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Abstract

Traditionally, process designers often neglect the influence of
uncertainty factors when dealing with a myriad of different design tasks.
The work will however look into the optimization problem of heat
exchanger networks retrofitting in the presence of uncertainties such as
flowrates and temperatures. In this gudy, a superstructure for retrofitting
heat exchanger networks has first been established and the retrofit
problem is transformed into a mixed integer nonlinear programming
model (MINLP). Stochastic programming technique is then applied to
solving this retrofit optimization problem, in which Hammerdey
sequence is employed to sample uncertainty parameters. Genetic
algorithm has been used to find optimal solutions and it has a tendency of
reaching the global optimum.

In addition, simultaneous correlation of vapor-liquid equilibrium and
excess enthalpy data using ditist non-dominated sorting genetic
agorithm (NSGA2) has been investigated, in an attempt to unify
thermodynamic parameters representing the behavior of non-idedl
solutions. We have successfully predicted vapor-liquid equilibrium and
excess enthapy data for three binary systems- propylene glycol
monomethyl ether/propylene glycol monomethyl ether acetate,
chloroform/tetrahydrofuran, and benzene/cyclohexane using
Peng-Robinson-Stryjek-Vera equation of state in combination with
Huron-Vidal-Orbey-Sandler mixing rules. In the study, we also proposed
a concept called acceptable region, in which designers based on their

needs have many choices of thermodynamic parameters to choose from.
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1.1

(vapor-liquid
equilibrium, VLE)
(
)
i (partid
molar excess enthalpy)
H,=-rrzEhng (1.1)

(binary interaction

parameter)

(Orbey, 1996)

(uncertainties)



(heat exchanger network, HEN)

(retrofit)

1.2

(2008) NRTL
PM-PMA

(retrofit of HEN)
(pinch point)

(heuristics)
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2.1

Gibbs(1875) m
TO=7@ =... =™
pl = p@ =... = p(m
n}‘l):n}{z):...:n'i{m) i:l’z,...’n

(chemical potential)

(fugacity) (2.1)
TV =T
P' =P
ﬂv:ﬁl i:lz’...'n
fr (fugacity coefficient 1)

(fugacity coefficient f)

coefficient g,)

2.1.1

1 (two model method g/f )

)

2.1)

2.2)

(activity

(9)



. (2.3)
flI = )ggl f|
f
fi
f =P%° exp(?‘PidPliJ (2.4)
i il SQS RT 3
Re f7 i
(2.3 (equation of state EQS)
(activity coefficient model)
2. (onemodd method f/f )
fo=yf =121 (2.5)
f'l=xf'P
2.1.2
f,®1
1 pé RTQ
= 8% - 2.
Inf, RTQSV' 5 l‘de (2.6)



~ 1 \p%ﬂ(nv)(? RT Y

= s - 2.
Int, RTQQ9 N 5., P édp 27)
& (nv) 6
2.6 2.7 :
26)  (27) Voo -
(mixing rule)
2.2
(cubic equation of states, CEOS)
1873 (van der Wadls equation of state)
(attractive part) (repulsive part)
P=P+P, = RT_ 12 (2.8)
V-b Vv
- RT
= (29
a
F)a = 210
a(v) (210
P (repulsion pressure) P, (attraction
pressure) g(Vv) a R

T V



1. Redlich-Kwong
Redlich-Kwong (1949)

RT a(T)

(V-b) T°V(V+b)

25 A
a(T):0.42747gER2T° :
e R o

5
b =0.086640
eR g

a b

2. Soave-Redlich-Kwong
Soave (1972) Redlich-Kwong

RT___a(T)

(V-b) V(V+b)

.
a(T) :O.427482ER2T° ga(T)
e ¢« g

a (T)=g+k(1-T%)y

k =0.480+1.574w- 0.176w°

(2.12)

(2.12)

(2.13)

Redlich-Kwong

(2.14)

(2.15)

(2.16)
(2.17)



&RT_ 0
b= 0.08664g c - (2.18)

Redlich-Kwong (2.18)
3. Peng-Robinson
Peng-Robinson (1976) Soave- Redlich-Kwong
a(T)
__RT . a(T)
P =W -b) v(v+b)+b(v-D) (219)
a(T)= 045724(82eRzT za (T) (2.20)
e c ﬂ
a(T)=g+k(1- T4 (2.21)
k =0.37464+1.54226w - 0.26992w? (w <0.49) (222

k =0.379642 +1.48503w - 0.164423w° +0.016666n° (w3 0.49) (2.23)

b=0.07780 0 2 (2.24)
éR g
w (acentric factor)
w=-log(P*) _ -100 (2.25)
Peng-Robinson

Soave- RedlichKwong  Peng-Robinson
2-1



2-1 Soave- Redlich-Kwong

Peng-Robinson

Soave- Redlich-Kwong

(SRK) Equation of State

Peng-Robinson (PR)

Equation of State

Corrélation for a (T)
Soave (1972)

Mathias and Copeman (1983)

Soave (1987)

Stryjek and Vera (1986)
1. PRSV

2. PRSV2

Androulakiset al. (1984)
Melhem et al. (1989)
Twu et al. (1990)
Zabaloy and Vera (1995)

RT a(T)
(V-b) V(Vv+b

a(T)= 0427486§ﬂ—2ﬂ_aﬁ)

P=

R
b= 0.08664(‘,—C +
eR g

RT a(T)
(V-b) v(v+b)+b(v- b)

P=

2 .
a(T)= 045724(§aERzT Za(T)

b=00778"R1:0

&P g

a(T)=@+k (1-T2°)
k =0.480 +1.574w - 0.176w*

a(1)=g 1 4T) 1) 0o )
a(T)=1+m(t- T,)+n(T*-1)

a () =gk (1 1)
k =k +k (1+T°°)(07-T,)
k =k, +&k,+k, (ks - T)(1- T°°)8(1+7°°) (07- T,)

k, =0.378893+1.4897153w - 0.1731848w" +0.0196554w”
a( ) dl( T2/3)+d( Tz/s) +d3( _-|—rzls)

a(T)= (expan(l-T,)+n(1-T,' )9
(1) (L o7

a(T)=1+CT,InT +C (T, - 1) +C,4(T?- 1)

2

Q

T, =T /T, = Reduced Temperature T =Critical Temperature,K w=Acentric Factor

c,c.C,d,d,dJ ,M,N,m,n are constants which are specific to pure compounds.

