
CHAPTER IV
R E S U L T S  A N D  D I S C U S S I O N

4 .1  S i m u l a t i n g  D a t a  o f  a H o t - o i l  H e a t  E x c h a n g e r  a s  a  C a s e  S t u d y
( S o m e  in f o r m a t io n  is  b a s e d  o n  P T T G S P 5 )

4 .1 .1  G e n e r a t in g  S im u la te d  V a lu e s  (T r u e  V a lu e s )

M o d e l  A : E th a n e  p r o d u c t  h e a te r
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C o ld  s tre w n
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F  T.1 O 1 0, in

F i g u r e  4 .1  M e a s u r e d  v a r ia b le s  o f  a h o t - o i l  h e a t  e x c h a n g e r  ( M o d e l  A ) .

w h e r e F„ is  \ o l u m e t r i c  f lo w r a t e  o f  h o t  o i l  (ท !3/h )
T  11.,,, is  in le t  te m p e r a tu r e  o f  h o t  o i l  ( ° C )
T0.0111 is  o u t le t  te m p e r a tu r e  o f  h o t  o i l  ( ° C )
F CI is  v o lu m e t r ic  f lo w r a t e  o f  e th a n e  p r o d u c t s  (N n v V h )  

T0,,1, is  in le t  t e m p e r a tu r e  o f  e t h a n e  p r o d u c ts  ( ° C )
F i ,  11,, is  o u t le t  te m p e r a tu r e  o f  e th a n e  p r o d u c t s  ( ° C )
บ  is  o v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t  ( พ / ท ! 2 ° 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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c o e f f i c i e n t  f ir s t  a n d  a d ju s te d  th e  v a lu e  o f  h e a t  e x c h a n g e r  a r e a  c l o s e l y  to  4 6 .1  n r  b y  

u s in g  g o a l  s e e k  t e c h n iq u e .  T h e  p h y s ic a l  d a ta  a n d  th e  a ll  o f  s im u la t e d  v a lu e s  (tr u e  

v a lu e s )  a r e  s h o w n  in  T a b le s  4 .1  a n d  4 .2 .  r e s p e c t iv e ly .

T a b l e  4 .1  P h y s ic a l  d a ta  o f  a  h o t - o i l  h e a t  e x c h a n g e r  ( M o d e l  A )

P h y s i c a l  D a t a V a l u e
Cp.oili k J /k g  °C ) 2 .4 1 6

poil (k g /n r ') 7 7 2 .6 5 0
c  1,.,,, ( k J /k g  °C ) 2 .4 7 3

Pei ( k g / n f ) 1 .3 3 4
A  ( n r ) 4 6 .1

T a b l e  4 .2  T i l ie  v a lu e s  o f  a  h o t - o i l  h e a t  e x c h a n g e r  ( M o d e l  A )

V a r i a b l e T r u e  v a l u e

F„ (m V h )

z๙

T „ M °C ) 1 6 9 .4 3 0

T o,,น, m 1 0 1 .1 1 2

Fei (ทา / h ) 3 5 5 3 8 .7 7 7
Teu11 (°C) 1 5 .7 2 3

Tel. O U I  (°c ) 5 8 .6 1 2

บ (พ /ท -12 °C ) 3 1 0 .6 0

Q  ( พ ) 1 3 9 6 8 1 3 .6 5 3

4 .1 .2  G e n e r a t in g  R a n d o m  E rro rs
A  G a u s s ia n  r a n d o m  n u m b e r  g e n e r a to r  w a s  u s e d  a s  a  to o l  to  

g e n e r a t e  th e  r a n d o m  e r r o r s  in to  th e  tru e  v a lu e s  in  th is  r e s e a r c h  b y  f o l l o w i n g  th e  

a s s u m p t io n s  b e lo w .
a. G e n e r a t in g  3 6 5  d a ta  ( 1 y e a r )  d is tr ib u te d  w i t h  n o r m a l  d is tr ib u t io n  

fr o m  h t t p : / /w w w .r a n d o m .o r g .

http://www.random.org
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b. T h e  s ta n d a r d  d e v ia t io n  v a lu e s  w h ic h  u s e d  in  e a c h  o f  in d ic a to r  

d e p e n d  o n  th e  s i z e  o f  tru e  v a lu e s  o f  th e m , i f  th e  m a g n it u d e  o f  tru e  v a lu e s  is  l e s s  th a n  

1 0 0 . th e n  u s e d  th e  s ta n d a r d  d e v ia t io n  o f  10  b u t o th e r s  u s e d  th e  s ta n d a r d  d e v ia t io n  o f
2 5 .

- U s in g  s ta n d a r d  d e v ia t io n  o f  1 0  l i r / h  fo r  h o t  s tr e a m  v o lu m e t r ic  

f lo w r a t e  in d ic a to r  a n d  10 °c fo r  c o ld  te m p e r a tu r e  in d ic a to r .
-  U s in g  s ta n d a r d  d e v ia t io n  o f  2 5  111 ' h fo r  c o ld  s tr e a m  v o lu m e t r ic  

f lo w r a t e  in d ic a to r .  2 5  °c fo r  h o t te m p e r a tu r e  in d ic a to r  a n d  2 5  พ / ท า 2 °c fo r  h e a t  

tr a n sfe r  c o e f f i c i e n t  in d ic a to r  ( n o  g r o s s  err o r  at th is  in d ic a to r ) .

A n d  th e  a v e r a g e  m e a s u r e d  v a lu e s  ( i n c l u d i n g  r a n d o m  err o r  o n l y )  o f  

t h e s e  v a r ia b le s  fo r  M o d e l  A  are  s h o w n  in  T a b le  4 .3

T a b l e  4 .3  M e a s u r e d  v a lu e s  o f  a h o t - o i l  h e a t e x c h a n g e r  ( M o d e l  A )

V a r i a b l e S t a n d a r d  d e v i a t i o n
A v e r a g e  M e a s u r e d  

v a l u e
F 0 ( n r V h ) 1 0 .0 9 4 4 0 .0 9 3
F ,, ( n r / l i ) 2 5 .2 4 9 3 5 5 4 0 .3 5 6
T01,, F C ) 2 4 .9 4 0 1 6 9 .5 9 5

