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Abstract

In this article, we extend a previously developed globally optimal enumeration methodol-
ogy for the synthesis of heat exchanger networks (HENS) to include the basic design of
heat exchangers (HEXs). The method addresses together all trade-offs between network
structure, energy usage, and the basic design of the HEXs. Without loss of generality,
we focus on shell-and-tube HEXs. Unlike previous approaches, such as Pinch Analysis,
Metaheuristic methods, or Mathematical Programming, our procedure guarantees global
optimality. The procedure is not iterative and does not present any convergence chal-
lenges. We enumerate HEN structures using a mixed-integer linear programming
method and we use Set Trimming followed by sorting for the HEX design. In addition,
because some network structures are incompatible with single shell exchangers, we use
multiple shell exchangers in series. The comparison of the results of the proposed

approach with solutions obtained using two alternative methods extracted from the lit-
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1 | INTRODUCTION

The heat exchanger network (HEN) synthesis problem is a well-
researched subject due to the importance of energy recovery in
chemical processes. This problem was intensively studied using algo-
rithmic approaches based on thermodynamic principles (i.e., Pinch
Analysis and others), which exhibited several limitations. The lack of
local (much less global) optimality is the most important of these
limitations. Later, Mathematical Programming as well as Metaheuristic
methods were also introduced.*

There is abundant literature on HEN synthesis: more than 4000
papers and counting? Except for a relatively small number of papers, all
research relied on a priori selected fixed film heat transfer coefficient for
each of the streams. Such fixed values were widely used for all exchangers
between two streams, regardless of the presence of stream splits, and the

assumption was considered reasonable. Thus, one can say that the original

erature indicates that considerable cost reductions may be obtained.

decarbonization, global optimization, heat exchangers networks

three-step approach (targeting followed by network design and subse-
quently performing exchanger design) of the Pinch Design Method,
evolved into a two-step approach (network design followed by exchanger
design), used by the majority of the Mathematical Programming
approaches and to a great extent the Metaheuristic approaches. The limi-
tations of this approach started to be pointed out very early by Polley and
Shahi,2 mainly focusing on the lack of consideration of pressure drop in
the synthesis. Other limitations, like solutions with exchangers impossible
to build in practice, were seldom discussed, if at all.

Because of the limitations of the conventional HEN synthesis
approaches based on fixed values of film heat transfer coefficients,
different alternatives were developed for solving the HEN synthesis
and the associated heat exchanger (HEX) design problems. In addition,
most literature considers shell-and-tube HEXs, the exception being
Wang et al.* who considered detailed plate HEX design. The review

paper by Li et al.2 discusses this issue and concludes that “HENS
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design is essentially an mixed-integer nonlinear programing (MINLP)
without the guaranteed optimal solution. Optimization with the
detailed thermal-hydraulic performance has introduced more discon-
tinue [sic] and nonlinear terms, making the HEN model more difficult
to solve.” They continue by recognizing that initialization is hard to
come by and that although “heuristic” methods are successful, they
obtain nothing more than local solutions. They also state that the
state of the art is the use of sequential methods of designing the net-
work first and then designing the exchangers, sometimes using some
feedback loops to iterate.

In response to the pessimistic view of Li et al.? namely that the PSE
community is trapped in a (for now) unsolvable problem of not being
capable of solving a large and complex mixed integer nonlinear optimiza-
tion model (MINLOM) to global optimality, we present in this article an
alternative to the use of MINLP procedures, showing that it is possible to
solve this problem to global optimality after all. We prefer MINLOM to
“MINLP model,” a commonly used acronym that we believe mixes the
mathematical nature of the model with its solution using mathematical
programming, even though it can be solved using other approaches.

Previous papers that addressed the HEN-HEX design optimiza-
tion can be organized into three different approaches, according to
the HEN synthesis technique used: Pinch Analysis, Metaheuristic
methods, and Mathematical Programming.

Polley et al.” extended the Pinch Analysis to consider pressure drop
in the retrofit of HENS, by using a relationship between pressure drop
and film heat transfer coefficients that they developed. The concept
was extended to HEN grassroots design by Polley and Shahi,® where
they fixed the pressure drops in the targeting step of Pinch Analysis
and obtained the film heat transfer coefficients or vice versa. Liporace
et al.® used Pinch Analysis to identify the structure of the HEN, fol-
lowed by the basic design of each exchanger using the procedure pro-
posed by Jegede and Polley.” Based on the results, they showed that it
is possible to exclude matches using ad hoc criteria and redesign the
network. Ravagnani et al.% used Pinch Analysis to obtain a HEN associ-
ated with maximum energy recovery, followed by a heat load loop-
breaking procedure. Once a network is obtained, the basic design of
each HEX is performed considering the Bell-Delaware method and
tubular exchanger manufacturers association standards. Garcia et al.”
proposed a hybrid method for the synthesis of HENs and detailed
exchanger design. The method combines Pinch Analysis with Mathe-
matical Programming and a Bell-Delaware-based algorithm to design
the HEXs. They used decomposition and a recursive algorithm. Akbari
et al.° proposed a new area targeting based on stream allocation to
shells or tubes. The whole methodology incorporates area targeting in a
methodology similar to supertargeting of the minimum temperature

approach (ATpin). Zunlong et al.t!

proposed the utilization of Pinch
Analysis and exergoeconomic analysis for the determination of the opti-
mal minimum temperature approach, followed by the synthesis using
Pinch Analysis and the design of the different HEXs considering the
pressure drop distribution among HEXs of each stream. Allen et al.1?
used Pinch Analysis for the HEN synthesis and a genetic algorithm
(GA) for the design of HEXs. The procedure is repeated for different
values of the minimum temperature approach and the lowest cost solu-

tion is then selected. Serna-Gonzalez and Ponce-Ortega®® considered a

three-way trade-off between utility consumption, network area, and
pumping costs. After the network is obtained, the problem is defined as
a nonlinear programming problem for a given minimum temperature
approach using the Bell-Delaware model to determine the film heat
transfer coefficients and pressure drops related to the geometry of
HEXs. Sun et al.'* adapted the targeting procedures of Pinch Analysis
to consider multipass exchangers. The approaches based on Pinch Anal-
ysis do not use the results of the HEX design problem to optimize the
HEN synthesis. This limitation hinders the cost reductions that can be
obtained through the connection between HEN synthesis and HEX
design.

The utilization of metaheuristic methods for the HEN synthesis
together with the HEX design involves the utilization of a stochastic-
based algorithm for the HEN structure selection. The evaluation of the
objective function of each solution candidate during the search involves
the application of a proper design algorithm for the corresponding
HEXs. Different Metaheuristic methods were explored, all of them rely-
ing on the stage-wise superstructure® for the representation of the
HEN structure and the Bell-Delaware model for the design of shell-
and-tube HEXs. Ponce-Ortega et al.X® used a GA for generating struc-

tures and another GA for the design of HEXGs. Silva et al.}”

proposed
the generation of the structures using particle swarm optimization and
the optimization of HEXs using Mathematical Programming.'® Ravag-
nani and Silva'® used particle swarm for the retrofit of HENs with
detailed equipment design. Xiao et al.2® used a combination of genetic
algorithms and simmulated annealing (GA/SA) with solution candidates
that represent the network structure and design variables of HEXs. In
this case, an inner algorithm is solved to finish the HEX design for each

|21

solution candidate. Karimi et al.“* used particle swarm optimization and

considered different material choices concerning corrosion issues.

