CHAPTER IV

RESULTS AND DISCUSSION

41 Simulating Data of a Hot-oil Heat Exchanger as a Case Study
(Some information is based on PTTGSP5)

4.1.1 Generating Simulated Values (True Values)

Model A: Ethane product heater

To.ail!
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Figure 4.1 Measured variables of a hot-oil heat exchanger (Model A),

where F, is \olumetric flowrate of hot oil ( !3/h)
T4, is inlet temperature of hot oil (°C)
TOOM is outlet temperature of hot oil (°C)
FCl is volumetric flowrate of ethane products (NnvVh)
T0,,1 is inlet temperature of ethane products (°C)
Fi,1, is outlet temperature of ethane products (°C)

is overall heat transfer coefficient ( / 12°C)

The true values of each variable were generated by fixing the
values of hot-oil volumetric flowrate, hot-oil inlet temperature, volumetric flowrate
of ethane products, inlet temperature of ethane products and overall heat transfer
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coefficient first and adjusted the value of heat exchanger area closely to 46.1 nr by
using goal seek technique. The physical data and the all of simulated values (true

values) are shown in Tables 4.1 and 4.2. respectively.

Table 4.1 Physical data of a hot-oil heat exchanger (Model A)

Physical Data Value
Cp.oilikd/kg °C) 2.416

poil (kg/nr") 772.650
¢ L., (klkg °C) 2473
Pei (kg/nf) 1.334
A (nr) 46.1

Table 4.2 Tilie values of a hot-oil heat exchanger (Model A)

Variable True value
F, (mVh) ~
T,M°C) 169.430
To,, ,m 101.112
Fei (- /h) 35538.777
Teul(°C) 15.723
Tel.... (°C) 58,612
(1 -12°C) 310.60
Q( ) 1396813.653

4.1.2 Generating Random Errors
A Gaussian random number generator was used as a tool to
generate the random errors into the true values in this research by following the
assumptions below.

a. Generating 365 data (1 year) distributed with normal distrit
from http://www.random.org.


http://www.random.org
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h. The standard deviation values which used in each of ind
depend on the size of true values of them, if the magnitude of true values is less than
100. then used the standard deviation of 10 but others used the standard deviation of
25.
- Using standard deviation of 10 lir/h for hot stream volumetric
flowrate indicator and 10°C for cold temperature indicator.
- Using standard deviation of 25 ' h for cold stream volumetric
flowrate indicator. 25 °C for hot temperature indicator and 25 / 2 °C for heat

transfer coefficient indicator (no gross error at this indicator).

And the average measured values (including random error only) of

these variables for Model A are shown in Table 4.3
Table 4.3 Measured values ofa hot-oil heat exchanger (Model A)

Average Measured

Variable Standard deviation
value
FO(nrvh) 10.094 40.093
F,, (nr/li) 25.249 35540.356
T01,FC) 24.940 169.595
700,,FF) 24.428 100.371
T,U,{°C) 9.799 16.402
oy (°C) 10.239 58.702
( ue°C) 25.483 310.29

4.1.3 Generating Gross Errors
All integer random number generator from random.org.. where the
randomness comes from atmospheric noise, and it is better than the pseudo-random
number algorithms typically used in simulated program, was used as a tool to
generate gross errors for the measured willies in this research by following

assumptions helow.
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a. The magnitude of gross error was allowed to vary between
approximately 1 to 300% of the true values; these magnitudes were used in an
integer random number generator to generate the gross error number (the allowed
smallest measured value was zero, corresponding to total instrument failure).

- The magnitude of gross error was added to measured values of Fo
and Tail, (average magnitude sizes are equal to 59.608 nv/h and 22.646 °c,
respectively) as shown in Figures 4.2 and 4.3. respectively.

b. For NLP data reconciliation when the gross errors existed in the
system, lower and upper bounds of variables were set at 1.3 and 0.7 times

corresponding to true values.

And the average measured values with one position of gross error
(including gross error only at FO) and with two positions of gross errors (including
gross error at Fo and Te ) for Model A are shown in Tables 4.4 and 4.5.

respectively.

Table 4.4 Measured values of a hot-oil heat exchanger (Model A): including gross-

error only at FO

Average
Variable Standard deviation
Measured value
F1(nvVh)* 36.227 99.701
Fel (nrvh) 25.249 35540.356
To,1(°C) 24.940 169.595
To,nA°C) 24.428 100.371
T, (°C) 9.799 16.402
Te,.om(°C) 10.239 58.702
(I 2°C) 25.483 310.29



Table 4.5 Measured values of a hot-oil heat exchanger (Model A): including gross-

error at FQand TEtIn

Variable Standard deviation Average
Measured value
F1(nvVh)* 36.227 99.701
FL( ') 25.249 35540.356
T0.inCQ 24.940 169.595
T,,a1(°C) 24.428 100.371
T, 1(°C)* 16.951 ° 8
Fu,1(°C) 10.239 58.702
(1 -1-°C) 25.483 310.29

Remark: *consisting ofhias or gross errors
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Figure 4.2 True vaille, measured value and some bias of hot-oil volumetric flow rate
variable. F, (Model A).
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Figure 4.3 True value, measured value and some bias of ethane product inlet
temperature variable. Tt , (Model A).
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4.2 Data Reconciliation Technique (for Model A)

For a hot-oil heat exchanger (Model A), there are 8 process variables
which are F, (flowrate of hot stream). FC (flowrate of cold stream). Thin (inlet
temperature of hot stream). Th.. (outlet temperature of hot stream). Tcit (inlet
temperature of cold stream). T00,, (outlet temperature of cold stream).  (overall heat
transfer coefficient) and 0 (heat duty) and there are 3 equations which are the heat
duty of hot stream (hot oil), cold stream and heat exchanger as shown in equation
4.4, 45 and 4.6. respectively. Degree of freedom (DOF), which is the minimum
number of variables required to calculate all of system variables, or the difference
between number of variables (including measured and unmeasured variables) and
number of equations, need to be calculated, the other parameter called degree of
redundancy (DOR) is the difference between number of measured variables and
degree of freedom. Data reconciliation can be performed if degree of redundancy is
greater than or equal to 1 (DOR > 1). The greater value of DOR represents more

accuracy in doing the data reconciliation technique.

