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Abstract

We extend a formulation of the heat exchanger design optimization with fouling

modeling to consider the effect of fouling on hydraulics. A shell-side fouling model

was added so the optimization can consider cases with fouling in the tube and shell

sides. The focus is the design of heat exchangers with fouling behavior associated

with a threshold model, like in crude preheat trains. We solve the optimization prob-

lem by using a newly proposed Set Trimming technique. We compare our results with

the traditional approach of using fixed fouling factors and the previous approach of

not considering the hydraulic impact of fouling. We conclude that considering the

deposit thickness leads to more realistic results that are different than the ones

obtained using the previous approaches. Moreover, we show that previous

approaches can render designs with larger pressure drops than the maximum

imposed by the constraints, as well as exchangers with higher areas.
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1 | INTRODUCTION

The use of optimization techniques to design shell and tube heat

exchangers has proven to be a valuable tool to replace the traditional

trial-and-validation procedures, as discussed recently by Costa and

Bagajewicz.1 Several different mathematical programming approaches

were investigated to address the design optimization problem, such as

nonlinear programming (NLP),2 mixed-integer nonlinear programming

(MINLP),3–5 mixed-integer linear programming (MILP),6–8 and integer

linear programming (ILP).8 Different stochastic optimization methods

were also explored to address the heat exchanger design problem,

such as, simulated annealing,9 genetic algorithms,10 particle swarm

optimization,11 artificial bee colony,12 and firefly algorithm.13 Addi-

tionally, heuristic and enumeration techniques are also found in the

literature related to the shell-and-tube heat exchanger design

problem.14,15

All articles mentioned above include fouling effects in the design

problem formulation in the traditional way of using fixed values of

fouling factors, as available in the literature.16 However, several

models relate the fouling rate or the fouling factor to thermofluid

dynamic variables, particularly, temperature, and velocity. For exam-

ple, Wilson et al.17,18 presented overviews of fouling rate models for

crude oil streams based on the threshold concept. Additionally, the

modification of the structure of the heat transfer surface can also mit-

igate the fouling problem.19

The usual approach to address fouling in the design using fixed

fouling factors has important limitations,20 ignoring the influence of

the heat exchanger design on the fouling extent. To answer this chal-

lenge, several articles have investigated the interconnection between

fouling modeling and heat exchanger design procedures for the case

of crude preheat trains.21–26 The design optimization with fouling

modeling was also addressed for other systems by Caputo et al.,27

Lemos et al.,28 and Roy and Majumder.29

The analysis of the literature about heat exchanger design optimi-

zation indicates that few articles mentioned the hydraulic impact of

fouling. Indeed, fouling reduces the overall heat transfer coefficient

because of the presence of additional thermal resistance, but fouling

also increases the pressure drop in the heat exchangers. According to
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Kakaç and Liu,30 more heat exchangers are removed from service due

to excessive pressure drop than due to insufficient heat transfer rate.

The relation between the hydraulic impact of fouling and the design

was considered by Butterworth22 and Polley et al.23,24

Considering the limited attention that the hydraulic impact of

fouling has received in previous design optimization studies, the

objective of this article is to propose a procedure that not only

encompasses a fouling model representing the thermal behavior of

fouling, but also its hydraulic impact. The focus of our article is the

design of heat exchangers in crude fractionation units, where fouling

is an important operational issue.

We extend the model presented by Lemos et al.21 to include

the equations that relate the increase of the pressure drop with the

thickness of the deposits.31 While Lemos et al.21 identified the

optimal solution using mathematical programming, we explore here

the utilization of Set Trimming, a new approach that uses inequality

constraints one at a time to gradually reduce the search space.1

The use of Set Trimming for the design optimization of shell and

tube exchangers using a conventional representation of the fouling

impact has been explored in great detail and compared to the use

of rigorous linear models solved using MILP and ILP procedures by

Lemos et al.32

The major focus of this study is to show that the thickness of the

fouling deposits has a significant effect on the pressure drop. The pro-

posed model can consider the presence of fouling in the tube-side,

the shell-side, or in both sides simultaneously (or even in its absence

at all). The most common situation observed in crude preheat trains is

the crude oil flowing in the tube-side, where fouling occurs. Diaz-

Bejarano et al.33 mentioned that “negligible” fouling on the shell side

as being the “most common case in refinery heat exchangers.” How-

ever, in some equipment, fouling can also occur in the shell-side of

crude preheat trains. Coletti et al.34 remarked that fouling on the shell

side takes place when the shell fluid is a “heavy petroleum fraction or

if crude is switched to the shell-side for design reasons.”
We remark that our approach is based on limit fouling values

without considering the dynamic of fouling. For cases where fouling

takes place on one side of the exchanger (tube or shell side), one can

identify long-term values of fouling resistance. However, in cases

where fouling takes place on both tube and shell sides, be it from the

beginning for both sides or not, the final state can only be determined

through a dynamic simulation. Because our approach is solely based

on long-term values of fouling resistances, we choose to use upper

bounds of the fouling resistance that expresses a limit value in these

cases, adequate for design purposes.

The remainder of this article is organized as follows. Initially, the

formulation of the heat exchanger design problem is discussed, includ-

ing the modeling of the thermal and hydraulic aspects of fouling.

Then, we discuss the Set Trimming technique applied to identify the

global optimum solution. After that, the results of the proposed

approach are compared with the conventional approach of designing

with fixed fouling factor and with a design approach associated with

fouling modeling but considering only its thermal impact. In the end,

conclusions are presented.

2 | HEAT EXCHANGER DESIGN
OPTIMIZATION

The shell and tube heat exchanger design problem consists of the minimi-

zation of the heat transfer area according to the available pressure drops.

Alternative objective functions are the total annualized cost (TAC) or

weight and detailed costing.35 Here, we consider no phase change streams

in a single E-shell type, where the tube-side and shell-side streams present

a fouling behavior represented by a threshold model.17,18

The search space is composed of a set of design alternatives.

