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Practical applications of models developed by the research community to predict fouling accumulation in heat-
exchanger tubes have been reviewed recently. In fact, the majority of the developed techniques of detection and
measurement of fouling properties (such as thickness, equivalent thermal diffusivity, and thermal resistance) are
sophisticated. In this work, an inverse problem based on the use of a genetic algorithm that mimics its principles from
the process of the evolution described by Darwin is applied to identify the thickness, the equivalent thermal diffusivity
of fouling developed onto the internal surface of a heat-exchanger tube, and the thermal resistance contact between
the fouling deposits and the material with which the heat-exchanger tube is made. The experimental device using a
photothermal method with a finite-width-pulse heat excitation is used. The experimental results show that the
apparatus is feasible as a noninvasive method to obtain good results.

Nomenclature

equivalent thermal diffusivity, m? - s

thickness, m

heat transfer coefficient, W - m~2 - K~!
matrix of population
Laplace parameter, s~
heat flux excitation, W - m~2

radius, m

. thermal contact resistance, K - m? - W~!
fitness function

measured temperature, K

calculated temperature on the front face, K
calculated temperature on the rear face, K
time, s

heating time, s

sensitivity coefficients matrix
reduced-sensitivity matrix

vector of estimated parameters

Laplace temperature on the front face of the
sample, K.s™!

Laplace temperature on the rear face of the
sample, K.s™!

= Laplace heat flux excitation, W - m~
= heat flux density, W - m™
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HE presence of fouling in heat-exchanger equipment represents
additional costs to the industry in terms of additional energy and
labor (Wei [1]). This phenomenon generally exists in nature and in
most industrial processes, especially in the heat transfer process.
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Fouling is formed by a mixture of inorganic salts. In most cases, it is
made of calcium salts: carbonate, sulphate, or phosphate. Because of
their poor thermal conductivity and their good adherence to the walls,
these mineral compounds decrease the heat transfer rate, reduce the
water flow rate, and even shorten equipment life by corrosion (Tlili
et al. [2]). Furthermore, the overall complexity and the lack of
fundamental understanding of the processes leading to fouling have
hindered the development of a general theoretical framework, which
could have been used to interpret or predict different types of
experimental results (Katta [3]). Therefore, many studies on the heat-
exchanger fouling have been carried out in recent years. They are
progressing in three directions: that is, fouling prediction, fouling
monitoring, and fouling countermeasure (Lingfang et al. [4]).

Since fouling is not usually visible from the outside of the
industrial processing equipment and can only be ascertained from
significant effects such as pressure drop measurement, its thickness
may not be accurately measured with conventional mechanical
instruments, and in some cases it is determined by an expensive and
destructive test. The development of a suitable nondestructive
technique to measure the fouling-layer thickness in real time, under
realistic operating conditions, is of great importance. A number of
noninvasive techniques have been used to study fouling deposits
since the 1970s. These techniques include the use of a radioisotope
technique, microarray of semiconductors, high-speed video camera
(Mackley and Sherman [5] and Wakeman [6]), microstrip monitoring
technique (Root and Kaufman [7]), photothermal deflection method
(Fujimori et al. [8]), and ellipsometry (Karlsson et al. [9]). Other
techniques use the NMR microimaging (Yao et al. [10]), the laser
beam captor, and ultrasonic measurements methods (Lynnworth
[11]). In addition to these techniques, Muzychka [12] presented a
general solution for the thermal spreading resistances in compound
annular sectors. In this system, heat flows through a portion of the
outer surface through two layers, having different thermal
conductivities, to the interior surface, which is convectively cooled
by a uniform film conductance (Muzychka [12]). This general
solution depends on the dimensions of the system at hand and its
thermal properties. A particular application of this solution is used in
heat-exchanger tubes to study the effects of protective coatings or
fouling-layer thickness on its thermal efficiency.

