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Abstract- Paper finishing system is a subsystem of paper
manufacturing plant. The system consists of rewinders,
cutters and packing unit, arranged in series parallel
combination. The system is analysed for its full availability
and reduced availability. A mathematical model based on
Markov death birth process is formulated for analysis. The
failure and repair rates of the various components of the system
are taken as constant. Probability considerations at various
stages of the system give differential equations, which are solved
using Laplace Transform to obtain the state probabilities.
Results show that availability of the system improves with
increase in repair rates whereas decreases with increase in
failure rates. The analysis would certainly be beneficial for the
management to design and decide future strategy of production.

I. INTRODUCTION

Process industries like sugar mill, sugar mill, thermal
power plant, fertilizer industry, oil refineries, paper plant,
plays an important role in fulfilling our daily requirements.
The demand of product quality and system reliability is on an
increase day by day. Failure of a system is a random
phenomenon. The system or component deteriorates with time
and leads to complete failure. This causes the decrease in
production and hence decrease in profits. Therefore,
maintenance and the availability of the system is a major
concern. It is always desirable to have maximum availability
of the system considering economic and operational points.
[1] [2] [3] -Markov modelling is widely and most accepted
used for reliability and availability analysis. The system
arrangement may be series, parallel or combination of both.
Sharma and Tewari [4], Arora and Kumar [5] carried out an
analysis of coal fired power plant was done using Markov
modelling. Aksu & Turan [6] presents reliability and
availability valuation of pod propulsion system using failure
mode and effect analysis, fault tree analysis (FTA) and
Markov analysis complementarily. The steady state

performance of crushing unit and ash handling unit of steam
thermal plant using Markov modelling had been analysed
using real time data. Khanduja et al. [7] discussed the
reliability, availability and maintenance (RAM) planning of
the bleaching system of paper plant. Markov birth-death
process was used for transition diagram and mathematical
analysis. Umemura & Dohi [8] suggested the embedded
Markov Chain approach in continuous-time and discrete-time
scales stochastic behaviour of an electronic system to increase
its steady-state availability. Sharma and Kumar [9] used RAM
analysis on a urea production process plant to minimize
system failures, maintainability requirements and optimizing
equipment availability. Hassan et al. [10] proposed Markov
model for LNG processing plant for availability and PM.

Il. SYSTEM DESCRIPTION

The finishing system comprises of three various components-
Rewinder, cutters and packing unit. The function of the
rewinder is to rewind the reels from one tambour to another
tambour. Here, the web run can be changed, from the outer to
the inner side, the reel edges may be cut and deficiencies in
the paper can be removed. In a cutter, the smaller reels that
have been cut to size from tambours by the slitter rewinder are
cut to sheets of a specified size. Several reels can be processed
simultaneously, depending on the design of the cutter and the
“cutting weight” of the paper. The important thing here is to
produce sheets with clean cutting edges, in other words, to
prevent cutting dust from clinging to the edges, since this
would cause problems in the printing process. The paper reels
fed into the cutter are trimmed on both edges and separated in
longitudinal direction by circular knives. The web is then cut
off to the required size by the chopper knife. Finally, the paper
is packaged for transport to the customer.
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Fig.1 Various components of paper finishing process

The packing is important to avoid transport damages and to
provide protection against moisture. Transport methods and
means determine the type of packing. Fig. 1 shows the
schematic arrangement of the various components of the paper
finishing system.

A. Notations

The various notations used in the analysis are as following:-

>: the subsystem is operative

Superscript ‘g’: the subsystem is good but not operative.
Superscript ‘qr’ : the subsystem is queuing for repair.
Superscript ‘qm’: the subsystem is queuing for maintenance.

Superscript ‘o

A : failure rate of subsystem Rewinder (j=1, 2).
L :repair rate of subsystem Rewinder, (j=1, 2).
Ak -failure rate of subsystem Cutter (k=1, 2).

Uk :repair rate of subsystem Cutter (k=1, 2).

A3 -failure rate of subsystem packing.

U3 :repair rate of subsystem packing

Pi () :state probability that the system is in i" state
at time t.