Each solution candidate is defined by a set of values of the following

design variables: inner and outer tube diameters (dti and dte), shell

diameter (Ds), tube length (L), number of baffles (Nb), number of tube

passes (Ntp), tube pitch ratio (rp), tube layout (lay), and baffle cut ratio

(Bc). Because of its physical nature and/or commercial standards, the

problem variables are assumed discrete.

We present next the objective function and the problem con-

straints. Model parameters are identified with a symbol ^ on top. The

constraints associated with the fouling model, involving thermal and

hydraulic equations are shown later.

2.1 | Objective function

The optimization seeks to identify the heat exchanger with the minimum

area, therefore the objective function of the problem is represented by:

A¼Ntt π dte L ð1Þ

where Ntt is the total number of tubes of the heat exchanger, defined

according to a proper counting table36 or equivalent equations.30

2.2 | Geometric constraints

The ratios L/Ds and lbc/Ds (lbc is the baffle spacing) are bounded37

and the maximum unsupported span of tubes (lbmax) is bounded

according to TEMA standards:

3Ds≤ L≤15 Ds ð2Þ

0:2Ds≤ lbc≤1:0 Ds ð3Þ

lbc≤0:5 lbmax ð4Þ

where lbmax depends on the material of the tube and the outer tube

diameter.

2.3 | Velocity bounds

Flow velocities in the tube-side (vt) and shell-side (vs) must obey

upper bounds to avoid vibration and erosion.

2 of 14 LEMOS ET AL.
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vs≤ dvsmax ð5Þ

vt≤ dvtmax ð6Þ

Usually, lower bounds on velocities are also included to avoid

solutions associated with excessive fouling, but the current

approach can predict the impact of fouling through fouling rate

models, therefore these constraints are not necessary in the cur-

rent approach.

2.4 | Reynolds numbers bounds

Bounds on the Reynolds numbers in the tube-side (Ret) and shell-side

(Res) are associated with the validity of the thermofluid dynamic

correlations:

Res≤ dResmax ð7Þ

Ret≤ dRetmax ð8Þ

2.5 | Pressure drop bounds

Pressure drops in the shell-side (ΔPs) and tube-side (ΔPt) must also be

bounded:

ΔPs≤ dΔPsdisp ð9Þ

ΔPt≤ dΔPtdisp ð10Þ

The tube-side pressure drop evaluation uses the Darcy–Weisbach

equation36 considering the presence of a deposit layer inside the tube

and the shell-side pressure drop is evaluated by the Bell–Delaware

method considering the presence of a deposit layer outside the tube

(Figure 1). Both models correspond to the equations presented in

Gonçalves et al.7 adapted to encompass the presence of the

corresponding fouling layer (see Supporting Information).

2.6 | Heat transfer rate constraint

According to the LMTD method:38

bQ¼UAreq dΔTlmF ð11Þ

where U is the overall heat transfer coefficient, dΔTlm is the logarithmic

mean temperature difference for the countercurrent configuration,

and F is the correction factor of the mean temperature difference.

Thus, the heat transfer area of the exchanger must be higher than the

required area, according to a design margin, called an “excess
area” (dAexc):

A≥ 1þ
dAexc
100

 !
Areq ð12Þ

In turn, the expression of the overall heat transfer coefficient is:

U¼ 1

dte
dti htþ Rft dte

dti þ dteln dte
dtið Þ

2dktube þ 1
hsþRfs

ð13Þ

where ht and hs are the convective heat transfer coefficients for the

tube-side and shell-side, respectively; dktube is the thermal conductiv-

ity of the tube wall; Rft is the fouling resistance for the tube-side and

Rfs, for the shell-side. The shell-side heat transfer coefficient is evalu-

ated using the Bell–Delaware model. The evaluation of the tube-side

heat transfer coefficient involves several correlations to encompass all

flow regimes, as described in Supporting Information.

3 | FOULING MODEL

The proposed model considers the possibility of the presence of foul-

ing in the tube-side and shell-side streams of the heat exchanger, with

a behavior represented by a threshold model,17,18 including the

hydraulic impact of fouling. The threshold model is an approach

widely employed to describe the fouling behavior on streams of crude

preheat trains. Although the shell-side fouling is assumed negligible in

most of the works dealing with preheat trains, which is a common

situation,33 here we also consider the possibility of its presence, as

occur in some cases.34

The presentation of the fouling model below is organized in the

following subsections: fouling hydraulic impact modeling, tube-side

fouling model, shell-side fouling model, tube-side versus shell-side

fouling models, and possible fouling behaviors for a given

exchanger.

F IGURE 1 Cross section of a fouled tube

LEMOS ET AL. 3 of 14
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3.1 | Fouling hydraulic impact

The increase of the pressure drop due to the accumulation of deposits

can be caused by the following reasons: tube blockage, increase of sur-

face roughness, and reduction of the free flow area due to the fouling

layer.31 We focus our model on the last contribution, illustrated in

Figure 1, where the inner and outer tube diameters (dti and dte), the

fouled inner diameter (dft), and the fouled outer diameter (dfs) are shown.

In this section, we discuss how the fouling thickness (δft and δfs), hence

dft (dft = dti – 2δft) and dfs (dfs = dte +2δfts), can be related to the

fouling resistance.

We consider the fouling thickness and the fouling thermal conduc-

tivity to be uniform along the heat transfer area for both sides and for

the shell-side we consider that fouling occurs on the outer tube surface

and on the inner shell surface, impacting the clearances in the Bell–

Delaware model. The complete model that takes it into account can be

found in Supporting Information. There are models that investigated the

spatial distribution of the fouling thickness along the heat transfer area

which provides a more detailed description of the phenomenon,34 but

none of them were employed for heat exchanger design purposes.

