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Abstract

This paper presents an optimisation model for §ymhesis of heat exchanger
networks (HEN) including the detailed design of #guipments formulated as a
decomposition method. Shell and tube pressure dandsfouling are considered,
as well as mechanical aspects, like shell and humelle diameters, internal and
external diameter of tubes, number of tubes, nurnbdaffles, number of shells,

tube length, tube arrangement and the fluid allonain the heat exchanger. The
optimisation model is based on area, energy andpmgncosts. The algorithm

combines two distinct models, in a decompositiortho@, a Mixed Integer Non-

Linear Programming (MINLP) superstructure simultaune optimisation model for

the heat exchanger network synthesis consideringarst splitting, assuming

isothermal mixing and a MINLP model for the detdilequipment design,

following rigorously the standards of the TEMA. Twramples from the literature
are used to test the algorithm developed, andebeglts confirm the achievement
of the optimum HEN configuration with the detailb@at exchangers design,
following the TEMA standards.

Keywords. Optimisation, heat exchanger network synthesiat B&changer design,
Mixed Integer Non Linear Programming, Mathematieedgramming.

Introduction

Heat exchanger network (HEN) synthesis has beeellastudied subject over
the last 40 years. As a research theme, numerqeshave been published focusing
distinct methods and techniques of synthesis. leatvery systems were always
subject of interest in synthesis studies. After flist energy crisis, during the
seventies, which can be considered as the dridrggfof the heat exchanger network
synthesis study, as a research area, a considénal#ase occurred in the number of
papers related to the subject. Industries, unittessand research centres became to
find solutions to minimize the use of thermal eryeli@m the burn of combustibles,
like crude oil.
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Many studies and methodologies were proposed temassible the energy
recovery between process streams, minimizing tiidesg consumption, the number
of heat transfer equipment and the gaseous antl lppllutant emissions from the
combustible burn and water usage.

Gundersen and Naess (1988) and Furman and Sahif@@02) published
complete reviews on HEN synthesis. Important resedines have being proposed,
like Pinch Analysis and Mathematical Programming.

Pinch Analysis uses thermodynamic concepts anddties, as can be seen in
the works of Linnhoff and Flower (1978), Linnhat al (1979, 1982), Linnhoff and
Hindmarsh (1983) and Linnhoff (1993, 1994).

In Mathematical Programming the HEN synthesisaated as an optimisation
problem. According to Grossmaret al (2000), a gradual evolution has occurred
relative to Mathematical Programming method uttima from the sequential
approaches, where one aims to obtain the probléatiGo step by step, as can be
seen in the papers of Cerda and Westerberg (1P8ppulias and Grossmann (1983),
Floudaset al. (1986), Colberg and Morari (1990) and Gunderseth @rossmann
(1990), to the works using simultaneous optimisgtiwhere all of the variables are
optimised simultaneously, as can be seen in YeeGmdsmann (1990), Ciric and
Floudas (1991), Quesada and Grossmann (1993), Aaamor Grossmann (1998) and
Bjork and Westerlund (2002). The HEN synthesis MiNjproblem formulations are
highly non-linear, and some papers, as Daichendt@mssmann (1994), Quesada
and Grossmann (1993) and Zamora and Grossmann)(189@ published using
global optimisation, trying to avoid local minima.

Although conventional MINLP methods are basedgralty on algebraic
discrete/continuous optimisation problems, a mad#hg Generalized Disjunctive
Programming (Raman and Grossmann, 1994, TurkayGaogdsmann, 1996 and Lee
and Grossmann, 2000) can combine logical and agelaquations, to represent
discrete decisions.

Nevertheless, the majority of published paperdHEN synthesis consider
constant heat transfer coefficients. This consittaracan achieve solutions very far
from the point of view of industrial application. f&w papers incorporate the design
of the heat exchangers in the HEN synthesis. Inwtbeks of Polley et al (1990),
Panjeh Shahi (1992) and Polley and Panjeh ShabRj1@ relationship between the
pressure drop and the individual heat transferfimberits was proposed using the
methods of Kern (1950) and Bell Delaware (Taboi€ig3).

Ravagnankt al. (2003) presented a methodology for the synthefsSidEN
including the thermo-hydraulic design of the heathengers. The HEN synthesis is
accomplished by using Pinch Analysis. The netwesrkvolved by identification and
loop breaking. After the evolution, the heat exdes of the network are designed
considering pressure drops and fouling with thd-Belaware for the shell side.

Frausto-Hernandeet al. (2003) presented a MINLP model to the synthesis of
HEN considering pressure drop effects. Heat trarcsfefficients are calculated based
on the fixed pressure drops, using the equatioapgsed by Panjeh Shahi (1992),
Polley and Panjeh Shahi (1992) and Podegl (1990).

Mizutani et al (2003a) presented a model of Mathematical Progriag to
the design of shell and tube heat exchangers. Tdoehis based on the Generalized
Disjunctive Programming (GDP) with a MINLP formutat and uses the Bell-
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Delaware equations to calculate heat transfer aaslspre drop at the shell side. The
objective function consists of the area and pumpingts. Based on this work,
Mizutani et al. (2003b) developed a model for thetlsesis of HEN based on the heat
exchanger design mod@lizutani et al., 2003a).

To the network synthesis, the logic based outeraqimation method of Turkay and
Grossmann (1996) was used.

