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Abstract—A steam data/meter verification and troubleshooting technique has been developed and
implemented to help determine erronecus data in the steam balance report and identify faulty meters or er-
rors in data transmission. This includes an analytical technique which utilizes redundancy in existing steam
flow measurements and a diagnostic tree which uses the result of physical checking of the suspect flow me-
ters/data in a sequential manner until fault diagnosis is completed.

The important features of this techrique are (1) it is based on the concept of diagnosibility rather than
blindly applying an analytical technique to identify faulty metex(s), (2) the ability to identify all the probable
sets of faully flow meters, (3) the corrected flow data are available once the fauity flow meter(s) are determin-
ed, (4) relatively small amount of calculation is needed, and (5) a diagnostic tree is used to guide physical
checking of the suspect flow meter(s) until diagnosis is completed.

INTRODUCTION

As a result of increased emphasis on cost reduction
and energy accountability, it is important to maintain
the integrity of the plant steam balance. Plant steam
data had been usually examined daily by Process engi-
neers. Suspect data and flow meters had been identi-
fied in a weekly meeting with Plant Engineering; then
Maintenance people check the suspect meters. This
process was very tedious, time consuming and often
not successful in identifying meter problems. In order
to reduce time and effort necessary for steam data/me-
ters verification and troubleshooting, there had been a
strong need for an analytical technique which utilizes
redundancy in existing steam network.

This steam data/meter verification and trouble-
shooting technique was designed to help determine er-
roneous data in the steam balance report and identify
faulty meters or errors in data transmission. This in-
cludes an analytical technique which utilizes redun-
dancy in existing steam flow measurements and a di-
agnostic tree which uses the result of physical che-
cking of the suspect flow meters/data in a sequential
manner until fault diagnosis is completed.

A number of methods of gross error detection have
appeared in literature [1-16]. Most of these involve the
use of statistical tests based on assumption that the
random errors in the data are normally distributed.
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Most recently Serth and Heenan [17] compared the
performance of different algorithms reported in the
literature using computer simulation.

In this paper, a practical steam data verification
technique, which has been used in a real plant fcr the
last five years, is discussed. The important features of
this technique are (1) it is based on the concept of
diagnosibility rather than blindly applying an analyti-
cal technique to identify faulty meter(s)/data, (2) the
ability to identify all the probable sets of faulty flow
meter(s)/data, (3) the corrected flow data are available
once the faulty flow meter(s)/data are determined, (4)
relatively small amount of calculation is needed, and
(5) a diagnostic tree is used to guide physical checking
of the suspect flow meter(s)/data until diagnosis is
completed.

NODAL REPRESENTATION OF A STEAM
NETWORK

One of the distinct characteristics of a plant steam
system is that it represents a complex network of
many interacting streams. In a typical plant there can
be hundreds of steam flows, some of them metered
and others unmetered. Among the unmetered steam
flows, many may remain fairly constant and can be
estimated. To write an appropriate material balance for
each piece of equipment using these metered and/or
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Fig. 1. Area I 1607 steam network.

unmetered flows and handling the resul:ing equations
simultaneously in one grand swoop is not only unne-
cessary but also expensive.

The plant steam network can be broken up into
smaller, more manageable subsystems for ease of ana-
lysis. The approach chosen here is to subdivide the
plant steam network into several different subnel-
works based on pressure levels of steam and the differ-
ent areas of the plant.

A node is defined as a subsystem of a network
around which a mass balance can be made using ei-
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ther metered or estimated flows. This is perhaps best
explained with an example. Figure 1 shows the 160#
steam network in Area | in a Plant. Four independent
material balances can be made in the steam network
in Figure 1. This steam network can be redrawn using
nodal representation as in Figure 2. In Figure 2, in-
put/output from each node and the relationship be-
tween nodes can be clearly seen. All the streams
shown in Figure 2 are either metered or a fairly good
estimate is normally available. Therefore these four
malerial balance equations provide redundancy of in-
formation to this system and enable fault detection and
diagnosis to some extent.

