CHAPTER III
PROCEDURE

3.1 Grass-root Design for Heat Exchanger Network

The grass-root design of heat exchanger network is designing the new
effective heat exchanger network by using the stream data such as inlet and
outlet temperature of each stream, stream flowrate and heat transfer coefficient
of each stream. The optimal network from the grass-root model is the
cheapest-cost network under the constraint functions.

The methodology used for heat exchanger network design consists of

3.1.1 Study and Test The MILP Model
Study the model to understand how it works and analyze the

result of the optimal heat exchanger network. Generally, the MILP model is
composed of two parts which are
3.1.1.1 Input or Set Parameters
Parameters such as heat transfer zone, number of
temperature intervals, heat content in each interval, upper and lower
temperature in each interval, flow rate, heat capacity and heat transfer
coefficient for hot and cold process streams, logarithmic mean temperature
difference, utility cost, price of heat exchanger, any assumptions for example
non-isothermal mixing and constraints indicating the allowed or forbidden
matching between each pair of hot and cold streams.
3.1.1.2 Set of Equations
This part is used to generate the optimum heat exchanger
network that operated at minimum total cost while the transshipment model
concept is applied. There are many equations and constraints presented into

this zone and all explanations are mentioned in the previous chapter.



Bounds on cumulative heat transfer for cold process streams

L T .Y T Lyzl .
qm,}';;, Sq,j,, SAH;,, ]’;}i zeZ;neM’;ieH*; jeC;; jeCU* ;ieP},

Bounds on cumulative heat transfer for heating utilities

q;’m}’,;‘.ﬂ S@,j;,” <FrY (T: -T,f') zeZ;meM*ieH%;ieHU*; jeC*; je P¥

Bounds on cumulative heat transfer for cooling utilities

q;.',,}’,;,'c Stj';,',c SFJU (T,,u -—T,,L ) zeZ;neM’;ieH*; jeC;; jeCU* ;iePy,

Heat exchanger beginning for hot streams — (i) ¢B

il il

ijm ijm zeZi;meM’ ;m=m';icH*®; jeC*; jePH ;(ij)eB

Kl <2-YoH—ypsH

ifm = ifm

z.H z.H
V el o }

ifm  — < ijm

zeZ;meM* ;ieH:NHE , ; jeC*; jePEX NP, :(ij)eB

. H . H z,H
Ky'm 2 };fm - }:jm-l

K >0 J
Heat exchanger ending for hot streams — (i,j) ¢ B

i3 ol

ijm ijm

zeZimeM® im=m/ ;icH®; jeC*; jePH .(ij)eB

K2 oyl _piht. o

ijm ijm fjm+1
= H z.H
K, ifm s ij

r zeZ;meM® ;ieH NH., :jeC* :jeﬁf ﬂﬂfﬂ ;(i)eB

k.‘.,H >Y:.H _YZ.H

ym = Ligm L ijma

Heat exchanger existence on hot streams - (i)j) € B

= z2.H o 2. H F e S iy
Yim = 2 Kji" = 2 Kji" zeZ;meM*;ieH} ; jeC; jePH ;(ij)eB
leM; leM]

I<m Ism-1
ety Jjepy’

21

(2.15)

(2.16)

(2.17)

(2.18)
(2.19)
(2.20)
2.21)

(2.22)

(2.23)
(2.24)
(2.25)
(2.26)

(2.27)

(2.28)



22

The example shown in Figure 2.8 for a match (i,j) B, only one heat
exchanger is allowed, will explain how the previous sets of constraints work. The
hot side of heat exchanger spans from interval 3 to 8 of stream i, heat transferred to

cold stream j is not shown. Since, only one heat exchanger is permitted for this
match, variables Y,ji;” are defined as binary while K ;;." and K ;,;,” are continuous.

The values for all variables are given in Table 2.1. These numbers correspond to the
set of constraints in (2.18)-(2.22) and (2.23)~(2.27).
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Figure 2.8 Heat exchanger definition when (i,/) ¢ B.

Table 2.2 Values of ¥, K2¥ and K2 variables when (i,f) B

iim >

m YR Ky Ky
1 0 0 Y
2 0 0 0
Py T 1 Q
4 1 0 0
3 1 0 0
6 1 0 Q
7 1 0 0
8 1 0 1
9 0 0 0
10 0 0 0

Following Figure 2.8, whenever Y, = 0 then it follows that K/ =0

ifm ifm

oH

and K ;,;_” = 0, explain in constraint (2.17) and (2.22). At any interval where Y'", =

1, constraint (2.21) becomes trivial and thus K ;;,,H is getting to be zero because when

Y;:" =1, constraint (2.19) gives K ;'” to zero.

ifm i
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The possibility of allowing two heat exchangers between the same
pair of streams is considered. In Figure 2.9, there are two heat exchangers between
the shown hot stream and a certa-in cold stream, (i,j))e B. Both exchangers are placed
in series for the hot stream without any other unit in between. Then, the constraint

(2.28) is used for defining heat exchangers existence. Additionally, variables
K" and K" are declared as binary while ¥, are stated as continuous which the
values of these variables are shown in Table 2.3.
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Figure 2.9 Heat exchanger definition when (ij) € B.

Table 2.3 Values of ¥ , K" and K" variables when (i) B
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Whenever a heat exchanger begins or ends, the binary variables

K" and K" are set to one. Then constraint (2.28) leads the values of ¥ equal

ijm ijm ijm
to one for all intervals m between the beginning and end of a heat exchanger. Note

that, when a heat exchanger between the same pair of stream ends and another one

begins in the same interval (interval 6 for this example) then ¥;>:” is equal to two.

ifim

Since Y. =

ijm

2 is not feasible if the Y are declared as binary variables and constraints

(2.21) and (2.22) are used, this is why a different set of equations and variable
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declarations is required when (ij)€ B, at a cost of increasing the number of binary
variables.

A similar set of equations is used to define the location of a heat
exchanger for cold streams. These expressions are presented next without further

explanation.

