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Abstract: Pre-heat trains (PHTs) significantly reduce refinery fuel consumption and carbon
emissions. However, these benefits are diminished by fouling in heat exchangers (HEXSs).
Current methods for optimizing cleaning schedules often report high computation times
due to the transient nature of the fouling process and do not consider shell-side fouling,
which can be significant for some oil fractions. This paper addresses these issues by
adding shell-side fouling to the model and by transforming cleaning time variables into
integers, reducing the problem of optimizing cleaning schedules to an integer nonlinear
programming (INLP) problem. The reformulated problem is solved using integer particle
swarm optimization (PSO) coupled with a simple search strategy, where the number of
cleaning actions is preset and their timing is optimized. The adopted approach achieved up
to 84% lower computation times compared to previous ones. Additionally, the relationship
between cleaning actions and PHT performance is nonlinear, with diminishing returns
from additional cleaning, and optimal cleaning schedules are often asymmetric for different
HEXSs within the same PHT. The proposed approach effectively reduces operating costs
and provides a framework for future optimization enhancements.

Keywords: heat exchanger; particle swarm optimization; fouling; aging; scheduling

1. Introduction

Pre-heat trains in refineries play a crucial role in reducing fuel consumption and
lowering carbon emissions by improving energy use. However, these gains are diminished
by the occurrence of fouling in the heat exchangers (HEXSs) of the pre-heat trains. Fouling
costs are estimated to be around USD 1-1.2 billion per year in the US alone, leading to 2.2
million tons of extra carbon dioxide emitted [1]. Given the urgent global need to reduce
greenhouse gas emissions and improve energy efficiency, the effective management of
fouling and its aging process in heat exchanger networks (HENS) is critical to ensuring the
sustainability of industrial energy systems.

After fouling occurs, the fouled particles, which have ‘gel-like’ characteristics, may
react into ‘coke-like” particles. This process is known as aging and it occurs at higher
temperatures due to the higher activation energy that is required. The aged particles have
higher thermal conductivity and their presence usually comes with greater pressure drops
within a HEX [2]. These particles are also harder to remove and demand more physical
cleaning actions [3], which are costlier and longer-lasting [4].

Coletti et al. [5] highlighted the detrimental effects of fouling on carbon emissions.
They underscored the substantial contribution of emissions to costs, amounting to over
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USD 1.3 million annually. Abdulhussein et al. [6] examined water samples before and after
cleaning actions, revealing significant increases in oil and sulfide content post washing,
leading to environmental contamination. Ishiyama et al. [1] discussed the operational
and environmental implications of fouling, noting a decline in refinery numbers in the US
alongside a reduction in fouling-induced emissions, despite an increase in oil processing
volume.

The Ebert-Panchal equation [7] has been widely adopted for fouling estimations over
the past two decades, while aging and shell-side fouling models have seen ongoing devel-
opment. Ishiyama et al. [8] introduced a lumped parameter system demonstrating aging’s
influence on heat transfer and fouling rates, emphasizing its importance in interpreting
experimental data and heat exchanger modeling. Coletti et al. [9] expanded on this by
studying the effects of roughness on fouling rates, focusing on single-tube analyses to
enhance accuracy. Coletti et al. [10] compared distributed model results to refinery data,
revealing excellent agreement with the measured plant data. The authors concluded the
current model was limited by the lack of pressure drop measurements when considering
HEXs with significant shell-side fouling. Ishiyama et al. [11] proposed a simplified two-
layer model, showing good agreement with distributed models, especially in systems with
constant heat flux. Ishiyama et al. [12] explored the impact of aging on cleaning actions,
concluding that mechanical methods are essential for aged particles. Ishiyama et al. [4] mon-
itored temperature and pressure drops, emphasizing the importance of accurate surface
roughness values. They highlighted that aging alters deposit thickness, affecting fouling
formation rates. Furthermore, monitoring pressure drops aids in understanding changes in
hydraulics and convective coefficients, crucial for accurate modeling [13].

Recent efforts have also improved the understanding and estimation of shell-side
fouling, with Loyola-Fuentes et al. [14] employing data reconciliation to estimate shell-side
fouling and Diaz-Bejarano et al. [15] updating equations for the Bell-Delaware model and
adjusting threshold fouling models to estimate shell-side fouling.

Although fouling in refinery pre-heat trains is the focus of this work, it is also a concern
in other industries such as milk [16,17], syngas [18], desalinated water [19], and phosphoric
acid [20] production. Several strategies may be used to mitigate fouling. These may be put
into two categories: preventive and remedial. In the preventive category, there is the usage
of antifoulants and different blends, improving heat exchanger designs by, for instance,
smoothing surfaces or inserting turbulence promoters [21], adding a coating to avoid
reactions with heat exchanger materials [22], and controlling mass flow rate distribution
in parallel configurations [23]. In the remedial category, there is the use of proportional—-
integral-derivative controllers [24] and, the most used method, cleaning heat exchangers
in conjunction with cleaning scheduling optimization or heuristics.

Rogel et al. [25] studied the effect of different oil blends on fouling rates and concluded
that asphaltene and ash contents have a minor contribution. Their study shows that the
blend of highly paraffinic crude oils with medium and heavy ones decreases asphaltene
solubility, which greatly contributes to fouling. The authors observed that, although
correlations based on asphaltene and ash contents described fouling effects well for the
first hour of the experiment, this did not hold true for longer times, as blend compatibility
became more important [26]. Additionally, Obaidi and collaborators [27] tested fouling
rates with different antifoulant concentrations and concluded that it yielded the best results
at lower concentrations (35 ppm). M’barki et al. [28] evaluated the effects of paraffin
inhibitors on crude oil and found that the ability of asphaltenes to function as paraffin
inhibitors is related to oil complexity. Villardi et al. [29] found that mixing the tested blends
led to much higher fouling rates, which were attributed to thermodynamic imbalances due
to mixing.



Energies 2025, 18, 71

3 0f27

HEX design optimization has been studied by using threshold fouling modeling and
minimizing the heat exchanger area while trying to keep fouling to a minimum in the work
of Lemos et al. [30]. The work has been further elaborated by adding shell-side fouling into
the model and considering the hydraulic effects of fouling on the HEX. The main benefit
of considering fouling in the design is that it can identify solutions with a considerable
reduction in total areas, as the solver tries to mitigate fouling effects [31]. Research has also
been carried out on the subject of retrofitting HENs with fouling, leading to larger periods
between cleaning actions [32].

The optimization of the flow rate has been studied both for different initial fouling
widths and for different HEX designs. Assis et al. [23] studied the flow rate distribution for
both tube and shell sides and found that the average furnace duty decreased from 5149 to
4801 kW by their approach. Carvalho et al. [33] parametrized the flow rate distribution
while considering fouling on both sides, obtaining a USD 46,000.00 reduction in costs.
Lozano-Santamaria and Macchietto [34] optimized both cleaning scheduling and shell-
side flow rate distribution for pressure-driven HENs and obtained 25% further savings
compared to considering cleaning scheduling alone.

Research on optimizing heat exchanger cleaning schedules has been explored through
various approaches. Ishiyama et al. [35] used a “greedy” algorithm to analyze fouling
mitigation options, which included combined cleaning and antifoulant usage. Pogiatzis
et al. [36] utilized a nonlinear programming (NLP) approach to determine the number of
chemical cleanings between mechanical cleaning actions, demonstrating its superiority
over heuristics in identifying optimal schedules. Assis et al. [37] proposed a mixed inte-
ger nonlinear programming (MINLP) approach, significantly reducing costs compared to
heuristic methods. Diaby et al. [38,39] investigated the impact of aging on cleaning sched-
ules and then employed genetic algorithms for optimization. Al Ismaili et al. [40] framed
the problem as a mixed-integer multistage optimal control problem, observing distinct
bang-bang behavior. Lozano-Santamaria and Macchietto [34] introduced complementary
constraints to enhance computational efficiency in optimizing cleaning schedules for HENs.
Elwerfalli et al. [41] proposed a risk-based inspection approach, recommending a frequency
of at least one shutdown every 600 days for the studied HEX. Lastly, Trafczynski et al.
(2023) [42] applied a measurement-aided monitoring method, detailed earlier by the same
research group [43], and simplified the problem to integer nonlinear programming (INLP)
to improve computational tractability. These studies collectively contribute diverse insights
and approaches to the optimization of heat exchanger cleaning schedules.

