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On a New MILP Model for the Planning of Heat-Exchanger Network

Cleaning!

Javier H. Lavaja and Miguel J. Bagajewicz*

School of Chemical Engineering, University of Oklahoma, 100 East Boyd Street, T-335,

Norman, Oklahoma 73019

This paper presents a new mixed-integer linear model for the planning of heat-exchanger cleaning
in chemical plants. The model maximizes the net present value based on the cost of cleaning
and the cost of energy and takes into account changes in production rates and even changes in
the properties and flows of the different streams throughout time. This is important for the
case of petroleum distillation in refineries that process different types of crudes. The model is
multiperiod and uses two different fouling models.

Introduction

For a long time, surface fouling was considered the
major unresolved problem in heat transfer and contin-
ues to be considered a major industrial problem. Taborek
et al.! was one of the first to point out its importance.
In numbers, the total cost of fouling in highly industri-
alized nations has been projected at 0.25% of the Gross
National Product, the total annual cost of fouling in the
U.S. is estimated at $18 billion, and the total annual
cost of shell and tube exchanger fouling in the process
industries is estimated at $6 billion.2

Fouling is the process of material deposition on heat-
exchanger surfaces by different mechanisms, which
affects the equipment performance, increasing heat-
transfer resistance. Fouling resistance could reach much
more than 50% of the overall thermal resistance® and
is a function of the velocity, temperature, and composi-
tion of the streams involved. In the case of the oil
industry, fouling of crude preheat train’s heat exchang-
ers causes significant increases in operating costs
because of increases not only in fuel consumption in
furnaces and consequently in cooling utilities but also
in distillate yield and throughput reduction. Thus, to
ameliorate these problems, heat exchangers are cleaned
between shutdowns or during operations by isolating
the exchanger through bypasses.

Determining which exchanger to clean and when
during operations is of paramount importance. On the
one hand, cleaning results in less energy costs over the
time horizon after it is cleaned, but it also implies that
the exchanger needs to be put offline during cleaning
and therefore in this period of time the energy cost
actually increases. Thus, while cleaning is advanta-
geous, doing it too often may not be economically
advisable after all.

Since the early 1980s, different strategies for optimal
cleaning plans have been developed for single equipments*~7
and for heat-exchanger networks (HENS) in continuous
processes.8~13 The latest tendency is to use mixed-
integer nonlinear programming (MINLP) models.10:14.15
Some of these models are nonconvex and therefore do
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not guarantee a globally optimal solution. Others use
the assumption of cyclic schedules, which is very much
in question, as is shown in this paper. Departing from
this tendency, Georgiadis et al.'* developed a mixed-
integer linear programming (MILP) model by introduc-
ing linear approximations (e.g., using arithmetic-mean
temperature differences instead of log-mean averages),
which could lead to erroneous conclusions.’® While
nonlinear models are more accurate, they require solu-
tions from different initial points and often require
special tuning, which makes them less robust and user-
friendly. Instead, MILP models are more appealing:
they can easily provide solutions with tolerable gaps,
are more robust and subject to fewer crashes, and can
be easily tuned to run automatically.

In this paper, a rigorous MILP cleaning schedule
optimizer model applied to a typical preheat train
configuration is presented. We base our model on
assumptions similar to those made by Smaili et al.13 The
model does not approximate the nonlinear equations
related to heat transfer or the fouling models. Instead,
it takes advantage of a special equation rearrangement
to obtain linear expressions. Thus, for smaller problems,
the model is capable of rendering global optimality.
However, because the model exhibits some computa-
tional limitations for larger models, we propose a
decomposition procedure. Finally, we compare it with
other solutions and with the use of heuristics.

Model Formulation Background

Consider a simple HEN of a crude distillation unit
where heat is recovered from distillation column prod-
ucts and pump-around streams (Figure 1). We consider
that time is discretized in interval periods (typically
months). Thus, the objective is to determine which
exchanger is to be cleaned in which period given other
restrictions and resource availability so that the net
present value is maximized. The solution should also
take into account the possibility of changing any net-
work flow rate and/or fluid for any operation period.
Throughput losses due to pressure drops are beyond the
scope of this project, and thus they are not considered.

Time periods, which are not necessarily equal, are
divided into two subperiods: a cleaning subperiod, in
which exchangers are bypassed for cleaning, and an
operating subperiod, where all exchangers are function-
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Figure 2. Time horizon discretization. 7i; tth time period dura-
tion. fi: duration of the ith exchanger cleaning subperiod.

ing in the same way as was done by Smaili et al.12 (see
Figure 2). We denote the beginning and end of the
cleaning subperiod by bcp and ecp, respectively, and the
beginning and end of the operating subperiod by bop
and eop, respectively. These are used as superscripts.

Mixed-Integer Representation of the
Heat-Transfer Coefficient

Fouling in crude oil processes takes place by chemical
reaction and polymerization.! In other processes, it
takes place through other mechanisms such as crystal-
lization, precipitation, etc., although knowledge about
how this process occurs under different conditions is not
thorough.1® Different fouling models can be obtained
from experimental laboratory studies,’” from online
monitoring,'® and from data reconciliation.'21* More-
over, each heat exchanger of a network has different
rates of fouling, depending on film temperatures and
stream compositions, increasing the rate with increasing
film temperature.® Typical fouling behaviors are linear
and exponentially asymptotic, with the latter applying
more to crude preheat exchangers.® Nevertheless, which
model fits better for each case could be determined from
plant data. Some authors??2! have considered exponen-
tial fouling. This means that the fouling rate actually
increases with (or is somewhat catalyzed by) increased
fouling. Nevertheless, when these rates are plotted, they
end up being very similar to linear fouling in the time
horizon of interest. We omit studying this type of
fouling, although it can be easily incorporated into our
model.