Finally, Farzin et al??

presented a hybrid genetic-particle swarm
method. These Metaheuristic-based methods are characterized by their
efficiency in finding good solutions, but they require parameter tuning
that usually demands several runs to adjust them (an aspect rarely
reported by the authors of these papers), making them problematic to
be used by industry. Therefore, the majority of these methods are not
easy to use by practitioners who have no expertise/training in most-of-
the-time problem-specific parameter tuning, much less ability or desire
to build the codes. Additionally, by construction, these methods do not
guarantee global optimality. Therefore, Mathematical Programming, or
some form of rigorous optimization where the user does not have to be
technically trained on the details of the methodology, is the most
appealing viable alternative if global optimality is a more desired goal.
Even if one uses the recently developed mixed-integer linear
models for HEX design?>~2° together with HEN superstructure equa-
tions, the problem is likely to be cumbersome to solve, especially if
global optimality using Mathematical Programming is pursued. Indeed,
a set of equations for the design of an exchanger (including the selec-
tion of tube and shell side fluid allocation) dedicated to each pair of
streams is needed and the logarithmic mean temperature difference
(LMTD) as well as the correction factor (F) equations, introduce com-
plex nonlinearities, mostly nonconvex. In addition, if one is presented
with the prospect of variable physical properties, one can anticipate a
problem of very large size. Many researchers recognized the
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aforementioned difficulties of attempting to solve a large MINLOM.
Therefore, they used decomposition as well as iterative procedures
that do not guarantee optimality (local or global). Indeed, Frausto-Her-
nandez et al.2® solved the HEN synthesis with HEX design using a
MINLOM applied to the Yee and Grossmann®? superstructure and the
design of HEXs based on a model proposed by Serna?’ with an
approximation for the pressure drop in each stage developed by She-
noy.2® Their main assumption was to build a MINLOM where the
maximum allowable pressure drops are used. The MINLOM was
solved without the utilization of decomposition schemes, but the
authors mentioned convergence problems and local optimality issues.
Mizutani et al.?’ proposed using a logic-based outer approximation
method to solve the HEN synthesis with a detailed HEX design. It
couples the HEX design model presented by Mizutani et al.%® with the
Yee and Grossmann®® superstructure model for HEN synthesis.
Ravagnani and Caballero®® solved the HEN synthesis and the HEX
design problems using two MINLOM formulations, according to a
decomposition scheme. The algorithm is iterative between the two
models and considers an initial film heat transfer coefficient to find
the first HEN and then it calculates the actual film heat transfer coeffi-
cients using the design optimization procedure for each exchanger of
the HEN; the new film heat transfer coefficients are then used for
another HEN synthesis trial. This is performed until the cost becomes
larger than the previous one or does not change. Another difficulty is
that the film heat transfer coefficients needed for the HEN synthesis
step have to be some average of more than one exchanger. The pro-
cedure does not guarantee that there will be no solutions featuring
better costs. By construction, even if each model is solved to global
optimality, this procedure cannot guarantee global optimality. Odejobi

et al3!

proposed adding a choice of intensification for the film heat
transfer coefficients, but no detailed design of the exchangers was
included. Short et al.>? used the stage-wise superstructure to generate
an initial HEN to later design HEXs from which correction factors
related to pressure drop and area are calculated and included in the
objective function of the HEN superstructure model, iterating until con-
vergence is obtained. These correction factors have the goal of approxi-
mating the areas obtained by the MINLOM to those obtained by the
detailed design model. The solution neither guarantees local optimality
nor global optimality. A similar approach based on correction factors
was used by Short et al.>3 Souza et al.>* proposed a mixed integer non-
linear model that includes the equipment design and the piping layout.
In this model, the classical connections between pressure drop and film
heat transfer coefficient are used. Kazi et al.>> proposed a procedure
based on a multistep approach. The structure of the network is deter-
mined using a MINLOM based on the stage-wise superstructure of Yee
and Grossmann,® including a smoothed LMTD approximation. The sec-
ond step is a continuous nonlinear optimization model associated with
nonisothermal mixing. Finally, the individual HEXs are designed by solv-
ing a continuous nonlinear optimization model reformulating it as a dis-
cretized model based on a small number of geometrical options.* The
authors did not claim, nor present, any argument that the model gives
global optimal results. A variant of the previous paper using a trust

1.7 where the decomposi-

|38

region framework was proposed by Kazi et a

tion of the problem is still used. Cotrim et a proposed a bi-level
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approach that is an improvement of Ravagnani and Caballero,*® with a
new capital cost parameter that is iteratively updated based on the
values obtained during the design of the HEXs. Li et al.> proposed a
MINLOM formulation based on the stage-wise superstructure®®
together with shell-and-tube HEX design equations, including the
option of helical baffles. Simplifications in the HEX model allow the
solution of the problem in a single step. They used the discrete and con-
tinuous optimizer (DICOPT) to solve it, which does not guarantee global
optimality. Also, the authors did not report what initialization was used.

Departing from Pinch Analysis, Metaheuristic methods, and
Mathematical Programming, Wang et al* used an algorithmic
approach: the advanced Grid Diagram, which also considered plate
exchangers and does not guarantee global optimality. The grid tech-
nigque, some mixed-integer linear models, and several Metaheuristic
approaches were incorporated into SPIL, a software package.*°

A feature of most of the above-mentioned papers is that multiple
shells are rarely considered. This was recently addressed by Isafiade
and Short,** but without solving the optimal HEX design problem. We
show in this article that some problems require considering multiple
shell arrangements due to temperature cross when more than one
pass is considered.

This article proposes a new approach focusing on the network

1,424 which is used

enumeration procedure proposed by Chang et a
together with the Set Trimming approach used by Lemos et al.*® for
the design of HEXs. The design model guarantees global optimality
and is coupled to the synthesis procedure in a way that also renders
global optimality. As discussed above, none of the previous papers
that addressed this problem proposed a solution that can guarantee
that its optimum is global.

The article is organized as follows: We first discuss the nature of
the HEN synthesis problem together with the HEX design and present
the HEN synthesis methodology used by Chang et al.,*>~4* discussing
where we introduce our changes to extend this approach to include
the design task of the HEXs in a single problem and what optimal
search algorithm we use. Then, we discuss briefly HEX design models
and methods. We finish presenting the results and the conclusions.

2 | HENSYNTHESIS AND HEX DESIGN

The traditional method of HEN synthesis has been presented as one
where the film heat transfer coefficient for each stream is constant.
The synthesis objective functions almost invariably involved the calcu-
lation of the cost of each exchanger, plus the pumping cost, some-
times. The investment cost is connected to the HEX area, through
known simplified formulas. These areas are usually expressed by the
classical equation of the LMTD method, here shown for an exchanger
between a hot stream i and a cold stream j:
Q;j

Ai,j:m- (1)

In turn, in these models, the film heat transfer coefficient is a
parameter as follows:

85U8017 SUOWILLIOD @A 181D 3cedl [dde ayy Aq pausenob a1e ssjole YO ‘@S Jo ss|n. 10} Ariq18UIUO AB]IM UO (SUOTIPUCD-PUB-SWBIW0 A8 |IM A eI 1 BU1|UO//SIL) SUORIPUOD PUe SWie | 8U8eS " [7202/20/7T] uo AkeiqiTauluo Ae|im ewoue MO JO AisieAun Aq 0SK8T 0./Z00T 0T/I0p/W0 A8 IM AleIq Ul |UO'8Yd fe//ScIY WO1) pepeoumoa ‘g ‘v20Z ‘S06S.YST



OLIVA ET AL.

MAI?BIFJ RNAL

where the film heat transfer coefficients R- and Ej presumably include
the fouling resistances while the thermal conductive resistance of the
wall is neglected. Usually, these models do not discuss fluid allocation
or exchanger type. Also, the correction factor is absent, as all
exchangers are assumed to simply consist of one unit with a perfect
countercurrent flow. Finally, there is no mention of the need for multi-
ple shells in MINLOMs. Only works using Pinch Analysis considered
multiple shells.*

Despite all its shortcomings, Equation (1) is used under the
implicit assumption that the optimal network, whatever “optimal”
means for each choice of model (superstructures, isothermal mixing or
not, etc.), will have the same economic performance after the
exchangers are designed. In other words, a decomposition method is
used: first, the HEN structure and utility usage are obtained and then
the basic design of the exchangers (shell and tube diameters, number
of tubes, number of passes, etc.) are obtained. It is easy to argue that
this is incorrect. Indeed, the values of the film heat transfer coeffi-
cients adopted during the synthesis step can be considerably different
from the actual values determined during the design of the HEXs. This
mismatch implies that a suboptimal solution is obtained where the
trade-off between operational and capital costs is different, not to
mention that the optimal network structure can be different. Addi-
tionally, in many cases, multiple shells, each with multiple passes, may
be needed, and in such cases the cost of the exchanger as if it had
only one shell is misleading. Other disadvantages include the synthesis
of networks with exchangers that are very difficult to build, like the
case of very different flowrates on the two sides. These difficulties
suggest performing the synthesis together with the basic design of
HEXs, which guarantees a better assessment of the investment cost,
especially when multiple shells are considered, and non-viable
exchangers are eliminated by the optimization.