T00,,, F F ) 2 4 .4 2 8 1 0 0 .3 7 1

T,U „{°C ) 9 .7 9 9 1 6 .4 0 2

ไ๙,.,.,/, ( ° C ) 1 0 .2 3 9 5 8 .7 0 2
บ ( พ  1112 ° C ) 2 5 .4 8 3 3 1 0 .2 9

4 .1 .3  G e n e r a t in g G r o s s  E rrors
A l l  in te g e r  r a n d o m  n u m b e r  g e n e r a to r  fr o m  r a n d o m .o r g . .  w h e r e  th e  

r a n d o m n e s s  c o m e s  fr o m  a t m o s p h e r ic  n o i s e ,  a n d  it is  b e t te r  th a n  th e  p s e u d o - r a n d o m  

n u m b e r  a lg o r i t h m s  t y p ic a l ly  u s e d  in s im u la t e d  p r o g r a m , w a s  u s e d  a s  a to o l  to  

g e n e r a te  g r o s s  e r r o r s  fo r  th e  m e a s u r e d  w i l l i e s  in  th is  r e s e a r c h  b y  f o l lo w i n g  

a s s u m p t io n s  b e lo w .
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a . T h e  m a g n it u d e  o f  g r o s s  err o r  w a s  a l l o w e d  to  v a r y  b e t w e e n  

a p p r o x im a t e ly  1 to  3 0 0 %  o f  th e  tru e  v a lu e s ;  t h e s e  m a g n i t u d e s  w e r e  u s e d  in  a n  

in te g e r  r a n d o m  n u m b e r  g e n e r a to r  to  g e n e r a te  th e  g r o s s  er r o r  n u m b e r  ( th e  a l lo w e d  

s m a l l e s t  m e a s u r e d  v a lu e  w a s  z e r o , c o r r e s p o n d in g  to  to ta l  in s tr u m e n t  fa i lu r e ) .
- T h e  m a g n it u d e  o f  g r o s s  err o r  w a s  a d d e d  t o  m e a s u r e d  v a lu e s  o f  Fo 

a n d  Tail, ( a v e r a g e  m a g n it u d e  s i z e s  a re  e q u a l  to  5 9 .6 0 8  n v / h  a n d  2 2 .6 4 6  ° c ,  

r e s p e c t i v e ly )  a s  s h o w n  in  F ig u r e s  4 .2  a n d  4 .3 .  r e s p e c t iv e ly .
b . F o r  N L P  d a ta  r e c o n c i l ia t io n  w h e n  th e  g r o s s  e r r o r s  e x i s t e d  in  th e  

s y s t e m ,  lo w e r  a n d  u p p e r  b o u n d s  o f  v a r ia b le s  w e r e  s e t  at 1 .3  a n d  0 .7  t im e s  

c o r r e s p o n d in g  t o  tr u e  v a lu e s .

A n d  th e  a v e r a g e  m e a s u r e d  v a lu e s  w it h  o n e  p o s i t io n  o f  g r o s s  error  

( in c lu d in g  g r o s s  err o r  o n l y  a t F 0) a n d  w ith  t w o  p o s i t i o n s  o f  g r o s s  er r o r s  ( in c lu d in g  

g r o s s  err o r  a t Fo a n d  Te, 11,) fo r  M o d e l  A  a re  s h o w n  in  T a b le s  4 .4  a n d  4 .5 .  
r e s p e c t iv e ly .

T a b l e  4 .4  M e a s u r e d  v a lu e s  o f  a h o t - o i l  h e a t e x c h a n g e r  ( M o d e l  A ) :  in c lu d in g  g r o s s -  

error  o n l y  a t F 0

V a r i a b l e S t a n d a r d  d e v i a t i o n
A v e r a g e  

M e a s u r e d  v a l u e
F  1, (n v V h )* 3 6 .2 2 7 9 9 .7 0 1

F el ( nrV h ) 2 5 .2 4 9 3 5 5 4 0 .3 5 6
T o,11 ( ° C ) 2 4 .9 4 0 1 6 9 .5 9 5
T o ,n A °C ) 2 4 .4 2 8 1 0 0 .3 7 1

T , , , „ ( ° c ) 9 .7 9 9 1 6 .4 0 2

Te,.om (°C) 1 0 .2 3 9 5 8 .7 0 2
บ  ( พ / ท ใ 2 ° C ) 2 5 .4 8 3 3 1 0 .2 9
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T a b l e  4 .5  M e a s u r e d  v a lu e s  o f  a  h o t - o i l  h e a t  e x c h a n g e r  ( M o d e l  A ) :  in c lu d in g  g r o s s -  

error  at F0 a n d  Tet.in

V a r i a b l e S t a n d a r d  d e v i a t i o n
A v e r a g e  

M e a s u r e d  v a l u e

F  1, (n v V h )* 3 6 .2 2 7 9 9 .7 0 1

F  1,, ( เท ' /h ) 2 5 .2 4 9 3 5 5 4 0 .3 5 6

T o .in C Q 2 4 .9 4 0 1 6 9 .5 9 5

T,,0111 (°C ) 2 4 .4 2 8 1 0 0 .3 7 1

T ,,111 (°C )* 1 6 .9 5 1

COo’

F u ,111 (°C ) 1 0 .2 3 9 5 8 .7 0 2

บ (พ /ท -1- ° C ) 2 5 .4 8 3 3 1 0 .2 9

R em a rk :  * c o n s is t in g  o f  b ia s  o r  g r o s s  e r r o r s
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F i g u r e  4 .3  T r u e  v a lu e ,  m e a s u r e d  v a lu e  a n d  s o m e  b ia s  o f  e t h a n e  p r o d u c t  in le t  

te m p e r a tu r e  v a r ia b le .  Ttน,, ( M o d e l  A ) .



4 .2  D a t a  R e c o n c i l i a t i o n  T e c h n i q u e  ( f o r  M o d e l  A )

-*> ->

F o r  a h o t - o i l  h e a t  e x c h a n g e r  ( M o d e l  A ) ,  th e r e  a re  8 p r o c e s s  v a r ia b le s  

w h ic h  a re  F ,  ( f l o w r a t e  o f  h o t s tr e a m ) . F c ( f l o w r a t e  o f  c o ld  s t r e a m ) .  Thin ( in le t  

te m p e r a tu r e  o f  h o t  s t r e a m ) . Th 0 , , ,  ( o u t le t  t e m p e r a tu r e  o f  h o t  s t r e a m ) .  Tc 1,1 ( in le t  

te m p e r a tu r e  o f  c o ld  s t r e a m ) . T00,,, ( o u t le t  te m p e r a tu r e  o f  c o ld  s t r e a m ) .  บ  ( o v e r a l l  h e a t  

tr a n s fe r  c o e f f i c i e n t )  a n d  o  (h e a t  d u ty )  a n d  th e r e  a r e  3 e q u a t io n s  w h ic h  a r e  th e  h e a t  

d u ty  o f  h o t  s tr e a m  ( h o t  o i l ) ,  c o ld  s tr e a m  a n d  h e a t  e x c h a n g e r  a s  s h o w n  in e q u a t io n
4 .4 .  4 .5  a n d  4 .6 .  r e s p e c t iv e ly .  D e g r e e  o f  f r e e d o m  ( D O F ) ,  w h i c h  is  th e  m in im u m  

n u m b e r  o f  v a r ia b le s  r e q u ir e d  to  c a lc u la t e  a ll o f  s y s t e m  v a r ia b le s ,  o r  th e  d i f f e r e n c e  

b e t w e e n  n u m b e r  o f  v a r ia b le s  ( in c lu d in g  m e a s u r e d  a n d  u n m e a s u r e d  v a r ia b le s )  a n d  

n u m b e r  o f  e q u a t io n s ,  n e e d  to  b e  c a lc u la t e d ,  th e  o th e r  p a r a m e te r  c a l le d  d e g r e e  o f  

r e d u n d a n c y  ( D O R )  is  th e  d i f f e r e n c e  b e t w e e n  n u m b e r  o f  m e a s u r e d  v a r ia b le s  a n d  

d e g r e e  o f  f r e e d o m . D a ta  r e c o n c i l ia t io n  c a n  b e  p e r fo r m e d  i f  d e g r e e  o f  r e d u n d a n c y  is  

g r e a te r  th a n  o r  e q u a l  to  1 ( D O R  >  1). T h e  g r e a te r  v a lu e  o f  D O R  r e p r e s e n t s  m o r e  

a c c u r a c y  in  d o in g  th e  d a ta  r e c o n c i l ia t io n  t e c h n iq u e .