Ravagnani and Caballero (2007a) proposed a matlwhatodel to find the
best shell-and-tube heat exchanger configuratisimguhe Bell-Delaware method for
the shell side thermal calculation and followingoriously the standards of the
Tubular Exchangers Manufacturers Association (TEMAYube counting table was
used in the optimisation model in a GDP propositteome variables are obtained by
using the proposition of Mizutani et al. (2003a)t, kalternatively, pressure drops and
fouling limits are considered in the model as irs@dies constraints. Also, some heat
exchanger parameters are considered as optimisasioables, as the tube length,
number of shells and baffle spacing.

In the present paper an algorithm is proposed ® HMEN synthesis
considering the detailed design of the heat exabi@n@s presented in Ravagnani and
Caballero (2007b). A bi-level decomposition mettemhsiders first an initial HEN
structure, obtained with an algorithm similar te fproposed by Yee and Grossmann
(1990) HEN synthesis method, based on a stagesuperstructure representation,
considering stream splitting and assuming isothermixing, and constant heat
transfer coefficients. For this initial HEN configiion, the heat exchangers are
detailed designed and the streams heat transféficopet recalculated. With these
new values, a HEN synthesis configuration is oleirand the global cost is
compared. The procedure continue until in two cousee iterations the objective
function of the structure with detailed heat exaes calculations is worst than the
previous structure involving detailed heat exchasmgealculations. This stopping
criteria is heuristic, and eventually it is possilb get trapped in a local optimum. It
is also possible perform two or three more iterstiin order to check if a better
solution is obtained, but experience show that ighisot usually the case. The mixed
integer non-linear programming (MINLP) model propdsin Ravagnani and
Caballero (2007a) is used for the design of shelltabe heat exchangers. The model
rigorously follows the Standards of TEMA and BeklBware Method and is used to
the shell side calculations. Mechanical design uiest (shell and tube bundle
diameters, internal and external tube diametels®duength, pitch and arrangement,
number of shells, number of tubes and tube passeb}Yhermal-hydraulic variables
(heat, area, individual and global heat transfezffaoent, shell and tube pressure
drops and fouling) are variables to be optimisduk €quipments are designed under
pressure drop and fouling limits. The great contiidn of this paper is, besides the
incorporation of the equipment detailed design &mel achievement of optimal
mechanical and thermo-hydraulical variables, therravdee of the use of the
standards of TEMA. The problem is solved using GAMS

Problem formulation

Given a set of hot and cold streams with theipgupnd target temperatures,
flow rates and physical properties (density, viggpsheat capacity and thermal
conductivity), pressure drop and fouling limits,\asll as hot and cold utilities with
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their temperatures and corresponding costs, thectg is to find the HEN with the
detailed heat exchangers design concerning thenmmi global annual cost,
considering utility, area and pumping costs. Thabj@m consists in to find the best
HEN configuration and to optimise the heat exchamgariables tube inside diameter
(din), tube outside diametedd), tube arrangemenai(), tube pitch §ft), tube length
(L), number of tubesN;), number of shell§NS) shell external diameteD§), tube
bundle diameter¥,y), number of bafflesNy), baffle spacingl{), heat duty Q), heat
exchange aread], tube-side and shell-side film coefficientg andhs), dirty and
clean global heat transfer coefficiendy(and U:), pressure dropsdP; and 4P),
fouling factor ¢d) and the hot and cold fluids allocation (tubesiuell).

For the problem solution, a HEN synthesis an dlgar similar to the stage-
wise superstructure representation of Yee and Graxiss (1990) is proposed together
with the heat exchangers design model presentRawagnani and Caballero (2007a)
for each network equipment, to find the minimumbglbannual cost, comprising
area, utilities and pumping costs. Isothermal ngxim each stage of the
superstructure is assumed to become some of tieprs constraints linear. Stream
splitting is considered in the HEN synthesis mo#&e&jure 1 presents a superstructure
for a problem with 4 streams, based in the work@é and Grossmann (1990). The
superstructure comprises stages, within each oflwheéat exchange occurs between
every hot stream and cold stream. Heaters and rsoate placed at the ends of the
streams, and isothermal mixing junctions are asdunmier simplicity. As
recommended by Yee and Grossmann (1990), the nuoflsages is the maximum
of the number of hot or cold streams.

Streams Stage 1 Stage 2

& O O O
o—TYo—

Hz Q ./ ©_>

- <_© Q 2R i O () :

« OO O

Figure 1 — Proposed superstructure in a four stsganoblem

Proposed Algorithm

The algorithm proposed in the present paper ctsngfsolving successively a
stage-wise superstructure model similar to the ¥ee Grossmann (1990) for the
HEN optimal configuration and the MINLP model of \Rgnani and Caballero
(2007a) for the optimal heat exchangers designs®ps are used:

Step 1: Generate an initial HEN configuration ksing the superstructure
model considering stream splitting, assuming isotla mixing and constant heat



Optimal Heat Exchanger Network Synthesis IncludimgHeat Transfer Equipment Design

transfer coefficients. Assume this HEN configuratias an initial guess to the
optimization problem. Sét=0.

Step 2: Solve the MINLP model of Ravagnani anddllaln (2007a) for each
heat exchanger and calculate the global annualafasie generated HEN. Skt k
+1. The result of this problem is an upper bounthefoptimal solution of the HEN

Step 3: Calculate the streams individual heatstearncoefficients considering
an average value proportional to the heat duty ted hot and cold fluid film
coefficients of each heat exchanger in the stream.

