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Abstract. In this paper the problem of gas turbine rotor impellers free vibration has been studied.
For its solution, the new, more correct mathematical model on the base of the nonlincar FEM has
been designed. All calculations have been held for the two types of boundary conditions (C — C and
C -S) that match the most common types of the turbine rotors assembling. By the usage of the
designed mathematical model several rotor impellers free vibration modes and frequencies have been
calculated. The developed mathematical model adequacy has been verified by the comparison of
calculated results with the experimental data.
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1. Introduction.

In the modern world one of the most important trends in the power machine
building, marine and aircraft engine building areas is a sharp increase of the gas
turbine engines power. But such increase imperatively demands from the
designers to complement the whole turbine structure and its main units’
durability. Thus we have a need to find out the details and assembly units of the
turbine that are extremely loaded. Without any hesitation the turbine rotor should
be taken into consideration, because it works under influence of non-stationary
gas flow of extremely high temperature. Of course the vibration unfavorable
factors influence on the impeller are more sufficient and their impact in the gas
turbine rotors breakdowns is more important.

Due to the high cost of the modern high power gas turbines it’s very
important to develop the more correct mathematical models and numerical
methods for their vibration characteristics calculations during the designing
process. So despite the intense studies in this area [1—8] there are several
important questions left unstudied. That’s why the problem of the gas turbine
rotor impellers free vibration studying by calculating its vibration modes and
frequencies is rather actual.

2. Literature Review and the Problem Statement

Firstly the impeller blades have been considered as a unity of stiff rods or
even plates [9, 10]. According to this approach the Bubnov-Halerkin’s method
was used to calculate the frequency of only one blade. It was considered that all
other blades vibrate with the same frequency. So the turbine rotor impeller was
simulated only by the vibration of one blade. Of course such approach was
incorrect, because in reality the turbine blades are shaped by space curves and
their geometric form is sharply different from the rods or even plates.

In modern literature the main issues of the gas turbine rotors correct design and
especially strength calculations are linked with the finite element method (FEM)
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usage. In the paper [9], compressor and also turbine rotors models on the base of
FEM are given. But the main disadvantage of these models is an incorrect description
of blades feather by the plane finite elements of triangular type. These circumstances
sharply decrease the reliability of the obtained results. To prevent all these
disadvantages, in the papers [4-6, 11, 12] the three-dimensional finite element
models are used. For example, in [4] special five-node finite elements of pyramid
type were applied for the rotor modeling. For the turbine blades bandage modeling,
the eight-node finite elements of prismatic type were also used. In the paper [5], the
authors simulate the blade’s feather using the eight-node finite elements of prismatic
type and in the paper [6] — four-node finite elements of shell type.

But, as it has been mentioned above, the gas turbine rotor impeller consists of
the blades that can be correctly described only by the space curvilinear finite
elements. Such elements have been developed in papers [3, 12, 13], but all
calculations have been held only for single blades. Thus the problem of the rotor
impeller vibration characteristics calculation on the base of the space curvilinear
finite elements usage has been out of the question till that time.

There are also several experimental methodologies that could be applied for
the research of the impeller free vibration modes [10]. But all of them are very
expensive.

3. The Aim and Main Tasks of the Study

The main aim of this work is to research the gas turbine rotor impeller as a
solid body free vibration process for two different types of boundary conditions.
The first three most dangerous vibration modes and frequencies of the impeller
should also be calculated.

To achieve the aim of the work, the following tasks have been set:

— to develop a more correct mathematical model of the gas turbine rotor impeller
free vibration state on the base of three-dimensional curvilinear finite elements;

— to study the influence of the rotor blades boundary conditions (conditions
of the rotor assembly formation) on the whole impeller free vibration modes and
frequencies value;

— to compare the obtained by the numerical calculation results with the
experimental data and take a decision about an adequacy of the designed
mathematical model and its usefulness for the further researches.

4. Main Materials of the Study

4.1. Model of the gas turbine impeller section and its boundary conditions

The gas turbine rotor impeller can be considered as a cyclically symmetric
system, which consists of several sections with equal geometric, inertial and stiff
parameters. Each section includes the blade, the corresponding disk sector and the
bandage or damping links due to the assembling scheme (fig. 1). Indexes a, b and ¢
are used to mark the left border, middle part and the right border of the section.

The described impeller section is located in the right rectangular Cartesian
coordinate system XYZ. The Z axis is normal to the turbine rotor axis of rotation;
X axis matches the turbine rotor axis of rotation. The whole coordinate system is
rotating with constant angular velocity together with the rotor.

To study the shown section free vibration by means of FEM let’s use the
Lagrange variation principle (1). Thus:
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where L — Lagrange function, ¢; — generalized
coordinate of the i node of the section finite
elements model, » — the quantity of the finite
element nodes.

