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Micro-slip properties for dry friction of blade root joints
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Abstract; Several contact pairs were built on the contact surface to simulate the micro-
slip at the blade root joint. Control variate method was employed to gain the hysteresis loop
with friction force and relative displacements in two-dimensional blade root joints contact
surface under steady vibration. Analysis and assessments were carried out for parameters
such as reference nodes, mesh configuration, tangential and normal loads, contact stiffness
and friction coefficient, providing a new insight for investigating the micro-slip property of
blade root dry friction. The results showed that when investigating the behavior of blade
root joints with micro-slip model, the choices of different parameters had influence on the dry

friction properties. The contact element amount affected the accuracy of the results, and the
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reference nodes used gave different descriptions to the hysteresis loop. Tangential load made

the relative displacement in hysteresis loop different. The decrease of normal contact stiff-

ness can increase the relative displacement and micro-slip region. The increase of tangential

contact stiffness made the blade root move easier with macro-slip like rigid motion. Friction

coefficient and normal pressure increased the micro-slip region, while the influence was not

absolutely the same. Meanwhile, the damping effects of contact parameters were investiga-

ted by way of dissipated energy.

Key words:

micro-slip property; dry friction; turbine bladed disc; blade root joints;

numerical analysis; hysteresis loop
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Fig. 1 Two damping sources of micro-slip
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forced response with contact
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Fig. 3 Schematic diagram of typical hysteresis loop
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Fig. 4 Two-dimensional simplified blade root model

2.1 W& 5 BRI

HY T PR TS 7 g I A% 285 32 R4 f SR T B i
XF SRR AU BE A AR W R By, BT LA e
BEIEAT A BR TR R RSB W () 5 5%, TR ROCR
FTH B3R B SO AN A B P i 19 3K, R G AR
)T R — P, X LB A T il BT
Boik No=7,14,28 = B0 i35 ¥ 0] 26 19 42 1k
oL AN 5 B . E 2 R i 2R R HCH 1 Ak

200
150 F
100

Friction force/N

=100 |

-150 F =

—200 1 4 L 4 ' L s '
-46 -44 -42 40 -38 -3.6 -34 -32 340
Relative displacement/um

P05 B BT Ho X AR i [0l £ Y 82
Fig. 5 Effect of contact element number on

hysteresis loop



5% 2 3

WRAZ 7S S5 o AR 3 A0 Y T B 4 O A% TR B8 309

I RS T A 042 fih 0T e T O B9 (1 5 D AR
AR AL T 2 7% i R A5 T D A O 4 o T
R BT,

P 5 2 B =l fh PR OT R0 T A8 9 T 2k 2 1)
AR AEHT 14 A 28 A4 figh BT HE AT AR IR i [
o gArw I, ik, Al Ry 14 4> 52 i 5T
22 BE B AL 3t i 38 4 ok AT ) 9 A EL A IO &R
15 ZJa BT, 4 iy BRE R 9 45 fph B DT E O
44,

2.2 BE[REERNRE

T P A8 280 v i P AR 22 4 i B 0 A A AL
fih TRT L 549 52 EL A T T A A5 A 2 M AR B A X i
AR —RE . I TR HR A [ 2 i 225 R0
e FE X IR 0] R AT IR 2 A AR KB . i 2R 4T
2 TR0 2 o 9 38 i [ 2 0 338 L AN ] BB X BT A
WAL, R BT AR S E A
Ak A3 i (1 £ O B 1 3 B 2 5 R A0 BT ik
T G PR RE . 6 P T = A ARI S %
FOR 2R A M Fp 5 WK 4) o o 8 34 Ak 9
A1 ARG FE A AR 15 B ZE/0N IR il
TR 1 R i 3B [0 4 A B Y B A% DXL
T 15 R I A8 REAE AR Ll Al A R
i fih 1) R0 v £ Bl 20 6 B 40 1) £ S, L TR 4 T R 9T
W E XA LY

P 6 rpad LAk s 4 A Ak i ARAE A A {0
T A9 38 i (] 296 T R R I AN SO R O A
33X S A g P AR Y AN 2 — AW L LA TR TR )
ORI e SRS 13- A I RO R A - R ey e
TR

A TRV ST PR A T A S G 8 3 S AR S Y
AR DL AT LI 7. R AT 0 0 Y BT R Ab T
SARAS M55 — B BT AL T REHR S .