Step 4: Using these new heat transfer coefficisotge again the problem
obtained in step 1. If the HEN is the same as niteai one, stop. Otherwise, go to
step 5.

Step 5: Solve the MINLP model of Ravagnani anddllalo (2007a) for each
heat exchanger and calculate the global annualafasie generated HEN. Skt k
+1.

Step 6: If the object value is higher than theualctupper bound, stop.
Otherwise, go to step 7.

Step 7: Calculate the streams individual heatsteancoefficients considering
an average value proportional to the heat duty #ed hot and cold fluid film
coefficients of each heat exchanger in the stream.

Step 8: Using these new heat transfer coefficieggmerate a HEN
configuration by using the superstructure model satgring stream splitting,
assuming isothermal mixing. If the HEN is the saasethe anterior one, stop.
Otherwise, go to step 9.

Step 9: Solve the MINLP model of Ravagnani anddllalo (2007a) for each
heat exchanger and calculate the global annualafasie generated HEN. Skt k
+1. If the value is higher than the actual onep s@therwise, go to step 7.

Figure 2 presents a flowchart that representsi¢iveloped algorithm.

Case Studies

Two examples are presented to illustrate the pialent applicability of the
proposed algorithm for the synthesis of HEN consndethe detailed design of the
heat exchangers. The objective function for themgtas consider area, utilities and
pumping costs.

Case 1: This example was extracted from Mizutaial. (2003b). The objective
is to find the optimal heat exchanger network agunfation with the equipments
detailed design. The problem has 2 hot and 2 d¢oddms and a hot and a cold utility
are available. Temperatures, flow rate and phygicaperties of the streams and
utilities, pumping, area and cost data are showmaisle 1.
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Generate an initial HEN configuration by using the superstructure model
considering constant heat transfer coefficients. Set k=0.

Solve the MINLP model of the detailed design for each heat exchanger and
calculate the global annual cost of the generated HEN.

A

» Calculate the individual heat transfer coefficients for each stream.

A

Generate a HEN configuration by using the superstructure model
considering the calculated heat transfer coefficients. Set k=k +1.

Is the HEN Y
the same as the
anterior one?

Solve the MINLP model of the detailed design for
each heat exchanger and calculate the global annual
cost of the generated HEN.

'

Is the HEN global
cost higher than the Y
N current one?

Figure 2 — Developed algorithm

Also, as an initial estimative, overall heat tramsfoefficients are assumed to be
444 WiInfK, for stream-stream and stream-utility matches.

By using the proposed algorithm, in the first stepetwork configuration is
generated as an initial guess considering the strpeture model similar to the Yee
and Grossmann (1990). Figure 3 shows this inibalffiguration, considering stream
splitting. This consideration makes the HEN suuetdifferent from the obtained in
the paper of Mizutani et al. (2003b).

Following the proposed algorithm, for the networkkusture, the heat
exchangers are designed, by using the MINLP mqatehosed by Ravagnani and
Caballero (2007a). The area and pressure drop svaleeused to calculate the HEN
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global annual cost. The value obtained is 96,38 #ear. Table 2 presents the
details of the equipments design.

Table 1 — Streams and cost data
Stream| T, Tout m U 0 Cp k AP rd
(K) (K) | (ka/s) | (kg/ms)| (kg/m®) | (I/kgK) | (W/mK) | (kPa) | (W/mK)

H1 368 348 8.15 2.4e-4 634 2454 0.114 68,95 1.7g-4
H2 353 348 81.5 2.4e-4 634 2454 0.114 68,95 1.7g-4
Cl 303 363 16.3 2.4e-4 634 2454 0.114 68/95 1.7e-4
C2 333 343 20.4 2.4e-4 634 2454 0.114 68/95 1.7e-4

uQ 500 500
UF 300 320
Area cost 1000 + 60.A° Ain nt

Pumping cost 9.7@P'mip" + AP*m%p®), 4P in Pa,min kg/s ang in kg/n?
Hot utility cost = 60 $/kW.year

Cold utility cost = 6 $/kW.year

Initial overall heat transfer coefficients = 444 MK

H1 20 368 @ 348 o
H2 200 353 180 348

\

(e2)

o T -
-
()

363 i 303
C1 H1 255
(1500 kw) (900 kw)
343 333
2w O 335

(400 kW ) (100 kw)
Figure 3 — Case 1 HEN initial configuration

With the hot and cold heat transfer coefficientsl #ime heat duty for each
heat exchanger in the network, the streams indalidiilm coefficients are
calculated. With these streams heat transfer iddaticoefficient, the HEN synthesis
superstructure model is used to generate a newedxehinger network. Figure 4
presents the new heat exchangers network.

For this new structure, the heat exchangers aligroel by using the MINLP
model, proposed by Ravagnani and Caballero (200%e&.area and pressure drop
values are used to calculate the HEN global anonstl Table 3 presents the details
of the equipment design. The value obtained is1&@5 $/year. This value is less
than the first HEN cost. So, the procedure mustigoa. With the hot and cold heat
transfer coefficients and the heat duty for eacht lexchanger in the network, the
streams individual film coefficients are calculat®dith these streams heat transfer
individual coefficient, the HEN synthesis supersttue model is again used to
generate a new HEN, presented in Figure 5.