?,,?4? ae parameters which are specific to pure compounds

2.3

(Mixingrules)




8 :(afaj)o.s (- k) (2.26)
1
Q) (Van dar Wads
one-flud  vdw-1)
=& & vy a1 k) @21
i
b,=8 b (228)
K; l;
2 (Van dar Wads
one-flud  vdw-2)
a, =& & vynfaa (1- k) (2.29)
i
o o +b
b.=a a %y (hzj)(l-lij) (2.30)
i
ki I,
2. Gibbs
(1) Huron-Vidd (HV)
Huron and Vidal (1979) Gibbs
b
(excess volume) 0 HV
€o GEu
a, =b, 68 % +— (231)
ei h C u

10



b, = 8 xh (232)

GE Gibbs C
Peng-Robinson
C -0.62
(2) Huron-Vidal-Orbey-Sandler (HVOS)

Orbey and Sandler (1995) HV
b 0
Helmholtz
AE o b, .®a, o a0
RT AN O R A X gRT 239
Helmholtz Gibbs
Helmholtz Gibbs

AS(T,P® ¥,x) = A%(T,Ry,, %) = G™(T, Ry X ) - RolV® (T, Ruu )

) (2.34)
»G (T, Pows % )
HVOS
am:h'ngé Xii+i?GE+é X,RTln&?ld (235)
@i h C¢& i b g
b, =& xb (2.36)
C
Peng-Robinson C -0.62
(3) Wong-Sandler (WYS)

Wong and Sandler (1992)

11



G _3 23 By O
b gr=a & x gé%m = (2.37)
C - & 3y 238
CRT h,RT ax bRT (238)
C
3.
(1) Stryjek-Vera
Stryjek and Vera (1986)
a,=a a %%yaa, (- xk; - x;k;) (2.39)
i
b, = 8 xb (2.40)
2-2
Gibbs Gibbs
Gibbs (Zero Reference
Pressure ZRP) (Infinite Reference Pressure  IRP)



2-2

A. Mixing Rules Not Incorporating G- models
1. Classical mixing rule (1986) a=2 3 )
xX;4[a8; (1- k;
aa aa (1 k)

2. Panagiotopoilos and Reid (1987) a=3 3 &Xj\/a,-_a,-gl- K, +X (Kj ) kji)H
[

3. Stryjek-Vera (1986)

(a) Margulestype a:éi‘é,'x Ay (1- xk; +xk;)
(b) Van Laar type a=2 8 kjk; O
a a XX4/aa gl- —:
i g iirg
4. Sandoval-Wilczek-Vera (1986) 4= 8 2 €- k- x OG- Ok -0
a a xx;4/aa € u
P : llJ()s ﬁ+)§ )f) U
K +k 6 ~
N KDk, =k, -k
5.Mathias-K otz Prausnitz (1996) ¢ L su
' a=3 & xx\faa (1- k )+ & x 84 x (aa o (k; - k; )
L - a
B. Mixing Rules Incor porating G- models
ZRP Models-
6. MHV1 (1990) wvio G 1 ab, 0 3
a CMHVIRT CMHVI al- % anh ; al- X T o7 bRT
7.MHV2 (1990) CMHV233 MHV 2 _ é )ﬁa_9+qMHV23aMHV2)2 _ é )qa_z@:
' Sa C é SRV
&+ |n&)_o
R T
GE 1 o . abo o .
8. PSRK (1991) A = e B '”g‘;*a.‘ X q?eT
9. Tochigi et al. (1994) a, _o . § €G; | o aly, &
=a Xio—tmres-ta xIng
b,RT S "HRT CgRT 97" €h 4
A xH-29
- aXg w®s
" o a 1iGF o ab gl
1-a —+a xIn :
A RpRT THRT &% &b g
10. Twu et al. (1998) wop S LN Ay | a0
dhay Co&RT RT b oo
b = huw' A

ga\lﬂ-f. 1 % AJVdW_|n&d)/dW OdJ
&, Co%RT RT &b g

13




IRP Models-

11. Huron Vidal (1979)

12. Kurihara et al. (1987)

13. Wong-Sandler (1992)

14. HVOS (1989)

15. CHV (1997)

C.Other GF Mixing Rules

16. LCVM (1996)

17. Novenario et a. (1996)

1 & +wo

aN

1 éGE ° u
:C_Ngﬁﬂn(h“)- al_ )§|n(h)(]+

Co=- Ing = -~ ;u,w= EoSconstants
W-u o EVo+ug
v, = reducedzer opressurevolume; a’ = RF:?Z b =2—$
_g,3,G
b, ¢7p €
%:éé_&xj\/aaﬁ% ;
i
éo a Afl:l
a,=h,ea x —+—=-
g b Cyg
€o o aou
éaaxxjg%-ﬁ* G
p =& ' I g
L) Af o a u
& TR A X Rm
- AeE 1 aebmtj ] g
atves = CHvosR-l— CHvosa gE;"Q. Xﬁ
_A 1-dg &, 0 o 4
a® = +——g xIncat g X
CRT C 7 &by T bRT
g Lo :33| - OGE 1-1 o ab 0 a

g?"-cMHVl RT CMHVla)g n(}h— ai.)ﬂhRT

o @10
)g -
u a' gaﬂ

- In2 for SRK EOS

é vib 1

C.C=n gl
1 ev+(1 J‘)bu

U for PR EoS
2\/_ ev+i1+«/—ibk<I

é xB  unlessspecifiedotherwise

for SRK EoS

C,""2 =constant in MHV2 model obtainedbydataregression

14




31

(excess thermodynamic

properties)
(V%)
(SF) (HF) Gibbs (GF)
Gibbs
Gibbs (temperature
dependence) Gibbs-Helmholtz
Gibbs Gibbs (GF) VLE
(HF) (cross-prediction)
VLE
Gibbs
(2008) NRTL PM-PMA
Gibbs PM-PMA

15



3.2 Gibbs

Gibbs
Wilson (1964) Wilson Abrams and
Prausnitz (1975) UNIQUAC Renon and Prausnitz (1986)
NRTL Gibbs
(adjustable) (loca composition)
(overal composition)
Wilson UNIQUAC NRTL Gibbs
1.Wilson
GE _ 9 =S 0
ﬁ—-%xlngjaz_lL”xj; (3.1
V. -a,
L =Vjiepr—_|_J (3.2
Ly : (binary parameter)
Li=Ly=LLy*Ly
V.V, I T
3!
2. UNIQUAC

GE_o i/ 0, 8 - & O
ﬁ—ai.xilngAg"% q>§|n(qi/fi) aiqixilngaj.qjtji; (3.3

16



f :rixi/é(rjxi) (3.4)

qi :qixi/é(qjxj) (3.5)
J
a,=qx/ 8 (ax) (3.6)
J
t :exp(- 3 /T) (3.7)
r,qgand q:
3. NRTL
e étﬁG X
=g xS 3.8
RT @& G 59
k
G, :exp(-aijt ij) (3.9)
t,=b,/RT (3.10)
a;(=a;): (nornrrandomness)

3.3

(2008) NRTL

Peng-Robinson-Stryjek-Vera (PRSV, loannidis and Knox, 1999)
Huron-Vida -Orbey-Sandler (HVOS, Djordjevic, et d. 1999)

NRTL PRSV
HVOS
PRSV

(3.11)

17



ERT 0

a(T)=0.45724c—=-a (T) (3.12)
éR g
b=0.07780 0 2 (313)
éR g
a(T)=gk (1- T°°)d (3.14)
k =k, +k, (1+4T%)(0.7- T,) (3.15)

k, =0.378893+1.4897153w - 0.1731848w° + 0.0196554° (3.16)

HVOS
a, = bmea.' x%+é§GE+a xRTIn%'I“% (3.17)
b, = 8 xb (3.18)
GF NRTL Gibbs
H® =& x(H-H)-(H"- H) (3.19)
(HH) (oK)
. 6 atP 0
(H'-H) o =RT(Z-1)+ 8 Sﬂ_T%_ Pyav (3.20)
PRSV
* ) é wbs _afacy Z*B(L-V2)
(H - H)pureormix—(]Jzﬁ)ga+(aT/b)8— Tgﬂmlnm@.zj—)