Although important, tube-side aging and, especially, shell-side fouling are still ignored
in some papers as they are not as well-understood phenomena as tube-side fouling. Ignor-
ing aging may lead to lower total fouling widths and an overestimation of total fouling
resistances, as the threshold models used are inversely related to the HEX tube side’s
Reynolds number. On the other hand, not adding shell-side fouling leads to a smaller total
resistance [14].

Another aspect that could be improved is the computation time required for per-
forming the optimization tasks. For instance, optimizing a small HEN consisting of two
one-shell heat exchangers in series can demand over 484 CPU seconds using an “Intel
Core i7 computer, 3.40 GHz, 16.0 GB RAM” [34]. Consequently, it would be extremely
challenging to incorporate additional levels to the optimization, such as optimizing HEX
design and cleaning scheduling simultaneously or performing HEN synthesis, in which
the cleaning scheduling optimization code might need to be run hundreds of thousands
of times.

Although prior research has extensively explored fouling and aging in heat exchangers,
this work presents a novel approach by simultaneously considering fouling on both sides
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of the HEX and aging exclusively on the tube side in cleaning schedule optimization.
The introduction of an integer particle swarm optimization (PSO) method to solve the
INLP problem offers a new and efficient approach to the cleaning scheduling optimization
problem. Unlike traditional MINLP approaches, which often face high computational
costs, this method reduces simulation times while maintaining accuracy. Additionally, this
study addresses computational challenges such as natural loops, related to variables that
must be estimated through iterative methods, which have been underexplored in previous
optimization efforts.

2. Methods

This section discusses the methods used in this work. Section 2.1 explains the problem
statement. Section 2.2 discusses the solution approach we used. Section 2.3 presents the
models used to simulate the heat exchangers.

The programming logic and further information on the methods used to solve pressure-
driven flow distribution estimation, countercurrent flow temperature estimation, resistance
rates ordinary differential equations (ODEs), and the optimization of the cleaning problem
are available in Supplementary Material File S1.

2.1. Problem Statement

This study models and simulates HENs experiencing fouling phenomena. The network
is used to heat crude oil in refinery pre-heat trains (PHTs) before it proceeds to a distillation
column, and all HEXs presently operate in crossflow. After passing through the HEN,
the crude oil is further heated in a furnace to reach the distillation column’s target inlet
temperature. This study’s focus is to determine the optimal cleaning schedule policy over a
year of operation to minimize the total costs associated with heating crude oil and HEN
maintenance.

As fouling occurs and progresses, the HEN's pressure drop increases and its heat
exchange efficiency decreases over time. This results in higher pumping power require-
ments and greater furnace loads, leading to increased fuel consumption and carbon dioxide
emissions. Cleaning actions remove the accumulated fouling, but they also incur costs and
temporarily increase furnace loads during the cleaning process. The objective function
to be minimized includes the total costs associated with the crude oil heating operation,
such as fuel oil prices, carbon emission credits, cleaning action expenses, and electricity
costs for the pumping power needed to compensate for the HEN’s pressure drops. The
minimization of the objective function is achieved through the adjustment of the cleaning
periods of each HEX. Furthermore, the HEN topology, HEX designs, and the number of
cleaning actions for each HEX are known parameters in the optimization.

2.2. Solution Approach

The hypotheses used for all studied systems are (i) adiabatic operation in relation to
the surroundings; (ii) a pseudo-stationary state for ten-day intervals, as the rate of heat
transfer is much higher than deposition rates; (iii) heat transfer and deposition happen in
a radial direction only; (iv) the mass flow rates of fluids are constant, although they vary
for each heat exchanger when in parallel; (v) constant fluid characteristics; (vi) fouling and
aging rates are uniform throughout each HEX's shell; and (vii) when a cleaning action takes
place, the HEX is bypassed (this means not all heat exchangers in a line need to be stopped
at once).

As the system is in transient operation, the pseudo-stationary hypothesis is made,
as this approach lowers modeling complexity while not affecting accuracy [14]. The
considered operation period is one year, and this period is divided into thirty-seven ten-day
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intervals, spanning from 0 (initial conditions) to 370. This means that HEX variables and
resistances are calculated up to the 360th day and aggregated and monetary calculations
(explained in Section 2.3.6) take up to the 370th into account, due to the pseudo-stationary
assumption. The decision variables (times in which cleaning actions are carried out) are
discretized to solve the fouling resistance ODEs, thereby transforming the MINLP into
an INLP.

The objective function (OF) is represented in Equation (1).

Nper Nyex
OF = Ngeconds - 2 Cfuel + CC02 + 2 Cpumping + Ccleam’ng (1)
p:() HEX=0

In Equation (1), Nper is the number of periods considered, #.con4s is the number of
seconds in the ten-day period, Cy, stands for the costs associated with fuel usage in
each period, Cco, is the price associated with carbon emission in each period, Cpymping
is the additional price of pumping for each HEX in each period, and Cjesning is the price
associated with cleaning each HEX in each period, which is equivalent to the price of
one cleaning action, if a cleaning action occurs for the considered HEX and period, and
zero otherwise.

Given the HEN topology, the initial resistance values, and the number of cleaning
actions that are set to each HEX, the decision variables considered in the optimization are
the periods in which each cleaning action (associated with a specific HEX) takes place.
Naturally, the periods are integer values from 0 to 36. However, period thirty-two was
set as the upper bound for the decision variables. The bound was set so because cleaning
actions in the last few periods do not occur, as other operating costs do not have enough
time to offset costs associated with the cleaning action.

The system is constrained by an upper limit for the furnace duty (equal to 50 MW).
However, this limit was addressed through a penalization factor (one percent of the objec-
tive function value is added for each 1 MW unit over the upper limit), since reducing the
production capacity of the refinery far outweighs any other costs related to the PHT [5].

2.3. Modeling

This section presents the modeling used for the simulation of the heat exchangers. The
equations presented were kept roughly in the order they are calculated in the source code,
as this makes reimplementation easier. One exception is the fouling equations, as they are
calculated after temperature estimations.

2.3.1. Bell-Delaware Equations

The heat exchangers were modeled using Bell-Delaware equations [44]. Some pa-
rameters must be arbitrated so correction factors and shell-side convective coefficients
can be calculated. However, the parameters that are set may change from work to work.
In this work, the set parameters are as follows: (i) tube outer diameter, 2r, = d, (mm);
(ii) tube inner diameter, 21’?““’” = dfle“" (mm); (iii) wall conductivity, k;, (W-m~1.K~1);
(iv) shell diameter, 2r; = Ds (m); (v) number of tubes, Ny; (vi) number of tube passes, Nf,”be ;
(vii) number of shell passes, N;he” ; (viii) effective tube length, L; (m); (ix) baffle cut, B. (%);
(x) baffle spacing, Ly, (m); and (xi) tube layout. With those parameters set, all others may
be calculated. As the difference in the outer radius resulting from shell-side fouling was not
considered, due to it being much smaller than tube-side fouling, most of these calculated
parameters are constant. The only exceptions are variables dependent on the shell-side
mass flow rate.
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2.3.2. Fouling Equations

The shell-side convective coefficient was estimated using a constant fouling rate
() [14]. The models used to estimate tube-side fouling resistances were the modified
Ebert-Panchal and first-order kinetic models taken from Coletti et al. [9] and Diaz-Bejarano
et al. [15], respectively. The fouling models used in this study are well established in
the literature and have undergone extensive validation by their original authors through
experimental and industrial data [7,11,12,14]. Those are given by Equations (2) and (3).

dRyq —0.33p,—0.66 Ey
T &1 Pr Re exp _7RTf — YTw (2)
de e Ay E,
i oP <‘mgc)‘5g ®)

In Equations (2) and (3), Ry, and Ry, are gel and coke resistances, respectively. a; is
the deposition coefficient, A, is the pre-exponential aging factor, A is the coke’s thermal
conductivity, Pr and Re are the Prandtl and Reynolds numbers, E; and E, are fouling and
aging activation energies, Ty and Tg are the film and gel-coke interface temperatures, R is
the universal gas constant, -y is the suppression coefficient, and 7, is the shear stress.

