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Typical heat exchanger design procedures are based on the use of fixed values of fouling factors, mostly
based on estimates coming from practice. However, fouling depends on thermofluidynamic conditions
(e.g. flow velocity) which values are consequence of the selection of design variables (e.g. baffle spacing).
Therefore, the inclusion of fouling models into an optimal design procedure may yield better solutions. In
this article, we extend a recent globally optimal linear formulation for the design of shell and tube heat
exchangers (Gonçalves et al., 2017). Our extension leads to a linear model and consists on adding velocity
dependent fouling factors. A comparison with design examples based on fixed fouling factors indicates
that the linear problem can identify better design solutions, without involving any external convergence
loop.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Heat exchanger design is a very important problem in the
chemical process industry. The classical way of solving it is by trial
and verification procedures, as in Kern [1], where one first guesses
the overall heat transfer coefficient, then chooses the heat exchan-
ger geometry according to the required area and then calculates
the overall heat transfer coefficient associated to this tentative heat
exchanger. If the solution candidate does not fulfill the service
specifications, it is then modified aiming to correct the problems
observed. The procedure is repeated until a feasible solution is
found. These trial procedures are still presented in more recent
books [2,3].

Departing from trial and error procedures, there are many
works that explore the heat exchanger design as an optimization
problem [4]. The solution of this optimization problem is
addressed in the literature using three different approaches:
heuristic procedures using thermofluidynamic relations, meta-
heuristic methods and mathematical programming.

The heuristic procedures use thermal and hydraulic equations
to guide a search path along the space of heat exchanger alterna-
tives. The graphical representation of the search space is a resource
commonly employed in this approach [5,6].

The meta-heuristic methods consist in algorithms containing
randomized steps that mimic a natural phenomenon, such as, sim-
ulated annealing [7], genetic algorithms [8], and particle swarm
optimization [9].

The mathematical programming approach has evolved from the
analysis of the problem using only continuous variables, yielding
nonlinear programming (NLP) models [10,11] to more realistic for-
mulations considering the presence of integer and continuous vari-
ables, therefore involving mixed-integer nonlinear programming
(MINLP) models [12–14]. However, those models are nonconvex
and therefore do not guarantee to find the global optimum when
local solvers are used. Recently, a third generation of mathematical
programming models for heat exchanger design was proposed by
Gonçalves et al. [15,16] represented by mixed-integer linear pro-
gramming (MILP) and integer linear programming (ILP) rigorous
formulations; because it is linear, it guarantees global optimality.
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Nomenclature

A area (m2)dAexc excess area (%)
Areq required area (m2)
Ar area between adjacent baffles (m2)
dte outer tube diameter (m)
dti inner tube diameter (m)
Deq equivalent diameter (m)
Ds shell diameter (m)
fs Darcy friction factor for shell-side
ft Darcy friction factor for tube-side
F LMTD correction factor
FAR free area ratio
ĝ gravity acceleration (m/s2)
hs convective heat transfer coefficient for shell-side (W/

m2 K)
ht convective heat transfer coefficient for tube-side (W/

m2 K)dkRfs shell-side fouling model parameterdkRft tube-side fouling model parametercks thermal conductivity of the fluid on shell-side (W/m K)bkt thermal conductivity of the fluid on tube-side (W/m K)dktube thermal conductivity of the tube wall (W/m K)
lay layout of the heat exchanger
lbc baffle spacing (m)
ltp tube pitch (m)
L tube length (m)cms mass flow rate on shell-side (kg/s)cmt mass flow rate on tube-side (kg/s)
Nb number of baffles
Npt number of tube passes
Ntp number of tubes per pass
Ntt total number of tubes
Nus Nusselt number for shell-side
Nut Nusselt number for tube-sidedPDssrow standard shell diameter (m)dPdtesrow standard outer tube diameter (m)dPdtisrow standard inner tube diameter (m)cPLsrow standard tube length (m)dPlaysrow tube layoutdPNbsrow number of bafflesdPNptsrow number of tube passesdPNttsrow total number of tubesdPrpsrow standard tube pitch ratio

dPrs Prandtl for shell-sidecPrt Prandtl for tube-side
Q̂ heat load (W)
rp pitch ratio
Res Reynolds number for shell-side
Ret Reynolds number for tube-side
Rfs fouling factor on shell-side (m2 K/W)
Rft fouling factor on tube-side (m2 K/W)cTci cold stream inlet temperature (�C)dTco cold stream outlet temperature (�C)dThi hot stream inlet temperature (�C)dTho hot stream outlet temperature (�C)
U overall heat transfer coefficient (W/m2 K)
vs shell-side flow velocity (m/s)dvsmax maximum shell-side flow velocity (m/s)dvsmin minimum shell-side flow velocity (m/s)
vt tube-side flow velocity (m/s)dvtmax maximum tube-side flow velocity (m/s)dvtmin minimum tube-side low velocity (m/s)
ydsd binary variable representing the tube diameter
yDssDs binary variable representing the shell diameter
yLsL binary variable representing the tube length
ylayslay binary variable representing the tube layout
yNbsNb binary variable representing the number of baffles
yNptsNpt binary variable representing the number of tube passes
yrpsrp binary variable representing the tube pitch ratio
yrowsrow binary variable that represents simultaneously all dis-

