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ND/ED: Introduction .

Input System Output
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ND/ED: Introduction .

f(x)=cXx  Linear system

f(x) ZcXx  Nonlinear system



ND/ED: Introduction .

Shallow Arch — Model of Double-well Potential
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ND/ED: Introduction .

Double-well Potential - Trajectories
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ND/ED: Introduction .

Engineering design is not a science as science aims to find general laws.

Engineering design makes use of these laws to solve practical problems. In this
context, it more closely related to art, as in art, problems are under-defined, and
they have many solutions, good, bad and indifferent. The art is by a synthesis of
ends and means, to arrive with a good solution. This is activity involving
imagination, creativity and a deliberate choice.

(Ove Arup)

Engineering design is the process of devising a system, component, or process to
meet desired needs. It is a decision-making process (often iterative), in which the
basic science and mathematics and engineering sciences are applied to convert
resources optimally to meet a stated objective. Among the fundamental elements
of the design process are the establishment of objectives and criteria, synthesis,

analysis, construction, testing and evaluation.
(ABET)
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ND/ED: Introduction .

‘Nonlinear dynamics is inter and multi disciplinary science involving
mathematics, physics, chemistry, biology, medicine and engineering.

It aims to advance fundamental understanding of complex phenomena
occurring in dynamical systems and to apply its findings to a real world.’
(MW)

P

<
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L

The basic idea behind Nonlinear Dynamics for Engineering Design is to
harvest nonlinearities [or nonlinear interactions] to enhance performance
of newly designed systems and to provide support for exiting designs by
exploring untypical ranges of the system parameters. Phenomena such as
chaos, bifurcation behaviour, nonlinear resonances and co-existence of
attractors are to be utilized.
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ND/ED: Introduction .

To establish a basis for a unified framework for harnessing
nonlinear interactions

To systematically classify various nonlinear phenomena

To investigate how various nonlinearities can be introduced to
physical systems and processes

To investigate a number of benchmark systems and processes

To synthesise the obtained results and methodologies into unified
strategies, criteria and procedures for design of new devices,
sensors and machines for control, manufacturing and remote
sensing

Objectives
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‘Everything should be as simple
as it is, but not simpler.

‘Everything that can be counted does not necessarily count;
everything that counts, cannot necessarily be counted.

‘Any intelligent fool can make things bigger and more
complex. It takes a touch of genius and a lot of courage to
move in the opposite direction.’

Einstein’s Tips on Modelling -
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Main assumptions:

Massless snubber ring.

No dry friction between rotor and
snubber ring.

Snubber ring with viscoelastic
support.

No gyroscopic forces. §~
Gravity loads are neglected.

Imbalance caused by:

Snubber Ring
Thermal deformation.

Blade/tooth breakage.

= Serious malfunctions.

i

Rotor
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Snubber Ring

No contact (D < ~):
Mx, + crxr + kr(xr —ex) = mpw2 cos(wt + ),
M3 + cryr + ke (yr —gy) = mpw2 sin(wt + 0p),
ksxXs + CoxXs = 0,  ksyys + Csp¥s = 0.
Contact (D > ~):
Mx, + crXr + ke(Xr — ex) + Nox = mpw2 cos(wt + ),
My + cryr + ke(yr —gy) + Ngy = mpw2 sin(wt + 6p),

5‘5:Xt(Xr,J/r,)?r,j/r,Xs,ys,K), 5/5:Tt(eryrakFayrsXSaySaK)ﬂ K:k— 18
sy



Mathematical Models

For D < v (no contact), we integrate the system

M3 + % + k(X — &) = mpw® cos(wt + ),
My, + cyr + ke(yr — €,) = mpw? sin(wt + o),
ksst + Csx).‘(s — 0} ksyys + Csy_}./s = 0.

At the moment when D = ~ (t = timp), an impact with the snubber has occurred
and the motion of the system is obtained by integrating the equations

M + ¢ + kr(Xr — £x) + Nex = mpw” cos(wt + 6o),
My, + cyr + ke(vr —€)) + Ny = mpw2 sin(wt + o),
).",5 — Xt(Xrgyrgf{'\’rg_)./mXSg_)/s; K)a 5/5 — Tt(Xrgyrgkrg_)./rgxs;ym K)a-

with the initial position of the snubber ring x.(£; ) = x (% (timp), ¥+ (timp), K, ),
-y5(t'|_’r;'1p) — T(Xf(timp)?yr(timp): K: 7)-

The system returns to the no contact regime when (F;, K/) < 0.

