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Abstract

This article presents the results of the external rotor numerical simulation of the double-shaft rotor system 

installation. Two options of the imbalance, which were realized by the  concentrated mass attached to the Þ rst 

disk, were discussed. The imbalance eff ect on the rotor natural frequency, the limit rotor speed and on critical 

frequency were under study. For this purpose computing of natural the rotor frequency and waveforms with the two 

imbalance options, computation of strength, considering the fracture criteria for the rotor materials, and resonant 

waveforms computing were performed.

The increased vibrations are the result of the increased loads on the structural elements of the gas turbine engine 

(GTE), and lead to concomitant damages of the main subassemblies, which is being conÞ rmed as well by such tools 

of the inventive problem solving theory (TRIZ) as component and functional analysis. The main loads are applied to 

the supports, which leads to the radial gap increase in the bearings, and as a consequence to the of slot seals generation 

o the support pressurization systems, and increases the possibility of the rotor blades interaction with the stator.

The world experience of the gas turbine engine demonstrates that the problems solving of the rotor vibrations 

should begin as early as possible at the earlier stages of engine development, otherwise they will require deep design 

changes, as well as subtantial time and material costs. Thus, the increased level of vibrations is the main problem 

in creating the gas turbine engines. Imbalance is one of the causes of increased vibrations.

This article presents the results of several types of computations performed as part of the study of the imbalance 

impact on the rotor dynamics: the natural frequencies, limit rotor rotational speed and on critical speeds. This, in 

fact, presents a modal analysis of the rotor with the linear solver of the LS-DYNA software. It allows determining 

the natural frequency and waveforms, a quasi-static spin of the rotor in the volume Þ eld of the centrifugal forces for 

determining the stress-strain state of the rotor and the limit speed of rotation, as well as the rotor dynamic spin-up 

with subsequent Fourier expansion of the computation results for resonant frequency determining.

Keywords: increased level of rotor vibrations, rotor imbalance, values of critical rotation speeds, rotor mass-rigid 

characteristics, installation of the two-shaft rotor system, analysis of oscillations natural frequencies and shapes, 

rotor dynamics problems solution, non-linear analysis of rotor dynamics, quasi-static rotor spin-up, determining 

rotor limit speed fracture criterion by the Þ rst main deformations
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CB6OL9AAOI A47DG;B> A4 Q?9@9AFO >BAEFDG>J<< 

74;BFGD5<AAB7B 86<74F9?S (�&�) < CD<6B8SF > 

EBCGFEF6GRM<@ CB6D9:89A<S@ BEAB6AOI G;?B6, 
KFB F4>:9 CB8F69D:849FES F4><@< <AEFDG@9AF4@< 

F9BD<< D9L9A<S <;B5D9F4F9?PE><I ;484K (&$��), 

>4> >B@CBA9AFAO= < HGA>J<BA4?PAO= 4A4?<;
[1, 2]. "EAB6AO9 A47DG;>< CD<IB8SF A4 BCBDO, KFB 
CD<6B8<F > G69?<K9A<R D48<4?PAB7B ;4;BD4 6 CB8-
L<CA<>4I <, >4> E?98EF6<9, > 6OD45BF>9 M9?96OI 
GC?BFA9A<= E<EF9@O A488G64 BCBD, 4 F4>:9 CB6O-

L49F 69DBSFABEFP 6;4<@B89=EF6<S D45BK<I ?BC4FB> 

EB EF4FBDB@ [3, 4, 5].
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CDB5?9@O 6<5D4J<= DBFBDB6 A9B5IB8<@B A4K<A4FP 
D9L4FP A4 >4> @B:AB 5B?99 D4AA<I EF48<SI D4;-
D45BF>< 86<74F9?S, 6 FB@ K<E?9 CD<@9ASS <AEFDG-
@9AFO &$��, 6 CDBF<6AB@ E?GK49 BA< CBFD95GRF 
7?G5B><I <;@9A9A<= >BAEFDG>J<<, ;A4K<F9?PAOI 
6D9@9AAOI < @4F9D<4?PAOI ;4FD4F [6, 7]. #BQFB@G 
CB6OL9AAO= GDB69AP 6<5D4J<= CD98EF46?S9F EB-
5B= BEAB6AGR CDB5?9@G CD< EB;84A<< 74;BFGD5<A-

AOI 86<74F9?9=. "8AB= <; CD<K<A CB6OL9AAOI 
6<5D4J<= S6?S9FES 8<E54?4AE [8].