With the formation of fouling layers, the tube-side radius varies with time. Therefore,
their widths must be estimated to update the radius for each period. They are calculated
through Equations (4)—(7) [45]. On the other hand, tube outer radii are considered constant,
as shell-side fouling rates are much smaller than the ones on the tube side and there are no
aging phenomena (which lead to considerably higher fouling widths).

bc = rfl“’” {1 —exp (—ACT{?{C)} 4)

0g = (rfle”” — 55) [1 —exp (_/\gifg)} (5)
Otube = Oc + Jg (6)

ri(t) = " = dupe 7)

In Equations (4)~(7), dc, d¢, and 6y, are the coke, gel, and total tube fouling width,
respectively. A and A, are the coke and gel thermal conductivity coefficients. r;(t) repre-
sents the current tube radius. The gel fouling width equation discounts coke width in its
calculations. The total fouling thermal resistance Ry is then calculated using Equation (8).

1 1
Rf= 08+ 05 8
f )ng )\CC ()

2.3.3. Hydraulic Variables

The friction factor (ff) is calculated through the Serghides equation given by Of-
for and Alibi [46] and shown in Equations (9)—(12). This equation is used for turbulent
flow (Re > 2100). Sy, Sp, and S3 are repeating parameters that are used to estimate the
friction factor.

Sy = —2log(rug/3.7 +12/Re) )

Sy = —2log(rug/3.74+2.51- S1/Re) (10)



Energies 2025, 18, 71 7 of 27

S3 = —2log(rug/3.7+2.51- S, /Re) (11)

e (82-81)
ff= [51 S3—25,+ S

Mass flux and pressure drop are calculated through Equations (13) and (14), respec-

(12)

tively, where p is the fluid’s density [45].

N;,ube
= 13
T () N (13)
GH[ 15 | ff-L b
AP = 2 | N 3 6 + 4| Njbe (14)

2.3.4. Convective Coefficients

The shell-side convective coefficient for ideal crossflow (k) is adjusted through correc-
tion factors that consider the several pathways shell-side fluids can take and their respective
flow fractions (J), resulting in the shell-side heat transfer coefficient (ks), calculated by
Equations (15) and (16) [44].

) C,.Gs
hi = (0.236 : Re;0-346) : <P:§/3> (15)
hs =0 - (Jehilolsly), Jr=Js =1 (16)

In Equation (16), Cp, is the specific heat of the shell-side fluid, Prs is the shell-side
Prandtl number, Re; is the shell-side Reynolds number, and G; is the shell-side mass flux.
Although the method considers five types of correction factors, in this work, both J, the
correction factor related to laminar flow (Re < 100), and [, the correction factor related
to unequal baffling spacing, are not evaluated, as only heat exchangers well within a
turbulent flow regime were analyzed and inlet and outlet spacing were considered equal to
baffle spacing ( Lj) within the heat exchangers. The considered correction factors for the
segmental baffle window (]..), bundle bypass effects (J;), and baffle leakage effects (J;) are,
respectively, related to the fraction of tubes in the baffle window, the bundle bypass area,
and the tube-to-baffle-hole and shell-to-baffle leakages. The tube side convective coefficient
(hy) is calculated by Equation (17), where k is the fluid’s conductivity.

k
2-7i(t)

The overall heat transfer coefficient (U) is then calculated through the inverse of the

hy = -0.027 - ReY8 - prl/3 (17)

aggregation of all resistances present in the heat exchanger.

_ |1 (ro —ri(t)) To 1 ro ro -1
U=+ Res 'ro+ri<t>+ht'(mo)*“f'(w)] 18)

In Equation (18), r, /r;(t) refers to a correction for tube side variables, ky, is the wall

conductivity, R s is the total shell-side fouling resistance, and R 7 is the total tube-side
fouling resistance.
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2.3.5. Temperature Estimation

Outlet temperatures and heat loads are estimated using the effectiveness-number of
transfer units (P-NTU) method. The equations of the method use the tube’s inner diameter
as the reference point, as it is variable. Therefore, all equations use the tube-side fluid as its
reference for calculations. This method uses the effectiveness of the heat exchanger, the
capacity ratio between fluids, and the number of transfer units to estimate heat exchanger
duty and outlet, average, film, fluid—gel interface, and gel-coke interface temperatures. The
equations were taken from the work of Lozano-Santamaria and Macchietto [45].

For two shells in a countercurrent, an analytical solution for the P-NTU system of
equations was obtained as a means of reducing computation times. More information on
the equations and methods may be found in Supplementary Material File S1.

2.3.6. Aggregated and Monetary Calculations

The aggregated calculations represent the summation of parameters across all time
periods or shells. Consequently, they are computed only once after simulating all periods,
rather than for each period. Subsequently, the aggregated parameters are adjusted by
multiplying them by the number of seconds in a ten-day period, when necessary, and then
converted into appropriate units of measurement.

The furnace load (Qf,;,) is calculated by Equation (19). The HEN is created in the
code as a conjunction of nodes, such as entrances, outlets, splitters, mixers, and HEXs
(further information is available in Supplementary Material File S1). Therefore, the coil
inlet temperature (CIT) depends on the next node of the last heat exchanger, as heat
exchanger indexes are organized from colder to hotter temperatures.

Thcrude . C;}rude

qurn = (COT - CIT) ) (19)

T furn

In Equation (19), COT is the coil outlet temperature, or, in other words, the target
temperature of the crude oil; 1.4, is the crude oil mass flow rate; C;’“dﬁ is the specific heat
capacity of crude oil; and 7, is the furnace efficiency. Carbon emissions were calculated
by multiplying the furnace load by a carbon-emission-to-fuel ratio.

Another parameter calculated at this level is the pumping power (Qpump) required to
compensate for pressure drops in heat exchangers, given by Equation (20), where 17y is
the pump effectiveness.
mtube - APpype

(20
Hpump * C;ube )

qump =

Total costs are calculated by summing individual costs, such as fuel, carbon, cleaning,

and pumping. These costs are calculated by multiplying the aggregated units by their

unitary cost. As an example, the yearly energy consumption multiplied by the energy cost
per megawatt-hour (MWh) gives the total energy cost.

3. Results and Discussion

This section is divided into case studies of different heat exchanger networks. The
cases studied are described in Table 1.

The physical properties of the studied fluids were considered constant throughout
this work, and they are given in Table 2 [34]. All remaining model and heat exchanger
parameters were taken from Lozano-Santamaria and Macchietto [34] and are displayed
in Table 3. The aging pre-exponential factor and activation energy used were 129.6 day !
and 50 k] mol~!, respectively. The operational specifications for all case studies were
50 MW maximum furnace duty, 0.90 furnace efficiency, 0.70 pump efficiency, costs of USD
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27 MWh~! for fuel, USD 50 MWh~! for electricity, USD 30 ton~! for carbon emissions,
USD 30,000 or cleaning action, a carbon emission to fuel ratio of 0.011 ton MWh~1 and
10 days for a cleaning action to finish [34].

Table 1. Case studies’ names and descriptions.

Name Description
CS1 One heat exchanger
CS2 Two heat exchangers in parallel configuration
CS3 Two heat exchangers in countercurrent configuration
Four heat exchangers in parallel with two HEXs in
CS54 .
countercurrent in each branch
CS5 Four heat exchangers in countercurrent

Table 2. Fluid average physical properties.