+Ruzg§4wm§%%

18



Tb/9T =0

(- )

pureor mix

B=Pb/RT
Z=Pv/IRT

PRSV b

afa o) z+B(1 2

U2\2)@a- T +RT(Z-1) (322
~ )G‘a Gl Z+B(1+42) (2-1) (322
NRTL
€ ® G, 6 Gy, U
Ing, =X’ & CL—— 220 3.23
AT e xGa g (%G (329
é .2 l]
Ing, =X &, 022 4_Ca (3.24)
ex+ XiGlz (4] (X1 + X2G21) H
GlZ = exp(-at 12) (325)
GZl = @(p(' at 21) (326)
=B, 3.2
- (3.27)
b
=2 3.28
ta=or (3.28)

(percentage of absolute average

relative deviation, AARD)

19



Ngaa | /&P _ y CaC
min AARD =120 &' |%in - Vin
N o ylynp
Njata H E _ H E
min AARD = 100 é exp,n = calgn

N na ‘ Hexp,n

ylexp 1 yfalc
er HE

3.4
(6.27) (6.28) by by
b,=a+ a X
b,=a+a X
(b12 ] b21 ya ) a 03
(a,3,,3;,3,,a) PM-PMA
31
33
32
33
34
35
chloroform/tetrahydrofuran
benzene/cyclohexane

(3.29)

(3.30)

(3.31)
(3.32)

(2,,2,,35,8,),

31 32



chloroform/tetrahydrofuran

3-6 37 3-8 34
35
3-6
3-9
310 benzene/cyclohexane
311 312 313 3-7
3-8
39
314
315
3-1PM(1)/PMA(2)
b2 b2 a & & % CH

119058 99473 0.2
03(  )9146.19 761120 -2577 -21.19
0.2 8800 906628 -25.76 -24.60

21



Excess Enthalpy AARD(%)

Excess Enthalpy AARD(%)

70

60
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50 \

40 e

30 s,

20 )

10 A

%

[ ]
® 00 0he
’.....
[ X (y™
o0e g

0 5 10 15 20 25 30 35
VLE AARD(%)

31PM()/PMA(2)  HE&VLE

20
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Excess Enthalpy AARD(%)

20

§

°

°
18—+
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S
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12 H

H
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°
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3-2 PM(L)/PMA(2) 60

calc

P(Pa) e yeo Y yi Vi
! 3-param.  4-param.  5-param.

4484.47 0.0500 0.1500 0.2224 0.1602 0.1602
4925.07 0.0990 0.2646 0.3747 0.2787 0.2783
5383.32 0.1503 0.3651 0.4866 0.3737 0.3728
5740.69 0.2002 0.4332 0.5714 0.4521 0.4505
6174.13 0.2497 0.5067 0.6256 0.5088 0.5068
6501.28 0.2992 0.5567 0.6746 0.5630 0.5605
6833.8 0.3500 0.6038 0.7129 0.6100 0.6072
7176.38 0.4001 0.6492 0.7403 0.6480 0.6451
7506.25 0.4501 0.6904 0.7625 0.6815 0.6785
7753.18 0.5000 0.7202 0.7882 0.7181 0.7152
8011.81 0.5501 0.7506 0.8095 0.7505 0.74/8
8272.15 0.5998 0.7806 0.8279 0.7796 0.7771
8450.62 0.6498 0.8008 0.8532 0.8148 0.8126
8782.26 0.7080 0.839 0.8694 0.8418 0.8401
9001.99 0.7500 0.8644 0.8830 0.8623 0.8609
9239.85 0.7998 0.8922 0.9017 0.8881 0.8871
9446.88 0.8501 09171 0.9248 0.9169 0.9163
9677.27 0.9000 0.9453 0.9466 0.9430 0.9427
9878.67 0.9500 0.9709 0.9731 0.9722 0.9722

AARD(%) 14.75%  139%  1.38%

exp _ calc
Lol "] exgll * 100%
Niz oy,

N
o]

AARD(%) =

24



3-3PM(L)/PMA(2) 25

X MM HE,. (Mol HE,(Imol) HE,. (Mol
0.1000 320.2116 229.05 267.33 303.1174
0.2001 561.4784 408.38 475.18 533.5321
0.3001 693.6524 537.39 624.07 693.3756
0.4000 745.9199 615.92 714.65 785.1127
0.5000 749.3069 643.73 747.05 810.8873
0.6004 725.5565 620.00 720.43 771.9914
0.7001 667.1424 544.67 634.36 670.5999
0.8001 538.9825 416.61 486.88 507.3171
0.9000 305.3676 235.46 276.41 283.6506

AARD(%) 20.92% 7.91% 4.86%
AARD (%) = %g HE el 100%

i=1 exp
1.0
osb e
0.6

Y1
0.4
: ° Experimental data

025 &f 7 e Three parameters regression curve

3 — — —  Four parameters regression curve

Five parameters regression curve
0.0
0.0 0.2 0.4 0.6 0.8 1.0
X
34 PM(1)/PMA(2)

25



Excess Enthalpy AARD(%)

