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Abstract: In this paper, the dual rotor system of a turbofan aero engine, including
an internal rotor and an external rotor, is simplified to a four-disc and five-sup-
porting dual rotor system based on the dynamic similarity. The inherent charac-
teristics, the unbalanced vibration responses and the coupling characteristics of
the inner and outer dual rotor are analyzed. First, the low-pressure fan rotor, the
high-pressure compressor, the high-pressure turbine and the low-pressure turbine
of the aero engine are simplified into four mass equivalent and rotary inertia
equivalent discs. Five supportings (front and rear supportings of fan rotor, rear
supporting of low-pressure turbine rotor, front and rear supportings of high-pres-
sure rotor), are replaced by springs with different stiffness, and a corresponding
5-supportings, 4-discs,3-axis dual rotor simplified dynamic model are set up. The
motion differential equations of the inner and outer dual rotor system with 12
degrees of freedom is established using the Lagrange equation. Through analyt-
ical analysis for these equations, the inherent characteristics, the multi-plane and
multi-phase unbalance vibration response of the different equivalent discs in var-
ious working conditions with different rotational speeds. The time-domain sig-
nal, frequency-domain signal, the rotating axis center locus and whirling locus
are studied. The influence of the unbalanced mass magnitude and the unbalance
mass phase difference between the fan disc and the high-pressure compressor
disc on the coupling vibration of the dual rotor are analyzed. The results show
that the disc centroid phases of the low-pressure rotor and the high-pressure rotor
will reverse when the rotation speed goes through the critical speed of the dual
rotor. The amplitude of the vibration response has a linear relationship with the
magnitude of the imbalance. The unbalance phase difference between the high-
pressure rotor and the low-pressure rotor has no effect on the coupling vibration
of the dual rotor.
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1 Introduction

The inner and outer dual rotor system with intermediate bearing is generally adopted
in medium-thrust or even bigger-thrust turbofan engines. This kind of structure can
reduce the weight and improve the thrust-weight ratio. Compared to a support- inde-
pendent rotor, high-pressure rotor and low-pressure rotor interact each other through
the intermediate bearing which leads to the dynamic characteristics and the critical
speed characteristics more complex.

The vibration of the aero engine rotor system will cause aircraft to stop in many
cases, or even some more serious problems such as structural damage. The imbalance
of the inner and outer dual rotor makes up a large majority of the engine vibration prob-
lems. However, the unique coupling characteristics of inner and outer dual rotor system
cause the law of unbalanced vibration and its influencing factors more complex and not
easy to grasp. Gupta et al. [ studied the critical speed of the rotor, the modal shape and
the mutual excitation between the rotors with the transfer matrix method. Chiang et al.
[Z1analyzed the natural frequency and critical speed of the single rotor and double rotor
system with the finite element method, and calculated the stiffness of the bearing. In
paper B a dual rotor-bearing-casing coupling dynamic model for aero engine was es-
tablished using the finite element method. The nonlinear dynamic response of the sys-
tem was obtained by numerical integration. Paper “Istudied the optimization of the dy-
namic characteristics of the four-supporting dual rotor system with a mediating sup-
porting, and optimized the critical speed characteristics and damping characteristics of
the system. Paper [l studied the effect of supporting stiffness on the natural frequency
and vibration mode of a double rotor with ANSYS software. In paper ], the comparison
between the complete method and the reduction method is made to calculate the critical
speed of the dual rotor system. Paper [ studied the steady-state unbalance response of
an inverse rotation dual rotor engine by a theoretical and experimental methods. Paper
8l studied the beat vibration of the dual rotor system of an aero engine. In paper 1, the
inherent characteristics of the dual rotors are analyzed and optimized, and the unbalance
response is also analyzed by using the transfer matrix method. Paper I proposed a
model based method of dual rotor unbalance fault diagnosis by using the transfer matrix
method. Paper ¥l analyzed the centroid trajectories of the dual rotor under the over-
critical and non-over-critical stage.

At present, the transfer matrix method and the finite element method are mostly used
in domestic study of dual rotor vibration. The study mainly includes the inherent char-
acteristics and fault analysis of the dual rotor with some vibration response. However
little research focus on the coupling characteristics of dual rotor unbalanced vibration.