Thermal Specific Heat

Fluid (Eer:zl_t;’) Conductivity Capacity Vl&f;:;ty
g (Wm-1K-1) Jkg 1K)
Crude oil 621.08 0.09 2846.42 2.716 x 1074
Vacuum residue (VR) 854.00 0.15 2555.00 7.215 x 1072
Light Gas Oil 710.66 0.11 2736.88 2.994 x 1074

Table 3. HEX and model parameters for Case Studies 1, 2, 3, 4, and 5 (CS1, CS2, CS3, CS4, and CS5,
respectively).

dgtean do L; b kw D; hell 173 2 sl E,

N, N w o Nehe s 2 (m2 KW (m* K-N-1 =

(mm) (mm) (m) 4 (Wm-1K-1) (m) 4 (m*-K-kWh-1) -day1) W-1.day 1) (kJ-mol-1)
CS1, CS2, CS3 19.05 25.4 57 880 4 38 14 1 5.50 x 107* 142.56 8.04 x 1078 28.5
CS4 16.35 19.05 6.1 1032 4 38 0.94 1 5.50 x 107* 142.56 8.04 x 1078 28.5
CS5-HEX1/2 16.35 19.05 4.45 900 2 38 0.8475 1 0 142.56 0 28.5
CS5-HEX3/4 16.35 19.05 6.1 1810 4 38 1.296 1 0 142.56 8.04 x 1078 28.5

All calculations were performed on a Dell Inspiron 3583 computer with the following
specifications: Intel(R) Core(TM) i7-8565U CPU @ 1.80 GHz (1.99 GHz), 16 GB of RAM,
and a 64-bit operating system.

3.1. Case Study 1

Case Study 1 refers to the cleaning optimization of one heat exchanger. The tube-side
fluid used was crude oil and the shell-side fluid was vacuum residue, which have mass
flow rates of 88 and 26 kg s~! and inlet temperatures of 483.15 and 603.15 K, respectively.
All remaining model and heat exchanger parameters are displayed in Table 3. The only
exceptions were the tube outer diameter, which was taken from Coletti and Macchietto [5],
and the shell-side fouling rate, which was taken from Loyola-Fuentes et al. [14].

The first step was to vary the number of cleaning actions set for the heat exchanger.
Table 4 displays the main results related to the HEX as cleaning actions are added to the
process.

As seen in Table 4, the average time taken for the optimization was 4.85 s, of which
an average of 3.68 s was taken estimating ODE values. In comparison with other work,
Lozano-Santamaria and Macchietto [34] were able to solve the one-HEX problem in 3.57 s
by limiting it to up to two cleaning actions and using a mathematical program with a
complementarity constraint approach. The equivalent of this would take 9.7 s in the present
formulation. However, the number of PSO iterations in this code is high (60 iterations), as
it was kept constant for all case studies for the sake of comparison. When this value was
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reduced to 15 maximum iterations, computation times were reduced to 1.65 s. Added to
that, Lozano-Santamaria and Macchietto [34] used an “Intel Core i7 computer, 3.40 GHz,
16.0 GB RAM”, whilst the calculations for this work were carried out on a computer with a
processor speed of 1.80 GHz and similar configurations otherwise.

Table 4. Computation times (CT), HEX duty, furnace energy, carbon footprint, total costs, and cleaning
periods (CIPs) for Case Study 1.

Parameter Unit 1 Action 2 Actions 3 Actions 4 Actions
Total CT S 4.74 5.03 4.76 4.87
ODE CT S 3.60 3.84 3.54 3.75

HEN duty MWh 39,536.0 43,804.7 45,834.5 45,834.5

Furnace energy MWh 343,718.3 338,975.3 336,720.0 336,720.0

Carbon emitted ton 3780.9 3728.7 3703.9 3703.9
Total costs USD 9,423,822 9,324,196 9,292,557 9,292,557
HEX1 CIPs - {18} {12,25} {9,19,28} {9,19,28,28}

For Case Study 1, three cleaning actions yielded the best results with a cost of USD
9,292,557 for a year. This represents a reduction of USD 131,266 and USD 31,639 in relation
to the cases with one and two cleaning actions.

For this case, with no interaction between different heat exchangers, the cleaning
actions become evenly distributed throughout the year as this minimizes the total fouling.
This is on a par with hypotheses postulated by Trafczynski et al. [42] that the ideal HEX
cleaning schedule would have cleaning actions with an even distribution. For instance,
in the case with three actions, the number of periods between cleaning actions (first and
last periods included) is 9, 10, 9, and 9, respectively. Since the cleaning actions’ possible
occurrence times are integer, some periods between cleaning are longer.

For four cleaning actions, it is possible to notice two actions occur in the same pe-
riod. As the objective function counts unique values of CIPs for each heat exchanger, this
effectively means only three actions occur. As they represent the best result, data for three
cleaning actions are displayed to better understand the behavior of the system.

The best result is reached within five iterations. As the PSO has a high number of
particles, a good solution is already found in its first iteration. By iteration eleven, all
particles have already stagnated into the best result found. Although there is no guarantee
of convergence into a minimum, the results found are good, and as the number of cleaning
actions are changed, the results are consistent with each other.

When cleaning actions occur, there is a sudden drop in resistance followed by another
period of zero resistance. This happens because, while the HEX is being cleaned, it is
not in operation, so no fouling occurs. Although the tube-side coke resistance is low, it
makes a difference in the total fouling width and the system’s hydraulics overall. The
slow aging rate occurs because the aging ODE rates depend on gel fouling width, which
is negligible in the periods after cleaning actions take place. For this case study, the CIPs
were set up in a way to keep the maximum fouling resistance as constant as possible, at
around 0.003 m?2-K-W~!. The maximum width was about 0.40 mm or 4.2% of the clean
inner radius. Figure 1 shows the HEX (a) and furnace (b) load for this case study.
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Figure 1. HEX (a) and furnace (b) loads over time for Case Study 1.
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As displayed in Figure 1, the HEX load drops over time as resistance increases. This
shows that even low resistance values have a high impact on HEX efficiencies. Naturally,
as the HEX load decreases, the furnace load must be increased to offset losses. It is also
noticeable that stopping a heat exchanger for a cleaning action has greatly increased furnace
loads during the associated period.

The pressure drop starts at about 100 kPa and increases over time as the inner radius
decreases. Pump power has the same behavior. However, when it is compared to the HEX
heat load, pump power has a much lower order of magnitude (20 to 25 kW), which is
added to the total costs, as pressure drops are already calculated and only one additional
calculation is required for all periods.

3.2. Case Study 2

Case Study 2 is constituted of two HEXs (with one shell each) in parallel. Each of the
heat exchangers is equal to the one in Case Study 1. The fluids considered are also crude oil
(tube) and vacuum residue (shell), with the same inlet temperatures and mass flow rates.
Figure 2 shows a representation of the studied system.

%MIXZ

X1,

2 Mix13p—

Y1

SPL2

Figure 2. Heat exchanger network for Case Study 2.

As seen in Figure 2, Case Study 2 is composed of two heat exchangers, two splitters,
and two mixers. The number of cleaning actions was also varied for Case Study 2. Table 5
displays the main results related to the HEN as cleaning actions are added to the process.
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Table 5. Computation times (CT), HEN duty, furnace energy, carbon footprint, total costs, and
cleaning periods (CIPs) for Case Study 2.

Parameter Unit 3 Actions 4 Actions 5 Actions 6 Actions
Total CT S 13.46 12.65 12.63 11.97
ODE CT S 4.90 4.90 4.86 4.64

P-driven CT S 6.50 6.50 6.57 6.22

HEN duty MWh 47,479.6 49,751.6 51,201.6 52,576.5

Furnace energy MWh 335,262.7 332,738.4 331,127.2 329,599.5
Carbon emitted ton 3687.9 3660.1 3642.4 3625.6

Total costs USD 9,252,732 9,213,739 9,199,706 9,187,956

HEX1 CIPs - {11,25} {10,23} {8,18,28} {8,17,27}

HEX2 CIPs - {18} {12,25} {12,24} {9,19,28}

As seen in Table 5, the average time taken for optimization was 12.67 s, of which an
average of 4.83 s was taken estimating ODE values and 6.45 s was used to estimate pressure-
driven mass flow. When compared to Case Study 1, the total time cost was increased by
7.8 s or 161%. However, most of this time increase may be attributed to pressure-driven
estimations. Comparing the ODE time costs directly, there was an increase of 1.14 s or
31% for an additional HEX; in other words, the number of equations doubled, but only
31% more time was needed. This is evidence that solving all HEX calculations at once
using NumPy, as described in the Supplementary Material, increases the coding efficiency.
When compared to the literature [34], the code presents fast stagnation. Lozano-Santamaria
and Macchietto [34] took 319.96 s to determine the number of cleaning actions and their
allocation. Since there are four possible allocations, as the number of cleaning actions in
that work was capped at two per HEX, the equivalent time for this work would be only
50.72 s. However, the comparison here may be unfair, as that work presented simultaneous
cleaning allocation optimization and shell-side mass flow rate control.

