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Abstract

This paper presents a dtatistical quality control study for on-condition monitoring of
draught fans in a steelmaking process. The study proposes a procedure for obtaining
consistent estimates of peak vibration levels for performance assessment the machines based
on independent measurements of the variable assuming the time between successive
occurrences of the peak vibration were distributed with a probability density function.
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1. Introduction:

The development of experimental design and modalingeterministic systems with substantial procemsability [1, 2]
have grossly enhanced the success of statistiepfaication to on-condition monitoring of rotatingachines. The factors which
aid selection of a particular machine for vibratiotonitoring under statistical quality control scheif8, 4] are mainly its
criticality to production and safety as well as pawer requirement for data acquisition [5, 6]. Huatistical quality control of
the machinery via vibration measurements due dsflgrib chance and assignable causes [7] in thesomed data are caused by
in-built defects and age of the machine. Also hureaors, wrong spares and lubricants as well ag w&ed tear may cause
deterioration in the current state of the rotafpagts of the machine [8, 9]. The vibrations arisfrmgm such deterioration are
attributed to assignable causes [4, 7]. Becauseceheauses are inherent in the machine, thereddéytenything to do about the
related variability, and so it must be taken intca@int when establishing the base line vibratioelléor the machine. In this
respect when a machine is operated within the oblitnits it is considered to be subject to chanaases only and when it drifts,
it is attributed to assignable causes. Thus iras@ssment of the machine, it is the assignablesdhat are the greater worry to
the quality controller, since they contribute te thut-of-control state of the machine during operat

The statistical quality control concept [4] hagibemployed for quantitative analysis of large wuds of data acquired for
on-condition monitoring of time-varying and disa&d¢ime systems. The generic nature of the conddpt-[12] enables it to be
adopted globally to manage the problems of larg&atians of a process parameter from the desirigviels. The application of
the concept to the various processes in a steabind[13] has acknowledged the success of thentquh in the resolution of a
wide range of problems in other areas. The apjicaif statistical quality control approach to ciams monitoring of the state of
the plant machinery has led to improved performanapiality assurance and process control.

The purpose of this study was to develop a si@lstjuality control scheme for on-condition monibgy and performance
assessment of industrial fans in a steelmakingga®asing vibration measurements obtained on tlohines, and to propose a
procedure for obtaining consistent estimates ok pizration levels in the operation of the machines

Method And Materials
The draught fans considered in this study wererasduo be completely controllable and observableirTdynamics were
represented generally by a linear discrete-timegss using the difference equation

x(k+1) = A(k) x(k) +B(k)u(k), x(0)=x, 1)
where u(k) is anr-dimensional random vector process with the follapstatistical properties

E[u(k)] = m(k) )

Efulk,) = ml)u(k,) - m(k, )] "= K (k.. k) 3
E[x(k)] = o(k, 0)x, + " ok, i +1)B()E[u(i)] 4)

i=0
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The analytical approach which often has some coatipmal advantages is to derive a deterministicaggn whose
solutions are the desired mean and covariancemuﬁtoi((k). Taking the expectation of both sides of (1) yseld

E[x(k+1)] = AlJE[x(k) + BR)Elu(K).  E[X(O)]=% ©
This is a deterministic linear difference equatishich yields as its solution the expected valuexék). To derive the
covariance oi((k), we subtract (5) from (1) to obtaiN(k +1)— E[X(k +l)] and then post-multiply both sides of the resulting
equation by[x(x +l) - E[X(k +l)]]T and then take the expectations of both sides.

Maximum Likelihood Estimate
If there exists an unknown parametfr defined in the function of the known for(rP(X, ,8)) and X takes the specific
values z, Cramer-Rao bound gives the smallest possibleneei with which an estimate of3 can be determined. Now, let

Q(Z) be an unbiased estimate of the given funcgil;ﬁ). Since it is unbiased, we write

E[G(z)]= a(B) (6)
les [g(2)P(2)x = o(8) ™
since z was drawn from the process which genera¥ed it has the same probability density function
p(z)=P(x,B),_, =L(z, B) (8)
Re-writing (7)
jg 2)L(z, B)dz = g(B) ©)
Differentiating with respect t(ﬂ gives
[6@5e]=0 -2 (10)
Since L(Z, ,8) is a probability function
T L(z, g)dz =1 (11)
and its differential with respect t§ is zero, that is,
J—dz =0 (12)
then
jg(ﬁ)fdz =0 (13)
Substituting (13) from (10) gives
+0o ~ al_ .
[[6(2)- g(ﬁ)]ﬁ dz=g'(B) (14)
We now consider the log-likelihood function as daeis:
L(z B)=log, L(z B) 1)
oL _1oL (16)
08 LIS
Substituting in (14) gives
I[g(Z) a(B ﬁ L w2 =g'(B) (a7
Now from the Schwartz inequality
(18)