Heat exchang::r beginning for cold streams - (i,j) ¢B

oS i zeZ;neM” ;n=n icH" ; jeC} ; iePf ;()eB (2-29)
EEQNE-RE ) . 230)
K,;,‘,C EY,;,’C > zeZ;neM? jicH*; jeCENCE, siePy NPy, s (i))eB (231
RS i 232)
K3 >0 % (2.33)

ijin =

Heat exchanger ending for cold streams - (i)j) ¢B

K sy zeZ;neM* in=n’;icH" ; jeC;; iePS ;(i)eB (2.34)
Rif2-vpf-rpG ) (2.35)
RoC=yat > zeZineM* ;ieH* ; jeCiNCE., ;iePSNPE, ; (ij)eB (2.36)
REC2Y3e -¥35 : (2.37)
K20 § (2.38)

Heat exchanger existence on cold streams - (ij) € B

}’rf’f' =¥ K._.}.;(' -¥ K,;-‘,‘(' zeZ;neM*;ieH*; jeC} ;iePy, ;(ij)eB (2.39)
leNj leN;
Isn Isn-1
ie.":,' ieF_f,

Lastly, by counting the number of beginnings or endings of heat
exchanger, the number of heat exchanger units between a given pair of streams, £,

can be figured out. The beginnings number is calculated by equation (2.37) to (2.38)

and equation (2.39) to (2.40) is used to generate the endings number. For the last
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equation, (2.42), the number of shell, U, need to be greater or equal to the number

of heat exchanger units, E;. Because a single heat exchanger does not mean only

one shell, the shell number should be need to satisfy the required area for each

match.

Number of heat exchangers between hot stream i and cold stream j — (iy) 8

T _ z,H 3
E; ng‘,ﬂpﬁ KL | (2.40)
E;= ¥ K};C zeZ; icH':jeC (i j)e P (2.41)
" neNjiePf, >
Ej= 3§ K (2.42)
meM; ;J‘Pn{:
Ei= ¥ KiF ) \ (2.43)
neNj ;l(P;
E;<1 zeZ;ieH*; jeC (i, j)eP;(i.j)e B (2.44)
E; < EJ™ zeZiieH ; jeC ;(i,j)eP;(ij)e B (2.45)

However, each shell number will be counted as a separate heat
exchanger whenever the condition of more than one exchanger is presented. The

constraints for this situation are shown below.

Number of heat exchangers between hot stream 7 and cold stream j - (i) € B
Uj= YK (2.46)
meMF:jeP!

Uj = K (2.47)

d meM%EP,E:‘

Ui= Y K€ (2.48)
HEN:;EEJ’;

Ui= DK’ (2.49)

2. pl
neN;j el
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2.5.4 Heat Transfer Consistency
To explain the heat load of each exchanger unit for multiple heat

exchange, heat transfer consistency constraints are necessary to be addicssed. Whcn
heat exchanges from hot stream to cold stream with two exchangers exist in series,

for example in Figure 2.10, the cumulative heat of hot stream in interval 6, @,;;" is

transfer to the cold stream in interval 5 and the heat left of hot stream, 2}”;;” , is sent

into interval 8 of cold stream. The amount of heat that is transferred to the next heat

exchanger in series, Efg,;“ , is used to calculate the heat load and area calculations in

each heat exchanger. Table 2.4 expressed the values of the variables involved in heat
load calculation which are the heat exchanger existence, beginning and ending of
each heat exchanger unit and the value of §. Another variable need to initiate is

called X, , which used to find out the ending interval for each heat exchanger

connected in sequence for match (ij). So, the value of X . will be zero whenever

m and n are cold-end intervals and be higher than zero in all other situations.

Figure 2.10 Heat transfer consistency example when (i) € B.

Table 2.4 Values of variables K;” , Kz ¥:" and §;; when (i,j)e B
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The heat transfer consistency constraints for multiple heat exchangers

are expressed here. Heat transfer consistency for multiple heat exchangers between

the same pair of streams.
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Main constraints for the heat transfer consistency are the equation
(2.50) to (2.52). All these constraints show that whatever calculated from hot or cold
stream, the heat load of heat exchanger also be the same. In addition, in case where

there is the cold-end interval, X . =0, the equation (2.50) and (2.51) become an

im, jn
equality as
Az H =z H __ Az C o 3
9y ~—9im _Zng ~Gijm
<n

leM} leN}
I<m 1

For example in Figure 2.10, at interval 6 of hot stream and interval 5
for cold stream, the constraint (2.50) and (2.51) will be summary to

Az H ~z H az H Azl =z i ez Az C Azl Azl g C
9z T94s Tqys Ty 956 =952 Ty T T4y — s

And the heat exchanger does not start at interval 5 of cold stréarn, SO

the value of ¢/ is zero. This lead the equation become

nz,C

azH , agH Az H TAgH/ "=l ~3C &z , 22,C
dis +4is +ais +dis —dis =452 Y4y i +45s

The next constraint, (2.53), is produced to make sure that there is
feasible temperature difference between hot and cold stream at the cold-end, that is
the hot stream temperature is forced to be higher than the cold stream temperature at
the cold-end of the heat exchanger. Figure 2.10 will show more clear in description.
Following constraints, (2.54)-(2.55), are used to describe that a new exchanger can
only start, in the same interval with the first one sequentially, when the previous
exchanger has ended. Last sets of constraint, (2.59) to (2.63), are used to specify the
value of variable g . This variable is created to be zero for all intervals except the
connection interval between two exchangers which continuous constructed in series,

first heat exchanger ends and the second exchanger starts in the same interval.
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Figure 2.11 Integer cut for heat excﬁmger end when (i,/) € B.

2.5.5 Flow Rate Consistency Within Heat Exchangers

The assumption that constant flow rate passed through heat exchanger
is applied to the MILP model. The next equation group expresses the consistency of
flow rate within a heat exchanger. In Figure 2.11 depicts an example of heat
exchanger which exchange heat during the interval 3 to interval 8 of hot stream i
with the cold stream j. Next, new word need to be introduced, they are called
“extreme intervals” which are the intervals 3 and 8 for this example while
“exchanger-internal intervals” are referred to the retired intervals which are the
interval 4 to 7.