For this structure the heat exchangers are designedising the MINLP
model, proposed by Ravagnani and Caballero (200adje 4 presents the details of



the equipment design. The value obtained is 969833/year. This cost value is
higher than the previous one. According to the pse methodology, the procedure
must stop. So, the procedure must finish and thé&l ld&nfiguration presented in
Figure 4 is the best one. Table 5 presents thieigmo of the algorithm for this case

study.
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Table 2 — Case 1 initial HEN detailed equipmenigtes

El E2 E3
Area () 53.855 71.203 15.953
Q (W) 400000 900000 100000
MLDT (K) 18.35 35.53 16.45
Ft .9129 0.9847 .9938
Ntp 4 4 2
NS 1 1 1
Ds (M) 0.533 0.787 0.387
Doy (M) 0.489 0.746 0.356
Nt 246 366 82
Nb 11 3 6
Jex (Mm) 19.05 25.40 25.40
di, (mm) 17.00 23.00 23.00
pt (mm) 25.40 31.75 31.75
L (m) 3.658 2.438 2.438
hs (W/m°C) 1276.793 952.245 1058.382
h, (W/mP°C) 1603.279| 1138.379] 1241.499
U, (W/m°C) 529.015 415.047 449.817
Ug (W/m°C) 443.381 361.281 387.344
AP, (kPa) 8698.031| 2868.276] 1758.18[1
AP (kPa) 2124.866 480.992 1152.250
rq (MPC/W) 3.65e-4 3.5%-4 3.59e-4
arr square square square
Hot fluid allocation tubes shell tubes
Pumping cost ($/year) 126.128 90.573 41.754
Area cost ($/year) 6,128.98
Pumping cost ($/year) 258.455
Utility cost ($/year) 90,000.00
Global annual cost ($/year) 96,387.435

H1

H2

C1

Cc2

20

200

40

50

368

(k1)

348

348

@

328

303

A\

363 ( )
H1 338

(1000 kW)

O——G

(400 kW

)

(1000 kw)

333

343
<« H2

(500 kW)

Figure 4 — Case 1 second HEN structure
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368 /—\ 348
H1 20 El >
N
348
H2 200 353 (£2)}-2525 (£3) >
1 i
303
c1 w0 I8 ()35 O
@oookw) /7 O\ (900 KW)
40
343 @ookw) /T 333
e 0 \_J/

(100 kW)

Figure 5 — Case 1 third HEN structure

Table 3 — Second Case 1 HEN detailed equipmengnlesi

E1l E2
Area (1) 40.279 78.207
Q (W) 400000 1000000
MLDT (K) 24.66 34.03
Ft .942 0.981
Ntp 1 1
NS 1 1
D, (m) 0.387 0.787
Dog (M) 0.356 0.746
Nt 138 402
Nb 34 13
e (MM) 19.05 25.40
diy (Mm) 17.00 23.00
pt (mm) 25.40 31.75
L (m) 4.877 2.438
hs (W/m?C) 1253.196 1011.032
h (W/m?C) 1462.278 1262.464
U, (W/m?™C) 506.567 443.943
Ug (W/m?™C) 427.504 382.980
4P, (kPa) 2151.818 914.384
4P (kPa) 3918.412 738.935
rq (MPC/W) 3.65e-4 3.59e-4
arr square square
Hot fluid allocation shell tubes
Pumping cost ($/year 73.98 95.58
Area cost ($/year) 5,844.09
Pumping cost ($/year) 169.56
Utility cost ($/year) 90,000.00
Global annual cost ($/year) 96,013.4

b5

There are some very important considerations mpaoing this algorithm
procedure with the proposed in the work of Mizutanhal. (2003b). To compare
the proposed procedures in the present paper, aisiEjthesized without stream
splitting. The best network structure is the samé¢ha obtained in Mizutarat al.
(2003b) and can be seen in Figure 6. It has twoga®to-process heat exchangers
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and two heaters but with different streams and toay allocation, when
compared with the best HEN obtained considerirgpstr splitting.

Table 4 — Third Case 1 HEN detailed equipment ahesig

E1l E2 E3
Area (n?) 55.384 48.636 72.954
Q (W) 400000 100000 900000
MLDT (K) 19.57 14.23 35.23
Ft .9045 0.9958 .9861
Ntp 1 1 8
NS 1 1 1
Dg (M) 0.387 0.635 0.737
Dog (M) 0.356 0.594 0.659
Nt 138 250 500
Nb 34 3 3
e (MM) 19.05 25.40 19.05
diy (Mm) 17.00 23.00 17.00
pt (mm) 25.40 31.75 25.40
L (m) 6.706 2.438 2.438
hg (W/rnzOC) 1099.260 248.726 1253.11b
hy (W/rr12°C) 1462.278 1846.069 909.036
U, (W/m2°C) 479.429 199.753 407.872
Ug (W/m2°C) 408.013 145.100 355.007
AP, (kPa) 2738.570 2237.868 3643.370
AP, (kPa) 3391.288 9.898 1112.43%
rq (MPC/W) 3.65e-4 2e-3 3.65e-4
arr square square square
Hot fluid allocation shell tubes shell
Pumping cost ($/year) 79.802 201.41y 116.494
Area cost ($/year) 6,436.24
Pumping cost ($/year) 397.71
Utility cost ($/year) 90,000.00
Global annual cost ($/year) 96,833.95

Table 5 — Case 1 algorithm evolution

Global annual cost ($/year)
Initial guess (considering constant heat transfer 95,969.43
coefficients)
Iteration 1 96,387.44
Iteration 2 96,013.65
Iteration 3 96,833.95

Table 6 presents a comparison between the heategels details. In the
work of Mizutani et a. (2003b), it is assumed thkitthe heat exchangers have one
tube passes, to avoid the correction factor td.M&D calculus, i.e.Ft is equal to 1.