200
—— Node |

150 F —=- Node 8 2 ;
—4— Node 15 ] A
100 1 Yf bt
. : ¥ f

50k

Friction force/N

50+

100 F

-150 s
= -2

Relative displacement/um

K6 7% ik HE g

Fig. 6 Effect of choice of reference point

A fiph T 7532 Bl i 3 5 v 2 B RS R A LA
AR OO RG] fk ir b2 A T R LR .

18r Slip  Stick
16F [
l I T I
|-12_ .......
2
E 10
-
=
3 8t
z 6F
4F
2._
0 I 2 3

Cycle number

P72 R

Fig. 7 Variation of contact status

2.3 YIEBETHI A

L) 1) 8 8 R WD 42 fih T %) 5 R AR X 67 %
T 25 B8 V) [i) 28155 52 W B AR A6 ] L fek ) 48 4 42 ol
(977 ¥ » B B A R A R E AT TR X HR A
24.25.,26 MPa = F 1] [ 2 1 K F 5 U1 17 28 £ %F
IR R JF R AT 4 iy 8 S dfER S
iz 7O [ R i 2L iR 8 FR .

001 p=24 MPa —e-p=25 MPa - p=26 MPa

150 : _.__——m*?,‘g—é_§

z 190 / | iT 1
£ 50t Yf : I o ]
< ¢} o4
s 04 @ + b4

= _|t ¢ I 1] 1
-sof¢ ¢ -

¢ E x b £

wi f L

-7 -6 -5 —4 -3 -2 -1
Relative displacement/um
&8 Yl Im) A 0 52 i
Fig. 8 Effect of tangential loads

P8 i 4 R 5 EOULIER B8 AR AT, U 1] A
R AR 5282 A 8 {0t Al B o o T e T 3 1) T
AR A7 S AH DO B8 LT A — B 23 SR L X S L
IS (] £ 1] B A AR RS X B FS . 1] 8 rpR] LA
S B+ 28] fia) 3T 3G 0N B AR R 45 ) AKF R T
i e AR OO R o T ELIROUL T A% O B e 38 i [l £
A A TUORE AR 5 SR R R R A A R
s I P R RER L. TRk A TR



310 Mo o@ N % # CRIES
AT RE R 328 2 0 TS 958 4 Al L £ A % MO B 20T =038, p =60 MPa - u=0.4, p, =57 MPa
2.4 EMBHHEBM B DR R

AR INYT 43T P 5 R 2 1 0 1) f 2 )
e L 1 2 R RS 0 B0 |
DP9 v T Lk 5 B35 1] 43 fulk L E e, ) ) A g ol
2 W) L DA 8 RO RS DI K/ g ol
Y T B B2 e ) 1725l 6 0 S 199 82 T A ool
10777 o 8 4 X 1) Ak 5 1 ) Al O 2 7 il
TS, M) I ik B /N L A R LT 5 ) o
) 2l O 0 25 A0 BT T 24 70 fh O P10 "‘RL;M:,‘;W,;;m;:Wf 2
RN H 4036 17285 4 JL T T L4 220 [ 3 T —
FRERLE S A éﬁj] o0 42 ik O 2 38 Fig. 11  Effect of friction coefficient and normal loads

o T B DX 3 /N ) o 3 e (R D ) ) 4
S P 147 385 o0 5 5 foh a5 B A By ik ) FG R A )
R S 7K TR R 4 R A7 2 LW AR 32 3 #42R
PURGEE