The clean and actual heat-transfer coefficient in
period t (U and Uj, respectively) are related to the
fouling factor (riy) by

=G ®

rie = ri[1 — exp(K;t)] 3)
We now proceed to express the heat-transfer coefficient
for any period, both at the end of the cleaning subperiod
and the end of the operating subperiod. To do this, we
define a binary variable that identifies when and which
each exchanger is cleaned as follows:

Yie =
1 if the ith heat exchanger is cleaned in period t
0 otherwise

(4)

Consider the first time period and the linear fouling
model. The value of the heat-exchange coefficient at the
end of the cleaning subperiod is given by

T )
+ rilfi

U?lcp = 77cUiC1Yi1 +

10
i

In this expression, U? represents the initial value of
the heat-exchanger coefficient. When Yj; = 0, the above
expression reduces to

1
T (6)
=5 T i

Uecp —

where fj represents the time needed to clean the ith heat
exchanger. When Yj; = 1, the exchanger is clean at the
end of the cleaning period; that is, U® = n.U{, where
nc represents the fraction of the clean value to which
the heat-transfer coefficient is restored after cleaning.
In turn, for the second period, we have
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which renders U55? = 5.U; when Yj; = 1 and

1
Ui = ®
? + Fi(ty — ) + 1f

c™i

when Yi; = 0 and Yj; = 1, that is, when the exchanger
has been cleaned in the first period but not in the
second, and

1
U =+ ©

when Y, = Yij1 = 0, that is, when it has never been
cleaned. We generalize for all periods using the following
formula:

F t
-1 Yik_ . 1(1 - Yij)
=
UP=3. +
&o| 1 1
: + Fi(te — i) + FisTs * Fiff
771:Ui s=kTl
i . :
77cUiCtYit + 1 (1 - Yip)
—+ ) Tt r,tf
Uy £

Oi,t= 1 (10)

In this formula, we use a “zero” period t = 0 in which
Yio = 0 and 7o = 0, allowing us to generalize all
equations for all periods and not having to write special
equations for period 1. For the end of the operation
subperiod, one can derive similar formulas as follows:

t
1 Yik 1=Y)
i=k+1
ur=3y : +
o) 1 t
— t e —f) + ; FisTs
ncU:: s=k+l ‘

t
1-Y
Y, 1
+

1 1 t
— =) —+ Y
ncU(i; Up $=

Oi, t=1 (11)

Thus, one can write

t

Yipl + b Y+ c?;”"rl
L

@-vY, Oit=1(12

Ui = Zo[afkt""Y.k

t

Ui? = Zolai’kt"”Y.k Yl + b Y + C?("”rl
L

(1 —=Y;) Oi,t=1 (13)
where
afktlln !
1 t—1
- + Fi(te — i) + ; FisTs T Fiei
ncUi s=k+l
Oi,t=1 (14)
1
ag lin — : i, t
? + Fte — i) + ZL FisTs
n N s=k+1
C 1 (15)
bS M=y U5 Oit=1 (16)
—li 1 .
by M = T Oi, t (17)
—t Fie(ze — )
770 i
s lin = ! Oi,t=1 (18)
it -1 ' -
—+ ) 7 + rf
0
U; s=
. 1
c?{"" = Oi, t (19)
1 t
—+
U? $=

In the case of asymptotic fouling, one can rewrite eq 3
for t — 1 and subtract from eq 3 to obtain

Fie-1)[1 —

Thus, at the end of the cleaning and operating subpe-
riods, one has

Fie = ey — (G — exp(Kyt)]  (20)

Ui = Z[afktaslek a-

c asyl—l(l _ p

Uie® = Zo[a?ktasyY a-

o asyrl(l _ p

Yl + bi Y +
Oi,t=1 (21)
Yl + by Y +

Oi, t=1 (22)

where
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Equations 12 and 13 for the Imear fouling model and
eqgs 21 and 22 for the asymptotic fouling model contain
products of integers. However, these can be easily
linearized, as is shown below.

Oi, t (28)

Mixed-Integer Representation of the
Temperature Relations in a Heat Exchanger

We consider at this point single-pass countercurrent
shell and tube heat exchangers, with bypasses for both
streams required to put the exchanger offline during
operation. The equations that represent the relationship
between the inlet and outlet temperatures of the ith
heat exchanger (Figure 3) with the heat exchanged are

Qit = FeiCeir(Teoie — TCyy) (29)

Qi = FhyChy(Thy;; — Thyy) (30)
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(Thye — Tcpi) — (Thyye — Ty

(Thyj — Tcy)

(Thyie — Tcy)

Qi = UiFTiAye (31)

In the case of single-pass exchangers, we have FTi; =
1, whereas for the case of multiple-pass configurations,
FTi: can be estimated using a range of possible values
of temperatures involved. However, there are ways of
modeling multipass exchangers using linear models,
work that is left for the future. Rearranging these
equations, one can write??