Let explain more details for this example where allow only one
exchanger for match, (i,j)e B. For the exchanger-internal intervals, interval 4 to 7,
the flow rate can be consistently established as the ratio of the cumulative heat
transfer, the heat capacity and the interval temperature difference. In contrast, this
equation can not be used for the extreme intervals because the real temperature
difference between upper and lower bound of interval are not the same as normal

range, it is smaller. Consequently, flow rate for the interval 3 and 8 can be solved by

the inequality constraints as mention in Figure2.12.
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Figure 2.12 Flow rate consistency equations.

The equations used for classify which interval is exchanger-internals
or extreme intervals are introduced couple with the variable a. Actually, it is defined
as continuous but the following constraints enforces it to be one when the interval is

exchanger-internal and zero for all others.

Definition of exchanger-internal intervals for hot streams

apy <1-Kp¥ -k, \ (2.64)
a:ff = ]—12:;'"” —12;:{1 zeZimeM*ieHINH?,; jePINPY,  ies”; jeC* (2.65)
apt 2V - K - K R R, (6K (2.66)
ajy 20 h (2.67)

At exchanger-internal interval, there is no exchanger begins or ends,

so K gall . Rol 12'."”, are all zero and Y>" =1. The constraint (2.66) gives

gm 2 “Eim =12 “Hijm 3 T ijm - ijm

z H

the value of a;, 10 be one. On the other hand, for the extreme intervals, at least one

of Kz K:# | K:H  RiM will be equal to one or Y27 =0. So, &}, will

gm > Dogm-r s Dijm > D jm-) ijm ijm
become to zero.

However, there is another condition, which effect to these constraint

equations. When splitting stream flow rate is allowed, the flow rate consistency

equation will be
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Flow rate consistency for hot streams in exchanger-internal intervals-ie S 7 | (i) ¢ B
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Flow rate consistency for hot streams in extreme intervals - ie S 7, (i,)) ¢B
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(2.68)

(2.69)

(2.70)

2.71)

For the exchanger-internal interval, a=1, that is the last term in the

right hand side of both constraints, (2.68) and (2.69), are canceled out and the
constraints perform as equality. In contrast, constraint (2.70) and (2.71) are defined
for the extreme intervals. Constraint (2.70) is referred to the beginning of heat
exchanger and the end of exchanger is expressed in constraint (2.71). Consider
(2.70), at the end of exchanger, the last term in the right hand side is deleted. The
last term in (2.71) can also be erased whenever there is a starting of exchanger.

However, the effect of stream splitting also needs to be concerned.

The possibility of appearing two different heat exchangers in the same interval is

used to construct the constraints for stream splitting.
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Flow rate consistency for hot streams in extreme intervals - ie S/, (ij) € B

~aH ar

Dijm = Dijm-1 (12851 L p2H gl
= 14K+ Ko =Ko ) F, Y
Gl T2) Gl T =~ 0 0 ° #)E 2.72)
o iy zeZ,meM?*
i e R - 2) s ) e,
Pim\ I m u) pllr-l( m-l n—l) jEPgnP'f_l (2.73)
ieS”; jeC*y(i,j)eB
~z H ._-vlﬂ -~z N :
Gym ~Tym Gigmt +(2 SR~ i,;,{" _Y;;} F (2.74)

CP:.-(TE o T: ) Cpu,y Uf-l = T:-:) J

" When a heat exchanger starts at interval m-1, the constraint (2.72) is
applied while the constraint (2.73) is used to identify when another heat exchanger
between the same pair of hot and cold stream that ends at the interval m-1.
Constraint (2.74) expresses at the end of a heat exchanger which the possibility of
having two heat exchangers that start at the same interval is concerned. All
constraints, (2.70) to (2.74), can be simplified for the case that stream split is not
allowed because the flow rate for exchanger-internal intervals is equal to the actual

flow rate.

Flow rate consistency for hot streams - ig S

~z - . z. z : H
4’&5’” 2(":}?&"‘”}’;&” “Y;f,'.ji|~2)-AH§,'H zeZimeM ieHn N HyNHpy i€ S (2.75)
“(hj)eB; jECT;j€ Pp N Pp NP,
é;” 2(}’;,;'3 & K;;“” _,{'3;"’ )-AH,‘:;H zeZ;meM*; ieHi \NHLNHL,, ;ieS" (2.76)
JEC*; j € Py N\ Py N By
Gl 20l + K + Rl -2) AHEH 2.77)

In case that only one exchanger is permitted, expressed in constraint
(2.75), the heat flow is equivalent to the amount of enthalpy change for any internal
interval. However, for the multiple exchangers, the variables Y is probabiy higher
than one. Therefore, two following constraint, (2.76) and (2.77), are set to satisfy the
concept of equivalent between heat flow and enthalpy change.

Consequently, flow rate consistency constraints for cold streams are

shown below.
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Flow rate consistency for cold streams in extreme intervals - je S © (i) ¢ B
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Flow rate consistency for cold streams in extreme intervals - je S © (i,j) € B

Azl

Azl

q. q.yn-l 5iC D 0
Co (T > —\1+K + K -Kov, ) F,
pjn( uf_j,,f') C:pj !(f'j'u _.TLI) ( ijn-1 ijn i ) jl

a_;,r: a—-;.(-‘l ( - & r(.) zeZ;,neM" ;(i,j)eB
u 4 Lot - 2+K,:;' “‘K:;’_|— ‘-.’;_-’ 'F- s SL'_ : C:nc:
CR.,,(T:’ _}:') CR{»—I( nil _'T:-'-:) g ¥ : : ‘.-;Z: _’ :: P:ﬂ P:'-l
’ il Wy
3 T 5= zeZ;neM* ;(i,j)eB
iin — Dijn Dym 20 Pl c
= +| 2+ i1 —8n "Yi -F : R 2
CP}N(T:J _]-:) Cﬂn-a(r::l _7:4) ( ijn-1 ij if ) i jeS°; jeC:NC,

ieH*; iePyN Py,

33

(2.78)
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Flow rate consistency for cold streams - j& S ©

q'-,;;'(’.‘ > ()1;;(-' > };jx’;( i Y:ﬁ}f! _2)_ AH;,‘,C zeZ:neM?; jeC;_NCiNCL,, ;igSC

g i (2.89)
(Lj)eB; ieH* ;ie Py NP, NP,
gy 2 (ny;" -k -K o ) AHEE ] 2eZineM; jeCLNGNG,, ies (2.90)
(ij)eB; ieH* ;i Py NPy NP,
a5S = S, + K5F + R3S, -2} aHS 2.91)

2.5.6 Temperature Difference Enforcing
This part is necessary to generate in order to assure the heat transfer
feasible. Firstly, Figure 2.13, constraint (2.92) and (2.93) introduce the temperature
difference of extreme interval for the condition that there are no splits are allowed.