Degree offreedom (DOF) = no. ofvariables - no. ofequalions (4.1)
Degree ofredundancy (DOR) = no. ofmeasured variables—DOF (4.2)

For a hot-oil heat exchanger (Model A)

Degree offreedom (DOF) no. ofvariables - no. ofequations

=8-3=5
Degree ofredundancy (DOR) = no. ofmeasured variables- DOF
=7-5=2

In the case of a hot-oil heat exchanger (Model A), DOF is equal to 5 and
DOR isequal to 2. To do data reconciliation. DOR must be greater than or equal to 1
(DOR > 1)or we need at least 6 measured variables to do data reconciliation for this

model at the beginning of eliminating gross error.



Concept of data reconciliation is to minimize the difference between
measured values and reconciled values or true values by using the objective function
as shown below.

Objective function;

M yo Eer 'Iy:tE'FR)Z'Iy\( o, ) -lya\ Lot

tY (Tein- Tre,,Y +y (TeaC- TreQt\2+y /Y-Yr y
*\[ Glin ) V Glat ) ST

(43)

Where F, i volumetric flowrate of hot stream (nrVh)

Fn, IS reconciled value of volumetric flowrate of hot stream (nr/h)

e is volumetric flowrate of cold stream (m3h)

Fre IS reconciled value of volumetric flowrate of cold stream (nr/h)

Thi IS inlet temperature of hot stream (°C)

Thin IS reconciled value of inlet temperature of hot stream (°C)

Tuen IS OUtlet temperature of hot stream (°C)

Trhom IS reconciled value of out let temperature of hot stream (°C)

Tein IS inlet temperature of cold stream (°C)

Trein 15 reconciled value of inlet temperature of cold stream ( C)

Teont IS outlet temperature of cold stream (°C)

Treonl IS reconciled value of out let temperature of cold stream (°C)

Y isthe other measured variables

Yris reconciled value of the other measured variables

Objective function for a hot-oil hot exchanger (Model A) is shown in
equation 4.3-1.

Min /IFoiI - Frolh\2+ /Fet- Fi'etv + (T0L - Tv0, Y + (7,0, - TroQLt
Gl * \ g 'V Got, ) \ <ot
o (Terill ~ Tretinl “~ RTet,out — Tret0,v » /U Ur
V' Gjetin 6o, J \ @ )
(4.3-1)
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Heat transfer of these systems must be the same, so the actual heat
transfer may be calculated by energy balance. Equation 4.4. 45. and 4.6 are heat
duty of hot stream (hot oil), cold stream and heat exchanger, respectively. Equation
4.7, 4.8.4» and 4.10 are inequality constraints.

Constraints:
Q = MoCPoaT0
o= o2 & (49)
Q = UA(LMTD) (4.6)

*Remark: All of heal capacities, areas and overall heal transfer coefficients are
assumed to he constant

Inequality constraints;

Toin > Ti[ .out (4.7)
Toout > Tftin (4-8)
Toil 2 To,out (4-9)
Tetout ~ Tetin (4-10)

Where o is heat duty ( )

is mass flowrate of hot oil (kg/h)

me, 15 mass flowrate of cold ethane (kg/h)

c, +Is specific heat capacity of hot oil (kJ/kg °C)

(.. s specific heat capacity of cold ethane (kJ/kg °C)
is overall heat transfer coefficient ( / 2°C)

A is area of heat exchanger ( 2>

LMTD IS log-mean temperature difference (°C)

Chen's approximation (Chen. 1988) was used to calculate log-mean

temperature difference as shown in equation 4.11 and equation 4.11-a was used to
calculate LMTD of a hot-oil heat exchanger (Model A)

IKSWGTZ.
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. Ly V3
LNTD = {Tllin —Te0t) x (ThEE - Toj,) x (17 - Toout) + dhout - Tein)

(4.11)
V3

LMTD = (To, - TetOut) X (TO0UL — Tgfjn) X (TO,In ) Tet’om) + {Jo.out - Tetin)

(411-)

In this work. General Algebraic Modeling System (GAMS) program was
used to perform data reconciliation by minimizing the objective function (Equation
4.3-1 ) with the reconciled values of How rates, inlet and outlet temperature of hot il
and cold process streams suitable for process constraints (Equation 4.4 to 4.10).

Model A:

Table 4.6 First reconciliation of process variables in a hot-oil heat exchanger
(Model A) with only random errors occurring in the measurement

Avg.Measured Relative

Variable Symbol  True value Reconciled rallies

_ . value Error
H(?\/E/-Orlalltg%lumﬁm 3 39.384 40,093 38.360 2.669%
Ethane product
volumetric flow rate Et 35538.777 35540.356 35540.356 0.0044° «
in"m
E-elomtboelrla{ﬂlreetYC) Tojin 169.430 169.595 168.930 0.296%
tHer%tb%Irla(t)lﬁjrtelefC) Toout 101,112 100371 96,602 4,670%
EnTE R L Tl 15723 16.402 14284 10.074%
Ethane product
i)“uélet temperature Tot.out 58.612 58.702 58.643 0.053%
Heat duty of hot
streamg ) Q
sHtreg; nqu y )Of cold Q 1396813.653 . 1362328.391 2.531%
Heat Jilgs of heat 0
exchanger ()

Overall heat transfer
coeflfjc,lecn)t 310.60 310.29 309.05 0.501%
ir'-

Remark: Objective function value, calculatedfrom Equation 4.3-1, is equal to 0.206
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Table 4.7 First reconciliation of process variables in a hot-oil heat exchanger
(Model A) with hoth random errors and one gross error only at Fo

Viiriiibk* Symbol  True value Avg.%Fuagured Reconciled values Rglﬁt&‘(e

Hot-0il volumetric
flow write (' 11) h 39.384 99.701 41,679 5.506%
Ethane product
\{ﬂ}u%e ric flow rate For 35538.777 35540.356 35537.640 0.0032°0
Hot-oil inlet
tHerr]tpelnaturt? tPC) Tom 169.430 169.595 162.724 4.121%

ot-oil outle .
E{Rperatur% (og) . TQO.I loi.112 100.371 98.060 3.112%

ane product nle .

temperature PC) Tet.in 15723 16.402 15.484 1.544%
Ethane product
glg!et temperature  Totout 58,612 58,702 58.702 0.153%
Hea)tdull of hot
b

eat dut) of co
stream () 0 1396813.653 1324778514 5.438%
Heat dut} of heat
exchanger ()
Overall"heat transfer
coefficient 310.60 310.29 309.38 0.394%

-’OC)
Remark: Objective function value, calculated from Equation 4.3-1. is equal to 16.892