Thy, =

(Rig = 1)Thy;, + {exp

it

U.A
Fc. CC (th - 1)] }RItTClIt

UitAI
Rit eXp FC-tCC't(Rit - 1) - 1
1 )
(32)
where
R — Fci Cei _ Thyi — Thy;, (33)
" FhyChy Ty — Teyy

Now substituting the value of Uj; as a function of the
integers given by egs 12 and 13 or egs 21 and 22, one
obtains

Thy =

(Rit = 1)Thy;e — RiTeyy

t-1

Rit EXp{di[Z[alkt ik I_l (1-

jJ=k+1

t
Yl + byY + ciﬂ A=Y -1

t-1

RiTeyexp{d, [Z[a.ktv.k |‘| a-

j=kF1
Ry exp{d, [Z[a.kmk |'|

j=k+1

Yl + byY + cnﬂ A=Yl

t
@ =Yl +byY + ciﬂ A=Yl -1

Oi, t=1 (34)

where

die = -1 (39)

i
Fcithit(Rit

Because one and only one of the terms inside of every
power of the exponentials in eq 34 can be different from
zero, it is possible to transform eq 34 into
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Thyi = (Riy — 1)Thy;, x

t
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kZO Rith?t -1
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KLY ! Yit

R;:TCyit E + +
a b
k= thhl - 1 thhlt - 1
t

t—1 t
1-Y. a Y. 1—Y..
’!:l( |p) IkthO( ij:k 1( u))

b
Rihit -1 Rithict -1

+ R TCyi¢
Rithict -1 R'thiakt -1
t
h:)tYit hict’!:L(l - Yip)
: + Oi,t>=1 (36)
Rithit -1 Rithict -1

where h3, = exp{di@ix}, h% = exp{dibi}, and h, =
exp{dici}. These last three parameters will become
ha P, hb*® and h¢ *® in the case where the evalua-
tion is done at the end of the cleaning period. The
nonlinearities in eq 36 consist of products of integers,
which can be easily linearized by adding new continuous
variables. Thus, this model takes into account the
fouling effect throughout time without doing any kind
of approximation. This is in contrast with earlier works,
which had to introduce approximations to the models.
For example, Georgiadis et al.!! used the arithmetic-
mean temperature difference instead of the log-mean
average, and Smaili et al.13 linearized the asymptotic
fouling curve and considered constant-temperature
profiles throughout each subperiod.

We now distinguish two cases: a single exchanger and
an exchanger in a network. In the case of a single heat
exchanger, Thii: and Tcsic are parameters and one can
directly relate the temperature at the end of one
subperiod with the one at the beginning of the next. To
illustrate this, we consider the case where no cleaning
takes place in period t — 1 and cleaning takes place in
period t. The outlet cold temperature profile for asymp-
totic fouling is shown in Figure 4.

Clearly, if the exchanger is cleaned in period t, the
outlet hot temperature at the beginning of the cleaning
subperiod is equal to the inlet temperature, whereas if
it is not cleaned, it is equal to the temperature at the
end of the operating subperiod of the previous period
(Th3%_;). Thus, one can write

Thy = Thy Y + TSR (1 — Yy  DOi, t=1 (37)
At the end of the cleaning period, either the hot outlet
temperature is equal to the hot inlet one or it would be
a function of the U and Tc; at that point:

Similar relations can be written for the beginning and
end of the operating subperiods, as follows:

ThYP =LY, + Th®P1 —-Y,) Oi t=1 (39)

PR I

Fh;t, Chiy, Thyjy Fhiy, Chiy, Thyig
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Lt b - AL,

>
>

Figure 3. Single-heat-exchanger representation.

TheP =G, Oit=1 (40)
where
Hii = (Riy = 1)Thy;, x
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— + Ry Tey ~
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t
ey @Y
it Tit p= .
N + Oi,t=1 (41)
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_ (Riy — 1)Thy; + [exp(n Uid;) — 11R;Tcy;,
R exp(y Uid;) — 1

it

Oit=1 (42)
Git = (Riy = 1)Thy;, x
t t

(Y; 1-Yy) rl(l =Y

t-1 ij:k . ij Y, 1 ip
2, * -

K0 Ryhi’ — 1 Rhpi°—1 Ryi°—1

t
(Yik 1-=Yy)
1 ! Yit

+

RitTCyit ZO - + o
k=0 Ryhj, — 1 Rihie - — 1
t

t-1 t
'!:l(l - Yip) h?ﬁoé(Yikj:k 1(1 - Yij))

o + RiTCyiy o
Rit ikt 1 Ri ikt 1
t
hb*OY h(I:t_O rl](l - Yip)
it Tit p= .
+ Oi,t=1 (43)
Rith:);O -1 Rith?;o -1



These equations, as will be shown next, are simpler than
those one has to write for the general case. Indeed, when
there are many exchangers, the inlet temperatures of
each exchanger are no longer constant, but rather they
are functions of the cleaning history of the upstream
exchangers. Figure 5 shows how two consecutive heat
exchangers interact. In this case, the qth heat exchanger
is not cleaned during period t — 1 but is cleaned in
period t. The opposite occurs with the downstream (q +
1)th heat exchanger; that is, it is cleaned in period t —
1 and not cleaned in period t.

We also consider that exchanger q is fed by a
constant-temperature stream. For this reason, its profile
looks like the one in Figure 4. Now, consider exchanger
g + 1. During the cleaning subperiod in period t — 1,
the outlet temperature is equal to the outlet tempera-
ture of exchanger g and, therefore, not constant.