In the present paper, thd is calculated and it is always less than 1. It mean
increase in the heat exchangers area. Also, thgrekek heat exchangers are in
accordance with the standards of TEMA. It doesauaur with the Mizutani’s heat
exchangers. The authors use, for example, forritegnal and external diameter the
values of 21.18 and 25.40 mm for the first heaharger and 46.58 and 50.80 mm

10
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for the second one. Table 7 presents the finaltsgszonsidering and not considering
stream splitting, when compared with the resultMutani et al. (2003b). It can be
noted that the HEN configuration obtained consitgstream splitting has a better
objective value when compared with the configuratiath no stream splitting, but
worst than the obtained by Mizutagtial. (2003b). It can be explained because of the
TEMA standards, which give to the problem resultser to the industrial reality.

This is one of the contribution of the current pagdso, it is important to consider
theFt calculus. IfFt is equal to 1, the heat exchangers will have abdwiaghell, what

is not always true in industrial applications, ak be demonstrated in Case 2.

Table 6 — Heat exchangers details with no stredittisg

HE1 HE2
Mizutaniet Present | Mizutaniet | Present
al. (2003b) paper al. (2003b) paper
Area () 33.30 36.12 56.20 62.303
QW) 400000 400000 1000000 1000000
MLDT (K) 20.42 34.03
Ft 0.931 0.981
Ntp 2 4
NS 1 1
Ds (M) 0.400 0.337 0.650 0.686
Doy (M) - 0.305 - 0.645
Nt 86 90 72 427
Nb 13 98 10 3
Jex (Mmm) 25.40 19.05 50.80 19.05
din (mm) 21.18 17.01 46.58 17.01
pt (mm) -- 25.40 -- 25.04
L (m) - 6.71 2.438
hs (W/m°C) - 2409.240 - 1461.136
h, (W/m?°C) - 2058.445 - 1795.721
U, (W/m?C) - 740.316 - 583.164
Ug (W/m°C) 588.00 582.796 523.00 480.798
AP, (kPa) - 11852.116 - 8828.816
AP (kPa) - 2758.613 - 1494.899
rq (MPC/W) - 365e4 | - 3.65e-4
arr square square triangular squarg
Hot fluid shell tubes tubes shell
allocation
Pumping cost -- 168.784 -- 293.408
($lyear)

Table 7 — Final results for the Case 1

Mizutaniet al, 2003b Present paper Present paper
(no stream splitting and  considering no considering
Ft=1) stream splitting stream splitting
Global annual cost 95,852.00 96,137.71 96,013.65
($lyear)
Area cost ($/year) 5,608.00 5,675.52 5,844.09
Pumping cost 244.00 462.19 169.56
($lyear)
Utility cost ($/year) 90,000.00 90,000.00 90,000.00
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Heo 28 (e1) 248,
N
348
Hp 353 (e2) >
303
c1 363 H1 328
(1400 kW) (1000 kW)
343 341 333
C2 H2 O
(100 kW) (400 KW )

Figure 6 — Best HEN configuration with no strearhtspg

Case 2: This example was also extracted from Mizutani e{2003b). Three
hot and three cold process streams are considesedell as a hot and a cold utility.
Stream physical properties, temperatures, flow aatk cost data are shown in Table
8. By using the HEN synthesis superstructure mpdgbosed, similar to the work of
Yee and Grossmann (1990), an initial network stmecis synthesized, considering
constant heat transfer coefficients. This iniieht exchanger network configuration
is presented in Figure 7.

For this initial structure, the heat exchangees @esigned, using the MINLP
model proposed by Ravagnani and Caballero (20@ra),the global annual cost is
obtained. The equipment details are shown in T@ble

The next step is to use the individual heat transbefficients to calculate the new
streams film coefficient, by using an average vatomsidering the stream heat
exchangers duty. With these new values, the HENhggis procedure is used to
generate a new heat exchangers network. The sstamture is shown in Figure 8.

Table 8 — Example 2 data
Stream T | Tout m Cp k

1 p AP rd
(K) | (K) | (kals) | (AkgK) | (W/mK) | (kg/ms) | (kg/m?P) | (KPa) | (m’K/W)

H1 423 | 333 16.3 2454 114 2.4e-4 634 68.95 1.7e+4
H2 363 | 333 65.2 2454 114 2.4e-4 634 68.95 1.7e+4
H3 454 | 433 32.6 2454 114 2.4e-4 634 68.95 1.7e+4
Cl 293 | 398 20.4 2454 114 2.4e-4 634 68.95 1.7e:4
Cc2 293 | 373 24.4 2454 114 2.4e-4 634 68.95 1.7e:4
C3 283 | 288| 65.2 2454 114 2.4e-4 634 68.95 1.7et4
uQ 700 | 700