The method we present in this article is an extension of the one

,*2 which guarantees global optimality (pro-

proposed by Chang et a
vided that the unimodal conjecture is true) and is focused on minimal
networks, but their method is based on fixed film heat transfer coeffi-
cients. In our extension, we also guarantee global optimality. The con-
cept of minimal network was introduced by Chang et al.*? It is a HEN
structure where the heat loads of all exchangers are unique when the
utility usage is fixed. This means that there are no heat load loops, as
defined by Pinch Analysis. In our method, we replace the calculation
of HEX areas based on fixed film heat transfer coefficients with a
HEX design task. We consider the option of multiple shells in series
and we solve the optimal energy recovery using a global optimization
method. Because all structures are enumerated, topology traps are
absent.

For the sake of focusing on the methodology and without loss of
generality, all HEXs are of the shell-and-tube type, and process
streams do not involve phase change. The same feature is considered

for the coolers (e.g., cooling water as cold utility). The heaters use

saturated steam, which condenses on the shell side.*” However, the
procedure is flexible: For example, other types of HEXs, such as
gasketed-plate HEXs*® or heaters with phase change*® can be consid-
ered as options in the design of the equipment. Moreover, one can
determine the cheapest option among different types of exchangers.
The proposed algorithm is shown below:

e Step O: Initialization—Set the incumbent best upper bound of
the global solution (UBTAC) to infinity. Select a maximum
energy consumption (EhMuAX) (this maximum energy consumption
prevents looking for poor solutions, see Remark 1). Calculate
the estimated minimum number of units: Nmin=number of
streams +1. Set N=Nmin (see Remark 2). Set a counter that
indicates the number of minimal structures identified with N
units: Structure_Countery =0.

e Step 1: Structure generation—Obtain a minimal structure (MSTR)
candidate, limited by E,’\:,AX. This step solves a model, based on Yee
and Grossmann,*> with the number of units equal to N. The model
is linear (the HEX design equations of the Synheat model are not
included), and it uses a dummy objective function. In addition, to
avoid solutions with heat duties equal to zero, a constraint is added
to limit the heat load to a minimum value # (in our examples we
use €= 1kW) when an exchanger exists. The model also excludes
previous solutions using well-known exclusion constraints,>® often
referred to as integer cuts. If this problem is feasible, then go to
Step 2, otherwise, go to Step 8.

o Step 2: Structure check—If the structure obtained in Step 1 is minimal (see
Remark 2), then make Structure_Countery < Structure_Countery + 1, and
go to Step 3, otherwise, go to Step 1.

e Step 3: Determination of energy consumption bounds—For the
chosen MSTR, obtain the minimum and the maximum energy con-
sumptions (Emin, Emax) (see Remark 3).

e Step 4: Utility path check—If Emin = Emax, then there are no util-
ity paths (i.e. there is only one possible value of energy consump-
tion), go to Step 5; otherwise, it is possible to optimize the
energy consumption, minimizing the total annualized cost (TAC),
go to Step 6.

e Step 5: TAC evaluation when there are no utility paths—For the
energy consumption evaluated in Step 4, determine all tempera-
tures and heat loads, determine the global optimal design of all
HEXs,* evaluate the resultant TAC, go to Step 7.

e Step 6: TAC optimization when there are utility paths—Apply the
Direct method>! to find the minimum TAC for the current struc-
ture. Here, the MSTR is solved for different fixed energy values
according to the need of the search and for each evaluation of the
TAC, the global optimal design of each HEX is obtained using Set
Trimming followed by Sorting.*®> Go to step 7.

e Step 7: Incumbent update—If TAC < UBTAC, then update UBTAC.
Go to Step 1.

e Step 8: Stop criterion—If Structure_Countery =0, then Stop, UBTAC
is the global optimum (see Remark 4). Otherwise, reduce the num-
ber of units, N« N—1, set Structure_Countery=0 and go to
Step 1.
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Remark 1. Because of its combinatorial nature, the HEN
synthesis is associated with a large number of possible
structures. Indeed, as energy consumption increases, the
number of feasible combinations of matches featuring
poor energy recovery can drastically increase. It means
that the enumeration procedure can generate several
structures with low energy recovery, which have a very
small probability of being the global optimal solution of
the synthesis. Because this set of structures requires a
significant computational effort to be evaluated, we
introduce a new constraint in the structure generation
model to avoid visiting these low-energy recovery struc-
tures. The criterion used is maximum energy consump-

tion, or minimum energy recovery, as follows:

~MAX
Ehu < Ehu y

where Ep, is the hot utility energy consumption and
Em,AX is the maximum energy consumption defined by
the user. In our examples, the Em‘AX is equal to three
times the minimum energy consumption calculated
using Pinch Analysis. Lower values of EhMuAX may reduce
the computation time.

Remark 2. Minimal structures do not contain heat load
loops. Usually, when one uses the minimum number of
exchangers (Nmin) as defined above, the structures
obtained are minimal, but there can exist structures fea-
turing the minimum number of exchangers containing
heat load loops. This has been identified in Pinch Analy-
sis. The presence of heat load loops in a structure can
be identified by checking the rank of the coefficient
matrix of the algebraic linear system of equations of
the model associated with the structure obtained where
the utility consumption is fixed. If the matrix is singular,
there are heat load loops. Otherwise, the structure is

minimal.

Remark 3. The determination of the minimum and
maximum energy consumptions for a given structure
can be obtained by solving the linear problem
described in Step 1, fixing the binaries associated
with the structure, and substituting the objective
function with the energy consumption (the resultant

problem is a linear problem).

Remark 4. The use of exhaustive enumeration and
global optimization algorithms allows the identification
of the global optimum, as explained below:

1. The combinatorial nature of the problem associ-

ated with the different structures is solved by an

AI?BIFJ R NALJLHS

exhaustive enumeration of structures obtained
using the mixed-integer linear optimization model
described in Step 1. Previous structures already
visited are excluded from the search through the
insertion of proper integer cuts, known as exclu-
sion constraints.>®

2. For a given structure, the optimal tradeoff between
capital and operating costs is determined using a
global optimization method, which minimizes
the TAC.

3. The evaluation of the capital costs associated with
a given energy consumption is also solved using a
global optimization method.

The associated computational effort can be reduced by enumer-
ating all the structures first and distributing their evaluation among

several processors.

3 | HEXDESIGN OPTIMIZATION
PROCEDURE

For the design of HEXs in the network as well as the heaters
and coolers, we consider shell-and-tube HEXs with an E-type shell
and single segmental baffles. The film heat transfer coefficients with-
out phase change in the tube side and shell side are evaluated using
the Gnielinksi correlation for turbulent flow and the Bell-Delaware
method, respectively. The film heat transfer coefficient for steam con-
densation in the shell side is evaluated using the Nusselt model. The
complete set of equations for HEX models is available in the open
literature.*”:52

The solution to the global optimal design problem of each HEX of
the network is obtained through an extension of the Set Trimming
approach presented by Lemos et al.*® for the design of shell-
and-tube HEXSs.

Seven design variables represent the dimensions of a HEX shell:
number of tube passes (Npt), outer tube diameter (dte), tube layout
(lay), tube pitch ratio (rp), number of baffles (Nb), shell diameter (Ds),
and tube length (L). The inner tube diameter (dti) is obtained from
standards and is related to pressure. The fluid allocation (shell-side
vs. tube-side) and the number of shells in series are also HEX design
variables (that were not handled by Lemos et al.*®), but they are trea-
ted separately, as explained later. The search space is represented by
the set of solution candidates, each candidate is composed of a given
combination of discrete values of the design variables.

The Set Trimming procedure®® is an algorithm proposed first for
equipment design based on the successive application of the problem
inequality constraints to eliminate infeasible candidates. Only the
remaining candidates from a constraint check are submitted to
the next one. Therefore, there is a reduction of the computational
effort, because the size of the set of candidates decreases along the
search. After the application of all constraints, the remaining set of

candidates contains only feasible ones and the global optimum can be
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obtained through a simple sorting procedure using the corresponding
values of the objective function. It is important to observe that the
method does not explore single solution candidates, but it operates
on a set of candidates. Therefore, the computational efficiency of the
algorithm is provided through the utilization of specialized routines
for handling large sets of data, instead of using slow conventional
loops (e.g., dynamic indices in GAMS, vectorization techniques in
Matlab/Scilab or arrays from Numpy in Python).

The set of constraints applied in the solution of the design prob-
lem is presented below, considering a given number of shells and fluid
allocation (pressure drop constraints are not addressed). Here, the
fixed parameters established before the optimization are represented
with the symbol “A.” The order of the constraints corresponds to the
order in which they are applied in the Set Trimming algorithm.
The constraints that depend on more complex evaluations are applied
at the end of the process to reduce the computational effort because

they will be used in inspecting a smaller set of candidates.

