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Abstract: The elastic support/dry friction damper is a type of damper which is used for active vibration control in a
rotor system. To establish the analytical model of this type of damper, a two-dimensional friction model-ball/plate
model was proposed. By using this ball/plate model, a dynamics model of rotor with elastic support/dry friction
dampers was established and experimentally verified. Moreover, the damping performance of the elastic support/
dry friction damper was studied numerically with respect to some variable parameters. The numerical study shows
that the damping performance of the elastic support/dry friction damper is closely related to the stiffness distribu-
tion of the rotor-support system, the damper location, the pressing force between the moving and stationary disk,
the friction coefficient, the tangential contact stiffness of the contact interface, and the stiffness of the stationary
disk. In general, the damper should be located on an elastic support which has a large vibration amplitude in order
to achieve a better damping performance, and the more vibration energy in this elastic support concentrates, the
better performance of the damper will be. The larger the tangential contact stiffness of the contact interface, and
the stiffness of the stationary disk are, the better performance of the damper will be. There will be an optimal val-
ue of the friction force at which the damper performs best.
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0 Introduction

In some cases dry friction is disadvantageous

in mechanical systems, such as in rubbing faults

[1-4]

of rotor systems However, dry friction has

been widely used to increase the stability of me-

chanical systems, such as the dry friction damp-

ing blade of aero-engines and turbines"®.

In order to restrain the vibration of rotor sys-
tem, series of measures have been taken by re-

searchers, such as magnetorheological fluid

[9-10]

damper and dry friction damper It has been

proved theoretically and experimentally that the
elastic support/dry friction damper can signifi-

cantly attenuate the vibration amplitude of a rotor

[11-14]

system in the critical speed region Fan pro-

posed that friction damping could be applied in

12]

rotor system’ He designed an elastic support/
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dry friction damper using a spring to provide the
pressing force and experimentally studied the
damping performance of this damper. The experi-
mental results showed a great damping perform-
ance. Based on his work, Wang Siji designed an
active elastic support/dry friction damper using
an electro-magnetic actuator, which can conven-
iently be actively controlled by adjusting the con-
trol voltage of the electromagnet™™'™ . For differ-
ent conditions, this active damper can be operated
under different control strategies. Wang Siji also
studied its performance of the damper for some
rotor faults such as a crack in the elastic support,
sudden blade-out event and unstable vibration of
the rotor and found that this damper has a good
damping effect"'®%1,

For theoretical study of the elastic support/

dry friction damper, only a simple mechanism

How to cite this article: Liao Mingfu, Li Yan, Song Mingbo, et al. Dynamics modeling and numerical analysis of rotor with
elastic support/dry friction dampers[J]. Trans. Nanjing Univ. Aero. Astro., 2018,35(1):69-83.

http://dx. doi. org/10. 16356 /j. 1005-1120. 2018. 01. 069



70 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35

model was established in which the rotor was
simplified to a single-degree-of-freedom system or
a two-degree-of-freedom system, and the classic
one-dimensional hysteretic dry friction model was
used?,

cient for illustrating the friction damping mecha-

This type of analysis model was suffi-

nism of the dry friction damper, but it is limited
and insufficient for the next study on the damping
performance with variable design parameters.
The limitation is mainly reflected in the following
two points: (1) The axial location of the damper
influences the damping performance of the elastic
support/dry friction damper, which cannot be
studied in the current analysis model. (2) The
relative motion between the friction pair is a two-
dimensional motion, which is considered one-di-
mensionally in the current analysis model.

In this paper, a two-dimensional friction
model-ball/plate model based on the classic one-
dimensional hysteretic dry friction model is pro-
posed. By using the ball/plate model, a rotordy-
namic model for rotordynamic analysis of a rotor
with elastic support/dry friction dampers was es-
tablished and experimentally verified. Finally,
the damping performance with respect to some
variable parameters has been studied numerically,
laying the foundation for the dynamic design of

the elastic support/dry friction damper.

1 Basic Operation Principles

Fig. 1 shows the basic operation principles of
a rotor with elastic support/dry friction dampers.
The rotor is supported by two elastic supports,
and at the end cross section of each one, the dry
friction damper is affixed. Each damper consists
of three key components: The elastic support,
the friction pairs (stationary disk and moving
disk) and the actuator. The elastic supports re-
distribute the strain energy of the whole rotor-
support system and concentrate the vibration,
which is then dissipated by the dry friction be-
tween the friction pairs. The moving disk, which
is fixed to the end cross section of the elastic sup-
port, is connected to the bearing outer ring and

vibrates with the elastic support but does not ro-

tate with the rotor. The stationary disk is fixed to
the casing and can be moved in the axial direction
by the actuator. The frictional force between the
two disks can be changed by adjusting the press-
ing force from the actuator. So the actuator is the
core component of the damper.