Based on the above assumptions, the fouled overall heat transfer

coefficient can be represented in the following two ways:

1
U
¼ 1
hs

þRfsþ dte

2 dktube ln dte
dti

� �
þdte

dti
Rftþdte

dti
1
ht

ð14Þ

1
U
¼ dte

dteþ2δfsð Þ
1
hsf

þ dte

2ckfs ln dteþ2δfs
dte

� �
þ dte

2 dktube ln dte
dti

� �
þ dte

2ckft ln dti
dti�2δft

� �
þ dte

dti�2δfð Þ
1
htf

ð15Þ

where htf and hfs are the heat transfer coefficients at the fouled con-

ditions for tube-side and shell-side, ckft and ckfs are the fouling thermal

conductivities for the tube-side and shell-side.

The expression in Equation (15) is equivalent to Equation (14),

but instead of using a fouling resistance, it considers the effect of

fouling through an explicit thermal resistance of the deposits layer. An

additional consideration to make is that the values of htf and ht are

different in a fouled condition: the value of htf is higher than ht due to

the increase of the flow velocity associated with the reduction of the

free flow diameter (dft < dti), the same can be said about the shell-

side, hsf is higher than hs.

Because Equations (14) and (15) are equivalent and the first two

terms of Equation (15) are related to the shell-side and the last two

terms to the tube-side, we can write the following relations by

matching the terms and isolating the fouling resistances:

Rfs¼ dte
dfs

1
hsf

þ dte

2ckfs ln dfs
dte

� �
� 1
hs

ð16Þ

Rft¼ dti

2ckft ln dti
dft

� �
þ dti
dft

1
htf

� 1
ht

ð17Þ

The same relation for the tube-side (Equation (17)) was obtained

by Yeap et al.31 when considering that the heat transfer coefficients

are impacted by the fouling growth.

These relations between the fouling resistances and the fouled

diameters allow describing the hydraulic impact of fouling, that is, the

increase of the fouling resistance brings a reduction of the flow area

leading to larger pressure drops.

3.2 | Tube-side fouling model

The threshold model represents the fouling rate as the difference

between a formation rate (φD) and a suppression rate (φR):

dRft
dt

¼φD�φR ð18Þ

It is an open issue in the literature if the negative term in

Equation (18) is a suppression term or a removal term.39 The removal

option implies that the fouling rate can be negative, that is, the fouling

resistance can decrease during the heat exchanger operation. The

suppression option considers that if the difference in Equation (18)

becomes negative then the fouling rate becomes zero, without

decrease of the fouling resistance. As mentioned above, we adopt

here the latter option.40

Among the several options of threshold models,17,18 without loss

of generality, we use the threshold fouling model proposed by Polley

et al.:41

dRft
dt

¼ bαt Ret�0:8cPrt�0:33
exp

�cEatbRTst
 !

� bγt Ret0:8 ð19Þ

where Tst is the surface temperature of the tube-side (the wall tem-

perature in the clean exchanger and the deposit surface temperature

in the fouled case); bαt, bγt, and cEat are model empirical parameters; Ret

is the Reynolds number; cPrt is the Prandlt number; and bR is the univer-

sal gas constant.

The fouling rate model can be described more compactly:

dRft
dt

¼dAftRet�0:8exp
�cψft
Tst

 !
�cBftRet0:8 ð20Þ

where cAft¼ bαtcPrt�0:33
,cBft¼ bγt and cψft¼� bEatbR .

According to the threshold model, if the suppression rate is higher

than the formation rate, then no fouling occurs. Therefore, the model

delimits two regions in terms of the surface temperature and fluid

velocity: a no fouling region and a fouling region, as shown in

Figure 2.

The wall temperature can be determined by considering the ther-

mal circuit shown in Figure 3, for which we can write:

4 of 14 LEMOS ET AL.
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cTh�Tst
1
hsfþ dte ln dfs=dfteð Þ

2bkfs þ dte ln dte=dtið Þ
2dktube þ dte ln dti=dftð Þ

2bkft ¼ Tst� bTc
1
htf

dte
dft

� � ð21Þ

where cTh and bTc are the average temperatures of the hot and cold

streams.

Thus, Tst is given by the following expression:

Tst¼
cTh� bTc� �

1
htf

dte
dft

� �
1
hsfþ dte ln dfs=dfteð Þ

2bkfs þ dte ln dte=dtið Þ
2dktube þ dte ln dti=dftð Þ

2bkft þ 1
htf

dte
dft

� �þ bTc ð22Þ

The no fouling condition in the tube-side takes place when the

formation rate is smaller than or equal to the suppression rate, repre-

sented below for a null fouling resistance in the shell-side (e.g., at

beginning of the operation, after a full cleaning of the heat

exchanger):

cAftRet�0:8exp
�cψftbTh�bTc� �

1
ht

dte
dtið Þ

1
hsþ

dte ln dte=dtið Þ

2cktube þ1
ht

dte
dtið Þþ

bTc

0BBBBBB@

1CCCCCCA≤cBftRet0:8 ð23Þ

If there is fouling, the threshold model can also predict the

asymptotic fouling condition (indicated here by the superscript ∞),

which takes place when the formation and suppression rates become

equivalent during the operation (represented below considering the

presence of a known shell-side fouling):

cAftexp �cψftbTh�bTc� �
1
htf

dte
dftð Þ

1
hsfþ

dte ln dfs=dfteð Þ

2bkfs þdte ln dte=dtið Þ

2cktube þdte ln dti=dftð Þ

2bkft þ 1
htf

dte
dftð Þþ

bTc

0BBBBBB@

1CCCCCCA¼cBft Ret∞ð Þ1:6 ð24Þ

3.3 | Shell-side fouling model

The threshold model was originally developed for crude oil streams

flowing in the tube-side.17,18 Loyola-Fuentes and Smith42,43

suggested the use of linear fouling for wax deposits, which is not

amenable for threshold modeling as it does not exhibit finite long-

term behavior. However, Diaz-Bejarano et al.44 proposed the utili-

zation of a threshold model for the modeling of the fouling rate in

the shell-side. Therefore, we also adopted the same approach,

assuming the validity of the Polley et al. model.41 for the

shell-side.

Applying an equivalent analysis for the shell-side as presented

above for the tube-side yields the following set of equations.