1200
A Experimental data
~~~~~~~~~~~~~~ Three parameters regression curve
1000 F | ——— Four parameters regression curve
Five parameters regression curve
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Excess Enthalpy AARD (%)

Excess Enthalpy AARD(%)

13

12
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=
o

2 4 6 8 10 12 14
VLE AARD(%)

3-7 chloroform(1)/tetrahydrofuran(2)
HE&VLE

16

18

55

4.5

3.5

4
°®
r)

® 0
e
S , ~q

0.5

1 1.5 2 2.5 3 3.5
VLE AARD(%)

3-8 chloroform(1)/tetrahydrofuran(2)
HE&VLE
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3-4 chloroform(1)/tetrahydrofuran(2)

bo 21 a & 2 2 a
-2997.01 -1664.04 0.60
0.3( ) 623526 420753 1475 -33.73
0.24  12068.10 1424450 097  -69.05
3-5 chloroform(1)/tetrahydrofuran(2) 25
X Hep(Jmol) HE,.(Ymol) HE,.(Jmol) HE,.(Ymol)
0.1012 -810 -804.37 -742.65 -773.31
0.2021 -1553 -1364.03 -1412.35 -1455.04
0.3027 -2157 -1716.43 -1986.93 -2020.99
0.4031 -2583 -1890.06 -2437.49 -2441.01
0.5032 2742 -1905.76 -2724.71 -2676.50
0.6031 -2633 -1778.84 -2798.39 -2681.82
0.7027 2286 -1519.99 -2595.77 -2406.84
0.8020 -1681 -1135.95 -2049.92 -1812.41
0.9012 -908 -628.83 -1126.17 -919.55
AARD (%) 24.41% 10.81% 4.58%

AARD(%) :%é{ |

i=1

E _ E
exp cal
E

exp

" 100%
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3-6 chloroform(1)/tetrahydrofuran(2) 40
P(Pa) X" Yo
25509.90 0.1120 0.0473 0.0267 0.0506 0.0473
23370.08  0.1855 0.0959 0.0643 0.1011 0.0961
2151023  0.2122 0.1184 0.0833 0.1238 0.1183
20030.35  0.2529 0.1565 0.1188 0.1638 0.1577
19630.39  0.3039 0.2156 0.1751 0.2234 0.2171
1943040  0.3476 0.2766 0.2346 0.2835 0.2777
19359.74  0.3855 0.3349 0.2934 0.3415 0.3364
19710.38  0.4278 0.4059 0.3661 04121 0.4084
20670.30  0.4458 0.4380 0.3987 0.4435 0.4405
20919.61  0.4518 0.4486 0.4108 0.4554 0.4526
22630.14 04778 0.4954 0.4592 0.5020 0.5005
27129.771  0.4814 0.5018 0.4649 0.5074 0.5061
31560.07  0.4927 0.5232 0.4864 0.5283 0.5274
25509.90 0.5125 0.5589 0.5226 0.5632 0.5634
23370.08  0.5311 0.5922 0.5562 0.5959 0.5971
21510.23  0.5517 0.6279 0.5948 0.6337 0.6360
20030.35  0.5703 0.65%4 0.6273 0.6658 0.6690
19630.39  0.5798 0.6743 0.6437 0.6821 0.6857
1943040  0.6377 0.7630 0.7328 0.7717 0.7777
19359.74  0.6933 0.8326 0.80%4 0.8465 0.8536
19710.38  0.7113 0.8513 0.8263 0.8682 0.874
20670.30  0.7622 0.8954 0.8770 0.9200 0.9266
20919.61  0.8531 0.9531 0.9425 0.9779 0.9811
22630.14  0.8547 0.9540 0.9426 0.9776 0.9808
27129.77  0.9191 0.9783 0.9746 0.9934 0.9941
AARD(%) 10.71% 1.39% 1.26%
Dy v
AARD(%) = N 100%

i=1 1

é Pt
C yexp
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Y1

HE(J/mole)

O o ——— e
s
08 -
0.6
04 o
02 | A Experimental data
-------------- Three parameters regression curve
——— Four parameters regression curve
’ Five parameters regression curve
0.0 == L T I T
0.0 0.2 0.4 0.6 0.8 1.0
X1
3-9 chloroform(1)/tetrahydrofuran(2)
1000 |- A Experimental data
-------------- Three parameters regression curve
— — —  Four parameters regression curve
Five parameters regression curve
0 -

-1000

-2000

-3000 1 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0 12
X

3-10 chloroform(1)/tetrahydrofuran(2)



Excess Enthalpy AARD(%)

Excess Enthalpy AARD(%)

50
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VLE AARD(%)

10

3-11 benzene(1)/cyclohexane(2)

HE&VLE

fd'

%
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0.1 0.2 0.3

04 05 06
VLE AARD(%)

0.7

3-12 benzene(1)/cyclohexane(2)

HE&VLE
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4
$
3.5
e 3 .
g -
2 2.5 h)
£ s
w2 Yo,
” S5,
@ .
b 1.5 \&;\‘
"y
s
1 oy -
0.5
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
VLE AARD(%)
3-13 benzene(1)/cyclohexane(2)
HE&VLE
3-7 benzene(1)/cyclohexane(2)
b1, b2y a & (23 3 C
1437.35 626.69 0.20
0.3( ) -8140.61 -3154.45 29.96 11.90
0.21 131549 -998.32 6.7073 3057
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3-8 benzene(1)/cyclohexane(2) 25

P(Pa) X" Yo
1360555  0.1035 0.1375 0.1804 0.1388 0.1380
13932.19 0.1750 0.21/0 0.2718 0.2173 0.2171
1423216  0.2760 0.3130 0.3731 0.3130 0.3143
1441215  0.37/0 0.4015 0.4535 0.3973 0.4000
14458.81  0.4330 0.4460 0.4930 0.4413 0.4446
14485.48  0.5090 0.5050 0.5430 0.4992 0.5029
14438.81  0.5830 0.5620 0.5914 0.5561 0.5598
14252.16  0.6940 0.6505 0.6682 0.6460 0.6490
13932.19  0.7945 0.7410 0.7498 0.7383 0.7402
13412.23  0.9005 0.8562 0.8589 0.8557 0.8564
1308559  0.9500 0.9220 0.9229 0.9220 0.9222

AARD(%) 1056%  059%  0.24%

N exp calc
AARD(%) = %é % 100%
3-9 benzene(1)/cyclohexane(2) 55
exp E
KT e tmel HE(ImO)  HE.@mo) e

0.1600 376.81 329.27 357.24 366.34
0.3890 671.98 595.58 655.05 667.09
0.5120 718.04 633.67 702.95 712.47
0.5600 713.85 627.84 698.99 706.10
0.6560 655.23 580.42 651.15 655.65
0.7800 494.04 446.74 506.63 506.79
0.7830 487.76 442.48 501.92 501.99
0.8260 422.87 375.86 428.07 427.07

AARD (%) 11.15% 2.40% 1.47%

E _ E
exp cal
E

AARD(%) :%é{ |

i=1 exp

"~ 100%
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3.5

1. Peng-Robinson-Stryjek-Vera (PRSV)
Huron-Vida-Orbey-Sandler (HVOS)
(2008) NRTL

PM-PMA
2. chloroform/tetrahydrofuran  benzene/cyclohexane
