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ABSTRACT it has been necessary first to find a tool able to determine a
Detection of fouling in a heat exchanger experiencing sliding average "steady state" of the heat exchanger. After a
perfect steady state conditions is not very difficult. But the first test of the simple "slope method" presented in
challenge is to detect fouling when all inputs (inlet (Gudmundsson et al., 2008), it has been chosen to try a
temperature of the fluids as well as the mass flow rates) aremore complex tool, a wavelet transformation, as it is used in
simultaneously varying. In this paper it has been consideredmany fields, see e.g. (Prabhakar et al., 2002) (Lou and
that the mass flow rates can vary in a ratio of 2, and that theLoparo, 2004) (Purushothamet al., 2005) (Li, 2009) (Wu et
inlet temperatures can vary by about +/- 20%. This first al., 2009) (Wu and Liu, 2009). A wavelet transform is
approach is dedicated to show the feasibility of using the basically a signal processing tool (see e.g. (Heneghan et al.,
wavelet transform. So, it has been considered that getting1994) (Farooq and Datta, 2003)) and will be introduced in
simulated data is the best way. In fact, it is then possible tothis paper after the presentation of the heat exchanger
introduce an arbitrary fouling factor. Thus, in the first part model.
of the paper the model of the heat exchanger is presented. It
is developed using Simulink. The validation is carried out THE HEAT EXCHANGER
on an electrical heater, for which it is possible to find an To be able to evaluate the efficiency of the method
analytical solution for transient states. It is also shown that proposed here, it has been chosen to work using simulated
steady states are accurately computed over a large range alata. In this case, it is possible to introduce an arbitrary time
the number of transfer units and heat capacity rate ratios.variation of the fouling factor; and consequently to know
Then a brief overview of the wavelet transform is given. what this factor is when fouling is detected. The next
Then basic examples show that the wavelet transform cansubsection is dedicated to the description of the heat
help to find the trend of time series. It is then applied to the exchanger.
analysis of the "wavelet transformed" effectiveness of the
heat exchanger. This analysis is carried out on a sliding Description of the Heat Exchanger

observation window (to be able to detect fouling online). It It has been chosen to model a cross-flow heat
is shown that fouling is detected at a very early stage. exchanger, having both fluids unmixed. The fluids are

separated by a plate; the other side of the fluid channels
INTRODUCTION being perfectly insulated. To model the exchanger using

Studies concerning fouling can be divided in three Simulink, it is necessary to divide it in "cells" as shown in
complementary domains: the principles of fouling figure 1.
(chemistry and flow conditions, e.g. (Rosmaninho et al.,
2008) or (Guérin et al., 2007), the mitigation of fouling /\

(design phase, water treatment, surface treatment,..., e.qg.
(Kukulka and Devgun, 2007) or (Rosmaninho et al., 2007),
and fouling monitoring (model based techniques, sensors,
...,), €.g. (Prieto et al., 2000) (Riverol and Napolitano,
2002) (Lalot and Lecoeuche, 2003) (Jonsson et al., 2007) Th,iJ?
(Lalot et al. 2007) (Delmotte et al., 2008) ( Mercére et al. .
2009). The present study belongs to the last category: online
fouling monitoring. It is not a model based technique such
as the one presented in (Lalot, 2006, part 1 and 2) or in
(Lalot and Merceére, 2008). It is only based on the evolution
analysis of the effectiveness of the heat exchanger.

But it is well known that in transient states, the Fig. 1 Discretization of the heat exchanger.
effectiveness of a heat exchanger is not defined. That is why
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In each cell 3 energy balance equations can be written,
one for the hot fluid: )
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one for the cold fluid:

Tc,l,j + Tc,l,j+l -
d—"——= Fig. 3 Simulink block for the cold fluid (one cell)
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2 Using these blocks, one cell is defined as described in
Introducing, NUT ,,=a A, ,/m c, and figure 5.
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Fig. 2 Simulink block for the hot fluid (one cell) Fig. 5 one cell of the cross-flow heat exchanger
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Determination of the cell number (see e.g. (Cengel, 1997)) to results obtained using 20 x 20
It is then necessary to determine how many cells are tocell groups (or 1200 blocks) in Simulink.

be linked to compute an accurate solution. To do so, it has

been decided to model an electrical heater for which an

analytical solution can be found. The geometry is quite 1

simple, a thin plate is heated by Joule effect, so that a

constant heat flux is generated all along the heater; its length

being 1 meter. It is considered that the temperature of the 05l == Analytical solution |

plate is homogeneous in the direction perpendicular to the ' — Solution for 20 cells

flow. In this case, the exact solution in the Laplace space is

given by eq. 4 for the transfer function.

Normalized step response

= _ NTU/T 8
" ds+NTU/T+Y)
S (4)
t ex,(rrs)ex;{ NTU STV)}
where  NTU=hA/m,c,, Tt1=M,/m,, and
y=hA/M c,. When applying a step function for the

heat flux, the solution is given by eq. 5.

