectral density. Tdrees power
spectral densities can then be obtained:

Siif (@) = k(@) =1,2,....6 27)

The off diagonal terms can be neglected and so:

0 ] (28)
St1r1(@)
St 212(@)

([Sk (w)] = Star3(@)

St a14(@)
Sts15(d) |

The matrix of power spectral densities of strudtmaponses[@xx(a)]) can be calculated by using the relation among
the matrix of power spectral densities of appliedés( [Sﬁ (w)J) and receptance matri*l-(l (a))]) (Petyt, 1990):

[Su@)]=[F(@]ss @[H@] T (29)
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The receptance matrix is given by:

[H ((/.))] = (_(’-)Z[M sistemJ + ia{CsistemJ + [KsistemJ)_1 (30)

And its complex conjugate iLﬂ(a))]. The excitation applied by a specific road profl¢Renhberg, 2011):

-2
-1 v
Gy (@) = 2 Gd(no)[ 2mno] (31)

Whereny,=0,1m" , v is the vehicle horizontal speed a6d(n.) is a parameter related to the road roughnestSn
(1995) roads are classified from A (very good) tqudry bad). The better the road quality, the senathe parameter
Gq(no). The expression in Eq. 31 can be used,as(w) in Eq. 27. In this work the value used v@&gn,)=256x10° m®
the same used by Renhberg (2011).

Dynamic response to harmonic displacement applied t o the tires

The travelling over a specific road profile definegl a deterministic function can be simulated bglgipg prescribed
displacements to the tires. The force vector is tlaise will be:

{Fl=o R /R R OO F R} (32)

By considering that the tires were always in contaith the road, the forces can thus be calculdtedh the

displacementi(t) imposed by the road:

Fyt) = Kry(y(8) = X,(0)) + Cry Uy (©) % (1) ¢
Fa(t) = kro(Up(t) — X (1)) + Cry(Up (1) - 5 (1)) (34)
Fa(t) = kra(Us(t) — X3(0)) * Cr5(Us(t) - (1)) (35)
Fa(t) = kra(Ua(t) = X (1)) + Cra(Uis(t) ~ X4 (1)) (36)
Fo(t) = krs(Us () ~ Xs(t)) + Cr(Us(t) — Xs(1)) (37)

A road with a sinusoidal profile has the form (Bakelar,2010):
{u®)} =Rdve“t)=v coseat) (38)
Where the frequency of excitatian is dependant of the vehicle spegfignd the road wave length)(
2w (39)

@

By inserting Eq.(38) in Eqgs. (33-37), one obtains:

Fi(t) = Y[k cosiapt) — cuap,ser{apt)] (40)
Fa(t) = Y[k coslpt) — coapser(apt)] (41)
F3(t) = Y[kizcosut) - cizapser(apt)] (42)
Fa(t) = Y[ki4 coslt) — caapser(apt)] (43)
Fs(t) = Y[kis cosut) — Crsapser(apt)] (44)

The nodal displacements can then be calculatedibgu

0 = (- a#M]+ iedc] + [K]{F) (45)



Rocket dynamic loading during road transportation in a tractor semi-trailer

RESULTS

A MATLAB routine was created to calculate the eigaines and eigenvectors of the system, its dynamic
response in the coordinate (displacement in the semi-trailer center of magsg¢n the vehicle travels on roads with a
profiles described by Eq.31 and Eq.38.

The matrix system described in Eq.19 was assenalddhe modified equation system without the rednnd
variable was obtained by applying the transfornmatlescribed in Eqgs.(23-25). The matrices thus nbthivere used in
the calculation of the eigen frequencies and md@ges by solving the eigenvalue problem (Eq.26)tarmbtain the
response to the road profile applied on the tifespeed of 50 Km/h was considered. Three conditieaxe simulated:
tires stiffness of 80, 100 e 120% of its usual galu

Natural frequencies are listed in Tab.5. The fiostr mode shapes can be seen in Fig.6. In Fig.disjgayed
the power spectral density of vehicle displaceméren travelling in a road with a profile given by.B1.

Table 5. Complete vehicle natural frequencies
Mode Frequencies [Hz]
1.10
1.43
2.14
5.36
5.44
7.00
7.04
7.43

coO~NO UL WNBE

Mode 1.10 Hz Mode 2 1.43 Hz

A5 FE
/ L 7= S e

gy ~_ O}
LA\ A // @fw\'/—,
N /\/ 2% Nl

s
/ -

Mode 3 2.14 Hz

=

Mode 4 5.36 Hz

Figure 6 — First four mode shapes for the tractor emi-trailer system
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Figure 7 — Power spectral density of the displacemeof the complete vehicle center of mass

The response to a sinusoidal road profile (disglayeFig.8) was also calculated and is show in3ighe same
three conditions were also considered.

0.15
0.1 g
0.05
E
5 o 1
2
-0.05 B
01+ 4
0 2‘ z; é é 1‘0 12
Horizontal displacement [m]
Figure 8 — Road sinusoidal profile
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Figure 9 — Response to a road sinusoidal profile ithe semi-trailer center of mass
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CONCLUSIONS

As should be expected for a heavy vehicle, therabfrequencies are pretty low. By observing Fig8. and 9, one can
conclude that the vehicle suspension absorbs effiigi the road excitations, minimizing the displaest of the semi-
trailer center of mass. A deviation of -/+ 20% bé ttire stiffness has very little effects in therhanic and random
responses.

In future works, a more detailed sensitivity anelysonsidering the influence of other vehicle pagtars in the

dynamic response can be performed. Also, modellidimg flexibility in the vehicle and in the rocketan be

considered.
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