S :Laplace transform variable.

Dash (*) :represent derivatives w.r.t.t’.

B. Assumptions

All the units are initially operating and are in good state.
Each unit has three states viz. good, degraded and failed.
Each unit is as good as new after repair.

Failure and repair events are statistically independent.
There exists only one repair facility to carryout repair in
the plant which is done on priority basis, subsystem P is
given first priority for repair action.

6. On failure of any one unit of subsystem C, the other unit
serves the purpose of cutter and system works in reduced

arwndE

capacity. The system works at full capacity again when
failed unit is repaired.

7. On failure of any one unit of subsystem R , the other unit
serves the purpose of cutter and system works in reduced
capacity. The system works at full capacity again when
failed unit is repaired.

I1. MATHEMATICAL ANALYSIS OF THE SYSTEM

The system starts from a particular state at time ‘t” and reaches
failed state, PM state or remains in the operative state during
the time interval At. The mathematical formulation of the
model is carried out using first order differential — difference
equations associated with the state transition diagram of the
system. Various probability considerations give the following
differential equations associated with the paper finishing
process. These equations are solved for determining the steady
state availability of the system. Fig. 2 shows the various
transition states of the system .

Po(t) + ZoPy(t) = puzPy(t) + pyPo(t) + pjPs () +

Usz—jP1e(t) + pz_ Pro(t) (1)
Pi(t) + p3 Py (t) = A3Po (1) - (2)
Py(t) 4+ Z,Py(t) = APy (t) + p3Pro(t) + pjPa(t) ... (3)
P3(t) + Z3P5(t) = A Po(t) + usPs(t) + upPra(t) .. (4)
Py(t) + Z4Py(t) = AP () + pzPo(t) + pz—i Ps(t) (5

Pg(t) + usPs(t) = A3P5(t) - (6)
Pg(t) + ujPe(t) = A3_;P3(t) - (7)
P7(t) + ujP; (t) = A3_;P4(0) -~ (8)
Pg(t) + uz_ i Ps(t) = A3, P (0) - (9)
Py(t) + p3Po(t) = A3P,(¢) .. (10)
Pio(t) + u3P1o(t) = A3P,(¢) - (11)
Pi1(t) + piP1(8) = A3 P> (t) - (12)
Pi,(t) + P2 (t) = Az_ Pra(t) - (13)
Pi3(t) + pz-jPy3(t) = A3 jP14(t) - (14)
P4 (t) + Z14Py(t) = AP, () + p3Pis(t) + ps- 1P13(t)

... (15)
Pi5(t) + p3Pys(t) = A3P14 (1) .. (16)
Pie(t) + pz_jP1s(t) = pjPs(t) + pyPy7(t) .. (17)
Pi;(t) + P17 (t) = ujP,(t) .. (18)
Pig(t) + ujPig(t) = wePr2(t) - (19)
Pio(t) + pz_iP1o(t) = ujPig(t) + py P4 (t) .. (20)