19



[CADR, Journal of Sound and Vibration 276 (2004) 361-379]
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Nm

Grazing curve

Nonlinear Dynamics Analysis
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Experimental Studies

(b) Numerical
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(a) Experimental and (b) theoretical bifurcation diagrams. The following sequence can be
identified: no impact (period-1), impact (period-3), impact (period-2), impact (period-1).

[CADR, Journal of Sound and Vibration 334 (2015) 86-97]
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Grazing Induced Bifurcations

File Edit View Insert Teols Desktop  Window  Help

Dode | ARV LE -2 08| D
Bifurcation Ciagram **** BY LABELS **
{1-Parameter Continuation)

(@)

w
—
=
@
£
Ly
@
w
L)
@
z
—
L=
_—
-—
—
b
B
(=)
o
=
=
-+
o
=
(IR

1 1 1
0.8 0.85 0.5 0.95

ame
=== PRESS ENTER TO COMTINUE.

25



B Drillstring vibration

Presentation Outline
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Drill-string Vibration: Background -

A

< >

| | Rotary table

[ =

> Diillstring

——

s =tiy

1-5 km

Drillstring Drillpipes BHA

100-300m o,

C ‘ ~>TOB

WOB
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Drill-string Vibration: Background -

Winding-unwinding
the drill-string:
TORSIONAL VIBRATIONS

Axial vibration mmmm) Bit-bounce

Drill-collars

Lateralvibration e Bit-whirl

Torsional vibration sy Stick-slip

BHA provides weight
to force bit into
formation:
AXIAL VIBRATIONS

Stick-slip phenomenon: Occurs as much as 50% of the drilling time.
« Adrill-string stores torsional, axial and bending energy.
« A drill-bit may come to standstill because of a sudden WOB increase.

Drill-bit

—f —P
Repeated shocks with the bore-hole and
coupling:

LATERAL VIBRATIONS
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Drill-string Vibration: Small Scale Experiments -

drill-string

\—> borehole
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Drill-string Vibration: Small Scale Experiments -

Moderate
velocity of
the motor




Drill-string Vibration:

10m 60m 100 m

A A A

45 degrees inclined bore hole; Clearance —0.01 metres
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Deflection (metres)
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12 | \ | |

| | | |
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|
180 200
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Drill-string Vibration: Modelling e

FFT of time domain response of node at 34.5 m from left end.
8 |

oL 1.53Hz

6.55 Hz

2 .56 Hz N
5.05 Hz

0 5 10 15 20 25 30 35 40
Frequency (Hz)
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Drill-string Vibration: Modelling e

u

[CADR, Journal of Sound and Vibration 332 (2013) 2575-2592]
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Drill-string Vibration: Modelling e

MU +CqU +Kf(U Vot —Ig) =Wy — [Eaed H(®) H(d) + W H(d)H(U)]

’ed : uyaw
”2 H(b)+ 207

d=n(U(t)—U(t —ty))

D)= D(t—1,) = -~

H

[O+CDHK (D —Qt) = — Sr'g}?(d)}H(U)] H(d)

Linearized EOMSs for steady drilling
X420 Bi+Bix=—ny {—%{qﬁ—qﬁ(r— f')}—k{x—r[r—f)}]

G +2K6+0 = —n [—;—{;{ai—ﬂi(f—f)}+{r—r(f—f)}]

[CADR, Applied Mathematical Modelling 334 (2013) 1705-1722]
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Drill-string Vibration: Modelling e

Table 1 List of parameter values for stability chart

Parameter Symbol Value Units
Drillpipe axial stiffness K, 7e5 N/m
Drillpipe torsional stiffness K; 940 N m/rad.
Vibrational mass M 34333 Kg
Vibrational mass moment of inertia 1 115.3 Kgm?
Radius of bit a 0.108 m
Wear flat length [ 0.0012 m
Rock specific strength € 60 MPa
Rock contact stress o 60 MPa
Coefficient of friction u 0.6 -

- & 0.6 -

- 4 1 -
Axial damping coefficient 4 0.01 -
Torsional damping coefficient K 0.01 -
Number of blades Z 4 -

35
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Drill-string Vibration: Modelling e