crete variables

Greek lettersdaRfs shell-side fouling model parameterdaRft tube-side fouling model parameter
DPs pressure drop on shell-side (Pa)dDPsdisp available pressure drop on shell-side (Pa)
DPt pressure drop on tube-side (Pa)dDPtdisp available pressure drop on tube-side (Pa)dDTlm logarithmic mean temperature difference (�C)cls viscosity of the fluid on shell-side (Pa s)clt viscosity of the fluid on tube-side (Pa s)cqs density of the fluid on the shell-side (kg/m3)cqt density of the fluid on the tube-side (kg/m3)
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Despite the intense research about fouling, heat exchangers are
still designed using fixed fouling factors. Therefore, independently
of the nature of the search algorithm, the majority of the aforemen-
tioned procedures employ constant fouling factors to describe the
impact of the accumulation of the deposits on the thermal perfor-
mance. In addition, fouling factors are associated to a considerable
level of uncertainty, which in some cases may lead to poorly
designed heat exchangers that will not fulfill their objective cor-
rectly. Shilling [17] presented the problems associated to an exces-
sive design margin due to the inadequate selection of fouling
factors: unnecessary capital costs, designs with lower velocities
susceptible to fouling, and excessive heating or cooling of the pro-
cess stream.

A limited number of papers has considered the interrelation of
fouling models and heat exchanger design. Butterworth [18] ana-
lyzed the impact of fouling on the design using a graph relating
the number of tubes and tube length, where it is possible to
identify how the region containing the feasible design options is
modified according to the fouling status. Particularly, it is explored
the Ebert-Panchal model [19,20], suitable for crude oil fouling.
Polley et al. [21] explored the analysis of the relation between
fouling and design using the same graph representation (Poddar
plot) together with the Ebert-Panchal model. In this model, fouling
depends on the temperature and flow velocity, as it is illustrated in
Fig. 1, where it can be observed a no fouling region (threshold
model). Despite the existence of this region, the threshold velocity
may be too high when considering hydraulic, vibrational and ero-
sional limitations, thus imposing a design with fouling presence.

Polley et al. [22] discussed the design of heat exchangers to
achieve an operating period in a refinery preheat train. They pro-
pose a procedure to design the heat exchanger for the clean condi-
tion and afterwards increase its size to be able to achieve the
needed heat load during the entire operating period, while consid-
ering a fouling model to predict the fouling factor. They discuss
that even with the procedure there is a risk of needing unsched-
uled cleanings, where this risk decreases with the increase of the
exchanger size. They also discuss the use of tube inserts and
uncertainties.

Nakao et al. [23] presented an iterative scheme based on the
update of fouling factors in a heat exchanger design algorithm
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Fig. 1. Fouling threshold model.
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employing a fouling rate model. At each iteration, the heat exchan-
ger is simulated during the operational period to determine the
fouling factors at the end of the campaign.

As it was illustrated above, the analysis of the literature indi-
cates that the efforts to insert fouling models in heat exchanger
design are dominated by heuristic approaches. As far as we know,
a more rigorous mathematical treatment of the heat exchanger
equations and fouling modelling for the solution of the optimal
design problem was not proposed yet. In order to fill this gap, in
this article we extend the linear formulation presented by
Gonçalves et al. [15,16] to design heat exchangers, including a foul-
ing behavior equation, instead to use fixed fouling factors. This
insertion preserves the linearity of the model, therefore the results
are still globally optimal. We show that the results of using fixed
values of fouling factors, like those suggested by TEMA or others,
can lead to significant area discrepancies when compared to
results obtained using a model that actually calculates these foul-
ing factors during the design procedure.