For Case Study 2, six cleaning actions yielded the best results with a cost of USD
9,187,956 for a year. However, as four cleaning actions cost USD 9,213,739, or USD 25,783
more, this was considered a better result, as operationally adding two cleaning actions
for such small savings would not be reasonable. Added to that, the difference in cost is
not enough to justify the added risk of more cleaning actions, as cleaning costs could run
higher than the predicted USD 30,000, due to unpredictable events. Taking four cleaning
actions represents a reduction of USD 38,993 compared to the three cleaning actions option.

In this case, study, where there is an interaction between HEXSs, the Trafczynski
et al.’s [42] hypothesis of evenly distributed cleaning actions does not hold completely.
However, in the four-action case, HEX2 has intervals of 12, 13, and 12, while HEX1 has
intervals of 10, 13, and 14. The space between cleaning actions was 13 periods for both
HEXSs. This shows that HEX2 was prioritized by being evenly distributed, while HEX1’s
first period was shifted to period 10.

Furthermore, as both heat exchangers have the same design, for three cleaning actions,
cleaning HEX1 two times and HEX2 one time or HEX2 two times and HEX1 one time
would yield the same cost result each other. Similarly to Case Study 1, when one more
cleaning action was added, totaling seven (not provided in Table 5), the best solution turned
two cleaning actions into one by putting them into the same period.

PSO takes about eight iterations to find the lowest value and about thirteen iterations
to stagnate.

The rate of fouling is much higher, compared to Case Study 1, as the crude oil stream
is divided into two. Therefore, Equation (2) receives much lower Reynolds numbers and
shear stress values as input, increasing the fouling rate. The maximum fouling resistance
reached by HEX1 and HEX2 were 0.0063 and 0.0057 m?-K-W 1, respectively. These values
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are about double the ones in Case Study 1. Figure 3 shows the tube (a) and shell (b) mass
flow rate distribution through the studied periods.
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Figure 3. Mass flow rate distribution for the tube (a) and shell (b) sides of each heat exchanger for
Case Study 2.

When all HEXs in a branch are being cleaned, the mass fraction of the functioning
branch is set to one. Therefore, it receives all mass flow. Figure 3 shows that, after a heat
exchanger is cleaned, it receives higher mass flow rates than the dirty HEX, so that the
pressure-driven restriction may be respected. For instance, after HEX2 is cleaned in period
12, it receives about 0.51 of the total mass fraction. This behavior is repeated after every
cleaning action. The shell side receives a mass flow rate proportional to the tube mass
fraction. This simple operational approach led to USD 52,101 lower costs when compared
to a set flow fraction of 0.5 on the shell side. Figure 4 shows how the HEX (a) and furnace
(b) loads behave over time, for the proposed cleaning schedule.
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Figure 4. HEX (a) and furnace (b) loads over time for Case Study 2.

As seen in Figure 4, as a heat exchanger is being cleaned, there is a bump in the
operating HEX's heat load. However, as the operating HEX has a reduced area and heat
transfer coefficients, the increase in efficiency is modest when the exchanger has not been
cleaned for a long period. This may be the reason both HEXs are cleaned so closely to each
other.

Pressure drop values for Case Study 2 are generally much lower when compared to
Case Study 1, as the HEXs receive only half of the mass flow rate. However, as this leads to
higher fouling rates and lower flow areas, pressure drops during cleaning actions are much
higher in the operating HEX, reaching upwards of 161 kPa. Pump power is much lower in
this case study as well, but this has little impact on the objective function, as pump power
is orders of magnitude lower than HEX loads.
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3.3. Case Study 3

Case Study 3 consists of two HEXs in a countercurrent, as depicted in Figure 5. Both
HEXs have the same design as the one presented in Case Study 1. The considered fluids are
crude oil and vacuum residue, with the same inlet temperatures and mass flow rates, and
cold fluid on the tube side. The intermediary temperatures of countercurrent nodes must be
estimated, as they are needed to calculate the fouling rates in each shell. As mentioned in
the hypotheses, when a heat exchanger is in series with others and is stopped for cleaning,
the HEX is considered bypassed, while the others are considered to operate normally. This

scenario occurs in Case Studies 3, 4, and 5.

Tout _ Tin
2,hot — "1, hot

out
T 1,cold

out
1,hot 2,hot

Figure 5. Heat exchanger network for Case Study 3.

The number of cleaning actions was also varied for Case Study 3. However, as the
countercurrent loop also has an analytical solution, some cases were solved more than once
to showcase the difference in computation times. Table 6 displays the main results related
to the HEN in this case study.

Table 6. Computation times (CT), HEN duty, furnace energy, carbon footprint, total costs, and
cleaning periods for Case Study 3.

Parameter Unit 4 Actions 4 Actions * 5 Actions 5 Actions
Total CT S 19.57 7.54 19.49 20.45
ODE CT S 4.57 5.20 4.62 5.01

CCCT S 13.90 0.87 13.81 14.57

HEN duty MWh 59,902.8 59,902.8 60,874.6 61,015.92

Furnace energy MWh 321,088.6 321,088.6 320,008.7 319,851.71
Carbon emitted ton 3532.0 3532.0 3520.1 3518.37

Total costs USD 8,895,350 8,895,350 8,895,838 8,891,547

HEX1 CIPs - {14,27} {14,27} {7,17,28} {12,24}

HEX2 CIPs - {9,22} {9,22} {12,24} {8,18,28}

* The analytical solution was used for this test.

As seen in Table 6, the average time taken for optimization was 19.83 s, of which
an average of 4.73 s was taken estimating ODE values and 14.09 s was used to estimate
countercurrent intermediary temperatures. When compared to Case Study 1, the total time
cost was increased by 14.99 s or 309%. However, most of this time increase may be attributed
to countercurrent temperature estimations. Comparing the ODE time costs directly, there
was an increase of 1.05 s, or 29%, for an additional HEX. The analytical solution for
two shells in a countercurrent proved much faster, as its countercurrent temperature
estimation took only 0.87 s and the total time cost was 38% of its solver counterpart. As
two shells in a countercurrent are a commonly used configuration, this simple substitution
has the potential to greatly reduce the computation times of heat exchangers with fouling
simulations.
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Similarly, Case Study 2 code was run in an average of 12.68 s, while this case study
needed an average of 19.84 s for the solver solution and 7.54 s for the analytical solution.
Even though the pressure-driven estimation comes from a set of nonlinear equations and the
P-NTU temperature estimations are linear, the pressure-driven equations still demonstrate
better performance. This suggests there is still room for improvement in the presented
temperature estimation solution. However, this solution is still fast when compared to
other authors. For instance, the code from Lozano-Santamaria and Macchietto [34] needed
484 s to determine the number of cleaning actions and the optimal allocation. As there
are only four possible allocations of a number of cleaning actions (as the authors have
capped the system to two cleaning actions), this code’s time equivalent would be 79.36 s, or
16.4% of their computation time, or 30.16 s when using the analytical solution (6.2% of their
computation time).

In this case, there is also an interaction between HEXs, and that challenges Trafczynski
et al.’s [42] hypothesis that evenly distributed cleaning actions are optimal. In the scenario
with four cleaning actions, HEX1 has intervals of 14, 13, and 10, while HEX2 has intervals
of 9, 13, and 15. The interval between cleaning actions was 13 periods for both HEXs. This
indicates that due to the synergetic behavior of heat exchangers in a countercurrent, the
most effective solution was symmetric. This outcome is partially attributed to both HEXs
having the same design.

For Case Study 3, five cleaning actions yielded the best results with a cost of USD
8,895,838 when the colder HEX was cleaned three times or USD 8,891,547 when the hotter
HEX was cleaned three times. However, similarly to Case Study 2, the difference between
five and four cleanings was low (USD 488 and USD 3,803, respectively, which represent
no more than 0.5% of the cost with four cleaning tasks). Therefore, as it is operationally
sounder to have one less cleaning action, the case with four cleaning actions was considered
better and their results are detailed in the following.