benzene/cyclohexane
a
3.
4,
PM-PMA 3-16
(VLEAARD) 1.98%
(Excess enthalpy AARD, HEAARD)  5.89%
2% 6%
(acceptable region) 316
VLE 2% H" 6%



Excess Enthalpy AARD(%)
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4.1

4-1
(hear exchanger networks, HEN) (utility)

HEN (grassroot design)
(Furman and Sahinidis, 2002)
HEN (retrofitting)
HEN

37



/ A
A /

4-1

4.2

HEN
(pinch technology)
(mathemeatical programming)

4.2.1 (pinch technology)

HEN Tjoe and Linnhoff
(1986) (targeting stage) (design
stage)



4211
(
) (hot composite curve, HCC)
(cold composite curve, CCC) -
(temperature-enthalpy axis) 4-2
(hot stream)
(cold stream)

(heat sources) (heat
sinks) (maximum
possible heat recovery)

(minimum utility requirements) (energy targets)
(minimum approach

temperature T min) (heat recovery pinch point)

4-3 ( Trin)

(driving forces)

(capital cost)
4-4
(hot utility) (cold utility)
D).
).
3).



Temperature, T

Temperature, T

Hot utility target

Cumulative P
heat sources

Cumulative
heat sinks

Cold utility target

v

Enthalpy, H

4-2

Hot utility <

Cold utility < Increase
Enthalpy, H



Hot utility target
Process above

thepinch [ E—
A

Process below
thepinch

Temperature, T

>
Cold utility target

v

Enthalpy, H
4-4
4212
4-5
(vertical enthalpy intervals)
(countercurrent) k
— DH k
AT DT« (41
A k DH, k
DTy « k U
(4.1
_iINTER'(\)/ALS K DHk
A\IETWORK - U ak D—l-LMk (42)
ANETWORK K

4



INTERVALS K AHOT STREAMS |
o] 1 e-| o

G, GO0 SFEAMsY g U

Aemorc = A é a L - 1 —ikg (4.3)

k Dl 8 H h =1 h,
G k | a,, K J
h| hj | J |
k J k K
A N
Hot utility target

Temperature, T

T
Cold utility target LMk

v

Enthalpy, H

4-5

(4.3)

10% (Tjoe and
Linnhoff , 1986)

(trade-off)
4-6

42



COSt A

Total

Optimum

A 4

ow DTmin
4-6
4213
(cross-pinch) (crisscross)
4-7 - (energy-areq)
HEN
X A
C
B
(total cost)
A



(path) 4-8

Lrea 4
maller ﬁTm - Existing network
...................................... .'Il'
W
Crptitniam
grassroot design
B
Infeasible '
E Larger ﬂTm
Energy requirement
4-7
HEN
(area efficiency,a)
(terget)
72 (4.4)
Aemstmg Dhxisting energy
1 a
1 a



Area

4-9

_ Existing netwotk

X
, Optimum grassroot

design

¥

Energy requirement

4-8

(energy span)



4214

HEN

Area

A

Target Constant o

Doubtful economics

Good
projects

Infeasible

Doubtful economics

v

Energy requirement

4-9
(heuristics)
(grid)
2
HEN
(loops) (path) (splits)
(degree of freedom) HEN

HEN
HEN (ided grassroot design)



(Carlsson et d., 1994)

(Jezowski, 1994)
HEN
4.2.2
(agorithm) HEN
(sequential
methods) (smultaneous methods)
4221
Ciric and Floudas (1989)
HEN (MILP)
- (NLP)
HEN
(1) (heat recovery approach temperature, HRAT)
(2 (heat capacity flowrate)

(3)
(4)

HEN 4-10
(HRAT)

47



(NLP) (Floudas et d., 1986)

Sdect HRAT [* y

A

Minimum Utility Consumption

A

Retrofit Moddl at the Leve
of Matches

A

Network Generation

A

Calculation of Total Profit

A

No
Convergence Check >
Yes
Stop
4-10 HEN



OBJ =min  bX, + & CizZ'+ & Ciz+ § Ciz'

(ijki c? (ijkii €2 (ijyi c* (4 5)
+ § Comi+ § Cim, '
@ijkji c® @ijkT c®
(1) (heat flow model) Papoulias and Grossmann
(1983) (transshipment model)
T
I J
t Qijt
R, 4-11
t
i
Q! j Qi
C
a Qq*R.;-R=Q i=1.H, j=1.C (4.6)
j=1
a Q:=Q; j=1.C, t=1.T (4.7)

49



1 ' ] Yii 0
Qijt 0
;
a Q.-UY,£0 i=1..H, j=1..C (4.8)
t=1
U i |
Ri-1
hot strean l cold strearr
'é ) — —»é QJ?t
il H, ifc
o H interval t o w
a Q, a Q
n s —Pb - »w
hot utilities cold utilities
R
§={m & }
w, = {n| k }
Q. Qf i j ot
Qn QY m n
R, t
4-11 t
2
N Q;
A =a — (4.9)
“or r1, 14
LM,ut% hi hj g
DTLM,ijt t |J h, hj |
] Ay Ij



(3)

s kié(ij) AL EO (4.10)
X, - A4S, =0 (4.12)
y ] A
K X, I Z !
k
(4) -
1
2.
3.
él ZX£1 k=1.K (4.12)
(ipFM (k)
kiéij)zg tm-Y; =0 i=L.H, j=1.C (413
m;
Zii
M (k)
Y | J

(local optimum)

MILP

(global optimum)

51



4222
Ciric and Foudas (1990)
HEN

(repiping)

1)
(2
(3)
(4)

(MINLP)

(pressure drop)

(Papoulias and Grossmann, 1983)

4-12

(hyperstructure)

52

(rating)



| | O

— —
4-12 -
(MINLP) Generalized Benders Decomposition(GBD)
MINLP (master problem)
(secondary problem)
HEN
Y ee and Grossmann (1991) HEN
(prescreening stage)
(optimization stage) 4-13



|dentify Network for

Retrofit
_' Evaluate Incentive for Retr.
Prescreening Stage Il dentify Structur al Modi f i c:i
. ' Construct Superstructure Rej
Optimization Stage Formul ate and Optimize MI NLI
y

Best Retrofit Network

4-13 (Y ee and Grossmann, 1991)

(lower bounds)

1. (Minimum utility requirement) Papoulias
and Grossmann (1983)
(Heat Recovery Approach Temperature, HRAT)

2. (Minimum additional hesat-transfer area
requirement) Townsend and Linnhoff (1984)
(area targeting method)
Colberg and Morari (1990) Yeeetd. (1990)

3. (Minimum structural modifications) Yee
and Grossmann (1987) -



(assignment-transshipment model)

HRAT

4-14

HRAT

Existing
Network

Annual
Cost

4-14

(superstructure)

4-15
(splitters) (mixer)

HEN
(MINLP)

HRAT



Grossmann et a. (2008) HEN
(latent heat)

(sensible heat)
MINLP (total annual profit)

J i .
g?ﬁ.ﬁm QM##‘M b masinigatis T Ymiind s—eijs—amwm
4-15

Maet a. (1998) MILP HEN
Yee and Grossmann (1990a, 1990Db)