[16(2)- a8 Loz 14 [[ 2] ez ¢ = (g ()
i H-i )
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where [T s | v 5 19)
“\ap 0B
Thus for any unbiased estimate the lower boundhervariance of the estimate is given by Crameriitamd as follows:
) 2 21
Var §(z)2 [ (ﬂ)]2 (21)
EH@LJ }
0B
If Q(Z) is an unbiased estimate @, i.e., g(ﬂ) =0
Therefore
dg
! == =1 (22)
9'(8)= 5
(23)
v [7ls
e UM) }
¥
Example

In this example, we obtained an estimate of thermdlaration level based on independent measurenwdritse variable
X (Xl, X5y Xy ) for the plant machinery with the time between sgsove data acquisition to be distributed with @pbility

function of the form

. _ 1 1(x-Q,) (24)
P(Xleer)_leexp{z[ Q2 ] :|
which describes the probability that the paramefgysand Q, caused the measuremerxg(xl, Xz,...,XN) to occur. We

express this function as a product of the individuactions
N

L(Q, Qyr o/ Xyy Xy ooy Xy ) = |‘| L(Q,.Q, .../ %)

Nerme 326 e e =52 )
T {iz” [Xiéle]z} (25)

1
(Qz 2m i=1

For covariance, we define the log-likelihood fuoati

L(Ql, Q,, - X, Xy sy xN): Ioge(Ql, Q,, o I X, Xy ey xN)

:IogeL=—NIoge(Q2\/§)_%ZN:[XiQ‘Q1J (26)

which we maximized with respect €Q;, Q, by equating to zero the partial derivativeslofas follows:

N
aL aélogeP(xi; Q. Q,...)

= =0 27)
0Q, 0Q,
0) log Pix;. Q;, Q,,...
and oL _ 'Zl ( ' ): 0 (28)
0Q, 0Q,

Maximizing with respect tdQ, and Q, gives
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oL _ 1§ (y - (29)
an sz iZ:]_(Xi Ql)
oL - N1 ZN: (x, - Ql)2 (30)

an Qz 22 i=1

Letting oL _ oL _ , gives the maximum likelihood of the estimatesdai®ivs
0Q, 0Q,
- 1Q —
Ql = Wé“l X; = X (31)
L
- N —
Q, = (iz (Xi - X)ZJZ (32)
N i=1
From the Cramer-Rao bound
(33)
var ()= E%
0B ?
we obtain, forQ;,
O°L __ N (34)
9Q/ Q;
~ 1 2
Var[Ql} > —( N ] = QNz
T A2
so that Q. (35)

showing that the estimate is consistent with - o asVar |_Q1J - 0.

Measuring Instruments

The main instruments employed in this study forcondition performance assessment were B&K vibratiwter, model
2511 equipped with a tunable band pass filter m&@2IL and a recorder, model 2306, and a B&K imppteeision sound level
meter, 2209 adapted for vibration measurement B&MK integrator, type ZR 0020. These instrumentgsaveortable and were
operated with a detachable magnetic pick-up acoeleter, type 4370.

Procedure
Prior to measurements, sensing points were mappiednothe machines taking into consideration tleasuon the machine
frame which absorb forces from the rotating parte magnetic pick-up accelerometer was then placethese points one after

the other, and by sweeping the vibration signatesca frequency range.2 to 20Hz the reference spectral responses for the

machines were obtained. These helped to estabksfreéquencies at which the several plant defeatliesd in this investigation
were manifest. The machines considered in thisystuel shown in table 1.

Table 1Machines Covered In The Statistical QualityControl Concept

Machine Speed Power Rating (KW)
(rpm)

Wet Scrubber Fan 1486 450

Shaft Furnace Deduster 14861 132

Reformer Flue Gas Fan 984 560

Combustion Air Blower 1480 160

Wet Scrubber Fan

This was employed for waste gas dedusting in tlatpllits performance was routinely monitored to idvsudden
breakdown. Dust particles were discharged fronfdhen slurrified form. This plant was interlockedth gas supply to the iron
ore dryer such that when the operation of the fas interrupted that of the ore dryer was equatiped. Any malfunctioning
will result in atmospheric pollution. The econormaplication of this is that the iron ore dust whiotherwise would have been
recycled within the process was now lost to theoshere. This therefore underlines the importantresof this plant to the
entire steelmaking process. The main feature osthebber is that the impeller and the blades wasberized to protect them
from direct attack by the highly abrasive slurdfieon ore dust. With age, this coating becamebaairn-out thereby exposing
the blades to wear and corrosion. Also, the abrad¢ches on the impeller blades due to age werevedtly distributed. The
combined effect of these resulted in dynamic imibagaand high vibration levels. The unpredicted meatf this problem, often
led to unplanned stoppages in production. Througdcandition vibration monitoring, a baseline waiand action limits of