Thus, the outlet temperatures of the hot streams are
given by

ThyP = ThYPY, + 3,1 — V) Dit=1 (44)
Thyt =ThitY, + K1 —Y,)  Oi, t=1 (45)
ThY%® =M,Y,+ N, 1—-Y,) Oit=1 (46)

ThEP =P, Oit>1 (47)

where

Jii = (R — 1)ThEP x

t-1 t-1
Y [ ] @ =Y rl(l -Y
2 "0 ! Yit p=
+— +
k= thhlkt 1—1 Rihi,tfl -1 Rith‘i:,tgl -
t-1
O IO
R, TchP zo +— +
K= Ryhf, — 1 Rihics — 1
t-1
l_l)(l = Yip) e 120(Y = Yi))
|+ R T - +
Rith(i:,tfl -1 Rith?k,to—l -1
t-1
h{° 1-Y
h?;leit " 1;!1( : .
. + Oi, t=1 (48)
Rithi,tfl -1 Rith?,ti)l -1
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KD Ryhje® — 1 Rhp°—1 Ryhi°—1
t
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To linearize all of these expressions, we resort to
variable substitution and new constraints. For example,
we write

i = T Yk (1 -5
j=k+1

Oi,t=1 (53)

where * can be substituted for bcp, ecp, bop, or eop. This
means that

0 if Yye=0oratleastone Y;; =1
t

ikt ) Thi, if Y, =1and ; Y;=0
j=KkT1

(54)

which can be obtained through the following set of
equations:

e — Yphy =0  DOi,t=1, k=t (55
0 — (1= Y)Qh; <0
Oi,t=1, k=t j=k+1,..,t (56)

=0 Oi,tz1l, k=t (57)

t
(Thii — o) — (1 + ; Yii — YidRh; =0
%1
Dit>1 k<t (58)

Thiy —0§,=0 0Oi,t=1 (59)
where Qh; is a large number. The same can be done for
several other products of the same type. We omit the
details because they are standard transformations.
Equations relating inlet temperatures with outlet
temperatures need to be added. They are

Thg{it - Th;it

Tco = Tcy + R,

(60)

A
Tc2 Yi1=0 Y, =1
b
bep N €op
ecp / bop K

T cop

bép ecp

| |

£ f, |

0 i Tt-1 i Tt t

Figure 4. Outlet temperature of a cold stream for a single
exchanger being cleaned in period t. Asymptotic fouling.

TC2i=q Y, =0 Y;=1 Te2ieg+ Yir=1 Y,=0
A

N

]
T T T
0 fi T fi T —t‘f 0 £ Th-1 fi T | —t‘f

Figure 5. Outlet temperature of the cold stream for two consecu-
tive exchangers being cleaned in period t.

Similar expressions can be written for the outlet hot
temperatures Th;,. Similarly, equations relating inlet
temperatures with outlet temperatures of other ex-
changers are included in the model. In the case of
exchangers in series, as in Figure 1, one can write

Ty = TChi_q4 Oi=1,0t (61)

Tclizy e = TGy Oi=1,0t (62)
where Tcin is the temperature of the feed of the first
exchanger. Other relations can be written for more
complicated networks, including equations relating hot
inlet temperatures with outlet hot temperatures of other
exchangers.

Other Constraints

Logical Constraints. All continuous variables in-
volved in this problem are nonnegative ones. In addi-
tion, the outlet cold temperature of each heat exchanger
must be greater than or equal than the inlet cold one:

Tch, = Tey,  Oi, Ot (63)
There are also restrictions in minimum or maximum
values that certain temperatures can reach:

Tc, = To"  Oi,0t (64)
The value of T5" is a lower bound determined by
process considerations.

Number of Cleanings. Because of limitations in
cleaning device resources, it is not possible to clean at

the same period more than a certain maximum number
of heat exchangers.

n

Y, < Nl Ot (65)

max

Other constraints limiting the number of cleanings that



Table 1. Data for a Single Exchanger (Taken from Smaili
et al.1%)
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Table 2. Comparative Solutions for the Single-Heat-
Exchanger Case (Linear Fouling)

parameter value
Tein [°F] 347
Thi [°F] 631.4
Fh [Ib/h] 207 940
Fc [Ib/h] 649 217
Ch [Btu/(lb °F)] 0.67
Cc [Btu/(lb °F)] 0.57
ue [Btu/(h ft? °F)] 88.1
U° [Btu/(h ft? °F)] 88.1
A [ft?] 1257.2
r(linear fouling) [(ft? °F)/Btu] 3.88 x 1077
re(asymptotic fouling) [(h ft? °F)/Btu] 6.73 x 1073
K(asymptotic fouling) [month~1] 0.25
7 [month] 1
f 0.20
¢ 0.75

each exchanger can be cleaned throughout the operation
horizon can also be added. These reduce considerably
the feasible space.

Overall Energy Consumption

To find the total furnace energy consumption, we
calculate the furnace duty during each subperiod as
follows:

QP = Fc,Ce,(Te,, — TP (66)
Qf™ = Fe,Cey(Teou — Teont (67)
QP = Fc,Ce(TCyy — TCooP (68)
Qff™ = Fc,Ccy(Tey,, — TCor (69)

where Tcoyt is the furnace’s outlet temperature. Because
the cleaning period f; can be different for different
exchangers, we approximate the energy consumption
using the following expression:

bcp+ ecp_ bop+ eop B
_& ZQt f+r=—"—@-f (70

Ef,

where
f=YSf/n (71)
Z .

The expression approximates the energy consumption
in each subperiod using a linear approximation.

Objective Function

The model minimizes the expected net present value
(throughout the time horizon) of the operating costs
arising from the tradeoff between furnace extra fuel
costs due to fouling and heat-exchanger cleaning costs
(which include man power, chemicals, and mainte-
nance).