UF 300 | 320

Area cost =1000 + 60.R° ($/year), Ain m
Pumping cost 4.3¢P'm/p' + APm%p%), AP in Pa,min kg/s and in kg/n?
Cold Utility cost = 6 ($/kW.year)
Hot Utility cost = 60 ($/kW.year)
Initial overall heat transfer coefficients = 444K
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m.Cp
423 [\ 41082 41175 333
H1 40 353 E2 E4 >
N N
07 £1) 41874
Ly 190 363 4 @ 333
N
N
H3 a0 2% @ 443 @7 433
\C
20 398@
c1 s 3% [asse  (20) 380 /oo (3150) 353/ \\ 293
N
(880) (1200)
373 360.167 /383 /0 293
C2 60 H1
( > \_/ \_/
(770) (430) (3600)
C3 160 288 /_ \ 283

(800)
Figure 7 — Case 2 initial HEN configuration

The equipments are designed and a new global isosialculated and
compared with the anterior one. Table 10 preséiateat exchangers design. The
global cost is 69,165.48 ($/year). This value sslthan the previous one. It means
that the procedure must continue, and new strealms doefficient must be
calculated and a new HEN configuration must be gead. Using the HEN
synthesis procedure a new structure is generatdd &81the same as presented in
Figure 8. So, the procedure must finish, and tfENHs assumed to be the best
one. Table 11 shows as the global annual costsvdtigng the iterations.

m.Cp
423 412.25 /TN 333
H1 40 El E2 »
N Ny
o 363 @ 3405 o345 \ES 333
106.67 E6
H3 w0 54 @ 433,
32.68 \l'/ Q_\
c1 s <8 Juw /1\ (3170) 301 N 293
\_/ \_/
(1680) (400)
373 360.167/7 O\ 353/ \ 293
C2 60 4—@
NN
(770) (430) (3600)
288 N 283
C3 160 -
\_/

(800)
Figure 8 — Case 2 second HEN configuration
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Table 9 — Equipment design for the Case 3 initiaicture
Global 70,070.18
annual cost
($lyear)
Area cost 21,509.38
($lyear)
Pumping 2,360.79
cost ($/year)
Utility cost 46,200.00
($lyear)
El E2 E3 E4 E5 E6 E7
Area () 3.113 21.789 34.434 2009.89 342.74 1088|04  48.636
Q (kW) 20 430 880 3150 1200 3600 800
Ds (M) 0.205 0.438 0.489 1.118 0.684 1.524 0.635
Doy (M) 0.173 0.406 0.457 1.073 0.644 1.478 0.594
Ft 0.9867 0.9959 .9906 .8353 0.805p 0.80%2 0.9996
NS 1 1 1 4 2 2 1
Ntp 2 1 1 8 4 1 1
Nt 16 112 236 1252 427 2485 250
Nb 11 5 6 29 24 11 3
Jex (Mmm) 25.40 25.40 19.05 19.05 19.04 19.05 25.40
di, (mm) 23.00 23.00 17.00 17.00 17.0( 16.00 23.00
pt (mm) 31.75 31.75 25.40 25.40 25.40 25.40 31.75
hs (W/n™°C) | 302.457 | 968.172| 1169.844 701.909 1044.546 1132/878B4.904
h, (W/m™C) | 1444.917| 876.005] 1657.401 1050.095 1031371 887/10344.258
L (m) 2.438 2.438 2.438 6.706 6.706 3.658 2.438
U. (W/m™C) | 224.277 | 372.589| 515.854 343.779  406.281  381.f20 .9663
Ug (W/m°C) | 207.584| 328.679  434.099 305.443  353.802 334.389D7.918
AP (kPa) | 2512.266| 387.919] 1831.848 41576.000 9982106 6837.2469.051
AP, (kPa) | 315.890 | 850.874| 1080.868 2517.088 3888.766 1353.1633.456
rq (MPC/W) | 3.59e-4 3.5%-4 3.65e-4 3.65e-4 3.65¢-4  A7le 7e-3
arr square square square squarg square square square
Hot fluid tubes tubes tubes shell shell shel shell
allocation
Pumping 15.273 54.009 162.078 1125.88  296.787 477.922  238|7
cost ($/year)

If the parameters of Mizutarat al. (2003b), are used in the present paper
proposed methodology, i.e., considering no streplittisg andFt = 1, assuming
that all the heat exchangers have 1 shell, thdtseate very different. Table 12
shows the heat exchanges details for the best HiENn®d, presented in Figure 9.
Obviously, the equipments have less area becaube ofeglectedrt calculus and
because of the number of shells. It means that ameapressure drops will be
smaller. All the equipments have one shell andglbbal cost (area and pressure
drop) is lower than the obtained in Table 10. HogveWable 10 presents more
realistic results. Besides, they are in accordamtie the standards of TEMA. A
comparison with the results presented in Mizu&ral. (2003b) is shown in Table

13.
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Table 10 — Equipment design for the Case 3 secoadisre

