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Part | - Theory



Problem Definition

 To optimize the replacement policy for a critical item:
— Diesel engine
— Gearbox
— Pump
e thatis subject to condition monitoring:
— Oil Analysis
— Vibration analysis
— Infrared thermography...

e Goal: calculate conditional reliability function,
remaining expected life (RUL), and ...

produce a decision rule to minimize the average long-
run cost per unit time



Data Required

e Lifetime “Events” data:
— Installations
— Failures
— Suspensions
— Minor maintenance actions (e.g. oil changes)

 Condition monitoring “Inspections” data.

e Assumption: replacements (planned, or due to
failure) are “as-good-as-new”
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Model Definition

T — time to failure

Z(t) — covariate process with finite number of
states

A joint model for failure time and covariates:
(N(t), Z(t)), where N(t) = I(T > t),

a non-homogeneous Markov process.
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What describes a Markov process?

Transition probabilities:
Pii(s,t) = P(T > t, Z(t) = §|T > s, Z(s) = i)

— P(T > t|T > s, Z(s) = i) P(Z(t) = j|T > t, Z(s) = i)
Consider: Fis (t, == At)

“Survival Model” (Hazard Rate Model)
Pt <T <t+ AT >t,Z(t) = i) = h(t,i)At
“Covariate Process Model” (Transition Rate Model)
PZt+ At) =j5|T >t+ At, Z(t) = 1) = A\i; (1) At
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Conditional Reliability Function

R(s,z,i) = P(T > s+ x|T > s,Z(s) = 1)
= R(s,6,1) ¥ pi(s,6)R(s+ 6,z — 6,k)
k
Pik(s,9) = Ai;(t)0 d - small

R(s,6,1) = exp {— f;+5 h(u,i)du} =1— h(s,i)d

Remaining Expected Life:

E(T — s|T > 5, Z(s) = i) = / R(s, z,i)dz
0
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Hazard Rate Model

Weibull PHM:

B [t\"
h(t’ Z(t)) — = (_) el Z1(t)+-4vyn Zn(t)

n\" . Dy
>~ N - YT
Contribution of age Contribution of condition
to hazard information to hazard

Parameters estimated using maximum

likelihood.
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Transition Rate Model

Time range split into intervals:

+ | | | |

0 S1 S ... Sm Foratdl - -

Nij(t) = )\,E;-n) for s, <t < Spmt1

The )\?(;;-n) are estimated using maximum

likelihood:

(m)
)\(’m)

(m)’ i % j — occurrence/exposure rate
A,
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Decision Model

Decision rule:
— Always replace at failure time T

— At time ¢, replace preventively if:
h(t,Z(t)) > d
d — decision risk level
Ty =min{t : h(t,Z(t)) > d}
— Stopping time: min{7, Ty}
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Optimal Decision Risk Level

— Average cost per unit time:
- CyP(T <Ty) +Cp,P(T > 1Ty)
B E(min{Ty, T})

C'r and C, are the failure and preventive
replacement costs.

®(d)

— Optimal decision risk level dopy:

P (dopt) = ma%n d(d)
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Optimal Policy Display

Replace, if at time t:
Zc(t) > dopt — (B —1)logt

Zc(t) =71Z1(8) + - + mZn()

| 8
Zc(t) (Sopt _ log (dopgn )
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Part Il - Applications



Where it started - 1982
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Estimated Hazard Rate at Removal

e T P R P T

11770 6
2 11660 2 6
3 8460 12 2.4
4* 12630 8 1
5 7710 8 0
6* 9240 2 3
7* 5660 10 1
8* 7190 2 2.5

* Doubtful Removal

3.47
h(t,Z(t)) = il ( ’ ) £0-4121+0.9825

24100 \ 24100
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0.043
0.012
0.0071
0.0014
0.00094
0.00029
0.00020
0.000073

/1 = Fe concentration

/> = Cr concentration

16



May 3, 2011

From Data to Hazard
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Significant Condition Measurements
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From Data to Hazard

Condition Measurements
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Optimal Policy: Optimal Hazard Level

Hazard Plot 4 Ignore

T / Hazard

r/ Optimal Hazard
t — level

Cost Plot u\ _________________________ Replace at

Cost/unit time / failure only
minimal cost |« \—/

optimal
hazard Hazard
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Composite Covariate Z

Optimal Decision Chart

Optimal Replacement Age

B Contreplace O Expecttoreplace @ Replace immediately

O S00 1000 1500 2000 2500 3000 3500

Working Age [d]
7 =0.22934"Ph + 0.415157S|
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Condition-Based Maintenance