D eg ree  o f  fr e e d o m  (D O F )  =  no. o f  v a r ia b le s  -  no. o f  eq u a l ions  ( 4 .1 )
D eg ree  o f  r e d u n d a n c y  (D O R )  =  no. o f  m e a su re d  v a r ia b le s  — D O F  ( 4 .2 )

F o r  a h o t - o i l  h e a t  e x c h a n g e r  ( M o d e l  A )

D eg ree  o f  f r e e d o m  (D O F )  =  no. o f  va r ia b le s  -  no. o f  e q u a tio n s
= 8 - 3 = 5

D eg ree  o f  r e d u n d a n c y  (D O R ) = no. o f  m e a su re d  va r ia b le s  -  D O F
= 7 - 5 = 2

In th e  c a s e  o f  a h o t - o i l  h e a t  e x c h a n g e r  ( M o d e l  A ) ,  D O F  is  e q u a l  to  5 a n d  

D O R  is  e q u a l  to  2 . T o  d o  d a ta  r e c o n c i l ia t io n .  D O R  m u s t  b e  g r e a te r  th a n  o r  e q u a l to  1 
( D O R  >  1 ) o r  w e  n e e d  at le a s t  6  m e a s u r e d  v a r ia b le s  to  d o  d a ta  r e c o n c i l ia t io n  fo r  th is  

m o d e l  a t th e  b e g in n in g  o f  e l im in a t in g  g r o s s  erro r .
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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:
y y : fr‘Y+y tF‘-Fr')2+y ( พ +y .
Y—i 3 o โ h ' \  <jFc I z_i \  cr7-/, ,,, J Y - J \  &Th,out J

+ y  ( Te.in -  T r c,,„Y  +  y  ( Tc,ouC -  T r c,0,,t \ 2 +  y  / Y - Y r  y

* V GTe.in )  เ V GTe.out )  ‘ ' Gy ’
(4.3)

Where F/,
F n,
Fc
F rc
Th, ni 
Tl'h. in
T  II.on,
Tl'h.om
Te.in
Tl'e.in 
Te.ont 
Tl'c.onl 
Y  
Yr

is volumetric flowrate of hot stream (nrVh)
is reconciled value of volumetric flowrate of hot stream (nr/h)
is volumetric flowrate of cold stream (m3/h)
is reconciled value of volumetric flowrate of cold stream (nr/h)
is inlet temperature of hot stream (°C)
is reconciled value of inlet temperature of hot stream (°C)
is outlet temperature of hot stream (°C)
is reconciled value of out let temperature of hot stream (°C)
is inlet temperature of cold stream (°C)
is reconciled value of inlet temperature of cold stream (๐C)
is outlet temperature of cold stream (°C)
is reconciled value of out let temperature of cold stream (°C)
is the other measured variables
is reconciled value of the other measured variables

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

M in / Foil -  F r oll\ 2 + / Fet -  Fi'etV  + ( T0.1,, -  T v 0.,ท'Y  + ( T„,0,ท -  T r 0.01,t
' Gfoil ' \ G Fet ' V GTo ■1,, )  \ <yT o.i0 ut

_l_ (Ter.ill ~  T r e t in \ “ ^ ( Tet,out —  T r et 0, , ,V  ^  / U —  U r
V Gjet.in j  \ Gfe, .0,,, J  \ (Jy )

(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. 4.5. 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 = M 0 CP'0 àT 0 (4.4)

eA<3c/IIo (4.5)
Q = U A ( L M T D ) (4.6)

* R e m a r k : A l l  o f  h e a l c a p a c i t ie s ,  a r e a s  a n d  o v e r a l l  h e a l tr a n s fe r  c o e f f ic ie n ts  a re  
a s s u m e d  to  he c o n s ta n t

Inequality constraints:
To,in > Tf[ .out (4.7)
To.out > Tft.in (4.8)
To, ill > To,out (4.9)
Tet.out > Tet.in (4.10)

Where 0

Me,
c,ท-',

is heat duty (พ)
is mass flow rate of hot oil ( kg/h )
is mass flow rate of cold ethane ( kg/h)
is specific heat capacity of hot oil (kJ/kg °C)

(/',,,,; is specific heat capacity of cold ethane (kJ/kg °C) 
บ  is overall heat transfer coefficient (พ/ทใ2 °C)
A is area of heat exchanger (เท2 >
L M T D  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)

IKSW GTZ.
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L M T D  = {T'll,in — Tc,0111- ) X (T h ,011 £ -  Tc,i„ )  X ( h . i n  -  Tc,out ) + J h .o u t  -  T'c.in ) v3

(4.11)

L M T D  = (T o ,เท -  Te t ,0 u t )  X ( T 0 ,0111. — Tgf j n )  X ('To,in -  Tet,out ) + {Jo.out -  Tet,in ) v3

(4.11 -a)

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 oil 
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

V ariable Symbol T rue value Avg. M easured 
value Reconciled r allies Relative

E rro r
Hot-oil volumetric 
flow rate (เท' 111 6, 39.384 40.093 38.360 2.669%
Ethane product 
volumetric flow rate E t 35538.777 35540.356 35540.356 0.0044° «
(in ’ 111 
Hot-oil inlet
temperature (°C) To,in 169.430 169.595 168.930 0.296%
Hot-oil outlet 
temperature (°C) To.out 101.112 100.371 96.602 4.670%
Ethane product inlet 
temperature (°C) Tot fin 15.723 16.402 14.284 10.074%
Ethane product 
outlet temperature Tot.out 58.612 58.702 58.643 0.053%
l"C)
Heat duty o f hot 
stream (พ )
Heat duty o f cold 
stream (พ )
Heat Jilts o f heat

Q
1396813.653 - 1362328.391 2.531%Q

Qexchanger ( พ )
Overall heat transfer 
coefficient 
(พ  Iir'-C)

น 3 10.60 310.29 309.05 0.501%

R em a rk: O b jec tive  fu n c tio n  value, c a lc u la te d  f r o m  E q u a tio n  4 .3 -1 , is eq u a l to  0 .206
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Table 4.7 First reconciliation of process variables in a hot-oil heat exchanger 
(Model A) with both random errors and one gross error only at Fo

V;i riiibk* Symbol T rue value Avg.M easured
value Reconciled values Relative

E rro r
Hot-oil volumetric 
flow 1 rite (ทา' 11) 
Ethane product

h 39.384 99.701 41.679 5.506%

volumetric flow rate 
1 111' 111

For 35538.777 35540.356 35537.640 0.0032° 0

Hot-oil inlet 
temperature PC ) Tom 169.430 169.595 162.724 4.121%
Hot-oil outlet 
temperature (°C) To,out l o i . 112 100.371 98.060 3.112%
Ethane product inlet 
temperature PC ) 
Ethane product

