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Abstract. The use of liquid rocket engines in space lauretwdfers many advantages over its solid countegpart
higher specific impulse; the possibility of re-itjoin in flight and the control of thrust vector nmaide. Pressurized
tanks or turbopumps are used to inject fuel andliagr into the combustion chamber. In order to @lithe injection
the propellant lines pressure must be higher than ¢hamber pressure. Since more efficient engiegsire higher
combustion chamber pressure, only turbopumps sgstam provide pressure high enough to feed thes lifbese
systems operate at very high velocities and suffense dynamic loads. Therefore its rotor-dynab@bavior must be
evaluated during the design stage. In this workudodpump rotor was modeled numerically by buildiag finite
element models: one with flexible shaft and riggksl and another with flexible shaft and disksi¢selements). An
experimental modal test of the rotor in a free-fetationary condition was performed also. The resstdr the three
analysis were compared and discussed. Finally,ftilerotor - bearing system was analyzed and clzasrotor-
dynamics results like critical speeds and Campbeliagram were obtained.
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1. INTRODUCTION

The needs of more powerful and controllable rocketspace applications leads to liquid propellediees.
Liquid rocket engines allow the control of thrustctor magnitude and more specific impulse (a measfiengine’s
efficiency given by the impulse per unit mass obgwllant used) than solid propelled engines and thie
characteristics become very important in the sgagacher’s industry. Nevertheless, liquid engines much more
technically complex than its solid counterparts.

Until now in Brazilian Space program only solid ket motors were used. As shown in (Almeida and iBeg)
2014), the Institute of Aeronautics and Space (IBEurrently developing liquid rocket engines teclogy.

The fuel and the oxidizer need to be injected itite combustion chamber at high pressures. The fise o
pressurized tanks is the simplest liquid feedingtesy but also puts short limits to the combustibansber pressure
and consequently the engine’s specific impulseoAtanks must be strong enough (and consequentyyhdo
withstand the internal pressure necessary to ekgepropellants (usually provided by some inert ggtgrnal tank).
Thus, in order to obtain better performances, tpdnap units (TPU) need to be used.

In a TPU one (or more) turbine drives fuel and @ad pumps. The turbine can be driven by hot gagysced in its
own gas generator or by the expansion of fuel @setbol the combustion chamber. An schematic viéwa dquid
rocket engine with a turbopump is displayed in Fig.

In a real rotor its geometric center and its masatear do not coincide exactly, even for rotors fiaie
manufactured. Due to this fact an unbalance foppmears pushing the rotor outside its geometricezerthis force
magnitude is proportional to the rotor angular e&lo Since a TPU rotor operates spinning at tdrihausands of rpm,
this kind of mechanical systems presents intritrsiosversal vibrations when operating. Thus itvipartant to evaluate
the level of vibrations of a TPU rotor even durthg early stages of design.

Numerical models of different complexity are avhli&ato simulate a rotor dynamic behavior. In thizrkvtwo kinds
of numerical models were built in order to evalutite rotor dynamic behavior when spinning. Alsoeaperimental
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modal analysis was performed for the rotor as &iost@ry structure. Some classical rotordynamicalteslike
Campbell’s diagram, unbalance response and whirfinges shapes were calculated.
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Figure.1l — A liquid rocket engine with turbopump

2. ROTOR MODELS

Three main kinds of numerical models for a rotoasiiey system can be considered.

In the most simple the whole rotor is treated asgal body supported by soft bearings. The rotansversal
motions is described by 4 degrees of freedom thathe attached to the center of gravity (horizoatad vertical
displacements and pitch and yaw angles) or to winte each one in a rotor tip (horizontal and atftdisplacements).
This is the rigid rotor model.

In a model with intermediate complexity the shaftreated as a spinning beam and all disks asbigfides. A finite
element model with beam elements and point masskmartias can be built. This is the flexible ghrabdel.

In a most complete model the disks flexibility isaconsidered. A finite element model with differéinds of
elements can be built. Thisi s the flexible rotardal.

In this study the second and the third models wheaik and used to analyze the TPU rotor-bearirgjesy.

3 FLEXIBLE SHAFT EQUATIONS

Considering a rotor composed by disks, shaft aratibgs with some mass unbalance. Expressions fatiki
energy can be written for the disks, the shaft gmdmass unbalance. The same is valid for thenstnaérgy of the
shaft. Virtual work of forces due to the bearings @lso be evaluated and then its correspondirgdoaicting on the
shaft can be accounted for. Then Lagrange’s equatia be written to each component of the rotor:

d(aT) aT ou @)
—| |- —+t7—=Fq
dt\dg, ) dq, 0q

where T is the kinetic energy, U the strain enei@yare generalized coordinates ah@), are generalized forces.