If the moving disk fixed to the end cross sec-
tion of the elastic support vibrates with the rotor
vibration, a relative motion between the moving
disk and the stationary disk will take place. When
the actuator provides an appropriate pressing
force, this will lead to dry friction damping dissi-

pating the vibration energy.

2-Moving 3-Stationary
1-Elastic support disk disk

4-Rotor 5-Rolling bearing

Actuator

Fig. 1 Basic operation principles of the elastic support/

dry friction damper

2 Rotordynamic Modeling

2.1 Friction model

Fan and Wang"

12.16] studied the elastic sup-

port/dry friction damper on a rotor by using the
hysteretic dry friction model shown in Fig. 2,
where % is the stiffness of the contact interface.

The whole rotor system with dampers was
simplified as a mass-spring system shown in
Fig. 3, where M is the equivalent mass, & the e-
quivalent stiffness, ¢ the equivalent damp. f,
the load on the system, and x and % represent the
displacement. The basic characteristics of the
damper can be explained by this simplified model.
However, for further study, this simplified mod-
el is inadequate.

The inadequacy of the model in Fig. 2 is that
in a rotor system, a two-dimensional translation
may occur between the moving disk and the sta-
tionary disk, and the friction force may be a cir-
cumferential force, but in the model in Fig. 2,

only one-dimensional motion was considered. The
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rotor model in Fig. 3 was oversimplified for fur-

ther study of the dynamics.

Stationary

Moving

Fig. 2 Hysteretic dry friction model

o

(a) One degree of freedom
| o

v | T

P
kl [ tj k ;Z(r)
2
(b) Two degrees of freedom

Fig. 3 Simplified model of a rotor system with an elas-
12]

tic support/dry friction dampert

Based on the above considerations, a two-di-
mensional friction model-ball/plate model (shown
in Fig. 4) is proposed. This ball/plate model was
developed from the hysteretic dry friction model,
and it is clear and simple to describe the rotor
system with elastic support/dry friction dampers.
As shown in Fig. 4, in the ball/plate dry fric-

tion model, the stationary disk is represented by
a rectangle. The moving disk consists of a ball
and a plate. The plate (without considering its
mass) represents the contact interface between

the moving disk and the stationary disk, and the

ball represents the moving disk. The ball and the
plate are connected with ideal springs and linear
damping in two directions. The ideal springs re-
present the tangential contact stiffness of the con-
tact interface. The displacement between the ball
and the plate represents the microscopic sliding in
the state of static friction. So if the applied force
on the ball is greater than maximum static fric-
tion, the ball will touch the edge of the plate, and

the plate will begin to move.

Fig.4 Ball/plate dry friction model

Both the stationary disk and the moving disk
have two degrees of freedom in the ball/plate dry
friction model. When the stationary disk is fixed,
its displacement remains zero in each degree of
freedom. But when there is a stiffness between
the stationary disk and ground, the displacement
will depend on the friction force of the contact in-
terface.

The ball/plate dry friction model is actually a
type of two-dimensional hysteretic dry friction
model. The frictional force between the stationa-
ry disk and the plate is Coulomb’s friction force.
The frictional force at any time depends on the
motion state of the plate and the applied force
with which the ball acts on the plate.

Without considering the mass of the plate,
the resultant force acting on the plate will be 0 at
any time. When the plate is stationary relative to
the stationary disk, namely the friction pair is in
the state of static friction, the frictional force act-
ing on the plate is

Fi=—1[k(r, —r) +dr —0O]<<uN (D

If ‘k(rl —r)+dG,—0) ‘ = uN, the plate

will not remain stationary relative to the stationa-
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ry disk, namely the friction pairs is in the state of
kinetic friction, and the frictional force acting on
the plate is

.

‘}’Z*rj
In Egs. (1,2).

ment of the ball; r,

r, = x, T iy, is the displace-
=z, iy, is the displacement
of the plate; rj=ua;+1y; is the displacement of the
stationary disk, its value is 0 when the stationary
disk remains at rest; £ is the stiffness coefficient
between the ball and the plate; d is the damping
coefficient between the ball and the plate; p is the
{riction coefficient; and N is the pressing force.
By mechanical analysis of this two-dimen-

sional friction model, the motion equations of the

{riction pair can be established conveniently.
2.2 Rotor system

A single-disk flexible rotor with elastic sup-
port/dry friction dampers is shown in Fig. 5. The
system consists of two parts: A rotor and two e-
lastic support/dry friction dampers (in the dashed
boxes). The rotor is a single offset disk with a
flexible shaft that is supported by two elastic sup-
ports at both ends. The two elastic support/dry
friction dampers can be set up at each elastic sup-
port, shown in the dashed boxes of Fig.5. In
Fig.5, L is the length between the two supports;
a is the length between the left support and the
rotor disk; & is the length between the right sup-
port and the rotor disk; r is the diameter of the
rotor disk; e is the eccentricity of the rotor disk; ¢
is the diameter of the shaft.