Global annual cost 69,165.48
($lyear)
Area cost ($/year) 20,887.57
Pumping cost ($/year 2,077.91
Utility cost ($/year) 46,200.00
E1l E2 E3 E4 E5 E6
Area () 21.789 2873.56 1332.35 53.986 28.79P 48.636
Q (kw) 430 3170 3600 1680 400 800
Ft 0.9966 0.805 7759 .953 0.9934 0.997¢
NS 1 4 2 1 1 1
Ntp 1 8 6 4 1 1
Ds (M) 0.438 1.320 1.320 0.635 0.489 0.635
Dy (M) 0.406 1.270 1.270 0.594 0.457 0.594
Nt 112 1790 1826 370 148 250
Nb 5 14 8 3 4 3
ey (MM) 25.40 19.05 19.05 19.05 25.04 25.40
di, (mm) 23.00 17.00 17.00 17.00 23.00 23.00
pt (mm) 31.75 25.40 25.04 25.04 31.75 31.75
hs (W/mf°C) 833.866 521.208 1131.062 1183.621  1039.313 729.913
h, (W/m”C) 968.388 845.080 1072.545 1031.130 975.242 1116.833
L (m) 2.438 6.706 6.096 2.438 2.438 2.438
U, (W/mC) 366.369 272.635 426.365 425.690 402.515 363.836
Ug (W/m™C) 323.829 247.955 368.934 368.431 351.749 321.849
AP, (kPa) 490.642 | 25517.668 15159.264 2437.8[6 498.822 664.88
AP, (kPa) 680.592 602.480 2211.578 662.63¢% 639.001 500.040
rq (MPC/W) 3.59e-4 3.65e-4 3.65e-4 3.65e-4 3.59¢e-4 34596
arr square sguare square squarg square square
Hot fluid allocation tubes shell shell shell tubes| tubes
Pumping cost ($/year 50.45( 716.926 1054.109 .58 48.955 127.883

Comments

For the first case studied, the final overall

hdéainsfer coefficients

considering fouling effects shows that the inigatimative (444.00 X 427.504 and
444.00 X 382.980) were not too bad. The HEN syritledsin the present paper is
different from the obtained using the procedureMitutani et al. (2003b). It is
because the authors use a non-stream splitting Ifardiéde HEN synthesis andr
correction factor equal to 1, in the MLDT calcul¥8henFt is smaller than 1, areas
are larger. Besides, the standards of the TEMAnaterigorously considered, for
example, in the internal and external tubes diamé&tee authors also did not publish
all the details of the equipments as tube lengtimiver of baffles and so one.
Obviously, theFt correction factor, the tube length and the insidd outside tube
diameters as well as the tube arrangement and Ithds fallocation are the
responsible for these differences.
In the second case studied, the number of heaersoolers explain the large
difference between the global annual costs. Initbik of Mizutaniet al. (2003b), the
initial structure has 2 coolers and 1 heater, amal utility costs are the main
responsible for the total cost. In the present papaly 1 heater is considered in the
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guess structure. As in the anterior case, thayabst is the main responsible for the
high global annual cost. It is important to commdatwever, that if th&t is assumed
to be 1 the number of shells will be 1. It is noietin this example, as can be seen in
heat exchangers E2 (4 shells) and E3 (2 shellshanfinal HEN. It means that in
these cases, the heat exchange area must by medltlp 4 or 2, as well pressure
drops, in each case. It is not considered in dy@ep of Mizutaniet al. (2003b). It
makes the area and pumping costs very different.

The models were solved with GAMS, and the sol&B8 and DICOPT were
used. The final results were obtained always iass than 1000 seconds range, in a
Pentium IV 1.7 GHz. The problem with the modelsg do the high degree of
complexity, is the dependence with the variablagalisation. Much time can be
spent to adjust variables to obtain ideal upperlaner limits, to avoid local minima,
very common in this kind of problems.

Conclusions

In this paper an algorithm for the synthesis ofNHEcluding the detailed
design of the equipments is proposed. It is based decomposition method that
includes a MINLP model for the optimal synthesisHEN and a MINLP model for
the optimal design of a shell and tube heat exatvadgsign, following rigorously the
standards of TEMA. The global annual cost objectiwection takes in account
investment, utility and pumping costs. An initiaEN configuration is synthesized by
using constant heat transfer coefficients, considehe possibility of stream splitting
and assuming isothermal mixing. The equipmentsdasegned and the individual
stream film coefficients are calculated. With theskies, a new HEN configuration
is generated and its structure is compared witHitsieone. If it is different, the HEN
equipments are designed and the global annualisostlculated. The new heat
transfer coefficients are calculated and the objedunction is tested. If it is smaller
than the anterior one, the procedure must contitiugot, the procedure must stop
and the HEN with the smallest global annual coassumed as the best one.

Two examples were used to describe the algoritpptiability, comprising
two different possibilities in the algorithm usehéTlfinal results obtained in this paper
are more realistic than the presented in the tileea because of the TEMA standards,
the use ofFt correction factor and the number of shells. In ¢$keeond case, a big
difference exists in the results obtained. The abje value is minor because of the
large use of utilities in the solution presentedMrzutani et al. (2003b). The heat
exchangers most important variables in manufagutie equipment are available.
Moreover, the designed heat exchangers are riggransaccordance with the
standards of the TEMA. Certainly the tube lengtimtly with the number of tubes,
the number of shells and the heat exchangers aoafigns are the responsible for
the differences in the compared results.

Table 11 — Case 2 Global annual cost
Global annual cost ($/year)

Initial guess (considering constant heat transfer 60,537.87
coefficients)
Iteration 1 70,070.18

Iteration 2 69,165.48

16
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The algorithm presents always the best HEN cordiiion considering stream
splitting, assuming isothermal mixing. It presealtso the detailed heat exchangers
design, rigorously according the Standards of TEMA.