The whole section is modeled by three types of
the finite elements. The turbine blade, which is the
most important part of the impeller, is
approximated by curvilinear space finite elements
with eight nodes. The disk is properly described by
the space finite elements of hexagon type with
eight nodes. And the bandages or damping links
are formed by prismatic finite elements with eight Fig. 1. Three-dimensional
nodes two. The extended description of the model of the bandaged gas
reasons why such finite elements have been turbine rotor impeller section
chosen, their shape functions and fields of displacement are given in papers [13,
14].

After the nonlinear FEM approximation of the impeller section (fig. 1) on the
base of (1) we receive the canonic equation of the solid body vibration in matrix
form (2). Thus:
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where [M] — the FEM model mass matrix; [C] — the FEM model damping
matrix; [K] — the FEM model stiffness matrix; {0} — the FEM model generalized
displacement vector; {F} — the vector of external forces.
As we take into consideration only the rotor’s free vibration, then the
elements of damping matrix and the vector of external forces are equal to zero.
So the matrix equation (2) is transformed to matrix equation (3):

{8l k)fo) -o. o

According to the gas turbine rotor assembling schemes there are two types of
the impellers — the impellers with bandages and the impellers with damping
links. That’s why we have to take into consideration two types of boundary
conditions. They are C — C for the impeller with bandages and C — S for the
impeller with damping links.

4.2. Amplitudes of the gas turbine rotor impeller free vibration.

The solution of matrix equation (3) can be found by spreading out the section
generalized displacement in trigonometric row. So:

8, = a’; cos(wt)+ a3 sin(wt),J =1,2,....m, 4)

where m is a quantity of the finite elements model nodes, ® — angular velocity of
the rotor rotation.

The indexes 1 and 2 would be used later to differentiate the amplitudes
belonging to cos(wf) and sin(w?).
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After putting the equation (4) into the equation (3) we will receive next
system of matrix equations:

1 1 1 2 2 2
Aya, + Apay + Ajeae + Agag + Apay + Ajea; =0,

1 1 1 2 2 2
Azaaa +A2bab +Azcac+A2aaa +A2bab +Azcac 20, (5)

A3aa; +A3ba}) + A3cal + A3aa§ + A3ba§ + A3ca3 =0,

where Ay = [Ky] —f[My], Ay — blocks of the impeller section dynamic stiffness
matrix; f — the impeller free vibration frequency.

Solution of matrix equations systems (5) gives us an opportunity to calculate
the unknown impeller free vibration frequency.

5. Main results of the study and their analysis

The aforementioned gas turbine rotor impellers are made out of heat resistant
alloy X2CrNiMo 17-34-3, which has the following parameters: density
p=8100 kg/m3; Young’s modulus £=1.79*10° MPa; Poison’s ratio v =0.3 [14].
The quantity of the blades in the impeller is 80. The disk diameter =500 mm;
the blade’s height #7=120 mm.

First let’s take into consideration the rotor impellers free vibration modes
(fig. 2—4).

(@) (b)
Fig. 2. The impeller free vibration mode with one nodal diameter
(a) — impeller with damping links (boundary conditions C — S); (b) — impeller with bandages
(boundary conditions C — C)

e
(a) (b)
Fig. 3. The impeller free vibration mode with two nodal diameters
(a) — impeller with damping links (boundary conditions C — S); (b) — impeller with bandages
(boundary conditions C — C)
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(a) (b)
Fig. 4. The impeller free vibration mode with three nodal diameter
(a) — impeller with damping links (boundary conditions C — S); (b) — impeller with bandages
(boundary conditions C — C)

According to the data, given on the fig. 2 — 4, we can find out that for two types
of boundary conditions the modes of impeller free vibration are practically similar.
The mode with one nodal diameter almost corresponds the well-known first flexural
vibration form for solid bodies. Displacements of the impellers with bandages are
much slighter (blue color on fig.2 — 4 (b)), than the displacement of impellers with
damping links (red color on fig.2 — 4 (a)). These facts don’t contradict the main
postulates of the oscillation theory. But there are some differences too. It should be
mentioned that for the impeller with damping links the nodal diameters are more
obvious. The explanation of this fact is their higher ductility. On the other hand the
vibration mode for all types of impellers changes from the bending mode at the
peripheral antinodes to the torsion mode near the nodal diameters.

For taking the decision about the developed mathematical model adequacy,
we should compare the calculated impeller vibration frequencies with the
experimental data (table 1). The experimental methodology is given in the paper
[10]. The experiment has been held for three same impellers with damping links.