The rest of the article is organized as follows: for completion, we
first present in Section 2 the original non-linear heat exchanger
modelwe are using followed by a brief discussion on foulingmodels
in Section 3. The development of the linear formulation including
the model with fouling factors as a function of velocity is described
in Section 4. In Section 5, we show results for different cases, includ-
ing an alternative iterative procedure and compare it with the pro-
posed solution. Finally, Section 6 contains the conclusions.
2. Heat exchanger model

We consider heat exchangers with a single E-shell type process-
ing fluids that do not go into phase change. The number of tube
passes is one or an even number (2, 4, 6, . . .). We assume that
the flow regime is turbulent, which is the most common in indus-
try. We used the Kern model equations [1] and the Dittus-Boelter
as well as the Darcy-Weisbach equations for the calculations of
heat transfer coefficients and pressure drop [24,25]. Fluid alloca-
tion is considered to be a parameter, which is determined prior
the optimization by the designer. Finally, the problem parameters,
which are fixed prior the optimization, are represented using the
symbol ‘‘^” on top.

We now present all the nonlinear equations of the heat exchan-
ger model that will serve as base to the development of the linear
model that will be shown later.
2.1. Shell-side thermal and hydraulic equations

The Nusselt number for shell-side is given by [1]:

Nus ¼ 0:36Res0:55dPrs1=3 ð1Þ
where dPrs is the dimensionless group Prandtl and Res is the Rey-
nolds number. The Nusselt number and the Reynolds number are
defined as:

Nus ¼ hs Deqcks ð2Þ

Res ¼ Deq vs cqscls ð3Þ

where cks; cqs and cls are the thermal conductivity, the density and
the viscosity of the fluid, respectively. Regarding the variables, hs
is the convective heat transfer coefficient, Deq is the equivalent
diameter and vs is the flow velocity.

The equivalent diameter is a function of the outer tube diameter
(dte) and the tube pitch (ltp), and also depends on the layout of the
heat exchanger.

Deq ¼ 4 ltp2

p dte
� dte ðSquare patternÞ ð4Þ

Deq ¼ 3:46 ltp2

p dte
� dte ðTriangular patternÞ ð5Þ

The flow velocity is given by:

vs ¼ cmscqs Ar
ð6Þ

where cms is the shell-side mass flow rate and Ar is the flow area
between adjacent baffles, which can be described by:

Ar ¼ Ds FAR lbc ð7Þ
where Ds is the shell diameter, lbc is the baffle spacing and FAR is
the free area ratio, that is given by:

FAR ¼ ðltp� dteÞ
ltp

¼ 1� dte
ltp

¼ 1� 1
rp

ð8Þ

The pressure drop in the shell-side flow DPs, not considering
nozzle pressure drop, can be described by the next equation [1],
where fs is the shell-side friction factor and Nb is the number of
baffles. The equations that describe the friction factor and the rela-
tion between the number of baffles and the tube length (L) are also
shown below:

DPscqs ĝ
¼ fs

DsðNbþ 1Þ
Deq

vs2
2ĝ

� �
ð9Þ

fs ¼ 1:728Res�0:188 ð10Þ

Nb ¼ L
lbc

� 1 ð11Þ
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2.2. Tube-side thermal and hydraulic equations

The tube-side Nusselt number (Nut) is given by the Dittus-
Boelter correlation [25]:

Nut ¼ 0:023Ret0:8cPrtn ð12Þ

Nut ¼ ht dtibkt ð13Þ

where the parameter n is equal to 0.3 for cooling services and 0.4 for
heating services. The Reynolds number is given by:

Ret ¼ dti vt cqtclt ð14Þ

where the parameters clt and cqt are the viscosity and the density of
the tube-side stream, respectively. The variable dti is the inner tube
diameter and vt is the tube-side flow velocity:

vt ¼ 4cmt

Ntp p cqt dti2
ð15Þ

where cmt is the mass flow rate and Ntp is the number of tubes per
pass.

The pressure drop in the tube-side flow (DPt), considering con-
stant physical properties, is given by [24]:

DP tcqt ĝ
¼ ft Npt L vt2

2 ĝ dti
þ K Npt vt2

2 ĝ
ð16Þ

where ft is the tube-side friction factor. This equation considers the
head loss in the tube bundle, first term in the right hand side, and
the head loss in the front and rear headers, in the second term.
The parameter K is determined by the number of tube passes and
is equal to 0.9 for one tube pass and 1.6 for two or more.

The Darcy friction factor for turbulent flow is [24]:

ft ¼ 0:014þ 1:056
Ret0:42

ð17Þ
2.3. Overall heat transfer coefficient

The expression of the overall heat transfer coefficient (U) is:

U ¼ 1

dte
dtiht þ

bRftdte
dti þ dte ln dte

dtið Þ
2dktube þ cRfs þ 1

hs

ð18Þ

where cRft and cRfs are the fouling factors of the tube-side and shell-

side streams, respectively, and dktube is the thermal conductivity of
the tube wall.