Table 4.8 First reconciliation of process variables in a hot-oil heat exchanger
(Model A) with both random errors and two gross errors at Fo and Tes,

Variable  Symbol  True value Avg.\l/\glleuaesured Reconciled values REIrart(;\r/e
E*gvtv-or'altev%lumﬁ”'c R 39.384 99,701 38.619 1981%
Ethane product
\éﬁllurr]ne ric flow rate Fet 35538.777 35540.356 35540.356 0.0044%
) Tn 169430 169,595 168,388 0.619%
tHe%tb%irlaggrtéezoc) Tomt 0L 100371 96.544 4.732%
A waswows o ones o
Ethane product
glétlet temperature Tetout 58.612 58.702 58.224 0.666°0
Heat dut\ of hot
stream () Q
Heat dut) of cold Q 1396813653 : 1362250.367  2.537%

stream ()
Heat duty of heat
exchanger () Q
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Variable Symbol  Trile value Avg.\l/\gfuaesured Reconciled values Rglre}t(;\r/e
Overall beat transfer
coe/fficier;t 310.60 310.29 308.66 0.627%
'0C

Remark: Objective function value, calculatedfrom Equation 4.3-1. is equal to 10.148

4.3 Gross Error Detection (for Model A)

4.3.1 The Conventional Gross Error Detection

Concept of the conventional gross error detection is to detect the
systematic gross error by using some methods called Global Test (GT) andlor
Measurement Test (MT) using only the basic statistical concept of them. The Global
Test is the statistical test to find the gross error occurring in the system but it cannot
identify where gross errors are. so the technique called Measurement test was used to
identity the position of gross errors, where the algorithm of this technique is shown
In Figure 4.4,
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Figure 4.4 The con\ entional gross error detection algorithm.
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The assumption of the conventional gross error detection in this
experiment was to Use level ofsignificant at )8) * (only confidence that 90%, the
gross error are absent) to detect gross errors of a hot-oil heat exchanger (Model A)
and the degree of freedom which used to find the Chi-squared value, is the same with
degree of redundancy of a hot-oil heat exchanger, that is 2 in the first reconciliation.
*1% 5% and 10% level ofsignificant are widely use in scientific model hut this
technique choose )'/) level ofsignificant because 1% and 5% level ofsignificant is
loo stricter (http: INI'll-.answers.com topic statistical-significance)

First, the objective function of first data reconciliation need to e
checked by following the concept of global test techniques

Table 4.9 Objective function of data reconciliation compared to Chi-squared
distribution value of Model A

Condition of Cross error ~~ QObjective function Chi-squared values*
1 position 16.892 6.251 /4.605/2.706
2 position 10.148 6.251 /4.605/2.706

*Chi-squared value at 10% level ofsignificant with 3 to | degree offreedom

From Table 4.9 showed objective functions of data reconciliation,
the objective functions of first data reconciliation for both cases are greater than the
Chi-squared values with 2 degree of freedom, so gross errors were detected in all
systems above but we didn't know the positions of gross error, therefore the
measurement test technique need to be used in the next step.

Concept of measurement test technique Is to detect the gross error
by using the following which is. if the measurement adjustment of which variables
fall outside the confidence interval so it can be identified to contain gross error. The
measurement adjustment, the estimator value and the confidence interval are shown
In equation 4.12 to 4.14. respectively.

Measurement adjustment (a) = reconciled value (X1) - measured value (yf) (4.12)
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%confidence level = er/!'(p“z) (4].3)

Where 7 Isthe estimator value
Erf is the error function

Confidence interval = £ (ZX Qi) (4.14)

Where 0i i the standard deviation of each variable

And the standard deviation of each variable can be calculated by using equation 4.15

y \/%2;;1[,\', - ¥)2 (4.15)

Where 0i 15 the standard deviation of each variable
Is the number of measured frequency
xi 15 the measured value
x IS the mean of measured value

From assumption above, level of significant of 10% was used in
this experiment, so the confidence level will be 90% and the estimator value will be
around 1.64 calculated from equation 4.13 as well as the measurement adjustment
and the confidence interval are shown in Tables 4.10 and 4.11
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Table 4.10 Measurement adjustment and confidence interval of a hot-oil heat
exchanger (Model A) with both random errors and one gross error only at Fo

Condition of Gross : Measurement Confidence
error Variable Adjustment interval
Fo -58.022 57.479
et -2.716 +41.408
. To,in 6.871 +40.902
Lpositon oo 2311 440 061
Tetin 0918 116.070
Tet out 0 +16.792

Table 4.11 Measurement adjustment and confidence interval of a hot-oil heat
exchanger (Model A) with both random errors and two gross errors at Foand Term

Condition of . Measurement Confidence
Variable ) .
Gross error Adjustment interval
Fo -61.082 +57.479
Fet 0 +41.408
2 postion To,in -1.207 +40.902
To,out -3.827 +40.061
Tetin -25.129 +27.799
Tet.out -0.478 +16.792

From Table 4.10 because the measurement adjustment [-58.022] of
hot-oil volumetric flowrate falls outside the confidence interval [£57.470] and the
magnitude of its extremely faraway when compared to the others, so the
measurement test technique indicate that the gross error exists at hot-oil volumetric
flowrate variable and this variable will be discarced first in the next process.

From Table 4.11 because the measurement adjustment [-61.082] of



hot-oil volumetric flowrate falls outside the confidence interval [£57.479] and the
magnitude of its extremely faraway when compared to the others, so the
measurement test technique indicate that the gross error exists at hot-oil volumetric
flowrate variable and this variable will be discarded first in the next process.

Therefore, the variables as above that suspected to contain gross
error must be discard in the next data reconciliation.