3.1 | Geometric trimming

These constraints correspond to design recommendations associated

with HEX dimensions>*>°:

3Ds<L<15Ds, (4)

0.2Ds < Ibc < 1.0Ds, (5)

where Ibc is the baffle spacing. Additionally, to avoid too large shells
related to obstacles for cleaning and maintenance, a maximum shell

size is imposed®”:

~max

Ass < ASS s (6)

where Ass is the area of a single shell, and K;n:x is the upper bound
adopted.

3.2 | Correction factor trimming

The HEN synthesis algorithm can propose HEXs associated with temper-
ature cross (i.e., the outlet temperature of the cold stream is larger than
the outlet temperature of the hot stream). This may hinder the utilization
of design alternatives with multiple passes. In these cases, the heat
exchange may be impossible or associated with a low value of the LMTD
correction factor (F), which expresses the departure of the behavior of a

given HEX configuration from the countercurrent configuration:
Q=UA FLMTD. 7)
Low F values are also related to a steep slope of the F curve, thus

a small variation of the problem parameters may cause a large

F reduction, that is, it is not safe to design a HEX to work in these

zones.’®>” Then, an additional trimming is added (this trimming also
eliminates candidates where the F value cannot be calculated because

the heat exchange is impossible for that candidate's configuration):

F20.75. (8)

The utilization of multiple shells in series with a multiple pass con-
figuration increases the F factor, therefore the design algorithm
considers the number of shells as a design variable.

Instead of using a feasibility criterion based on the F value

directly, Ahmad and Smith?® proposed an alternative constraint:
P=< )?P /Ismax ’ (9)

where P is the variable related to the HEX effectiveness for evaluation
of F, T’max is the abscissa corresponding to the asymptotic value of F
and )A(p is the safety factor imposed to avoid regions where the
F slope is steep (e.g., )A(p:0.9). This approach is also reported by
Smith.*” The flexibility of the Set Trimming also allows the utilization
of this alternative.

3.3 | Flow velocity trimming

Lower and upper bounds on tube-side and shell-side velocities are

imposed to avoid fouling, erosion, and vibration problems:

vtmin < vt < vimax, (10)
vsmin < vs < vsmax, (11)

where vt and versus are the tube-side and shell-side flow velocities,

and vt/rﬁn, vtTn?;x, vs/rﬁin, and vsmax are the corresponding bounds.
Reynolds number trimming: Upper bounds on the tube-side and

shell-side Reynolds numbers are imposed according to the interval of

the validity of the correlations:
Ret <5.10°, (12)
Res<1-10°, (13)

where Ret and Res are the for the tube-side and shell-side Reynolds

numbers, respectively.

3.4 | Required area trimming

This constraint eliminates candidates whose area does not comply
with the minimum excess area required:

Aexc
Az <1 +I60 )Areq, (14)
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where A is the area of the exchanger, Aexc is the excess area, and Areq
is the required area, obtained using Equation (7), where the correction
factor is related to the number of tube passes and number of shells,
and the overall heat transfer coefficient is obtained using film heat
transfer coefficients calculated by proper correlations considering the
corresponding values of the design variables, the conductivity of
the tube wall and the fouling resistances (RAf), which, without loss of
generality, are considered as parameters in this work.

After the application of the set of trimmings, only the feasible can-
didates are left and the optimum is identified through the evaluation of
the objective function of the remaining candidates and a sorting to
select the candidate with the lowest value of the objective function.

The selection of which stream flows in the tube side or the shell

side involves several factors, such as fouling, stream temperatures,

TABLE 1 Data for design variables.

Options

0.205, 0.305, 0.387,0.489, 0.591,
0.686,0.787, 0.889, 0.9906, 1.143,
1.2192,1.3716, 1.524

0.01905, 0.02540, 0.03175, 0.03810,

Design variable

Shell diameter (m)

Tube diameter (m)

0.5080
Number of tube passes 1,2,4,6
Pitch ratio 1.25,1.33, 1.50
Layout 1 (square), 2 (triangular)
Length (m) 1.2195, 1.8293, 2.4390, 3.0488,

3.6585, 4.8768, 6.0976

Number of baffles 1,2,4,6,..,16,18, 20

TABLE 2 Example 1: Stream data.

Stream FCp (kW/K) Tin (K) Tout (K) 7 (kg/m°)

H1 80.1 465 400 815

H2 208.53 410 310 876

Cc1 126.3 315 370 877

Cc2 213.6 315 400 908

Hot utility - 416 416 800

Cold utility - 290 300 999
TABLE 3 Example 2: Stream data.

Stream FCp (KW/K) Tin (K) Tout (K) 7 (kg/m°)

H1 445 465 400 815

H2 173.2 410 300 876

H3 80.0 454 433 872

C1 60.4 293 398 877

C2 52.6 293 373 908

C3 160 293 393 860

Hot utility - 416 416 800

Cold utility - 290 300 999

AI?BIl:'J R NALm

pressures, fluid viscosities, and so forth.#”:°87¢0 |n this article, we will
assume that this decision is a design variable. The inclusion of the fluid
allocation in the solution of the design problem is addressed through
the application of the Set Trimming procedure twice. The first run
obtains the optimal solution for a given allocation option (i.e., an
incumbent is obtained) and the second run uses the opposite choice.
The second run includes a first trimming that eliminates solution can-

didates with objective functions higher than the incumbent.

4 | SET TRIMMING FOR HEX DESIGN

For a given fluid allocation and number of shells, the search space of a
shell-and-tube exchanger is composed of all possible combinations of
the design variables already mentioned: Npt, dt, lay, rp, Nb, Ds, and L.
This search space is valid for any HEX design problem generated dur-
ing the HEN synthesis. However, the geometric constraints in Equa-
tions (4)-(8) do not depend on any specific data of a given HEX design
problem. Therefore, the trimmings related to Equations (4)-(8) are
applied to the initial search space, thus yielding a reduced search
space composed of geometrically feasible shells. This reduced
search space is used as a starting point for all HEX design problems
solved during the synthesis. This reduction of the search space
decreases the computational effort because it avoids an unnecessary
repetition of the geometric trimmings.

Considering that the smaller the number of shells, the lower the
cost,*” the optimization procedure identifies the optimal solution with
the lowest number of shells. This goal is attained through a sequential

procedure, starting with only one shell, if the Set Trimming procedure

Cp (/(keK)) i (Pa's) k (W/(m-K)) RF (m2K/W)
2670 0.00086 0.10 275107
2317 0.0028 0.11 6-10*
2105 0.0042 0.13 6-107*
1780 0.0091 0.12 6-10*
2000 0.00164 0.02 1.107*
4180 0.001 0.6 1.75-107*
Cp (/(kgK) i (Pas) k (W/(m-K)) RF (m2K/W)
2670 0.00086 0.10 275107
2317 0.0028 0.11 6-107*
2433 0.00076 0.15 275107
2105 0.0042 0.13 6-107*
1780 0.0091 0.12 6-107%
2008 0.0022 0.14 6-10*
2000 0.00164 0.02 1.107*
4180 0.001 0.6 1.75-10~*
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465 K 400 K FIGURE 1 Example 1: Optimal HEN using the
Hl @ > Simultaneous Global HEN-HEX approach.
Nshell =1
- 410 K @ 376.7K G\ 3379K @ 310K=
Nshell =1 Nshell =2 Nshell = 1
370 K 315K
Gl S U
o 400 K /H\ 3772 K AN\ 352.8K J\ 315K
\/Nshell= 1 N
465 K ~ 400 K FIGURE 2 Example 2: Optimal HEN using the
Hl \1JNshe”= 1 3 Simultaneous Global HEN-HEX approach.
" 410 K \4/ 3755K @ 3224K @ 300 K N
Nshell = 1 Nshell =2 Nshell =1
454 K Nshell =1 433K
H3 >
‘Nshell =1
398 K 370.2 K 293 K
o= U )
- :373K O 318K O 293 K
393K 3504 K 293 K
o @ O
Nshell =1
Heat exchanger TABLE 4 Example 1: Optimal HEXs
3 using Simultaneous Global HEN-HEX
1 2 3 (o H approach.
Q (kw) 5206 6946 8080 5826 4869
A (m?) 249.2 738.6 1895.4 2741 559.8
dte (m) 0.01905 0.01905 0.01905 0.01905 0.01905
L (m) 6.0976 6.0976 6.0976 6.0976 6.0976
Nb 14 12 18 18 14
Ntp 6 6 6 2 6
p 1.25 1.25 1.25 1.25 1.25
Ds (m) 0.7874 1.2192 1.3716 0.7874 1.143
lay Triangular Square Square Triangular Triangular
Ntt 683 2024 2597 751 1534
Tube-side Hot stream Hot stream Hot stream Cold stream Cold stream
ht (W/(m?-K)) 1962.1 988.2 765.0 8994.1 737.4
hs (W/(m?2-K)) 990.7 653.8 719.7 1500.0 13934.1
U (W/(m?K)) 385.4 242.9 230.8 606.4 389.9
Nshell 1 1 2 1 1
F 0.99 0.86 0.88 0.93 1

identifies an optimal feasible solution, the procedure stops. Other- The algorithm is described below:
wise, a new shell is added, and the procedure is repeated, stopping as
1. Pick the set of candidates with geometrically feasible shells already

identified

soon as an optimal solution is found with multiple shells or the num-

ber of shells in series becomes higher than the maximum.
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2. Set the maximum number of shells N?h\eIIMAX and go to Step 3