(stage-wise) 4-16

HEN
Maet a. (2000) (two-step)



HEN

1 (constant approach temperature,
CAT) HEN CAT
HEN
MILP
2 1 MINLP
HEN
HEN Asante
and Zhu (1996) (step-by-step) (interactive)
(network
pinch) (bottleneck)
Briones and Kokossis (1999) (screening)
MILP HEN Sorsak
and Kravanja (2004) HEN
A O L o=
i = e M o G
r ]
'—%‘:”5—; =0 O— 1
S e _.;.rb,m:-{_ ‘E b &;’ ?__]._?ﬁ—P

4-16
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5.1

(uncertainty parameters)

(continuous) (discrete)

(Straub and
Grossmann, 1990)

(multiperiod
optimization problem) (scenario optimization)
(Pistikopoulos and lerapetritou, 1995)

1. (moddl-inherent uncertainty)



2. (process-inherent uncertainty)

3. (externa uncertainty)

4. (other uncertainty)

5.2

Grossmann and
Floudas (1987) Straub and Grossmann (1990) Aguilera and Nasini
(1996) Bansa et al. (2000)
Swaney and Grossmann
(1985) Grossmann and Floudas (1987)
(flexibility index)
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(feasible region)
Saboo and Morari (1984)
(resilience index)
Papalexandri and Grossmann (1993)

Grossmann and Floudas (1987)

(Swaney and Grossmann, 1995)

hm(x, d,zg)=0, mi M (5.1)
g (x.dza)£0, ITL (5.2)
hm 9
X d q
z q
o1
q d
2 (5.1 X
(5.1)
hm(x,d,zg) =0P x=k(d,zq) (5.3)
X (4.2)
g &(d,zq),d,zqf="f (d,zq)£0 ITL (5.4)
(5.4) d q



(flexibility test)

(feasible region)

Uncertainty
parameters,q

o1

(flexibility analysis)

(flexibility index)

(trade-off)

(Biegler et a., 1997)

Process adjustments:
Control variables, z

l

—>

Fixed design, d

Specifications
constraints
fi(d.zq)£0

L 5 . .
Feasible operation?

(Grossmann and Floudas, 1987)
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53
(Liu, 2008)

=Q 0 Q P(d.z,x.a) J(a)dayda, ---da,
J K, 5
E[P]
, 2006)
1. (analytical solution)
2, (numerical solution)
3 (expected value solution)
(5.5
2 3
5.4

E[P] (Diwekar, 2003)

62

(5.5)



E[P]=

Nsamp
54.1
52
1
2.
3.
MLHS)
4,

oP(d.zxa)J(a)d(a)

q

1

samp

Ng:mP(d,z,x,q”) n=12,--,N

samp n=1

(Critical Limit Theorem)
( )

(Monte Carlo Sampling, MCYS)

samp samp

(5.6)

5.2

(Stratified Monte Carlo Sampling, SMCS)

(Latin Hypercube Sampling, LHS)

(Median Latin Hypercube Sampling,

(Hammerdey Sequence Sampling, HSS)



D.B' +
OBr , + +, . e .
I R

02t +

52
5.4.2
K, N samp
(Diwekar and Kalagnanam,
1997) n (n=1,23,,Ngp)
P(P=235,7) n
n=nn_.---N,nN
nm m-1 2 1n;) . (57)
= +np+np*+on.pt o n=12, Ngo
m=gog,ng_=gInn)/(Inp)g,. (5.8)
int
0 1 U (0,1) n
(inverse radix number)
f,(n)=0nnn,..n, =nyp +np?+..+np ™ (5.9)



® n

Fk(n)=gN ,fpl(n),fpz(n)’...,f%_l(n)g

samp

Y (n)=1-

53

Dudewicz, 1998)

1

samp

Fk(n) n=12---,

) ',N

0.6

04f,

0

0.8

az2f

*
* + *

1]

53

02 04 06 08

e (5.10)
(5.11)

100
(Karian and



6.1

6.2



6-1

(Yee et d., 1991) (heat exchanger unit)
(initial splitter) (inlet mixer) (outlet
splitter) (HEN exit)
6.3
6.3.1
(initia splitter)
FCp'- § FCpi =0 sl HCT (6.1)
FCp:
IN
s:
kT E:
HCT:
(inlet mixer)

a FCp+3 FCpl, + § FCpg*- FCpi" =0 ki E (6.2)
i1 HP iE il HU
Itk
a FCp'+3 FCpf+ g FCp,a‘- FCpi"=0 ki E (6.3)

jicp ImE jicu
11k

67



ey

a1 11PN
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A

\[j\‘ Mo, e ;_l’hwﬁ'ﬁa.'ﬁu, P i Baemspan Tk W Tassersinit »—Lf—l-l.u,ﬁ Sk
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HP:

CP:

HU:
CU:

i k 0 ) 1)

J k —0C ) 1( )

a (Fepla™)+ & (Fop ™ = )+ & (Fepl, s )

it HP il HU :Il E (64)
- FCpM"st" =0 ki E

& (Fepla™)+ & (Fop ™ sal)+ & (Fepe, )

ilcp il cu

~m

I
B

(6.5
-FCpi" A" =0 ki E

69



out:
(outlet splitter)
& FCpl, +FCp™ - FCp["=0 k1 E
H
& FCpi, +FCp™'- FCpy"=0 ki E
i
exit: (HEN exit point)
(heat exchanger unit)
8 8Q,.- Foa"(T"-T)e0 ki E
iHjic
é 3 Qij k~ FCprjn (chyoUT B chin) £0 kT E
iHjic
(-I-khjn _ Tkhouf) 3§ DT ki E
il HU
(chput _ chjn)3 é DTJ )a:( kT E
jficu
Q:
H=HPE HU:
C=CPECU:
DT :

70

(6.6)

(6.7)

(6.8)
(6.9)
(6.10)

(6.11)



2 8(Q,/U,,)- (EEA +AA)DT,,p£0 K E (6.12)

iTH jic

(-I-khin _ -I-kcput) _ (Tkhput _ -I-kcin)

DTLMTDk = |n£-khjn _ choet 9 kT E (613)
g-l-khout _ chln ﬂ
U, [ |
DT, y1o- (L ogarithmic mean temperature difference)
EEA : k
AA : k

(Exchanger Minimum Approach Temperature, EMAT)

TV - TP 3 EMAT ki E (6.14)
TMPU-TS" s EMAT kI E (6.15)
Thh- T s kT E (6.16)
TP -T"30 kI E (6.17)
6.3.2
aa=1 kiEE (6.18)

71



aa=1 ki EE (6.19)

EE:

al: i k 0o ) 1L )

alf j k o ) 1)
aa £l ki NE (6.20)
aa£l kiNE (6.21)
jlc

NE:
Y1 sl HC (6.22)
K E

Ysk: S Kk

o ) 1 )

HC.
aYelr KIE (6.23)
dH

72



XXk

P -

Py -

e

Ak

O(

O(

O(

X - ak£0

X9 -a £0

pl?,l - é. Xik'I £0
plf,l -
h o 8 kil

Pk-a X £0

Ph- A XMEO k=1,2,...K-1,andl=k+1,...,

il HP

a X“£0 k=1,2,..,K-1,andl=k+1, ...,

jicp

il HP

jicp

AYEL ki E

dcC

Yi-a£0

sl HC k=1,2,... K-1,andI=k+1,... K

sl HC k=1,2,...,K-1,andl=k+1,... . K

73

k=1,2,...

k=1,2,...

sl HC, k1 E

JK-1, and I=k+1, ...

JK-1, and I=k+1, ...,

K

(6.24)

(6.25)

(6.26)

(6.27)
(6.28)

(6.29)
(6.30)

(6.31)



of ) ()

HEN( p::exit pEEXit )
prest +é p::,l =1 ki E, Kkt | (6.32)
=1
plt(:exit+é leJ =1 K E, kt | (533)
=1
D/ +D¢ =1 (6.34)
D k
o ) 1( )
DS Kk
o ) 1( )
S
k Y O k
0 S k vx 1
FCpX-UX*£0 ki E,sl HC (6.35)