Table 1
The impeller free vibration frequencies for the first three modes
. Free vibration frequency f, Hz Divergence,
Nodal diameter Calculated data Experimental data %
1 112 105-108 7,3
2 549 485-502 9,14
3 1086 921-957 12,8

Analyzing the data, represented in table 1, we can conclude that the divergence
between the calculated results and experimental data is less than 15%.

7. Conclusions

It has been possible to develop the new refined mathematical model of gas
turbine rotor impellers free vibration. The matter is that this model gives an
opportunity to take into consideration the turbine blades constructional
inhomogeneity, in particular their space curvilinear form with sharp inflections.
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It gives the designers an opportunity to calculate the free vibration modes and
frequencies for turbo machinery rotors of various types and assembling schemes.

On the base of the developed mathematical model usage the free vibration
characteristics of gas turbine rotor impellers of two main types have been
calculated. Two different boundary conditions have been taken into
consideration. It was found that for both types of impellers the free vibration
modes are practically similar due to the nodal diameters location.

The calculated frequencies of the gas turbine impeller free vibration have
been compared with the experimental data. The divergence between the obtained
results and experimental data has been found too. Such low percentage of
divergence shows us that the developed mathematical model is adequate and
could be used for further calculations in the field of gas turbine rotor dynamics.
Especially it will be useful for the studies of gas turbine rotors stress-strain state,
caused by complex effect of forced vibration and thermal load.
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Morhun S.
GAS TURBINE IMPELLERS FREE VIBRATION STUDY USING THE FEM ANALYSIS

Due to the rather hard working process gas turbine engines rotor impellers are always heavily
influenced by the unfavourable factors of the gas flow. So the close attention should be paid to the vibration
processes in the rotor. More worse is the fact that the impeller consists of blades, which have a curvilinear
geometric form. So they can’t be correctly described by the theory of plates or even by the plate finite
elements. That’s why the problem can be solved only by the usage of space curvilinear finite elements on
the base of which the mathematical model is built. The whole impeller can be considered as a cyclically
symmetric system. Thus it can be divided into several sections, one of which would be studied. After the
nonlinear FEM approximation of the aforementioned impeller’s section we receive a canonic matrix
equation of the solid body vibration state. As in this study only the problem of the impeller free vibration is
taken into consideration, than the matrix of damping and the vector of external forces are equal to zero.
After making all necessary preparations, we find out the section free vibration modes and frequencies. All
calculations were held for two types of boundary conditions that are chosen according to the impellers
assembling schemes. Calculated results have been compared with the experimental data. As the divergence
between them is less than 15%, than the developed mathematical model is adequate. The developed
mathematical model and obtained results could be used for the gas turbine rotors forced vibration and stress-
strain state study.

Key words: turbine rotor, impellers, free vibration, finite elements method, vibration modes and
frequencies.

Mopeyn C.O.
JOCJIUKEHHS BJJACHUX KOJIUBAHB JIOITATKOBUX BIHIIB 'A3OTYPBIHHOI'O
JBUT'YHA 3A 1OIIOMOI'OIO CKIHYEHO EJIEMEHTHOI'O AHAJII3Y

JloCIiDKy€eThCsl IMTAHHS BJIACHHX KOJIMBAHb JIOMATKOBUX BIHI[B POTOpA ra3oTypOIHHOrO ABHIYHA.
Jlis1 poro po3po0iieHa yIOCKOHAICHa MaTeMaTHIHA MOJIENIb BIIACHUX KOJIMBAHb BIiHIS 3 BUKOPHCTAHHIM
TPUBUMIPHHX KPUBOJIHIHHUX CKIHYECHHX €NIeMEHTIB. JlomaTkoBuil BiHElb MO)ke OYTH HpENCTABICHUN B
SIKOCTI CyHepHO3uLii CEKTOPIB, KOXKHHil 3 SKUX BKIIOYAa€ B ceO€ CEKTOp AKMCKY Ta JIOMATKy 3 MDK
JIONATKOBUMH 3B’si3KaMu. J[/isl MOZEIMIOBaHHS Iepa JIOMATKH Ta CEKTOPY JHUCKY JIONATKOBOTO BIiHIIS
BHKOPHCTOBYIOTBCSI KPUBOJIHIIHI CKIHYEH] €/IeMEHTH ['€KCaroHaIbHOIO THILY, {0 MAIOTh IO BIiCiM BY3JIB 3
TpbOMa CTYHEHSMH BUIGHOCTI. baHmakHa Ta KOpeHeBa MONMLI JIONATKA 3MOACIBOBAHI TAKOXK
TPUBUMIPHUMH CKIHYGHMMH €JIEMEHTAMH, ajie MPU3MATUYHOTO THIy. JIOCTiKEHHS IPOBEACHO IS
JIONATKOBUX BIHIIB, IO MAalOTh JeMII(epHi MDK JomaTkosi 38’s13kd. OXONOMKyBaHi JIONATKH MAlOTh Y
HIOPO>KHHHI Iepa CITKY KaHaJIB 11 IVIMHY OXOJIODKYI0UOro HoBiTps. CTIHKM [MX KaHAIB SIBISIOTH COOOI0
pedpa KOPCTKOCTI y MOPOXKHHUHI ITepa. ToMy ISt KOPEKTHOTO MOZAEITIOBAHHS IIOPOXKHKUCTOIO I1epa JIONATKU
OyJ1i BAKOPHUCTAHI 00OJIOHKOBI CKIHYCHI eJIeMEHTH.