�D<F<K9E><9 K4EFBFO 6D4M9A<S BCD989?SRF 
CBF9AJ<4?PAB BC4EAO9 D9;BA4AEAO9 D9:<@O, 

>BFBDO9 6B;5G:84RFES 8<E54?4AE4@< DBFBD4, 4 
HBD@O >B?954A<= CB>4;O64RF, >4> 6989F E95S 
>BAEFDG>J<S DBFBD4 A4 QF<I D9:<@4I. �A4K9A<S 
>D<F<K9E><I K4EFBF 6D4M9A<S < HBD@O >B?954A<= 

;46<ESF BF @4EEB6B-:9EF>BEFAOI I4D4>F9D<EF<> 

8<A4@<K9E>B= E<EF9@O DBFBD4: :9EF>BEF9= 64?4 
DBFBD4 < BCBDAOI G;?B6 < D4ECD989?9A<S @4EEO 

8<E>B6 < 64?B6 [9, 10].

'EF4AB6>4 86GI64?PAB= DBFBDAB= E<EF9@O S6-
?S9FES A95B?PLB= <@<F4J<9= �&� E 86G@S EBBEAB 
D4ECB?B:9AAO@< DBFBD4@< (D<E. 1), >BFBD4S CB-

;6B?S9F CDB69EF< A4FGDAO= 4A4?<; D9;BA4AEAOI < 

EB5EF69AAOI K4EFBF < HBD@ >B?954A<=. �4:8O= <; 
DBFBDB6 <@99F A9;46<E<@O= Q?9>FDBCD<6B8 < 869 
BCBDO E L4D<>B6O@< CB8L<CA<>4@<. �AGFD9AA<= 

DBFBD <@<F<DG9F DBFBD A<;>B7B 846?9A<S, 4 A4DG:-

AO= � 6OEB>B7B.

$<E. 1. 'EF4AB6>4 86GI64?PAB= DBFBDAB= E<EF9@O

!9B5IB8<@BEFP EB;84A<S @4F9@4F<K9E>B= @B89?< 

84AAB= GEF4AB6>< B5GE?B6?9A4 69D<H<>4J<9= 84A-

AOI, CB?GK9AAOI 6 A4FGDAOI <ECOF4A<SI, 4 F4>:9 
C?4A<DB64A<9@ Q>EC9D<@9AF4?PAOI <EE?98B64A<=.

� A4EFBSM99 6D9@S 5B?PL<AEF6B D4EK9FB6 A4 
CDBKABEFP CD< CDB9>F<DB64A<< 46<4J<BAAOI 86<-

74F9?9= CDB6B8SFES @9FB8B@ >BA9KAOI Q?9@9AFB6. 
,<DB>B9 D4ECDBEFD4A9A<9 8?S >BA9KAB-Q?9@9AF-
AB7B @B89?<DB64A<S CB?GK<? CDB7D4@@AO= >B@-

C?9>E ANSYS [11].