_ NTU/t _ _ Fig. 6 Comparison of the results obtained using the
h ™ NUT/T+y % [1 exr( (NTU T+ Y)t)] Simulink model and analytical results (transient state)
_ NTU EXd- NTU) x . Effectiveness versus Ntu
T
expl= (NTU /T +y)t) x| NTV/T_ 08
NTU/T+y
NTU/T+ Y — Analytical solutions
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0
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Fig. 7 Comparison of the results obtained using the

It is then possible to compare this analytical solution, to Simulink model and analytical results (steady states)
the solution obtained with a Simulink model. Figure 6 shows
that choosing 20 cells leads to a very accurate solution. NoteTHE WAVELET TRANSFORM
that to get this solution, the Simulink block of the plate has A short introduction

been slightly modified to take account of the constant heat ~ When analyzing non-stationary signals it is necessary to
flux. take careful consideration to the time and frequency

It can be noted that the study of a heat exchangerdomains and what compromises should be made between

having a constant piate temperature leads to the Saméhe two. Standard Fourier transform is Only localized in
conclusion: 20 cells are sufficient in the flow direction. frequency; the short-time Fourier transform is limited by its
It is also important to note that the steady states shouldfixed window length. On the contrary, wavelets are localized
be reached whatever the temperature level and the mas®oth in time and in frequency; but it is possible to control
flow rates are. This is done Comparing the effectiveness the localization. Therefore it is foreseen to get a better tool.
computed in a steady state for a large range of Number of ~ In fact, wavelets separate data into frequency
Transfer Units values and a large range of heat capacity ratecomponents and analyze each component with a resolution
ratios. Figure 7 shows the Comparison of anaiyticai results matched to its scale. The more the wavelet is similar to the
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signal components the larger is the corresponding wavelet
coefficient.

Wavelet transform can be beneficial for feature
extraction, e.g. fingerprints recognition (Wavelet-based
fingerprint image retrieval (Montoya Zegarra et al., 2009),
or for diagnosis, e.g. (Sung et al., 2000) (Belotti et al.,
2006) (Saravanan and Ramachandran, 2009) (Wu and Chan,
2009).

Wavelets are functions that satisfy certain requirements,
e.g. they should integrate to zero, waving above and below
the x-axis; be well localized; and other requirements are ‘ ‘ ‘ ‘ ‘ Filter component
technical to insure quick and easy calculations to the direct *o 2 4 6 8 0 12 14 16
and inverse wavelet transform. Fig. 8

Wavelets are structured basis in discrete or continuous
time, and they allow different time versus frequency lllustrative example

resolution trade-offs. _ It is interesting to show the influence of the two main
Wavelet transfornj/s; are built on 9rthonorr;na| bases of harameters used in the wavelet transform. Figure 9 shows
the form@, (x) ={2J ([(ZJX —k): (jk)Oz } So,  for 2 values of the parameter dim and for 4 values of the

each element of the basis is a translated and dilated versiorPrameter scale, the result of the approximation process on

. an arbitrary signal.
of a single wavelet. Usually(p;, (X) are called daughter ysid

[

r Filter value

— | OWPAS S

0.5

o+

-0.5F

— highpass

Filter values (lowpass and highpass filters)

wavelets of the mother wavelef. When the mother 1
wavelet is composed of two parts (the lowpass pprand 0.5 === Noisy signal
the highpass parl), any arbitrary signal can be expressed 0 Clean signal
as follows: -0.5 — Approximation
1(9=3y, ({2 t-K)+ S, (2 t- k) P ek

v = 0 200 400
where | fixes the level of approximation availablB fixes 1 1
the level of approximation used when reconstructing the o5 0.5
signal, y; are the lowpass coefficients, andlare the 0 0

highpass coefficients. The latter are computed using the
inner product between the original signal and the lowpass

-0.5
scale=4

scale = 4

part N of the wavelet and the highpass patt of the '10

wavelet respectively.

For the present study, the Daubechies wavelet basis has
been chosen, see e.g. (Daubechies, 1988). It is compactly 0.5
supported and can be designed with as much smoothness as
desired. It relies on the iteration of the discrete filter bank
that converges to a continuous time wavelet basis. 05
Daubechies wavelets are designed so that they have the

200

400

1

dim =2

scale = 6

0 200

400

dim =40

scale = 6

0 200 400

minimum length of support for a given number of vanishing
points. Note that when the support is short, the wavelet does ;|
not interact very much with a singularity. In this case, two
parameters are necessary. The first paramekén, is the

length of the support; the second paramesaiale fixes 0
the approximation level.
Figure 8 shows the lowpass and highpass parts for 16

scale =8

0 200

400

dim = 40

scale =8

sample long support. o 200 400
For a longer introduction to wavelets, see e.g.
http://users.rowan.edu/~polikar/WAVELETS/WTtutorial.ht

ml

0 200 400

Fig. 9 lllustration of the wavelet transform process

It can be seen that the couple (dim,scale)=(2,6) would

lead to an easy detection for this set of data. These values
are chosen as starting points for fouling detection.
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RESULTS .
In a first step, 200 sets of data have been generated. The 35 Outlet temperature (cold fluid)
first half are for a clean exchanger; the second half are for a
heat exchanger where fouling occur. In all cases, the gl
following ranges are used:
- 0.6 to 1.2 kg/s for the mass flow rates
- 16 to 24°C for the inlet temperature of the cold fluid 251
- 56 to 64°C for the inlet temperature of the hot fluid
The values are randomly varying (from time O to time