Where,

Zo=A+ 4+ 15

Zy =+ 4+ A5+ 23

Zy=pj+ A+ 35+ A3

Zy=pj+ A3+ A3+ A3

Zyy =+ A3+ A3+ 43

Taking Laplace Transform of above (1-20) equations, we get
SPy(s) + ZoPy(t) = 1+ usPi(s) + Py (s) + u;Ps(s) +
U3—jP16(s) + p3_iP1o(s), . (21)
sPy(s) + usPy(s) = 43Py (s) - (22)
SP,(s) + Z,P,(s) = AkPo(s) + uzPio(s) + .“]P4(5)
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SP3(s) + Z3P3(s) = AjPo(S) + uzPs(s) + ppPia(s) .. (24) SP14(8) + Z14Py(s) = /1]-P2(s) + Uz Py5(s) +Il3—jP13(5)
SPy(S) + Z4Py(s) = A P3(5) + u3Py(s) + uz_x Pg(s)... (25) .. (35)
SPs(s) + p3Ps(s) = A3P3(s) .. (26) SPy5(s) + u3Pys(s) = A3Pi4(s) ... (36)
sPg(s) + ,ujPG(s) =A3_jP3 () - (27) sPi(s) + .u3—jP16(S) = .“jpe(t) + u P17 (s) - (37)
sP;(s) + #jP7(5) = )13_jP4(5) - (28) SPy7(s) + Py, (s) = ,UjP7(5) - (38)
SPg(s) + us_iPs(s) = A3_Ps(s) (29) SPig(s) + ujPig(s) = pyPi2(s) - (39)
SPy(s) + uzPo(s) = A3P4(s) - (30) SP1o(s) + p3_iP1o(s) = pjPig(s) + e Pr1(s) - (40)
SP1o(8) + t3P1o(s) = A3P,(s) -(31)
SP11(8) + P11 (s) = A3 P,(s) -(32)
SP15(s) + piPi2(s) = A3 P14(s) -(33)
SPy3(s) + pz_jPi3(s) = A3_;P14(s) . (34)
Hj
Hie
(16) (©) @
o 0,0 ar.g ~arg pr RS, Cosi PO
R 1 Cios i PO | R;3Z0 CosZi P | 37
A :
(8) P -1 , (7)
R Cisli P? RIS, Ci0,, PO R, ClS,, PY
Hj H3—k
(6) As_j T (3) A3 (5)
R Cicsio P R Cios—io P
Ri5Lp CioaZir P RO Co9 PO R ), oo PO
A (14) 4, (13) Hi
[ PRAR —> R CT0, PO
A3 . Uz
(18) - - (19) \ 4
R75-j Coatio P° e ' R 5 Cis- PO
Hj
Reduced capacity
Full Capacity Failed state working state
working state
Fig. 2 Transition diagram of Paper finishing system
Solving recursively the above equations (21 to 40 ) we get, K, = AgALK; Kg = AgA,K; Ky = A3ALK3
P,.(s) = K,,Py, where n=1,2,3 ....... 19 Kio = A3K, K1 = A11K, K, =
_ % _ HjAaDat+Ay - A BK
1= G K, = Dy K; =D, 117272

K4_ = B4K3 KS = A3K3 K6 = A6K3
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K3 = A3B,K; K4 = ByK, Ki5 = A3B,K;

K¢ = B1K;3 K7 = A17464,4K;5 Kig = A13411B;:K;
K9 = B3K,
Where,
4y =28 A, = A
3= 4=
S+ s S+ Zy—p3Az — liz_yAg
— A3k _ A3k — A3—j
St+Hz-k 7 sy 13 StUz—j
_ A = Mk B. = HjAet+HKA17A6A4
17 = 18 = ) 1= .
S+ug S+u;j S+Uz—j
Aj ujA18A11B2+HukA11
Bz = B3 = -
S+Z14—H3A3—U3-jA13 St+iz_k
Ar+uzAzAg+iiz_AgA
B4=k#334#3k84 D1=s+Zz—,u3A3
S+Z4
Dy = By + Dy A; Dy = DiDs — pjpy B, A,
D
D, = D_Z Ds = s+ Z3—z343
3

Full Availability function Aqc (t) for the system is given as,
Apc(s) = Py(s),
Inversion of Ag.(s) gives the full availability function A(t)
Reduced Awvailability function Agc (t) for the system is given
as,
Apc(s) = Py(s) + Po(s) + P3(s) + Pa(s) + Pra(s) +
Pi(s) + Py7(s) + Pig(s) + Pio(s),

OR
Apc(s) = Py(s)(1 + K, + K3 + Ky + K1y + Ky + K7 +
Kig + Kio)
Inversion of Ag-(s) gives the reduced availability function
A(t)
ZoPy = 1+ pusPy + 1y Py + 1Py + Us_jPig + Uz i Pro,