Before we start to use any mathematical techniques
to detect and diagnose steam data imbalances, we
have to reduce the number of streams by combining
the different streams connecting two different nodes or
connecting a node and the environment. Figure 3
shows the reduced nodal representation of the steam
system in Figure 2. Note that there is only a single st-
ream between two different nodes and between a node
and the environment. Figure 4 shows the actual data
for the reduced nodal representation in Figure 3.

No matter which mathematical technique is used,
any diagnosis of each combined flow into its consti-
tuent flows is not possible without actually checking
each flow meter or estimated flow. Therefore any ma-
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Fig. 2. Nodal representation of Area | 160+ steam network.
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where X, M1 : El+ E2, E3

Xo - M2

Xz - M3

Xy - M4+ M5 - M6 + E4

Xs M7

Kg - M& « M9~ MIO + E5 « E6 + MI1 ¢« M12
E7T -MI3-E8

X7 - Ml14

Xg - E@+ EN - EIT + E12

Maierial balarces exis as

Xi+Xz3-Xa - 1
Xo-Kg-X5 = 0
Xs-Xg-X7 -0
Xr-Xa-Xg - O

Xi-Xq-Xg-Xg - 0

Fig. 3. Reduced nodal representation of Area I 160+
steam network.

thematical techniques for diagnosis should be used
after the reduced nodal representation of the steam
system is prepared.

STRUCTURE OF THE STEAM NETWORK AND
FAULT DIAGNOSIBILITY

The structure of the system determines fault diag-
nosibility {to what extent we can diagnose the cause of
the fault analytically). Any diagnosis with analytical
techniques is possible due to the existence of some re-
dundancy in the system structure.

With analytical techniques we can determine if any
faults exist in a system and narrow the scope or reduce
the number of probable solutions for diagnesis. Some-
times we may isolate a unigue faulty flow or set of faul-
ty flows but most often we end up with several proba-
ble solutions for diagnosis using analytical techniques.
Thus in these cases fault diagnosis must be completed
by physically checking the suspect flow data/meter(s).

Yy =100

where Y, YMI « YEI » YE2 + YE3

Yo o YM2
Yy o YM3
Yy oYM+ YMS ¢ YME + YE4
Yg - YMT

Yo o YM8 4 YMY + YMIO - YES + YEG - YMI11
CYMI2-YET-YMI3- YE8

Yo YMIA

Ys  YE9 + YEIO + YEIT + YEI2

Fig. 4. Area | 160# steam data on August 11, 1981.

The information about the individual flows which
make up each material balance in a same combination
cannot be isolated analytically. The flows should be
treated as a single flow (combined flow) analytically.
Once a combined flow is found to be faulty, at least
one of its constituent flows is faulty. Even though a
combined flow is found normal, it does not rule out
the possibility that there may exist offsetting faults
among the flows making up the combined flow.

Because of the redundancy requirement the max-
imum number of simultaneous faulty flow meters/data
which can be identified is one less than the number of
independent material balance equations. For example,
if the number of independent material balance equa-
tions is four as the steam system shown in Figure 3,
the maximum number of simultaneous erroneous me-
ters/data we can identify using this technique is three.

The probability of occurrence of two simultaneous
faults is much less than that of one fault and the proba-
bility of occurrence of three simultaneous faults is
much less than that of two simultaneous faults. Especi-
ally in a real situation such as a plant where the faulty
meters are continuously identified and repaired. But
still there is a possibility of two or three simultaneous
erroneous meters/data. Thus even though a potential-
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ly erroneous meter is identified from a single fault as-
sumption, it is worthwhile to check to see if two or
three simultaneous erroneous meters/data can result
in the same set of data.

MODELLING OF FLOW MEASUREMENT WITH
ERRORS

If we define X, as the true flow of the stream i and Y,
as the measurement of X;, then

Y, =X, +r,+b, (1)

where r; 1s the random error of measurement at nor-
mal conditions and b, is the bias error (or gross error)
due to faulty meter or data communication problem.