2.4. Heat transfer rate equation

The LMTD method is based on the logarithmic mean tempera-

ture difference ð dDTlmÞ described by:

dDTlm ¼ ðdThi �dTcoÞ � ðdTho � cTciÞ
ln ð bThi�cTcoÞ

ðcTho� bTciÞ
� � ð19Þ

The heat transfer rate equation is given by:

Q̂ ¼ UAreq dDTlm F ð20Þ

where Q̂ is the heat load, Areq is the required area and F is the LMTD
correction factor.
This correction factor is equal to 1 if the heat exchanger has
only one tube pass in countercurrent flow, otherwise it is described
by the following equation for an even number of tube passes:

F ¼
ðR̂2 þ 1Þ0:5 ln ð1�P̂Þ

ð1�R̂P̂Þ

� �
ðR̂� 1Þ ln 2�P̂ðR̂þ1�ðR̂2þ1Þ0:5Þ

2�P̂ðR̂þ1þðR̂2þ1Þ0:5Þ

� � ð21Þ

where

R̂ ¼
dThi � dThodTco � cTci ð22Þ

P̂ ¼
dTco � cTcidThi � cTci ð23Þ

The heat transfer area (A) is given by:

A ¼ Ntt p dte L ð24Þ
where Ntt is the total number of tubes.

The heat exchanger area must be higher than the required area
aiming to guarantee a design margin according to a certain ‘‘excess

area” ( dAexc):
A P 1þ

dAexc
100

 !
Areq ð25Þ

2.5. Bounds on pressure drops, flow velocities and Reynolds numbers

The pressure drop and flow velocity have lower and upper
bounds, which should be taken into the model:

DPs 6 dDPsdisp ð26Þ

DPt 6 dDPtdisp ð27Þ

dvsmin 6 vs 6 dvsmax ð28Þ

dvtmin 6 vt 6 dvtmax ð29Þ
The correlations for the convective heat transfer coefficient are

associated to the following validity ranges:

Res P 2 � 103 ð30Þ

Ret P 104 ð31Þ
2.6. Geometric constraints

The baffle spacing must be limited between 20% and 100% of the
shell diameter [26]:

lbc P 0:2Ds ð32Þ

lbc 6 1:0Ds ð33Þ
The ratio between the tube length and shell diameter must be

between 3 and 15 [27]:

L P 3Ds ð34Þ

L 6 15Ds ð35Þ
2.7. Objective function

Two alternative objective functions can be considered in the
analysis of the optimization of the heat exchanger design: the min-
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imization of the heat exchanger area for a given set of maximum
pressure drops or the minimization of the total annualized costs
encompassing capital and operating costs (in this case, the pres-
sure drop bounds are excluded). These objective functions are rep-
resented, respectively, by:

minA ð36Þ

min âcostA
0:59 þ p̂cost DPt

cmtcqt þ DPs
cmscqs

 !
ð37Þ

where âcost and p̂cost are cost parameters related to capital and oper-
ating costs, respectively [12].

3. Fouling models

Fouling has a direct impact on heat exchanger performance;
therefore, its importance should not be neglected in the heat
exchanger design. In order to include its behavior on an exchanger
model, one should know which variables may influence it in the
particular service chosen and to propose a quantitative relation
between fouling resistance and these variables.

Many works focus on fouling behavior, trying to achieve a foul-
ing model that describes how the fouling resistance varies with
time, fluid properties, temperature, and fluidynamic conditions.
These models vary from simple linear models to complex ones like
the Ebert and Panchal model [28] and its variants [29–31] that
were reviewed by Wilson et al. [19,20].

The proposed approach does not involve the utilization of foul-
ing rate models. The formulation of the optimization problem
explores the relation between the asymptotic fouling resistance
and flow velocity. An example of such model, it is presented in
Nesta and Bennett [32]:

Rft ¼ dkRftðvtÞ�̂Rft ð38Þ

where dkRft and daRft are the parameters of the model.
Nesta and Bennett [32] have used this model for cooling water

fouling in the tube-side. In this work, we make the assumption that
such power-law behavior could be used for both sides of the heat
exchanger involving also other streams [33].

4. Linear model

The model that will be developed is an extension of the one pro-
posed by Gonçalves et al. [15,16], where it is proposed here the
inclusion of a fouling model without losing the linear nature of
the original formulation.