..(41)
uzPy = A3y - (42)
ZyPy = WPy + pzPyo + pjPy - (43)
Z3P3 = AjPy + 3Ps + Py - (44)
Z4Py = MP3 + pu3Ps + iz Py - (45)
UzPs = A3P; - (46)
WjPs = A3_;P3 - (47)
uiP; = 3_;P, .. (48)
Uz-kPg = A3 Py . (49)
UzPy = A3P, - (50)
usPro = 3P, - (51)
MPr1 = Az Py - (52)
MiPrz = A3y P1y - (53)
Uz-jP1s = A3_jP1y - (54)
Z14Py = 4Py + p3Pis + pi3_jPy3 - (55)
U3Prs = A3Pyy - (56)
Hz-jPre = p;jPs + Wy P17 - (57)
P17 = uiP; . (58)

KjPig = i Pr; - (59)
Uz—iPro = pjPig + 1ty Pry ... (60)
Solving recursively the equations 42 to 60, we get
P,(s) = R,Py, where t=1,2,3 ....... 19
i A

R =2 R, = btk R, = H, R, =

Uz Dy
G4R3
Rs = F3R; Rg = FgR; R; = FgF,R4 Rg =
FgFyR3
Ry = F3F,R; Ry = F3R, Ry = Fi1R,
Ri; = F1;G3R, Ri3 = Fi3G3R, Ry, =GR,
Ri5 = F3G3R, Ri¢ = B1R; Ry = Fi7FsFyR3
Rig = FigF11G3R; Ri9 = G3R;
Where,

A3 Ak A3—k

37 s T Za—paFy—p3_iFa 87 uak

As_ As_j “
F,, =23k F L, == F, ==

1y B s YV e
Fg =%

18 Py
G, = WjFe+gF17FsFa G, = Aj Gy =

H3—j Z14—M3F3—U3_jF13

WUjF1gF11Go+UKF11 G, = Ag+uzF3Fy+us_pFgFy
st e el . =

HU3—k Zs
Hy = Z; — usFs Hy = p Gy + Hy A

H

H3 = HiHs — Py GoFy Hy = H_i Hs =
Z3—psFs
Using normalizing condition,

12, P, =1,we get ... (61)
PO :(1 +Z%21Pt)_1 ..(62)
Apc = Py ... (63)
Apc = Po(1+ Ry, + R3 + Ry + Ry + Rig + Ry7 + Rig + Ry9)

... (64)
TABLE | Values of repair rate and failure rate of different components
7»]': Xg.j 0.02 = Hsj 0.13
M= A3k 0.03 Mk= Mk 0.2

Solving equations 61-64 we get, Arc =0.6868, Agrc =0.9235

I11. AVAILABILITY ANALYSIS

The effect of failure and repair rates of different units
comprising the finishing system on its availability is studied
using markov modelling. The outcome of analysis has been
shown below:-

(a) Effect of increasing failure rate of Rewinder:-
Taking 7\k = 7x3_k 20.03, 7x3 20.001, Ly = U3 =0.13, W=
Hak =0.2, p3 =0.25 and varying the value of &; = A5
from 0.02 to 0.06, Arc and Agc has been evaluated
and the variation shown in Fig. 3.
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from 0.13 to 0.53, Arc and Arc has been evaluated
09164 Variable . . . .
osf | TTTTE S~ L2 e N and the variation shown in Fig.6.
@3 95 09399 09025 0340 0313 Variable
0/9300 - — ——— — e AT
:-_Q‘ L —m Arc
_"_3 0705868 0.90
2
0.6 2 0.85
3
= T 0.7946
05 é

