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Rezumat. Dinamica rotorilor a fosti este un domeniu
cu lardgi aplicabilitate la toate categoriile de gma
rotative. Turbosuflanta facg ea parte din categoria de
maginilor rotative de inalt precizie. Principalul element
al turbosuflantei este reprezentat de rotorul at&st
suginut de dod categorii de lagye: clasice-
hidrodinamice, moderne-cu rostogolire  (rulmign
Performarele pe care turbosuflantele sunt capahilées
furnizeze sunt strans legate de fenomenele dinacaice
au loc la nivelul rotorului acesteia. Fié este vorba de
incovoieri agrute in urma fenomenelor viliranale care
agioneaz asupra lui sau de mase neechilibrate
defectele de montaj, rotorul de turbosuffardre o
precesie care prin natura ei poaiefrnizeze suficiente
date despre fiabilitatea acesteja performanele de
supraalimentare pe care poatdesfurnizeze.

In cadrul acestei ludri s-au evidetiat aspecte
legate de modelarea matematica rotorilor de
turbosuflard, Tmpreud cu cateva aspecte privind
stabilitatea dinamica acestora, stabilitate influgti de
parametrii reprezentade: mag, excentricitate, rigiditate
si amortizare.

Cuvinte cheie: turbosuflant, dinamica rotorilor, ladye,
rigiditate, amortizare

1. Introducere

In general modelarea matemaét rotorilor de
turbosuflani pleac de la ipotezele simplificatoare,
utilizate la modelele clasice de rotori: Jeffcotrah
si Stodola-Green.

Consultand literatura de specialitate
constatat £ modelarea analitic a rotorilor de
turbosufland tine cont de uritoarele ipoteze
simplificatoare [4]:

* rotile compresorului respectiv turbinei sunt reduses

la elemente de mase concentrate sub oda
disc;

arborii sunt redsi la elemente de tronsoane cu
lungime egdl, fiind reprezentate de elemente de
tip Timoshenkai Euler-Bernoulli;

rigiditate si amortizare dispuse cu un defazaj de
90’ pe grind;

filmul de ulei la nivelul lagrelor este redus la
modele liniarizate cargin cont de amortizarea
oferita sistemului.

S-a

lagirele sunt reprezentate de elemente de tip

Abstract. Rotordynamics was and still is a high
applicability field to all categories of rotatingachines.
The turbocharger is part of high precision rotating
machines. Its rotor, sustained by two categories of
bearings, represents the main part of the turbgehar
classical ones use hydrodynamic bearings; modees on
use hybrid rolling bearings with ceramic rolling
elements. The performances that turbochargers are
capable of are closely related to dynamical phemame
that appear at the level of its rotor. Even if &tk about
vibration behaviour, or unbalanced masses and ddgem
defects, the turbocharger rotor has a high pratisio
execution, and by monitoring its behaviour, we are
capable to obtain important data sets, which cpradiict

its durability and also charging performances.

The paper work is focused on highlighting some
aspects related to mathematical modeling of turbaysgr
rotors and also in highlighting some aspects rdldte
rotor dynamic stability, influenced by parametezkated
to: mass; eccentricity, rigidity and damping eféect

Key words: turbocharger, rotordynamics, bearings,
rigidity, damping

1. Introduction
Generally speaking the mathematical modeling
of turbochargers rotors is based on the simplifying
assumptions that are used on classical rotors
models: Jeffcott-Laval and Stodola-Green.
Consulting the field bibliography it had been
found that analytical modeling of turbochargers
rotors take into consideration the following
simplifying assumptions [4]:
the compressor wheel respectively the turbine
wheel are reduced to lumped mass element of
disk shape;
the shafts are reduced to equal size length
elements; being represented by Timoshenko and
Euler-Bernoulli shaft element;
the bearings are represented by rigidity and
damping elements placed with°gghase shift on
the shaft element;
« the oll fluid film is reduced to linearized anatgl
models that are defined by damping effect.
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2. Ecuatia demiscarea arotorului de 2. The motion equation of the turbocharger
turbosuflanta rotor
In cadrul acestei lugri s-a considerat un rotor In this paper work it was considered a classical
clasic de turbosuflait suginut de dod lagire  turbocharger rotor sustained by two hydrodynamic
hidrodinamice, model prezentat in figura 1. bearings, model presented in figure 1.