After discarding the variable mostly suspected to contain gross
error and doing the data reconciliation again, the results of data reconciliation are
shown in Tables 4.12 and 4.13

Table 4.12 Second reconciliation of process variables in a hot-oil heat exchanger
(Model A) after discarding the gross error in the first time (with both random errors
and one gross error only at F,)

Variable Symbol ~ Trug value Avg.\l;/zlilel?esured Reconciled values Rélrf’}t(;‘r’e
fou e (u'h> B SI¥ 99.701 37291 5613°,
Ethane product
\olumetric flow rate 35538.777 35540.356 35540.356 0.1)044°
ini* m
emperat £ ) T 1(0.430 169.595 16846 05/

ot-0il outle o
E{Eperatur% t°(t:> | t To,out 101.112 100.371 94,564 6.924°«

ane product inle 0

temperature (-C) Trn 15723 16.402 14102 11.495%
Ethane product \
oulet temperture Trir 502 58,702 56,036 0.992°,
Heat dut) of hot
stream () Q
Heat dul) of cold 1396813653 1350869487 340Dy,
Heat dill) of heat
exchanger(
coefmient 31060 310.29 309.59 0.328"
1 ‘Cl

Remark: Qbjective function value, calculated from Equation 4.3-1. is equal to 0.23'
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Table 4.13 Second reconciliation of process variables in a hot-oil heat exchanger
(Model A) after discarding the gross error in the first time (with both random errors
and two gross errors at £, and Te,

Yariable | Symbol  Title value Avg.\l)/élliel?esured Reconciled values Rélﬁg\r’e
flotoll solumetric ¢ 19.384 99,701 36572 76890
Ethane product
vollu%etrlc flow rate C, 35538.717 35540.356 35540.356 0.0044°«
t';'r%‘p%'r'at'ﬂ'reet L i 169430 169595 168534 0532°
U S R A 100371 93508 B.132%
EnCERIERME tan 5T 30,048 14225 10.531%
Ethane product
iu&et temperature Tet.our 58.612 58.702 57.937 1.165%
Uleal dun of hot
stream 1 1
ey gt etz - 1363066964 2408%
Heal dun of heat
exchanger 1 ) Q
Oserait heat transfer
ti‘oeffici%tj 310.60 310.29 309.91 0.223%

Remark: Objective function value, calculatedfrom Equation 4.3-1, isequal to 4.462

From Table 4.13. the objective functions of data reconciliation are
4.462. when comparing this value with the Chi-squared distribution value with |
degree of freedom [2.706] by following the global test techniue again, it shows that
the objective function of data reconciliation are still greater the Chi-squared
distribution value, therefore in this case still have gross errors existing in the system,
but the third data reconciliation cannot be performed because degree of redundancy
of them will be equal to 0. but in contrast from Table 4.12. the objective function of
data reconciliation are 0.237. when comparing these vailles with the Chi-squared
distribution value with 1 degree of freedom [2.706] by following the global test
technique again, it shows that the objective functions of data reconciliation are less
than the Chi-squared distribution valug, So there are no gross errors existing
anymore, it can complete this process.
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1396813.653
1380000

1362328.391

1360000 1350869.487

1340000

1324778.514
1320000

1300000

DR:Random error only  DR:Gross error+Random DR/GED
error

Figlire 4.5 True value and reconciled values: heat duty of system (with both random
errors and one gross error only at F 1)

And the performance evaluation for data reconciliation with gross
error detection for Model A described below.

From Table 4.12. the performances between only data
reconciliation and combination hetween data reconciliation and gross error detection
were represented by standard deviation reduction value calculated from all measured
variables (6 measured variable), its standard deviation reduction can be calculated by
using equation 4.16 to 4.18 and the results are showed in Table 4.14.

Measurement error:

(416)
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Reconciled error;

n 2
Z (’YI.HH. - ‘kl,nw'um’llui )
SD — n=1

(4.17)
00 SD reduction:

. SD ' i
06SD reduction — whdsurernent error  SDreconciled erri X 100

SDmeasurement error
(4.18)

Table 4.14 Measurement error SD. reconciled error SD and standard deviation
reduction of a hot-oil heat exchanger (Model A) with hoth random errors and one
0ross error only at F1

LR CR Random CRIGED: Random

Only Random Error— Ermor/Gross Error - Ermor/Gross Exor
Messurerment Bvor D 60347 60347 60347
Reconailed Emor D A1) 80 136
Sanchrd cevition Reclction ofi0E’s, 81 04% 818%
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91.45

DR:Random error onl\  DR:Gross error+Random DRI/IGED
error

Figure 4.6 Standard deviation reduction percentage of a hot-oil heat exchanger
(Model A) with both random errors and one gross error only at Fo

The standard deviation reduction percentage of 87.84% for doing
data reconciliation with gross error detection is higher than one from only data

reconciliation, which is 87.04%
m case above shows that when the gross error detection tect

was applied by doing with data reconciliation, basic gross error detection technique
can enhance the performance of data reconciliation effectively.



4.3.2 The Modified Measurement Test Usine NLP Method
Concept of the modified measurement test using NLP method is to
detect the systematic gross error or some bias, the purpose of this technique is same
as the conventional gross error detection but it just was modified some steps. The
algorithms of traditional measurement test, proposed by Mah and Tamhane (1982).
as shown in Figure 4.7

i Measured Data, y1 Model / Constraints

l

Data Reconciliation. x1

[

Compute the measurement
adjustment. «,

di Yo .(’,

l

Compute following test
Statistic, Z4 or a.j

A

|d or g |
Zvllur P o

1

W

V

Compute
Z=max Zj oy a,j
[dentity Gross
Error and
Elimination |
Data

Reconcihiation.
v, new

Figure 4.7 The traditional measurement test algorithm. (Mah and Tamhane. 1982)
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But this research uses the measurement test by modifying this
technique with non-linear programming on data reconciliation steps (1 step of DR
and final step of DR) but in some steps of gross error detection still is based on
linearization as before.

First, the vector of halance matrix, A of a simulated model, need to
be calculated and then the measurement adjustment of each variable represented as
vector of measurement adjustment. c. will be found in the next step. It can be
calculated by using equation 4.19

a=y- x (4.19)

Where Vis measured value of each variable
x 15 the reconcile value of each variable

After that the variance-covariance matrix, r. will be found and it
can be calculated by using equation 4.20

V=cor(r) =AA" (4.20)

Where X is the measurement variance-covariance matrix
A IS the vector of balance matrix

And then the covariance matrix of measurement adjustment. IF
will be found and it can be calculated by using equation 4.21

tv = "Ard~'A (4.21)
And the following test statistic can be calculated by using equation 4.21

ey 1=1 (42
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From equations 4.22. we obtained the following test statistic of
each variable for Model A in Tables 4.15-4.17 as shown below.