The discrete geometric variables and the representation of the
list of possible values for each one of them are inner and outer tube

diameters (dpdti and dpdte), shell diameter (dpDs), number of tube

passes ( dpNpt), pitch ratio (pcrp), layout (dplay), tube length (cpL)
and number of baffles (dpNb). The constraints that represent each
one of these geometric variables are displayed in the following
equations involving binary variables:

dte ¼
Xsdmax

sd¼1

dpdtesdydsd ð39Þ

dti ¼
Xsdmax

sd¼1

dpdtisdydsd ð40Þ

Ds ¼
XsDsmax

sDs¼1

dpDssDsyDssDs ð41Þ
lay ¼
Xslaymax

slay¼1

dplayslayylayslay ð42Þ

Npt ¼
XsNptmax

sNpt¼1

dpNptsNptyNptsNpt ð43Þ

rp ¼
Xsrpmax

srp¼1

dprpsrpyrpsrp ð44Þ

L ¼
XsLmax

sL¼1

cpLsLyLsL ð45Þ

Nb ¼
XsNbmax

sNb¼1

dpNbsNbyNbsNb ð46Þ

The binary variables, represented by y in Eqs. (39)–(46), must
obey Eqs. (47)–(53) to map only one option for the heat exchanger
solution:

Xsdmax

sd¼1

ydsd ¼ 1 ð47Þ

XsDsmax

sDs¼1

yDssDs ¼ 1 ð48Þ

Xslaymax

slay¼1

ylayslay ¼ 1 ð49Þ

XsNptmax

sNpt¼1

yNptsNpt ¼ 1 ð50Þ

Xsrpmax

srp¼1

yrpsrp ¼ 1 ð51Þ

XsLmax

sL¼1

yLsL ¼ 1 ð52Þ

XsNbmax

sNb¼1

yNbsNb ¼ 1 ð53Þ

As shown by Gonçalves et al. [16], to solve the problem faster,
one can consider only one set of binary variables, where the dis-
crete variables are all represented by this unique set with a
multi-index srow = (sd, sDs, slay, sNpt, srp, sL, sNb). This new index,
which replaces all the previous indexes related to each one of the
geometric variables, represents the rows of a table that contains all
the possible combinations of the geometric variables, as illustrated
in Fig. 2.

Therefore, the new parameters that represent the commercial
values of the design variables will be:

dPdtesrow ¼ dpdtesd ð54Þ

dPdtisrow ¼ dpdtisd ð55Þ

dPDssrow ¼ dpDssDs ð56Þ

dPlaysrow ¼ dplayslay ð57Þ



Fig. 2. Representation of the multi-indexed search space.
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dPNptsrow ¼ dpNptsNpt ð58Þ

dPrpsrsrow ¼ dprpsrp ð59Þ

cPLsrow ¼ cpLsL ð60Þ

dPNbsrow ¼ dpNbsNb ð61Þ
Instead of having Eqs. (39)–(53), the geometric variables will be

represented by the following equations:

dte ¼
X
srow

dPdtesrowyrowsrow ð62Þ

dti ¼
X
srow

dPdtisrowyrowsrow ð63Þ

Ds ¼
X
srow

dPDssrowyrowsrow ð64Þ

lay ¼
X
srow

dPlaysrowyrowsrow ð65Þ

Npt ¼
X
srow

dPNptsrowyrowsrow ð66Þ

rp ¼
X
srow

dPrpsrowyrowsrow ð67Þ

L ¼
X
srow

cPLsrowyrowsrow ð68Þ

Nb ¼
X
srow

dPNbsrowyrowsrow ð69Þ

X
srow

yrowsrow ¼ 1 ð70Þ

The idea of Gonçalves et al. [16] is to substitute the linear Eqs.
(62)–(70) into the nonlinear heat exchanger model displayed in
Eqs. (1)–(37), making the necessary arrangements to have a linear
model.

Here, we only show the derivation of the new equations, related
to the fouling model, that we proposed to be inserted into the heat
exchanger design problem. The remaining model equations, that
were not modified, can be found in Gonçalves et al. [16]. The com-
plete set of equations can be also accessed in Supplementary
Material.

The linear form of the velocity equations are:

vs ¼ cmscqsXsrow ðdPNbsrow þ 1ÞdPDssrow dPFARsrow
cPLsrow yrowsrow ð71Þ
vt ¼ 4cmt

pcqtXsrow
dPNptsrowdPNttsrowdPdti2srow yrowsrow ð72Þ

The equivalent linear equation, based on fixed values of fouling
factors, for the design equation corresponding to Eq. (20) is:

Q̂
X
srow

dPdtesrowdPhtsrowdPdtisrow yrowsrow þ cRftX
srow

dPdtesrowdPdtisrow yrowsrow

 

þ
X
srow

dPdtesrow
2 dktube In

dPdtesrowdPdtisrow
 !

yrowsrow þ cRfs þX
srow

1dPhssrow yrowsrow

!