PR A5 DR K o) FVIE T T Cpo ) 6 A0 7% 1) 52 Wi

WE 11 R, b EXWAS 8w T B
200
150 F —
z 100+ [ ¢
3 | f
5 sof I
o =k =10" N/mm* i
% o |- k=5+10" N/mm’
& i k=105 N/t i
-50F
I -k =10°N/mm*
-100F |
g 20 _ idke
-14 =12 -10 -8 —6 —4 -2 ]
Relative displacement/um
P19 2 w432 fioh W] B2 1) 52 i)
Fig. 9 Effect of normal contact stiffness
200 ¢ —— k=10 N/mm’ & k=10° N/mm’
&= k=5x10" N/mm’ e k=5>10° N/mm*
g |OU' f
8
5 501 f
2 0f "
.2 /
= #
= =50F
~-100
~150 B i 4 |
-7 -6 -5 —4 -3 -2 -1

Relative displacement/um

P10 71 fe kI BE () 2 )

Fig. 10 Effect of tangential contact stiffness

S TAT - 5l SRR 7 o X TS SO I R
i IR BE S 2 A H AL e — .
S T A AR RS (S A B AR R T A TR A% X
e R i [0 2 B2 TE 1T 7 R EE 465 DR B0 Wi (HL X A
I A S —FE . N IE R 2 S 8 kA
5‘$f§ S o BRSBTS 2 A 2
i RE VAR TP/ NE AL
2.5 FEHBE
JEE 155 BHLJE 445 R 4 D4R T R 3 e 42 fik 1
J:E’Jﬁ%%%%ﬁﬁlﬂéitﬂ,ﬁtﬁﬁi EPRGE T S5 7E
INFN LR A B e PR RE . B fih i b — > AR
e AT Ld ad 50 (3D 3145 .
B 12 S 4% fh 2 B i T AR ORE 19 A2 AR O
Pl 12 Ca) AT LA L 7 B 2 18 R P 170 1 422 i
W JEE (345 R HCRE S 0 . AT Sy D70 1] 422 gk P90 52 A 38 o
(S A5 DT B T 2 BT ) 99 A DX IR O i ) A X
T 4 P P 8 A 3k 1 22 Al 9 8 508 JHG 52 o U 4 2
B2 IE T T B9 38 K 2 BE 5 1 I8 Bl e R {EH 22
J T AR A% T A0S o R HCRE T 2R /s (8] 12
(b)) HIEET R R Z5 . B GE 58 2l il

1.8

. —&- Normal
1.6F X -+ Tangential

S
T

=
.

Dissipated energy/ml
o

[i
|

=
L=

100 200 300 400 500
Contact stiffness/(kN/mm?)

(a)

=



5% 2 3

WRAZ 7S S5 o AR 3 A0 Y T B 4 O A% TR B8 311

3.0 T T T
; ---- Normal pressure
—= Friction coefficient |

- 24F
E
-
5 18t
5]
=
o
s 12
Eg
0.6
{} 1 1 1
0.38 0.39 0.40 0.41 0.42
Friction coefTicient
L 1 1 1 ]
57.0 585 60.0 61.5 63.0
Normal pressure/MPa
(b)

12 F fih 2 B0k 6 HAE 19 52 T
Fig. 12 Effect of contact parameters on

dissipation energy

¥ FERLBEME T AN . BE 458 IR R0O0) FE HILBE 1 32 1)
HIEEJ2E0.