Tet.in 15.723 16.402 15.484 1.544%

outlet temperature
PC’)
Heat dull o f  hot 
stream (พ )

Tot.out

Q

58.612 58.702 58.702 0.153%

Heat dut) o f cold 
stream (พ )
Heat dut} o f  heat 
exchanger (พ )  
Overall heat transfer

Q

Q

1396813.653 1324778.514 5.438%

coefficient 
เพ  เท-’0C)

บ 310.60 310.29 309.38 0.394%

R em a rk: O b jec tiv e  fu n c tio n  value, c a lc u la te d  fro m  E q u a tio n  4 .3-1 . is eq u a l 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 Te1 j„

V ariable Symbol T rue value A vg.M easured
value Reconciled values Relative

E rro r
Hot-oil volumetric 
flow rate (เห' h) 
Ethane product

Fo 39.384 99.701 38.619 1.981%

volumetric flow rate Fet 35538.777 35540.356 35540.356 0.0044%
dll ' h)
Hot-oil inlet
temperature (°C) To,in 169.430 169.595 168.388 0.619%
Hot-oil outlet 
temperature (°C) To,mit 101. i 12 100.371 96.544 4.732%
Ethane product inlet 
temperature (°C) Ter,ill 15.723 39.048 13.919 12.961**0
Ethane product 
outlet temperature 
P C )
Heat dut\ o f hot

Tct,out

Q

58.612 58.702 58.224 0.666° 0

stream (พ ,)
Heat dut) o f cold 
stream (พ )
Heat duty o f  heat 
exchanger (พ )

1396813.653 - 1362250.367 2.537%Q

Q
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V ariable Symbol Trile value A vg.M easured
value Reconciled values Relative

E rro r
Overall beat transfer 
coefficient บ 310.60 310.29 308.66 0.627%
(พ /เท '0C)

R em ark: O b jec tiv e  fu n c tio n  value, c a lc u la te d  f r o m  E q u a tio n  4 .3-1 . is eq u a l 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) and/or 
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 w here 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.



Measured Data, y  1 Model / Constraints

Data Reconciliation. Xj 
Objective function value of its

Compute the measurement 
adjustment. น,
น, -  y  1 -  X,

Identify Gross Error and Elimination 
Data Reconciliation. x,,new

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 le ve l o f  s ig n ific a n t a t น )0/ )  * (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.
*/ %, 5 %  a n d  1 0 %  leve l o f  s ig n ific a n t a re  w id e ly  use in sc ie n ti f ic  m o d e l h u t th is  
tech n iq u e  c h o o se  น )'/) le ve l o f  s ig n ific a n t b eca u se  1 %  a n d  5 %  leve l o f  s ig n ific a n t is 
loo  s tr ic te r  (h ttp: ini'll-.answ ers.com  to p ic  s ta tis tic a l-s ig n ific a n c e )

First, the objective function of first data reconciliation need to be 
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 Objective function Chi-squared values*
1 position 16.892 6.251 / 4.605/2.706
2 position 10.148 6.251 / 4.605/2.706

* C h i-sq u a re d  va lue  a t 1 0 %  leve l o f  s ig n ific a n t w ith  3 to  I d e g re e  o f  fr e e d o m

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.

M ea su rem en t a d ju s tm e n t (a,) = re c o n c ile d  va lue  (X 1) -  m e a su re d  va lu e  (yf) (4.12)
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% c o n f i d e n c e  l e v e l  =  er/! '(p^= ) (4.13)

Where z  is the estimator value
E r f  is the error function

C o n fid en ce  in te rva l = ± ( Z X Oi) (4.14)

Where Oi is the standard deviation of each variable

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

(4.15)

Where Oi is the standard deviation of each variable
ท is the number of measured frequency 
x i is 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 F 0

Condition of Gross 
error Variable Measurement

Adjustment
Confidence

interval
F0 -5 8 .0 2 2 ±57.479
Fet -2.716 ±41.408

1 position To,in -6.871 ±40.902
To,out -2.311 ±40.061
Tet.in -0.918 ±16.070

T  et,out 0 ±16.792

Table 4.11 Measurement ad justment and confidence interval of a hot-oil heat 
exchanger (Model A) with both random errors and two gross errors at F 0 and Term

Condition of 
Gross error Variable Measurement

Adjustment
Confidence

interval
Fo -61.082 ±57.479
Fet 0 ±41.408

2 position To,in - 1.207 ±40.902
To,out -3.827 ±40.061
Tet.in -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 discarded first in the next process.

From Table 4.11 because the measurement adjustment [-61.082] of
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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 
flow rate variable and this variable w ill 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„)

V ariable Symbol T rue value Avg.M easured
value Reconciled values Relative

E rro r
F„ 3 C l 8 4 99.701 37.291 5.613°,.flow rate ( 111 ’ h > 

Ethane product
\olum etric flow rate 
in i' 111

35538.777 35540.356 35540.356 0.1)044°»

temperature 1 C) T „ .in 1(0.430 169.595 168.46 0.576"o
Hot-oil outlet 
temperature t°c> T o ,o u t 101.112 100.371 94.564 6.924° «
Ethane product inlet 
temperature (°C) 
Ethane product

Tr.111 15.723 16.402 14.102 1 1.495°»

outlet temperature 
1 Cl
Heat dut) of hot 
stream (พ )

Tf.niir
Q

5 (ร.() 12 58.702 58.036 0.992°,,

Heat dut) o f cold 
stream (พ )
Heat dill) o f heat 
exchanger ( พ )

ท

Q

1396813.653

'

1350869.487 3.401»,,

coefficient 
1 พ  Ilf‘Cl

บ 3 10.60 3 10.29 309.59 0.328"»

R em ark: O b jec tive  fu n c tio n  value, c a lc u la te d  fro m  E q u a tio n  4 .3-1 . is eq u a l to  0 .2 3 '
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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 F„ and Te, 111)

V ariable Symbol Ti tle value Avg.M easured 
vaille Reconciled values Relative

E rro r
Hot-oil solumetric 
flow rate 1 เห’ Il 1 
Ethane product

C .19.384 99.701 36.572 7.689*’ O

volumetric flow rate ç, 35538.777 35540.356 35540.356 0.0044° «
แห' 111 
Hot-oil inlet 
temperature 1 c ) T o .in 169.430 169.595 168.534 0.532° ท
Hot-oil outlel
temperature ( C) T u .,Hit IOI. II2 100.371 93.508 8.132%
Ethane product inlet 
temperature ( o Tet.in 15.723 39.048 14.225 10.531%
Ethane product 
outlet temperature 1 Cl
1 leal dun o f hot

Tet.our 58.612 58.702 57.937 1.165%

stream 1 พ 1 
Heat duty o f cold 
stream (พ )
Heal dun o f heat

Q

Q

1396813.653 - 1363966.964 2.408%

exchanger 1 พ )
Oserait heat transfer 
coefficient 
1 พ เท C ) บ 310.60 310.29 309.91 0.223%

R e m a r k : O b je c t iv e  fu n c tio n  va lu e , c a lc u la te d  f r o m  E q u a tio n  4 .3 -1 , is  e q u a l  to  4 .4 6 2