For the rotor disk, four coordinates are re-

quired to describe its motion. Two of them (x,

- L Lt
a i b -
1
| Moving disk i | Eccentric disk
| - Shaft

‘Stationary disk] 1, *

1

lastic support|

Fig. 5 A single-disk flexible rotor with elastic support/

dry friction dampers

y) describe its two-dimensional translation; the
other two (¢, ¢,) describe its two-dimensional
swing. For the left friction pair, based on Section
2.1, six coordinates are required to describe the
two-dimensional motion of the moving disk (the
ball and the plate) and the stationary disk:
and vy, describe the motion of the ball; x, and
ya describe the motion of the plate; and x; and
i describe the motion of the stationary disk. In
the same way, another six coordinates describe
the motion of the right friction pair. They are
Thos Vizs Tazs Yazs Tips Y. S0 in total, the whole
rotor system is a system with 16 degrees of free-

dom (16-DOF system).
2.3 Motion equations

By means of Euler's laws of motion, the mo-
tion equations of the rotor disk, moving disk and
stationary disk can be obtained as follows.

The rotor disk

. ) L— 1
mr —+ sy F— 1512 — (Iiasn +T.V12) ry —
- Qe (3)
(LAH L )rb9*m€
. . . (L —a
Jd(p—lfpﬂthrmz]rJrst(p—l( i s 1

%Szz)rb] _i<%52] —%m)rbz:o 4)

The moving disk (the ball in the ball/plate
model)
mm;m + (dy, er)'.‘m +Alr+A2(P+A3rbl +

A1rb2 :krd] _’_d"‘d] (5)
where
L — 1
Al = — (Ta-"ll +f521>
L —
Az :1< L a*lz + )
L—ay’ —
A= (") *ﬂ**
%512 + %522 + Gy + 4D
L —
A, = (Li?“)a 11+L25717
Ljaslz *Loszz
L~® L’
mbz;bz + (dy +d)i'1xz + Byr+ BZ(D"— Biry, +
B4rh2:krdz +d’:d2 (6)

where
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@ 1
912 Lg 22

B'l = (%)2511 *1%521 *1%512 + 1%522 + (51)2 “+ k)

The stationary disk is

7njl;j1 —+ djli.‘jl —dry, — kry, + spry = —krg — dra
7
mjz;jZ +dj2’.‘j2 7(1'..])2 — kryy, JFsz"jz =—kry 7d'.‘d2
(8)

The plate of the moving disk is Egs. (9,10)
(the plate in the ball/plate model).

ri | k(ry —ra) +d(r, — 1) | << uN,
B _[#Nl kCry —ra) +dry —r)
. bl d ‘k(rm*rdl)—f—d(l’m*ru)‘
Fa —
Z{i(l’m*r(n)}
‘/8("'[,1_rdl>+d<’;b]_"'ﬂ>‘>#z\]1
9
Vl'jz ‘k(rbzirdz)_'_d(".bz7"']2)‘</1N2
}:7|:/1N2 ]Q(rbz*rdz)‘f’d(’:'bz*':‘ﬂ) -
, n d Tk(ry —re) +dr, — ) |
rg = A
j(rbz*"(lzi'
‘k(r}Jzirdz)+d(i}327}jZ)‘2}1]\]2
(10)

In Egs. (3—10), r = x + iy is the displace-
ment of the rotor disk; ¢ = ¢, + igp, is the swing
angle of the rotor disk; ry, = xy + iyg, is the
displacement of the left moving disk; ry, = x1, +
iy, is the displacement of the right moving disk;
rg = xq T iyq is the displacement of the left
plate of the moving disk; ry = x4 + iye is the
displacement of the right plate of the moving
disk; ry, =

stationary disk; r, = aj, + iy, is the displacement

a1 iyy is the displacement of the left

of the right stationary disk; m, my » my . m; .
and mj represent the masses of the rotor disk,
the moving disks and the stationary disks, re-
spectively; s11, S125 S2; and sy, represent the stiff-
ness coefficients of the shaft at the rotor disk.,
where s,,1s the displacement stiffness, s,, the an-

gle stiffness, s, and s, are cross stiffness; sy »

s s Si» and sp represent the stiffness coefficients
of the elastic support and the stationary disk re-
spectively; du, dys dj, and djp represent the
damping coefficients of the elastic support and the
stationary disk, respectively; J, and J4 respec-
tively represent the polar moment of inertia and
the moment of inertia about a diameter of the ro-
tor disk; N, and N, represent the pressing force
between the moving disk and stationary disk of
the two dampers; & and d are the tangential con-
tact stiffness coefficient and damping coefficient
of the contact interface introduced by the ball/
plate model; and 2 is the rotational speed of the
rotor.