In this paper, a simplified dynamics model of a rotor system composed of 5 support-
ings, 4 discs, and 3 shafts is established according to aero engine inner and outer dual
rotor system. Different from transfer matrix method and finite element method, the
basic theory of dynamics and the Lagrange equation was used to get the motion differ-
ential equations for this dual rotor system. Based on the differential equations, unbal-
anced vibration response and coupling characteristics of the dual rotor system were
analyzed analytically. In this research, the effect of unbalance vibration on the vibration
transmission of dual rotor can be found, as well as the influence of the mass magnitude
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and imbalance phase difference between the internal rotor and external rotor on the
vibration coupling of the dual rotor. In addition, it also provides a theoretical basis for
the research of unbalance identification.

2 Dynamic model of the inner and outer dual rotor system

2.1 Simplification method

Figure 1 shows the rotor structure of a certain type of aero engine. The engine rotor
system is made of a high-pressure rotor and a low-pressure rotor through an intermedi-
ate bearing, as well as including 6 supportings as shown in the figure. The high-pressure
rotor consists of 2 supportings, 4# supporting and 5# supporting, and the supporting
mode is 1-0-1 with 5# supporting an intermediate supporting. The low-pressure rotor
consists of 4 supportings, 1# supporting, 2# supporting, 3# supporting and 6# support-
ing, and the supporting mode is 1-2-1. 2# supporting and 3# supporting are rigid sup-
port, so they were simplified to 1 rigid supporting in the simplified dynamics model.

Fig. 1. The schematic diagram of the aero engine rotor system

The simplified model is shown in figure 2. Fan discs, low-pressure turbine disc,
high-pressure compressor discs and high-pressure turbine disc in aero engine rotor are
simplified to D;, D2, D3, D4 in the model respectively and form the 4-discs struc-
ture. The fan rotor and the low-pressure turbine rotor are connected by a coupling.
High-pressure rotor and low-pressure turbine rotor are assembled together through the
intermediate bearing. The equivalent stiffness Ky in the dynamic model are calculated
by the stiffness of 2# and 3# supporting in the prototype.
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Fig. 2. The simplified dynamic model of rotor system

The simplified dynamic model is made of a high-pressure rotor and a low-pressure
rotor.

The low-pressure rotor system consists of 2 rotating shafts, 2 discs, 3 supports and
1 coupling. These two shafts are connected by a coupling. The two discs are installed
at D of the fan rotor and D2 of the low-pressure turbine rotor respectively. The con-
nection points of the coupling are C, and C, respectively. L is the total length of the

low-pressure rotor; ai, is the center span of the two discs D1 and D;; a, the distance

between D: and supporting Bi; a, is the distance between D, and supporting B;; a,

is the distance between D; and supporting Bs;
The high-pressure rotor consists of 1 rotating shaft, 2 discs and 2 supportings. 2 discs
are installed at Dz and Dy respectively. a, is the distance between Ds and supporting

Bs; ag, is the distance between Dsand Dy.

2.2 Basic differential equation of motion

According to the Lagrange equation, kinetic energy equations and potential energy
equations of the mode should be first established, and then these equations are derived
by each degree of freedom. At last, the dynamic equations of the dual rotor can be
obtained.

2.2.1 The establishment of coordinate system

In figure 3, the fixed reference coordinate system OXYZ used in rotor system is
marked, and it can be used to depict the position, speed and acceleration of the rotor
system. The origin O of the coordinate system is a fixed point. Axis OX are parallel to
the horizontal plane, coinciding with the rotating center line of the rotating shaft

For the dual rotor system, inertial spindle coordinate systems D &7¢ and D&,7,<,

of two discs and moving coordinate system O,X,Y,Z, are established in addition to
the fixed coordinate system. The detailed introduction are described as following.
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Rotating disc inertial spindle coordinate system D, &7;¢ is established in figure 3
and it can be transformed into the fixed coordinate system OXYZ following some

steps: the coordinate translate from OXYZ to p xyz , rotate around axis Z a angle 1921
and change into p x*yz , rotate around axis y a angle Hyl and change into D,xyz, rotate

around axis x a angle “Pl and change into the inertial spindle coordinate system D &r¢

of the rotating disc 1.
According to these steps, the relationship between the unit vectors of the three rotat-

ing coordinate system im, jm, km (m =12, 3) and the unit vectors of the fixed coor-
dinate system is shown as following.