6 100

100þ dAexc
 !

p
X
srow

dPNttsrow dPdtesrowcPLsrowyrowsrow

 !
� dDTlmF̂srow

ð73Þ
The fouling factor expressions, after the velocity equations have

been substituted and further linearized become:

Rfs ¼ dkRfs cmscqs
� ��caRfsX

srow

ðdPNbsrow þ 1ÞdPDssrow dPFARsrow
cPLsrow

 !�caRfs
yrowsrow

ð74Þ

Rft ¼ dkRft 4cmt

pcqt
 !�caRftX

srow

dPNptsrowdPNttsrowdPdti2srow
 !�caRft

yrowsrow ð75Þ

Once Eqs. (74) and (75) are inserted in Eq. (73), we get the fol-
lowing heat transfer rate equation:

bQ X
srow

dPdtesrowdPhtsrowdPdtisrow yrowsrowþ dkRft 4cmt

pcqt
 !�a bRft0B@

�
X
srow

dPNptsrowdPNttsrowdPdti2srow
 !�caRft dPdtesrowdPdtisrow yrowsrow

þ
X
srow

dPdtesrow
2 dktube In

dPdtesrowdPdtisrow
 !

yrowsrow

þdKRfs cmscqs
� ��a bRfsX

srow

ðdPNbsrowþ1ÞdPDssrow dPFARsrow
cPLsrow

 !�caRfs
yrowsrow

þ
X
srow

1dPhssrow yrowsrow

!

6 100

100þ dAexc
 !

p
X
srow

dPNttsrow dPdtesrowcPLsrowyrowsrow

 !
� dDTlmbFsrow

ð76Þ
5. Results

In this section, we present the results for solving the linear
problem extended to include the fouling behavior, as it is proposed
in the current paper. Aiming to illustrate the advantage of the pro-
posed approach, we also solved the design problem using the lin-
ear formulation, but using fixed fouling resistances, as it is the
common practice. The definition of the fixed fouling resistance val-
ues was based on the fouling model, adopting the lowest (pes-
simist) and highest (optimistic) values of flow velocities.
Additionally, we also considered an iterative procedure that could
be applied to the linear model with fixed fouling resistances (an
adaptation of the procedure proposed by Nakao et al. [23]). These
analyses were conducted considering the minimization of the heat



Table 4
Results for case 1.

Variable Value Variable Value

dte (m) 0.01905 Deq (m) 0.01375
dti (m) 0.01575 Res 10,647
L (m) 4.8768 Nus 98.38
Nb 7 hs (W/m2 K) 4494.0
Npt 4 vt (m/s) 1.23
rp 1.25 Ret 27857.9
Ds (m) 1.524 Nut 152.6
lay 2 ht (W/m2 K) 6086.4
ltp (m) 0.02381 U (W/m2 K) 317.14
Ntt 3342 A (m2) 974.9
Ntp 835.5 fs 0.3023
ebc (m) 0.6096 ft 0.02835
Ar (m2) 0.1858 DPs (Pa) 38822
vs (m/s) 0.5382 DPt (Pa) 31,364
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transfer area. In a last investigated case, we present the results of
the optimization procedure based on the minimization of the total
annualize cost.

The example investigated considers that the fluid flowing on
both sides of the heat exchanger is water, and the cold fluid is in
the tube-side. Table 1 presents the physical properties of the
streams, Table 2 displays the characteristics of the thermal service,
and Table 3 presents the alternatives of discrete values of the geo-
metric variables.

The values used for the fouling model constants were the ones
reported by Nesta and Bennett [32]. These values were considered

to be the same for both sides of the heat exchanger, with dkRft anddkRfs assuming a value of 0.00062, and daRft and daRfs equal to 1.65.
We consider that the area must be 11% larger than the required
area (design margin). All the problems were solved using the soft-
ware GAMS with the solver CPLEX.
5.1. Case 1: Optimization with fixed fouling resistances calculated
using the lowest flow velocities

The first case considers the fouling resistances constant and
their values are calculated prior the optimization using Eq. (38)
in a worst-case scenario (fouling resistances based on the velocity
lower bounds). As a result, the fouling resistance on the tube-side
is equal to 6.20 � 10�4 m2 K/W and on the corresponding value in
the shell-side is 1.9458 � 10�3 m2 K/W. The optimization results
are presented on Table 4.

This solution was obtained using a given pair of fouling resis-
tances, but to analyze the results and verify if the area found is lar-
Table 1
Water physical properties.

Density
(kg/m3)

Viscosity
(Pa s)

Conductivity
(W/m K)

Heat capacity
(J/kg K)

1000 0.000695 0.628 4178

Table 2
Thermal service.

Cold stream Hot stream

Mass flow rate (kg/s) 200 100
Inlet temperature (�C) 32 70
Outlet temperature (�C) 40 54
Maximum pressure drop (kPa) 100 100
Flow velocity bounds (m/s) 1.0–3.0 0.5–2.0

Table 3
Alternatives of discrete values of the geometric variables.