From Table 4.13. the objective functions of data reconciliation are 
4.462. when comparing this value with the Chi-squared distribution value with I 
degree of freedom [2.706] by following the global test technique 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 value, so there are no gross errors existing 
anymore, it can complete this process.
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1400000
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 between 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:

(4.16)
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Reconciled error:

SD  =

( 4 . 1 7 )

0 0  S D  r e d u c t i o n :

% SD  r e d u c t i o n  — S D ,11,,1measurernen t error SDreconciled erri
SD X 1 0 0

measurement error
( 4 . 1 8 )

Table 4.14 Measurement error SD. reconciled error SD and standard deviation 
reduction of a hot-oil heat exchanger (Model A) with both random errors and one 
gross error only at F  1,

L)R:
Only Random Error

DR: Random 
Error/Gross Error

DR/GED: Random 
Error/Gross Error

Measurement Error SD 60.347 60.347 60.347
Reconciled Error SD 5.150 '.820 7.336

Standard deviation Reduction •tide's, 87.04% 87.84%
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D R : R a n d o m  error o n l\ D R : G r o s s  e r r o r + R a n d o m  D R / G E D
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 F 0

The standard deviation reduction percentage of 87.84% for doing 
data reconciliation with gross error detection is higher than one from only data 
reconciliation, w hich is 87.04%

111 case above shows that when the gross error detection technique 
was applied by doing with data reconciliation, basic gross error detection technique 
can enhance the performance of data reconciliation effectively.
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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

Measured Data, y  1

Data Reconciliation. X1

ไ r

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

a  =  y  -  X  (4.19)

Where V is measured value of each variable
X  is 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 = c o r(r )  = A ^ A '  (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

t v  = ^ A r J~'A (4.21)

And the following test statistic can be calculated by using equation 4.21

\d ,
' d o v a . j  -  - ๅ พ ิ = .1=1. (4.2:
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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 test statistical
values, Z Aor a j

F0 1.4435
Fet 0

Fo in 0.2221
No Gross Error

To,out 1.2857
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 F 0 for first DR

Condition of Gross error Variable The test statistical 
\ allies, z  d 01- a j

Fo 1 7. 7 215

Fet 1.1938
Toon 2.2952

1 position
To.out 0.7882
Tet.in 0.7805

T et,out 0
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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 Variable The test statistical 
'  allies, z d 01- aj

Fo 1.3431
Fet 0

To,in 0.3270
1 position To,out 2.0505

Tet.in 2.0247
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 โe,.m for first DR

The test statisticalCondition of Gross error Variable \ alues, z d 01- a j

Fo IS . 6 9 6 0

Fet 0
To,in 0.4416

2 positions
To,out 1.4296
Tet.in 1 3 .5 2 7 7

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 . , , 11 for second DR (after
discarding Fn variable)

Condition of Gross error Variable The test statistical
\ allies, z  d 0,. a j

Fo 0.6265
F 't 0

To,in 0.3722
2 positions

T0,0 ut 2 .4 5 8 2

Tet,in 12 .8131

Tet.out 0.6537

The statistical test criterion can be chosen as Zi_p / 2  where 2 \ - p i 2 

is the critical value of the standard normal distribution. For any specified value 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 ) 1/m (4.23)

Where 111 is the number of measured variables (or ท 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 leve l o f  s ig n ific a n t 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 %  a n d  10%  leve l o f  s ig n ific a n t a re  w id e ly  use  in  sc ie n tific  m o d e l blit th is  
te ch n iq u e  c h o o se  10%  le v e l o f  s ig n ific a n t b eca u se  1%  a n d  5%) le ve l o f  s ig n ific a n t is 
too  s tr ic te r  (h ttp: w n  w .a n sw e rs .c o m /to p ic  s ta tis tic a l-s ig n ific a n c e )



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)

Variable z  at 10% level of
significant

To
Pet

To,in
2 . 4 4 0 / 2 . 3 8 0 / 2 . 3 1 0

To,out
Tec.in

T  et,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, so 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
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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 1.

4.3.3 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 'e ra ll  p o w e r  = N u m b e r  o f  g ro ss  e rro rs  c o rre c tly  id e n tifie d  N u m b e r  o f  g ro ss  
erro rs  s im u la te d  (4.24)

Table 4.21 The GED performance evaluation

GED Techniques Overall power
No Gross error I position 2 positions

The conventional GED 1 0.5
The modified MT using 1 1

NTP 1 1

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 
gross 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 because 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. น. 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 1 and 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 e t a l.. 
1997) will be applied in gross error detection step.



5 6

4.4.1 Generating Simulated Values (True Values)

4.4 Simulating Data of Utility Heat Exchanger Network

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.

F  11 is volumetric flowrate of hot oil of stream si (11V/h)
F  1, 1  is volumetric flowrate of hot oil of stream s5 (nr'/h)
F ,,: is volumetric flowrate of hot oil of stream s6 (nrVh)
T„น,, is inlet temperature of hot oil of stream si (°C)
To!.1111, is outlet temperature of hot oil of stream s4 and inlet temperature of 

stream s5 and s6 (°C)
T0: ,  „„ is outlet temperature of hot oil of stream ร4-) (°C)
F e,i is volumetric flowrate of ethane products of stream s2 (NnrVh)
Fe1: is volumetric flowrate of ethane products of stream s7 (Nm '/h)
T0,1 111 is inlet temperature of ethane products of stream s2 (°C)
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Tell,0,11 is outlet temperature of ethane products of stream s3 (°C)
Tei2.in is inlet temperature of ethane products of stream ร? (°C)
Tt, is outlet temperature of ethane products of stream s8 (°C) 

and บ เ is overall heat transfer coefficient of Is' heat exchanger system 
(พ/ทใ2 °C)

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 2nd 
heat exchanger, shown in Table 4.22) and assumed that no heat loss around splitter 
unit, as 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 Value
Cp.oi (k J /k g  ° C ) 2.419

po . 1  ( k g / n r ) 772.650
c ( k J /k g  ° C ) 2.173

p  0,: ( k g /n r  ) 813.967
Cp.c l  (k J /k g  ° C ) 2.473

Perl (k g /n r ') 1.334
Cp.c: ( k J /k g  ° C ) 2.199

pc,: ( k g /n r '  ) 1.334
A 1 ( n r ) 46.1
A : ( n r ) 16.7
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Table 4.23 True values of utility heat exchanger network (Model B)

Variable True value
F„ (nr /h) 39.384

Fo.1 (nr/h) 9.384
F 0.2 ( n r / h ) 30.000
Fei.1 (nr/h) 35538.777
Fet.: (nr/h) 35034.789
Tol.ln(°C) 169.430
Toi.om ( °c ) 101.112
T ,:.„ ,A °C ) 61.140
Tetl.il, (°C ) 15.723
Tell.out (°c ) 58.612
Ter2.il, (°c ) 29.204
Te,2.0,„ (0C ) 49.842

บ ,  (พ/ทไ2 °C) 310.60
0 1 (พ ) 1396813.653

บ :  (พ/ทา2 °C) 863.80
O :  (พ ) 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 Average Measured value
F,, (nrVh) 10.094 40.093

F  e t  (nr/h) 9.627 9.260
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Variable Standard deviation Average Measured value
F 0.: (nr/h) 9.734 29.240
Fei.1 (nrVh) 25.249 35540.356
F  el. 2 (nr’/h) 25.937 35033.151

Toi.i„(°C ) 24.940 169.595
To,1.0.111 (°C) 24.428 100.371
T0:.oi,i (°C ) 24.445 61.750

co 9.799 16.402
Te,1.011, (°C ) 10.239 58.702

บot-2 10.057 29.544
Tei:.o,„(°C) 9.581 50.371

บเ ( w/m2 °c ) 25.483 310.29

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, j 1,,) of Model B are shown 
in Table 4.25.