i] [cose, -sing, O|[i] [0, -6, 0| i
j|=|sing, cosb, O j|=|6, 6, 0| J =TI 1)
k 0 0 1]lk] [0 0 1]k K,
i,] [cosg, 0 sing,|[i,] [6, 0 6,1, i,
h|= 0 1 0 L= 0 1 0|)|=T,| 2
k| |-sin6, 0 cosd, |k, | -6, 0 6,]|k, k,
i, 1 0 0 i i,
i, [=|0 cos¥, —sin¥, | j;,|=T,| J; (3)
k, 0 sin¥, cosY, ||k, | K,
where,
6, -6, 0 6, 0 6,
T=6, 6, 0| T,= 0 1 O
0 1 -0, 0 6,
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Fig. 3. Inertial spindle coordinate systems of the rigid disc

2.2.2 Kinetic energy and potential energy of the rotor system

According to the method for establishing coordinate system and the method for de-
termining the generalized displacement and generalized velocity in chapter 2.2.1, ki-
netic energy and potential energy of the dual rotor system can be obtained.

(a) Total kinetic energy of the system

Total kinetic energy of the system is the sum of the translational kinetic energy and

rotational kinetic energy of the four discs, and it can be written as
T=Tt1 +Tr1 +th +Tr2+Tt3 +Tr3 +TtA +Tr4

1 (2 o ol s, 1., 1
:Eml(xlz+y12+212)+JplQ19119y1+EJd149y12+5Jd149212+§JP1Q12

. A D |
+%mz(>'<22 +Y,0+ 222)+Jp2Q16? 0 +%Jd29y22 +§Jd2¢9222 +§Jszl2

227y2

1 (oo oo o1 s, 1. ., 1
+§m3(x32+y32+z32)+Jp3939239y3+§Jd39y32+§Jd39232+53p3932

1 . . L \2 . N2 . 1 .
+Em4(X32 +(9z3a34 + ya) +(_9y3a34 + 23) )+ J p4936239y3 +§‘]d49y32
+£Jd49232 + l‘] p4£_232

2 2 (4)

(b) The total elastic potential energy of the system

The total potential energy of the system consists of the elastic potential energy of 5
supportings and the potential energy of the coupling. The potential energy of the cou-
pling is

Uc = (qcl - ch)T K(qcl _qcz) )
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In this equation, Uy and ;, are the displacements of the C;, C, at two ends of the
coupling.
k 0 0 0

cy

0 k 0 0

K: (074 6
0 0 ky, O ©
0 0 0 k

coz
The total potential energy of the system can be written as
U=U,+U,+U,+U, +U_ +U,

1 1 1 1
=5 kblxxiz +_(_a1021 + Y1) kniy(_a1‘9z1 + y1) + _( a10y1 + Zl)kblz (a1‘9y1 + Zl)+_X22kb2x
2 2 2 2

1 1 1 1
+[_Ea2022 +E Yijbe(_aZGZZ +Y,) +E( 8,0, +1, ) kb2z(a29y2 +1 ) + Exszkbsx
1 1 1
+§(_Hz3a3 + y3)kb3y(_923a3 + Y3)+§(9y3a3 + Zs)kbaz(eysas + Za)+zxzzkb5x

1 1
+E(szas + yz)kay(‘gzzas + yz)"’E(_gyzas + Zz)kbsz(_9y2a5 + Zz)

1 1
+§(X1_Xz)kcx(x1_Xz)+§(9zlc1+9zzcz+y1_Y2)kcy(‘9zic1+9z2C2+yl_yz)

1

+E(—€y1c1 0,0, + 2,2, K, (0,6, - 0,,¢,+ 2, - zz)+%(6y1 0, )k (040,

1 1
+E(011 _922)k092(921_912)+5(x3 - XZ)kb4x(X3 _XZ)
1
+§(012a41 +923a4 Yt ys)kb4y(‘9zza41+0z3a4 -Y, t Y3)

+%(—¢9y2 dy _9y3a4 -t ZS)kbAZ (—0y2 ay — 9y3a4 -t Zs)"’ %(gyS - 9y2 ) kh46’y(9y3 - gyz)

1
+E(923_ezz)kbwz(ezS_ezZ) (7)

2.2.3 Establishment of the dual rotor dynamic equations

After simplifying and discreting the system, the system analytic model can be estab-
lished by using the Lagrange equation as follows.