�BEFB69DAO= D4EK9F >D<F<K9E><I K4EFBF CD98-
EF46?S9F EB5B= E?B:AGR @AB7BH4>FBDAGR ;484KG 
<;-;4 A98BEF4FBKABEF< 7D4A<KAOI GE?B6<= 8?S 
BC<E4A<S D45BFO DBFBD4 <?< DBFBDAB= E<EF9@O 

[12]. �?S D4EK9F4 >D<F<K9E><I K4EFBF ED98< ;4DG-
59:AOI CDB7D4@@ K4EFB <ECB?P;G9FES CDB7D4@@4 
Samcef, D4;D45BF4AAB= @9:8GA4DB8AB= >B@C4A<9= 

SAMTECH (�9?P7<S) A4 54;9 �45BD4FBD<< 4QDB-

>BE@<K9E><I F9IAB?B7<= �P9:E>B7B GA<69DE<F9F4. 
#DB7D4@@4 CB;6B?S9F CDB4A4?<;<DB64FP D45BFG 
DBFBD4 A4 EF4J<BA4DAOI < C9D9IB8AOI D9:<@4I. �; 
DBEE<=E><I D4;D45BFB> @B:AB BF@9F<FP CDB7D4@@G 
Dynamics R4, D9L4RMGR ;484K< ?<A9=AB7B < A9-
?<A9=AB7B 4A4?<;4 8<A4@<K9E><I E<EF9@ DBFBDB6. 
#DB7D4@@4 LS-DYNA A9 S6?S9FES EC9J<-

4?<;<DB64AAB= CDB7D4@@B= 8?S D9L9A<S ;484K 
DBFBDAB= 8<A4@<><, AB BA4 B5?4849F L<DB><@ 

HGA>J<BA4?B@ 8?S D9L9A<S ;484K E4@B7B D4;AB7B 
>?4EE4. � S6AB@ D9L4F9?9 CDB7D4@@O LS-DYNA 

<@9RFES B8A< <; ?GKL<I >BAF4>FAOI 4?7BD<F@B6, 
KFB @B:9F CD98EF46?SFP EB5B= IBDBL<= <AEFDG@9AF 
8?S A9?<A9=AB7B 4A4?<;4 8<A4@<>< DBFBDB6. #D< 

A9B5IB8<@BEF< @B:AB C9D9=F< A4 D9L9A<9 E <E-
CB?P;B64A<9@ A9S6AB= EI9@O <AF97D<DB64A<S [13].

� 84AAB= EF4FP9 CD98EF46?9AO D9;G?PF4FO A9-
E>B?P><I F<CB6 D4EK9FB6, CDB6989AAOI 6 D4@>4I 
<EE?98B64A<S 6?<SA<S 8<E54?4AE4 A4 8<A4@<>G 
DBFBDB6: EB5EF69AAO9 K4EFBFO, CD989?PAGR K4EFBFG 
6D4M9A<S DBFBD4 < A4 >D<F<K9E><9 K4EFBFO. ЭFB, 
EB5EF69AAB, @B84?PAO= 4A4?<; DBFBD4 6 ?<A9=AB@ 

D9L4F9?9 CDB7D4@@O LS-DYNA 8?S BCD989?9A<S 
EB5EF69AAOI K4EFBF < HBD@ >B?954A<=, >64;<-

EF4F<K9E>4S D4E>DGF>4 DBFBD4 6 B5N9@AB@ CB?9 
J9AFDB59:AOI E<? 8?S BCD989?9A<S A4CDS:9AAB-
89HBD@<DB64AAB7B EBEFBSA<S DBFBD4 < CD989?PAB= 

K4EFBFO 6D4M9A<S, < 8<A4@<K9E>4S D4E>DGF>4 
DBFBD4 E CBE?98GRM<@ D4;?B:9A<9@ 6 DS8 (GDP9 
(�#() D9;G?PF4FB6 D4EK9F4 8?S BCD989?9A<S D9;B-
A4AEAB= K4EFBFO.