EXAKTY

The CBM Optimizer
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Irving Pulp and Paper:

Executive Summary

Analysis of Goulds 3175L Pumps |
Bearings Vibration Data |\ e

— 56 vibration measurements
provided by accelerometer

Using <EXAKT>:
— 2 measurements significant

A Check:

— Had <EXAKT> model been
applied to previous histories

— Savings obtained =33 %
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Using EXAKT Decision Chart

Optimal Replacement Age

B Dontreplace [0 Expecttoreplace M Replace immediately

Composite Covariate Z

0 500 1000 1500 2000 2500

Working Age [d]
Z =20.809*P1H_Parf + 57 468*P1V_Par5
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EXAKT at Irving Pulp & Paper

e |[rving P&P have installed the software for
everyday use, and have developed a tool to
link the relevant databases.

e Steps were taken to make small modifications
to the pumps to improve reliability.

* No pump failures for several years, after 15
failures in previous 5 years for 12 pumps.
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Modeling of Diesel Engines
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Diesel Engines: Failure Modes

Not Known
Cooling System
Fuel System
Generator

Accessories

Cylinder Liners and Rings

Valves and Running Gear

Pistons, Articulations and Bearings
Cylinder Heads

Misc, including cylinder block failures.
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Simultaneous decisions for each

failure mode of a repairable system
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Integrated Model Cost Analysis

XAKT. Condition - Based Maintenance Software

01:15 PM Thu., Jun. 03, 2004

Condition-Based Replacement Policy - Cost Analysis
Integrated Model: Aprilé (BaseName: March22_04_CMOD_)

arch 04_CMOD_0 (March24_1)

Replacement Decision unit H-2340-102
B Dontreplaced Expect to R Don't replace.
= 10 | Expect to Replace in [H] 123648
g Report Date 06/03/04

Current Status: I ope ation
2 Preventive Replacement cost (C 1000
i Failure Replacement cost cost 5000
Inspection interval [H] 50
£ History Starting Date: 912711996
S Sampiing Date 312011897
- _ Unt Working Age [H]: 26358
E ’»‘4‘7’—'—‘ = History Working Age [ 4780
: |
0 1000 2000 3000 4000 5000 6000 7000 8000

Working Age = 4780 [H]

Z=16245"expN

Replacement Decision unit H-2340-102

Dontreplace Expect to Replace R Don't replace.

3 8 Expect to Replace in [H] 539.314

T Report Date: 06/03/04
- Current Status: Failed
ok 6 Preventive Replacement cost (C) [S]: 100
i 5 Faiure Replacement cost cost (C+K) [5] 600

n Inspection interval [H]: 250
5 History Starting Date: BI2T1996
S 3 Sampling Date 312011897
i 2.8 Unt Working Age [H]: 263568
E 1 History YWorking Age [H]: 4780

0 .

0 1000 2000 3000 4000 5000 6000 7000 BOOO
Age = 4780
Z=2.65"Nerf
(Pit}

Replacement Decision Unit H-2340-102
| Don'treplace Expect to Replace i Don't replace.
g 8 I Expect to Replace in [HE 1076.8
g Report Date: 06/03/04
= Current Status: Failed
" Preventive Replacement cost (C) [S]: 500
= Faiurs Repacement cost cost 3000
& Inspection interval [H] 250
E Hatory Starting Date: 9/27/1896
3 Sampling Date: 312011897

Unit Working Age [H]: 26358
E History Working Age [H] 4780
o

DRI 50 s =
0 1000 2000 3000 4000 5000 6000 7000 BOOO
Working Age = 4780
2= -0 77118*Pitation

Fields Institute

27



Conditional Density Function &
Remaining Useful Life

Conditional Density Function

e Shows the shape of
the distribution of the g
time to failure given RS
current conditions :
* Expected time to R B
failure (Remaining %_,
Useful Life, or RU L) 10000 20000 30000 40000 s0%00 60000 700oc

Working Age = 9960.00 [h]

Probability Intervals
RUL=12425554043, S5tdDev=10724 113435
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Summary: Principle of CBM
Optimization

A9 Bee <EXAKTY™
Maintenance

Condition- P The CBM Optimizer . Decision

Monitoring Data

Hazard Model
Transition Model

D Supplied by user l

D Software engine

Cost and
Availability Model

¥
[ intemediate result | RemaiNing  |uuivireeesseees »| Engineering
[ ] Final result Useful Life Judgment
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