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k
I Po Py O
Kk I 0 k
FCp, -Uxp, £0 kIT E, k| (6.36)
FCp, -Uxp;, £0 kIT E k1 (6.37)
HEN K
HEN p™ p™ 0
k HEN 0 k HEN
FCp™"'- U xp/®* £0 kI E (6.38)
FCpe™" - Uxpt™* £0 kI E (6.39)
ppee: k  HEN o( )
¢ )
peei k  HEN o )
¢ )
(heat |oad) i
Kk a“ 0 |
Kk 0 | k
Q-Ua£0 iTH jIC KE (6.40)
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Qu-Uxa£0 iTH jTC K E

(relocation)

éKl =1 kI E

éK =1 kI E
¢ )

k
()
EEAk:éK(EAnxk,m) ki

EA,: m
EEA : k
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(6.41)

(6.42)

(6.43)

Kk o )

o )

(6.44)



6.3.3
(Totd Annud
Cost, TAC)

TACzC/E/Eé M+C§§é M+CNEé (af+a‘f)/2+

ki EE K NE ki NE
CNP( a (pE,I+pE,I)+ é (plt]'em"'plf'w)"' é. Y ) (6.45)
(k, NP (k,exit)i NP (s,k)i NP
+CHU( é. Ao é. Qix )+Ccu ( é. é. é. Qik )+Cmové é. M1
il HU J CPK E ilHP jICU K E KETIE
CEE
AA
CNE
AA
CNE
CNP
C:MOV
Chu
CCU
6-1
6-1
(%)
$1300x(AA)*6/m?
$1000x(AA)*6/m?
$1000
$100
$500
(%)
$110/kWxyr
$20/kWxyr




6.4

(MINLP)
(Np) (Gen) (pool) Po)
(?C) (Pm) (Om) Np =600

Gen =800 pool =Ny2 P.=08 ?=10 P,=005 ?,=10
6-2
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6.4.1

(1994)

(Casel)
Papalexandri and Pistikopoulos

6-3
6-2 6-3
6-4
Fhi B2 et
| KL‘ | flq\ | N

6-3
6-2
Stream FCp (kW/ ) ™( ) T )
H1 30 180 120
H2 20 140 110
C1 60 45 140
HU 250 250
cuU 30 40
6-3
Match  UKW/n? )  Match UKW/n? )
H1-C1 0.1 H2-CU
H2-C1 0.1 HU-C1
H1-CU 0.1



6-4

Exchanger Area(nf)
1 201.88
2 135.59
3 121.65
100
6-5
6-4 $362,135 AMD Anthlon 64 X2 3800+

dud core processor 2.01 GHz CPU 7.03

1. 3
2.
3.
4,
5EMAT 10
6. (heat capacity)
7.
6-5
H1 30 (kW/ ) +3%(KW/ )
H2 20 (kW/ ) + 3%(KW/ )
C1 60(kW/ ) + 3%(KW/ )
H1 180( ) +5
H2 140( ) +5

c1 45( ) +5
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6-5

6-6

82

743]
i L
¢ N
k-
s b

6-6

6-7



(@) Tvs. Q (b) Tvs. Ay

200 200 .
180 |- 180 |- A +
160 |- 160 {
140 | 140 | [
[
L 120 ¢ 120 + |
T(C) T(°C) |
100 | 100 - Max Area —= |
80 b 80 | }
60 60 [ |
40 | 40 | © d;
20 1 1 1 1 1 1 20 1 1 1 1 1 1 II
1650 1700 1750 1800 1850 1900 1950 2000 185 190 195 200 205 210 215 220 225
Qu (kw) A (m?)
(c) FCpvs. Q, (d) FCpvs. A,
65 .
[
60 | 60 F & A
[
55 |- . [
FCpl, l
50 | 50 I
[
FCp(KW/°C) 45 | FCp(kw/°C) |
40 i 10 F Max Area 2 l
FCp, [
[
35
[
30 | ® 30fo0 <{>
25 1 1 1 1 1 1 1 1 1 1 1 1 ll
1650 1700 1750 1800 1850 1900 1950 2000 185 190 195 200 205 210 215 220 225
Q. (kw) A ()
6-5 1 €)

(b) ©
(d)



(@) Tvs.Q,

(b) Tvs. A,

160 160
MMA
140 A MMMMB@MM G 140 |
\ ) Tin l
120 | T 120 H2 [
T(°C) T(C)
100 - tein 100 -
80 80 |
60 1 1 1 1 1 1 1 1 60
520 540 560 580 600 620 640 660 680 700 110 120 130 140 150 160
2
Q, (k) A, ()
(c) FCpvs. Q, (d)FCpvs. A,
70 70 I
[
60 - 60 XT
[
50 - 50 |- i
|
FCp(kwi°C) 40 |- FCp(kW/°C) 40 - {
FCpP Max Area — |
H2
30 | 30 - [
[
|
20 | 20 | 0} 9 (@) O\ SO g N1 E)) @) @@?
[
10 \ \ \ \ \ \ \ 10 \ \ \ \ [
520 540 560 580 600 620 640 660 680 700 110 120 130 140 150 160
Q. (iw) A(m)

(b)

(d)



@ t5"vs. Q,

(b)ts"vs. A,

120 120 |
I
[
Max Area |
100 | 100 | \:
° I
t5"(C) 6‘5@%% " (°C) |
3 8%
80 80 | +
[
[
[
60 | 60 | [
I
2800 3000 3200 3400 3600 3800 110 115 120 125 130
Q. (kw) A(m°)
(c) FCp!, vs. Q, (d) FCpg, vs. Ag
80 80 |
I
[
ol 70 L Max Area —=, {
[
I
FCpl, 60| FCpl, 60f éf
I
[
50 | 50 | {
I
[
40 . . . . 40 . . . |
2800 3000 3200 3400 3600 3800 110 115 120 125 130
Q (kw) A (m°)

6-7
()

3

(d)

6-6
Exchanger Max. area needed (n) Max. area added(nf)
1 219.58 17.70
2 156.34 20.74
3 130.29 8.64




6.4.2 Casel (bypass)

(bypass)

H1 T o

(bypass fraction, b)

6-8
bypass
p= PP (6.44)
FCP,
FCppyres H1
FCp,,, H1
1
Q =FCp,,” (T - T™) (6.46)
Q 1
1
Q =FCp,,  (1-b)’ (Tg;;- t{""‘“) (6.47)



t h,out

(6.47) (6.46)

target _ in
th,out — THl bTHl
1

(1-b)
(6.45)

6-8
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(6.48)



6-9

3 (Heater)
6-10

6-9



(@) Tvs. b,
200

180

160 -

140 -
120 |-
T(*C)
100 |-

80 -

40

20 1 1 1 1 1 1
0.00 0.05 0.10 015 0.20 0.25 0.30

1

() Tvs.b,

160

140

120 |
T(*C)
100 |

60 ! ! ! ! !
0.5

(d)

65
60
55
50
FCp(kW °C) 45
40
35
30

25

70
60

50

FCp(kW/°C) 40

30
20

10

(©

(b) FCp vs. b,

0.00 005 0.10 0.15 0.20 0.25 0.30

1

(d) FCpvs. b,

FCpy,
o@@@w
0.I0 ol.1 ol.2 0f3 0.I4 0.5
I':)2
2 @
(b) 1
2



6.4.3 (Case 2)

6.4.1 6-3
6-7
6-8
6-4
6-7

Stream FCp (kW/ ) ™ ) A% )
H1 40 180 90
H2 35 125 80
C1 35 55 210
HU 250 250
CU 30 40

6-8

Match  U(kw/n? )  Match  U(kw/nf )

H1-C1 0.2 H2-CU 0.1
H2-C1 0.2 HU-C1 0.2
H1-CU 0.1
6-10
$274,953 AMD Anthlon 64 X2 3800+ dud core processor 2.01

GHz CPU 5.18

6-9
6-9
Exchanger  Areaneeded(m2) Heat duty(kW) Areaadded(m?2)
1 315 1575 113.12
2 880.24 2450 744.64
3 121.34 1400 0
4 166.79 1150 166.79
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6-10 (Case 2)
6-10
6-11
$296,737 AMD Anthlon 64 X2 3800+ dud core processor 2.01
GHz CPU 7.36
6.4.1
6-12 1
6-13

6-14 6-15 2 3 4

91



6-11

6-10
H1 40 (kW/ ) + 3%(KW/ )
H2 35 (KW/ ) + 3%(KW/ )
c1 35(KW/ ) + 3%(KW/ )
H1 180( ) +5
H2 125( ) +5
C1 45( ) +5
e
|
7 fﬂ:lm? Hi
of ‘_ﬁ'i\ i -‘ﬁ_ };cf'ﬁ A ] g
F{:E 5 . o <gz|

i b 1
I
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6-11

Exchanger Max. area needed (nT) Max. area added(nt)