compressor  wheel hL:lnnE\ 1urh|m wheel

N

th

7
!J ‘ W
Figura 1. Rotor simplu cu Iage hidrodinamice [2]
Figure 1. Simple rotor with hydrodynamic bearingk [

in vederea modali matematice a rotorului In order to model the considered turbocharger
considerat in figura 1, racurgadnd la ipotezelemodel, presented in figure 1, using the simplifying
simplificatoare [2], s-a definitivat un model assumptions [2], it has been defined the convenient
geometric convenabil pentru realizarea maxiel geometric model used in mathematical modelling,

matematice, prezentat in figura 2. presented in figure 2.
Cornpresor wisel Cearing 1 Oearng 2 Tuabirms l.'.“_ll:'!|
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Figura 2. Model simplificat de rotor [2]
Figure 2. Rotor discrete model [2]

Elementele discrete utilizate Tn modelul din The discrete elements used in the model
figura 2 se Tmpart in dé@wategorii: elemente de tip presented in figure 2 are divided in two categories
arboresi elemente de tip disc. Pentru o cofiect shaft elements and disk elements. For an even
reprezentare a modelului analitic s-adistpat  representation of the mathematical model it were
aceleai proprietiti de ma$ si material cssi in cazul ~ maintained the same mass and material properties
modelului efectiv, prezentat in figura 3. as in the case of the real scale model, presented i

figure 3.

Figura 3. Rotorul de turbosuflanstudiat
Figure 3. Real scale turbocharger rotor

148



RECENT, Vol. 13, no. 2(35), July, 2012

Pentru a cupla intre ele elementele de tip disc For coupling the shaft and disk elements it
arbore s-au utilizat ectimmatematice construite pe were used mathematic equations build on the basic
ipoteza @ fenomenelai condiiile din partea starig  hypothesis, that conditions and phenomena that
a tronsonului de tip arbore sunt similare cu celeoccur at the left end of the shaft element are the
impuse la nivelul tronsonului din partea dréapt same with the ones that occur at the right sidbef
discului. disk element.

/ h , Fl,
I..::-\. al

Figura 4. Elementele de tip digcarbore [2]
Figure 4. Disk and shaft element [2]

Fiecare element considerat are patru grade de Each of the considered elements has four degrees
libertate: dod translaii corespunitoare axelor Oy of freedom (4 DOF): two translations correspondang

si Oz, si doua rotaii @ si Y corespunitoare axelor
orizontalesi verticale (Oysi Oy).

De menionat faptul & modelul considerat nu
are depla&i axiale Tn lungul axei Ox.
Pe lang proprietitle de mas si material,

Oy and Oz axis, respectively two rotatiopsand g
corresponding to the horizontal and vertical ay (
and O2z).
It is to be mentioned that the considered model
has no axial displacements along the Ox axis.
Besides the mass and material properties,

elementelor considerate Th modelul prezentat irassigned to the elements forming the model

figura 2 li s-au atribuitsi proprietiti caretin de
rigiditatesi amortizare.

Notdnd cum - masa; y;- accelerga; |; -
lungime element; unde i=1...4 corespitpare
elementelor prezentate n figura2;- modulul de
elasticitatej; - moment de ingie; ®; - rotgia dug
axa Oz; ¥ - rotgia dum axa Oy; e -
excentricitatea,g - acceleraa gravitaionak; w -

viteza unghiulat a rotorului; ¢, - amortizarea la
nivelul lagirelor; K - rigiditatea lagrelor, ecuéile

presented in figure 2 it were assigned also the
properties that are related to rigidity and damping
Noting with m - mass; y; - accelerationy; -
element length; where i=1...4 corresponding to
elements presented in figure 2;E - elasticity
modulus;I; - inertial moment;®; - spin over Oz
axis; W, - spin over Oy axisg - eccentricity;g -
gravitational acceleration;w - rotor angular
velocity; ¢, - bearing dampingK - bearing stiffness,
equations that govern the dynamical phenomena

care modeledizfenomenele dinamice care au loc lathat occur at the level of the turbocharger roter a

nivelul rotorului de turbosuflaatsunt [2, 3, 5]:

as follows [2, 3, 5]:

_ 12El;  6El;  6El;  6El; 5 .
my, + 3 N 3 V2T U @y = -y g + Mg sinwt ; @)
I 7 7
1€, 1% 126 126 .= 6El
myYo +CgY2 +(K 31+ 32))’2— 31)’1— 32y2— 32y3+ 21(p1+
17 1 I 1 1 17 o
6El, 6El,  6El, 5
HCg 5 0 o7 03 = Mg M sinut
1 2 2
) , 12El, 12El4 12El, 12E14 6El,
My3 +Co¥3 + (K—5=+—==)y3 === Vo =5 Vg =502 +
1 13 15 13 12 _ @)
6El, 6El5 6El 4 5 ;
202 5 0 g e’ con
2 3 3
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J73P3 +CuP3 + wygW3 - 6E2|2 y2 + (6:52|2 - 6:52I3 y3+ 6E2|3 Ya + ZIIEIZ @+
|2 2 3 |3 2 (16)
(4||52|2 N 4I|—Z::3)(p3 N 2EI3(p4 -0
Tindnd cont de aspectele niemate anterior Taking into consideration the aspects

urmatorul pas a fost analiza sistemului rotoric mentioned above, the next step was to analyse the

utilizdnd analiza in spal stirilor dati de ecusa
(17) [6]:

MA+CA+KA=F

unde: M - reprezini matricea global a maselor
fiecarui component al ansamblului rotoric;
C - reprezini matricea global a amortiirii;
K - reprezini matricea global a rigidittii; A-
reprezini vectorul deplasilor; A- reprezini
vectorul  vitezei: A- reprezini  vectorul
accelerdilor.

Principala fota care agoneaz asupra rotorului
este dat de fota centrifug, care tinde &
destabilizeze rotorul. Expresia fer centrifuge este
dat de relaia (18) [1]:

Fzmwmzcoswt;

unde: m-masa rotorului; e-excentricitateayiteza
unghiulas a rotorului.

3. Simularea modelului analitic

Dupi realizarea aparatului matematic necesar

modehrii, cu ajutorul soft-ului Matlab-Simulink

s-au realizat o serie de siradl in vederea

obsendrii comportamentului dinamic al rotorului de
turbosufland considerat [5]. Avand in vedere c
s-au construit 16 ectingenerale care guverneaz
sistemul rotoric, cu ajutorul soft-ului Simulinkas-
generat 0 analizin spaiul starilor, definite de 16

intrari si 16 semnale de $&e observabile.

Pentru realizarea simiullor privind stabilitatea
dinamia a rotorului de turbosuflafts-au variat
rigiditatile la nivelul lagrelor. Exemple de
comportament al rotorului se prezrin figurile 5,
6si7.

Se obser¥ faptul @& rigiditatea lagrelor are o
influenta majold asupra stabilitii de miscare a
rotorului. Dei Tn practi@ o rigiditate mai mare
corespunde unei fixi mai sigure a rotorului in
lagire, se poate observa faptdl cu cat valoarea

considered rotor system, using the steady-state
models given by equation (17) [6]:

(17)

where: M-represents the mass matrix of entire
elements that compose the rot@irepresents the
damping matrix; K-represents the stiffness
matrix;A -represents the displacement vectdr:
represents the velocity vectol -represents the
acceleration vector.

The main force acting over the rotor-bearing
system is given by the centrifugal force, that tend
to destabilizes the considered mechanical system.
The centrifugal force mathematical formula is given
by equation (18) [1]:

(18)

where: m-rotor mass; e - eccentricityy - rotor
angular speed.

3. Simulating the analytical model
After defining the mathematical model using
Matlab-Simulink software it were accomplished
several simulations in order to observe the
dynamical behaviour of the considered rotor-
bearing system [5]. Taking into consideration the
fact that there are 16 general equations that gover
the rotor system, using Matlab-Simulink softwate, i
was established a steady-space analysis defined by
16 data entries and 16 output observable signals.
For accomplishing the simulations related to
dynamical stability of the turbocharger rotor itreve
varied the stiffness of the bearings. Examples of
behavior of the rotor shown in Figures 5, 6 and 7.