3. Run the Set Trimming procedure considering the following set of
design variables: {Npt, dt, lay, rp, Nb, Ds, L} and the stream alloca-
tion, as discussed above. If a solution is achieved, go to Step 6, oth-
erwise go to Step 4.

4. 1f Nshell < Nshell ", make Nshell = Nshell + 1 and go to Step 3, oth-
erwise go to Step 5

5. Stop: There is no feasible solution

6. Stop, the optimal solution contains the number of shells in series

equal to Nshell.

If a HEN candidate contains a HEX with no feasible solution, the
corresponding objective function is increased with a large penalty
value. The absence of a feasible solution for the problem of the design
of HEXs usually occurs when the HEN structure contains one or more
heat exchanges involving streams with very different flow rates. In
these cases, it is not possible to obey both flow velocity limits in the
same equipment.

5 | RESULTS

Aiming at comparing the performance of the proposed approach with
alternative procedures available in the literature, two problems, Exam-
ple 1 and Example 2, are solved using the following techniques:

e Simultaneous Global HEN-HEX approach: This is our method for
performing the globally optimal HEN Synthesis including HEX
design. We use the word “simultaneous” to indicate that the

AI?BIl:'J R NALJ9;f15

structure of the network, the utility usage, and the basic design of
multiple-shell HEXs are obtained by considering all tradeoffs
simultaneously.

e Traditional approach: HEN synthesis with fixed film heat transfer
coefficients, followed by the design of the resultant HEXs.

e |terative procedure: Traditional HEN synthesis followed by HEX
design updating the film heat transfer coefficients. We adopted a

typical decomposition approach available in the literature.'®

The design of HEXs is based on the discrete values of the vari-
ables presented in Table 1. It is considered that HEXs are AEL type
(one pass shell with a fixed tubesheet and channel heads), with a tube
wall thickness and thermal conductivity of 1.65 mm (BWG 16) and
50 W/(m-K), respectively. We also use a 25% baffle cut, a maximum
number of shells equal to 5, and a minimum excess area of 10%. The

tube count data is based on Kakac and Liu.”® The maximum HEX area

TABLE 6 Film heat transfer coefficient estimators.
Stream h (W/(m3K))
H1 1125
H2 275
H3 1125
C1 500
C2 500
C3 500
HU 10,000
Cu 6250

TABLE 5 Example 2: Optimal HEXs using Simultaneous Global HEN-HEX approach.

Heat exchanger

1 2 3 4 5 (o} H
Q (kw) 2893 1680 4666 1313 9187 3890 6812
A (m?) 133.2 75.35 475.9 59.8 1895.4 296.3 288.0
dte (m) 0.01905 0.01905 0.01905 0.01905 0.01905 0.01905 0.0254
L (m) 6.0976 3.0488 6.0976 3.6585 6.0976 6.0976 6.0976
Nb 18 14 20 20 20 16 16
Ntp 6 6 6 6 6 4 6
p 1.33 1.25 1.25 1.25 1.25 1.25 15
Ds (m) 0.5906 0.5906 0.9906 0.489 1.3716 0.7874 1.143
lay Square Square Square Square Square Square Triangular
Ntt 365 413 1304 273 2597 812 592
Tube-side Hot stream Hot stream Hot stream Hot stream Cold Stream Cold stream Cold stream
ht (W/(m?.K)) 2033 4496.5 994.4 1331.3 891.4 11031.0 1894.5
hs (W/(m?.K)) 578 927.1 559.7 814.7 769.1 1178.1 11530.0
U (W/(m?K)) 303.5 431.7 229.1 285.9 248.8 562.0 658.6
Nshell 1 1 1 1 2 1 1
F 0.91 0.97 0.84 0.98 0.79 0.82 1

Abbreviations: HEN, heat exchanger network; HEX, heat exchangers.
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FIGURE 3

465 K 400 K Example 1: Optimal HEN using the
H1 @ > traditional HEN-HEX approach.
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per shell is 1000 m2. Smith*” mentions that fixed tubesheet HEXs can 5.2 | Traditional approach

have an area per shell up to 4500 m?, but we preferred to explore a
more conservative value. The data for Examples 1 and 2 are depicted
in Tables 2 and 3, respectively. The physical properties of the process
streams are based on typical values of organic streams, hot utility is
saturated steam at 2.94 bar, and cold utility is cooling water. Both
examples were solved using a computer with a processor i7-8565U
1.8 GHz with 8 GB RAM. The codes were implemented in Python.

51 | Simultaneous global HEN-HEX approach

The solution of Examples 1 and 2 used the Synheat superstructure
with two and three stages, respectively.’®> The identification of the
HEN structures used a model coded in Pyomo.®?

The HEN obtained using our method for Examples 1 and 2 are
displayed in Figures 1 and 2, also with the indication of the number of
shells of each HEX. The corresponding design of each HEX is given in
Tables 4 and 5 (ht and hs are the film heat transfer coefficients of the
tube-side and shell-side streams).

This technique corresponds to the solution of the HEN synthesis
using fixed film heat transfer coefficients, followed by the final design
of each HEX identified in the synthesis step. This procedure in two
steps is the current way how the energy integration procedures are
applied in practice in a project of a new plant: first, a process flow-
sheet diagram is created, and then the different equipment is
designed, yielding a set of equipment datasheets.

During the synthesis step, all HEXs are assumed countercurrent.
If a given HEX in the synthesis presents an area higher than 1000 m?,
the evaluation of the capital cost considers the division of the total
heat transfer area in a set of identical shells with individual areas
lower than 1000 m?.

The HEN synthesis method used is the same as the one pre-
sented by Chang et al.,*? except for the fact that we introduce the
consideration of multiple shells in series as explained above. We
emphasize that the HEX design procedure used here is the same as
the one used in our procedure, thus any difference in the solution is a

consequence of the consideration of constant film heat transfer
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coefficients in this step. To provide a realistic estimation of the film
heat transfer coefficients, these data were collected from Bell,? a
work that presents ranges of film heat transfer coefficients for several
classes of streams. The values depicted in Table 6 correspond to the
average of the interval.

The HEN obtained in Examples 1 and 2 are displayed in Figures 3
and 4, respectively. The corresponding HEX details for the final design

are given in Tables 7 and 8.

TABLE 7 Example 1: Optimal HEXs
using the traditional HEN-HEX approach.