Additionally, constraint (2.94) to (2.99) further explain in case where stream splits
are allowed.

L, Gme 5oL, ég,"c v él‘l': é:':ic
Iy +— >
T R 7 ~Eo, " F

Figure 2.13 Temperature difference assurance when splits are not allowed.

Temperature feasibility constraints - igS" jeS¢
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Figure 2.14 Temperature difference assurance when splits are allowed.

Temperature feasibility constraints - ieS”,jeS  (ij) ¢B
Rif<o-Ki -KiF 3 (2-94)
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All these next constraints are performed only for overlapping pairs of
intervals where T',)”<T Y and T,” >T * which m and n are the overlapping intervals
of hot and cold stream at the hot end of heat exchanger. Constraint (2.94) is
generated to guarantee that the cold end of the cold stream of heat exchanger will not
be located at the same interval with the hot end. Feasible heat transfer forces the
constraint (2.95) in valid. That is the hot end temperature for the cold stream is less
than the hot stream. Moreover, th (2.96) stated that the hot end temperature
of the hot stream equal to Min {T,” ;T } as illustrated in Figure 2.15. Finally, the

constraints for the case of multiple heat exchangers are presented next.

; i ' §ad i
m:1§2!3;4!;.\15} A m;lgz ;3? 4 {5 6| -
g ¥ ey { AV ¥ty ' !
t [ ! R 1 A H £
i
]
Minfr? 7Y }e1? Minftd 37 }e1¥ |
1
i
R NI Ni=TIAN
- : ' 1 q i
niit o T N o Ol nill 2 131 4 15

Figure 2.15 Temperature difference assurance at the hot end of an exchanger -

ieS”,jeSC (ij) ¢B.

Temperature feasibility constraints ie S 7, je S © (i,j) €B

\
K;”( $1+ Y;;C —K;,;,H "*K;,'IL (2'100)
é;ﬁ . é;’(m CR,,, ( e H .._C) AH;"( zeZ.-mneM* ieS" > 101)
-T2 10T Gy T\ i Kin Ko jestintemimon (2
m =5n Loa TS B O e I NHS € CNCE,
il sl 2C ie PLNFL,:je Ry NAL,
qyn < Q.ym-l C.p_,m = H 20 J
< {2-xH —xeC). 2 (2.102)
T: _T:- ]:L _Tril ijm-l ( : : ) I: _?:'
J
az.H Az.H z.H
ijm ijm+ i z 2. C Mi ‘-I-
q; > q_.f 1 Cpm —(2—K- H —K-"(- ) m+1 (2103)

Mi T:.! , T:;U} _T: & T:-il o~ T,:l] Cpr‘ml 2 -3 T;.il = Tnt-l
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"
KL <\+Y3M -K¥ -K:E (2.104)
azH ~zH ~zH Z: M :ieS";
Djm — Dijm q Cp,, zeZ;mneM ;ieS";
;1(; : <7-U y:'}:, CR ( ) Tu TL > JeSS T < >0 (2.105)
m n m-1 m-1

ieH:NH: ,;jeCNC

q,j‘” Qy q;r Clq .\ AHPE iePﬁﬂP‘".JeP"ﬂP"
- - 42 o W 2.106
ML) T, KB @:106)

2.5.7 Heat Exchanger Area Calculation
The area of heat exchanger can be determined by considering the heat

- transfer of any stream match.

Heat transfer area for one heat exchanger is permitted

: (i +h,
A; = z Z L Eu_ ) zeZ;ieH ;jeC :(i,j)eP (2.107)
meM]  neNj Tf<Iy T hlm hjn
jeP‘f;lePg

For multiple heat exchangers between streams i and j are allowed,
each exchanger area can be formulated by this following constraints.

Heat transfer area for multiple heat exchangers

z = E h k-1
:Jt < Z z |:(9u.1nM3;iju) (’1 + Jn)]“z 47‘ ‘A m(z K;f G;:) 3 (2.108)
;g:;’ In “hy- i b=t
m#'
(q:'.jn _q;.jn)'(}ql +hjn) = z.h v I(z.H z.k Z: M (2 109)
e =h _ . zeZ:me 2
;;[ T | Al -G) | remimel
m’:i } jeP! :(ij)eB
iel}, k=1...k_ —1
At 2 4] —E ) (2.110)
h=1
Zh Gf_.ﬂl'l = ZKM L e f,un' ' (2.111)
h=1 leM] ;lsm )

;r—:.‘-’}'
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Zui;.h=a;;;'lf zeZ;meM* (2112)
REN}:T;’(?;E tely:jeC
o pll ;DO
JjePu iePy je P! :(ij)eB
i3 7 k=1,...k -1
G S, K (2.113)

The maximum number of heat exchangers allowed per match, knax, is
_required for area calculation. The heat exchanger area of the k-th heat exchanger is
calculated by subtracting the area of the former exchangers, k-1, from the total

accumulated area until the end of the -th exchanger. The binary variables, X g

are used to specify which exchanger is present at a certain temperature interval.
Obviously, all constraints (2.108) to (2.113) are constructed for hot stream intervals
only because hot and cold stream intervals can generate the same heat exchanger area.

2.5.8 Number of Shells

The variable U j is used to define as the number of shells.