In Figure 2, M; and E, represent the true flow of
melered stream and unmetered stream. YM; and YE,
indicate the measurement of flow j and estimate of
flow k, respectively. Generally a combined measure-
nment can be calculated as

YiZ;YM,-+ };YE,, (2)

and the standard deviation for a combined measure-
ment at normal conditions can be calculated from indi-
vidual slandard deviation of measurement YM, or of
estimale YE, at normal conditions as follows:

s3i= SQRT ( Tsy}+ Tswe)) 3

A nodal imbalance is defined as the difference bet-
ween the sum of the incoming flows and the sum of
the outgoing flows from the node.

NB, = ); {flow intoi*® node),

- X {flow out from i*" node (4)

where NB, is i th nodal imbalance. And the standard
deviation of NB, al normal condition can be calculated
as

sw, = SQRT( Is,, " (5)
FAULT DETECTION

The first step in identifying faulty flow meters/data
is to determine whether there is any abnormal incon-
sistency in a set of data from the steam syslem. Each
one of the nodal imbalances should be checked with
its threshold limit (TL) to determine whether all of the
nodal imbalances (NB) are within normal ranges. If
INB,I<TL,, for all i, decide all the flow meters/data are
normal, otherwise decide al least one of Lhe flow me-
ters/data is faulty.

As the threshold limit increases, the probabilily of
correct decision increases when there is no bias error
(see Figure 6) but decreases when there is a bias error
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Fig. 5. Incidence marix of the example steam net-
work.

Xy " . o
i Sy 25y sy sy

Threshold Limit, TL
Fig. 6. Probability of correct decision when there is
no error.

(see Figure 7). With a large threshold limit, only big
bias errors can be detected and the probability of cor-
rect decision is high when there is no bias error. On
the other hand, with a small threshold limit, small bias
errors can be detected but .also the probability of
wrong decision is high when there is no error.

Proper threshold limits should be determined de-
pending on an analysis of the tradeoffs between two
types of wrong decisions (deciding faulty when normal
and deciding normal when faulty), rather than blindly
using three standard deviations as threshold limits. In
steam network problems the cost of deciding faulty
when actually normal is the cost of diagnosis effort to
locate the faulty flow meters or data. The cost of deci-
ding normal when actually faulty is the degradation of
steam data and poor accountability.

if the threshold limit is chosen to be the same size
as sy (one standard deviation of the nodal imbalance al

1.4

~ ~.
_13;_\\\ b= 35y \‘\\
. ™ o

Threshold Lini . TL
Fig. 7. Probability of correct fault detection vs. thre-

shold limit for different sizes of bias errors.



Steam Data Verification and Troubleshooting Technique 71

Size of Bias Errur, b

Fig. 8. Probability of correct fault detection vs. size
of bias error for different threshold limit.

normal condition), the probability of the correct deci-
sion is 0.68 when there is no bias error and 0.84 when
the size of the bias error is 2sy. If the threshold limit is
2sy, the probability of the correct decision is 0.95
when there is no bias error and 0.5 when the size of
the bias error is 2sy (See Figure 7). For a constant thre-
shold limit, the probability of correct decision increa-
ses as the size of the bias error increases (See Figure 8).

FAULT DIAGNOSIS

Once it is decided that at least one of the flow me-
ters/data is faulty, a fault diagnosis should follow to
find which flow meter(s) or data are in error and what
are the correct values of the flows. The technique we
have been using since 1981 has been recently classi-
fied as a combinatorial technique by Seith and Heenan
[17]. The basic idea is to find all the analytically possi-
ble solutions which can result in the given data. Once
all the possible solutions are identified, physical
checking is done in the sequence of the raost probable
suspect until diagnosis is completed.

Basic Analytical Diagnosis Procedure

The existing analytical redundancy in steam flow
measurements can make fault diagnosis possible to a
certain degree. The degree of fault diagrosis depends
on the structure of the steam system, which deter-
mines the analytical redundancy.