Parameter map with initial disturbance 50% in excess of rotary speed

NORMAL RUNNING

ROTARY SPEED (10 rpm to 150 rpm)
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Drill-string Vibration: Large Scale Experiments -

motor

\

top encoder

flexible shaft

disk

B A

eddy current probes

!—l\ LVDT
\

bottom encoder
drill-bit
rock sample

load cell
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Drill-string Vibration: Large Scale Experiments -
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Drill-string Vibration: Large Scale Experiments -
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Drill-string Vibration: Large Scale Experiments -

granite

the slender aluminium tube

37”PDC bit

Bit speed : During the étlck

300
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Helical buckling
Flexi shaft, 3 7/8" PDC bit
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Drill-string Vibration: Modelling e

[CADR, IUMS 101-102 (2015) 324-337]
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‘2222 Resonance Enhanced Drilling (RED)

Presentation Outline
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tool position [mm]
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Modelling of Rock Mechanics ‘22

ar
TR ey

P

Material patterns with different porosity; simulation with 100 thousands particles; (a) 1% porosity, (b) 10% porosity, (c) 20% porosity.
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Modelling of Rock Mechanics ‘22222

Stress-Strain Curves from Particle Dynamics Simulation

Stress (x10°)

T T I T I T
0.00 0.05 0.10 0.15 0.20 0.25
Strain(%o)
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Modelling of Impact Dynamics ‘22222

(a) (b) l o
0
. ' |
. S[ldei’{ k § c X
X [ TJ 1
X

P, Ar

Pr
7777777777777 X

SN EEEOEEEEY

(a) Krivtsov A., Wiercigroch M. (1999) Meccanica 34, 425-434.
(b) Paviovskaia E., Wiercigroch M., Grebogi C. (2001) Physical Review E 64, 056224.
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Modelling of Impact Dynamics ‘22222

* No contact

X<z+g p<qg+g
x'=y p'=y
y'=acos(wt+@)+b - y' =acos(wt+@)+b
z'——i(z—v) 1
2 T
V=0 V=0
» Contact without progression
x>z+g and 0<2Ey+(z-v)<l p2q+g and 0<20y+g<lI
x'=y p'=y
V' =-28y—(z-v)+acos(wr+¢p)+b - y'=-28y—q+acos(wr+¢@)+b

2=) q=y
V=0 v'=0
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1 4 9 5

Modelling of Impact Dynamics ‘22222

» Contact with progression

x>z+g and 2&Z'+(z-v)2>1 p2g+g and 2&y+g2>1
p'=-2(g-D)

¥=y 2¢

V' = acos(@r+@)+b—1 ‘ y' =acos(ot+@)+b-1

Z'=v

1
r__ _1
| 1 q 25@ )

o L
V—y+2§w 1)
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Displacement; x, v
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Parametric Studies ‘22222

b=0.15

\/
““ b=0.19

T 6010
< '_,..,»v; b=0.095

AV b=0.05
YANA LW

_\/\/ A VAR VA I b=0.27

1200 1600

56



0.08

N % s
2 : i
o < :

Q
< L gar i
(- o o o
O =
© Z
O
| -
S
oy
af)

il ©
T T T T O.
o o o o (e]=]
o o o o
= = = % A ‘K0 A
4 ‘quawdoedsi(q
v W
) v 0
o o <@ = )
[T TRETEL [ |
S W I o upn R I 0 M
S 3 8
o - -
m LS 12 LR
£ [o [a P
d| Y
Al g :
...................... e g 3% 13
°.e S5 o
= g
v >
a
o 0 4 0
< . N s - TEEEEEREE ~
- o o
< i
b
8 | ———————— 8
o =] 0 = 0 oo + ® N - o = o
AR HQINTEIEYY REINIBIVENY

(b)
(c)

o7

Static force, b

Frequency, ©



Reconstruction of Periodic Orbits ‘22222
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B3 Reduction ‘22222

Line Line Plane

2&+qg=1 { p=q+e
= q P e

1.00

This four dimensional flow:

(7;0,3,9)

can be locally three
dimensional (trajectories
belong to the planes).
Cross-section of the flow

with phase plane borders
(the lines) gives further
possibilities of reduction

1

to 2D discrete maps

Displacement of the slider top, ¢




Reduction ‘22222
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Progression per period