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

Variable Standard deviation Average Measured value
F„ (nr’/h)* 36.227 99.701
F 0.1 (nr/h) 9.627 9.260
Fo.: ( nr’/h ) 9.734 29.240
F ell (nr’/h) 25.249 35540.356
F  el.: (nr’/h) 25.937 35033.151

T o ,,„ (°C ) 24.940 169.595
T„i.oin(°C) 24.428 100.371
T0:.<wt(°C) 24.445 61.750
T e i,.i„ (°c )* 16.951 39.048
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Variable Standard deviation Average Measured value
Toil.1,พ T  บ ) 10.239 58.702
To,:,„(°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 s5). F„: (hot-oil volumetric flowrate of stream s6). Foil (ethane products 
volumetric flowrate of stream s2). (ethane products volumetric flowrate of 
stream ร?). ( inlet temperature of hot oil of stream si). T o  L o w  (temperature of hot
oil of stream ร4. s5 and ร6). To.\011, (outlet temperature of hot oil of stream ร1)). Toll11, 
(inlet temperature of ethane products of stream s2) . To,I.,,I l l  (outlet temperature of 
ethane products of stream s3). To,Jo, (inlet temperature of ethane products of stream 
ร?). To,.■ >.,,1,, (outlet temperature of ethane products of stream ร8). บ 1 (overall heat 
transfer coefficient of Is' heat exchanger). บ: (overall heat transfer coefficient of 2nd 
heat exchanger), o  /(heat duty of 1st heat exchanger system) and Q : (heat duty of 2nd 
heat exchanger system) and there are 3 equations for 1st heat exchanger system which 
are the heat duty of hot stream (hot oil) . cold stream and 1st heat exchanger and 3 
equations for 2nd 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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Degree o f freedom (DOF) = no. o f variables -  no. of equations
=  1 6 -6  = 10

Degree o f redundancy (DOR) = no. o f measured variables -  DOF
= 13 — 10 = 3

For utility heat exchanger network (Model B)

III the case of utility heat exchanger network (Model B). DOF is equal to 
10 and DOR is equal to 3. To do data reconciliation. DOR must be greater than 0 1 - 
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):

( F1, - F r0y  1 [Fo A - F r  0,1y  1 (F„2  -  F r0,2 y  1 (FetX- F r etly  1 ( Ft,1-2 - F ret2y
o t r ) + ( —  I  + [  ไ,,,V )  + 1 พ ,,, * ( 3 Fr, 2

1 r  III ~  T r.,11, Ï ^  / T , I.II.,- ~  T , ' „ I rill j " ^  { ท' ~ T r B2.out\
aTu\.in °Yul,( aTo2.i

_l_ Oerl.hi — D'e<l,i»y  / Ftl.ont — T retl 01, (V ^ [ F t  2,in — Tv et21,,
aTer l.in Ovrl.owf aTet2,น

O,'r2,our — T vet2,0 Ilf Y  ̂ (บ [ — U vx
aTct2,tm >u\

(4.25)

Heat transfer of each system must be the same, so the actual heat transfer 
may be calculated by energy balance. Equation 4.26. 4.27. and 4.28 are heat duty of 
hot stream (hot oil), cold stream and heat exchanger of 1st 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 2๗ heat exchanger system, respectively. Equations 
4.32 to 4.39 are inequality constraints.
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Constraints for 1st heat exchanger system:

Q 1 =  M o C p , 0  ( T o t o u t  -  T o U r ï)  (4.26)
Qi = Met 1 C p  1ef 1 (T et 1,011 f -  Ter 1,in) (4.27)
Ci = บ1A 1(L M T D ) l (4.28)

Constraints for 2IHl heat exchanger system:

Q'Z = Mo2C p02 ( T 0 2fou t ~  T 'o l .o u t)  (4.29)
Q'l =  M e t 2 C p,e t2  (T e t2 ,o u t ~  T 'e n , i n )  (4.30)
Q2 = บ2A 2(L M T D )2 (4.31)

* R em ark: A ll  o f  hear capacities, a rea s  a n d  o vera ll h ea t tra n s  fe r  c o e ffic ie n ts  are  
a ssu m e d  to  he c o n s ta n t

Inequality constraints for Is' heat exchanger system:

T'ol.in — T e t l .o u t  (4.32)
T'a l,o u t  ระ T e t U n  (4.33 )
To u n  >  T 0 110111 (4.34)
T e n ,o u t  -  Teท ,in (4.35)

Inequality constraints for 2iul heat exchanger system:

Toi,out -  Tet21out (4.36)
Tol.out ^  Te(21in (4.37)
Tol.out ^  T0210ut (4.38)
Tetl.out ^  Tgf 2 in (4.39)
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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) w ith the reconciled values of flow rates, inlet and outlet temperature 
of hot oil and cold process streams suitable for process constraints (Equation 4.26 to 
4.39).
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Model B:

Table 4.26 First reconciliation of process variables in utility heat exchanger network 
(Model B) with only random errors occurring measurement

V a r i a b l e S t r e a m S y m b o l T r u e  v a i l l e A v g . M e a s u r e d  
v a l u e R e c o n c i l e d  v a l u e s R e l a t iv e

E r r o rHot-oil volumetric flow rate (nvVh) SI F„ 3 9 . 3 8 4 4 0 . 0 9 3 4 0 . 9 1 5 3 . 8 8 7 %
Hot-oil volumetric flow rate Ini’It) ร  5 F1,, 9 . 3 8 4 9 . 2 6 0 9 . 2 6 0 1 .3 2 1 %
Hot-oil volumetric flow rate I nrVh ) Ethane product

So 6,2 3 0 . 0 0 0 2 9 . 2 4 0 3 1 . 1 7 7 3 . 9 2 3 %

volumetric flow rate Ini' InEthane product
ร: F et 1 3 5 5 3 8 . 7 7 7 3 5 5 4 0 . 3 5 6 3 5 5 4 0 . 3 6 8 0 . 0 0 4 5 %

volumetric flow rate (ท)' In ร ? F,12 3 5 0 3 4 . 7 8 9 3 5 0 3 3  151 3 5 0 3 3 . 1 4 0 0 . 0 0 4 7 %

temperature (°C) Hot-oil outlet inlet
SI 6)1, IN 1 6 9 . 4 3 0 1 6 9 . 5 9 5 1 7 0 . 7 3 4 0 . 7 6 9 %

temperature (°C) Hot-oil outlet
S 4  5 /6 Toi,out 1 0 1 .1 1 2 10 0 .3 7 1 1 0 1 . 6 5 6 0 . 5 3 8 %

temperature 1 o SO Toi.out 6 1 . 1 4 0 6 1 . 7 5 0 6 3 . 0 0 7 3 . 0 5 4 %
Ethane product inlet temperature (°C) Ethane product