The fouling rate model for the shell-side, analogous to

Equation (20), is given by:

dRfs
dt

¼dAfsRes�0:8exp
�cψfs
Tss

 !
�cBfsRes0:8 ð25Þ

The shell-side surface temperature, Tss can be calculated by

(Figure 3):

Tss¼cTh� cTh� bTc� �
1
hsf

1
hsfþ dte ln dfs=dfteð Þ

2bkfs þ dte ln dte=dtið Þ
2dktube þ dte ln dti=dftð Þ

2bkft þ 1
htf

dte
dft

� � ð26Þ

Therefore, the no fouling condition for the shell-side is (consider-

ing a clean tube-side condition):

cAfsRes�0:8exp
�cψfs

cTh� bTh�bTc� �
1
hsf

1
hsþdte ln dte=dtið Þ

2cktube þ1
ht

dte
dtið Þ

0BBBBBB@

1CCCCCCA≤ cBfsRes0:8 ð27Þ

and the asymptotic fouling condition is:

cAfsexp �cψfs
cTh� bTh�bTc� �

1
hsf

1
hsfþdte ln dfs=dfteð Þ

2bkfs þdte ln dte=dtið Þ

2cktube þdte ln dti=dftð Þ

2bkft þ 1
htf

dte
dftð Þ

0BBBBBB@

1CCCCCCA¼ cBfs Res∞ð Þ1:6 ð28Þ

F IGURE 2 Threshold fouling

F IGURE 3 Thermal circuit between hot and cold streams

LEMOS ET AL. 5 of 14
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3.4 | Tube-side versus shell-side fouling model

The fouling behavior of the tube-side and shell-side streams depends

on the interaction between both sides. Indeed, the presence of fouling

on one side alters the surface temperature on the other side, and this

affects the resultant fouling rate on the other side. Therefore, the

tube-side and shell-side fouling models presented above must be ana-

lyzed together to identify the fouling status of a given heat exchanger.

The objective of this analysis is to identify which fouling condition

will be present in the long-term in each stream according to the

threshold model: no fouling or asymptotic fouling. This diagnosis

involves an analysis of the initial fouling rates of the heat exchanger

(assuming that both sides are clean) followed by a complementary

analysis of the corresponding fouling condition in the long-term.

For a given heat exchanger, five fouling behavior alternatives can

occur. Therefore, each heat exchanger design candidate will be classi-

fied into one of the subsets discussed in the next subsections. In some

cases, it is not possible to diagnose the exact value of the long-term

fouling resistance, and, alternatively, upper bound values are provided

that can be employed as a fouling resistance limit for design purposes.

The Supporting Information contains the detailed representation of

the corresponding mathematical problems.

The analyses present in the following subsections assume that

the tube-side stream is the cold stream (e.g., crude oil) and the shell-

side stream is the hot stream (e.g., distillate cut). This is the most com-

mon allocation in crude preheat trains, but the same approach can be

directly extended for the opposite stream allocation.

3.5 | Subset 1—Tube-side: no fouling/shell-side: no
fouling

If the conditions expressed in Equations (23) and (27) are true, there-

fore tube-side and shell-side streams are in the no fouling condition at

the beginning of the operation. Because no fouling layer is formed in

both sides during the operation, the surfaces temperatures do not

modify and the no fouling condition is present in the long-term.

3.6 | Subset 2—Tube-side: no fouling/shell-side:
fouling

If the condition expressed in Equation (23) is true, but the condition

expressed in Equation (27) is false, therefore there is no fouling in the

tube-side at the beginning of the operation of the heat exchanger, but

there is a positive fouling rate in the shell-side.

As time passes, the presence of fouling in the shell-side reduces

the tube-side surface temperature. Therefore, the formation rate of

fouling (φD in Equation (18)) is also reduced and the tube-side keeps

the no fouling condition in the long-term. Based on the absence of

fouling in the tube-side, it is possible to evaluate the shell-side fouling

asymptotic thickness in terms of dfs, based on Equation (28) for

dtf = dti and htf = ht (i.e., Rft = 0).

3.7 | Subset 3—Tube-side: fouling/shell-side: no
fouling

If the condition expressed in Equation (23) is false, but the condition

expressed in Equation (27) is true, therefore there is a positive fouling

rate in the tube-side at the beginning of the operation of the heat

exchanger, but there is a null fouling rate in the shell-side.

The accumulation of deposits in the tube-side contributes to the

increase of the surface temperature on the shell-side. Therefore, the

no-fouling condition may be displaced in the long term. The analysis

presented below checks if the no-fouling condition remains in the

long term.

Initially, the asymptotic fouling resistance in the tube-side, repre-

sented by the corresponding fouled diameter dft can be calculated

using Equation (24) with dfs = dte and hsf = hs (i.e., Rfs = 0). Then,

the check of the no fouling condition in the long-term can be tested

through Equation (27), including the fouling terms associated to the

value of dft already calculated. If this condition is true, the heat

exchanger candidate presents asymptotic fouling in the tube-side and

no fouling on the shell-side. Otherwise, there will be fouling on both

sides and upper bounds on the fouling resistances can be calculated,

as shown in the next subsection.

3.8 | Subset 4—Tube-side: fouling/shell-side:
fouling

If the condition expressed in Equation (23) is false, but the condition

expressed in Equation (27) is true, as shown in the previous case, but

the no fouling condition is false in the long-term, it is not possible to

directly diagnose the long-term fouling resistances in this case (the

interruption of the fouling growth may be associated with a condition

where the suppression rate is higher than the formation rate and a

corresponding system of equations cannot be established). Alterna-

tively, for design purposes, we evaluate upper bound values on the

fouling resistances for the tube-side and shell-side streams, as pres-

ented below (in order to simplify the notation, we also identify the

fouling resistance upper bound with the superscript∞).

The upper bound on the fouling resistance in the tube-side can

be calculated using Equation (24) assuming that there is no fouling in

the shell-side and evaluating the shell-side heat transfer coefficient at

the maximum velocity ( dvsmax). These assumptions are associated with

the highest value of the tube-side surface temperature, which pro-

vides the desired upper bound on the tube-side fouling resistance.