КD<F9D<= D4;DGH9A<O 8?O @4F9D<4?B6 A4DG:AB7B 

DBFBD4 GEF4AB6>< 86GE64?PAB= DBFBDAB= E<EF9@O
$4;DGL9A<9 @4F9D<4?4 A4DG:AB7B DBFBD4 GEF4-

AB6>< 86GI64?PAB= DBFBDAB= E<EF9@O BCD989?S?BEP 
CB >D<F9D<R C9D6OI 7?46AOI 89HBD@4J<=:
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1 max , ó 

789 ̧ 1 � C9D64S 7?46A4S 89HBD@4J<S; ̧ max � @4>E<-

@4?PA4S 89HBD@4J<S CD< D4EFS:9A<<.

 4>E<@4?PA4S 89HBD@4J<S D4EFS:9A<S ¸max 

BCD989?S?4EP >4> ?B74D<H@<K9E>4S 89HBD@4J<S, 
EBBF69FEF6GRM4S BFABE<F9?PAB@G EG:9A<R B5D4;J4 
ψ 6 @B@9AF D4;DO64:

                               max

1
ln .

1

ö ö
  ÷ ÷ ø ø

 (1)

� E?GK49 B8ABBEAB7B D4;DO64 B5D4;J4 59; EB-

ED98BFBK9AAB= 89HBD@4J<< @4>E<@4?PA4S 89HBD-
@4J<S ¸max EBBF69FEF6G9F BEF4FBKAB@G G8?<A9A<R 

B5D4;J4 · 59; GK9F4 GCDG7B= GE48>< B5D4;J4 [14, 15].

$4;DGL9A<9 6 CDB7D4@@9 LS-DYNA ;48464?BEP E 
CB@BMPR >4DF 8BCB?A<F9?PAB= @B89?< @4F9D<4?4 
*mat_add_erosion [16], >BFBD4S CB;6B?S9F 6O5<D4FP 
CDB<;6B?PAO= >D<F9D<= D4;DGL9A<S <; C9D9KAS, 
CD98EF46?9AAB7B CDB7D4@@B=.

 4EG9F D4;DGH4NI9= G4EFBFO 6D4I9A<O A4DG:AB7B 

DBFBD4 GEF4AB6>< 86GE64?PAB= DBFBDAB= E<EF9@O
�D4A<KAO9 GE?B6<S, 6D9@S D4EK9F4, @4F9D<4?O, 

F<C < E6B=EF64 Q?9@9AFB6 ;48464?<EP 6B 6IB8AB@ 

H4=?9 6 ascii-HBD@4F9 [17, 18]. �?S D4EK9F4 A4DG:AB-
7B DBFBD4 GEF4AB6>< 86GI64?PAB= DBFBDAB= E<EF9@O 

E@B89?<DB64AO:

� 3 64?4 A4DG:AB7B DBFBD4;
� 2 8<E>4 A4DG:AB7B DBFBD4;
� 8 5B?FB6 >D9C?9A<S 64?B6 < 8<E>B6 A4DG:AB7B

            DBFBD4;
� 8 L4=5, D4ECB?B:9AAOI @9:8G 5B?F4@< < 74=

        >4@< >D9C?9A<S 64?B6 < 8<E>B6 A4DG:AB7B
            DBFBD4;

� 8 749> >D9C?9A<S 64?B6 < 8<E>B6 A4DG:AB7B
          DBFBD4;

� 8 54?4AE<DB6BKAOI 6<AFB6, D4ECB?B:9AAOI
          A4 8<E>4I A4DG:AB7B DBFBD4.
�4>D9C?9A<9 6 @B89?< D94?<;B64AB 6 @9EF4I 

D4ECB?B:9A<S CB8L<CA<>B6 CB 6E9@ CBEFGC4F9?P-
AO@ EF9C9AS@ E6B5B8O 6 J9AFD4I @4EE 45EB?RFAB 

:9EF><I F9? (D<E. 2). � CDBJ9EE9 6D4M9A<S A4 DBFBD 
89=EF6G9F <A9DJ<BAA4S A47DG;>4, B5GE?B6?9AA4S 
97B 6D4M9A<9@ A4 ;484AAB= K4EFBF9 [19]. � D4EK9F4I 
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