AICBE R AL 1o

5.3 | Iterative procedure

This technique is based on the approach proposed by Ravagnani
and Caballero®® to address the HEN synthesis together with the
HEX design and it is a typical example of the decomposition
approaches usually used to solve this problem in the literature.
Instead of solving both problems in a single structure, this tech-

nique involves the solution of the HEN synthesis with fixed film

Heat exchanger

1 2 3 C H
Q (kw) 5206 3423 12,949 4480 3523
A (m?) 362.0 459.9 2585.1 155.1 115.3
dte (m) 0.01905 0.01905 0.01905 0.01905 0.03175
L (m) 6.0976 4.8768 6.0976 6.0976 4.8768
Nb 10 18 14 14 10
Ntp 6 6 6 1 5
p 1.25 1.25 1.25 1.25 1.25
Ds (m) 0.6858 0.7874 1.143 0.5906 0.7874
lay Triangular Square Square Triangular Triangular
Ntt 496 788 1771 425 237
Tube-side Hot stream Cold stream Hot stream Cold stream Cold stream
ht (W/(m?.K)) 2628.3 1398.6 892.0 1688.9 1390.6
hs (W/(m?.K)) 943.9 557.8 792.2 6357.2 10879.1
U (W/(m?K)) 401.86 248.8 251.23 613.4 588.3
Nshell 2 2 4 1 1
B 0.96 0.92 0.91 1 1
TABLE 8 Example 2: Optimal HEX using the traditional HEN-HEX approach.
Heat exchanger
1 2 3 4 5 (o H
Q (kw) 2893 3452 4206 9665 1680 1732 4655
A (m?) 138.3 482.1 1045.5 1261.2 40.6 559.8 215.6
dte (m) 0.01905 0.01905 0.01905 0.01905 0.0254 0.01905 0.0254
L (m) 4.8768 4.8768 6.0976 6.0976 3.6585 6.0976 4.8768
Nb 20 18 14 18 8 20 12
Ntp 6 6 6 6 4 6 6
p 1.25 1.25 1.25 1.33 1.33 1.25 1.33
Ds (m) 0.489 0.5906 0.6858 0.9906 0.489 1.143 0.9906
lay Triangular Square Square Square Square Triangular Triangular
Ntt 237 413 573 1152 139 1534 554
Tube-side Hot stream Cold stream Hot stream Cold stream Hot stream Hot stream Cold stream
ht (W/(m?.K)) 3016.0 1277.6 695.6 1961.8 4379.0 1083.1 2014.0
hs (W/(m?.K)) 1001.1 606.8 501.7 693.3 1695.2 3562.7 11973.6
U (W/(m?K)) 4221 252.7 196.3 2923 554.4 428.4 676.1
Nshell 1 4 5 3 1 1 1
[ 0.96 0.95 0.91 0.885 0.99 0.80 1
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FIGURE 5 Example 2: Optimal HEN using the
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TABLE 9 Example 2: Optimal HEXs using the iterative HEN-HEX approach.
Heat exchanger
1 2 3 4 5 (o] H
Q (kw) 1202 1680 1691 4206 13,118 1732 4654
A (m?) 423 60.4 39.8 1045.5 2558.8 559.8 572.3
dte (m) 0.01905 0.01905 0.01905 0.01905 0.01905 0.01905 0.01905
L (m) 4.8768 3.0488 2.439 6.0976 6.0976 6.0976 4.8768
Nb 12 16 14 14 18 20 12
Ntp 4 4 6 6 6 6 6
p 1.25 1.33 1.25 1.25 1.25 1.25 1.5
Ds (m) 0.3874 0.5906 0.489 0.6858 1.2192 1.143 0.6858
lay Triangular Triangular Square Square Triangular Triangular Triangular
Ntt 145 331 273 573 1753 1534 345
Tube-side Hot stream Hot stream Hot stream Hot stream Cold stream Hot stream Cold stream
ht (W/(m?K)) 3261.5 3807.5 2651.2 695.6 13164 1083.1 1526.2
hs (W/(m?-K)) 1388.5 1637.7 1119.5 501.7 712.6 3562.7 10777.5
U (W/(m?2.K)) 4854 527.1 431.3 196.3 2714 428.4 572.3
Nshell 1 1 1 5 4 1 1
[ 0.98 0.98 0.98 0.91 0.84 0.80 1
Abbreviation: HEN, heat exchanger network.
TABLE 10 C i f Its.
Example 1 Example 2 omparison of results
Technique TAC (US$/year) Time (s) TAC (US$/year) Time (s)
One-step global HEN_HEX 1,156,402 451 1,311,792 18,977
Traditional 1,280,250 9.7 1,720,992 4946
Iterative 1,280,250 19.1 1,653,545 14,446

Abbreviations: HEN, heat exchanger network; HEX, heat exchangers; TAC, total annualized cost.

heat transfer coefficients followed by the design of the resul-

tant HEXs.

streams are generated from the values obtained from the design

Updated film heat transfer coefficients of the

obtained.

of the HEXs. Then, the sequence of HEN synthesis followed by

HEX design is repeated, until the same HEN, or a worse one is
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Each iteration composed of the HEN synthesis and the HEX
design uses equivalent procedures to the other techniques. Therefore,
the differences in the results are only related to the limitations of the
iterative procedure (which does not guarantee global optimality).

Example 1 is solved in two iterations (the solution obtained in the
second iteration is worse than the first one). Thus, the solution using
the iterative process is the same as the solution obtained using fixed
film heat transfer coefficients. In turn, Example 2 is solved with three
iterations (the second iteration is better than the first one, but the
third iteration is worse than the second). The obtained HEN is illus-
trated in Figure 5 and HEX details are given in Table 9.

6 | COMPARISON OF RESULTS

Table 10 presents the optimal TAC and the computational time of
each technique. Not surprisingly, the proposed approach attains the
best solution for both examples, which illustrates the fact that our
approach provides the global optimum and the other approaches do
not. The traditional approach using fixed film heat transfer coeffi-
cients obtained the worst results. The iterative approach proposed by
Ravagnani and Caballero® obtained the same result of the technique
with fixed film heat transfer coefficients in Example 1 and a result
with an intermediate value of the objective function in Example 2.

The proposed approach attained an optimal TAC in Example 1 that
is almost 10% lower than the TAC obtained using the other tech-
niques. The reductions attained using the proposed approach are even
higher in Example 2, larger than 20%. These reductions clearly illus-
trate the importance of the solution of the HEN synthesis and HEX
design problem using a global optimization approach.

7 | CONCLUSIONS

This article presents a methodology that addresses the HEN synthesis
and HEX design problems together. The HEN synthesis is based on an
extension of the enumerative approach proposed by Chang et al.,*2
with the Direct method for the determination of the optimal energy
consumption, and the HEX design carried out with Set Trimming fol-
lowed by sorting. Therefore, despite the strong nonlinearities present
in the film heat transfer coefficient models, we included them without
convergence problems and with global optimality guaranteed, as well
as including multiple shells in series and fluid allocation.

The proposed approach attained the best results in two HEN
examples when compared with two other solution techniques. These
results show the importance of addressing the HEN synthesis and the
HEX design together, departing from the traditional HEN synthesis
problem based on fixed film heat transfer coefficients or attempts to
integrate both steps using decomposition schemes.

NOMENCLATURE

Aexc excess area (%)

Aij heat exchanger area between a hot stream i and cold
stream j (m?)

AICBE R AL 1201

Ass area of a single shell (m?)

Z\rsnsax upper bound of a single shell (m?)

Areq required area (m?)

Cp stream specific heat capacity (J/(kg-K))

Ds shell diameter (m)

dte outer tube diameter (m)

dti inner tube diameter (m)

Eny hot utility energy consumption (kW)

EhMuAX maximum energy consumption defined by the user (kW)

F correction factor

h; film heat transfer coefficient of a hot stream i (W/(m?-K))

h; film heat transfer coefficient of a cold stream j (W/m?K)

k stream thermal conductivity (W/(m-K))

L tube length (m)

lay tube layout

Ibc baffle spacing (m)

LMTD;; logarithmic mean temperature difference between
streams i and j (K)

Nb number of baffles

Npt number of tube passes

Ntt total number of tubes

Nshell number of shells

N;h\eIIMaX maximum number of shells

P variable related to the heat exchanger effectiveness for
evaluation of F

ﬁmax abcissa corresponding to the asymptotic value of F

Qij heat load between a hot stream i and cold stream j (kW)

Res shell side Reynolds number

Ret tube side Reynolds number

Rf fouling resistance (m2-K/W)

p tube pich ratio

TAC total annualized cost (US$/year)

U,;,- overall heat transfer coefficient between hot and cold
streams i and j (W/(m?-K))

Vs Shell side velocity (m/s)

vsmax Upper bound of shell side velocity (m/s)

vsmin Lower bound of shell side velocity (m/s)

vt Tube side velocity (m/s)

vtmax Upper bound of tube side velocity (m/s)

vtmin lower bound of tube side velocity (m/s)

)A<p safety factor imposed in parameter P

) stream density (kg/m?°)

u stream viscosity (Pa-s)

A minimum heat load for an exchanger (kW)

AUTHOR CONTRIBUTIONS

Diego G. Oliva: Conceptualization (supporting); investigation (sup-
porting); software (supporting); writing - review and editing (support-
ing). Andre L. M. Nahes: Conceptualization (supporting); methodology
(equal); software (lead); writing - review and editing (supporting). Julia
C. Lemos: Conceptualization (equal); methodology (equal);
writing - original draft (equal). André L. H. Costa: Conceptualization
(lead); methodology (equal); project administration (equal); software (sup-
porting); supervision (lead); writing - review and editing (lead). Miguel

85U8017 SUOWILLIOD @A 181D 3cedl [dde ayy Aq pausenob a1e ssjole YO ‘@S Jo ss|n. 10} Ariq18UIUO AB]IM UO (SUOTIPUCD-PUB-SWBIW0 A8 |IM A eI 1 BU1|UO//SIL) SUORIPUOD PUe SWie | 8U8eS " [7202/20/7T] uo AkeiqiTauluo Ae|im ewoue MO JO AisieAun Aq 0SK8T 0./Z00T 0T/I0p/W0 A8 IM AleIq Ul |UO'8Yd fe//ScIY WO1) pepeoumoa ‘g ‘v20Z ‘S06S.YST



OLIVA ET AL.