dorT or ou oD

__.__+_+_.=Q'(t)1 j=11213”' 8
dteg, oq; og, od; ®)
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Here, qj and qj are generalized coordinates and generalized velocities respectively;

T and U are the kinetic energy and potential energy of the system respectively; D is the
energy dissipation function of the system; Qj(t) is the generalized external excitation
force. If the work done by some exciting force has been expressed as the kinetic energy
and potential energy form of the vibration system, or the form of energy dissipation
function, then these exciting forces are no longer considered on the right side of the
equation. In this rotor system, the influence of energy dissipation function D is ne-
glected. Function (1) can be rewritten as

d oT oT ouU .
—————+——=0Q;), j=123-- ©)
dtog; oq; oq;

Considering the motion equation of the rotor, and ignoring the external excitation.

The differential equations of the system motion are derived and arranged as follows.
m, ¥, + kcy(‘gzlcl + sz C+tYi—Y, ) + kbly (yl _alezl) =0

m, 21 + kcz (_Hylcl - 0y2 C,+7,— 2, ) + kblz (Zl+a19y1) =0

300, +3,92,0, +k, 0,67 —k, (-0,,¢, +2,-7,)c,

cz 7yl¥l

+(kblza12+kc6y)9yl+kblzalzl_k 0,,=0

coy Oy2
320, =3, 0y, +K, 020, +K,, (0,6, + Y, - ¥, )C,

Koy 3 +Kep, ) O — Koy Vs =Ky, 6,, =0

M, 5, + (—Key €, =Koy @ — Koy B+ Kigy 86 ) 0, + Koy (<058, + Y, = s )
+k,, (-0,c, -y, + y2)+(kbzy +Kys, ) y, =0

M, Z, + Ky, C; + Koy B, + Kya By — Ky, 85 )0, + Koy (0,58, +2, — 2,)
Ky (0,06, = 2, + 2, )+ (Ko, +Kys, ) 22=0

0 2 2 2 2
’Jd29y2 +J pZQIHZZ + (kcz C2 + kb22 a2 + kb4z a41 + kb52 aS + kcf)y + qb49y )eyz

+kb4z(0y3a4 +2— Z3)‘3‘41 - kcz(_eylcl +7,— Zz)cz +(kb22a2 - kazas)Zz
—Kepy 0,1 —Kpsoy 6,3 =0

coy Yy1 — Poaoy Yy3
) N 2 2 2 2
‘]d2922 _‘]pZngyZ +(kcyC2 +kb2ya2 +kb4ya4l +kb5ya5 +kc92 +kb492)022

+kb4y(023a4 —Y,t ys)a41 + kcy(0z1C1 Y- yz)Cz +(_kb2ya2 + kb5ya5> Y
_kcez 921 - kb4az 923 =0
(m3+ m4) y3 + m4a?.4913+ kb4y((912 a4l + 02384 - y2 + yB)_ I(ba‘y 92333 + kb3y y3 = 0

(ma + m4) L;—m, 3349y3+ kb42 (—Hy2a41 —0y3a4 -4+ 23)+ kb3z Hysas + kb3z ;= 0
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(m4a342+Jd3+Jd4)éy3—m4a34'z'3+(Jp3+Jp4)Q3ézs+a42kb426y3

Fhoa (0,280 + 2, = 2,8, +(Kogy " + Kyagy ) Oy + Kgy 3523 —Kyggy 6, =0
(m4a342+Jd3+Jd4)ézs+m4a34y3 —Qa(Jp3+Jp4)9y3+kb4ya42023

ooy (0280 = Yo + Y3 ) 8+ (Kysy 35" + Koagy ) 0o — Koz 3sYs Ko 6, =0 )

3 Dynamic characteristics and critical speeds of the inner and
outer dual rotor system

3.1 Calculating method

This chapter mainly calculates the dynamic characteristics and critical speeds of the
dual rotor, according to equations (10) and the basic parameters, dynamic characteris-
tics and critical rotational speeds of low-pressure rotor, high-pressure rotor, inner and
outer dual rotor are analyzed. The parameters needed in the calculating are shown as
follows.