As HEX2's inlets have the highest temperatures in the system, the fouling rates are
much higher than the ones in HEX1. Therefore, the PSO prioritizes cleaning HEX2 first,
because of this difference in fouling rates. For reference, HEX1 reached a maximum
resistance of 0.0037 m?-K-W~!, while HEX2 reached 0.0050 m?-K-W~!. Figure 6 shows the
HEX (a) and furnace (b) loads over time.
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Figure 6. HEX (a) and furnace (b) loads over time for Case Study 3.

As seen in Figure 6, the furnace load behaves similarly to the previous case studies.
However, HEX1’s heat load behaves counterintuitively, since, as HEX2 loses efficiency and
HEX1 has lower fouling rates, HEX1 heat load increases over time, stagnating at about
3 MW from period 15 to 21. This shows the efficiency of putting shells in a countercurrent
for systems with fouling, as this creates a mechanism to counterbalance the hotter heat
exchanger’s efficiency loss.
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At first glance, it may seem that fouling is not relevant in HEX1 when comparing
only heat loads. However, when looking at estimated resistances or corrected efficiency
charts [47], this is proven not to be the case as the higher temperature gradient counteracts
the existing fouling. This case study significantly outperformed Case Study 2 when consid-
ering four cleaning actions, even though both case studies use the same heat exchangers.
The HEN in Case Study 3 outperforms those of Case Studies 1 and 2 by USD 397,207
and USD 304,356, respectively. The superior performance can be attributed to the heat
exchangers (HEXs) being designed for a tube flow rate of 88 kg/s. In Case Study 2, the
flow rate was reduced to half the nominal value, which greatly increased fouling. This
highlights the critical importance of proper HEX design. In relation to pressure drops, the
countercurrent system behaves similarly to the one in Case Study 1. However, the increase
in pressure drop occurs faster in HEX2, as it has higher fouling widths.

3.4. Case Study 4

Case Study 4 involves four heat exchangers (HEXs), each with a single shell, arranged
in a parallel configuration. In this setup, each branch between the splitter and mixer
contains two heat exchangers operating in a countercurrent flow arrangement. Figure 7
shows a representation of the studied system.
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Figure 7. Heat exchanger network for Case Study 4.

As seen in Figure 7, Case Study 4 is composed of four heat exchangers, two splitters,
and two mixers. The heat exchangers are equal and their parameters were adapted from
Lozano-Santamaria and Macchietto [34] and represent part of a HEN introduced in that
work. The considered fluids are crude oil (tube side) and vacuum residue (shell side),
which have a total mass flow rate of 88 and 44 kg s, respectively. The total mass flow rate
is fed into the splitter and divided, which turns the mass flow rates of heat exchangers into
variables. HEX and model parameters are displayed in Table 3. Table 7 displays the main
results related to the HEN as cleaning actions are added to the process.

As seen in Table 7, the average time taken for the optimization was 19.73 s, of which
an average of 7.38 s was taken estimating ODE values and 9.40 s was used to estimate
pressure-driven mass flow rates. When compared to Case Study 1, the total time cost was
increased by 14.88 s or 307%. However, most of this time increase may be attributed to
pressure-driven estimations. Comparing the ODE time costs directly, there was an increase
of 3.70 s or 100% for three additional HEXs. Since this case study only represents a part of
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the HEN presented by Lozano-Santamaria and Macchietto [34], time comparisons are not
made as they would have little meaning.

Table 7. Computation times, HEN duty, furnace energy, carbon footprint, total costs, and cleaning
periods (CIPs) for Case Study 4.

Parameter Unit 7 Actions 8 Actions 8 Actions 9 Actions
Total CT S 20.64 19.57 19.23 19.48
ODE CT S 7.63 7.38 7.12 7.39

P-driven CT S 9.81 9.40 9.23 9.16

HEN duty MWh 112,354.5 113,944.4 115,645.0 115,857.1

Furnace energy MWh 262,808.9 261,042.3 259,152.7 258,917.0
Carbon emitted ton 2890.9 2871.5 2850.7 2848.1

Total costs USD 7,392,566 7,374,285 7,322,644 7,346,203

HEX1 CIPs - {29} {17} {11,24} {16,28}

HEX2 CIPs - {10,23} {8,17,25} {9,22} {9,20,30}

HEX3 CIPs - {11,25} {12,26} {13,26} {10,21}

HEX4 CIPs - {11,25} {12,26} {13,26} {10,21}

For Case Study 4, eight cleaning actions yielded the best results with a cost of USD
7,322,644 for a year. Shell mass fractions were set to be equal to tube mass fractions. For the
sake of comparison, tests were run in which shell mass fractions were kept constant at 0.5,
and these tests had worse results for all cleaning quantities. For instance, the total yearly
cost for eight cleaning actions was USD 7,384,777, which suggests that the approach we
used is operationally better.

Similar to previous case studies, the hypothesis proposed by Trafczynski et al.
(2023) [42] is challenged. The intervals for this case study are {11,13,13}, {9,13,15}, {13,13,11},
and {13,13,11} for HEXs 1, 2, 3, and 4, respectively. HEX2 and HEX1 are offset from being
evenly distributed by four and two periods, respectively. This is due to an order of priority
found by the PSO, in which the hotter end is generally set to be cleaned before the colder
end for each branch. In this particular case study, one branch was set up to receive all mass
flow during periods 13 and 26.

Maximum fouling resistance varied between HEX1/HEX3 (colder end) and HEX2/HEX4,
which were 0.0069 and 0.0090 m?-K-W~!, respectively. This is due to the high influence of
temperature on fouling rates. Figure 8 shows the HEX (a) and furnace (b) loads over time,
for the case with two cleaning actions for each HEX.
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Figure 8. HEX (a) and furnace (b) loads over time for Case Study 4.

As seen in Figure 8, as an entire branch is being cleaned (periods 13 and 26), it is
possible to notice a bump in the operating branch’s heat load. However, when only one
heat exchanger of a branch is cleaned, more flow is redirected to the branch with one
operating HEX. For instance, on days 90 and 110, there is a drop in HEX3 and HEX4's hex
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loads precisely because they receive a smaller flow than HEX1 (day 90) and HEX2 (day 110).
Figure 9 shows the tube (a) and shell (b) mass flow rate distribution through the studied
periods, where Branch 1 represents HEX1 and HEX2, and Branch 2 represents HEX3 and
HEX4.
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Figure 9. Tube (a) and shell (b) mass flow rates by branch for Case Study 4.

Figure 9 demonstrates that, after a heat exchanger is cleaned, its branch receives a
higher mass flow rate than the dirty branch to comply with the pressure-driven restriction.
This highlights the optimal strategy of cleaning the branch that will receive the full mass
flow before the flow is redirected to it. This pattern is particularly evident in periods 9, 11,
and 13. In these periods, the flow rate in Branch 1 increases from periods 9 to 11 as the
heat exchangers in this branch are cleaned. Then, in period 13, when Branch 2 undergoes
maintenance, the entire flow is directed to Branch 1.

This approach is effective because the heat exchangers in Branch 1 (HEX1 and HEX2)
are cleaned just before this shift, preparing the branch to maximize its heat load. This
strategy is chosen because, when only one heat exchanger is stopped, most flow goes to the
branch with a single functioning heat exchanger, due to the lower pressure drop compared
to an entire branch. This is seen in periods 9 and 11, when HEX2 and HEX1 are being
cleaned, and most flow goes to Branch 1, which has only one heat exchanger in operation.

When looking at pressure drops and pumping power, it becomes evident that com-
pletely stopping a branch may not be operationally feasible, as the required pumping
power increases from 7.5 to 33.3 kW in HEX1 and 8.7 to 39.9 kW in HEX2. It also may
present damage to the equipment over time, as pressure drops reach as high as 200 kPa.
Therefore, pressure drop upper limit restrictions could be implemented in future work to
ensure operability, which would mean bypassing some of the fluid when an entire branch
is stopped for cleaning or avoiding this situation.