3 &

-

7S SR P A4 7 A P R R X IR 3 2% AR AR
MR e AT TRUENI S . WESE T & ik 2
S0 AN T B30T 0 X 1 P 4 T T P A B A 2
AR A BE SR R RE A B ST SR M 77— A 1 R
A TT 15 - DR 0 [l £ 2 AR HICRE B9 ) B 2% 45 Bl
Rk BE  FL IR Ty T EE R BRLJE D IR BT A i 4
SRBCERMS 5 BAERETEEE R L AR
A fh T ) A7 A BT AR B R L O B W A W]
20 3 S P A% T S Y R AT DL R 4R
P4 I A2 1 B B v T 00 45 2R A o o 1

o P T A o RS R PR T 4 ik BT R A
T X SRR R A B2 IR o ke TR [ 22 68 4 fk RO RE
AL T B T 2 fid B0 ) 0 X 45 2R 1 RS
AR o[RS R 2 5 T RE AR AR A
[7 JE2 R £ 305 i [ £

YA BROCAR L RE S Ok 23 M iz Bl A Pk
fiuh ThT - P B R P BE . AR L ik Y BE DL B JRE 4R
PRUBON TR B PR RE R A e . A S RS RO
52 008 R B4 2 B0 B0 B8 1R BE B e RE T — 1
Jo1 301 A B4 A TCRE A B 11 R

S 3k :

[ 1] FIRRONE C M.ZUCCA S.GOLA M M. The effect of un-
derplatform dampers on the forced response of bladed
disks by a coupled static/dynamic harmonic balance meth-

od[ J]. International Journal of Non-Linear Mechanics

2]

[3]

[5]

L6]

[7]

[8]

L9]

(10]

(11]

[12]

[13]

2011,46(2) :363-375.

PETROV E P. Explicit finite element models of friction
dampers in forced response analysis of bladed disks[]J].
Journal of Engineering for Gas Turbines and Power,2008,
130(2):022502. 1-022502. 11.

IR X R 2R TR 4R BELJE 4% X ST 22 B YR Rl e R
BRI A 3 J3 2441 . 2016,31€9) :2171-2180.

LI Lin, LIU Jiuzhou, LI Chao. Analysis on damping effect
of dry friction damper under wideband multi-harmonic ex-
citation[ ] ]. Journal of Aerospace Power, 2016, 31 (9):
2171-2180. (in Chinese)

BROHE  F AL 2% . M T 295 00 422 fik TRD L AR 449 T X 4 figh IXC Rz
A WS A L) . A as 301 244152010, 25(2) : 407-411
WEI Dasheng, WANG Yanrong. Effect of profile of con-
tact surface on the stress distribution for tenon jointing in
blade disk assemblies [ J]. Journal of Aerospace Power,
2010,25(2) :407-411. (in Chinese)

PETROV E P,EWINS D ]. Effects of damping and var-
ying contact area at blade-disc joints in forced response a-
nalysis of bladed disc assemblies [ R]. ASME Paper
GT2005-68936,2005.

GRIFFIN J H. A review of friction damping of turbine
blade vibration[ ] ]. International Journal of Turbo and Jet
Engines.1990.7(3/4) :297-308.

IR X AR 2 A R S AL kTR 4 B JE i K R
THEOARBE T HE R [)]. M2 3 J1 % 42 2016, 31 (10) : 2305+
2317.

LI Lin, LIU Jiuzhou, LT Chao. Review of the dry friction
dampers in aero engine and their design technologies[]].
Journal of Aerospace Power,2016,31(10):2305-2317. (in
Chinese)

GRIFFIN ] H. Friction damping of resonant stresses in gas
turbine engine airfoils[J]. Journal of Engineering for Pow-
er,1980,102(2) :329-333.

CAMERON T M.,GRIFFIN ] H,HOOSAC T M.et al. An
integrated approach for friction damper design[]J]. Journal
of Vibration and Acoustic,1990,112(2):175-182.

IWAN W D. The dynamic response of bilinear hysteretic
systems[ D . Pasadena;California Institute of Technology,
1961.

YANG B D,MENQ C H. Characterization of contact kine-
matics and application to the design of wedge dampers in
turbomachinery blading:Part 1 stick-slip contact kinemat-
ics[J]. Journal of Engineering for Gas Turbines and Pow-
er,1998,120(2) :410-417.