Bcei po3paxyHKH BUKOHAHO st ABOX THIIB rpaHudHux ymMoB (C — C ta C — §), 10 BiINOBINalOTh
HAWOUTBII MOLIMPEHHM THIIAM KOMIIOHYBAaHHS POTOpIB. 3a JONOMOrOK pPO3pOOJICHOI MaTeMaTHYHOL
Moziesli BU3HAYEHO YacTOTH Ta (GOPMH BJIACHHX KOJMBAHb JIONATKOBHX BIHIIB POTOpa ra3oTypOiHHOro
JIBUI'YHA. AJIGKBaTHICTb PO3PO0JICHOI MaTEMATHIHOI MO MiATBEPKYETHCS HOPIBHSHHSM PEe3yJIbTATIB
PO3PaxyHKy Ta JAQHUX EKCHEPUMEHTY. PO3ODKHICTE MDK pe3yJbTaTaMi PO3PaxyHKIB Ta eKCIEPHMEHTY He
nepeuiy 15%.

Po3pobrieHa MaTemMaTH4Ha MOZENb Ta OTPUMAHI Ha il OCHOBI pe3yJIbTaTH MOXYTb OyTH BUKOPUCTaHi
JUB TIOJAJIBIINX PO3PaxXyHKIB BIOPOMIILIHOCTI, BIOPOCTIMKOCTI pOTOPIB ra30TypOIHHUX ABHUTYHIB, a came —
IPH BH3HAUYCHHI X HAIPY)KEHO-1e()OPMOBAHOIO CTaHy.

Kio4oBi cjioBa: poTop ra3orypOiHHOrO JIBUTYHA, JIONATKOBI BiHIl, BUIbHI KOJMBAHHS, METOI
CKIHYCHHX €JIEMEHTIB, I'PAHUYHI YMOBH, 4aCTOTH Ta (POPMH KOJIMBAHb.

Mopeyn C.A.
HCCJIEJOBAHUE COBCTBEHHBIX KOJEBAHUM JIOITATOYHbIX BEHIIOB
TA30TYPBUHHOI'O ABUT'ATEJISI C IOMOLIbIO KOHEYHO-EJJEMEHTHOTI'O
AHAJIN3A

Hccnenyroress CoOCTBEHHbIE KOJIEOAHMSI JIONATOYHBIX BEHIOB POTOpAa TIa30TypOHHHOIO
neuratens. Jiust 3Toro paspaboraHa YTOYHEHHas KOHEYHO-3JIEMEHTHAsi MOJENb COOCTBEHHBIX
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KoJleOaHHH BEHIa C HCIONB30BAHMEM TPEXMEPHBIX KPHBOIMHEHHBIX KOHEYHBIX 3JEMEHTOB. Bce
pacuersl BBINOJHEHBI Ul JBYX TUNOB rpaHuuHbiX ycinosud (C — C u C — S), koropsle
COOTBETCTBYIOT HauboJiee paCIpOCTPaHEHHBIM BapHaHTaM KOMIIOHOBKM poTopoB. Ha ocHoBe
pa3paboTaHHOW MaTeMaTHYECKOW MOJIEIH ONPEACICHBI YaCTOThl U (POPMbI COOCTBEHHBIX KOJICOAHMI
JIOMATOYHBIX BEHIIOB pOTOpa Ta30TypOMHHOrO JBHrarteis. AJEKBaTHOCTh pa3pabOTaHHOM
MaTemaanecxoﬁ MOJCIIM TMOATBECPXKAACTCA CPaBHCHUSAMU PE3YJbTATOB pacdy€Tra C JaHHBIMH,
IMOJTYYCHHBIMH SKCIIEPUMEHTAJIBHBIM ITYTEM.

KiroueBble cjioBa: poTop ra3oTypOMHHOIO JIBUraTess, JIONATOYHBIC BEHLBI, CBOOOAHBIC
KoJIeOaH s, METO/ KOHEUHBIX 3JIEMEHTOB YacTOTHI U POpPMBI KoJeOaHuUA.
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