The method used here is a procedure of (1) succes-
sively making a series of assumptions on flow me-
ters/data, (2) calculating estimates of the flows for the
data which was assumed erroneous by using the data
which was assumed correct and the material balance
equations, and (3) checking each assumption to see if
all the material balance constraints are satisfied by the
data assumed correct and the calculated flows.

Sometimes only one assumption can lead to satisfa-
ction of all constraints. In this case the fault diagnosis
is comiplete. But in most cases more than one assump-
tion can lead to satisfaction of all the constraints and
fault diagnosis cannot be completed without actually

checking each of these possibilities in the field.

The basic fault diagnosis procedure is as foll-

ows:

a. Assume a single fault

(1) Assume only Y, is in error, which means

by %0, by=bs-=b,=0.

Calculate the estimate of X; using one material
balance equation and other measurements.

Check if each nodal imbalance is less than its
threshold limit when X, substitutes for Y.

If all the nodal imbalances are less than their
respective threshold limits, this assumption may
be correct. If any one of the nodal imbalances is
bigger than its threshold limit, this assumption is
wrong.

(2) Repeat (1) for Yy, Y5, -, Y,

b. Assume a double fault

(1) Assume Y, and Y, are in error, which means

b;%0,b;%0,by=--=b,=0

Calculate X, and X, using two material balance
equations and other measurements. Check if each
nodal imbalance is less than its threshold limit
when X, and X, substitute for Y, and Y,.

If all the nodal imbalances are less than their
respective threshold limits, this assumption is one
of the possible solutions. If any one of the nodal
imbalances is bigger than its threshold limit, this
assumption is wrong.

(2) Repeat (1) for all combinations of two flows.

c. Repeat the same procedure in step a or b under the
assumptions of up to (m-1) simultaneous faults
where m is the number of independent material
balances for the steam system. More than {m-1) si-
multaneous faults cannot be diagnosed using any
analytical techniques as the redundancy of informa-
tion for diagnosis does not exist any more.

If the first possible solution has been found
under the assumption of i simultaneous faults, usu-
ally it is enough to repeat the same procedure up to
the (i+ 1) simultaneous faults assumption because
the probability of occurrence decreases very rapidly
with the number of simultaneous faults.

Use of Incidence Matrix to Screen Assumption

to be Checked

To save calculations for diagnosis, the result of
nodal imbalance tests for fault detection and an in-
cidence miatrix of the material balance equations can
be used to select assuniptions necessary to be checked.

An incidence matrix of the material balance equations

of the steam systeni in Figure 3 is shown in Figure 4.

In the incidence matrix in Figure 4 if a variable ap-
pears in the material balance equation for a node it is
denoted with 1, otherwise left blank. Note all the flows
appear twice in the incidence matrix. **”denotes the
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nudes whose nodal imbalances exceed their threshold
liniits.

This incidence matrix is very useful for selecting
the assumptions tu be tested to determine whether
they are viable solutions or not. From this incidence
matrix it is clear that o cause imbalance in node 1, at
least one of X;, X, and X; must be faulty, and if flow
meter 1 is faulty it can cause imbalance in both node 1
and total material balance.

It is obvious from the incidence matrix that any sin-
gle faull cannol cause imbalance in more than two no-
des. Thus we need nol even check single fault assuni-
ptions in this example because more than two nodes
are imbalanced. For double faults, only those pairs of
nieasurements need to be tested which affect all aste-
risked nodes (imbalance exceeds threshold limit).
Likewise for triple faults only those triplets of niea-
surements need be tested which affect all asterisked
nodes.

Table 3 shows the assumiptions on the rumber of
sintuhlareously faulty flows to be checked when the
number of imbalanced material balances varies from
zero to five for a system with four nodes. A computer
program has been written to facilitate the selection of
the assumiptions on the faulty flows before the assump-
tions are checked.