423 TN 333
H1 E4 >
N
363 340.5
H3 454 @ 448625\ |43
c1 308 389 /7 O\ 317
B \_/
(450) (3600) (1200)
373 360.167 33 293
C2 H1
N Nl
(770) (430) (3600)
2 N 263
D N

(800)
Figure 9 — Case 2 best HEN configuration with meash splitting

Table 12 — Equipment design for the Case 2 witktream splitting anét =1
Global annual cost 61,795.87
($lyear)
Area cost ($/year) 14,546.17
Pumping cost ($/year 1,049.70
Utility cost ($/year) 46,200.00
E1l E2 E3 E4 E5 E6
Area () 33.072 28.792 482.004 463.338 48.63p 108.264
Q (kW) 430 450 3600 3600 800 1200
Ds (m) 0.533 0.489 1.067 1.118 0.635 0.838
Dy (M) 0.489 0.457 1.022 1.073 0.594 0.796
Nt 170 148 1201 1848 170 348
Nb 4 4 31 21 6 3
ey (MmM) 25.40 25.40 19.05 19.05 25.04 19.05
diy (Mmm) 23.00 23.00 14.00 17.00 23.00 17.00
pt (mm) 31.75 31.75 25.04 25.04 31.75 25.04
hs (W/mC) 952.348 | 711.250 925.368 825.08[L 1134.904 954.308
hy (W/m2°C) 1207.505] 927.190 1039.974 1038.511 1544.258 1184.13
L (m) 2.438 2.438 6.706 6.096 2.438 2.438
U, (W/m™C) 424.903| 334.770 354.023 369.228 503.966 756.005
Ug (W/m°C) 137.251| 298.893 310.295 325.368 107.8175 571.404
AP, (kPa) 823.566 443.111 1390.571 7048.236 1469.051 791.090
AP, (kPa) 831.579| 493.491 1677.972  813.836 633.456 419.5P5
rq (MPC/W) 5e-3 3.59e-4 3.98e-4 3.65e-4 0.007 3.65et4
arr square square square squarg square square
Hot fluid allocation tubes shell tubes tubes shel tubes
Pumping cost ($/year 96.657 51.523 269.858 269.614238.742 123.310
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Table 13 — Case 2 final results

Mizutani et al. (2003b) Present paper considenimg| Present paper
stream splitting anéft = 1
Total annual cost ($/yeatr| 202,920 61,795.87 694565
Area cost ($/year) 12,388 14,546.17 20,887.57
Pumping cost ($/year) 17,076 1,049.70 2,077.91
Utility cost ($/year) 153,456 46,200.00 46,200.00

Nomenclature
A
Ocost
arr

ay, &, & anday
b]_, bz, b3 andb4
Ccost
Cp
ex

din
Dotl
Ds

Fe
Fsbp
fls

fl;

Ft

hoi

hs

h

Jb

Jc

ji

Ji

L

le
LMTD
ls

m

Nb

Nc
Ncw
NS

Nt

Nip
Nu

I:)COSt

heat exchange area

area cost constant

tube arrangement

empirical coefficients for Equations 69 — 72 and 78
empirical coefficients for Equations 73 — 76 &%d 80
pumping cost constant

heat capacity

tube outside diameter

tube inside diameter

tube bundle diameter

shell external diameter

fraction of total tubes in cross-flow

fraction of cross-flow area available for bypfess
shell-side Fanning factor

tube -side Fanning factor

correction factor of LMTD

shell-side heat transfer coefficient for an Idebe bank
shell-side film coefficient

tube-side film coefficient

correction factor for bundle-bypassing effects
correction factor for baffle configuration eftec
Colburn factor

correction factor for baffle-leakage effects

tube length

baffles cut

log mean temperature difference

baffle spacing

mass flow rate

number of baffles

number of tube rows crossed in one cross-flastice
number of tube columns effectively crossed icheaindow
number of shells

number of tubes

number of tube passes

number of Nusselt

pumping cost
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pn tube pitch normal to flow

pp tube pitch parallel to flow

Pr number of Prandtl

pt tube pitch

Q heat duty

Re number of Reynolds

Rb pressure drop correction factor for bundle-bgpagseffects
rq fouling factor

RI pressure drop correction factor for baffle-legkaffects
Sm reference normal area for shell-side flow

Ssb shell-to-baffle leakage area

Stb tube-to-baffle leakage area for one baffle

Sw area flow thought the window

Swg gross window area

Swit window area occupied by tubes

T temperature

Uc clean overall heat transfer coefficient

Uqg dirty overall heat transfer coefficient

Vi tube-side fluid velocity

d binary variable which defines tube pattern ageament

W9 binary variable which defines internal tube déien
yex binary variable which defines external tube dien
y binary variable which defines the fluid alloceti

binary variable which defines the tube length
ys binary variable which defines the baffle spacing
ynt binary variable which defines the variables able 1
es binary variable which defines the shell-side iR#gls number
year binary variable which represent8® andy®"
€ roughness
AP pressure drop
APy shell-side pressure drop for ideal cross-flow
APy pressure drop for the window
k thermal conductivity
)7 viscosity
P density
index:
h hot fluid
c cold fluid
s shell-side
t tube-side
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