ร : 6.) น» 1 5 .7 2 3 1 6 .4 0 2 1 5 .4 6 8 1 .6 2 2 %

outlet temperature ร  3 Ter 1 .out 5 8 . 6 1 2 5 8 . 7 0 2 6 0 . 7 0 1 3 .5 6 4 "  O
Ethane product inlet temperature ( (.’) Ethane product

ร ? Tetl.in 2 9 . 2 0 4 2 9 . 5 4 4 3 5 . 4 6 9 2 1 . 4 5 2 %

outlet temperature l°C)Heat duly of hot stream ( พ )

SS Ter 2.0 ut

Qi

4 9 . 8 4 2 5 0 .3 7 1 4 3 . 8 3 3 1 2 .0 5 6 %

stream (พ)Heat dutv of heat exchanger ( พ) Heat dutv of hot stream 1 พ)

r  I)\ Q1

Q,

1 3 9 6 8 1 3 . 6 5 3 1 3 8 2 6 2 0 . 7 1  1 1 .0 1 6 %

Heat dutv of cold stream 1 พํ)Heat duty of heat exchanger 1 พ) Overall heat

2IU| hx q2
q2

5 8 9 1 8 1 . 3 1 5 5 7 3 3 4 8 . 1 8 3 2 . 6 8 7 %

transfer coefficient (พ 111"\ 1Overall heat
r 1 hx 3 10 .6 0 3 1 0 . 2 9 3 0 7 . 9 8 0 . 8 4 3 %

transfer coefficient ( พ ท)' ( 1 2"J hx บ 2 8 6 3 . 8 0 - 8 4 1 . 2 9 2 . 6 0 6 %

R em a rk: O b jec tiv e  fu n c tio n  value, c a lc u la te d  fro m  E q u a tio n  4.25, is eq u a l to  0 .9 2 0



Table 4.27 First reconciliation of process variables in utility heat exchanger network
(Model B) with both random errors and two gross errors at F 0 and Te,i i„

V a  l i a b l e S t r e a m  S y m b o l  T r u e  v a l u e A v g . M e a s u r e d  „  -, I , R e l a t iv ea , R e c o n c i l e d  v a l u e s  'v a l u e  E r r o rHot-oil volumetric flow rate 1 m b ) SI F„ 3 9 . 3 8 4 9 9 . 7 0 1 4 6 . 2 3 1 1 7 .3 8 5 %
Hot-oil volumetric flow rate (เท’ It) ร  5 F„. 1 9 . 3 8 4 9 . 2 6 0 9 . 2 6 0 1 .3 2 1 %
Hot-oil volumetric flow rate (ill’ ’ll) Ethane product

S b F„. 2 3 0 . 0 0 0 2 9 . 2 4 0 3 5 . 2 2 8 1 7 .4 3 7 %

volumetric flow rate dll' Id S2 Ml 3 5 5 3 8 . 7 7 7 3 5 5 4 0 . 3 5 6 3 5 5 4 0 . 3 8 7 0 . 0 0 4 5 %

Ethane product volumetric flow rate S 7 F, ท 3 5 0 3 4 . 7 8 9 3 5 0 3 3 . 1 5 1 3 5 0 3 3 . 1 4 0 0 . 0 0 4 7 °  «dll ' Id Hot-oil inlet temperature (°C) SI Fol,in 1 6 9 . 4 3 0 1 6 9 . 5 9 5 1 6 2 . 3 2 6 4 . 1 9 3 %
Hot-oil outlet inlet temperature (°C) Sd 5 6 To 1 ,out l o i  112 1 0 0 .3 7 1 1 0 5 . 4 7 3 4 . 3 1 3 %
Hot-oil outlet temperature (°c> ร1) F„2.out 6 1 1 4 0 6 1 . 7 5 0 6 3 . 0 0 7 3 . 0 5 4 %
Ethane product inlet temperature ( C) ร2 Fftl.in 1 5 .7 2 3 3 9 . 0 4 8 2 0 . 4 4 0 3 0 . 0 0 1 %
Ethane product outlet temperature S 3 Tft l.out 5 8 . 6 1 2 5 8 . 7 0 2 6 3 . 4 4 1 8 . 2 3 9 %( c  )Ethane product inlet temperature (°C) Ethane product

ร ? Fftl.in 2 9 . 2 0 4 2 9 . 5 4 4 3 4 . 3 7 1 1 7 .6 9 3 %

outlet temperature ( C)Heat duty of hot stream 1 พ)

S 8 Tel: 2.out 4 9  8 4 2 5 0 .3 7 1 4 4 . 7 7 9 1 0 .1 5 8 %

1" lix

Qi
Qi
Qi

1 3 9 6 8 1 3 . 6 5 3 - 1 2 9 9 5 4 9 . 4 7 7 6 . 9 6 3 %Heat du tv of cold stream ( พ)Heat dutv of heatexchanger 1 พ)Heat duty of hot stream ( พ) Qz
Heat dutv of cold stream (พ) 2"'1 lix Qz 5 8 9 1 8 1 . 3 1 5 - 7 1 2 1 1 5 . 3 6 8 2 0 . 8 6 5 ° อ
Heat dutv of heatexchanger ( พ) Overall heat

Qz

transfer coefficient I'1 lix บ1 3 1 0 . 6 0 3 1 0 . 2 9 3 0 7 . 1 3 1 .1 1 8 %< พ แพ C)Overall heat transfer coefficient (พ m;°C) 2"d lix บ2 8 6 3 . 8 0 - 9 9 9 . 6 0 1 5 .7 2 2 %

R em ark: O b jec tiv e  fu n c tio n  value, c a lc u la te d  fro m  E q u a tio n  4.25. is e q u a l 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,1 and Te, i 1,, for first DR

Variable The test statistical 
\ allies, z ( f  01. a j

F0 1 4 .6683

F0, 1 0
Fa,2 3 .4 8 6 8

F e n 0.0122
F e n 0.0035

T’o l.in 2.3913
F o l.o u t 1.4335
To2,out 0.3963
F eel,in 9 .0 0 6 7

F e tl .o u t 3. ~'9~4

7ef2.il! 3 .6991

F et 2,out 4 .4983

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.