To solve the equations by numerical meth-

ods, the following variables are introduced

_ T
Jul = {rvfl’?rm AN EY 9rjz}

u, =u, (1)
luSZ{r(ll?rdZ}T
Egs. (3—10) can be written in the following
form
E O O iﬂ O —E O ull
O M O|<u, -+ |S D Of<u =
0O 0 E iJ 0 0 ouJ
9]
f 12>
7l
where
1591 S22 *i(l%am -I-Ilfl.fgg)*i(%m *%m) 00
§= 1A, A Ay A, 00
B, B, B, B, 00
0 0 —t 0 51 0
L0 0 0 —t 055
- _
Ja
My,
M =
My
my
L mp
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0
—i/,0
. dy +d
dy, +d
—d dj
| —d dp |
me* e
0
krg 4 drg
W= kr g, - dr g
— (kro +dra)
— (krg, +dry)
P LRGry =) Fd Gy —FD <N,
- [#Nl k(ry —rg) +d(i:‘b1 *':‘jl) —
d |k(ry —ry) +dry —ry) |
£ ry—ra >}
B |kCry —rg) +dry, —r) | =N,
Wah = re  [kGry —re) FdGry — ) [ << uN,

. [/A 2 k(rbgirdg)_’_d(’.‘],g*"'jg)
Fy2 —

5(’”[)2 _’”dz)]

‘k("’bz —rg) +d(r",,2

E is the unit matrix, and O is the zero matrix.

*rjz)‘>luN2

E O O O —E O
Let O M Ol = A, |S D O|= B,
O O E O O O

[
1f ={p}, u, = {u}, then Eq. (12) can be
5l

transformed into

uy=—A"'"+B-{uy+A" - {p) (13)

u;

Eq. (13) can be solved conveniently by nu-
merical method for ordinary differential equa-

tions.
3 Model Verification

In the following numerical analysis, the
model is verified using some test data, which are
obtained from experiments with two types of
elastic support/dry friction dampers: One is un-

controllable and the other one is controllable.

d ‘k(rbg_rdz)ﬁLd(l.'])z_':jZ)‘_

3.1 Time domain response of a rotor with elastic
support/dry friction dampers under on-off

control

The time domain responses were tested by a
rotor with two active elastic support/dry friction
dampers under on-off control. And the parame-
ters of the rotor test rig had been given in
Ref. [16]. This type of damper can be controlled
by electricity. The two dampers were fixed to
each elastic support. The test results are shown
in Figs. 6,7.

Figs. 6,7 are the time domain responses of
the rotor under on-off control. The control volta-
ges U are 8 V and 10 V. When U = 8 V., the
pressing forces between the moving disk and the
stationary disk of the two dampers on both ends
are 58 N and 70 N, and when U = 10 V, the
pressing forces are 87 N and 104 N,

Numerical simulations were carried out by
using the parameters of the rotor test rig. In the
simulations, the eccentricity ¢ is 13X 10 °m, the
rotation speed 2 is 1 410 r/min, the friction coef-
ficient g is 0. 25, the tangential contact stiffness
of the contact interface & is 3X10° N/m, and the
pressing forces of two dampers on both ends are
58, 70 N and 87, 104 N. The results are shown
in Figs. 8,9.

From Fig. 8(b) and Fig. 9(b), the peak am-
plitude shows a fluctuation when the damper is
switched off. This phenomenon is mainly caused
by transient excitation. The transient excitation
contains the natural frequency of the rotor sys-
tem, which leads to a free vibration. Because the
natural frequency is close to the rotation speed, it
causes a beat vibration. Due to the system damp-
ing, the free vibration decays with time and the
peak amplitude of rotor is gradually stabilized.
What's more, the larger the damping is, the fas-
ter the free vibration decays. So when the damper
is switched on, the beat vibration phenomenon is
slight in Fig. 8 (a) and almost nonexistent in

Fig. 9(a).
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Fig. 6 Test results of time domain responses of the rotor (2 =1 407 r/min, U=8 V)
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Fig. 7 Test results of time domain responses of the rotor (2 =1 407 r/min, U=10 V)
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Fig. 8 Calculation results of time domain responses of the rotor (2 =1 410 r/min, N, =58 N, N, =70 N)
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Fig. 9 Calculation results of time domain responses of
Comparing each plot in Fig. 8 with Fig. 6 and
that in Fig. 9 with Fig. 7, the calculation results
show good agreement with the test results. And
there are some differences between the experi-
mental damping effect and the calculation results.
The main reason is that the pressing force can be af-
fected by the assembly parameters of the damper,

which may cause differences in calculation results.