The results of these studies provided valuable information on
fouling-layer thickness. However, in industry, the determination of
this information (fouling thickness) must be in situ, nondestructive,
in real time, and reproducible, and the experimental device should be
robust, inexpensive, and easy to use. For these reasons, the use of the
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above-mentioned techniques is very limited because of their high
costs and their use of sophisticated devices and theories. In this study,
an inexpensive unsophisticated experimental apparatus based on a
photothermal method is used to identify the thickness of a fouling
layer developed onto the internal surface of a heat-exchanger tube.
The method primarily consists of subjecting the front surface of a
fouled heat-exchanger tube to a finite-width heat flux excitation
using a halogen lamp. During and after the irradiation, the temper-
ature response is measured on the front face using an infrared
thermosensor. Secondarily, a mathematical model describing the
temperature evolution on the front face is developed using the
thermal quadrupoles formalism. The mathematical model is a
function of the thickness of the fouling layer, its equivalent thermal
diffusivity, the thermal resistance contact with the wall, the param-
eters related to the geometry and the heat exchange coefficients with
the environment. The identification of these parameters consists of
minimizing the residual of an objective function that expresses the
sum square of the gap between the measured temperature and the
calculated one. In this work, a genetic algorithm that is a random
search process is used to minimize this objective function.

Results of the identification procedure show the efficiency of the
developed genetic algorithm to identify the thickness of the fouling
layer and its equivalent thermal diffusivity without requiring
information on their initial values or the use of sophisticated devices.
However, the practical aspects of the apparatus should be improved
in future work.

II. System Description and Formulation
of the Mathematical Model

A heat exchanger is a specialized device that assists in the transfer
of heat from one fluid to the other. In some cases, the fluids may be in
direct contact with each other. In other designs, a solid wall may
separate the fluids and prevent their mixture. In a heat-exchanger
tube, conduction is present not only through the tube wall, but also
through the deposits accumulated on the wall surface because of
fouling (Amin [13]) (Fig. 1). Consequently, the apparatus may
undergo a decline in its ability to transfer heat. In fact, the additional
fouling layer has a low thermal conductivity that increases the
resistance to heat transfer and reduces the performance of heat-
exchanger tube.

To determine the thickness e, of the fouling deposited layer, a
mathematical model describing the front surface temperature
evolution of a heat-exchanger tube that is subjected to a finite-width-
pulse heat flux Q(7) at t =0 s [Eq. (1)] during a short time ¢, is
developed (Fig. 2):

on={y 155" 1)

where W is the amplitude of the finite-width-pulse heat flux.

The model assumes one-dimensional heat flux through a two-layer
sample composed of the two materials, which are copper and fouling
deposits of thicknesses e; and e,, respectively.

To determine the temperature evolution of the heat-exchanger
front face after being subjected to a finite-width-pulse heat flux, the
thermal quadrupoles formalism is used. The method originates in the
integral transform treatment of the heat equation (André et al. [14]).

Fig. 1 Photograph of fouled heat-exchanger tube.

te

Copper R
Interface
Ry
Fouling

Fig. 2 Principle of the heat flux excitation with a finite width on the
outside surface of the heat exchanger.

The method is considered applicable in only one direction and in a
transient regime. Then one recovers an input—output matrix transfer
formulation of the problem, well known from scientists working in
the electronic field (automation systems) (André et al. [14]). The
variables embedded in the formulation are the temperature
(potential) and the heat flux (current) according to the well-known
electrical analogy (André et al. [ 14]). For a material composed of one
layer, the thermal quadrupole matrix is expressed as the following

equation:
0\ (A B\(6
(5)= (& 2)(5) @

where A, B, C, and D are the coefficients of the quadrupole (their
expressions depend on the Laplace variable p, the geometry, and the
thermophysical properties of the material at hand), and 6 and ®
represent the Laplace transforms of the temperature and the heat flux
variables, respectively.

In this study, a transient heat flux is transferred through two layers.
Each layer can be described by its own quadrupole matrix and the
multilayered system can be modeled by multiplying the corre-
sponding quadrupole matrix. The heat transfer into the two materials
can be schematized, as shown in Fig. 3.

The thermal excitation of the system, which is composed of two
isotrope layers, leads to a small temperature increase of about 2°C, so
the thermal properties are considered constant and uniform. The
convective and radiative heat transfers on the two faces with the
uniform environment are expressed by two heat transfer coefficients
h, and h,, and the interface between the two materials is char-
acterized by an imperfect contact (thermal contact resistance R,.). So
according to Fig. 3, we can express the thermal quadrupoles between
R, and R, and the boundary conditions as shown below.