3.5. Case Study 5

Case Study 5 refers to the cleaning optimization of four heat exchangers in a series and
countercurrent, adapted from Lozano-Santamaria and Macchietto [34]. The used tube-side
fluid was crude oil and the shell-side fluid was light gas oil (LGO), which have mass flow
rates of 88 and 70 kg s ! and inlet temperatures of 403.15 and 530.15 K, respectively. This
HEN is part of a larger HEN introduced in that work. Therefore, the proposed HEN does
not feed directly into the furnace. Consequently, COT and furnace loads are replaced by
more appropriate terms, such as target temperature (493 K) and additional furnace load, as
the changes in this HEN's outlet temperature would still influence the furnace load. The
shell-side fouling rate was set to zero for this case study, as light gas oil is a lighter fraction
of crude oil. As seen in Table 3, HEX1 and HEX2 are different than HEX3 and HEX4. The
first two HEXs are smaller than the last two. As temperatures are low, the first two HEXs
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have the suppression coefficient of the Ebert-Panchal equation set to zero. Figure 10 shows
a diagram representing the heat exchanger network of Case Study 5.
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Figure 10. Heat exchanger network for Case Study 5.

The first step taken was to vary the number of cleaning actions set for the heat
exchangers. Table 8 displays the main results related to the HEN as cleaning actions are
added to the process. The results are related to the partial analytical solution, in which the
analytical solution is applied to each pair, HEX1/HEX2 and HEX3/HEX4. Therefore, the
only countercurrent unknown variable is reduced to the shell-side outlet temperature of
HEX3.

Table 8. Computation times (CT), HEN duty, furnace energy, carbon footprint, total costs, and
cleaning periods (CIPs) for Case Study 5.

Parameter Unit 8 Actions 8 Actions 9 Actions 10 Actions
Total CT S 47.02 46.29 51.76 52.66
ODE CT S 6.26 6.17 7.03 6.86

ccCT S 39.70 39.18 43.55 44.75

HEN duty MWh 174,062.8 174,642.6 175,618.8 176,631.0

Energy to 493 K MWh 28,656.8 28,012.6 26,927.9 25,803.3
Carbon emitted ton 315.2 308.1 296.2 283.8

Total costs USD 1,023,191 1,005,585 1,005,939 1,005,203

HEX1 CIPs - {16,29} {17} {15,27} {13,23}

HEX2 CIPs - {11,24} {13,26} {13,25} {12,25}

HEX3 CIPs - {13,26} {10,23} {9,22} {8,18,28}

HEX4 CIPs - {9,22} {8,19,29} {8,19,29} {7,17,27}

As seen in Table 8, the average time taken for optimization was 49.43 s, of which
an average of 6.58 s was taken estimating ODE values. For comparison purposes, a non-
analytical solution was carried out, taking a total time of 228.8 s. This shows that the
partial analytical solution greatly simplifies the problem, making the optimization much
faster. Since this case study also only represents a part of the HEN presented by Lozano-
Santamaria and Macchietto [34], time comparisons are not made as they would have little
meaning.

For Case Study 5, eight cleaning actions yielded the best results with a cost of USD
1,005,585 for a year. The first eight cleaning actions column, in which HEX1 and HEX4 are
cleaned two times, was USD 17,606 more expensive than the second one, in which HEX1
and HEX4 are cleaned one and three times, respectively. The best result also displayed
functionally equal monetary values to the nine and ten cleaning actions cases. However,
11.9 and 24.3 tons of carbon emissions are saved with additional cleanings, when compared
to the considered best case. This represents a 3.9 and 7.9% decrease in emissions. On the
other hand, the emissions of cleaning products used are not considered in the estimation
and this may counterbalance this difference.

Similar to previous case studies, the hypothesis proposed by Trafczynski et al. [42] is
challenged. The intervals for this case study are {17,20}, {13,13,11}, {10,13,14}, and {8,11,10,8}
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for HEXs 1, 2, 3, and 4, respectively. This is due to an order of priority found by the PSO, in
which the hotter end is generally set to be cleaned before the colder end.

All heat exchangers were found to have about the same maximum fouling resistance,
between 0.0016 and 0.0025 m?-K-W 1. Shell-side fouling resistances were set to zero and
tube-side coke resistances were lower than in other case studies as temperatures were much
lower (ranging from 403 to 490 K on the tube side). Although three cleaning actions were
assigned to HEX4, it has the highest fouling values, as it is on the hot end of the HEN.
Figure 11 shows the HEX (a) and furnace (b) loads over time.
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Figure 11. HEX (a) and additional furnace (b) loads over time for Case Study 5.

As seen in Figure 11, the furnace load behaves similarly to other case studies. HEX
loads also behaved similarly and, as HEX4 got dirtier at the beginning of the studied period,
the other HEXSs increased their heat loads. During cleaning periods, one HEX being out
of operation makes the additional furnace load peak and, in the next period, the load
decreases as there is a new clean HEX in the countercurrent system.

As HEX1/HEX2 and HEX3/HEX4 have different parameters, the initial pressure drops
and pump power are different. For both designs, the pressure drop increase occurs faster
in hotter HEXs (HEX2 and HEX4). Even though pressure drops are higher in HEX3/HEX4,
Reynolds number values start roughly the same for all HEXs, as HEX1/HEX2 have roughly
half the number of tubes.

3.6. Qverall Trends

As discussed in Section 2.2, the model considered ten-day periods. To evaluate the
sensitivity of the objective function to this period length, a five-day period was tested in
Case Study 4. The results showed a slight shift in the decision variables, with cleaning
actions for HEX1, HEX2, HEX3, and HEX4 scheduled to begin on days {110,240}, {95,225},
{135,265}, and {135,265}, respectively. This represents a five-day difference for HEX2,
HEX3, and HEX4 compared to the ten-day period scenario. The objective function value
decreased by just under USD 1000 when comparing the previous and new solutions
(both considering the five-day period scenario), but this improvement came at the cost of
increased computation time, which rose from 19.7 to 34.2 s. Given the minimal gain and
the potential introduction of additional optimization variables, implementing the five-day
period was not deemed worthwhile.

Comparing the solution presented in Case Study 4 (ten-day periods) to the five-day
period scenario, costs increased by USD 40,000 due to more frequent updates of fouling
resistances. In the ten-day scenario, resistances are updated on the tenth day, while in the
five-day scenario, they are updated on the fifth day. This higher frequency of updates leads
to increased costs, representing a 0.5% rise in total expenses. Therefore, when more precise
results are required, using smaller periods should be considered. Additionally, period
lengths longer than ten days were not considered because the current implementation does
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not support resetting fouling values within the ODE solver. As a result, increasing the
period length would require calculating the ODE values for each particle separately, leading
to higher computation times. Since the time cost per particle decreases as the number of
particles increases, maintaining ten-day periods helps preserve computational efficiency.
Therefore, longer periods options were not pursued.

Fouling rates in this study are higher compared to those reported in the literature [34].
This discrepancy arises due to different methods of aging estimation. Specifically, this
study considers slower aging rates, leading to higher fouling rates due to smaller tube
Reynolds numbers. Additionally, those authors [34] did not consider shell-side fouling.
These methodological differences led the optimization solver to set a higher number of
cleaning actions for any given heat exchanger. The timing and frequency of these cleaning
actions are crucial for optimizing the HEN'’s performance, impacting both operating costs
and the carbon footprint. Therefore, the economic values differ significantly between the
two studies, even though the HENS in this work are based on their design. Notably, an
increase in the number of cleaning actions across all case studies was observed, aligning
with expectations. For instance, the cleaning schedule in Case Study 2 results in total
savings of USD 372,000 compared to a scenario with no cleaning actions. In contrast,
Lozano-Santamaria and Macchietto [34] reported USD 223,000 in savings. The difference
in savings is primarily due to the higher fouling rates observed in this study, which stem
from slower aging rates, as well as the omission of shell-side fouling in their study. These
differences led the optimization solver to recommend more frequent cleaning actions for
each heat exchanger in this study. As a result, the observed savings are higher, which is
consistent with the expectations given the increased number of cleaning actions across all
case studies.

The differences observed between this study and the previously reported work [34]
highlight the significance of fouling parameters, including fouling and aging rates. A
sensitivity analysis of the influence of these parameters on individual heat exchangers has
been conducted in previous studies [11,12]. However, further investigation into their effects
on the cleaning schedules of individual HEXs and complete HENs would be valuable.