0.02 0.03 0.04 0.05 0.06
Failure Rate of Rewinder

Fig. 2 Variation of Arc and Agrc with increasing failure rate of Rewinder

(b) Effect of increasing failure rate of Cutter:- - " Repar Rateof Rewindor ”
Taking Ay = Az =0.03, A5 =0.001, p; = pg,j =0.13, = ) o o ) ) _
sk =0.2, s =0.25 and varying the value of Xj - 7»3-1' Fig 6 Variation of Arc and Agc with increasing repair rate of Rewinder
from 0.03 t0 0.07, Arc and Arc has been evaluated (e) Effect of increasing repair rate of Cutter:-
and the variation shown in Fig. 4. Taking A; = A3 =0.02, My = Agy =0.03, A3 = 0.001, ;=
s =0.13, pg =0.25 and varying the value of py = ps.
s N o e from 0.2 to 0.6, Arc and Agc has been evaluated and
e B SRR o the variation shown in Fig. 7.
2 0.80 5 a0 Ceme osaia  O08BT  DEAI . Lo
T o = —a A
E 07006868 00
0.65 é« 0.85
0.60 é
055 S 080
o o Failure R“::fcf Cutter o o :
Fig 4 Variation of Arc and Agc with increasing failure rate of Cutter
(c) Effect of increasing failure rate of Packing:- - " eps Rt Gt 0‘6
Taking 7\,1' = )\.3.]' =0.02, A, = }\43—k =0.03, L = U3 =0.13,
we= pak =0.2, pz =0.25 and varying the value of 2, Fig 7 Variation of Arc &Arc With increasing repair rate of Cutter
from 0.01 10 0.05, Arc and Agc has been evaluated (f) Effect of increasing repair rate of Cutter:-

and the variation shown in Fig. 5. Taking A; = Ag; =0.02, A = Agy =0.03, A5 = 0.001,

= Mgk =0.2 ,;= pa, =0.13 and varying the value of s

09%/ 9300 Varizble
-

. i from 0.25 to 0.65, Arc and Arc has been evaluated
-~ .. 0a&x —m— Arc - - - -
BT and the variation shown in Fig. 8.
0.85 To— _0.8401
e . 08143

2 om0 o nos 05596 0.3450 oses 0N Variable
= e s o
i 075
a 0.90

0.700, 8858

0.6632
0.65 05412, & O
0.6206 =
0.6013 =
0.60 g 0.80
o ° Failure Ra:eoi)f Packing o e
075
Fig 5 Variation of Aec and Agc with increasing failure rate of Packing ortlsses 038 06978 0.7003 07021
1 H 1 1 . 0.25 035 0.45 0.55 0.65
(d) Effept of increasing repair rate of Rewinder:- Repalr Rate of Packing
Taking Aj = A3 =0.02, A = A3 =0.03, A3 = 0.001, =
tak =0.2, pz =0.25 and varying the value of p; = g Fig 8 Variation of Arc and Agc with increasing repair rate of Packing
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V. DISCUSSION AND CONCLUSIONS

First order differential equations are used to solve the markov
model for the finishing system of paper manufacturing unit.
The analysis highlights the effect of increasing the failure rate
and repair rate on the availability of the system. With increase
in the failure rate both Arc and Agc decreases significantly
(Fig.9). The maximum decrease of 11.57% in Agc has been
observed in packing subsystem with increase in failure rate
from 0.01 to 0.05 repairs per hour whereas the minimum
decrease in Arc of 4.31% has been observed in case of cutter
when the failure rate increases from 0.03 to 0.07 repair per
hour. The minimum effect on Agc and Agc of increasing the
failure rate has been found on cutter and rewinder
respectively.

H AFC ARC
0
'_
= i L I
w —
> -10 A 2 ™
& % ¥ ~ 2
e b n %
a ¥ -20 A 3 =
EZ S '
E )
o -30 :.
S REWINDER CUTTER PACKING
<
>
=

SUBSYSTEM

Fig.9. Availability decrement (in %) with increase in failure rate of
subsystems

The improvement in availability has been observed with
increase in repair rate. Repair rate significantly effect
availability. Maximum increase of 10.78% in Agc been
observed in rewinder when the repair rate increases from 0.13
to 0.53 repairs per hour. Agc is maximum improved by 2.08%
in case of packing when repair rate increases from 0.25 to
0.65 repair per hour.(Fig.10)

B AFC = ARC
15 =
— ~
X =
Z
=10 A 2]
> ~
=
.}
=)
5 5 1 ~ — 8 ™
= < < ~
= — — —
<
W || ||
REWINDER CUTTER PACKING
SUBSYSTEM

Fig. 10. Availability increment (in %) with increase in repair rate of
subsystems
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