The solution of Equation (24) with these assumptions allows the eval-

uation of dft that is associated with the corresponding values of foul-

ing thickness and fouling resistance.

The upper bound on the fouling resistance in the shell-side can

be calculated using Equation (28) in an analogous approach, based on

assumptions that the fouling in the tube-side corresponds to the

upper bound evaluated in the previous paragraph and the tube side

heat transfer coefficient is calculated using the flow velocity at the

clean condition. These assumptions are associated with the highest

6 of 14 LEMOS ET AL.
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value of the shell-side surface temperature, which provides an upper

bound of the shell-side fouling resistance. The solution of

Equation (28) with these assumptions allows the evaluation of dfs that

is associated with the corresponding values of fouling thickness and

fouling resistance.

3.9 | Subset 5—Tube-side: fouling/shell-side:
fouling

If both conditions corresponding to Equations (23) and (27) at the

beginning of the operation are false, therefore there are positive foul-

ing rates in the tube-side and shell-side streams. However, similarly to

the previous case, it is also not possible to directly diagnose the long-

term fouling resistances. Therefore, the same procedure described

above is applied to provide upper bounds on the fouling resistances

for both streams.

3.10 | Maximum fouling

If the asymptotic fouling resistance is higher than a maximum fouling

resistance one desires to tolerate, the maximum fouling resistance is

then used in the design, that is:

Rft¼min cRftmax
,Rft∞

� �
ð29Þ

Rfs¼min cRfsmax
,Rfs∞

� �
ð30Þ

4 | OPTIMIZATION PROCEDURE

The proposed formulation of the heat exchanger design optimization

is a mixed-integer nonlinear model and instead of solving it using an

MINLP solver (e.g., DICOPT, SBB, BARON, etc.), we use a different

approach: Set Trimming.1

Set Trimming is a procedure that employs the inequality problem

constraints for reducing the number of available candidate solutions.

Each constraint yields a partially feasible set of solution candidates

that satisfies all problem constraints explored up to that point. Aiming

at developing a more efficient procedure, the sequence of the con-

straints must consider the complexity of the calculations involved (it is

considered more efficient to start exploring the simpler constraints

and only to apply the more complex constraints, presumably more

time consuming, at the end when the number of candidate solutions

is smaller; this matter of knowing a priori the order is still under inves-

tigation, but the answer can be obtained experimenting). If all con-

straints are applied, the resultant set is the set of feasible candidates

and, therefore, the identification of the optimal solution can be done

by simple inspection or application of an enumeration procedure.

In our case, the set of discrete design variable values (dti and dte,

Ds, L, Nb, Npt, rp, lay, and Bc) is the ones that represent all the degrees

of freedom. Because the evaluation of the objective function is direct,

the optimal solution is obtained by inspection. The continuous vari-

ables are evaluated from the design variables using the equality

constraints.

Figure 4 shows the sequence of trimmings to identify the feasible

heat exchangers in a given set of candidates. Examples of successful

application of Set Trimming for optimization of thermal equipment

design can be found in Lemos et al.32 and Nahes et al.45

The search space corresponds to the set of heat exchanger can-

didates composed of all possible combinations of the available dis-

crete values of the design variables. This set is partitioned into five

subsets according to the corresponding fouling behavior described

in the previous section. The identification of the candidates that

belong to each subset and the associated evaluation of the fouling

resistances may involve a considerable numerical effort. Therefore,

aiming at reducing the computational time, instead of identifying the

heat exchangers of all subsets simultaneously, the proposed optimi-

zation procedure identifies the heat exchangers that belong to each

subset sequentially. After the identification of a given subset, the

Set Trimming procedure is applied to this subset, thus finding the

heat exchanger candidates in this subset with the smallest area that

is feasible (if exists at least a single feasible candidate). Then, the

candidates of this subset are eliminated from the search and the

area of the best feasible candidate of this subset becomes the new

incumbent. Finally, after the update of the incumbent, the heat

exchangers in the remaining search space with area higher than the

incumbent area are also eliminated. When the last subset is

explored, the search stops and the optimal heat exchanger is the

incumbent. Figure 5 illustrates the optimization procedure. It is

important to observe in Figure 5 the application of a Set Trimming

procedure to the entire search space without fouling, before the

F IGURE 4 Identification of feasible heat exchanger candidates
through Set Trimming

LEMOS ET AL. 7 of 14
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application of the loop associated with the analysis of each subset.

The objective of this step is to eliminate all heat exchanger candidates

that are not feasible even in clean conditions. This step allows a

decrease of the computational effort, because it reduces the number

of heat exchangers to be tested in the steps of the identification of

the subsets associated with different fouling patterns. Because all

heat exchangers that are not geometrically feasible (Equations (2)–(4))

are excluded in this Set Trimming step, the application of Set Trim-

ming in the subsets does not include these constraints (Figure 5).

5 | RESULTS

We solved four examples using the proposed approach, they are

based on the same data, where only the fouling rate model parame-

ters are varied. The examples are associated with optimal solutions

related to different subsets mentioned in the Fouling Model Section.

The physical properties of the streams and the characteristics of the

thermal service of the examples are presented in Tables 1 and 2.

These values were adapted from a real crude preheat train, where the

cold stream, crude oil, flows in the tube-side and the hot stream flows

in the shell-side. The discrete options of the geometric variables are

presented in Table 3. This results in 38,880 candidates. The thermal

conductivity of the fouling layer on the tube-side is 1.4 W/(m K) and

on the shell-side is 1.0 W/(m K), within the range reported in the liter-

ature for this parameter.46 The thermal conductivity of the tube wall

is 50 W/(m K) and the tube wall thickness is 0.001225 m. The maxi-

mum pressure drop allowable for all streams is 50 kPa for

Examples 1–3, and 30 kPa for Example 4. The maximum flow veloci-

ties in the tube-side and shell-side are 3 and 2 m/s, respectively.