Table 4.15 The following test statistic of a hot-oil heat exchanger (Model A) with
only random errors occurring in the measurement for first DR

Condition of Gross error Variable The te szte}\t(l)srt;%al
0 14435
Fet 0
Foin 0.2221
No Gross Error o~ o
Tet.in 1.8007
Tet out 0.0480

Table 4.16 The following test statistic of a hot-oil heat exchanger (Model A) with
both random errors and one gross error only at Fo for first DR

Condition of Gross error Variable The fet Szt%tg_t;‘]fm
Fo 17715
Fet 1.1938
it Toon 2.2952
posion To.out 0.7882
Tetin 0.7805

Tetout 0



Table 4.17 The following test statistic of a hot-oil heat exchanger (Model A) with
both random errors and one gross error only at F,, for second DR (alter discarding Fo
variable)

Condition of Gross error Variale 1T Szt%téf_t;?al
f 13431
Fet 0
To,in 0.3270
1position To.out 2.0505
Tet.n 20247
Tet out 0.5611

Table 4.18 The following test statistic of a hot-oil heat exchanger (Model A) with
both random errors and two gross errors at Fo.and e.m for first DR

Condition of Gross error Variable T?thuej:sztitztgal
R 15.6960
Fet 0
2 oot Tojin 0.4416
positions oo 1106
Tet.in 13.5277

Tet.out 0.2573
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Table 4.19 The following test statistic of a hot-oil heat exchanger (Model A) with
both random errors and two gross errors at F, and f.,,afor second DR (after
discarding Fn variable)

Condition of Gross error Variable The fest sztaétbslt;(}al
Fo 06265
FY 0
* To,in 0.3722
Fpostion 00Ut 2.4562
Teti 12,8131
Tet.out 0.6537

The statistical test criterion can be chosen as Zi_ps. where 2\-pi-
Is the critical value of the standard normal distribution. For any specified valug of a.
the modified level of significant. //. proposed by Mah and Tamhane (derived from
Sidak inequality. 1967) can be compute using equation 4.23

p=1-(1-a)lm (4.3)

Where « is the number of measured variables (or used for MT step)
a IS the chosen level of significant

The assumption of modified measurement test using NTP in this
research was to use level ofsignificant ar 10%* (only confidence that 90%. the gross
error are absent) to detect gross errors of a hot-oil heat exchanger (Model A)

*1%. 5% and 10% level of significant are widely use in scientific model blit this
technique choose 10% level ofsignificant because 1% and 5%) level o fsignificant is
too stricter (http: wn w.answers.com/topic statistical-significance)



And the statistical test enterions (refer to standard normal
distribution) for each variable of Model A are shown in Table 4.20 as below.

Table 4.20 The statistical test criterion for Model A (for 7. 6 and 5 variables,
respectively)

. at. 10% level of
Variable " “Significant

To
Pet
To,in
2.440/2.380/2.310
To,out
Tec.in

Tet,out

From Tables 4.15 and 4.20. when all of the test statistical values of
a hot-oil heat exchanger (Model A) were compared with the statistical test criterion,
the all of test statistical values were less than the criterion value, S0 gross errors are
not detected in this system.

From Tables 4.16. 4.18 and 4.20. when the test statistical values of
each variable of a hot-oil heat exchanger (Model A) were compared with the
statistical test criterion, it can show that the test statistical value of hot-oil volumetric
flowrate for 1 position and 2 positions of gross error [17.7215. 18.6960] are greater
than the statistical criterion [2.440] for the first time of DR. respectively and the
magnitude of them extremely faraway from criterion, so this technique indicate that
the gross error exists at hot-oil volumetric flowrate variable and this variable will be
discarded first in the next process.

After discarding the hot-oil volumetric flowrate in both cases (1
position and 2 positions of gross error), the second data reconciliation was done, and
the gross error detection results are shown in Tables 4.17 and 4.19. respectively

From Tables 4.17 and 4.20. when the test statistical values of each
variable of a hot-oil heat exchanger (Model A) were compared with the statistical test



criterion, the all of statistical value were less than the statistical criterion [2.380] for
the second time of DR. so the gross error was not detected anymore and the process
was completed.

From Tables 4.18 and 4.20. when the test statistical values of each
variable of a hot-oil heat exchanger (Model A) were compared with the statistical test
criterion, it can show that the test statistical value of ethane product inlet temperature
[12.8131] is greater than the statistical criterion [2.380] for the second time of DR
and the magnitude of its extremely faraway from criterion, so this technique indicate
that the gross error still existed at ethane product inlet temperature variable but the
next reconciliation cannot be performed because DOR of this system is less than L

433 The Performance Evaluation for Gross Error Detection Techniques
In evaluation of gross error detection algorithms, the following
performance measure was used by Narasimhan and Mah (1087). The overall power
of the method to identify gross errors correctly is given by

(h'erall power = Number ofgross errors correctly identified Number ofgross
errors simulated (4.24)

Table 421 The GED performance evaluation

Overall power

GED Techniques No Grosserror | position 2 positions
The conventional GED 1 05
The modified MT using 1 1

NTP

From technique above, it cannot tell us that the gross error have
still remained in the system or not until we will do the next reconciliation and do the
0ross error detection again, in this part we have just showed the performance of gross
error detection between the conventional gross error detection and the modified
measurement test using NTP method, and it can conclude that the performance of
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gross error detection by using the modified measurement test using NLP method is
the great one technique when compared to another one hecause this technique is very
sensitive to detect the gross error in the system, it can detect all of gross errors
occurring in the system but another one cannot, by using the same level of
significant. . which used in the conventional gross error detection technique.

From Table 4.21 showed that the overall power of GED by using
the conventional technique and the modified MT using NLP are equal to Land 1 for
1 position of gross error, respectively and equal to 0.5 and 1 for 2 positions of gross
error, respectively. It can tell that the modified MT using NLP was more sensitively
to detect gross error when compared to another one.

So. in the next session, the data reconciliation technique will be
applied to reconcile the simulated measured data of utility heat exchanger network
by using simulating model and the modified measurement test technique (Kim et al.
1997) will be applied in gross error detection step.
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4.4 Simulating Data of Utility Heat Exchanger Network

44.1 Generating Simulated Values (True Values)

Model B: Utility heat exchanger network

|

N
o ot 2" heal
Pa .I ,f-‘/l
e \ i

"hea

S8

il ]f

S6 V4 N SY

‘\‘\g hange
=)

~——

N

texchanger (Model A) Splitter

L

Figure 4.8 The utility heat exchanger network flowcharts (Model B).

There are 13 measured variables of this utility heat exchanger

network, and measured variables are shown below.