14 of 15 AI?BIEI RNAL

J. Bagajewicz: Conceptualization (lead); methodology (lead); project
administration (lead); software (supporting); supervision (lead); writing -

original draft (equal); writing - review and editing (lead).

DATA AVAILABILITY STATEMENT

Our Supplementary material S1 includes instructions to any
knowledgeable reader to build the procedure described above in the
computational platform and language of choice to reproduce our
results. All data needed to run the global optimization procedure are

presented in the body of the article.

ORCID

Diego G. Oliva
André L. H. Costa
Miguel J. Bagajewicz

https://orcid.org/0000-0001-6210-484X
https://orcid.org/0000-0001-9167-8754
https://orcid.org/0000-0003-2195-0833

REFERENCES

1. Furman K, Sahinidis N. A critical review and annotated bibliography
for heat exchanger network synthesis in the 20th century. Ind Eng
Chem Res. 2002;41:2335-2370.

2. Li N, Klemes JJ, Sunden B, Wu Z, Wang Q, Zeng M. Heat exchanger
network synthesis considering detailed thermal-hydraulic perfor-
mance: methods and perspectives. Renew Sustain Energy Rev. 2022a;
168:112810.

3. Polley GT, Shahi PMH. Interfacing heat exchanger network synthesis and
detailed heat exchanger design. Chem Eng Res Des. 1991;69(A6):445-457.

4. Wang B, Arsenyeva O, Zeng M, Klemes JJ, Varbanov PS. An advanced
grid diagram for heat exchanger network retrofit with detailed plate
heat exchanger design. Energy. 2022;248:123485.

5. Polley GT, Shahi PMH, Jegede F. Pressure drop considerations in the
retrofit of heat exchanger networks. Chem Eng Res Des. 1990;68(3):
211-220.

6. Liporace FS, Pessoa FLP, Queiroz EM. Automatic evolution of heat
exchanger networks with simultaneous heat exchanger design. Braz J
Chem Eng. 1999;16:25-40.

7. Jegede FO, Polley GT. Optimum heat exchanger design. Chem Eng Res
Des. 1992;70(2):133-141.

8. Ravagnani MASS, Silva AP, Andrade AL. Detailed equipment design in
heat exchanger networks synthesis and optimisation. Appl Therm Eng.
2003;23:141-151.

9. Garcia JM, Ponce JM, Serna M. A hybrid methodology for detailed
heat exchanger design in the optimal synthesis of heat exchanger net-
works. In: Marquardt W, Pantelides C, eds. 16th European Symposium
of Computer-Aided Process Engineering and 9th International Symposium
on Process Systems Engineering. Vol 21. Computer Aided Chemical
Engineering; 2006:1-2254.

10. Akbari A, Omidkhah MR, Hojjati MR. Heat exchanger network area
targeting considering stream allocation to shell or tubes. Comput
Chem Eng. 2008;32:3143-3152.

11. Zunlong J, Qiwu D, Minshan L. Heat exchanger network synthesis
with detailed heat exchanger design. Chem Eng Technol. 2008;31(7):
1046-1050.

12. Allen B, Savard-Goguen M, Gosselin L. Optimizing heat exchanger
networks with genetic algorithms for designing each heat exchanger
including condensers. App Therm Eng. 2009;29:3437-3444.

13. Serna-Gonzidlez M, Ponce-Ortega JM. Total cost target for heat
exchanger networks considering simultaneously pumping power and
area effects. Appl Therm Eng. 2011;31:1964-1975.

14. Sun L, Luo X, Zhao Y. Synthesis of multipass heat exchanger network
with the optimal number of shells and tubes based on pinch technol-
ogy. Chem Eng Res Des. 2015;93:185-193.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

Yee TF, Grossmann IE. Simultaneous optimization models for heat
integration—Il. Heat exchanger network synthesis. Comp Chem Eng.
1990;14:1165-1184.

Ponce-Ortega JM, Serna-Gonzales M, Jiménez-Gutiérrez A. Heat
exchanger network synthesis including detailed heat exchanger
design using genetic algorithms. Ind Eng Chem Res. 2007;46:8767-
8780.

Silva AP, Ravagnani MASS, Biscaia EC Jr. Particle swarm optimisation
in heat exchanger network synthesis including detailed equipment
design. In: Braunschweig B, Joulia X, ed. 18th European Symposium on
Computer Aided Process Engineering. Lyon, France. Vol 25. Computer
Aided Chemical Engineering; 2008:1-1205.

Ravagnani MASS, Caballero JA. Optimal heat exchanger network syn-
thesis with the detailed heat transfer equipment design. Comp Chem
Eng. 2007;31:1432-1448.

Ravagnani MASS, Silva AP. Retrofit of heat exchanger networks
including detailed equipment design. Proceedings of the 11th Interna-
tional Symposium on Process Systems Engineering. July 2012.

Xiao W, Wang K, Jiang X, et al. Simultaneous optimization strategies
for heat exchanger network synthesis and detailed shell-and-tube
heat-exchanger design involving phase changes using GA/SA. Energy.
2019;183:1166-1177.

Karimi H, Danesh-Ashtieni H, Aghanajafi C. Optimization of the total
annual cost in mixed materials heat exchanger network by detailed
equipment design using particle swarm technique. Int J Thermodyn.
2020;23:216-222.

Farzin A, Ghazi M, Sotoodeh AF, Nikian M. Economic optimization of
heat exchanger networks based on geometric parameters using
hybrid genetic-particle swarm algorithm technique. J Eng Des Technol.
2021;19(4):989-1015.

Gongalves CO, Costa ALH, Bagajewicz MJ. Shell and tube heat
exchanger design using mixed-integer linear programming. AIChE J.
20172;63:1907-1922.

Gongalves CO, Costa ALH, Bagajewicz MJ. Alternative mixed-integer
linear programming formulations for Shell and tube optimal design.
Ind Eng Chem Res. 2017b;56:5970-5979.

Gongalves CO, Costa ALH, Bagajewicz MJ. Linear method for the
design of shell and tube heat exchangers using the Bell-Delaware
method. AIChE J. 2019;65:e16602.

Frausto-Herndndez S, Rico-Ramirez V, Jiménez-Gutiérrez A,
Hernandez-Castro S. MINLP synthesis of heat exchanger networks
considering pressure drop effects. Comp Chem Eng. 2003;27:1143-
1152.

Serna GM. Desarrollo de Algoritmos Rigurosos para la Integracion
Térmica de Procesos. PhD Thesis, Departamento de Ingenieria
Quimica, Instituto Tecnoldgico de Celaya, Mexico 1999.

Shenoy UV. Heat Exchanger Network Synthesis, Process Optimisa-
tion by Energy and Resource Analysis. Gulf Publishing Company;
1995.

Mizutani FT, Pessoa FLP, Queiroz EM, Hauan S, Grossmann IE.
Mathematical programming model for heat-exchanger network
synthesis including detailed heat-exchanger designs. 2. Shell-
and-tube heat-exchanger design. Ind Eng Chem Res. 2003b;42:
4009-4018.

Mizutani FT, Pessoa FLP, Queiroz EM, Hauan S, Grossmann |E. Math-
ematical programming model for heat-exchanger network synthesis
including detailed heat-exchanger designs. 2. Network synthesis. Ind
Eng Chem Res. 2003a;42:4019-4027.