Physically Checking the Suspect Flow Meters
Using a Diagnostic Tree

Once all of the candidate solutions for diagnosis are
found by the above method, physical checking of tho-
se flow meters should follow to comiplele fault diagno-
sis. The selection of the flow meter to be checked firs
may be determined by using historical reliability data
on the flow meters. Those with highest probability of
being faulty should be checked first to reduce the time
and effort for correct diagnosis. Also the flow meters
included in the set of least nunmber of simullaneous
faults should be checked first because the probability
of the occurrence of multiple faulls without commnmon
cause decreases drastically as the number of simulta-
neous faults mncreases.

Whenever a flow meter (dala) is checked, the result
of the check can be used in a sequential manner (o re-
duce the number of probable alternative solutions for
diagrusis. This procedure can be facilitated by using a
diagrostic tree. A diagnoslic tree for the exanmple with
six sels of probable solutions for diagnosis is shown in
Figure 9.

In Figure 9, "( )" indicates each one of the pro-
bable solutions for diagnosis, © ¢ ” indicales checking
the flow meler (data) in it. If the flow meter (dala) che-
cked in the circle is found faulty " Faulty” is assigned
on the arrow, otherwise "Normal ”. Finally " ()" indica-
tes that faull diagnosis is completed and flow meters
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Fig. 9. Diagnostic tree for the example.

{data) in "( )" are found faully. Fault diagnosis can be
completed by checking two or three flow meters (data)
in this exaniple. Once the faulty flows are identified,
the corrected flows can be calculated from the correct
flows.

APPLICATION TO A PLANT STEAM SYSTEM

The fault detection and diagnosis procedure will be
illustrated through an operating plant’s steam system
in Figure 1. Combined nieasurements in Figure 4 were
calculated with the data on August 11, 1981,

The standard deviation of combined measurement
Y, at normal condition can be calculated using equa-
tion (3) from individual standard deviation of measure-
nment YM, in Table 1 and of estimate YE, in Table 2 as
follw:

.‘)'\,'l = 1.7
sy, = 1.0
sy, = 1.2
Sy, = 0.38
sy, = 1.60
Syg = 3.55
sy. = 1.01
Syg = 0.58

The standard deviation of nodal imbalances at the
normal condition can be calculated from equation (5)
from individual standard deviation of measurement Y.

SNBI =2.31
Sng, = 1.23
Snpy = 3.74
Sng, = 1.67
Sngp= 4.00

Depending on the up/down status of each equipment
in the plant, the values of standard deviation of each
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Table 1. Measured flows in Area 1 160# steam sys-

tem.
Flow Meter Range (MPPH) sy = 2% of Span
M1+ F6921A 0- 75.0 1.50
F6921B 0- 28.1 0.562
M2* F6918A 0- 50.0 1.00
F6918B 0- 371 0.744
M3* F6920A 0- 35.1 0.704
F6920B 0- 60.0 1.20
M4 Fl0154 0- 7.2 0.144
M5 F19553 0- 15.0 0.304
M6 F14471 0- 9.2 0.184
M7* F6919A 0- 30.1 0.602
F6919B 0- 30.1 0.602
M8 FI6790 0- 14.0 0.280
M9 Fl6341 0- 7.0 0.140
MI10 Fl6463 0- 30.0 .600
MI11 FI6649 0- 50 0.10
MI12 FI8589 0-120. 2.40
MI13 F16496 0-120. 2.40
Mi4* F6955A 0- 50.2 1.00
F6955B 0- 50.2 1.00

Note: One standard deviation of each measured flow is as-
sumed to be 2% of the span of each flow.

"* "indicates bidirectional flow meter. One of A & B flow is
zero.

Table 2. Unmetered flows in Area | #160 steam sys-

tem.
Flow No.  Description Design value  Status  sg,
El Emer. Gen. 8.0 On 0.8
E2 #2 Boiler Fan 8.0 Off 0.8
E3 Pond Pumps 28.0 On 2.8
E4 C105 Lube 1.0 Off 0.1
ES M1198 Jet 1.0 On 0.1
E6 Tank Farm 5.0 On 0.5
E7 C93 Dsprhtr 6.0 On 0.6
E8 C19 35.0 Off 3.5
E9 HE71 4.0 On 0.4
E10 Jet 1.0 On 0.1
Ell T16 Res Water 1.0 On 0.1
E12 C5/C10 Lube 4.0 On 0.4

Note: Each of the above unmetered flows are assumed to
have a normal distribution with its design value as a mean
and a 10% of its estimate as its standard deviation.