First boundary condition, at r = R;:

16,7 71 o][e,
AR FI

where ¢, = TL[Q(1)] = (¥/p)[1 — exp(—pt.)]. For Ry <r <R,
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Secondary boundary condition, at r = R;:
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Fig. 3 Schematic presentation of the thermal quadrupoles.

Third boundary condition, at r = R,:

Te1 71 o[ 6,
wlf[4 ]

Since the rear face is considered in adiabatic conditions and there is
any source of heat flux, @, = 0.

The coefficients A;;, B;;, C;; and D;; depend on the Laplace
parameter p, on the radius R; of the layer i, and on the thermal
diffusivities of the two materials. Their expressions are given by the
following equations (Diaconu [15]):

A= ocj[IO(oc,-)K, (Olj) + I, (otj)KO((x,-)] 8)
B, = ‘;i-j’j[lo(a,-)Komi) — Iy(e)Ko(@t))] ©
Cyj = o1 (@)K, (@) — I (@)K (@))] (10)
D;; = aj[lo(otj)l(l (o)) + 1, (ot,-)Ko(aj)] (11
a4 =qRi;  q= al;_,
i=0 or i=1 and j=1 or j=2 (12)

In this mathematical model, «; ; has three expressions:

ay=¢q;.Ry = ,/aﬂRo (13)
1

o =q.R = [ER, (14)
1

o0 =gk, = R, (15)
2

where a, is the equivalent thermal diffusivity of the copper with
which the heat-exchanger tube is made; a, is the equivalent thermal
diffusivity of the fouling deposited layer onto the internal surface of
the heat-exchanger tube; [, and /, are the modified Bessel functions
of the first kind and of the zero and first orders, respectively; and K
and K, are the modified Bessel functions of the second kind and of
the zero and first orders, respectively.
The entire system can be described in Laplace space as

0y
Yll—exp(=pt.)]
P
1 01[Ay By [1 R[4, B[ 1 0716,
o h o 1l|cy Dy llo 1|, Dyl 1|0
A BT[6,
= (16)
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where 6, and 6, are the Laplace transforms of the front- and rear-face
temperatures of the sample, respectively.
Using Eq. (16), the front-face temperature 6, can be written as

6, = 4.6, =21 — exp(—pt,)] a7
pC

where A and C are given by the following equations:

A=ApAp, + RAGCy + By Cry + hyAg By + hoRAg Dy

+ hyBy Dy (18)
where

8=CpAp + Ao Cio + R.Cy Cyz (19a)

@ = hih[Ag Biy + R.Ag AL, + By Dis] (19b)

¢ = hy[AgiA1z + R.Ag Cra + By Cyol (19¢)

¢ = hy[Co Bz + R.Co D1 + A1 Ay] (19d)

The front-face temperature 6;(p) depends on several dimensional
parameters. Some of these parameters are supposed to be known and
the others will be identified. It is given by the following expression:

0/(p) = f(p.tc.ay, a2, Ry, R, Ry, by, by, R, W) (20)

The equivalent thermal diffusivity a; and the outside and inside radii
(R and R)) of the first layer of copper with which the heat-exchanger
tube is made are known. Moreover, the amplitude W and the duration
t, of the heat flux excitation Q(r) are known from other measure-
ments. The remaining parameters that are given in the following
vector B = [a,, Ry, hy, hy, R.] are the parameters of interest. This
vector § to be estimated includes the equivalent thermal diffusivity
a, of the fouling layer, its inside radius R, (which is in the center of
interest), the heat transfer coefficients on the two faces /, and h,, and
the thermal contact resistance R_. between the two layers.

To simplify the mathematical model presentation, the vector of the
unknown parameters is written in the following form:

B=I[Bi=as, o =Ry, B3=hy, Bs=hy, Bs=R.]