The design based on a fixed fouling resistance employs the values

suggested by TEMA16 (7.04 � 10�4 m2K/W for the tube-side and

5.3 � 10�4 for the shell-side). These values are also used as the maxi-

mum fouling resistance allowed in the proposed design procedure

( bRftmax and bRfsmax). The values of the empirical parameters of the foul-

ing rate model in each example are displayed in Table 4.

All the examples were solved using the GAMS software in a com-

puter with Intel Core i7 processor with 16 Mb of RAM memory. The

solutions of the auxiliary mixed-integer nonlinear models were

obtained using the solver SBB (the solver DICOPT was also tested,

but it presented convergence limitations for this problem). Whenever

the results pointed to different heat exchangers with the same area,

but different number of baffles or baffle cut, only the one with the

smallest values is portrayed. The computational times associated with

the design optimization using fixed fouling resistances for all examples

Application of the Set Trimming to the search space without fouling  

Initialize the subset index k = 1 

Identify in the current search space the heat exchanger 

candidates that belong to the Subset k and evaluate the fouling 

resistances in the tube-side and shell-side for each candidate 

Apply the Set Trimming procedure in the heat 

exchanger candidates in the Subset k

Apply a sorting procedure to identify the 

smallest feasible heat exchanger in the Subset k

If there is a feasible candidate in the Subset k, update the incumbent 

Eliminate from the search space all the heat exchanger candidates of the Subset k

Eliminate from the search space all the heat exchanger 

candidates with area higher than the incumbent 

Yes
k = 5? 

The current incumbent 

is the optimal solution 

End

No

Update the subset index k ← k + 1 

Set the search space 

F IGURE 5 Optimization algorithm

TABLE 1 Physical properties

Cold stream Hot stream

Density (kg/m3) 768.9 898.0

Viscosity (Pa s) 5.36 � 10�4 1.87 � 10�3

Thermal conductivity (W/m K) 0.09 0.13

Heat capacity (J/kg K) 2754 2742

TABLE 2 Thermal service

Cold stream Hot stream

Mass flow rate (kg/s) 91.9 40.0

Inlet temperature (�C) 308.4 363.8

Outlet temperature (�C) 325.0 325.4

TABLE 3 Alternatives of discrete values of the design variables

Variable Values

Tube outer diameter (m) 0.01905, 0.02540, 0.03175,

0.03810, 0.05080

Tube length (m) 3.6585, 4.8768, 6.0976

Number of baffles 13–20

Number of tube passes 1, 2, 4

Tube pitch ratio 1.25, 1.33, 1.50

Shell diameter (m) 0.9398, 0.9906, 1.0668,

1.1430, 1.2192, 1.3716

Tube layout 1 = square, 2 = triangular

Baffle cut 0.15, 0.20, 0.25

8 of 14 LEMOS ET AL.
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were about 2 s. The corresponding computational times for the

approaches based on fouling modeling were larger in all examples,

with the exception of Example 1.

Example 1. Tube-side: no fouling/shell-side: no fouling

The comparison of the optimal solutions using the

proposed approach and the previous models are shown

in Tables 5 and 6.

The optimal solutions obtained using the proposed

approach and the model that ignores the hydraulic

impact of fouling were the same. This equivalence

occurred because the optimal heat exchanger is inside

in the no fouling region for both streams. However,

using the traditional approach, with the fixed fouling

resistances from TEMA, the area of the heat exchanger

was 134% higher than the proposed approach. This

result demonstrates the advantage of using a fouling

model in the design procedure since the fixed fouling

resistances penalized the heat exchanger area of the

solution, but the other two approaches could find a heat

exchanger solution where fouling does not happen,

which allows a reduction of the heat transfer surface.

Example 2. Tube-side: no fouling/shell-side: fouling

Tables 7 and 8 display the results obtained for the dif-

ferent approaches, it is important to notice that the value

of tube-side and shell-side pressure drop displayed for the

proposed approach already considers the hydraulic impact

of fouling, while the other two do not. The problem was

solved in 13 s using the Set Trimming proposed approach

and in 24 s ignoring the hydraulic impact. The large differ-

ence of the computational times between the approaches

that employ the fouling model and the approach based on

fixed fouling resistances is explained by the demand to

solve a considerable number of auxiliary mixed integer

nonlinear models (however, the corresponding total com-

putational times are still relatively low).

The result using the proposed approach led to a no

fouling condition in the tube-side and a fouling condition

in the shell-side, where the shell-side fouling resistance is

the maximum one (5.3 � 10�4 m2K/W), associated with a

fouled inner diameter equal to 1.01 mm. The optimal heat

transfer area of the traditional approach based on fixed

fouling resistances is 55% higher. The identification of an

optimal heat exchanger in the no fouling region in the

tube-side using the fouling model allows a reduction of

the heat transfer area. The design approach, which ignores

the hydraulic impact identified a heat exchanger with the

same area of the proposed approach, because the addi-

tional pressure drop associated with the fouling layer did

not exclude this option from the feasible region.

Example 3. Tube-side: fouling/shell-side: no fouling

The results for the proposed new approach and the

other two approaches are displayed in Tables 9 and 10.

TABLE 4 Fouling rate model
parameters

Example 1 Example 2 Example 3 Example 4

αt (m2 K/J) 0.2798 0.2798 0.2798 0.2798

γt (m2 K/J) 4.17 � 10�13 4.17 � 10�13 4.17 � 10�13 4.17 � 10�13

Eat (J/mol) 48,000 48,000 38,000 45,000

αs (m2 K/J) 0.2798 0.2798 0.2798 0.2798

γs (m2 K/J) 4.17 � 10�12 4.17 � 10�12 4.17 � 10�11 4.17 � 10�12

Eas (J/mol) 48,000 41,000 48,000 40,000

TABLE 5 Example 1—Optimal values of the design variables

Variable Proposed approach Fouling model ignoring hydraulic impact Fixed fouling resistance

Area (m2) 322.1 322.1 756.5

Tube outer diameter (m) 0.0254 0.0254 0.01905

Tube length (m) 6.0976 6.0976 6.0976

Number of baffles 20 20 13

Number of tube passes 4 4 4

Tube pitch ratio 1.25 1.25 1.25

Shell diameter (m) 0.9398 0.9398 1.2192

Tube layout 1 1 1

Baffle cut 0.15 0.15 0.15

LEMOS ET AL. 9 of 14
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The proposed approach and the approach ignoring the

hydraulic impact solved the design problem in about

60 s for this example.