[/

Maximum Shell Area
45 < 4,,.U; zeZ; ieH*;jeC;(i,j)e P;(i,j)e B (2.114)
fi,j" < A;mmﬁ;'k zeZ; ieH"; jeC* ;(i,))eP;(i,j)eB (2.115)

2.5.9 Objective Function
The objective function of the MILP model is to minimize the

annualized total cost, this is composed of the operating and capital cost. The simply
assumption of linear relation is used to approximate the total cost. The equation
applied to calculate the objective value is indicated below. The first term represents
the cost of hot utility, the second referred to cooling utility cost, followed by the

fixed cost for heat exchanger and end up with the area cost.
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Min Cost=) Y. Z ¢/ FYAT, +), ). D.csFfAT, +[ZZ z:(c:,:,rU,Jf +cyAy)J

T e "I e e e (2.116)
[Z{ZZ TlesU3* +ci Ay’ )H
z jeH* jeC*
(i.j)eP (i.j)eB
2.6 Model for Retrofit Heat Exchanger Network g

Not only designing an optimal heat exchanger network, but the problem of
heat exchanger network analysis is also play attention in the retrofit part. The MILP
model is extended by adding some constraints for being the retrofit configuration.
An Existing heat exchanger network is necessarily identified into the model, the
location of the presented exchanger units are needed to introduce. A certain
reconstruction and financial investment of adding new exchangers or area expanding
in an existing process can considerably reduce the total cost of the existing plant.
These options are targeted to decrease the total cost by enhancing the heat integration

among process streams.

2.6.1 Area Additions for Existing and New Heat Exchanger Units

The number of heat exchanger unit in each match is considering for
the additional area. Firstly, for the case where only one heat exchanger unit is
allowed per matching, (i) B, both possibility of adding the exchanger area in the
same shell and a new one are proposed. However, when (ij)e B, there are more
than one exchanger exists in the same pair of hot and cold stream matching. the area
expansion possibility can be generated by adding area to the existing exchangers and
also set up the new units. The following set of constraints is used to identify when a

heat exchanger unit is equipped with the existing network.
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Area addition to the existing heat exchangers — (i) ¢ B

VIR TV LY LA (2.117)
A4 <A > zeZ; ieH*; jeC* i(i,j)eP;(i,))eB;U; 21 (2.118)
A <z (uz-ut') : (2.119)
U <U} e j (2.120)

The area of exchanger per match (iy) which presented only one

exchanger should not over a summation of the existing area (A,;" ), the area added to

the existing shells (AA,;") and the area placed into the new shells (A,j" ). The

extended area into the existing shells and number of new shell need to be assigned as
maximum. Additionally, a new shell is counted whenever the area is increased that
shown in constraint (2.119). However, another set of equations is presented for the
case in which there is no exchanger unit settled between a pair of hot and cold

process streams.

Area required for new matches — (i,j) ¢ B

N

4 <4, U; reZ; ieH 1 jeCt i Gu)ePi e U =0 (2121)

U; <Ui . 1eZ; ieH* ; jeC? 5, )P (i, /)£ B; U =0 (2.122)

On the other hand, when there is more than one exchanger unit
presented in the same pair of streams, (i,/)€B, the position and order of each unit is
necessary to record. A variable &, is used to identify the exchanger location, an
example is shown in Figure 2.16. For example, variable 6,,=1 indicate that the
exchanger presented in the first location in the original network and it has been
equipped in the third position in the retrofitted design network. Definition of

variable &,, is defined below
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S 1 If the h-th original heat exchanger is placed in the k-th position in the retrofitted network
L [ Otherwise
Before Retrofit
m 1 2 3 4 5 6 T 8 9 ]05
i i g fl\ i » i /-i\ i g |
u L e T | Y 5 i
—_—

Heat Exchanger Counting

After Retrofit
ms 1.2 3 34 4 _T=5 :
I3
5" 1 2 3
1 0 0 1
h
2 1 0 0

Figure 2.16 Area computation when (i,/)€B.

The area of the k-th existing exchanger between streams i and j after
retrofit should smaller or equal to the combination of original area of h-th exchanger

(iA,j*""&f-“ ), the area added to the existing shells (AA,j‘*“) and the area for new
k=1

if

shells (A,.j""' ). Whenever an existing A-th exchanger unit is analyzed to relocate into
k

k-th position, 25;*"‘ = 1, there is no new heat exchanger unit for the retrofit network,
h=1

therefore the retrofit exchanger area will be the original area combine with the

addition area. On the contrary, original area term in constraint (2.124) for retrofit

match will be canceled where as the hew heat exchanger unit is placed, ié‘,j“ = 0.
k=1
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Area addition to existing and new heat exchangers when (i,))eB

L T e 0 N
4 STAP S A A S
=l
Ag* sg(AA,;;"_,&;'“ \  z€ZiicH;jeC ()P (e BI1Sk Shpn (2.124)
Y oalle -(1-25,;-“) : (2.125)
=i *
k - .
S o J (2.126)
k
o< 2eZ; icH*3 j€C* :i,j)e P3G, ) e Bs 1S h<k, (2.127)
k=1
k,
S S =k, 2eZ; icH*; jeC* ;Gu))eP;(if)e B (2.128)
k=1 k=)

In addition, the number of new heat exchanger unit placed into the
existing network would be specified as the following constraint.

3 % ([;-up)suls | (2.129)

z ieH* jeC*
(i./)eP

2.6.2 Objective Function
In retrofit situation, the exchanger investment cost-functions are

different from the grassroot design. The objective function for the retrofit heat
exchanger network structure also subjects to minimize the total annualized cost but
the retrofit programming model has complicated functions for the area cost. Not
only count for the number of exchanger unit, but there are aiso the existing units
which need to optimize for area addition or new able place an exchanger. Therefore,
the exchanger area for the retrofit target is consisted of area addition to the initial
structure and the new exchanger area. All other terms, the hot and cold utility cost,
seem to be the same as the grassroot design model. However, fixed charge for the

exchanger unit is need to count as the increasing number of unit which correspond to

minus the number of exchanger unit, U; , with the initial unit, U} .
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Min Cost=3, ¥, SclFIAT,+3 ¥ ¥ SFAT,+3 Y ¥ cf(uz-u?)

z ieHU® jeC* z jeCU* ieH* z ieH* jeC*
(i./)eP (i,/)eP (.j)eP
_ 2.130)
A a4 A 2 lz' A A 2z k° AY ¥ ( .
> Y ("y Ady +cy Ay )'."Ez 2 (Cy AMGE vef 45
z ieH* jeC* z ieH* jeC* k=l
(i./)eP (i, ))eP
(.))eB (i.))eB

2.7 Model for Heat Exchanger Network Included Pump Around

In a crude fractionation unit the pump-around is used to provide high level
temperature sources that can help in increasing the energy efficiency of crude units.
The MILP grass root model is extended by adding some constraints for including the
pump-around into the design the heat exchanger network. The candidate values of
each pump-around are necessarily identified into the model. In this model has to
define the new set, variables and equations. The new set P4? is introduced as pump

around streams in zone z, which are the function of i. The new parameter FPR/ is

the candidate values for pump-around flowrate which are the function of i and r,

Op,1s total of pump-around duty.