Table 1. Disk mass parameters

Moment of inertia  Polar moment of

Disc name IE/II? S; of diameter inertia

: (Kg-m"2) (Kg m"2)

Fan disc m;=99.8 Ji1=4.18 Jp1=5.029

Low pressure turbine M,=69.2 14=1.859 3,2=3.69

disc

High pressure compres- 743 4 J0=5.428 3p5=5.567
sor disc

High prezsi;‘(ie wrbine ) 1011 J0=2.738 Jps=5.431

Table 2. Stiffness of the supportings

1# supporting  2# supporting  3# supporting  4# supporting  5# supporting
3.3e7 N/m 2.5e8 N/m 3.3e7 N/m 2.5e8 N/m 3.3e7 N/m

Table 3. The length parameters

Parameters Value(m) Parameters value(m)
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al 0.326 a4l 0.029
a2 0.887 ad 0.160
a3 0.137 cl 0.305
a34 0.513 c2 1.323
ad 0.874 cl2 0.136

Taking the basic parameters into the equations, eigenvalues and eigenvectors can be
calculated, and the natural frequencies of the rotor and the corresponding modes of
vibration can be obtained. Solving the frequency at a given speed, and Campbell dia-
gram and critical speed can be obtained.

3.2 The critical speed calculation of low-pressure rotor and high-pressure rotor

According to the dynamic differential equations of the simplified dynamic model,
the critical speed of low-pressure rotor and high-pressure rotor can be calculated
through MATLAB programming.

3.2.1 Inherent characteristics of low-pressure rotor

Removing the effect of the high pressure rotor in the dynamic differential equations,
and the critical speed of low pressure rotor can be calculated. The calculating results of
Campbell diagram and critical speed are shown in Fig. 4 and Table.4.
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Fig. 4. Campbell diagram of low-pressure rotor
According to Campbell diagram, the intersections of the straight line with slope 1
and the positive precession line, the negative precession line are the critical speeds of
the rotor. The critical speed of the rotor is shown in table .4.
Table 4. Critical speeds of high-pressure rotor
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1% order critical speeds/rpm 2" order critical speeds/rpm
8123 9756
7200 9500

3.2.2 Inherent characteristics of high-pressure rotor

Removing the effect of the low-pressure rotor in the dynamic differential equations,
and the critical speed of high-pressure rotor can be calculated.
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1xQ
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0 2000 4000 6000 8000 10000

(r/min)
Fig. 5. Campbell diagram of high-pressure rotor
According to Campbell diagram, the intersections of the straight line with slope 1
and the positive precession line, the negative precession line are the critical speed of
the rotor. The critical speed of the rotor is shown in table 5.

Table 5. Critical speeds of high-pressure rotor

1% order critical speeds/rpm 2" order critical speeds/rpm
4800 7500
4750 5920

3.3 Inherent characteristics of inner and outer dual rotor

In this section, the inherent characteristics of the inner and outer dual rotor are cal-
culated, and the calculated results are shown in Fig.6. Fig. 6(a) shows the 1™ order
vibration mode of dual rotor, and Fig. 6(b) shows the 2™ order vibration mode. It can
be seen that the 1" vibration mode of high-pressure rotor is a translational mode, and
the 1™ order vibration mode of low-pressure rotor is the pitching vibration mode; the
2™ order modes of high-pressure rotor and low-pressure rotor are all pitching vibration
mode.
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Fig. 6. Vibration mode of dual rotor

Through calculating the whirl frequencies of dual rotor at different rotational speeds,
Campbell diagram can be drawn and the critical speed can be calculated. Fig.7 is the
Campbell diagram of dual rotor when the rotation speed ratio of low-pressure rotor and
high-pressure rotor is 1.
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Fig. 7. Campbell diagram of inner and outer dual rotor
According to Campbell diagram, the intersections of the straight line with slope 1
and the positive precession line, the negative precession line are the critical speed of
the rotor. The critical speed of the rotor is shown in table.6.

Table 6. Critical speeds of dual rotor

1% order critical speeds/rpm 2" order critical speeds/rpm
5270 8204
5020 7920

4 Multi-plane and multi-phase unbalance vibration response

Because of the interaction of high-pressure rotor and low-pressure rotor, the unbal-
ance vibration response of inner and outer dual rotor is very complex. In this section,
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unbalanced vibration response of high-pressure rotor and low-pressure rotor are ana-
lyzed under sub-critical and over-critical conditions considering the interaction of the
two rotors. The sub-critical and over-critical conditions respectively refer to the stage
of a slightly lower speed than the critical speed and a slightly higher speed than the
critical speed. The sub-critical speeds and over-critical speeds are shown in the table 7.
The working speed of the aero engine is between 2" and 3" critical speed, so in this
section only the first two critical speeds are analyzed. The basic imbalance of the disc
is 40 gmm.

