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A projected 100 kW APU gas turbine rotor-bearing system has a main outer shaft,

which is composed of some numbers of segmented sections for manufacturing and

assembly conveniences. For a secure assembly of the segmented sections a tie shaft or

inner shaft is installed inside of the outer shaft and a tensional axial preload of 50,000 N

is provided to it. In this paper it is intended to set-up a sound modeling method of the

APU rotor system, and partiqularly, the influences of the tie shaft on the rotordynamic

characteristics of the entire APU gas turbine rotor-bearing system are investigated.

Analysis results show that as a conservative design practice the inner tie shaft should be

actively modeled in the rotordynamic analysis of the APU rotor-bearing system, and its

effects on the dynamic behaviors of the outer shaft should be thoroughly design-reviewed.

1. Introduction

In aerospace or high
performance gas turbines it is not unusual
to find that

up of many segmented sections and that

compact
‘their ‘main rotors are made

the rotors are tied as one pieces by tie
bolts or inner shafts with high tensional
axial pré]oads. These tie shafts and many
discontinuous connections in general add
some uncertainties or errors to analytical

models of the rotors.

+  Korea Institute of Machinery and
Materials
=+ Samsung Aerospace

In analyiing rdtor—beaﬁng systems the
transfer matrix method [1-3] and the finite
element method [4-6] have been being
widely used. Generally speaking, the
former is more advantageous in element
formulations and computation times than
the latter but more disadvantageous in
complex and

modeling configurations

solution procedures. With fast technology
advances in computer hardwares the finite
method is

popularities as

element gaining more

a rotordynamic analysis
tool these days.
In this study a projected 60,000 rpm 100

kW APU gas turbine rotor-bearing system
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Fig. 1

Schematic of the 100 kW prototype APU rotor.

Fig. 2 An equivalent finite elemeént madel: of the prototype APU rotor.

shown in Fig. 1 has a main outer shaft,
which is composed of some numbers of
segmented sections for manufacturing and
assembly conveniences. For a secure
assembly of the segmented sections a tie
shaft or inner shaft is installed inside of
the outer shaft and a tensional axial
preload of 30,000 N is provided to it. It is
intended  to

method of the APU rotor system having

set-up a sourd’ modeling
the inner tie shaft and many discontinuous
And  the
characteristics of the

rotor-bearing system, whose bearings are
type, is
particularly evaluate the influences of the
inner tie the
behaviors of the outer main rotor shaft.

connections. rotordynamic

prototype APU
of air-foil investigated to
shaft on rotordynamic

The rotor-bearing system is modeled with
the finite element method.

2. Modeling and solution procedure

In modeling two rhodeling methdds are

considered. One is a conventional single

shaft modeling, where stiffness and inertia
matrices of the inner shaft are added to
corresponding those’ of the outer shaft.
The other is a dual shaft modeling, where
the inner shaft is provided at its each
node with independent degrees of freedom
apart from those of the outer shaft.

The tensional axial force of the inner
shaft and the compressional axial force of
the outer shaft can be considered in the
the strain

modeling using

energy:

Us=-L £\ [[(2%) +(22) ez

following

NS

where F, is a compressional axial force,

and # and v are translational X and Y
displacements at a location Z along the
shaft element.
The assembled
motion of the entire rotor-bearing system

resultant equation of

is expressed as
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[M]., [C], and[K] are the
mass, damping, and stiffness matrices, and

{q) and { Q} are
generalized

where

the column vectors of

displacements and forces,

respectively. The gyroscopic components
are included in [ C].

For a free vibration analysis Egqn. (2)

may be expressed in the state-space form

l{Qz}} {az} v
Il [A][ } @
{a) {Hai}

where [A] is the_ “dynatnic matrix of ~‘the

(q) = (q) and
{g} ={q} . [A] is defined as

as

system, and

—[M17'[C] —-[M]HK)
T4

[(A]=
[1] [0]

The eigenvalues and 'é‘igenvvectors are
calculated' ' from the dynamic matrix “to
give whirl natural frequencies an::l ‘mode
shapes.

Unbalance response of the system is
derived by the
generalized unbalance force and assumed

substituting following
solution into Eqn. (2‘)5
{QY=Q*{Uc)cos Qt+ 2 Usg}sin 2t (5)

(¢} = {aVcosQt+{b}singt - (6)

where {Uc} and {Us) are the coefficient

vectors of unbalance forcing, and {a} and

{b) the coefficient
unbalance solution. After some algebra the
following unbalance matrix equation is

are vectors of

obtained:

l [K]- Q[ M)

Qcl ] {a}
-ate Lol

(K1-2 (M) {8
{Uc)
| ol
{Us}
Then, {a} and (&} of the -unbalance
response is calculated from Eqn. (7).