67

Table 4.29 Second reconciliation of process variables in utility heat exchanger
network (Model B) after discarding F 0 variable

V a r i a b l e S t r e a m S y m b o l T r u e  v a l u e A v g .  M e a s u r e d  
v a l u e R e c o n c i l e d  v a l u e s R e l a t i v e

E r r o rHot-oil volumetric flow rate 1 I i f / l i ) SI F„ 39.384 99.701 4 1.052 4.235°»
Hot-oil volumetric flow rate 1 111 ' เไ ) ร 5 F,, 1 9.384 9.260 9.260 1.321%
Hot-oil volumetric flow rate 1 I l f  It ) S6 F,,2 30.000 29.240 31.282 4.273%
Ethane product volumetric flow rate S2 Fet I 35538.777 35540.356 35540.384 0.0045%
(ทา' h)Ethane product volumetric flow rate S7 Fet 2 35034.789 35033.151 35033.140 0.0047%<nf 111 Hot-oil inlet temperature |°C) SI Tol.iii 169.430 169.595 165.532 2.301 %
Hot-oil outlet inlet temperature (°C) S4 5/6 Tol.out 101.112 100.371 101.679 0.561%
Hot-oil outlet temperature (°C) ร1) FiiZ.lmt 61.140 61.750 63.007 3.054%
Ethane product inlet temperature (°c> Ethane product

ร2 Tetljn 15.723 39.048 20.440 30.001%
outlet temperature<°c>Ethane product inlet temperature (°C)

S3 ^et l.out 58.612 58.702 63.181 7.795°»
ร่า Tetl.in 29.204 29.544 35.450 21.387%

Ethane product outlet temperature ( C)Heat dutv of hot
S8 ^et 2,out

Qi

49.842 50.371 43.848 12.026%

stream (พ)Heat dutv of cold stream (พ)Heat dutv of heat
Is1 h \ 1396813.653 - 1292207.571 7.489%Qi

Qiexchanger ( พ)Heat duty of hot stream (พ) Qz
Heat dutv of cold stream (พ) 2"'1 hx Qz 589 IS 1.3 15 - 575619.793 2.302%
Heat dutv of heatexchanger (พ) Overall heat

Qz

transfer coefficient (พ Ilf oOverall heat
I'1 hx Ui 310.60 310.29 306.72 1.250%

transfer coefficient1 พ nf°0 2"d hx บา 863.80 - 844.3 1 2.257%
R em ark: O b je c tir e fu n c tio n  rallie. c a lc u la te d  f r o m  E q u a tio n  4.25. is eq u a l to 2 .3 0 0
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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  1,  and Tell,I I ,  for second DR (after 
discarding Fo variable)

Variable The test statistical
Lillies, ^ d  o r  a . j

F„ 1.4207
Fo. 1 0
Fo. 2 1.1890
Fetl 0.01 10
Fe t l 0.0035

F0 l.in 1.3366
Fol.out 0.3675
Fol.out 0.3963
Fftl.in 9 .0 0 6 -

Fetl.out ร. 5891

F et 2.in 4 .5 2 6 0

F et 2. out 5 .2 4 7 2

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 ร2 [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 ร2 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 TctUn

V a r i a b l e S t r e a m S y m b o l T r u e  v a l u e A v g .  M e a s u r e d  
v a l u e R e c o n c i l e d  v a l u e s R e l a t iv e

E r r o r
H o t - o i l  v o l u m e t r i c  
f l o w  r a t e  แท It t SI F„ 39.384 99.701 41.052 4.235®»
H o t - o i l  v o l u m e t r i c  
f lo w  r a t e  ( เ ท '  h ) ร? F,,l 9.384 9.260 9.260 1.321®»
H o t - o i l  v o l u m e t r i c  
f lo w  r a t e  ( เ ท '  It) s o F„ 2 30.000 29.240 31.282 4.273®»
E t h a n e  p r o d u c t  
\ 0 1 น 1 n e t  l i e  f l o w  r a t e ร : Ml 35538.777 35540.356 35540.359 0.0045®»
( เ ท , 111
E t h a n e  p r o d u c t  
v o l u m e t r i c  f l o w  ra te ร? F,: ท 35034.789 35033.151 35033.140 0.0047"»
1 เท 11 1 
H o t - o i l  i n l e t  
t e m p e r a t u r e  ( C ) S I T„ น,, 169 430 169.595 172.483 1.801"»
H o t - o i l  o u t l e t  i n l e t  
t e m p e r a t u r e  ( ° C ) N4 5 0 To 1 ,<>//(■ 1 0 1 .1 1 2 100.371 101.814 0.694"»
H o t - o i l  o u t l e t  
t e m p e r a t u r e  ( ° C ) ร9 F„2.„ut 61.140 61.750 63.007 3.058"»
E t h a n e  p r o d u c t  i n l e t  
t e m p e r a l u r e  1 C l ร: Tt,  น,, 15.723 39.048 12.900 17.954"»
E t h a n e  p r o d u c t  
o u t l e t  t e m p e r a t u r e ร3 Ttr 1,01/f 58.612 58.702 59.43 1 1.397"»
I C l
E t h a n e  p r o d u c t  i n l e t  
t e m p e r a t u r e  ( C  l ร' Tetl.in 29.204 29.544 35.434 21.382"»
E t h a n e  p r o d u c t  
o u t l e t  t e m p e r a t u r e  
1 C l
H e a t  d u t y  o f  h o t  
s t r e a m  1 พ )

รร Tetl.out

Qi

49.842 50.371 43.862 I I .997"»

H e a t  d u t y  of cold 
s t r e a m  (พ)
H e a t  cl 111\  of h e a t

r  h x Cl

Cl
1396813.653 - 1430314.534 2.398»»

exchanger ( พ)Heat duty ol hot stream 1 พ 1 Heat duty of cold stream ( พ 1 Heat duty of heal
h x

C j

589181.315 - 5 625.236 1.961°»Q1 
q :exchanger ( พ) Overall heat transfer coefficient 1 h x 310.60 310.29 308.72 0.605"»IIIเพ เท Cl

( >\ era II heat transfer coefficient เพ เท 1 Cl r 1 hx บ 2 863.80 - 846.04 2.056"»
R em ark: O b jec tive  fu n c tio n  rallie, c a lc u la te d  f r o m  E q u a tio n  4.25. is eq u a l to  0. ร
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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 เท for final DR

Variable The test statistical 
'  alues, z d  0,. a j

Fo 0
Fo. 1 0
F0.2 1.1890
F en 0.0012
Fee 2 0.0035

Fol.in 0.9501
Fol.out 0.4054
Fol.out 0.3963
F e n  AO 3 .6 4 9 5

Fer 1,out 0.5842
Fet2.ni 4 .5 1 3 7

FetZ.out 5 .2 3 5 9

From Tables 4.31 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 ร? 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 I 
error, so 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.
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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 1 degree 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

1400000  
1 39 6 6 1 3 .6 5 3

13 0 0 0 0 0  

1200000 

1100000 

1000000
DR:Random e rro r  only DR:Gross error+Random DR/GED

error

1 43 0 3 1 4 .5 3 4

1382620 .71  I

1 2 9 9 5 49 .4 77

F i g u r e  4 .9  True value and reconciled values: heat duty of l sl heat exchanger system.
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DR:Random erro r  only DR:Gross error+Random
erro r

DR/GED

Figure 4.10 True value and reconciled values: heat dut}’ of 2st 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:
Only Random  E rro r

DR: Random  
E rro r/G ross E rro r

DR/GED: Random 
E rro r/G ross E rro r

Measurement Error SD ท .9517 17.9517 17.9517
Reconciled Error SD 2.7889 4.4955 2.9(150

Standard de\ iation Reduction 84.4๙’0 74.97" 1) 85.82" 1.
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D R :R an do m  erro r  o n l> DR :G ross e rro r+R andom  D R /G E D
error

Figure 4.11 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%

111 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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