The variation of the temperature 7', (¢, 8) with time in the usual
space domain is calculated using the numerical algorithm proposed
by Graver—Stehfest of 6,(p) (Albouchi et al. [16]):

7,08 =""23 v, (iL"(z)) 1)
i=1

t t

where V; are the Graver—Stehfest coefficients function, and f =
[B1, B2, B3, Ba, Bs] is the vector of the unknown parameters to be
estimated using an inverse problem based on a genetic algorithm.
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III. Sensitivity Study

A sensitivity study is a crucial step before starting any estimation
procedure. In fact, it gives a useful piece of information that concerns
both the magnitude of the parameters sensitivity coefficients and the
degree of correlation between the unknown parameters. A sensitivity
coefficients matrix Xp is defined as the effect that a change in a
particular parameter 8 has on the variable state. Mathematically, it is
defined as the first derivative of the measured variable with respect to
the parameters of the model:

_ T, (1. B)

Bi — ap (22)

Bi#P

where 8 = [B,, B,. B3, Ba. Bs] and B; are all parameters other than
that remain constant.

When performing a sensitivity study, it is important to examine the
reduced sensitivities Zg;, which are obtained by multiplying the
original coefficients by the parameter referred to (Raynaud [17]).
These coefficients have the same unit as the state variable
(temperature). Using the finite difference approximation, the
reduced-sensitivity coefficients are expressed as

Ty (t.B; +8B) —Tu(t. B;)

Zg; = BiXi; = PB; (23)
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Fig. 4 Variation of the reduced sensitivities of the unknown
parameters of the mathematical model.

where 88 =(0,...,0,68,0,...,0) is a small variation of the
parameter f3;.

If the reduced-sensitivity coefficients do not depend on each other
over the range of the observations, then the estimation is said to be
linear and the parameters are uncorrelated. It is extremely important
to determine whether the parameters to be estimated are correlated or
not. In fact, if they are correlated or nearly correlated, they cannot be
estimated simultaneously.

According to Fig. 4, which shows the variation of the reduced
sensitivities of the five parameters versus time, we note that the
mathematical model is very sensitive to the equivalent thermal
diffusivity a,, the inside radius R,, and the heat transfer coefficients
on the two faces &, and h,, whereas it is less sensitive to the thermal
contact resistance R... Thus, we can say that this last parameter will be
estimated with a low accuracy.

Furthermore, Fig. 4 shows that the reduced-sensitivity coefficients
of the equivalent thermal diffusivity a, and the inside radius R, have
the same shape and their maxima are reached almost at the same time;
in addition, Fig. 5a shows that these two parameters are strongly
correlated. Moreover, it can be seen from Fig. 4 that the reduced-
sensitivity coefficients of &, and h, are linearly dependent. This
remark can be emphasized by Fig. 5b, which shows that in most cases
h; and h, are linearly, positively, and perfectly correlated, which
indicates that they cannot be simultaneously identified. Con-
sequently, correlation between these parameters is precious infor-
mation that leads us to choose the adequate parameters estimation
procedure. In fact, a bad choice of the parameters estimation
procedure can show instabilities resulting in nonconvergence if two
or more than two parameters are correlated or nearly correlated.

IV. Estimation of the Unknown Parameters by Means
of a Genetic Algorithm

The main goal of the estimation procedure is to find the values of
the unknown parameters of the vector § that minimize the sum of the
squared residuals between the measured temperature 7. qureq a0d the
mathematical model output T (¢, B) as it is written in the following
equation:

N
min(S(8) = min( Y- Tyesuns = 10 F)?) 24

In this parameters estimation process, the inside radius R, and the
equivalent thermal diffusivity of the developed fouling layer are the
main parameters of interest, the others are additional parameters.
There are many methods to minimize this objective function, S(8),
among them we mention gradient methods that are largely used by
many researchers in different domains. Although these techniques

01 ; : r ; ; :
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Fig. 5 Linear dependence between the dimensionless sensitivity coefficients of 1) Z;, and Zg, and b) Z, and Zgs.
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are well developed, they maintain significant drawbacks. Their
principle requires the evaluation of the derivatives of the objective
function S(B) by differentiating Eq. (24) with respect to each of the
unknown parameters f8; (j = 1,...,5) and then setting the resulting
expression equal to zero, yielding to the following set of algebraic
equations:

Z 2% aTg(—ﬂt"B) [T] (t, /3) - Tmez\sured] =0 (25)