Our model renders an area approximately 20%

smaller than the area found using fixed fouling resistances.

The traditional approach considered a fixed shell-side foul-

ing resistance equal to 5.3 � 10�4 m2K/W, while the pro-

posed approach rendered a solution in the no fouling

region for the shell-side, explaining the difference between

the results. The tube-side fouling resistance in the optimal

heat exchanger using the proposed approach is associated

with a fouling layer thickness of 2.25 mm. The approach

based on the fouling modeling that does not consider the

hydraulic impact attained a heat exchanger area 5.8%

smaller than the one found using the proposed approach.

However, the evaluation of this heat exchanger consider-

ing the hydraulic impact of fouling yields a pressure drop

of 65 kPa. It is important to observe that the maximum

pressure drop is 50 kPa, therefore these values indicate

that this design solution will violate the pressure drop con-

straint due to the reduction of the flow area in the tube-

side caused by the fouling layer.

TABLE 6 Example 1—Optimal values of the thermofluid dynamic variables

Variable Proposed approach

Fouling model ignoring

hydraulic impact

Fixed fouling

resistance

Shell-side pressure drop (kPa) 35.3 35.3 13.9

Tube-side pressure drop (kPa) 38.11 38.11 21.3

Shell-side heat transfer coefficient (W/m2K) 1018.7 1018.7 791.9

Tube-side heat transfer coefficient (W/m2K) 2319.8 2319.8 1526.1

Overall heat transfer coefficient (W/m2K) 673.6 673.6 296.0

Shell-side velocity (m/s) 0.78 0.78 0.40

Tube-side velocity (m/s) 1.74 1.74 1.07

Tube-side fouling resistance (m2K/W) 0 0 7.04 � 10�4

Shell-side fouling resistance (m2K/W) 0 0 5.3 � 10�4

TABLE 7 Example 2—Optimal values of the design variables

Variable Proposed approach

Fouling model ignoring

hydraulic impact

Fixed fouling

resistance

Area (m2) 487.9 487.9 756.5

Tube outer diameter (m) 0.01905 0.01905 0.01905

Tube length (m) 6.0976 6.0976 6.0976

Number of baffles 13 13 17

Number of tube passes 4 4 4

Tube pitch ratio 1.25 1.25 1.25

Shell diameter (m) 0.9906 0.9906 1.2192

Tube layout 1 1 1

Baffle cut 0.15 0.15 0.15

TABLE 8 Example 2—Optimal values of the thermofluid dynamic variables

Variable Proposed approach
Fouling model ignoring
hydraulic impact

Fixed fouling
resistance

Shell-side pressure drop (kPa) 39.0 18.6 23.2

Tube-side pressure drop (kPa) 47.4 47.4 21.3

Shell-side heat transfer coefficient (W/m2K) 942.2 942.2 833.2

Tube-side heat transfer coefficient (W/m2K) 2273.6 2273.6 1526.1

Overall heat transfer coefficient (W/m2K) 366.9 366.9 301.5

Shell-side velocity (m/s) 0.49 0.49 0.52

Tube-side velocity (m/s) 1.65 1.65 1.07

Tube-side fouling resistance (m2K/W) 0 0 7.04 � 10�4

Shell-side fouling resistance (m2K/W) 5.3 � 10�4 5.3 � 10�4 5.3 � 10�4

10 of 14 LEMOS ET AL.
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Example 4. Tube-side: fouling/shell-side: fouling

All the results of Example 4 are displayed in

Tables 11 and 12, the proposed approach solved this

example in about 83 s and the model ignoring the

hydraulic impact solved it in about 75 s.

In this example, the area found with the proposed

model is larger than the area found by the other two

models. The solution for the other models is not feasible

when considering the hydraulic impact of fouling, the pres-

sure drops are 39.5 kPa for the tube-side and 34.5 kPa for

the shell-side, both values are larger than the maximum

allowable pressure drop of 30 kPa. The fouling thickness

evaluated using the proposed approach is 2.27 and

1.31 mm for the tube and shell-side, respectively.

TABLE 9 Example 3—Optimal values of the design variables

Variable Proposed approach

Fouling model ignoring

hydraulic impact

Fixed fouling

resistance

Area (m2) 605.0 570.0 756.5

Tube outer diameter (m) 0.01905 0.01905 0.01905

Tube length (m) 4.8768 6.0976 6.0976

Number of baffles 14 13 17

Number of tube passes 4 4 4

Tube pitch ratio 1.25 1.25 1.25

Shell diameter (m) 1.2192 1.0668 1.2192

Tube layout 1 1 1

Baffle cut 0.15 0.15 0.15

TABLE 10 Example 3—Optimal values of the thermofluid dynamic variables

Variable Proposed approach
Fouling model ignoring
hydraulic impact

Fixed fouling
resistance

Shell-side pressure drop (kPa) 20.8 16.8 23.2

Tube-side pressure drop (kPa) 32.5 35.7 21.3

Shell-side heat transfer coefficient (W/m2K) 838.9 887.0 833.2

Tube-side heat transfer coefficient (W/m2K) 1526.1 1974.2 1526.1

Overall heat transfer coefficient (W/m2K) 360.0 393.3 301.5

Shell-side velocity (m/s) 0.54 0.46 0.52

Tube-side velocity (m/s) 1.38 1.83 1.07

Tube-side fouling resistance (m2K/W) 7.04 � 10�4 7.04 � 10�4 7.04 � 10�4

Shell-side fouling resistance (m2K/W) 0 0 5.3 � 10�4

TABLE 11 Example 4—Optimal values of the design variables

Variable Proposed approach Fouling model ignoring hydraulic impact Fixed fouling resistance