(Ef, — Ef)
NPC = Zdt—cEf + Zdthith (72)
Uk 1

where Efﬁ' is the furnace's energy consumption for
clean condition, Cg¢ is the furnace’s fuel cost, C is the

Smaili et al.3 this model
no. of no. of
cleanings NPC cleanings NPC
no cleaning 0 202 600 0 202 600
Ca=0 4 90 200 4 90 000
Ce = 4000 3 not reported 3 10 200

cleaning cost, #; is the furnace efficiency, and d; is the
discount factor.

Numerical Difficulties and Solution Methods

The model was coded in GAMS.23 In many cases, the
solution procedure involves overcoming gaps that are
very large. In addition, the problem seems to have a lot
of suboptimal solutions that are very close to the global
optimum. This makes the MILP procedure explore a
large and prohibitive number of nodes.

To ameliorate these difficulties, one can, of course,
give up linearity and construct an MINLP model, which
will be nonconvex. We rather kept linearity because we
think there are better chances to capture the global
optimum and we decided to explore how far we can get
by means of decomposition procedures when the linear
model exhibits solution times that are prohibitive.

First, we solved the single-heat-exchanger model,
compared it with the results obtained by Smaili et al.,'3
and discovered that our model renders better answers.
We next introduce a new decomposition procedure that,
compared to the MINLP method used by Smaili et al.,'3
renders better solutions. Next, we tried the concept of
moving horizon proposed for this problem by Wilson and
Vassiliadis'® to conclude that this is not a good ap-
proach. We finally make some comparisons with heu-
ristic rules.

Results Using the Full Model without Decom-
position. The model was solved for the same single-
heat-exchanger case study proposed by Smaili et al.3
All of the parameters used are the same as those used
by Smaili et al.13 and given in Table 1. Constant flows
and properties throughout the horizon were assumed,
and no discount factors for future costs were employed.
Two different cleaning costs were used: 0 and 4000,
which are the costs used by Smaili et al.!® The case of
no cleaning cost represents the case of the energy
maximization problem.

We first notice that different net present costs are
obtained (Tables 2 and 3), especially for the case of
asymptotic fouling. The values for Smaili et al.’s'3
column were obtained by imposing their schedule to our
model. As an illustration, the outlet cold temperature
profiles for the case of zero cleaning cost and asymptotic
fouling are shown in Figure 6.

From Tables 2 and 3, it can be observed that, in the
case of the linear fouling, both solutions are very close
but the schedules are different. These differences should
be mainly attributed to the fact that the models are
different. For example, in the case of the model by
Smaili et al.,’® the temperature of each subperiod is
evaluated only at the beginning of each subperiod and
considered as the temperature for the whole subperiod
instead of evaluating the temperature at the beginning
and at the end as in the present model. However,
despite theses differences, these solutions are similar
in total cost. On the other hand, for the asymptotic
fouling case, the solutions are not as close, and the
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Figure 6. Comparison of outlet cold temperature profiles: zero cleaning cost; asymptotic fouling. Smaili et al.’s!® solution obtained by

imposing their schedule.

Table 3. Comparative Solutions for the Single-Heat-
Exchanger Case (Asymptotic Fouling)

Smaili et al.1® this model
no. of no. of
cleanings NPC cleanings NPC
no cleaning 0 315900 0 315900
Ca=0 11 206 900 7 196 400
Cq = 4000 6 not reported 5 224 700

number of cleanings is different (Figure 6). This is
caused by the difference in the representation of as-
ymptotic fouling in the models. Indeed, Smaili et al.’®
introduced some approximations that we did not use.

It is observed that all of the solutions for a single-
heat-exchanger case are cyclic (Tables 4—6). This means
that the heat exchanger is cleaned every time the
fouling reaches a certain value, which is the strategy
typically applied in practice without using any optimi-
zation tool (heuristic approaches). We will see later that
this type of practice is not correct when more exchangers
are involved.

The resource usage for the full model version for this
one exchanger and 24 months varies significantly
depending on the cleaning cost and the fouling type: for
linear fouling and O cleaning cost, 730.1 CPU s; for
linear fouling and 4000 cleaning cost, 1109.4 s; for
asymptotic fouling and O cleaning cost, 1572.7 s; for
asymptotic fouling and 4000 cleaning cost, 10 378.1 s
(on a Pentium 4, 2.0 GHz, running under Red Hat Linux
7.3).

Clearly, when one tries to use this full model for a
complete network, the time is impractical. Thus, to
decrease the computational time, a decomposition pro-
cedure was developed, as is explained in the following
section.

Decomposition Procedure. In investigating some
of the properties of the model, we discovered that the
schedule of each exchanger is mildly affected by the

schedule of others. This prompted us to propose the
following procedure:

(1) Solve the first exchanger schedule, assuming all
the rest are not cleaned.

(2) Solve the next exchanger schedule, assuming the
rest have the same cleaning schedule as the current
solution.

(3) Check for convergence once all exchangers have
been solved. This means that at least two passes are
needed. At the beginning of each pass, one solves the
first heat exchanger, with the cleaning schedule for the
rest of the exchangers is fixed to the value obtained in
the last run.

(4) If convergence is achieved, then proceed to the next
step. If not, start a new iteration.

(5) Establish the largest number of periods for which
a moving window solution procedure would be solved
in a reasonable amount of time. Start with the first
month, and solve the problem within that window.
Leave the scheduled cleaning outside the window as
they were established in the last run.