From their principles, we note that gradient methods can be
applicable only for derivable functions. Furthermore, employing
gradient search methods need to start from an initial guessed solution
near the exact solution. In these approaches, the use of a bad starting
point may result in the solution getting trapped in a local optimum
(Tamer et al. [18]). In addition, the sensitivity study has shown that
more than two parameters are strongly correlated, which is a limiting
factor to use gradient methods as estimation parameter procedures.
Consequently, we are in need of a procedure that allows us to estimate
the unknown parameters of the vector 8 even in the presence of a
strong correlation between them, without the necessity of working
with gradients and without requiring information on an initial
solution. Therefore, in the solution of the inverse problem, genetic
algorithms are the most widely used optimization methods that can

Initial population

Evaluation

R ducti .
cproduction Reproduction/ <
. g Selection
Selection e

Crossover

Mutation

Stop criteria

Solution

Fig. 6 Genetic algorithm flowchart.
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Hallogen

DC power supply lamp

]

Infrared
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Data acquisition
system

Faucet

Valve/2

/,
f <4—Test section

be advantageously used for many optimization problems. In this
study, a genetic algorithm is implemented to search for the
optimal values of the vector B composed of five parameters
[B1, B2, B3, Ba, Bsl, called chromosomes or individuals, that give the
mathematical model output T,(¢, ) sufficiently close to the
measurements 7 casured-

A genetic algorithm is a stochastic search algorithm that imitates
its basic principles from natural selection and survival mechanism of
the fittest from natural evolution, which were first described by
Darwin. Genetic algorithm became popular in the early 1970s
through the work of Holland [19]. Differing from conventional
search techniques, a genetic algorithm starts randomly with an initial
generated population of solutions of n individuals [Eq. (26)]
satisfying boundaries and system constraints:

Bl By By B B p!

g - B &

o =] (26)
ps

BB BB B Lp

P =

Each row in the population P is called a chromosome or individual,
representing a solution to the problem at hand. A chromosome is a
full set of the unknown parameters of the vector 8. Optimal param-
eters are obtained by exchanging genetic information between
individuals to reproduce improved solutions from one generation to
the next by three genetic operators, which are selection, crossover,
and mutation (Fig. 6):

The chromosome evolves through successive generations. During
each generation, every chromosome is evaluated by measuring its
fitness in the population and assigning to it a score. In this study, the
fitness function is equal to the objective function. To create the next
generation, new chromosomes, called offspring or children, are
formed by either merging two chromosomes from the current
generation using a crossover operator or modifying a chromosome
using a mutation operator. The crossover operator takes two selected
individuals and combines them about crossover points thereby
creating two new individuals. The mutation operator randomly
modifies the genes B] of a chromosome B/, introducing further
randomness into the population. A new generation is formed by
selection, according to the fitness values, some of the best parents and
offspring are kept, the others are rejected to keep the population size
constant. Fitter chromosomes have higher probabilities of being
selected. After several generations, the algorithm converges to the

Heating bath
circulator

’+\ Hot water

Fig. 7 Experimental apparatus.
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Table 1 Fixed parameters for the estimation

Parameters Values
Equivalent thermal diffusivity a, of copper, m? - s~ 116 x 107°
Outside radius of copper, mm 7
Inside radius of copper, mm 6
Heat flux amplitude ¥, W - m~2 1000
Heat flux duration 7., s 15

best chromosome, which is anticipated to represent the optimum or
suboptimal solution that gives the most minimal fitness function.

V. Experimental Setup and Results

The principal constituents that cause fouling deposits are calcium
sulphate and calcium carbonate. Because of the slow process of
fouling, most studies have been conducted on accelerated fouling
using a very high foulant concentration (Qingjun et al. [20]). This
allows significant fouling to occur within several hours or days. In
this work, the calcium sulphate (CaSO4) is used as a solute and is
pumped into the flow channel that is made of copper using a heating-
bath circulator (20 liters), which heats up the fluid temperature to
80°C (Fig. 7).

Before the fluid enters in the test section of 2 m length, there is a
2.8-m-long flow channel before the test section to ensure that a well-
developed laminar flow was established. The fluid leaving the flow
channel returned to the heating-bath circulator.