)

3. Results and discussions

Figs. 1 apd 2 show a schemat@c of the
prototype APU rotor and its equivalent
finite element model. Two air foil bearing
locations are marked in Fig. 2 as hatched
triangle supports. Applying the foregoing
single and dual shaft modelings detailed
whirl mode and unbalance response
analyses have been carried out with the
prototype APU 'rb‘tor—beari-ng system. In
the analyses the following air-foil bearing

dynamic coefficients -have been used:

Ky = 2x10°N/m and

Cs = 1x103 N-s/m for the LHS
bearing, and Kp = 8x10% N/m and
Cp = 2x10° N-s/m for the RHS
bearing.

3.1 Whirl mode shapes and critical
speeds

For the single shaft modeling, whirl
mode analysis results are shown in Figs.
3-5, where the effect of the inner shaft
50,000 N has not
considered in this analysis. The lst mode

tension of been

in Fig. 3 and 2nd mode in Fig. 4 are rigid
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nmw(m)-mouz
VWit naturat e, (o) = 15600 82
LogDec = 0.81079

Fig. 3 Ist critical mode of
the APU rotor with the single
shaft model.

Single shakt mode! & no axial force
Mode 2
Rataling spesd (rpm) = 5029.61

Whirt natursl freg; (rpm) = 8020.61
LogDec = 0.816732

— S

Fig. 4 2nd critical mode of
the APU rotor with the smgle
shaft model.

Romeryg spaelt {rpm) » 82002.1
Whirt natural freq. (m) = 82602 1
LogDec = 0.118542

Fig. 5 3rd critical moede of
the APU rotor with the single
shaft model.

Dual shaft model & ng' axial force
Mode 1
Rotsting speed (1pm) = 5795.94
Whirt natursl req. (rpm)y.= 8708.84
LogDec = 0.807835

Sod (x) : ouler shaft made
Deshed (+) WMM

Fig. 6 1Ist critical mode of "

the APU rotor with the dual
shaft model.

Dunl shat mdost 4 1o axisl force
Mode 2 '

Rotating speed (rpm) = 8027.85
Wit natural freq, {rpen) = 8027 85
LogDec = 0.817029

W.WMM
(+} - innvar. ol riode

Fig. 7 2nd critical mode of the APU
rotor with the dual shaft model.

Dunl shak model & no sl force

Kode 3

Rotating spead (rpm) » 40314

Whil naturst freq. (rpm) » 40314

LogDec = (.00Z14549
A,

-

Solid (x) | outer shalt mode
Dashed (+) - inner shaft mode

Fig. 8 3rd critical mode of the APU
rotor with the dual shaft model

W(l) outer shakt mode
Dashed (+) : inowr sheft mode

Fig. 9 4th critical mode of the APU
rotor with the dual shaft model.

Ounl shefl model & no aal force
Mode 5
Rotallag spead (rpm) + 118400

Solid {x) - outar shah mods:
{+) . nner shafl mode

Fig. 10 5th critical mode of the APU
rotor with the dual shaft model.

-1054-



body modes, and have the critical speeds
of 5801 and 8,030 rpm. The 3rd mode in
Fig. 5 is a bending mode, and has the
critical speed of 82,802 rpm. As the APU
has the rated speed of 60,000 rpm, the 3rd
critical speed has the sufficient separation
margin,

For the dual shaft modeling with no
inner shaft tension‘consideréd, whirl mode
analysis results are shown in Figs. 6-10.
The 1st mode in Fig. 6 and 2nd mode in
Fig. 7, which are rigid body modes, have
the critical speeds of 5,799 and 8,028 rpm.
They are practically the same as thdse for
the single shaft modeling. For the 3rd
mode in Fig. 8 and 5th mode in Fig. 10
the inner shaft is greatly excited whereas
the outer shaft is little excited. Therefore,
they are determined as the inner shaft
bending modes. Their critical speeds are
40,314 and 118409 rpm. Here, since the
3rd critical speed is within the operating
speed range and its LogDec (Logarithmic
Decrement) is very low, its effect needs to
be further investigated by unbalance
analysis. On the other hand, for the 4th
mode in Fig. 9 the outer shaft is greatly
excited and the outer shaft mode shape is
almost the same as the 3rd mode shape
for the single shaft modeling. Therefore,
the 4th. mode for the present case is
determined as the outer shaft bending
mode. Its critical speed is 8299 rpm,
which is very close to that for the single
shaft modeling.

In Table 1 are summarized the critical
speeds obtained for the various modeling
cases. For the dual shaft modeling with
the inner shaft tension considerd, the 3rd
and 5th critical speeds due to the inner
shaft bending modes increase greatly and

particularly the 3rd critical speed is
predicted as 56,184 pm, which are very
close to the rated speed.