2.7.1 Heat Balance Equations
These groups of equation are almost same as the equations in the

group 2.5.2 but some part are different.

Heat balance for hot process streams — i¢ NI" :

AHEH = % _Z{;'q‘.‘;_m zeZymeMjieH,;ie HU ;ig NI";ig PA*  (2.131)
. G

FR'C (T -T)= 2. Y G, 2€Zsme M icH, ig HU ig NI"jie PA  (2.132)
o

”



Equation (2.131) and (2.132) are same as the equation (2.6).Which
equation (2.132) is used to calculate heat balance of pump-around but equation
(2.131) is not.

Heat balance for hot streams (non-isothermal mixing allowed):

H —z2.H _ —z, .
ARG = % Tkt X Xha - L 0
neM?® jeC: neM*ieH; neM*ieH]
Tl jeP, n>m n<m
fEPF :

zeZ;me M*;ie H:zig HU ;ie NIY ;i ¢ PA* (2.133)

FPYCpli (T -T)= Z Zq,..;.+ZZ"” > rar

neM? ieH} neM” ieH]
j;l.(r_"l jds’f n>m n<m
el Y
zeZ;me M*;ie H:;i ¢ HU ;i e NI';i € PA* (2.134)

Equation (2.133) and (2.134) are same as the equation (2.10).Which
equation (2.134) is used to calculate heat balance of pump-around but equation
(2.133) is not.

2.7.2 Heat Exchanger Definition and Count

This equation are almost same as the equations in the group 2.5.3 but

some part are different.

Hoyz, H
qgmygm '—q{;m _AHZ ijzm
zeZ:meM®jieH:;ig HU?; jeC®;je Pl ie PA* (2.135)

q{;injzmH = q"f;;rﬁ S Cpif_fm (TU T )YF U”‘

zeZ:meM?®jieHL;ig HU*; jeC*;je P}l ie PA* (2.136)
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mg;,;,”:Z FPROYW.!  zeZime M*ie Hi;igHU®;jeC*;je Bl ie PA* (2.137)
A zeZ;me M*ie H:;igHU*;jeC*;je PH;ie PA* (2.138)
YW <Ww,, zeZ;me M*jie H;igHU®; jeC*;je P ie PA* (2.139)
YW 2 ¥l + W, -1 zeZ;me M*ie H:igeHU®;jeC*;je PH;ie PA® (2.140)

i Equations (2.135) to (2.140) are same as the equation (2.14).Which

equation (2.136) to (2.140) are used for heat exchanger defining heat balance of
pump-around but equation (2.135) is not.

2.7.3 Heat Transfer Consistency
These groups of equation are almost same as the equations in the

group 2.5.4 but some part are different.

Heat transfer consistency for multiple heat exchangers between the same pair of

streams:.

Z‘hﬂ ‘“?'.;?-H < Zé;«; ‘h;m +4X5, n Max { ZAH,, 5 ZAH;FC

leMf leNj
Ism Isn

leM] leM}
i<m i<n
jepy ieP§

zeZ;mneM*;TE <TV G, j)eBjie HL; jeCLiie Ph; je Pl ie PA”

qu i_'.in = ZQ.!;I qu

leM} o]
I<m

+4XM

im, jm

zeZ;mneM™ T} <TY;(,j)eBiie H};jeCyiic Py; j€ Py ;i PA

YMI.M JH H" ,m MJ = : :

FPR" Y cp @y ~

leM]
I<sm

Y
Jeby

im Jﬂ r

zeZ;mneM™ ;T <1V .G, j)eBjie H:,;jeCj;iePﬁ;jE Pliie PA*

XM r':N A jn un JN .rm n = z

im Jan‘PRH Zcpf{ (T.fu i TFL)
leM}
I<m
jebf

(2.141)

(2.142)

(2.143)



zeZymne M*;T) <TY (i, j)e Bjie H,,,,_;EC,,,:EPJ,,,_;EPM,IEPA’

M ~0—T

im, jn

YL WS XL DAHYE

m;n

zeZ;mneM*; T <TV (i, )eBjieH:;jeC:iePS; je Pl ;ie PA?

jn?

XML . 2 XL . ZAH;,-C

zeZymneM*;TE <TY (i, ) B; lEHn,jE\,”,iEPC ePl;iePA®

XWol  ~TEiW,. <0

im, jn,r im,jn

zeZ;mneM*;TE<TY (i, j)e Biie H] ,;ECj;ierg;jeﬂ,‘f;iEPA’

(Xt =X 25,) — A=W, )T 25, <0

im, jn,r

zeZymne M* T <TY (G, ))eBiicH}; j€Cyiic Py j€ P i PA
(X2 —XWEL Y20

im, jn im, jnr

zeZ;mne M*T) <TY G, j)e Bjie HY; jeCliie Py je Pyl ie PA*
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(2.144)

(2.145)

(2.146)

(2.147)

(2.148)

(2.149)

Equations (2.141) to (2.149) are same as the equation (2.50).Which
equation (2.142) to (2.149) are used to calculate heat transfer of pump-around but

equation (2.141) is not.