Odejobi OJ, Adejokun AE, Al-Mutairi EM. Heat exchanger network
synthesis incorporating enhanced heat transfer techniques. Appl
Thermal Eng. 2015;89:684-692.

Short M, Isafiade AJ, Fraser DM, Kravanja Z. Synthesis of heat
exchanger networks using mathematical programming and heuristics
in a two-step optimisation procedure with detailed exchanger design.
Chem Eng Sci. 2016a;144:372-385.

85U8017 SUOWILLIOD @A 181D 3cedl [dde ayy Aq pausenob a1e ssjole YO ‘@S Jo ss|n. 10} Ariq18UIUO AB]IM UO (SUOTIPUCD-PUB-SWBIW0 A8 |IM A eI 1 BU1|UO//SIL) SUORIPUOD PUe SWie | 8U8eS " [7202/20/7T] uo AkeiqiTauluo Ae|im ewoue MO JO AisieAun Aq 0SK8T 0./Z00T 0T/I0p/W0 A8 IM AleIq Ul |UO'8Yd fe//ScIY WO1) pepeoumoa ‘g ‘v20Z ‘S06S.YST


https://orcid.org/0000-0001-6210-484X
https://orcid.org/0000-0001-6210-484X
https://orcid.org/0000-0001-9167-8754
https://orcid.org/0000-0001-9167-8754
https://orcid.org/0000-0003-2195-0833
https://orcid.org/0000-0003-2195-0833

OLIVA ET AL

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Short M, lIsafiade AJ, Fraser DM, Kravanja Z. Two-step hybrid
approach for the synthesis of heat exchanger networks with detailed
exchanger design. Appl Therm Eng. 2016b;105:807-821.

Souza RD, Khanam S, Mohanty B. Synthesis of heat exchanger net-
work considering pressure drop and layout of equipment exchanging
heat. Energy. 2016;101:484-495.

Kazi SR, Short M, Isafiade AJ, Biegler LT. Heat exchanger network
synthesis with detailed exchanger designs - 2. Hybrid optimization
strategy for synthesis of heat exchanger networks. AIChE J. 2020b;
67:€17057.

Kazi SR, Short M, Isafiade AJ, Biegler LT. Heat exchanger network
synthesis with detailed exchanger designs: part 1. A discretized differ-
ential algebraic equation model for shell and tube heat exchanger
design. AIChE J. 2020a;67:€17056.

Kazi SR, Short M, Isafiade AJ, Biegler LT. A trust region frame-
work for heat exchanger network synthesis with detailed indi-
vidual heat exchanger designs. Comp Chem Eng. 2021;153:
107447.

Cotrim SL, Galdamez VC, Matos KB, Ravagnani MASS. Heat
exchanger networks synthesis considering the rigorous equipment
design and distinct parameters for capital cost estimation. Energy Con-
vers Manag X. 2021;11:100099.

Li N, Klemes JJ, Sunden B, Wu Z, Wang Q, Zeng M. Heat exchanger
network optimisation considering different shell-side flow arrange-
ments. Energy. 2022b;261:125081.

Chin HH, Wang B, Jia X, et al. Integrated software suite for heat
recovery networks and equipment design. Comput Chem Eng. 2022;
161:107742.

Isafiade AJ, Short M. Synthesis of multiperiod heat exchanger net-
works involving 1 shell pass - 2 tube pass design configurations.
Chem Eng Trans. 2021;88:655-660.

Chang C, Peccini A, Wang Y, Costa ALH, Bagajewicz MJ. Globally
optimal synthesis of heat exchanger networks. Part I: Minimal Net-
works AIChE J. 2020;66:e16267.

Chang C, Liao Z, Costa ALH, Bagajewicz MJ. Globally optimal synthe-
sis of heat exchanger networks. Part Il: non-minimal networks. AIChE
J.2020;66:€16264.

Chang C, Liao Z, Costa ALH, Bagajewicz MJ. Globally optimal
synthesis of heat exchanger networks. Part Ill: non-isothermal mix-
ing in minimal and non-minimal networks. AIChE J. 2021;67:
el17393.

Lemos JC, Costa ALH, Bagajewicz MJ. Set trimming procedure for the
design optimization of shell and tube heat exchangers. Ind Eng Chem
Res. 2020;59:14048-14054.

Ahmad S, Linnhoff B, Smith R. Design of multi-pass heat
exchangers: an alternative approach. J Heat Transfer. 1988;110:
304-309.

Smith R. Chemical Process: Design and Integration. Wiley; 2005.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

AICBE R AL 12T

Nahes ALM, Bagajewicz MJ, Costa ALH. Computational study of the
use of set trimming for the globally optimal Design of Gasketed-Plate
Heat Exchangers. Ind Eng Chem Res. 2021;60:1746-1755.

Sales GM, Queiroz EM, Nahes ALM, Bagajewicz MJ, Costa ALH.
Globally optimal design of kettle vaporizers. Therm Sci Eng Prog.
2021;25:100962.

Floudas CA. Nonlinear and Mixed-Integer Optimization: Fundamentals
and Applications. Oxford University Press; 2005.

Jones DR, Martins JRRA. The DIRECT algorithm: 25 years later.
J Glob Optim. 2021;79:521-566.

Hewitt GF, ed. Heat Exchanger Design Handbook. Begell House; 2008.
Costa ALH, Bagajewicz MJ. 110th anniversary: on the departure from
heuristics and simplified models toward globally optimal design of
process equipment. Ind Eng Chem Res. 2019;58:18684-18702.
Taborek J. Input data and recommended practices. In: Hewitt GF,
ed. Heat Exchanger Design Handbook. Begell House; 2008a.

Taborek J. Design procedures for segmentally baffled heat
exchangers. In: Hewitt GF, ed. Heat Exchanger Design Handbook.
Begell House; 2008b.

Cao E. Heat Transfer in Process Engineering. McGraw-Hill; 2010.

Serth RW. Process Heat Transfer: Principles, Applications and Rules of
Thumb. John Wiley & Sons; 2007.

Kaka¢ S, Liu H. Heat Exchangers - Selection, Rating and Thermal
Design. 2nd ed. CRC Press; 2002.

Raza A. Specifying shell-and-tube heat exchangers: understand what
heat exchanger design specialists need to know—and remember, you
know your process best. Chem Eng. 2013;120:47-53.

Saunders EAD. Heat Exchangers: Selection, Design and Construction.
John Wiley & Sons; 1988.

Bynum ML, Hackebeil GA, Hart WE, et al. Pyomo—Optimization
Modeling in Python. Springer; 2021.

Bell KJ. Approximate sizing of Shell-and-Tube heat exchangers. In:
Hewitt GF, eds. Heat Exchanger Design Handbook Multimedia Edition.
Begell; 2008. ISBN: 978-1-56700-423-6. https://hedhme.com/

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Oliva DG, Nahes ALM, Lemos JC,
Costa ALH, Bagajewicz MJ. Globally optimal simultaneous
heat exchanger network synthesis and basic heat exchanger
design. AIChE J. 2024;70(8):e18450. doi:10.1002/aic.18450

85U8017 SUOWILLIOD @A 181D 3cedl [dde ayy Aq pausenob a1e ssjole YO ‘@S Jo ss|n. 10} Ariq18UIUO AB]IM UO (SUOTIPUCD-PUB-SWBIW0 A8 |IM A eI 1 BU1|UO//SIL) SUORIPUOD PUe SWie | 8U8eS " [7202/20/7T] uo AkeiqiTauluo Ae|im ewoue MO JO AisieAun Aq 0SK8T 0./Z00T 0T/I0p/W0 A8 IM AleIq Ul |UO'8Yd fe//ScIY WO1) pepeoumoa ‘g ‘v20Z ‘S06S.YST


https://hedhme.com/
info:doi/10.1002/aic.18450

	Globally optimal simultaneous heat exchanger network synthesis and basic heat exchanger design
	1  INTRODUCTION
	2  HEN SYNTHESIS AND HEX DESIGN
	3  HEX DESIGN OPTIMIZATION PROCEDURE
	3.1  Geometric trimming
	3.2  Correction factor trimming
	3.3  Flow velocity trimming
	3.4  Required area trimming

	4  SET TRIMMING FOR HEX DESIGN
	5  RESULTS
	5.1  Simultaneous global HEN-HEX approach
	5.2  Traditional approach
	5.3  Iterative procedure

	6  COMPARISON OF RESULTS
	7  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT

	REFERENCES