3.2 Amplitude-frequency characteristics of a ro-
tor with elastic support/dry friction dampers

under variable pressing force

With the test rig given in Ref.[12], the am-
plitude-frequency characteristics of a rotor with
elastic support/dry friction dampers under varia-

ble pressing force were tested, and two friction

pairs were used in the experiments. One was
brass/steel and the other was steel/steel. The
test results are shown in Fig. 10 (a) and

Fig. 11(a). Numerical simulations were carried

out using the parameters of the rotor test rig. In

5

the simulations, the eccentricities ¢ are 5. 3 X 10
m and 2X107° m, the {riction coefficients p are
0. 19 (brass/steel) and 0. 1 (steel/steel), the tan-
gential contact stiffness £ of the contact interfaces
are 1 X 10° N/m (brass/steel) and 1 X 10* N/m
(steel/steel) , and the rotational speeds are 500
3000 r/min and 500—4 000 r/min. The results
are shown in Fig. 10(b) and Fig. 11(b).
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(b) Switching off the dampers
the rotor (2 =1 410 r/min, N, =87 N, N, =104 N)
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(a) Test results

0
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1400
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1000 [
800
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400 [
200 [

N=127N

Amplitude/pm

N=169 N

1000 1500 2000 2500 3000
Ratation speed/(r * min™')
(b) Calculation results

0
500

Fig. 10  Amplitude-frequency characteristics

of the rotor (brass/steel)

Fig. 10 shows the amplitude-frequency char-
acteristics when the friction pair is brass/steel,
and Fig. 11 shows the amplitude-frequency char-
acteristics when the friction pair is steel/steel.
The specific values of the peak amplitude in
Figs. 10,11 are shown in Table 1. The difference
between the calculation results and the test re-

sults is less than 10%. So comparing test results
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Fig. 11  Amplitude-frequency characteris-
tics of the rotor (steel/steel)
Table 1 Peak amplitude of the rotor system in test and cal-

culation results

Pair  Parameter Value
Pressing
85 127 169
force/ N
Brass/ Test
1 255.3 705.7 348. 6 257.7
steel  result/pm
Calculation
1373.9 636.4 332.4 261.1
result /pm
Error / % 9.4 —9.8 —4.6 1.3
Pressing
0 370 635 811
force/ N
Steel/ Test
523.5 99. 2 136. 3 190. 2
steel  result/pm
Calculation
519.0 93.1 146. 8 184. 4
result/pm
Error/ % —0.9 —6.1 7.7 —3.0

with calculation results in both Fig. 10 and
Fig. 11, it is found that the calculation results

show good agreement with the test results.

By the comparisons above, the dynamic
model of the rotor with elastic support/dry fric-
tion dampers has been verified. The comparisons
also show that the variable parameters are very
important for the damping performance of the
elastic support/dry friction damper. Numerical

analysis of some variable parameters will be car-

ried out in the next section.

4 Numerical Analysis

4.1 Basic parameters of the rotor

The geometric dimensions of the rotor for
numerical analysis are shown in Fig. 5. The val-
ues are as follows:L = 700 mm, a = 250 mm,
b= 450 mm, ¢t = 28 mm, r = 120 mm, h =
40 mm,

It is assumed that the material of the rotor is
steel. Its density p is 7. 8 X 10° kg/m’, and its
elastic modulus E is 2. 1X10" N/m?.

Based on the geometric dimensions and mate-
rial parameters above, the mass, stiffness, mo-
ment of inertia, etc., of the rotor can be ob-
tained. In addition, in order to investigate the
effect of mode shape on damping effect, m,; is
valued much larger than m,, to make the vibration
amplitude at the right elastic support higher than
left on the second mode.

All of the basic parameters are listed in

Table 2.
4.2 Mode and unbalance response of the rotor

The mode and unbalance response of the ro-
tor can be obtained by solving the homogeneous
equations corresponding to Eqs. (3—6) analyti-
cally or numerically. The results are shown in
Fig. 12, in which Fig. 12(a) is the mode shape of
the rotor and Fig. 12(b) is the unbalance response
of the rotor.