Variable Values

Tube outer diameter,dpdtesd (m)

0.01905, 0.02540, 0.03175, 0.03810, 0.05080

Tube inner diameter,dpdtisd (m)

0.01575, 0.02210, 0.02845, 0.03480, 0.04750

Tube length, cpLsL (m) 1.2195, 1.8293, 2.4390, 3.0488, 3.6585, 4.8768,
6.0976

Number of baffles,dpNbsNb

1,2, . . .,20

Number of tube

passes, dpNptsNpt 1, 2, 4, 6

Tube pitch ratio, dprpsrp 1.25, 1.33, 1.50

Shell diameter, dpDssDs
(m)

0.7874, 0.8382, 0.889, 0.9398, 0.9906, 1.0668, 1.143,
1.2192, 1.3716, 1.524

Tube layout, dplayslay
1 = square, 2 = triangular
ger than the area really needed, we calculate the fouling resistance
with Eq. (38) applied to both tube and shell sides using the actual
velocity, according to the design found and recalculate the heat
transfer coefficients. The results are in Table 5.

We can observe that the Rf values corresponding to the actual
flow velocities would be smaller than those assumed at the begin-
ning and, therefore, in a trial and verify context, this exchanger is
acceptable. The remaining question is if the area is close to a min-
imum possible value.
5.2. Case 2: Optimization with fixed fouling resistances calculated
using the highest flow velocities

The second case considers the best-case scenario, using the
velocity upper bounds to calculate the fouling resistances prior
the optimization. The fouling resistances are considered constant
and equal to the values calculated through Eq. (38):
1.01 � 10�4 m2 K/W in the tube-side and 1.97 � 10�4 m2 K/W in the
shell-side. Table 6 presents the results and Table 7 shows the recal-
culation using the same procedure as the previous case.
Table 5
Recalculation according to the fouling model.

Variable Calculated value

Rft (m2 K/W) 4.41 � 10�4

Rfs (m2 K/W) 1.723 � 10�3

New U (W/m2 K) 363.42

Table 6
Results for case 2.

Variable Value Variable Value

dte (m) 0.01905 Deq (m) 0.01375
dti (m) 0.01575 Res 17168.4
L (m) 3.6585 Nus 127.9
Nb 4 hs (W/m2 K) 5844.6
Npt 2 vt (m/s) 2.303
rp 1.25 Ret 52186.7
Ds (m) 0.7874 Nut 252.2
lay 2 ht (W/m2 K) 10056.6
ltp (m) 0.02381 U (W/m2 K) 1544.3
Ntt 892 A (m2) 195.2
Ntp 446 fs 0.2763
ebc (m) 0.7317 ft 0.02502
Ar (m2) 0.1152 DPs (Pa) 29796
vs (m/s) 0.868 DPt (Pa) 39309



Table 7
Recalculation according to the fouling model.

Variable Calculated value

Rft (m2 K/W) 1.5655 � 10�4

Rfs (m2 K/W) 7.8336 � 10�4

U (W/m2 K) 775.8

Table 9
Results for case 4.

Variable Value Variable Value

dte (m) 0.0254 Deq (m) 0.02516
dti (m) 0.0221 Res 33483.6
L (m) 4.8768 Nus 184.8
Nb 10 hs (W/m2 K) 4612.3
Npt 4 vt (m/s) 2.00
rp 1.25 Ret 63689.6
Ds (m) 1.2192 Nut 295.8
lay 1 ht (W/m2 K) 8405.2
ltp (m) 0.03175 U (W/m2 K) 757.3
Ntt 1041.78 A (m2) 405.3
Ntp 260.44 fs 0.2437
ebc (m) 0.4433 ft 0.02414
Ar (m2) 0.1081 DPs (Pa) 55,584
vs (m/s) 0.92 DPt (Pa) 55,573

Table 10
Computational time and problem size.

Case Area (m2) Feasibility Computational time (s)

1 974.9 Yes 1.6
2 195.2 No 1.6
3 493.6 Yes 123.1
4 405.3 Yes 10.5
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In this case study, the calculated fouling resistances are smaller
than those used to design the exchanger and a new trial would be
needed, i.e. this heat exchanger design proposal is not feasible.

5.3. Case 3: Optimization with fixed fouling resistances updated using
a iterative process

In this case, we performed an iterative procedure that updates
the fouling resistance values. This procedure consists of solving a
sequence of optimization problems with fixed fouling resistances,
where the corresponding fouling values are calculated prior the
optimization through Eq. (38) using the velocities obtained in the
previous iteration. If the procedure does not converge, the solution
selected is the alternative visited with the smallest area such that
its fouling resistances calculated at the end of the iteration (func-
tion of the velocities) are smaller than the ones adopted at the
beginning of the iteration. Therefore, this heat exchanger alterna-
tive is feasible, because the fouling resistances during the opera-
tional campaign will be lower than those adopted in the design.