S ai" -Gt 2 Y G5 -GS - 4K, o Max { Y AHGM Y AH S

leM; leNj leM; leM;
lsm lsn Ism I<m
jepry iePj

zeZ;mneM*;TF<T! ;(ij)e Biie H. ; jeC}; !EP( ;jePl.ie PA*

(2.150)



2 a5 a2 Y a5 G —AXM i, g,

leM leNj
I<m Isn

zeZ;mne M*;T) <TY ;(ij)e BiieHL; jeClie Py je Pl ie PA®
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(2.151)

Equation (2.150) and (2.151) are same as the equation (2.51).Which
equation (2.151) is used to ralculate heat transfer of pump-around but equation

(2.150) is not.
NJ;”H K:HAHSH
gl <kFPRECPI(TY -T)

KEpy! =5, FPR, KW !

ijm

KWk —Kai <0

ijm r

Kw:H

ifm,r

<W,,

KWiH KM 4w, -1

ifm,r ijm

zeZ;me M*(i,j)e Bie H:; je P ie PA*

zeZ;meM*;(i,j)e Bjie H;;jeﬂ,,"f;ie PA*?

zeZ;meM*;(i,j)eB;ie H:; je P ;ie PA*

zeZimeM*i(i,j))eBie H:;je P} ;ic PA®

zeZ,me M*;(i,j)eB;ic H;je Pll;ie PA*

zeZymeM*(i,j)eBiieH,;je PH.ie PA*

(2.152)

(2.153)

(2.154)

(2.155)

(2.156)

(2.157)

Equations (2.152) to (2.157) are same as the equation (2.57).Which
equation (2.153) to (2.157) are used to calculate heat transfer of pump-around but

equation (2.152) is not.

HAH.H

Q‘y‘m _— ym im

qu o KF CP; M(TU _T’ )

:;m

KFP;' = ZFPR” Kwih

ifm ijm.r

zeZ;me M®(i,j)e Biie H.;je Pll;ie PA*

zeZ;me M*,(i,j)e Bie H;je P ie PA*

zeZime M®(i,j)e Biie H:; je Pl ie PA®

(2.158)

(2.159)

(2.160)



ey - K;,’,,HSO zeZ;me M*(i,j)eBjie H:;je P ie PA*

ijm,r

RwW>H < W,

ijm,r

zeZ;meM’;(i,j)eB;ieH,f,;jeP,-,,”,';ie PA?

RWiH > K2 +w,, -1

ijmyr =

zeZ;me M*,(i,j)eBiie H:;je P;ie PA*
m J m

%
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(2.161)

(2.162)

(2.163)

Equations (2.158) to (2.163) are same as the equation (2.58).Which

equation (2.159) to (2.163) are used to calculate heat transfer of pump-around but

equation (2.158) is not.

2.7.4 Flow Rate Consistency Within Heat Exchangers

These groups of equation are almost same as the equations in the

group 2.5.5 but some part are different.

Az.H az,H
qym qum-l

Cpim (TU TL) Cplm—l (T -1 Tnl;—l)

+(l a,j,,, )-F,.

ceZmeM®ieH: nH: ;ieS";jeC*je Pl nBl jie PA*

~z,H ~z,H
qym < qijm—l

< +(FP? — FPai!)
COmTY ~T5) ™ i@ Ty e

zeZmeM®ieH:nH: ;;ieS";jeC*je P APl j;ie PA*

H z,H
o ZFPR Wa,

zeZmeM ieH: nH: ;ieS";jeC*;je P APl ;ie PA*

Wa>t —a* <0

ijm,r ym

zeZimeM?jie H,nH, ;;ieS ,]GC’,]GP"(\P,,,,_,,:GPAZ

Wa>t <w.

ijm,r ir

zeZimeM*ieH: NH: ;;ieS";jeC*;je BY APl ;ie PA*

m-1>

Walil 2a +W, -1

ijm,r ijm

zeZmeMieH: nH: ;ieS";jeC*;je P APl ;ie PA*

(2.164)

(2.165)

(2.166)

(2.167)

(2.168)

(2.169)
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Equations (2.164) to (2.169) are same as the equation (2.68).Which
equation (2.165) to (2.169) are used to calculate flowrate within heat exchanger of

pump-around but equation (2.164) is not.

az H ~z H

9 ijm 9 jjm-1 ( zH
B \1-a;, )‘F}
Cru (T3 -T2) Cppi(Tai-Thy) =~
zeZymeM*ie H: nH:_;ieS";jeC*; je P AP ;i¢ PA (2.170)
G G2t \
TR Jiw1 ~(FR" ~FPait)

T CpT -18) " Cp, (@Y, -TEY

zeZ;meM*ieH:nH:_;ieSMjec je PE APl ic PA* (2.171)

Equation (2.170) and (2.171) are same as the equation (2.69).Which
equation (2.171) is used to calculate flowrate within heat exchanger of pump-around

but equation (2.170) is not.
~z,H

~z H
9ijm > 4 jm-1 (1_'_12'5.8 TR _gH )R
Cp"'ﬂ (Tf _T: ) _CP,-,,,_; (T:f_l —T;:'_] ) . = ijm ijm—1 ) i

zeZymeM®ieH, nHi sje P APl .ieS";jeC?(i, ) e Biie PA (2.172)

az H ~az H
%y cf H , grpsH o pa.H =, H
& —(FP" + KFP!, + KFPL! — KFP:! )
ComT ~T) ~ Pt (T ~Ta) - e -1

zeZ;meM®ieH,nH:_;;jePE APl ieSY;jeC?;(i,j) e B;ie PA* (2.173)
Equation (2.172) and (2.173) are same as the equation (2.70).Which

equation (2.173) is used to calculate flowrate within heat exchanger of pump-around

but equation (2.171) is not.

az. H ~z H
q.f;m qﬂm—l

<
Cpu @Y -TH) Cpp (T ~TL,)

+(I+;'£’,.;;_fi,+K"‘“f 8 uid )-F}

ijm ijm

zeZimeM®ieH:nH: ;je PI AP ;ieS";jeC?;(i j) e B,i¢ PA* (2.174)
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gt ~z.H
q&ﬂ" Qyu 1 o H H
+(FPY + KFPLH, + KFPEH — o
Com(Ty ~Tf) ™ CPpa(TL =T, ' im-1 ym  — KFPj
zeZimeM i Hy NHy i) € By O\ Py i€ S";j €C%G, j) € Bii e PA* (2.175)

Equation (2.174) and (2.175) are same as the equation (2.71).Which
equation (2.175) is used to calculate flowrate within heat exchanger of pump-around
but equation (2.174) is not. .