It could be observed that the bearing stiffness
has a major influence over the rotor motion
stability. Even if in practice a higher value of
stiffness corresponds to a more secure rotor
sustaining in bearings, it could be observed tloce fa

rigiditatii depaseste un prag optim, cu atat precesia that exceeding a optimal value of stiffness therrot

rotorului devine instakil cu un puternic caracter
pulsator (figurile Gi 7).

precession becomes unstable with a strong pulse
feature (figures 6 and 7).
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Figura. 5 Deplasarea obtinuta la nivelul lagirului nr.1 in
diredia y — deplasare pentku= 0 N/m

Figure 5. They, (displacement of bearing 1 grdirection) —
displacement fok = 0 N/m

Figura 6. Deplasarea obtinuta la nivelul lagirului nr.1 in
direaia y — deplasare pentk= 10° N/m

Figure 6. They, (displacement of bearing 2 grdirection) —
displacement fok = 10° N/m

Figura 7. Deplasarea obtinuta la nivelul lagirului nr.1 in
direaia y — deplasare pentk= 1P N/m

Figure 7. Theys (displacement of bearing 2 grdirection) —
displacement fok = 16 N/m

De menionat faptul & pentru simurile realizate It is to be mentioned that the simulations
anterior s-a studiat doar efectul rigiiit asupra accomplished above have highlighted the influence
comportamentului dinamic al rotorului, pentrof the bearing stiffness over the dynamical behavio
amortizarea datde pelicula de uleii elementele of the rotor, for the value of oil film and bearing
lagarului valoarea adoptaia fostc, = 0 Ns/m. damping the used value was= 0 Ns/m.

Urmatorul pas in analiza comportamentului The next step performed for analizing the
dinamic al rotorilor de turbosuflanta fost testareadynamical behavior of the turbocharger rotor was th
efectiva pe standul de probe a turbosuflantei GTiBst rig testing of the GTB 2600 turbocharger. The
2600. Standul de probe pentru o tigale antrenaretest rig for an functioning speed of 90,000 rpm
de 90000 rot/min prezifprecesia rotorului: presents the rotor precession:
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Figura 8. Precesia rotorului pentru o tigade 90000 rot/min
Figure 8. The rotor precession for 90,000 rpm
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4. Concluzii 4. Conclusions

Rotorul i stabilizea amplitudinea mycirii in The rotor stabilizes the movement amplitude
jurul unei axe care nu coincide cu axa ceitral over an axis that doesn’'t concur with the central
geometrid Ox a rotorului considerat. geometric axis Ox of the considered model.

Rigiditatea la nivelul la@yelor joad@ un rol The bearings stiffness plays an important role
important n stabilitatea precesiei rotorului [3]. over the rotor precession [3].

Fenomenele vibteonale ale turbosuflantei nu The vibrational phenomena of the turbocharger

sunt legate doar de vilira propriu-zig a rotorului  are not only related to the actual vibrations ef it
acesteia, cki de vibraii provenite de la alte surse component parts, but also to the vibrations that ar

ale autovehicului. induced by other sources developed by the vehicle.

Masele neechilibratgi excentricititile conduc Unbalanced masses and eccentricity lead to
la amplificarea fenomenelor vibratorii [6]. vibration phenomena increasing [6].

Rigiditatea lagrelor joad@ un rol important n The bearing stiffness plays an important role
cazul precesiei rotorului. over the rotor precession.

Modelarea matematic a rotorilor nu poate The mathematical modeling of rotors can't
surprinde complexitatea fenomenelor dinamice car@vertake the complexity of the dynamical
se pretec in timpul fumionarii rotorului. phenomena that occur during the rotor functioning.

Standurile pentru analiza comportamentului The test rig equipment developed for
dinamic al rotorilor de turbosuflahinu analizeaz =~ dynamical behavior analysis of the turbocharger
comportamentul efectiv al rotorului in furanare, rotor can’'t perform an effective analysis, being
ele nisurdnd doar valoarea gendérala capable only for measuring the general value of
dezechilibrului. rotor unbalance.
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