F1
Fi1
F,.:
To n
Toll

TO: 11m
Fei
Fel

is volumetric flowrate of hotoil of stream si (uV/h)

is volumetric flowrate of hot oil of stream s5 (nr'/h)

is volumetric flowrate of hot oil of stream s6 (nrVh)

Is inlet temperature of hot ailof stream si (°C)

I outlet temperature of hot il of stream s4 and inlet temperature of
stream s5 and 6 (°C)

I outlet temperature of hot il of stream 4)(°C)

is volumetric flowrate of ethane products of stream 2 (Nnr\Vh)

is volumetric flowrate of ethane products of stream 7 (Nm'/h)

1.1 IS inlet temperature of ethane products of stream s2 (°C)
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Tellox 1S OUtlet temperature of ethane products of stream 3 (°C)
Teizin 1S inlet temperature of ethane products of stream 2 (°C)
T, Is outlet temperature of ethane products of stream s8 (°C)

and is overall heat transfer coefficient of IS heat exchanger system

(1 2%)

True values of each variable were generated by simulating utility
heat exchanger network by combining a hot-oil heat exchanger Model A with
another simulated hot-oil heat exchanger (used physical constant subscribe 2 for 2r
heat exchanger, shown in Table 4.22) and assumed that no heat loss around splitter

unit, s shown in Figure 4.8

The physical constants and the all of simulated values (true values)
of utility heat exchanger network (Model B) are shown in Tables 4.22 and 4.23.

respectively.

Table 4.22 Physical data of utility heat exchanger network (Model B)

Physical Data
Cp.oi (kdlkg °C)
po. (kg/nr)
¢ (kg °C)
p0,: (kg/nr )
Cp.cl (kilkg °C)
Perl (kg/nr")
Cp.c: (kilkg °C)
pe,. (kg/nr')
A (nr)
A:(nr)

Value
2.419
172.650
2.173
813.967
2473
1334
2.199
1334
4.1
16.7
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Table 4.23 True values of utility heat exchanger network (Model B)

Variable
F, (nr/h)
Fol (nr/h)
FO2 (nr/h)
rei1 (nr/h)
Fet: (nr/h)
Tol.In(°C)
Toi.om (°C)
T,:AC)
Tedlil,(°C)
Tellout (°C)
Terzil, (°C)
Te,2.0,,(0C)
(1 2%)
01( )
(1 2°C)
0:( )

True value
39.384
9.384
30.000
35538.777
35034.789
169.430
101.112
61.140
15.723
58.612
29.204
49.842
310.60
1396813.653
863.80
589181.315

4.4.2 Generating Measured Values with Random and Gross Errors
The measured values of utility heat exchanger network (Model B)
were generated by adding random errors and used the same assumptions of previous
model (Model A) and the average measured values of model B are shown in Table

4.24,

Table 4.24 Average measured values of utility heat exchanger network (Model B)

Variable Standard deviation

F., (nrvh)
Fet (nr/h)

Average Measured value

40.093
9.260



Variable Standard deviation ~ Average Measured value
Fo: (nr/h) 9.734 29.240
Fei.1 (nrVh) 25.249 35540.356
Fd2(nrfh) 25.937 35033.151
Toii,(°C) 24,940 169.5%
To0m(°C) 24.428 100.371
T0:.0ii (°C) 24 445 61.750
S 9.799 16.402
Te, 101, (°C) 10.239 58.702
T © 10.057 29.544
Tei».0,,(°C) 9581 50.371
(w/im2°c) 25483 310.29

In the step of generating gross errors, this model used the same
assumptions of previous model (Model A) and the average measured values with 2
positions of gross error (including gross error at Fo and Te,j1,) of Model B are shown
in Table 4.25.

Table 4.25 Measured values of utility heat exchanger network (Model B): including
0ross error at Foand Telia,

Variable Standard deviation ~ Average Measured value
F, (nr/h)* 36.227 99.701
Fo1 (nr/h) 9.627 9.260
o (nrfh) 9.734 29.240
Fell (nr'/h) 25.249 35540.356
Fel.: (nr'/h) 25937 35033.151
T0,,,(°C) 24,940 169.5%
T,i.0in(°C) 24.428 100.3711
T0:.<wt(°C) 24,445 61.750

Tei,.i,(°c)* 16.951 39.048



Variable Standard deviation ~ Average Measured value
Toill T ) 10239 58.702
T0,5,,(°C) 10.057 29.544
Tot.om (°C) 9.581 50.371

4.5 Data Reconciliation Technique (for Model B)

For utility heat exchanger network, there are 16 process variables which
are F,, (hot-oil volumetric flowrate of stream si). F.j (hot-oil volumetric flowrate of
stream  $5). F,: (hot-oil volumetric flowrate of stream s6). Foil (ethane products
volumetric flowrate of stream s2).  (ethane products volumetric flowrate of
stream 7). (inlet temperature of hot oil of stream Si). toLow (temperature of hot
oil of stream 4. s5and 6). To\at (outlet temperature of hot oil of stream ). Tollg
(inlet temperature of ethane products of stream $2) . To ... (outlet temperature of
ethane products of stream s3). To.Jo, (inlet temperature of ethane products of stream

7). Top, (outlet temperature of ethane products of stream 8). . (overall heat
transfer coefficient of IS heat exchanger). : (overall heat transfer coefficient of 2rd
heat exchanger), o /(heat duty of 14 heat exchanger system) and Q: (heat duty of 2rd
heat exchanger system) and there are 3 equations for 1¢ heat exchanger system which
are the heat duty of hot stream (ot oil) . cold stream and 13 heat exchanger and 3
equations for 2rd heat exchanger system as shown in equation 4.26 to 4.31.
respectively. Degree of freedom (DOF), which is the minimum number of variables
required to calculate all system variables, or the difference between number of
variables (including measured and unmeasured variables) and number of equations,
need to be calculated, the other parameter called degree of redundancy (DOR) is the
difference between number of measured variables and degree of freedom. Data
reconciliation can be done if degree of redundancy is greater than or equal to 1(DOR
> 1) The greater value of DOR represents more accuracy in doing the data
reconciliation technique. DOF and DOR equation are shown in equation 4.1 and 4.2
respectively
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For utility heat exchanger network (Model B)

Degree offreedom (DOF) = no. ofvariables - no. of equations
- 16-6 = 10

Degree of redundancy (DOR) = no. ofmeasured variables - DOF
= B3-10=3

I the case of utility heat exchanger network (Model B). DOF is equal
10 and DOR s equal to 3. To do data reconciliation. DOR must be greater than o:-
equal to 1 (DOR > 1) or we need at least 12 measured variables to do data
reconciliation for this model at the beginning of eliminating gross error.