As shown in Fig. 12, the vibration ampli-
tudes of the left and right supports are approxi-
mately equal when the rotor is at the first mode,
while at the second mode, the vibration of the ro-

tor is concentrated in the right support.
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Table 2 Basic parameters of the rotor for numerical analysis
Parameter Value Parameter Value
m/kg 15.7 ¢/m 3% 10
J,/ (kg « m*) 0.113 Ja/ (kg « m*) 0.058 6
a/mm 250 L/mm 700
su/(Nem™) 1.425 1X10° s1/(Nem™ ) 2.102 6X10°
s /(Nem™ 1) 2.102 6X10° spp/(Nem™ 1) 1.182 7X10°
s /(Nem™ ) 7.38X10° s /(N e m™ 1) 7.73X10°
dy/(Nsem™ ) 250 dy,/(Ns +m™ ) 250
my /kg 1.6 my, /kg 12
k/(N+m™ ') 3X10° d/(Ns+*m ') 10
m; /kg 2 mp /kg 2
sp/(Nem™ ") 1X107 sp/(Nem™ 1) 1107
dy/(Nsem™ 1) 134 dip/(Ns e m™1) 134
” 0.15
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Fig. 12 Mode shape and unbalance response of the rotor

4.3 Damping performance

In this section, the damping performance of
the elastic support/dry friction damper with re-
spect to variable parameters such as the location
of the damper, stiffness of the elastic support,
pressing force between the moving and stationary
disks, etc., will be discussed with numerical
analysis.
4,3.1

The damping of the elastic support/dry fric-

Location of the damper

tion damper is caused by the friction between the
moving and stationary disks. The moving disk is
fixed at the end cross section of the elastic sup-

port, so the damping performance of the damper

is closely related to the vibration of the elastic
support.

Fig. 12 (b) shows that the first and second
critical speeds of the rotor are 1 748 and 2 655 r/
min, so the numerical analysis of the damper’s
performance with respect to the location of the
damper was carried out at 1 748 and 2 655 r/min.

Fig. 13 shows the vibration displacement of
the rotor disk at 1 748 r/min (Fig. 13 (a)) and
2 655 r/min (Fig. 13(b)). In Fig. 13, all three
lines represent the vibration of the disk in the ro-
tor system. What makes these lines different is
that the dotted line represents the rotor without
dry friction damping; the solid line represents the
rotor with dry friction damping on the left elastic
support (N; =100 N, N, =0 N); and the dashed
line represents the rotor with dry friction damp-
ing on the right elastic support (N, = 0 N, N, =
100 N). As shown in Fig. 13(a) and Fig. 13(b),
for the first critical speed, the damping perform-
ances of the dampers on both elastic supports are
almost equal. However, for the second critical
speed, the damping performance of the damper
on the right elastic support is better than that on
the left elastic support.

The vibration energy of the rotor system is
dissipated by the friction between the {riction
pairs. At 1 748 r/min, the first mode shape of

the rotor in Fig. 12(a) shows that the vibrations
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Fig. 13 Damping performance with respect to the

location of the damper

of the two supports are almost equal, so in each
individual rotation cycle, the vibration energy dis-
sipated by the dampers on the left and right sup-
ports is almost the same, which means that the
dampers on the two elastic supports show the
same damping performance. At 2 655 r/min, the
second mode shape of the rotor in Fig. 12 (a)
shows that the vibration amplitude of the right
support is larger than that of the left support, so
the vibration energy dissipated by the damper on
the right elastic support is larger than that dissi-
pated by the left elastic support, which means
that the damper on the right elastic support
shows a better performance than the damper on
the left elastic support.
4. 3.2 Stiffness of the elastic support

The critical speed and mode shape can be af-
fected by the elastic support. To study the per-
formance of the elastic support/dry friction
damper with respect to the stiffness of the elastic
support, let the stiffness of the elastic support be
the variable parameters (s, = s, = 3 X 10°, 7X
10, and 12X 10° N/m). The friction force is ap-
plied simultaneously on the left and right elastic
supports (N, = N,= 20 N).

Fig. 14 is the mode shape of the rotor with
the parameters (s,; = s,, = 3X10°, 7X10°, and
12X10° N/m). From Fig. 14, we can see that as

the stiffness coefficient of the elastic supports in-

creases, the mode shapes of both the first and
second modes become more and more bent, which
means that the smaller the stiffness coefficient of
the elastic supports, the more vibration energy is

concentrated in the elastic support.
4_

[
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Fig. 14 Mode shape of the rotor

Fig. 15 is the unbalance response of the rotor
with the parameters (s,; = s, = 3X10°, 7X10°,
and 12X10° N/m). In this figure, the dotted line
represents the response without friction (N, =
N,= 0 N), and the solid line represents the re-
sponse with friction (N, = N, = 20 N). From
the figure, we can see that the damper perform-
ance is best when the stiffness coefficient of the
support is the smallest, 3X10° N/m; the damper
performance is the worst when the stiffness coeffi-
cient of the support is the largest, 12X10° N/m.