3.2 Unbalance Responises

Unbalance response analyses have been
performed with two times of the APl
allowable residual unbalance limit, ' which
has been attached to the generator and
turbine in-phase.

For the single shaft modeling, overall
unbalance responses are all predicted to be
quite satisfactory, having less than 4 um
Pk-to-Pk vibrations at the rated speed of
60,000 rpm and at the two passing critical
speeds of rigid body modes.

For the dual shaft modeling with no
inner “shaft tension considered, unbalance
response analysis results -are -shown in
11-15.
characteristic over 0 to 70,000 rpm is

Figs. Unbalance response
given in Fig. 11. Three response peaks are
observed due to the two rigid body modes
and one inner shaft bending mode criticals.
Figs. 12 and 13 show unbalance responses
at the 1st and 2nd criticals, and responses
throughout the entire rotor locations. are
all less than 4 wum Pk-to-Pk. Fig. 14
the 3rd
critical speed of the inner shaft bending

shows unbalance response at

mode. Due to the inner shaft resonance
the iﬁnef shaft respbnse, which js marked
as a dashed line, can reach as high as 600
pum Pk-to-Pk. The outer shaft response
can grow up to 13 um Pk-to-Pk due to
the influence of the inner shaft resonance.
Fig. 15 shows unbalance response at the
speed, and
predicted as less than 2 um Pk-to-Pk.
For the dual shaft modeling with the
inner shaft tension considered, unbalance

rated vibration level is

-lwﬁ-



Table 1  Critical speeds of the APU
rotor-bearing system, ' depending  on the
different modelings.

Analytical Results
Critical speed (rpm) ‘
Single | Dual shaft model ponr:xolg:m
shaft | With Ino ww{
axial axial
model force force
5801 | 5799 | 6015 | - Risid
8030 | 8028 | 827 | Rieid
Inner shaft
40,314 | 56,184 .
82,802 | 82,996 | 83,019 Omd_isrll\gaﬁ
118,409 | 142,665 ‘ng:l: disll:;ﬁ
173,815] 174,420 | 174,470 Og;enrd isl?gaﬁ
0
¢ Oust sheft moder & o aale forde
: Solld ; Turbing, Dashed : filowes, x : Generasor
2 Dudon : Front earing, Dotied : Reer Searing
& ¢
£
gl
i

Fig. 11  Unbalance rcspénse over the full
speed range of the APU rotor with the dual
shaft model.

responses at the lst and 2nd criticals are
all less than 4 um Pk-to-Pk, again.
However, at the 3rd critical speed of the
inner shaft bending mode the inner shaft
response can increase as high as 200 um
Pk-to-Pk, and the outer shaft response
can. . grow up to a little over. 4 um
Pk-to-Pk again due to the influence of the
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Axial Location.on Rotor (mm)

Fig. 12 Unbalance response at sthe Ist
rigid-mode critical speed of the APU rotor
with the dual shaft model.

Ousl st model & no sl force
mmm-m

- N % &

»—f"“""”""”“-‘-ﬂ-\—.\

3

W Envelope (um)

LT S )

Solid : over shatt respores envelope
Dnsties : inner shaht response srvalope

i
B0 00

00 10 200

o % ‘ 200 00
Axial Locaion on Rotor {mm)

Fig. 13 Unbalance response at the 2nd
rigid-mode critical speed of the APU' rotor
with the dual shaft model.

inner shaft resonance.

4. Conclusions

It 'has bBeen pursued to set-up an
accurate modeling methiod of the prototype
APU rotor system, having ' the inner tie
shaft and many discontinuous connections,
and particularly, the influences of the tie
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Dual shalt mode! & no axial force
Rotating sheed (Dew) = 40314

8 & &

8

Rlespor'\se Envelgpe {um)
8

Sokd : outer shat resporise envelope
M\:mMmm

bt

K

100 150 200 280

Asial Location g Rotor () .

Fig. 14 Unbalance response at the 3rd inner
shaft critical speed of the APU rotor with
the dual shaft model.

shaft on the rotordynamic characteristics
of the entire APU rotor-bearing system
have been investigated. The dual shaft
modeling based on
method, where the inner shaft is provided

the finite element

at its each node with independent degrees
of fréedo‘m apart from those of the outer
shaft, has been proposed in the analyses.
The dual shaft modeling has shown that
the APU system has one inner shaft
bending mode 3rd critical speed before it
speed of 60,000 rpm,
been predicted by the
conventional single shaft modeling practice.

reaches its rated

which has not

Unbalance analysis results have shown
that the main outer shaft may have some
amplified responses due to the inner shaft
resonnance at the 3rd critical speed. This
needs to be further
analytically investigated and experimentally

characteristic

confirmed in the future work to ensure

smooth operation free of high vibrations.
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