(6) Keep running the moving window until the end of
the time horizon is reached.

(7) Check for convergence. If no convergence is
achieved, run the moving window again.

In many cases that we could verify, this procedure
rendered the global solution. In the cases in which we
observed that the global solution was not reached, the
difference between the solution found and the global
solution was less than 1%. This fact reinforces the idea
that there exist a large number of suboptimal solutions
that are very close to the global. The time required by
the decomposition procedure is much lower than that
required to solve the full model. For example, for the
case of four heat exchangers and 12 months, the time
required for the full model was 218 460 s, and for the
decomposed model, it was only 203.9 s.

Comparison of Models. The solutions reported by
Smaili et al.’® for a HEN case of 10 heat exchangers
reproduced in Figure 7 (data given in Table 7) were
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Table 4. Cleaning Schedule for the Single-Heat-Exchanger Case (Linear Fouling, Cleaning Cost = 0)

month
author 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 no.ofcleanings
Smaili et al.13 . . . . . . . . . . 11
this work . . . . . . . 7

Table 5. Cleaning Schedule for the Single-Heat-Exchanger Case (Asymptotic Fouling, Cleaning Cost = 0)

month
author 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 no.ofcleanings
Smaili et al.13 o o o . 4
this work . o . o 4

Table 6. Cleaning Schedule for the Single-Heat-Exchanger Case (This Work Only; Cleaning Cost = 4000)

month
fouling 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 no.ofcleanings
linear . . . 3
asymptotic . . . . o 5
Table 7. Data for the HEN Case (Reproduced from Smaili et al.13)
heat exchanger
1 2 3 4 5 6 7 8 9 10

Thy [°F] 563 457 428 513 536 631

Fh [Ib/h] 141272 73811 423023 428579 207940 423023 210321 141272 282544 207 940
Fc [Ib/h] 721441 721441 721441 721441 721441 721441 721441 649217 649217 649 217
Ch [Btu/(lb °F)] 0.67 0.70 0.62 0.62 0.67 0.62 0.69 0.67 0.69 0.67

Cc [Btu/(lb °F)] 0.46 0.46 0.46 0.46 0.55 0.55 0.55 0.57 0.57 0.57

ue [Btu/(h ft2 °F)] 88.1 88.1 88.1 88.1 88.1 88.1 88.1 88.1 88.1 88.1

U [Btul/(h ft? °F)] 88.1 88.1 88.1 88.1 88.1 88.1 88.1 88.1 88.1 88.1

A [ft3] 465 287.4 1191.6 1487.6 183.0 545.7 491.9 437.0 884.8 1257.2
r (x107) [ft? °F/Btu] 1.23 1.84 1.23 1.64 3.07 2.25 3.07 3.27 3.68 3.88

r° (x10%) [h ft?°F/Btu]  1.61 241 1.61 2.14 4.02 2.95 4.02 4.29 4.82 5.09

K [month~1] 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25

f 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Tcin [°F] 68

T 1.00

Uii 0.75

compared with those found in this work by using our
decomposition strategy. The solutions are compared in
the schedules shown in Tables 8—11. In this comparison,
we fixed the solutions obtained by Smaili et al.’® and
evaluated them using our model. We also compared
solutions using Smaili et al.’s’®> model. Table 12 shows
the economic comparison.

The time required for each step of this strategy varies
from less than 60 s for the coldest heat exchangers to

around 300 s for the hottest exchangers. Similar times
were required in the case of the horizontal passes
depending on the position of the month evaluated.

First, comparing the results for the case of no cleaning
and linear fouling, it can be observed how Smaili et
al.’s™® model underestimates the cost. This is due to the
fact that they do not take into account the decay of the
heat-transfer coefficient in each subperiod (they consider
it constant and equal to the initial value, and they
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Table 8. Optimal Cleaning Schedules for Zero Cleaning Costs and Linear Fouling for Both Models?

no. of
month cleanings
heat
exchanger 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 X (0]
1 X (0] 1 1
2 ® X (0] 2 2
3 ® 1 1
4 (0] X (0] 1 2
5 ® X (0] X 3 2
6 ® ® 2 2
7 X O (0] X X (0] 3 3
8 X O X (0] X 3 2
9 X O X (0] X O 3 3
10 (0] X (0] X O 2 3
total no. of 21 21
aQ: Smaili et al.®® cleaning action. X: this work action. ® common action. cleanings
Table 9. Optimal Cleaning Schedules for Zero Cleaning Costs and Asymptotic Fouling for Both Models2
no. of
month cleanings
heat
exchanger 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 X O
1 O X (0] 1 2
2 (0] X ¢} (0] 2 3
3 (0] X (0] 1 2
4 O X (0] X 2 2
5 O X (0] O X O X (0] (0] X 4 6
6 (0] X O X (0] (0] X 3 4
7 (0] X O X O X (0] X (0] X 5 5
8 X O X O X (0] X (0] X 5 5
9 O X O X O X O X (0] X (0] 5 6
10 (0] ® X (0] X (0] X O 5 5
total no. of 33 40
aQ: Smaili et al.’® cleaning action. X: this work action. ® common action. cleanings
Table 10. Optimal Cleaning Schedules for 4000 Cleaning Costs and Linear Fouling for Both Models?
no. of
month cleanings
heat
exchanger 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 X O
1 — —
2 (0] - 1
3 ® 1 1
4 O X 1 1
5 X O 1 1
6 ® 1 1
7 (0] X 1 1
8 ® 1 1
9 o X (0] X 2 2
10 o X O X 2 2
total no. of 10 11
aQ: Smaili et al.’® cleaning action. X: this work action. ® common action. cleanings
Table 11. Optimal Cleaning Schedules for 4000 Cleaning Costs and Asymptotic Fouling for Both Models
no. of
heat month cleanings
exchanger 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 X (0]
1 — —
2 — —
3 j— —
4 (0] X 1 1
5 (0] - 1
6 (0] - 1
7 X O X (0] 2 2
8 X (0] X 2 1
9 o X (0] X O ® 3 4
10 O X ¢} X (0] ® 3 4
total no. of 11 14

aQ: Smaili et al.’® cleaning action. X: this work action. ® common action.