By applying Eq. (1) to each rotor component sepsydtisks, shaft, bearings and mass unbalanceanebtain
the equations for these components.
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Using the finite — element method, a flexible rotan be modeled by considering its shaft as a baardisks as
points with mass and inertia and its bearings agztatal and vertical stiffness (eventually someiging can be
present). Masses unbalance are included in the lrasdexternal forces.

3.1.Shaft modelling

The shaft element (an Euler-Bernoulli beam elemeitt) its degrees of freedom can be seen in Figdtracted
from M. Lalanne and G. Ferraris (1990):

N

Figure. 2 — Shaft element

The matrix equation for a single shaft element is:

IMefse}-areafzem}+ [kefew} ={rsw} @
The stiffness matrix can include the effect of dfaaces acting on the shaft. The nodal displacdmeator is:
o=fu, w, 6 W u w, 6, W} ®3)

3.2. Disks
The matrix equation for a single disk element is:

M ) - arestbe ) ={ s} @
The disk element degrees of freedom are:
s=fu w 6 W} ®)

3.3. BearingsThe bearings act as supports to the shaft andaaldosome damping on the system. So they are
governed by:

[Cafxe @+ [kafxe o) ={ e )} ©

The bearings nodal displacement vec{t@(t)} is the same as the disk one shown in Eq. (6).sBate kinds of
bearings the damping and stiffness matrices will&gendant of the shaft angular velocity.

3.4. Rotor
By assembling the equations of all components aneobtain the system’s global equations:
[M Jx} + [D@n{x®} + [k Ex@} = {f ©} @

Where M] is the mass matrixJ(«)] is given by[p(Q)] = (c]-[c]), [C] is the damping matrix, [G] the giroscopic
matrix and is, K] is the stiffness matrix,X(t)} is the nodal displacements vector arf¢t)} is the nodal force vector.
The mass matrix is symmetric and invariant, thesgiopic matrix is skew symmetric. Depending on ltearings
nature, the stiffness matrix can be considered sgtmerand invariant (in the case of ball bearirgg,).

The shaft, disks and bearings elementary matriaese obtained in (Nelson & McVaugh, 1976) or it teooks of
rotordynamics like (Lalanne & Ferraris,1990) andhi{d@s 1993).
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4 FLEXIBLE ROTOR EQUATIONS

For this model the Eq.(7) applies but its matrinesv describes the whole rotor structure. The bgarinfluence
can be accounted for by including discrete sprim®ected to some rotor nodes and do the rotoffoaséations or
by applying structural boundary conditions to sawoter nodes.

5 SYSTEM STUDIED

A view of the turbopump unit rotor analyzed is dégged in Fig. (3), extracted from (Almeida and Racp, 2014).
It is similar to the system analyzed in (Porto, 201t has two pumps, a turbine (the bigger disa) &wvo roller
bearings.

Fuel pump | |

LOx pump rotor

e w A.a y .
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Turbine l |

|

{b)

Figure.3 — A turbopump unit
(@) Turbopump inits case (b) Turbopump rotor

A rotor with the same pyhsical properties of tlesigned one (but with discs in the place of the paiand
turbine) was manufactured in stainless steel Al @¥oung’s modulus 200 GPa, specific mass 7800rRg/Due to
confidentiality the physical properties are notdis The shaft modeled can be seen in Fig. (4).bBaings stiffness
and damping coefficients were the same used int¢5@011) and are listed in Tab. (1). The crossisawere assumed

as zero.
Ss.
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Figure 4 — Shaft with discs and bearings positions
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Table 1- Bearings stiffness and damping coefficent

Elementos Kyy IN/m] K,,IN/m] ny [Ns/m] C,,[Ns/m]

b, b, 25.48x16 25.48 x16 0.5x1¢ 0.5 x16

6 ANALYSIS PERFORMED
6.1 Experimental modal analysis of the stationaryator
The rotor tested in a free-free condition can benge Fig. (5). The modal testing was performedapplying a

random excitation and using a Hanning window. Tregdency band analyzed was from 0 to 6400 Hz witeguency
resolution of 0.25 Hz. A more detailed descriptidithe modal test was presented in (Barros, 2013).

P

Figure 5— Rotor tested instrumented

6.2 Numerical analsysis

All the analysis were performed by using the opeurse software Salome-Meca (pre and post procgsaats
Code Aster (solver). The shaft was modeled by usidgnensional linear frame elements with 2 nodgsch node has
6 degrees of freedom (3 translational and 3 anfular

In the solid model quadratic tethraedral elemeritis #0 nodes with 3 translational degrees of freeger node.