9.0 mm/sec and11.0 mm/sec respectively were established.
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Shaft Furnace Deduster

This is a suction fan for unconsumed gases intthé furnace operation to prevent them from accatimg and discharging
to the atmosphere. The high vibration level recdribe this machine was due to uneven distributiboaked slurrified iron ore
deposits on the impeller blades. These were subs#gscrubbed off and the entire impeller hositegoed. This was followed
by double-plane dynamic in-situ balancing to britogvn the vibration level. Our on-condition monitagiand control was able to
establish a satisfactory vibration level 2.5 mm/ sec for this plant. The upper warning and action Ianitere established as

24.0 mm/sec and 35.0 mm/sec respectively.

Flue Gas Fan

This was connected to the exhaust of flue gases fhe steam reformer which supplied reformer géséise shaft furnace.
On-condition monitoring revealed high vibration ééwf this unit at the rotating frequency of theciae. It was desirable to
establish a mean vibration level for this machinendich to base the set point. From the data aeduiver several weeks of
monitoring, a safe mean vibration d.5 mm/sec and an upper warning and control limits 089 mm/sec and

4.8 mm/sec respectively.

Combustion Air Blower

This machine supplied the air required for comlmustf natural gas in the steel reheating furnacténrolling mill. The
application of statistical quality control to stuthys blower began in earnest following a breakdoivthe plant that was traced to
misalignment of the impeller shaft. The repairsolred principally in-house fabrication of the imigelshaft and the coupling.
Vibration monitoring was subsequently carried aonf which the mean vibration was computedl&smm/sec . Although

this value was higher than that obtained befordteakdown, the operation of the machine was adddgable.

DISCUSSION AND CONCLUSIONS

This paper has chosen a number of plant machinghysubstantial process variability to demonstthg wide use of on-
condition monitoring technique, particularly of avestigative nature, for qualitative assessmenthef machine performance
based on independent vibration measurements, agguime time between successive occurrences of éhk pibration were
distributed with a probability density function. Tinis end, a vector linear differential equatiornteé form (36) was formulated
using the principle reported in [10, 11]. The apmio was based on independent measurements of ahesprvariables for
estimating the mean value of peak vibration leirethie operation of the machines.

Since the only random term on tReIS of (39) is the process(r), then by taking the expected value of both sides a
interchanging the order of integration with respgeatand the operation of expectation, it follows that

dz_t(t) - AQXO)+ Bu(). X(0)=x, (36)
The functionx(t) is ann-vector. Now, by lettingi(t) be anr-dimensional vector random process with the follaytatistical
properties:
E[u(t)] = m(t) (37)
Efu()-m@)ut.)- m@.)" = K(..t,) (38)

WhereK(tZ’tl) is an(r * r) matrix which is the covariance matrix a(t), the solution is obtained in terms of a convolutio
integral and expressed as:

x(1)= oltt, )%, + [ ol 1)B( () (39)
where (dt,to) is the state transition ma':rix defined as:

¢(t.,7) =exd Alt-7)} (40)

EIXO] = ottt )x, + [ olt.7)B()ELE)]dr (41)

Thus in order to obtain the mean of the random gsex(t), we derived the differential equation by the meéathe input
processu(7) [E[U(T)] = m(r)] , using the covariance &ft) given by [10, 11]:

Cov[x(t, ). x(t, )] = E[x(t,) - E[x(t.J[x(t.) - E[x(t, ]I (42)

From (39) and (41) we have
x(t)- E[x®)] = [ot.7)B()u(r)- E[u(r)]dr (43)

Substituting (43) into (42) and interchanging thiegration and expectation operations yield:
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Cov[x(t, ). x(t,)] = ﬁ(b(tl, 7)B(7)E( [u(r) - Elu(7)]

[u(e)-E[u(@)]]")B" (0)do.t,)dadr (44)

which simplifies to
Cov[x(t,), x(t,)] = j j dt,. 7)B(r)K (o, 7)B" (0)¢ (t, - o)dadr (45)

If the input is a zero mean Wh|te process with ciawece matrix

K(r,0)=Q(r,0)d(c - 1) (46)
then (45) was simplified considerably as f0||OWS'

Cov[x(t, ) x(t,)] = jqo(tl, 7)B(r)QB (r)¢ (t,,7)dr (47)
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