Qingjun et al. [20] demonstrated that the flow velocity of cooling
water within heat-exchanger tubes has major influences on the
asymptotic fouling resistance as well as the suspension rate. For this
reason, the velocity of the liquid flow was kept at 0.025 m-s™!,
corresponding to a Reynolds number of 695. This low Reynolds
number accelerates the accumulation of the fouling deposits onto the
internal surface of the heat-exchanger tube, since the deposits
removal rate was minimized. The fluid was left circulating for 5 h to
ensure the fouling deposition onto the internal surface of the flow
channel. After which, valves 1 and 2 were turned off and the fluid was
drained out of the test section through a faucet and returned to the
heating-bath circulator.

To identify the thickness of the deposited fouling layer and the
values of the unknown thermophysical properties of the vector 8, an
imposed heat flux with a finite-width was applied across the front
surface of the test section using a halogen lamp (Fig. 7), which
provides a uniform heat flux equal to 1 kW - m~2, during 15 s. To
increase and to make a uniform absorption, the front surface of the
test section was coated with a thin layer of black paint.

The identification procedure consists of minimizing the objective
function that gives the sum of the squared residuals between the

12

measured Temperature
— — calaculated temperature

T/Tmax

0 50 100 160 200 250
Time(s)

Fig. 8 Comparison between the measured temperature and the
calculated temperature for the initial population.

mathematical model output given in Eq. (17) and the measured
temperature 7),....eq at the front surface of the test section. So an
infrared thermosensor located at the front surface of the test section
(Fig. 7) is used to measure the temperature evolution during and after
the absorption of the heat flux density delivered by the halogen lamp.
The measurement is performed for 250 s, and the sampling interval is
set as 0.25 s throughout the entire temperature recording. After the
thermal excitation, the temperature of the front surface of the test
section reaches a maximum and then decreases due to the heat
diffusion. The electrical signal, being proportional to the temperature
variation T,eureq a0d depending on the various unknown parameters
of the vector B to be identified, is read and recorded with a data
acquisition unit (Agilent 34970A), which allows transferring data to
a computer via an RS-232 interface.

In this identification procedure of the unknown parameters, the
values of the equivalent thermal diffusivity a,, the outside and inside
radii (R, and R,) of the first layer of copper with which the heat-
exchanger tube is made of, the amplitude W and the duration ¢, of the
heat flux excitation Q(#) are fixed and summarized in Table 1.

The estimation is carried on with a genetic algorithm with a
population of 100 chromosomes, each one of five genes (the five
unknown parameters of the vector ), and in 200 generation steps
with the same procedure. The initial population is generated in a
large domain. Each parameter f; is delimited by an upper and a
low bound: that is, a, € [1077,107 m?-s7'], R, €[0,6 mm],
hy €[1,25W-m™2-K 1], h, €[1,25 W-m~2-K!], R, € [1076,
1073 K-m?- W]

Figure 8 shows a comparison between the measured temperature
and the calculated one using 10 chromosomes of the initial popu-
lation. According to this figure, we notice that these initial
chromosomes are not potential solutions, but the importance is that
they must just provide an answer until this stage, even a poor one.

The rank-based selection is used in this algorithm. The new
population is chosen from the old based on the rank: the highest-
fitness member in the old population is ranked no. 1, the second-best
solution is ranked no. 2, etc. In the new population of size 50
chromosomes, 80% of chromosomes are chosen from the top 40% of
the old population, and the other 20% are chosen from the bottom
80%. This ensures that the selective operator maintains the genetic
diversity. Then the three-point crossover is used; its technique is
illustrated in Fig. 9. Three points are chosen along the length of the
chromosome, and the parameters between those three points are then
swapped on each parent chromosome to make two new children.

Finally, to satisfy the diversity of the population, every individual
is subject to a random change by the mutation operator (Fig. 10).