Table 7. The rotation speed under sub-critical and over-critical conditions

The critical order Rotation speed

1%t critical speed 5270 rpm
1%t sub-critical speed 5000 rpm
1%t over-critical speed 5500 rpm

2 critical speed 8204 rpm
2" sub-critical speed 8000 rpm
2" over-critical speed 8500 rpm

4.1 Unbalanced vibration response of low-pressure rotor under sub-critical and
over-critical conditions

The low-pressure rotor consists of 3 supportings, 2 discs and 1 coupling. In this sec-
tion, unbalanced vibration responses of low-pressure rotor at sub-critical and over-crit-
ical conditions are analyzed with the high-pressure rotor speed 0 rpm. The unbalanced
mass exerted on the low-pressure fan disk is 40 gmm. The unbalance response analysis
results of the low-pressure rotor is shown as following.
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Fig. 8. 1™ order sub-critical unbalance response of low-pressure rotor

It can be seen from Fig.8, the unbalanced vibration response frequency of the low-
pressure rotor at 1" sub-critical state is mainly the rotational frequency of the rotor. The
phases of the centroid and mass center of the disc are almost the same. The time-history
response is periodic. The whirl vibration mode of the rotating shaft is mainly the pitch-
ing mode.
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Fig. 9. 1" order over-critical unbalance response of low-pressure rotor

It can be seen from Fig.9, the unbalanced vibration response frequency of the low-
pressure rotor at 1" over-critical state is mainly the rotational frequency of the rotor.
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The phase difference of the centroid and mass center of the disc is among 90° and
180° . The time history response is periodic. The whirl vibration mode of the rotating
shaft is mainly the translational mode.
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Fig. 10. 2" order sub-critical unbalance response of low-pressure rotor

It can be seen from Fig.10, the difference between the phase of centroid and the
phase of mass center at the 2" sub-critical stage reverses, and the whirl vibration mode
is the pitching mode.
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Fig. 11. 2" order over-critical unbalance response of low-pressure rotor

The phase difference between the centroid and mass center of the disc reverses again
at the 2" over-critical stage. The whirl vibration mode of the rotating shaft is the pitch-
ing mode.

4.2 Unbalanced vibration response of high-pressure rotor under sub-critical and
over-critical conditions

The high-pressure rotor consists of 2 supportings and 2 discs. In this section, unbal-
anced vibration response of high-pressure rotor at 1% sub-critical stage, 1% over-critical
stage, 2" sub-critical stage and 2" over-critical stage is analyzed when the rotating
speed of low-pressure rotor is 0. Based on the equations (10), the unbalanced mass
exerted on the high-pressure fan disk is 40 gmm, and the unbalance-vibration-response
analysis results of high-pressure compressor disc is shown in Fig.12.
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Fig. 12. 1" order sub-critical unbalance response of high-pressure rotor

It can be seen from Fig.12, the unbalanced vibration response frequency of the high-
pressure rotor at 1™ subcritical state is mainly the rotational frequency of the rotor. The
phase of the centroid and mass center of the disc is almost the same. The time history
response is periodic. The whirl vibration mode of the rotating shaft is mainly the trans-
lational mode.
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Fig. 13. 1™ order over-critical unbalance response of high-pressure rotor

It can be seen from Fig.13, the unbalanced vibration response frequency of the high-
pressure rotor at 1" over-critical state is mainly the rotational frequency of the rotor.
The phase difference of the centroid and mass center of the disc is almost 180 “which
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means that the phase reverse happens. The time history response is periodic. The whirl
vibration mode of the rotating shaft is mainly the pitching mode.
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Fig. 14. 2" order sub-critical unbalance response of high-pressure rotor

It can be seen from Fig.14, the unbalanced vibration response frequency of the high-
pressure rotor at 2" sub-critical state is mainly the rotational frequency of the rotor.
The phase of the centroid and mass center of the disc is almost the same. The phase
reverse happens compared to 1" over-critical state. The whirl vibration mode of the

rotating shaft is mainly the translation mode.
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Fig. 15. 2" order over-critical unbalance response of high-pressure rotor

It can be seen from Fig.15, The phase reverses again compared to 2" sub-critical
state. The whirl vibration mode of the rotating shaft changes into pitching mode.