Data reconciliation of utility heat exchanger network (Model B) used the
objective functions as shown in equation 4.25.

Objective function for utility heat exchanger network (Model B):

(A - Fro§ 1EF0A-Fro,1y L(F.2- Fro2y 1(Fetx-Fretly 1 (R2- Fretoy
0 +

tr — +7 .V )+ 1
el ~r 20 b oA p T~ 7o il jea | '~ TrB.out)
aTulin i aTRi
| oerthi —Dle<livy 7 Ftlont —Tretl A(V " [Ft2in —Tvet2t,
aTerlin Ovrl.owf aTet2,
0,20 —Tvetz0IFY ™ ( [—Uwx
aTe2tm ol
(4.25)

Heat transfer of each system must be the same, so the actual heat transfer
may be calculated by energy halance. Equation 4.26. 4.27. and 4.28 are heat duty of
hot stream (hot oil), cold stream and heat exchanger of 1¢ heat exchanger system,
respectively. Equation 4.29. 4.30. and 4.31 are heat duty of hot stream (hot oil), cold
stream and heat exchanger of 2 heat exchanger system, respectively. Equations
4.32 10 4.39 are inequality constraints,
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Constraints for 14 heat exchanger system:

Q1 =MoCp.o (Totout - ToUri) (4.26)
Qi =Met LepBfL(Tet 1(f - Terlin) (4.27)
Ci = A1(LMTD)I (4.28)

Constraints for 2Hheat exchanger system:

QZ =Mo2Cpo2 (T02fout ~ T'ol.out) (4.29)
Ql =Met2 Cpet2 (Tet2,out ~ T'en,in) (4.30)
Q2 = 2A2(LMTD)2 (4.31)

*Remark: All of hear capacities, areas and overall heat transfer coefficients are
assumed to he constant

Inequality constraints for IS heat exchanger system:

T'olin — Tetl.out (4.32)
Talout  TetUn (4.33)
Toun > TolOM (4.34)
Tenout - Te ,in (4.35)

Inequality constraints for 2i heat exchanger system:

Toiout - Tet2but (4.30)
Tolout ™ Te(2lin (4.37)
Tolout " TO210ut (4.38)
Tetlout " Tgf2in (4.39)



63

In this case. Chen's approximation (Chen. 1988) was used to calculate
log-mean temperature difference by using equation as the same concept with
previous model (Model A) and this equation is shown in equation 4.11.

In this work. General Algebraic Modeling System (GAMS) program was
used to perform data reconciliation by minimizing the objective function
(Equation.4.25) with the reconciled values of flow rates, inlet and outlet temperature
of hot il and cold process streams suitable for process constraints (Equation 4.26 to
4.39).
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Table 4.26 First reconciliation of process variables in utility heat exchanger network

(Model B) with only random errors occurring measurement

Variable Stream  Symbol

%C S %
,IUHC 5 Fl,

i S 62
ON ; Fet]
FD

6LN
Toi,out
Tol.out
6) »

Ter lot
. Tetlin
Bl S Terzolt

%
;f@

0l

Q1
q2
q2

2

True vaille

39.384
9.384
30.000

35538.777

35034.789

169.430

101.112

61.140

15.723

58.612

29.204

49.842

1396813.653

589181.315

310.60

863.80

Avg.Measured

value
40.093

9.260

29.240

35540.356

35033 151

169.595
100.371
61.750

16.402

58.702

29.544

50.371

310.29

Reconciled values

40.915
9.260

31177

35540.368

35033.140

170.734
101.656
63.007

15.468

60.701

35.469

43.833

1382620.71 1

573348.183

307.98

841.29

Relative
Error

3.887%
1.321%

3.923%

0.0045%

0.0047%

0.769%
0.538%
3.054%

1.622%
3.564"()

21.452%

12.056%

1.016%

2.687%

0.843%

2.606%

Remark: Objective function value, calculated from Equation 4.25, is equal to 0.920



Table 4.27 First reconciliation of process variables in utility heat exchanger network
(Model B) with both random errors and two gross errors at Foand Teiii,

Yaliable ) Stream
OL\wgic g

i

I

\ C 110N rate
uﬁﬁ%r&e §7

00l N, q
AR
HOROI QUL et
H01 QUL )
TTEalUIE ( (>
jI podole 9
&
e s3

1" lix

raster efficet ['1lix
det 2t

21

Symbol

F
F,l
F,2

M

Qz

1

2

True value
39.384
9.384

30.000

35538.7717

35034.789

169.430
loi 112
61140

15.723

58.612

29.204

49 842

1396813.653

589181.315

310.60

863.80

Av%.Measured
value

99.701
9.260

29.240

35540.356

35033.151

169.595
100.371
61.750

39.048
58.702
29.544

50.371

310.29

Reconcﬂ’edlvarues
46.231
9.260

35.228

35540.387

35033.140

162.326
105.473
63.007

20.440
63.441
34.371

44,779

1299549477

712115.368

307.13

999.60

Relative
Error

17.385%
1.321%

17.4371%

0.0045%

0.0047°«

4.193%
4.313%
3.054%

30.001%

8.239%

17.693%

10.158%

6.963%

20.865°

1.118%

15.722%

emark: Objective function value, calculated from Equation 4.25. is equal to 4.693
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4.6 Gross Error Detection (for Model B)

This model used only the traditional measurement test modified by using
NLP to detect gross error, as described in the previous model (Model A) and the
results are shown below.

Table 4.28 The following test statistic of utility heat exchanger network (Model B)
with both random errors and two gross errors at F,1and Te,iZ, for first DR

Variable Tb%ﬁ%s} gt(lrit;(}al
0 14,6683
F0,1 0
» 3.4868
- 0.0122
ol 0.0035
Tol.in 2.3913
Fol.out 1435
To2,0ut 0.3963
Feel,in 9.0061
Fetl.out VER!
Teil 26981
Fet2,0ut 44983

From Tables 4.28 and 4.20. when the test statistical values of each
variable of utility heat exchanger network (Model B) were compared with the
statistical test criterion, it can show that the test statistical value of hot-oil volumetric
flowrate [14.6683] are greater than the statistical criterion [2.440] for the first time of
DR and the magnitude of its extremely faraway from criterion, so this technique
indicate that the gross error exists at hot-oil volumetric flowrate variable and this
variable will be discarded first in the next process.