This iterative process (evaluation, selection, crossover, and
mutation) is stopped when the fitness function of the best

Crossover Point 1 Crossover Point 2 Crossover Point 3

’ Bl Jih B | Bi B | Parent1

‘ A B B | B B2 | Parent2

L& | # | B | A | A |chid

’ A e i3 | 8 | B |chila2
Fig. 9 Principle of the crossover operator.

| & [ & 1 8 | 8 | B | cud

Mutation : modification
ofgene /332

Child 2 after
2 1 2 1
L a1 » T [ 7 e

Fig. 10 Principle of the mutation operator.
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Table 2 Estimated parameters

Parameters Values Standard deviation o
ay, m? s~ 0.97 x 10° 0.072 x 10°

R,, mm 5.08 0.07

hy, W-m™2-K"! 14.6 1.29

hy, W-m™2.K~! 13.2 1.02

R, K-m?.-wW-! 2.04 x 10° 0.842 x 10°

12

T I I
5 measured temperature

____________ L — — calculated temperature

T/Tmax

os i : : :
0 50 100 160 200 250
Time(s)
Fig. 11 Comparison between the measured and the calculated
temperatures at the convergence of the genetic algorithm.

chromosome is lower than 10~3 K? and the algorithm achieves 200
generations. The performance of the genetic algorithm was per-
formed by averaging 10 runs with different initial populations. The
genetic algorithm converges to the average parameters given in
Table 2. The results indicate that the developed genetic algorithm
allows the simultaneous estimation of the unknown parameters of the
vector . The quality of the estimation procedure is analyzed by
comparing the measured temperature and the calculated one using
the best chromosomes estimated by the genetic algorithm. Figure 11
presents a comparison between the measurements and the optimal
model using the estimated parameters. It shows that the obtained
parameters give a mathematical model output 7' (¢, B) sufficiently
close to the measured temperature 7., qureq-

We notice that the estimated radius R, of the fouling deposited at
the inlet of the test section, given in Table 2, is obtained after 5 h of
circulation of the fluid in the flow channel. In fact, the accumulation
rate of fouling increases with time.

The thickness (e, = R;—R,) of the developed layer of fouling at
the inlet of the test section is deduced from the gap between the inside
radius R; of the heat-exchanger tube and the estimated radius R, of
the fouling deposited layer. To qualify the value of the estimated
radius, the thickness of the fouling deposits at the inlet of the test
section is measured using a digital caliper that has a rated accuracy of
0.01 mm. The comparison between the measured and the calculated
thickness is summarized in Table 3.

These results show that the proposed solution is effective in the
determination of the unknown properties of the fouling accumulated
onto the internal surface of the heat-exchanger tube, the heat
exchange coefficients, and the thermal resistance contact. It should

Table 3 Comparison between the measured and
the calculated thickness of the fouling layer

Parameters Values
Calculated thickness e, = R|—R,, mm 0.92
Measured thickness, mm 0.93
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Fig. 12 Evolution of the fouling buildup at the inlet and outlet of the
test section.

be emphasized that one of the advantages of the proposed algorithm
is that there is no need to define an initial solution to start the
optimization process.

The deposit growth during the fouling buildup onto the internal
surface of the test section has been studied in this work. Figure 12
shows a comparison between the evolution of the estimated thickness
of the fouling layer at different times at the inlet and outlet of the test
section. Each point of the two curves is obtained by repeating the
experience using the same operating conditions.

According to Fig. 12, we note a dramatic increase of the fouling
layer after 420 min and a nonuniform distribution of the fouling
deposited along the test section. Typically, the fouling thickness at
the inlet and outlet was about 0.34 and 0.22 mm, respectively, after
120 min and about 1.24 and 1.12 mm, respectively, after 420 min.
The formation of a nonuniform fouling layer is due to the fact that the
temperature at the inlet of the test section is a bit higher than the
temperature at the outlet of the test section as a result of the heating-
bath circulator.

VI. Conclusions

This study demonstrates the interest of the photothermal method
associated with a genetic algorithm, as a stochastic search, to detect
and to estimate the thickness and the equivalent thermal diffusivity of
the fouling deposited onto the internal surface of a heat-exchanger
tube. The nongradient nature of genetic algorithms has been
exploited to handle problems of initialization and correlation
between parameters.

On one hand, the results of the estimation method show the ability
of the photothermal method to be used as a noninvasive method to
detect the fouling buildup. This technique has the potential to
measure the thickness of fouling deposits onto a surface of a heat-
exchanger tube. On the other hand, the results show the power of the
developed genetic algorithm to estimate a large number of param-
eters even in the presence of a strong correlation between them.
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