~z.H az,H
qz[u q;n-l

CPm Ty ~Tyy) CPims Ty —Tt)

(1e&32 4 k22 K32, )-F,

zeZ:meM*ie H:nH:_;je Pl bl ies?;jeC?(i, j) e B;i g PA* (2.176)
i e

—(FP" + RFPLE, + RFRLH — KFPLE))
Com Ty ~Tw)  Comy(To-y =T \ " i

zeZimeM*ie H:NH: ;je Pl APl ieS”;jeC?;(i,j)e Bjie PA’ (2.177)

Equation (2.176) and.(2.177) are same as the equation (2.72).Which
equation (2.177) is used to calculate flowrate within heat exchanger of pump-around
but equation (2.176) is not.

é;xl i3 a‘;mui (

Com(TE ~TE) ~ Copi (T -TEy)

T I A

zeZmeM*icH:nH:_;;je P! APl sieS!;jeC?;(i, j) e B;i g PA* (2.178)
Gim Fjmer

-@FP" + KPS — KFPLE, —YFRLE)

=
CoOmTY ~TE)  COpi (T -TLD)

zeZ;meM*ie H: nH:_;;je PY nBl ;;ieS";jeC?;(i, j) e B;ie PA* (2.179)
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Equation (2.178) and (2.179) are same as the equation (2.73).Which
equation (2.179) is used to calculate flowrate within heat exchanger of pump-around

but equation (2.178) is not.

éz,H _az,H éz,l-l
ijm ijm ijm—1 H o z,H H
< +(2+Kz# —R2H —y2#). F,
U L 1) ijm=1 i i i
G e -5 Py -1 i i o
zeZ;meM*ieHLNH: ;;je PE NP ies¥; jeC?;(i,j)e Big PA* (2.180)
i ~Tir i
im im im—] ~
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Equation (2.180) and (2.181) are same as the equation (2.74).Which

equation (2.181) is used to calculate flowrate within heat exchanger of pump-aronnd

but equation (2.180) is not

~ >z - N ol H
;: Z(),'_;';,H _K,;’,”H _K&;"H)_AH;','H zeZ;meM*; ieH., \NHLNH, ;igS (2.182)
J€C; j € Py N\ Py NPyy,ysi & PA®

zeZ;meM?; ieH: ,NHINHZ, ieS? (2183)
jeC*;je PA . NPENEY, ;ie PA*

G2 >(YPr - KPP - RFE) -Colf(T -T)
Equation (2.182) and (2.183) are same as the equation (2.75).Which
equation (2.183) is used to calculate flowrate within heat exchanger of pump-around

but equation (2.182) is not

2.7.5 Temperature Difference Enforcing

These groups of equation are almost same as the equations in the

group 2.5.6 but some part are different.
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(2.184)

(2.185)

(2.186)

(2.187)

(2.188)

(2.189)

Equations (2.184) to (2.189) are same as the equation (2.88).Which
equation (2.185) to (2.189) are used to control temperature for pump-around heat

exchanger but equation (2.184) is not.
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Equation (2.190) and (2.191) are same as the equation (2.89).Which
equation (2.191) used to control temperature for pump-around heat exchanger but

equation (2.190) is not.
~2.H -2 H LH
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Equation (2.192) and (2.193) are same as the equation (2.92).Which

equation (2.193) used to control temperature for pump-around heat exchanger but

equation (2.192) is not.
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Equation (2.194) and (2.195) are same as the equation (2.94).Which
equation (2.195) used to control temperature for pump-around heat exchanger but
equation (2.194) is not.
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Equation (2.196) and (2.197) are same as the equation (2.99).Which
equation (2.197) used to control temperature for pump-around heat exchanger but

equation (2.196) is not.
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JeCINC:;ie PoNP;,;je Py NPL ;i€ PA

Equation (2.198) and (2.199) are same as the equation (2.101).Which
equation (2.199) used to control temperature for pump-around heat exchanger but

equation (2.198) is not.
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3.1.2 Apply The Grass-root Model

The studied variable in this work is the temperature intervals.
The target is the total cost for the heat exchange process. The simulations are
proposed to test with four examples and the optimal number of temperature

intervals is found to get the stable cost heat exchanger network.

3.1.3 Analyze The Objective Value Stability !

These included other costs which are utility, fixed and area cost.

3.2 Retrofit Design for Heat Exchanger Network

The retrofit design of heat exchanger network is improving the
existing heat exchanger network by adding area or adding the new heat
exchanger to the existing heat exchanger. The network from the retrofit model
is cheaper-cost than one of the existing network.

For retrofit model, additional equations are required to specify the
existing heat exchanger or indicate the existing matches between hot and cold
streams. The constraint equations 2.117 to 2.129 are mentioned in Chapter II.

The new parameters of existing network are added into the model.
3.3 Design of Heat Exchanger Network for Crude Fractionation Unit

A heat exchanger network in this part is designed by using the grass-
root constraint functions and constraint functions of pump-around. Not only is
this model used to design the heat exchanger network but it is used to select
the best values of flowrate of each pump-around also.

The methodology used for designing a heat exchanger network of

crude fractionation unit is consisted of

3.3.1 Relationship between Duty of Pump-Around and Side Stripper

The simulation software is used in this part to simulate a crude

fractionation unit consisting of crude fractionation column, pump-around and



58

side stripper. The product specification (,gap) is controlled by amount of
steam in each side stripper. In this part, the duty of each pump-around is
varied to find the steam used in each side stripper. By keeping total duty of

pump-around constant.

3.3.2 New Parameters and Equations
: From the grass-roc:t design of crude fractionation unit, the new

parameters such as the candidate values of pump-around flow rate and the
constraint functions of pump-around shown in the previous chapter are added

into the grass root model.
3.4 Retrofit of Heat Exchanger Network for Crude Fractionation Unit

The retrofit model for crude fractionation unit is used to improve the
existing heat exchanger network by adding area to the existing heat exchanger
or adding the new heat exchanger to reduce utility consumption. It can be done
by add constraint equations of retrofit from section 3.2 into the grass root

design model of section 3.3
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