To sum up, comparing the unbalanced vibration response at four different speeds,
the phase difference of the mass center and the centroid have reversed when the rotation
speed goes through the 1%t and the 2™ critical speed. The whirl vibration mode at the 1%
and 2" sub-critical states are both the translational modes, and changing into the pitch-
ing modes at the 1™ and 2" over-critical stage.

5 Analysis of inner and outer dual rotor unbalanced vibration
coupling and vibration transmission

In this chapter, based on the equations (10), inner and outer dual rotor unbalanced
vibration coupling and vibration transfer are analyzed with New-mark method. The vi-
bration amplitudes at the testpoints in the model are calculated, and then the influence
of unbalanced mass and phase difference of high-pressure rotor and low-pressure rotor
on vibration coupling and vibration transmission are studied.

5.1 Effect of unbalanced mass on vibration and vibration transmission of dual
rotor

Aero engine low-pressure fan and high-pressure compressor section are both com-
posed of multi-stage blisk-drums, and low-pressure turbine and high-pressure turbine
are both composed of 1 turbine blisk. The unbalanced mass of high-pressure turbine
disc and low-pressure turbine disc are very smaller than those of the low-pressure fan
disc and the high-pressure compressor disc, so in this chapter only the unbalanced mass
of the low-pressure fan disc and the high-pressure compressor disc are considered. The
two aspects of influence, the unbalanced mass and the phase difference of the unbal-
anced mass, are studied to analyze the vibration response of the dual rotor

5.1.1 The influence of the fan disc unbalanced mass on the vibration and vibration
transmission of dual rotor
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In this section, the influence of the disc unbalanced mass on the vibration and vibra-
tion transmission of dual rotor are analyzed under 4 different rotation speeds. The rota-
tion speeds are listed in table 8. Imposing imbalances 40*i (i=1, 2, 3 ------ ) gmm on
the fan disk. The imbalance imposed on high-pressure compressor disc is 0. Through
calculating the vibration amplitudes at the testpoints in the model, the unbalanced vi-
bration transferring law is analyzed. The testpoints and its distribution are shown in
Table. 9 and Fig.16.

Table 8. Working rotation speed

Number of the rotation speed ~ Low-pressure rotor/LP High-pressure ro-

tor/HP
1 3000 r/min 5000 r/min
2 5000 r/min- 7000 r/min
3 7000 r/min 9000 r/min
4 9000 r/min 11000 r/min
Table 9. Testpoints list
Testpoint number Testpoint location
1 1#supporting
2 Fan disc
3 Low-pressure turbine disc
4 5#supporting
5 3i#supporting
6 High-pressure compressor disc
7 High-pressure turbine disc
8 4#supporting
® 6 /XS
M3, Jg3 Jps
Y m21\]d2,‘]p2 mAv\]d4‘Jp4
T My, o1 Jp1
Kbs
Khi‘g I D, Ds K K‘bdu‘
Dy CHﬁCZ M§‘sz | i Dy % X
or— —————————————————————————— Y ———— e
@ o & o

FFig. 16. The unbalanced response of testpoint distribution
According to the calculated vibration amplitude of each testpoint, the vibration am-

plitudes of the testpoints can be drawn into curves at different rotating speeds with
different imbalances. The results are shown as below.
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Fig. 17. The vibration amplitudes of the testpoints at 1# rotation speed

It can be seen from Fig. 17, the amplitude magnitude of the unbalanced vibration
response has a linear relationship with the unbalanced mass. The amplitude of the re-
sponse increases with the increase of unbalanced mass. Unbalanced mass is applied to
the fan disc, that is, the 2# position of the testpoints. Under the condition of low-pres-
sure rotor 3000 r/min and high-pressure rotor 5000 r/min, the vibration is reduced when
transferred to the high-pressure rotor. The maximum vibration appears at fan disc and
the minimum vibration appears at the front supporting of high-pressure rotor.
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Fig. 18. The vibration amplitudes of the testpoints at 2# rotation speed