cleanings
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this work’s model

Smaili et al.’s3 model

this work’s Smaili et al.’s*3 this work’s Smaili et al.’s'3

case solution (NPC) solution (NPC) solution (NPC) solution (NPC)
no cleaning, linear fouling 361 060 361 060 347 990 347 990
no cleaning, asymptotic fouling 554 270 554 270 679 030 679 030
cleaning cost = 0 and linear fouling 203 600 207 210 189 280 192 840
cleaning cost = 0 and asymptotic fouling 405 770 401 230 394 000 389 940
cleaning cost = 4000 and linear fouling 257 700 262 500 243 550 248 360
cleaning cost = 4000 and asymptotic fouling 481 710 487 530 516 010 507 600

A A A A
| | | |
| | | |
| | | |

O
i i i i
i i i i

Figure 8. Four-heat-exchanger case.
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Table 13. Data for the Four-Heat-Exchanger Case

heat exchanger

1 2 3 4
Thy [°F] 428 513 536 631
Fh [Ib/h] 141272 73811 423023 428579
Fc [Ib/h] 721441 721441 721441 721441
Ch [Btu/(lb °F)] 0.67 0.70 0.62 0.62
Cc [Btu/(Ib °F)] 0.46 0.46 0.46 0.46
ue¢ [Btu/(h ft2 °F)] 88.1 88.1 88.1 88.1
U0 [Btu/(h ft? °F)] 88.1 88.1 88.1 88.1
A [ft?] 465 287.4 1191.6 1487.6
r(linear, x107) [(ft? °F)/Btu] 3.07 3.27 3.68 3.88
f [month] 0.20 0.20 0.20 0.20
Tcin [°F] 270
7 [month] 1
¢ 0.75

Table 14. Four-Heat-Exchanger Case with a 4-month
Moving-Horizon Solution (Total of 12 months, Linear
Fouling, Cleaning Cost = 4000)

heat month no. of
exchanger 1 2 3 456 7 8 9 10 11 12 cleanings
l —

2 —

3 . 1

4 . 1
total no. of 2

cleanings
NPC 106 430

Table 15. Four-Heat-Exchanger Case with a 6-month
Moving-Horizon Solution (Total of 12 months, Linear
Fouling, Cleaning Cost = 4000)

heat month no. of
exchanger 1 2 3 456 7 8 9 10 11 12 cleanings
1 —

2 —

3 . 1

4 . 1
total no. of 2

cleanings
NPC 108 410

assume a constant temperature throughout the period).
The effect is even more severe in the case of asymptotic
fouling.

A cost comparison between models only makes sense
for the linear fouling case, where the only difference is
the way the objective function is calculated. In the
asymptotic case, the estimations of the heat-transfer
coefficient are different. Thus we observe that our model

Table 16. Four-Heat-Exchanger Case with a Global
Solution (Total of 12 months, Linear Fouling, Cleaning
Cost = 4000)

heat month no. of
exchanger 1 2 3 4 56 7 8 9 10 11 12 cleanings
1 —
2 —
3 . 1
4 . 1
total no. of 2
cleanings
NPC 106 050

outperforms Smaili et al.’s model*2 for the linear fouling
case. We also show the comparative results for the
asymptotic fouling case, although we warn again that
the optimization procedure in both cases is based on a
different way of calculation fouling.

We also point out that no cyclic cleaning takes place,
which is a difference with a single-exchanger case where
good schedules can be predictive without the need of
optimization tools. This difference occurs because of the
interrelations between the heat exchangers by the cold
and hot streams. This result shows that the imposition
of cyclic schedules (Georgiadis et al.'* and Alle et al.%®)
can render solutions that are far from the optimal ones.

Results for a Moving-Horizon Strategy. The mov-
ing-horizon technique proposed by Wilson et al.’® was
also tested. This moving-horizon strategy consists of
taking a window of a certain number of periods and
solving the problem for that window, assuming that the
cleanings ahead of the window do not exist and assum-
ing that the cleanings in past periods are those obtained
in previous runs. We implemented this moving-horizon
strategy for the four heat exchangers shown in Figure
8 with the data of Table 13 and for the HEN case of
Figure 7 and Table 7.

The four-heat-exchanger case of Figure 8 was solved
by applying a moving horizon of 4 and 6 months of
length. We also run it for full 12 and 18 month horizons
to determine the global solutions. The solutions are
shown in Tables 14—19.

For the HEN case of 10 exchangers over 18 months,
a moving horizon was applied using a length of 4
months for the case of linear fouling and cleaning costs
of 4000. The solution found was even worse than that
found by Smaili et al.13 (see Tables 20 and 21).

As can be concluded from the results, this technique
is not really effective. Moreover, making larger moving-
horizon windows does not guarantee improved solutions,
as can be concluded from the four-exchanger case, where
the result found using a moving-horizon length of 6
months is even worse than that found using one of 4
months.