Without friction
— With friction

0
500 1000 1500 2000 2500 3000 3500400
Rotation speed/(r * min ")

Fig. 15 Unbalance response of the rotor (s, = s, =

3X10°, 7X10°, and 12X 10" N/m)

As mentioned above, the smaller the stiff-
ness coefficient of the elastic support, the more
vibration energy is concentrated in the elastic sup-
port. Additionally, the more vibration energy is
concentrated in the elastic support, the more con-
ducive is for the damping performance of the
elastic support/dry friction damper. So the damp-
er performs better and better as the stiffness coef-
ficient of the elastic support decreases. For the

stiffness coefficient of the elastic support, the op-
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erating speed, static deformation, strength and
reliability should be taken into consideration.

The above analysis indicates that the damp-
ing performance of the elastic support/dry friction
damper is closely related to the operating speed of
the rotor and the characteristics of the rotor's
mode. Even the same dampers fixed on different
rotors or different support locations will perform
differently.

4.3.3 Pressing force and friction coefficient

The damping provided by an elastic support/
dry friction damper to a rotor is derived from the
sliding friction force between the stationary and
moving disks. So, as the product of the pressing
forces N; and N, and the friction coefficient s,
the sliding friction forces uN, and uN, directly
determine the damping performance of the damp-
er.

Let the sliding friction forces uN; and uN, be
the variable parameters, with 4N, = uN, = 0,
4.5, 10.5, 13.5, 37.5, 75, 120, and 195 N, ap-
plied simultaneously. Fig. 17 is the unbalance re-
sponse of the rotor for the parameter N, =
u#N,= 0, 4.5, 10.5, 13.5, 37.5, 75, 120, and
195 N.

Fig. 16 illustrates the sliding friction forces
with #N; and xN, increasing. It is found that the
critical speed region of the rotor system moves
upward, and the peak amplitude of the rotor at
the critical speed first decreases and then increa-
ses. When the sliding friction forces are large e-
nough, the peak amplitude of the rotor even ex-
ceeds the peak amplitude without friction. There
must be an optimal sliding friction force under
which the unbalance response of the rotor system
will be smallest for all rotational speeds, and the
rotor can pass through the critical speed smooth-
ly. For this rotor, the optimal sliding [riction
force is between 24 N and 37.5 N,

This phenomenon can be explained by analy-
zing the friction hysteresis loops of ball/plate dry
friction model in Fig. 17. It shows the relation-
ship between the friction and displacement in a
period, where x and y represent the two-dimen-

sional displacement, F; represents the absolute
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Fig. 16  Unbalance response of the rotor(uN, = uN, =
0, 4.5, 10. 5, 13. 5, 37.5, 75, 120, and

195 N)

value of friction whose direction is tangential to
the circle. There are two moving trajectories in
each period, bigger one is for the ball and smaller
one for the plate. Both of them are moving at the
rotation speed, and the ball's phase is ahead of
the plate. Their distance e, represents the micro-
scopic sliding. Then, the flank area of the cylin-
der formed by the plate circle and a-y plane re-
presents the friction work in a period. When the
pressure gets smaller, the trajectory of friction
goes to the uN'-A' circle, on the contrary, the
trajectory of friction goes to the uN"-A" circle.
Therefore, there is a maximum value of the area
when the pressing force changes, also it' s the
same for damping effect of damper. Further-
more, the elastic support/dry friction damper not
only provides external damping to the rotor sys-
tem, but also introduces extra stiffness into the
rotor system. By calculating the response of the
rotor system like Fig. 16, the optimum value can

be found.

Fig. 17 Hysteresis loops of friction with displacement
4,3.4 Stiffness of stationary disk and tangential
contact stiffness of contact interface

Between the moving disk and the mounting
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base of the stationary disk, there is a combined
stiffness that consists of the stiffness of the sta-
tionary disk and the tangential contact stiffness of
the contact interface.

(1) The stiffness of the stationary disk

Under the traction of the moving disk, the
stationary disk will move slightly. Let the stiff-
ness of the stationary disks s; and s;; be the varia-
ble parameters, s; = s, = 0.05X107, 0.2X 107,
1X 107, and 15 X 10" N/m, and the pressing
forces of the two dampers, applied simultaneous-
ly, be N;= 150 N and N,= 150 N.