Under the condition of low-pressure rotor rotation speed 5000r/min and high-pres-
sure rotor rotation speed 7000r/min. The unbalance vibration will stimulate the vibra-
tion in high-pressure rotor which may be caused by the rotation frequency close to the
critical speed of high-pressure rotor. The maximum vibration appears at the front sup-
porting of the high-pressure rotor, and the minimum vibration amplitude appears at
low-pressure turbine disc.
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Fig. 19. The vibration amplitudes of the testpoints at 3# rotation speed

Under the condition of low-pressure rotor rotation speed 7000 r/min and high-pres-
sure rotor rotation speed 9000 r/min, the unbalance vibration will also stimulate the
vibration in high-pressure rotor. The maximum vibration appears at the rear supporting
of the low-pressure rotor, and the minimum vibration amplitude appears at high-pres-
sure turbine disc.
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Fig. 20. The vibration amplitudes of the testpoints at 4# rotation speed

Under the condition of low-pressure rotor rotation speed 9000 r/min and high-pres-
sure rotor rotation speed 11000 r/min, the vibration is reduced when transferred to the
high-pressure rotor. The maximum vibration appears at the rear supporting of the low-
pressure rotor, and the minimum vibration amplitude appears at high-pressure turbine
disc.

Comparing the vibration responses under 4 different rotation speeds, it can be seen
that the amplitude magnitude of the unbalanced vibration response has a linear relation-
ship with the unbalanced mass. The unbalance vibration will stimulate the vibration in
high-pressure rotor which may be caused by the rotation frequency close to the critical
speed of high-pressure rotor.
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5.1.2 Influence of high-pressure compressor unbalanced mass on vibration and
vibration transfer of dual rotor

Imposing imbalances 40*i (i=1,2, 3 ------ ) gmm on the high-pressure turbine disc.
The imbalance imposed on low-pressure rotor disc is 0. Through calculating the vibra-
tion amplitudes at the testpoints in the model, the unbalanced vibration transferring law
is analyzed.
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Fig. 21. Vibration amplitude of each testpoint at 4 different rotation speeds

As can be seen from Fig.21, the amplitude magnitude of the unbalanced vibration
response has a linear relationship with the unbalanced mass. The unbalanced mass is
imposed on the fan disc (6# testpoint). Under these 4 rotation speeds, the maximum
vibration amplitude appears at the front supporting of the high-pressure rotor, and the
vibration will reduce when it transfers to the low-pressure rotor. In this section, the
unbalance response at a certain rotation speed can be analyzed, and providing a refer-
ence for the design of the aircraft engine.

5.2 Influence of unbalanced mass phase difference on vibration and vibration
transmission of dual rotor

The influence of the phase difference between fan disc unbalanced mass and high-
pressure compressor disc unbalanced mass on the vibration amplitude and vibration
transmission of dual rotor is analyzed. Both fan disc and high-pressure compressor disc
have an imbalance 40gmm. The unbalance vibration response is analyzed under 4 dif-
ferent rotation speeds when the phase difference is changed from 0° to 360°with a
degree-step 10°
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Fig. 22. Vibration amplitude of each testpoint under the condition of different phase differences
at 4 different rotation speeds

There are 36 lines in each of the figure. However, as can be seen in the figures, these
lines are overlap which means that unbalanced mass phase difference between low-
pressure rotor and high-pressure rotor basically does not affect the vibration response
when the rotation of the two rotors are different. In addition, the response amplitudes
are different with the rotation speed changing.

6 Conclusions

This paper is based on the principle of mass and moment of inertia equivalent. The
dual rotor dynamic model for aero engine is established and the motion differential
equations of the dual rotor system are obtained through the basic theory of rotor dy-
namics and the Lagrange equation. The New-mark numerical integration method is
used to solve the equations, and the inherent characteristics, vibration coupling and vi-
bration transfer of the dual rotor are analyzed in an analytical point of view. The anal-
ysis results are shown below.

The unbalanced vibration amplitude of the dual rotor has a linear relationship with
the magnitude of the unbalance mass.

Considering the interaction of the dual rotor, the phases difference between mass
center and centroid of the disc in low-pressure rotor and high-pressure rotor will both
reverse when the rotation speed goes through the critical speed.
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The unbalanced vibrations of the high-pressure rotor and the low-pressure rotor af-

fect each other, the unbalance vibration of the high-pressure rotor will cause the vibra-
tion of the low pressure rotor, and low-pressure rotor has a similar effect on high-pres-
sure.
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