Table 4.29 Second reconciliation of process variables in utility heat exchanger
network (Model B) after discarding Fovariable

Avg. Measured Relative

Variable Stream  Symhbol  True value value Reconciled values Error
S F I DL 4102 A2%
5 F1 9B 920 9200 1321%

$  r; AN AW il Y
o Q  ml  ERT BB HAB 000

@ S g B HBH IR0 0004M

S i 104 1056 1659 2309
949 o 10012 103711 10L6M 05%1%

) fom 6L LD BT 30%
2 Twp BB 208 000 0%
S etlor 6L B2 63181 116
Tin Q4 254 RS 2.3
; s St R BY8 L0
L gt
| Q
0 o YR R ;A U5 T4
d fﬁ ;
@
fod o WSBE - SRR 23D
) i
8 0

ay gt Ihx 31060 302 672 150
'??ma‘ent 2 w0 W3l 25

Remark: Objectire function rallie. calculatedfrom Equation 4.25. is equal to 2.300
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Table 4.30 The following test statistic of utility heat exchanger network (Model B)
with both random errors and two gross errors at r. and Tell,. for second DR (after
discarding Fo variable)

Variable TE?I ltI%SSt Sﬂtadti%t!(ial
F, 14207
Fo.1 0
Fo.2 1.1890
Fetl 0.01 10
Fetl 0.0035
FOLin 13366
Fol.out 0.3675
Fol.out 0.3963
Fitlin 9.006-
Fetl.out 5891
Fet2in 45260
Fet2.out 52472

From Tables 4.30 and 4.20. when the test statistical values of each
variable of utility heat exchanger network (Model B) were compared with the
statistical test criterion, it can show that the test statistical value of ethane products
inlet temperature of stream 2 [0.0067] are greater than the statistical criterion
[2.380] for the second time of DR and the magnitude of its extremely faraway from
criterion, so this technique indicate that the gross error still existed at ethane products
inlet temperature of stream 2 variable and this variable will be discarded first in the
next process
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Table 4.31 Final reconciliation of process variables in utility beat exchanger
network (Model B) after discarding variable Tetun

Variable Stream  Symbol  True value Avg.\?/;lejesured Reconciled values Rémi‘r’e
Hot-oil volumetric | F m%ﬂr %701 41(52 42%)
flow rate It " ) ' )

o e 7 Rl 934 9200 90 IRUG)
poronwemetic gy 300 D20 AR 4713
Ethane product

\01 metlie flow rate : MI BT IAH6 Kool IR Q(Df®>
(,m

Ethane product 1
volumetric flow rate 7 F: m789 mm 35(133140 O,GM;T))
1 1

Hot-oil inlet | T . 1@43) 1@% 172483 l "

temperature ( C)

Hotoil outlet inlet— NIB( 151 101.112 1031 101814 0

temperature (°C)

o tatore () 9 Fu 6L 6L™) 63007 308
S A SV S B R -
ot empente 3 Trwr BO2 B NBL 13
| Cl
e B0 B BG A
5&5.}?%%&‘;‘1?5@ or 080 DA BRIy
I-Iteatduyofho Qi
l-lt?eaetln? g il o 130813663 - 1403458 23Bw
Heat ol 11 G
agw
yood o qmws - 5656 1%
effioet L Il 31060 302 872 0606
ase et X 2 8RO : Y 2086

1
Remark: Objective function rallie, calculatedfrom Equation 4.25. is equal to 0.
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Table 4.32 The following test statistic of utility heat exchanger network (Model B)
with both random errors and two gross errors at Fo and Tell  for final DR

Variable Thgltfesst,, Sztg tbSt ;(J;al
F
Fo.1 0
- 1.1890
cor 0.0012
- 0.0035
ol 0.9501
Fol.out 04054
Fol.out 0.3963
Ferl [0 3.6495
Fer Lout 0.5642
Fet2.ni RpL37
FetZ ot 2.235)

From Tables 431 and 4.20. when the test statistical values of each
variable of utility heat exchanger network (Model B) were compared with the
statistical test criterion, the statistical value of ethane products outlet temperature of
stream 7 is still higher than the statistical criterion [2.310] for the third time (final
time) of DR (depending on the limitation of DOR. DR cannot be performed in this
system in the next time because DOR is less than 1). so this variable can be still
identified to contain gross error but in fact, it should be completely done, meaning
that the all of values which are detected, should be less than the criterion value. This
problem can be always occur in the process, it can be called this error that Type |
error, S0 we can solve this problem by many methods such as crosschecking with
another GED method, using Sidak inequality or balancing the test criterion under the
null hypothesis.



When the process was crosschecked with another GED method, this
process can be assumed that DR with GED lias done by using the conventional
technique in GT step: the objective function [0.877] is extremely less than the Chi-
squared value with Ldegree of freedom [2.706] from Table 4.9. so in the next section
the performance evaluation of data reconciliation for Model B will be analyzed.

1500000
1430314.534

1400000 1382620.71 1

1396613.653

1299549.477
1300000

1200000
1100000

1000000

DR:Random error only  DR:Gross error+Random DR/GED
error

Figure 4.9 True value and reconciled values: heat duty of 14 heat exchanger system.
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573348.183 577625.236
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589181.315

501)()00

4(>0000

DR:Random error only DR:Gross error+Random DR/GED
error

Figure 4.10 True value and reconciled values: heat dut}’ of 24 heat exchanger
system.

And the performance evaluation for data reconciliation with gross error
detection for Model B showed below

Table 4.33 Measurement error SD. reconciled error SD and standard deviation
reduction of utility heat exchanger network (Model B)

DR: DR: Random DR/GED: Random

Only Random Error Error/Gross Error Error/Gross Error
Measurement Error SD 9517 17.9517 17.9517
Reconciled Error SD 2.7889 4.4955 2.9(150

Standard de\ iation Reduction 84.4 0 74.97") 85.82"1



100
\)_{

()
84.46 83.82

74.97

DR:Random error onl> DR:Gross error+Random DR/GED
error

Figure 411 Standard deviation reduction percentage of utility heat exchanger
network (Model B).

The standard deviation reduction percentage of 83.82% for doing data
reconciliation with gross error detection is higher than one from only data
reconciliation, which is 74.97%

m case above shows that when the gross error detection technique was
applied by doing with data reconciliation, gross error detection technique can
enhance the performance of data reconciliation effectively as the same with previous
model.
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