Area (m2) 968.5 756.5 756.5

Tube outer diameter (m) 0.01905 0.01905 0.01905

Tube length (m) 6.0976 6.0976 6.0976

Number of baffles 13 13 13

Number of tube passes 4 4 4

Tube pitch ratio 1.25 1.25 1.25

Shell diameter (m) 1.3716 1.2192 1.2192

Tube layout 1 1 1

Baffle cut 0.25 0.15 0.15

LEMOS ET AL. 11 of 14
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6 | CONCLUSIONS

This article presented a new optimization algorithm based on the Set

Trimming strategy to solve the heat exchanger design optimization

problem considering the hydraulic impact of fouling. The proposed

model can solve the heat exchanger design problem for crude preheat

trains with the crude oil flowing in the tube-side and the distillate

flowing in the shell-side. The proposed approach can consider the

impact of fouling on both sides. However, the main ideas explored

here can also be extended for other systems.

The examples where the performance of the proposed approach

was tested in comparison of alternative solutions involving the fouling

modeling that ignores the hydraulic impact and fixed fouling resis-

tances showed that:

1. The inclusion of the fouling modeling in the design can identify

solutions with a considerable reduction of the heat transfer area

because allows the optimization procedure to identify heat

exchanger alternatives that mitigate the fouling problem

(e.g., solutions in the no fouling region). The relation between foul-

ing rate and the thermofluid dynamic conditions can be explored

not only in the design phase, as presented in the current article,

but also in the analysis of the operation of the exchanger.47,48

2. The hydraulic impact of fouling can increase the pressure drop due

to the reduction of the free flow area. The exclusion of this effect

in the design problem may yield solutions with higher pressure

drops than the limits imposed by the designer. The proposed

approach, despite the higher complexity of the mathematical

model, can overcome this problem, identifying optimal solutions

that obey the pressure drop constraints, even at the fouled condi-

tions observed during the process operation.
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NOTATION

A area (m2)cAfs fouling model parameter shell-side (m2K/J)cAft fouling model parameter tube-side (m2K/J)dAexc excess area (percentage)

Areq required area (m2)

Bc baffle cutcBfs fouling model parameter shell-side (m2K/J)cBft fouling model parameter tube-side (m2K/J)

dfs shell-side fouled diameter (m)

dft tube -side fouled diameter (m)

dte outer tube diameter (m)

dti inner tube diameter (m)

Ds shell diameter (m)

Ea activation energy (J/mol)

F LMTD correction factor (dimensionless)

hs convective heat transfer coefficient on shell-side (W/m2K)

TABLE 12 Example 3—Optimal values of the thermofluid dynamic variables

Variable Proposed approach Fouling model ignoring hydraulic impact Fixed fouling resistance

Shell-side pressure drop (kPa) 29.4 13.9 13.9

Tube-side pressure drop (kPa) 25.7 21.3 21.3

Shell-side heat transfer coefficient (W/m2K) 650.3 791.9 791.9

Tube-side heat transfer coefficient (W/m2K) 1217.5 1526.1 1526.1

Overall heat transfer coefficient (W/m2K) 398.9 490.0 490.0

Shell-side velocity (m/s) 0.36 0.40 0.40

Tube-side velocity (m/s) 1.09 1.38 1.38

Tube-side fouling resistance (m2K/W) 7.04 � 10�4 7.04‧10�4 7.04‧10�4

Shell-side fouling resistance (m2K/W) 5.3 � 10�4 5.3‧10�4 5.3‧10�4
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ht convective heat transfer coefficient on tube-side (W/m2K)

hsf fouled convective heat transfer coefficient on shell-side

(W/m2K)

htf fouled convective heat transfer coefficient on tube-side

(W/m2K)ckfs thermal conductivity of shell-side fouling (W/m K)ckft thermal conductivity of tube-side fouling (W/m K)dktube thermal conductivity of the tube (W/m K)

L tube length (m)

lay layout of the heat exchanger

lbc baffle spacing (m)

lbmax maximum baffle spacing (m)

Nb number of baffles

Npt number of tube passes

Ntt total number of tubescPrt Prandtl number of the tube-side stream (dimensionless)bQ heat load (W)

R ideal gas constant (J/mol K)

Ret Reynolds number of the tube-side stream (dimensionless)dRetmax maximum Reynolds number of the tube-side stream

(dimensionless)dResmax maximum Reynolds number of the tube-side stream

(dimensionless)

Rfs fouling resistance on shell-side (m2K/W)

Rft fouling resistance on tube-side (m2K/W)cRfsmax
maximum fouling resistance on shell-side (m2K/W)cRftmax
maximum fouling resistance on tube-side (m1K/W)

rp tube pitch ratiobTc cold side average temperature (K)cTh hot side average temperature (K)

Tss surface temperature shell-side (K)

Tst surface temperature tube-side (K)

U overall heat transfer coefficient (W/m2 K)

vs shell-side flow velocity (m/s)dvsmax maximum shell-side flow velocity (m/s)

vt tube-side flow velocity (m/s)dvtmax maximum tube-side flow velocity (m/s)

GREEK LETTERS

αs fouling model parameter shell-side (m2K/J)

αt fouling model parameter tube-side (m2K/J)

γs fouling model parameter shell-side (m2K/J)

γt fouling model parameter tube-side (m2K/J)

δfs shell-side fouling thickness (m)

δft tube-side fouling thickness (m)

ΔPs pressure drop on shell-side (Pa)dΔPsdisp available pressure drop on shell-side (Pa)

ΔPt pressure drop on tube-side (Pa)dΔPtdisp available pressure drop on tube-side (Pa)dΔTlm logarithmic mean temperature difference (�C)cψfs threshold model parameter shell-side (K)cψft threshold model parameter tube-side (K)

φD fouling formation rate

φR fouling suppression rate
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