This design procedure was applied using 11 different initial
estimates of fouling resistances based on equally spaced flow
velocities distributed along the interval limited by the lower and
upper bounds (i.e. a 10% increment). For a limit of 20 maximum
iterations, there was no convergence in any run (the iterative
sequences assume a cycling pattern). The analysis of the results
indicate the identification of two solutions with 493.6 m2 and
506.6 m2. The details of the best solution are shown in Table 8.

5.4. Case 4: Optimization extended to include the fouling model

Here, the developed linear model was used to find the global
optimum for the presented problem. The results are depicted in
Table 9.

5.5. Comparison among the different solution approaches

The proposed optimization scheme is composed of 168,000 bin-
ary variables and 477,253 constraints. Table 10 presents a compar-
ison of its performance with the other approaches discussed above.
Table 8
Best result for the iterative procedure.

Variable Value Variable Value

dte (m) 0.03810 Deq (m) 0.0275
dti (m) 0.03480 Res 33115.4
L (m) 6.0976 Nus 183.6
Nb 13 hs (W/m2 K) 4194.1
Npt 6 vt (m/s) 1.864
rp 1.25 Ret 93359.6
Ds (m) 1.3716 Nut 401.6
lay 2 ht (W/m2 K) 7248.2
ltp (m) 0.047625 U (W/m2 K) 610.9
Ntt 677 A (m2) 493.6
Ntp 112.833 fs 0.2442
ebc (m) 0.4355 ft 0.0226
Ar (m2) 0.11948 DPs (Pa) 59,734
vs (m/s) 0.837 DPt (Pa) 58,047
The computational time corresponds to the elapsed time using a
computer with Intel Core i7 processor with 8 Mb of RAM memory.

The area found using the proposed approach (Case 4) is about
58% smaller than the solution based on the conservative approach
(Case 1) and 18% smaller than the best solution obtained in the
iterative case (Case 3). The solution found using an optimistic
approach for the fouling resistances (Case 2) presents the smallest
area, but it is not feasible. The comparison of the computational
time indicates that the iterative case is the slowest option and
the fixed fouling resistances approach are the fastest. The opti-
mization procedure proposed here is in an intermediate position.
5.6. Optimization considering the total annualized cost

The optimization of the heat exchanger design including the
fouling model was also applied using the total annualized cost as
objective function. The values used for âcost and p̂cost were 123
and 1.31, respectively, and the results obtained are shown in
Table 11 associated to a total annualized cost of 15,919 $/year.

As we can see, the results considering in this case were different
from case 4, which only considers the minimization of the area. In
Table 11
Results for case 5.

Variable Value Variable Value

dte (m) 0.03175 Deq (m) 0.02291
dti (m) 0.02845 Res 21288.5
L (m) 6.0976 Nus 144.03
Nb 11 hs (W/m2 K) 3947.15
Npt 4 vt (m/s) 1.05
rp 1.25 Ret 42843.8
Ds (m) 1.524 Nut 215.4
lay 2 ht (W/m2 K) 4754.6
ltp (m) 0.03969 U (W/m2 K) 409.7
Ntt 1203 A (m2) 731.3
Ntp 300.75 fs 0.2654
ebc (m) 0.5081 ft 0.02597
Ar (m2) 0.1549 DPs (Pa) 44,145
vs (m/s) 0.646 DPt (Pa) 15,702
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Case 5, the area is 80% bigger than the area obtained in Case 4 and
the tube-side and shell-side pressure drops are 73% and 26% lower,
respectively, i.e. the tradeoff between area and pressure drop is
considerable different in the two cases.
6. Conclusions

Fouling is an unsolved problem in heat transfer technology. The
intensity of the fouling problem depends on the thermofluidy-
namic conditions associated to the heat exchanger design. How-
ever, this aspect of the problem is ignored by the conventional
design approach, which is based on the adoption of fixed values
of fouling resistances. Therefore, the opportunity to include fouling
models at the design phase is the central point of this paper. An
important additional aspect of the proposed approach is the uti-
lization of a linear model, which guarantees the identification of
the global optimum. This proposal can be applied to the two main
representations of the design problem: the minimization of the
heat exchanger area or the total annualized cost. Numerical tests
for the comparison of the results obtained using our approach
and alternative procedures based on fixed fouling resistances or
iterative procedures indicates that this proposal can attain better
solutions.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.applthermaleng.
2017.07.066.
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