Managing pressure-driven flow is critical for maintaining HEN efficiency and prevent-
ing operational issues such as excessive pressure drops. Simple operational maneuvers,
such as setting, among the heat exchangers in parallel, equal mass fractions for the tube
(SPL1) and shell (SPL2) sides, have proven to be effective in reducing costs. In other words,
maintaining the same proportion of flow in each branch for both SPL1 and SPL2 has re-
duced the objective function value. Additionally, implementing allowable pressure drop
limits might be necessary if the system under study has a low pumping surplus.

There is a nonlinear relationship between the number of cleaning actions and the
overall cost and performance of the HEN. As the number of cleaning actions increases,
their benefits diminish. Optimal cleaning schedules are often asymmetric, favoring certain
heat exchangers over others based on their fouling rates, designs, and positions within the
network. This finding challenges the hypothesis that cleaning actions should be distributed
at regular intervals [42]. However, the case studies presented in this work have a one-year
timeframe, and this asymmetric behavior could change for longer timeframes.

The observed asymmetry prevents the system from having too many HEXs with high
fouling resistances at once. This trend was more accentuated for HEXs in a countercurrent,
as one HEX is better able to compensate for the high resistances of another. Additionally,
HEXSs with higher temperatures require to be cleaned more frequently and before those
with lower temperatures, as fouling rates are temperature-dependent.

While the full implications for HEN design are difficult to fully capture without
conducting optimization, this asymmetry suggests that there could be advantages to using
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two single-shell heat exchangers (which could be stopped individually) in a countercurrent
arrangement, rather than a single two-shell heat exchanger. This design approach would
help avoid the issue of needing to stop both heat exchangers simultaneously. This concept
should be explored in more detail in future research.

A notable pattern emerged, in which HEXSs set to be cleaned twice always had 13 pe-
riods between cleaning actions, and those set to be cleaned three times had an interval
of about 10 periods. In the work by Trafczynski et al. [42], the authors proposed that
cleaning actions should be isospaced, meaning that cleaning actions should be evenly
distributed throughout the studied period, and they optimized the number of cleaning
actions for each HEX. In contrast, our approach involved setting the number of cleaning
actions and optimizing their distribution. We observed that cleaning actions should indeed
be isospaced, but we also found that the first cleaning period should be shifted to avoid
cleaning too many heat exchangers simultaneously.

Lastly, it is important to note that the code used in this study was a proof of concept,
with the number of PSO iterations left unnecessarily high. Therefore, the results presented
here could be achieved with even lower computation times.

4. Conclusions

An integer particle swarm optimization (PSO) method for optimizing the cleaning
schedules of several heat exchanger networks (HENs) under fouling (on both sides) and
aging (on the tube side) was developed. Five HENs with varying complexity were studied.
Computation times were kept low by focusing on improving high-demand parts of the
code, such as countercurrent temperature estimation, pressure-driven flow distribution,
and fouling rate estimation. While PSO was a suitable choice for this study, we plan to
explore and test other population-based methods in future research. A greater number
of cleaning actions were necessary to sustain HEN performance due to the addition of
shell-side fouling rates and the usage of lower aging rates, resulting in notable economic
discrepancies with other studies. Additionally, the effective management of pressure-driven
flow was identified as crucial for enhancing HEN efficiency and reducing costs, with simple
operational adjustments proving impactful. The observed interval patterns offer insights
into potential improvements in cleaning strategies.

When comparing Case Studies 1, 2, and 3 (which share the same fluid types and
parameters), the countercurrent HEN (CS3) outperforms the other two. The countercurrent
configuration counteracts the effects of fouling, because, as the temperature difference
between the cold and hot inlet increases in HEX1 (due to fouling in HEX2), HEX1’s heat
load increases, despite fouling. This leads to the Case Study 3 HEN outperforming the
others by more than USD 300,000.

Overall, this research contributes valuable insights into HEN optimization and high-
lights the importance of addressing methodological nuances in future studies. In future
research, it is recommended to incorporate shell-side threshold models and consider Bell-
Delaware parameters as variables. This study revealed that temperature estimation in
countercurrent loops posed a significant bottleneck, suggesting the necessity of adopting
a more suitable method. Additionally, the importance of a well-designed heat exchanger
(HEX) for achieving favorable results was demonstrated. Therefore, future endeavors could
leverage the low computation costs achieved in this study by integrating the optimization
of cleaning schedules with HEN design optimization.

While direct validation with plant data was not within the scope of this work, the
robustness and accuracy of the underlying fouling models lend credibility to the results.
Future work could include additional validation with specific plant data to further align the
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findings with industrial applications as the results of this research have significant applied
value for refinery operators and industrial practitioners.

By optimizing cleaning schedules in HENs with more comprehensive modeling of
fouling and aging phenomena, this study offers a practical solution for minimizing operat-
ing costs and improving energy efficiency. The reduction in fouling-related emissions also
contributes to environmental sustainability, aligning with global efforts to lower industrial
carbon footprints. Moreover, the proposed method offers a more computationally efficient
solution, enabling the future incorporation of additional optimization variables, thereby
enhancing their practical utility in real-world industrial applications.
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Nomenclature

Symbol Meaning Unit

Aq Pre-exponential aging factor day~!

B Baffle cut -

Celeaning Costs associated with cleaning each HEX in each period =~ USD

Cco, Costs associated with carbon emission in each period USD

Cruel Costs associated with fuel usage in each period USD

Cp Specific heat of a fluid Jkg™1- K1
C pumping Additional cost of pumping for each HEX in each period USD

d,?l‘"’” = Zrlde”" Tube inner diameter or radius mm

D;(t) =2r;(t)  Current tube diameter or radius mm
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do = 21,
Dg = 2rg

Npex
Nper
NPOP
N;hell
N;,ube
Nseconds
Ni
NTU
OF

Tube outer diameter or radius

Shell diameter or radius

Aging activation energy

Fouling activation energy

Friction factor

Mass flux

Shell-side heat transfer coefficient

Shell-side heat transfer coefficient for ideal crossflow
Tube-side convective coefficient

Correction factor for bundle bypass effects
Correction factor for segmental baffle window
Correction factor for leakage effects
Correction factor for laminar flow

Correction factor for unequal baffling spacing
Conductivity of a fluid

Wall conductivity

Baffle spacing

Effective tube length

Mass flow rate

Number of heat exchangers

Number of periods

Number of particles in the PSO

Number of shell passes

Number of tube passes

Number of seconds in the ten-day period
Number of tubes

Number of transfer units

Objective Function

Prandtl Number

Heat load

Furnace load

Pumping power

Tube rugosity

Universal gas constant

Reynolds number

Total fouling resistance

Coke resistance

Gel resistance

Repeating friction factor equation parameter one
Repeating friction factor equation parameter two
Repeating friction factor equation parameter three
time

Average temperature

Film temperature

Fluid—gel interface temperature

Gel-coke interface temperature

Shell inlet temperature

Shell outlet temperature

Tube inlet temperature

Tube outlet temperature

Tube relative roughness coefficient

Overall heat transfer coefficient

Tube-side deposition coefficient

Shell-side deposition coefficient

m2.K-Ww-1

BAARAARAARAARAAAARALE "
<
2]

W-m~2.K~!
K-m2-W~! day~!
K-m2-W~! day~!
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0% Suppression coefficient m*K-N~L.W~! day~!
¢ Coke fouling width mm
g Gel fouling width mm
AP Pressure drop Pa
Stube Total tube fouling width mm
€ Tube absolute roughness coefficient mm
1 furn Furnace efficiency -
Npump Pump efficiency -
Ac Coke thermal conductivity coefficient W-m~ LK1
Ag Gel thermal conductivity coefficient Wm~1.K!
U Fluid viscosity Pa-s
1Y Density kg'm~3
Tw Shear stress Pa
Acronym Meaning Unit
CIT Coil inlet temperature K
CIPs Cleaning periods -
COT Coil outlet temperature K
CS Case Study -
CT Computation time s
HEN Heat exchanger network -
HEX Heat exchanger -
INLP Integer nonlinear programming -
MINLP Mixed integer nonlinear programming -
NLP Nonlinear programming -
PHT Pre-heat train -
P-NTU Effectiveness-number of transfer units -
PSO Particle swarm optimization -
VR Vacuum residue -
Subscript Meaning
f Fouling
fc Coke
f,g Gel
S Shell-side
t Tube-side
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