Comparison with Heuristic Strategies. Our next
step was to compare our solutions with those obtained
with heuristic strategies. Such strategies consist of
simply cleaning the exchangers that reach a certain
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Table 17. Four-Heat-Exchanger Case with a 4-month Moving-Horizon Solution (Total of 18 months, Linear Fouling,

Cleaning Cost = 4000)

heat month no. of
exchanger 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 cleanings
1 —_
2 —
3 . . 2
4 ° . 2
total no. of 4
cleanings
NPC 184 810

Table 18. Four-Heat-Exchanger Case with a 6-month Moving-Horizon Solution (Total of 18 months, Linear Fouling,

Cleaning Cost = 4000)

heat month no. of
exchanger 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 cleanings
1 . -1
2 D 1-
3 . . 4
4 . . 4
total no. of 6
cleanings
NPC 182 500

Table 19. Four-Heat-Exchanger Case with a Global Solution (Total of 18 months, Linear Fouling, Cleaning Cost = 4000)

heat month no. of
exchanger 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 cleanings
1 . 1
2 . 1
3 . . 4
4 . . 4
total no. of 6
cleanings
NPC 182 500

Table 20. Ten-Heat-Exchanger Case with a 4-month Moving-Horizon Solution (Total of 18 months, Linear Fouling,

Cleaning Cost = 4000)

heat month no. of
exchanger 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 cleanings

1 —

2 —

3 —

4 —

5 —

6 —

7 . 1

8 o 1

9 . . 2
10 . . 2
total no. of 6

cleanings

Table 21. Comparison Chart for Moving-Horizon Solutions: Ten-Heat-Exchanger Case (Total of 18 months, Linear

Fouling, Cleaning Cost = 4000)

this work’s model

Smaili et al.’s!3 model

this work’s Smaili et al.'%'s this work’s Smaili et al.’s'3
case solution (NPC) solution (NPC) solution (NPC) solution (NPC)
global solution 257 700 262 500 243 550 248 360
moving horizon 266 280 259 770

level of fouling. We therefore considered different levels
of the heat-exchanger heat-transfer coefficient (90% and
75% of their respective clean value) and assumed that
a practitioner would decide to clean the exchangers
when these values are reached. Because we used Smaili
et al.’s!® problem, we imposed the same restrictions on
cleaning certain exchangers at the same time as they
did. The results were found using Smaili et al.’s!® and
this work’s models and are shown in Tables 22 and 23.
The economics are compared in Table 24, where the

heuristics were applied using the different models. As
can be seen from the results, the heuristics results in
expensive schedules, with some of them being even more
expensive than no cleaning schedule at all.

Conclusions

In this paper, we have presented an MILP model to
determine the cleaning schedule of HENs. We have
looked at different approximating solution strategies for
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Table 22. Results for Heuristic Strategy, Using Smarli et al.’s'® and This Work’s Models, and Cleaning When U < 75% U°®

(Linear Fouling)?2

no. of

heat month cleanings
exchanger 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 X O
1 — —

2 — —

3 - —

4 - -

5 — —

6 - -

7 - -

8 ® 1 1

9 X (0] 1 1

10 ® 1 1
total no. of 3 3

cleanings
aQ: Smaili et al.’® cleaning action. X: this work action. ® common action.
Table 23. Results for Heuristic Strategy, Using Smaili et al.’s’® and This Work’s Models, and Cleaning When U < 90% U°¢
(Linear Fouling)?
no. of

heat month cleanings
exchanger 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 X (0]
1 X 1 1

2 ® 1 1

3 X e} 1 1

4 X e} 1 1

5 X O X (0] 3 2

6 O X ) 2 2

7 X X e} X 3 2

8 X (0] X (0] X 3 2

9 X o X e} X ® 4 3

10 X O X e} X e} X 4 3
total no. of 23 18

cleanings

a0: Smaili et al.®® cleaning action. X: this work action. ® common action.

Table 24. Comparison with Heuristic Strategies (Linear Fouling, Cleaning Cost = 4000)

this work’s model

Smaili et al.’s!® model

this work’s

technique applied solution (NPC)

Smaili et al.’s’3
solution (NPC)

Smaili et al.’s!3
solution (NPC)

this work’s
solution (NPC)

modeling 257 700 (10 cleanings)

heuristic, cleaning when 341 620 (3 cleanings)
U =< 75% U°

heuristic, cleaning when 315 180 (23 cleanings)
U < 90% U°¢

problems that exceed the computational capacity and
proposed a new decomposition procedure to solve the
problem. In doing so, we have found better solutions
than those proposed by the MINLP model proposed by
Smaili et al.1® This is, we believe, the right way of
approaching the problem, as Arthur Westerberg would
have taught us, that is, construct the right model first
and then worry about how to solve it. It is a strategy
that has worked for him and to which we adhere
wholeheartedly.

The results show that moving-horizon strategies are
not effective in solving this kind of problem, that cyclic
schedules imposed to the models are clearly not ap-
plicable either, and that heuristic strategies can derive
into really bad solutions.
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262 500 (11 cleanings)

243 550 (10 cleanings)
315 270 (3 cleanings)

248 360 (11 cleanings)

278 760 (18 cleanings)

Note Addd after ASAP Posting. This article was
released ASAP on 5/4/04. Some values have been
changed in column 2 of Table 24, and the corrected
version was posted on 5/7/04.
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