Progression per period

Predictions via 1D Map ‘22222
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accelerometer
(fixed frame)

upper load cell

torque restraint
frame

moving frame
PEX-30

lower load cell

accelerometer
(drill-bit horizontal)

DVRT

vertical lathe

rotation sensor

Large Scale Experimental Rig ‘2

;WW%%W fixed frame
Juaﬂﬂ/ﬂ?///i/&' —

hydraulic
cylinder

vibro-isolator

back mass

torque sensor
strain gauges
structural
spring
microphone
LVDT

accelerometer
(moving frame)

accelerometer
(drill-string vertical)
drill-bit

sample

sample holder

rotating table
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Large Scale Experimental Studies ‘22

Run #P96-C - Wed, 13 October 2010, 15:09
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Experimental Studies — Drag Bit ‘22

Run No Step Duration | WOB (approx. | Conventional RED ROP Improvement
(s) in kN) ROP (mm/s) (mm/s) Factor (%)

0.0283 0.1331 470.7

P 20 0.6 0.0371 0.146 393.8
0.0399 0.1437 360.5

0.0225 0.1135 504.8

P97b 20 0.5 0.0275 0.1095 398.1
0.0299 0.1032 345.7

0.5128 1.2218 238.3

P 20 2 0.3423 0.8047 235.1
0.3062 0.9084 296.6

0.0903 0.2682 297.2

P97d 20 2.5 0.0608 0.1306 214.8
0.0222 0.0647 291.1

0.0199 0.1003 504.9

P 20 0.5 0.0257 0.1059 411.2
0.0252 0.1117 442 .4

0.0286 0.1221 426.8

P98b 20 0.6 0.0225 0.1092 486.1
0.0226 0.1158 512.7

0.4797 1.2105 252.3

P 20 2 0.354 1.3675 386.3
0.5622 1.159 206.2

0.3685 0.9619 261

P98d 20 2.5 0.3917 1.3388 341.8
0.404 1.1245 278.4
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RED Module Design |

RED MODULE

* For use with standard drill-bits
(6” or larger)

Vibro-isolator

Adjustable
pretension

* Variablefrequency & amplitude
of excitation

Structural spring * Incorporates a vibro-isolatorto
prevent transmission of vibration
to the drill-string

Interchangeable * Permits drillingin the conventional
drill-bit holder and RED configuration
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Bussines Potentials ‘22222

Oil and Gas
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Presentation Outline

' Nonlinear dynamics for engineering design: Introduction

’- '*’{m Rotor dynamics

-y
-

pe—
in Drill-string vibration

&P Resonance Enhanced Drilling (RED)

Closing remarks
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Closing Remarks [y ¢

Nonlinear dynamics and engineering design have a natural
synergy, which should be explored much further.

Nonlinear behaviour should be harvested not avoided.

The most advanced technologies will use nonlinear
behaviour or nonlinear dynamic interactions.

‘22222 NDfED has huge bussines potentials.
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Favourite Quotes

Bertrand Russell

‘Against my will, in the course of my
travels, the belief that everything worth
knowing was known at Cambridge
gradually wore off. .

‘Do not fear to be eccentric in opinion, for every
opinion now accepted was once eccentric.’

‘The time you enjoy wasting is not wasted time.’

7


http://upload.wikimedia.org/wikipedia/commons/9/9b/Honourable_Bertrand_Russell.jpg
http://upload.wikimedia.org/wikipedia/commons/9/9b/Honourable_Bertrand_Russell.jpg

Thank:yeu.for your attenfion!

o Alistair Robertson,Vahid Vaziri,Marcin Kapitapiak, Marko Kebet, James
Ing, Ekaterina Pavlovskaia, Olusegun Ajibose,Yang L, Jerzy Wojewoda,
Krishnan Nandakumar, Gyorgy Karolyi (University of Ab€rdeen)jAlan
Lowdon, Gary Senior, Frank Wnght(ITI Energy), Qingjie Cao (Harbin
Institute|of Technology), Anton Krivisovi(Russian Academy of Sciences),
Sergel Mikhailovi(Brunel University), Raul Lurie{BP), Chge-Hoe Eoong
(oubsea 7), Soumitro Banerjee(Indian Institutefof Technology)

* Engineering and Physical'Scienge Research-Council, Rolls-Royce plc,
British Petroleum, Centre for Marine andiPetroldum Tecinelogy, Seottish
Enterprise, ITI Energy, The Royal Society
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