YANG B D,MENQ C H. Characterization of contat kine-
matics and application to the design of wedge dampers in
turbomachinery blading: Part 2 prediction of forced re-
sponse and experimental verification[ J]. Journal of Engi-
neering for Gas Turbines and Power, 1998, 120(2);418-
423.

SANLITURK K Y, EWINS D J. Modelling two-dimen-

sional friction contact and its application using harmonic



312

i = 3

Ji

Es

i1 EAREE

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

balance method[ ] ]. Journal of Sound and Vibration,1996,
193(2):511-523.

MENQ C H,YANG B D. Non-linear spring resistance and
friction damping of frictional constraint having two-dimen-
sional motion[ J]. Journal of Sound and Vibration, 1998,
217(1) :127-143.

SCHWINGSHACKL C W, PETROV E P,EWINS D J.
Measured and estimated friction interface parameters in a
nonlinear dynamic analysis[ ] ]. Mechanical Systems and
Signal Processing,2012,28(2) :574-584.

YANG B D, MENQ C H. Characterization of 3D contact
kinematics and prediction of resonant response of struc-
tures having 3D frictional constraint[ J]. Journal of Sound
and Vibration,1998,217(5) :909-925.

PETROV E P, EWINS D ]. Generic friction models for
time-domain vibration analysis of bladed discs[ R]. ASME
Paper GT2003-38475,2003.

SCHWINGSHACKL C W, PETROV E P,EWINS D ]J.
Effects of contact interface parameters on vibration of tur-
bine bladed disks with underplatform dampers[ R]. ASME
Paper GT2011-45609,2011.

CROOK P, FARMER H N. ASM handbook: Volume 18
friction, lubrication, and wear technology [ M ]. Geauga
County, US: ASM International Materials Park,1992.758-
765.

MENQ C H,BIELAK J, GRIFFIN J H. The influence of
microslip on vibratory response: Part | a new microslip
model[ J . Journal of Sound and Vibration, 1986,107(2);
279-293.

SANLITURK K Y,EWINS D J,STANBRIDGE A B. Un-
derplatform dampers for turbine blades: theoretical model-

ing,analysis,and comparison with experimental data[]].

[22]

[23]

[24]

[26]

[27]

(28]

Journal of Engineering for Gas Turbines and Power,2001,
123(4):919-929.

SEXTRO W. The calculation of the forced response of
shrouded blades with friction contacts and its experimental
verification[ C]J // Proceedings of 2nd European Nonlinear
Oscillation Conference. Prague, Czech Republic: ASCR,
1996:9-13.

PETROV E P,EWINS D J. Analytical formulation of fric-
tion interface elements for analysis of nonlinear multi-har-
monic vibrations of bladed discs[ J]. Journal of Turboma-
chinery,2003,125(2) :364-371.

PETROV E P,EWINS D J. Advanced modeling of under-
platform friction dampers for analysis of bladed disk vibra-
tion[ ] ]. Journal of Turbomachinery, 2007, 129 (1) 143-
150.

SCHWINGSHACKL C W, PETROV E P. Modelling of
flange joints for the nonlinear dynamic analysis of gas tur-
bine engine casings[J]. Journal Engineering Gas Turbine
Power,2012,134(12):122504. 1-122504. 9.

KRACK M.TATZKO S,SCHEIDT P V,et al. Reliability
optimization of friction-damped systems using nonlinear
modes[ ] ]. Journal of Sound and Vibration,2014,333(13)
2699-2712.

SCHWINGSHACKL C W, PETROV E P, EWINS D ].
Validation of test rig measurements and prediction tools
for friction interface modelling[ R]. ASME Paper GT2010-
23274,2010.

SCHWINGSHACKL C W,NATOLI A. Explicit modelling
of microslip behaviour in dry friction contact[ C] // 34th
IMAC (International Modal Analysis Conference) and Ex-
position on Structural Dynamics. Orlando, US: Springer,

2016:265-272.
(% . TR M)