1 375.53 173.65

2 772.21 636.61

3 150.28 28.63

4 198.3 198.3

(@ Tvs.Q, (b) Tvs. A
140 140
120 | A LXPRREEE= 120 |
5 T
100 | 100 F
T(°C) T(°C)
80 L 80 L Max Area —_
60 |- 60 -
40 ' ' ' ' ' ' 40 ' ' ' ' ' '
1400 1450 1500 1550 1600 1650 1700 1750 260 280 300 320 340 360 380
Q (kw) A(m?)
(c)FCpvs. Q, (d)FCpvs. A

50 50
45 45 -
40 |- 40 |

FCp(kw/°C) 35

FCp(kw/°C) 35

30 |- 30 |
in FC in
25 | A Fcp?nz 25 L A p:—;z
o FCpy o FCpg
20 1 1 1 1 1 1 20 1 1 1 1 1 1
1400 1450 1500 1550 1600 1650 1700 1750 260 280 300 320 340 360 380
Q (kw) A (m?)

()
(d)




(@ Tvs.Q, (b) Tvs. A,

200 200
a
180 A 180
- in | in
160 To 160 T
T(°C) 140 | T(°C) 140}
120 120
o
100 ® 100
80 1 1 1 1 1 1 1 80 1 1 1 1 1 1 1
2050 2100 2150 2200 2250 2300 2350 2400 2450 400 450 500 550 600 650 700 750 800
Q,(kw) A ()
(c) FCpvs. Q, (d) FCpvs. A,

44 |-

42 |-

40 |-
38 a8k

FCp (kWi °C) Fep(kwiec}
36 36 |-
09
34 ° 34 |-
32 32 |-
30 1 1 1 1 1 1 1 30 1 1 1 1 1 1 1
2050 2100 2150 2200 2250 2300 2350 2400 2450 400 450 500 550 600 650 700 750 800
Q (kw) A, (m?)

(0) ©
(d)



@ " vs Q, (b) 1" vs. A

3

200 | 200 |
180 | 180 | Max Area ———=x,

. . %6 6

§"(c) " () o,
160 | 160 | )
140 140
120 1 1 1 1 1 1 120 1 1 1 1 1 1 1
1300 1400 1500 1600 1700 1800 1900 2000 115 120 125 130 135 140 145 150 155
Q,(kw) A(m’)
(c) FCpll vs. Q, (d) FCpg vs. A,

50 50
45 45
40 40 |- Max Area —=,

FCpl, 35 - FCRl, 35 0p SQREERBREFER
30 - 30 F
25 L 25 F
20 1 1 1 1 1 1 20 1 1 1 1 1 1 1

1300 1400 1500 1600 1700 1800 1900 2000 115 120 125 130 135 140 145 150 155
Q (kw) As(mz)

6-14 3 @

(b) (©
(d)



(@ FCpvs. Q,
60

50 [

FCPI" 40 | 000amormintiRiniCIIeiIOaroe ©

30 [

20

Q ew)
6-15
(b)

6.4.4 Case 2 (bypass)

6.4.2
6-16
2
3
3

1 1 1 1 1 1 1
1350 1360 1370 1380 1390 1400 1410 1420 1430

60

(b) FCpivs. A,

50 [

FCp}) 40 -

30 [

Max Area

20

188

H1

1 1 1 1
190 192 194 196
A, (mz)

@

6-17

1
198

200



e X4

i

o

o

b2

6-16
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(&) Tvs. b, (b) FCp vs. b,

140 40
120 | 38 b
100 |- 36
T(°C) FCp(kw/ °C)
80 F in 34
TCl
60 F 2, —
° FCpj
40 1 1 1 1 1 1 30 1 1 1 1 1 1
0.00 005 010 0.15 020 0.25 0.30 0.00 005 010 0.15 020 025 0.30
b1 bl
(€) Tvs. b, (d) FCp vs. b,
200 4
180 | 42 |-
160 40
38 -
T(C)l40r FCp (KW/ °C)
36 |-
120 |
34
100 |-
32
80 L L L L L L 30 1 1 1 1 1 1
000 005 010 015 020 0.25 0.30 000 005 010 015 020 025 0.30
b, b,
6-17 1 2 @
1 (b) 1
(© 2

(d) 2



6.5

1. Case 1
(TAC)
2. Case 2 Casel
6-10
(EMAT=10°C)
2
EMAT
3. Case 2
$296,737 $274,953



6-5

100

6-12

(extreme points)



6-12 HEN

Other works Pinch| MP-seq. | MP-simul. Objective Uncertainty | Superstructure Features
Tjoe and Linnhoff (1986) ? Min cost of utilities based on user's heuristics
Ciric and Floudas (1989) ? Min TAC ? proposed a two-stage strategy
account for pressure drop and
Ciric and Floudas (1990) ? Min TAC ? varying hesat -transfer
coefficients
atwo-stage retrofit approach, in
the first stage involves an
economic evaluation, in the
Y ee and Grossmann (1991) ? Min TAC ? second stage, a superstructureis
constructed and an MINLP
formulation solved for
determining the retrofit design.
. - multiperiod MINLP retrofit
Papal exandri fggsPlstlkopoulos Min TAC ? ? model to improve HEN's
(1993) flexibility
. - address HEN with flexibility
Papalexandri fgg 4P| stikopoulos ? Min TAC ? ? and structural controllability
( ) requirements
Kovabvc and Glavibvc (1995) ? ? Min cost of utilities combine thermodynamic and
’ ’ algorithm approach
5 . use constraint logic
Abbas, et al. (1999) 7 Min TAC programming(CLP)
Min cost of utilities
Asante and Zhu (1997) ? ? and additional user interaction
surface area
. . structure modifications for
Athier, et al. (1998) ? Min TAC iteratively HEN is done
trade-offs among energy, units,
Briones and Kokossis (1999) ? Min TAC modifications, and heat transfer
area
Nie and Zhu (1999) ? Min TAC account for pressure drop
inclusion of constant approach
Ma, et al. (2000) ? Min TAC ? temperature(CAT) model and
MINLP model
exploit synergetic interactions
Zhang and Zhu (2000) ? Min cost of utilities between process changes and
HEN modifications.
simple heuristic rules based
?
Varbanov and Klemebvs (2000) ? Max heat recovery systematic approach
account for distribution of
Silva and Zemp (2000) ? Min additional area heat -transfer area and pressure
drop
Sorsak and Kravanja (2004) ? Min TAC ? account for dlt;f; ;Sent exchanger
Ponce-Ortega, et al. (2008) 2 Min TAC 2 account for isothermal process

streams exchanging latent heat

Note:

MP-seq. : Mathematical programming-sequential approach

MP-simul. : Mathematical programming-simultaneous approach
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7.1

MATLAB
(MINLP)
(HSS)
(bypass)
(2008)  NRTL
PM-PMA

Peng-Robinson-Stryjek-Vera (PRSV)
Huron-Vidal-Orbey-Sandler (HVOYS)
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chloroform/tetrahydrofuran
benzene/cyclohexane

7.2

(excess volume) (excess heat capacity)
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( Soave-Redlich-Kwong )
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