Fig. 18 is the unbalance response of the rotor
with the parameters s; = s, = 0. 05X 107, 0.2X
10", 1X10", and 15X 10"N/m, and N, = 150 N,
N,= 150 N. The figure shows that as the stiff-
ness coefficient of the stationary disk increases,
the peak amplitude of the rotor decreases, while
the damping performance of the elastic support/
dry friction damper improves. When the stiffness
coefficients s; and s, increase to some extent, the
unbalance response curve is nearly constant and
the damping performance of the damper no longer

changes.
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Fig. 18 Unbalance response of the rotor (s5;; = s;, =5X
10°, 2X10%, 1X10", and 1. 5X10°N/m; N,
= 150 N, N, = 150 N)

Fig. 19 is the time domain waveform of the
left support at 1 800 r/min, with the stiffness co-
efficients s5;, = s, = 0. 05X 10" N/m and s;; = s, =
1X10” N/m. As shown in Fig. 19(a), when the
stiffness coefficient is small, s; = s, = 0. 05X
10" N/m, the motion of the stationary disk under
the traction of the moving disk is obvious, which
makes the relative motion between the moving
and stationary disks smaller, so it is unfavourable

for the damping performance of the elastic sup-

port/dry friction damper. In Fig. 19 (b), when
the stiffness coefficient is large, s; = s =
1X10"N/m, the stationary disk barely moves,

which is very favourable for the damper.
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Fig. 19 Time domain waveform of the left support
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150 N, N, =

(2) The tangential contact stiffness of the
contact interface

In the ball/plate model (Fig. 4), the tangen-
tial contact stiffness of the contact interface is re-
presented by an ideal spring with stiffness coeffi-
cient k. Let this stiffness coefficient £ be the vari-
able parameter, £ = 0.8X10°, 3X10°, and 10X
10° N/m, and the pressing forces of the two
dampers, applied simultaneously, N, = 150 N
and N, = 150 N.

Fig. 20 is the unbalance response of the rotor
under the parameter £ = 0, 8X10°, 3X10°, and
10X 10° N/m, and N; = 150 N, N, = 150 N.
From Fig. 20, we can see that as the stiffness co-
efficient £ increases, the peak amplitude of the
rotor decreases and the damping performance of
the elastic support/dry friction damper improves.

In the ball/plate model (Fig. 4), the plate
moves under the traction of the ball. The damp-
ing comes from the relative motion between the
plate and the stationary disk. When the tangential
contact stiffness £ is small, the relative motion

between the plate and the stationary disk is
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800 support/dry friction damper is closely related to
,
""""" 8><105N/m the characteristics of the rotor's mode. To obtain
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g —1.0X10"N/m the damper’ s best performance, the damper
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Fig. 20 Unbalance response of the rotor (¢ = §X10*,
3X10°, and 1. 0X10°N/m; N, = 150 N, N,
= 150 N

small, so the damping will be small.

Based on the analysis in this section, it’ s
clear that the stiffness of the stationary disk s; and
the tangential contact stiffness of the contact in-
terface k£ are connected in series between the mov-
ing disk and the mounting base of the stationary
disk. The larger this combined stiffness is, the
better the damper’s damping performance is.

In addition, the analysis in this paper is
mainly based on the circular whirl assumption. In
this situation, the trajectory of the moving disk is
a circle. So the value of friction does not change
with the response of the rotor system in each pe-
riod, but its direction changes with time. If the
circular whirl assumption is invalid, there will be
transformation between kinetic and static fric-
tion, which may leads to nonlinear phenomenon.

Further research is needed in this situation.

5 Conclusions

In this paper, a two-dimensional friction
model-ball/plate model was proposed by which
the rotordynamic model of a rotor with elastic
support/dry friction dampers was established and
experimental verified. Lastly, the damping per-
formance with some variable parameters was
studied numerically. The main conclusions are
summarized as follows:

(1) A two-dimensional friction model-ball/
plate model was proposed. This model is clear
and simple, and it can be used to establish the ro-
tordynamic model of a rotor with elastic support/
dry friction dampers.

(2) The damping performance of the elastic

should not be maximized, as there is an optimal
value at which the elastic support/dry friction
damper performs best. The damper not only pro-
vides external damping to the rotor system, but
also introduces extra stiffness into the rotor sys-
tem.

(4) The stiffness of the stationary disk and
the tangential contact stiffness of the contact in-
terface are connected in series between the mov-
ing disk and the mounting base of the stationary
disk. The larger this combined stiffness is, the

better the damper's damping performance is.
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