6.21 Flexible shaft model

The flexible shaft was discretized by using 36rfeaelements and 37 nodes. The discs (turbine, dneél
oxidizer pumps) were modeled by using point masssthe same mass and inertia properties.
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6.2.2 Flexible rotor model

This model can take into account the discs fleitipilThe rotor mesh had 58414 elements.
7 RESULTS AND DISCUSSION
7.1 ROTOR AT REST IN FREE-FREE CONDITION

The FEM (beam and solid models) and experimentaults for the free-free condition are displayad i
Tab.(2). In order to allow a comparison among laiéé analysis only shaft flexure modes were constledDue to the
rotor symmetry some modes have very close freqaenth mode 5 the shaft presented longitudinallaigments and

therefore was not identified in the modal test. @ae realize that the beam model give frequendieser to the
experimentally obtained ones than the solid model.

Table 2 — Results for the free-free condition

?}%ﬁuerse fn [Hz]bem fn [HZ]s0 fn [HZ] e/damping Diference (beam-3D) Diference (beam-exp)
1 575.241 627.36 574.46/0.44 -9.06 % 0.13%
2 575.268 627.38 -
3 1213.89 1369.64 1031.56/1.67 -12.83 % 17.68 %
4 1213.95 1369.89 -
5 1692.48 1896.60 -
6 2226.30 2500.54 2205.75/3.07 -12.32 % 0.93 %
7 2226.33 2501.29 -
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Figure 6 — Rotor mode shapes for free-free comivistained from: (a) FEM results beam model; (b\MAEsults solid
model; (¢) modal tests
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7.2 ROTORDYNAMIC RESULTS

The Campbell diagram and the critical speeds wbtaimed by using the Code Aster software to anallee
rotor beam model supported by the bearings whospepties were listed in Tab. (1). The Campbell diag for this
configuration is displayed in Fig. (7). Its respeefcritical speeds are listed in Tab. (3). Théical speed value marked
with bold numbers corresponds to a forward whirdeo

k=28 4806 Ml —-—- &= 5000 Meim

2500
. T ==
2250 T e e
i — . — .. Backward whirl '
2000 = —  Forward whirl 'l'
" . ——=—— Natural frequency =1Q :
E 1750 = ——— Nawral freiz_i_!//// 2Q
Il--"'l . = Q !
9 1500 F — 1 /
¥ ﬂ"""""“""i’”"'%;;
= 1250 o !
o ‘
= 1000 ¥
" — I t
% o — / : —11Q
z' _-—.-.___‘__._-_. [ —'__’_/
500 St SR T — R e — =
- _..-*/‘J_‘___..nf""# !
S R e e = i
ﬂ_gr/""/ L L L { .
o 10000 20000 30000 40000 SO000
Angular speed (£2) [rpm]

Figure 7 — Campbell’s diagram

Table 3 — Critical speeds

Modes Critical speeds [rpm Natural Frequency [Hz]
1 12675.02 211.25
2 17941.86 299.03
3 29922.60 498.71
4 33824.63 563.74
5 33827.36 563.79

The turbopump operational speed is 29985 rpm. Asheaseen in Fig. (7) and Tab.(3), a backward wdritical
speed is very close to this value. In order to @his critical speed it was suggested in (Siag,32Q@o0 change the
bearings stiffness. Another analysis was performigh the bearing stiffness changed to 55.48x40n. Its results are
displayed in Fig. (8) and Tab.(4). It can be natithat the new bearing stiffness gives a much befperational
condition far from any critical speed.

8 CONCLUSIONS AND FUTURE DEVELOPMENTS

The dynamic behavior of the rotor to be used inttlibopump unit of the L75 liquid rocket engine veasluated
numerically and experimentally in a free-free cdiodi. Two kinds of finite elements models were huilflexible shaft
with rigid discs (beam + point masses) and a flex@haft and discs (with solid elements). The Béxishaft with rigid
discs shown a better agreement with the modal. tests

By using the flexible shaft with rigid discs modetotordynamic analysis was conducted evaluatisghtthavior of
the rotor-bearing system. This analysis indicatesitecal speed very close to the operational spégubther analysis
was carried out with stiffer bearings. In the set@onfiguration the critical speeds become far fribim operational
angular speed.

All numerical analysis were performed using opearse programs (Salome —Meca pre and post processbr
Code Aster solver).
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This work is based on two reports (Sias, 2013 aadrd3, 2013) written before the project L75 sufé@me
modifications due to the changing in the fuel fréerosene to ethanol. These modifications alteredttinbopump
characteristics and so further analysis shall bfopaed.
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Figure 8 — Campbell’s diagram

Table 4 — Critical speeds"fZonfiguration)

Modes Critical speeds [rpm Natural Frequency [Hz]
1 14828.31 247.14
2 24574.94 409.58
3 34962.54 582.71
4 39076.86 651.28
5 41477.70 691.29
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