Table 3. No. of simultaneously faulty flows to be di-
agnosed vs. No. of imbalanced material bal-
ances for a system with four nodes.

No. of Imbalanced
Material Balances

No. of Simultaneously
0 12 123 23 23 3
Faulty Flows

combined measurement and each nodal imbalance at
normal condition should be changed. Nodal imbal-
ances are as follow:

NB; =Y, + Y3-Y,=19.75

NB, = Yy-Y,-Y5=-0.05

NB; = Ys5-Yg-Y; = 4.40

NBy = Y:-Y3-Yg=-4.2

NB;=Y,-Y;-Ye-Yg=199

If we choose one standard deviation of each nodal
imbalance at normal condition as the threshold limit
of each node we get the following:

TL] = SNB] =231

TLy = spg, = 1.23

TL3 = snp, = 3.74

TLy = syp, = 1.67

TLr= syg,=4.00

INB,|=119.75|>TL, unsatisfied

INB,|={-0.05<|TL, satisfied

INBy|=14.4|>TL; unsatisfied

INB4|=|-4.2 |>TL, unsatisfied

{NB7i=|19.9/>TLy unsatisfied

Because|NBj, NB3, INB4 and INBlare not less thar
their threshold limits, it can be decided that there exist
at least two faulty meters of data.

Fault diagnosis can be done as follows:

If we assume a double fault two pairs of flows (1,7)
and (3,6) can cause imbalance in nodes Ny, N3, Ny and
Ny Further analysis by the analytical procedure will
show that only (1,7) is a possible solution for diagnosis
from a double fault assumption.

If we assume a triple fault, eighteen sets of three
flows can cause imbalance in nodes Ny, N3, Ny and Ny.

(1,35) (1,3,6) (1,58 (1.6,8)

(2,3,6) (24,7 (2,58 (267 (268 (2,78

(3,45 (34,6 (347 (3.56) (3,58 (3.6.7)

3.6,8) (3,7.8)

Further analysis by the analytical procedure will
show that from the triple fault assumption the follow-
ing five sets of flows are possible solutions for diag-
nosis:

(1,3,6) (1,6,8) (3.6, (36,8 (3,7.8).

Analytically any one of the six sets of flows are pos-
sible solutions for diagnosis. Fault diagnosis can be
completed by physically checking the meters/data foll-
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Table 4. Probable solutions for diagnosis of the example.

e

\W YiY7 Y1,Y3,Yg Y15 Ys Y4 Y Yy Y3, Y6 s Y3.Y7.Yg

Estimated flows
e 28.95* 33.15* 28.95" 487 487 48.7
% 13.15 13.15 13.15 13.15 13.15 13.15
Xs -15.80 ~20.00% ~15.80 ~3555° -35 55 -35.55
X4 17.10 17.10 17.10 17.10 17.10 17.10
Xs -3.90 -3.90 -3.90 -390 -3.90 -3.90
Xs 1.70 6.10" 6.10° 2160* 6.10° 1.70
X7 -5.60" -10.00 ~10.00 2555+ ~10.00 -5.60"
%4 10.00 10.00 5.80" 10.00 25.55" 29.90°

Note

- "* “indicates the correcled flows.

owing the diagnostic tree in Figure 9.
This procedure has been programmed and imple-
mented for the entire plant since August, 1982.

NOMENCLATURE

. biaserroriny,
true flow of estimated (unmetered) flow k
. ture flow of metered flow |
. nodal imbalance of node i
random error in Y,
. standard deviation of NB, at normal conditior:
- standard deviation of Y, at normal condition
: standard deviation of YE, at normail condition
standard deviation of YM, at normal condition
threshold limit of node i
true flow of stream i
measurement of stream i
. estimate of E,
measurement of M;
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