10 000 seconds), as shown in figure 10 (partial view). 20 w Sample #,
3000 3500 4000 4500
Without fouling ——  With fouling

‘ —— 651 Outlet temperature (hot fluid)
Mass flow rate (cold fluid)

0 ‘ Sample # 55

3000 3500 4000 4500
1.5 ‘ ‘ 50

. Mass flow rate (hot flui 45!

| | 40 | ~ Sample #

0.5 ‘ . Sample # 3000 3500 4000 4500

3?6000 3?00 4900 4500 Fig. 12 Partial view of the hot and cold fluids outlet

Inlet temperature (cold fluid) temperature (set #80)
20 1
In a second step, an analysis is carried out. Figure 13 shows

10 ‘ ___Sample # that it is not possible to try to detect fouling using the raw
3000 3500 4000 4500 evolution of an "instantaneous effectiveness". The latter
70 would be defined as the instantaneous value of the classical

nlet temperature (hot fluid) effectiveness (the ratio of the actual heat transfer rate to the
60| 8 maximum heat transfer rate).

50 ‘ __Sample #
3000 3500 4000 4500

| Effectivenes — Without fouling
— With fouling

Fig. 10 Partial view of the inputs (set #80)

During this period the fouling factor increases (applied

on the hot side). Figure 11 shows this evolution. 0.2
0.1
x 10 0 ‘ . Sample #.
3 Fig. 13 Partial view of the evolution of an "instantaneous
ol effectiveness" (set #80)
1+ Figures 12 and 13 clearly show the effect of fouling.
Sample # The heat transfer being reduced, the effect of the thermal
0 ‘ ‘ ‘ Al inertia of the plate becomes stronger. Hence, the filtering
0 2000 4000 6000 8000 10000 i ’

effect (from the hot side to the cold side) is stronger, and the
outlet temperature of the cold fluid is nearly not affected by
fouling. For the hot fluid, when, without fouling, the outlet
temperature begins to decrease, fouling delays this cooling
effect. Hence, the outlet temperature is higher with fouling
than without fouling, leading to a higher effectiveness. A
similar phenomenon occurs when the outlet temperature of
the hot fluid would increase (without fouling). Fouling

Fig. 11 Evolution of the fouling factor (all sets)

The corresponding outlet temperatures are shown in
figure 12. Note that for a given "clean" set, the
corresponding "fouling" set takes account of exactly the
same inputs.
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increases the delay, and the outlet temperature of the hosliding window (ending at sample 3000), and the threshold
fluid goes on decreasing, lowering the effectiveness. has to be decreased to 0.85 to get no false alarm.
. . 1.5 Effectiveness ratio

Figure 14 shows the procedure used to detect fouling.
The first thousand samples are skipped, just to show that the ——— Without fouling
analysis can be applied on a ongoing process. The next
samples (in the sliding observation window) are used to
compute the approximation of the effectiveness. On these
samples, the wavelet transform is applied to the
instantaneous effectiveness. To avoid the "side effect" seen
on figure 8, it has been chosen to consider only 85% of the
computed values. The average value obtained over this
interval is considered to be the reference value; then the ;¢ e, Sampled
ratio of the approximated effectiveness to this average value 2000 3000 4000 5000 6000 7000 8000 9000
is plotted. The upper bound of the observation window is
moved by an offset, and the same procedure is applied
(wavelet transform+average value+ratio). In this study, the 1.5 Effectiveness ratio
first computed value is calculated for sample number 6500,
to be able to detect fouling when the fouling factor is just

higher than 055x10™*m?2K/W. As fouling is quite
dow, the offset is set to 200 samples.

o
o o O
S S oS
S S 3
o - sample # o -
‘ = L — L ‘ ——— With fouling
9] observation window 05 Sample #
o sample number - ' 2000 3000 4000 5000 6000 7000 8000 9000
4
(%] i 1 . . . .
last observation window Fig. 15 Evolution of the effectiveness ratio (100 curves)
and corresponding detection sample

Fig. 14 Effectiveness ratio computation procedure
Number of detections Cumulative percentage

10 100

Figure 15 shows the evolutions of the effectiveness
ratio for the 100 "clean" heat exchangers, and for the 100 8l 180
"fouling" heat exchangers. A very simple test is then carried
out. As soon as the effectiveness ratio is lower than a 6 . 160
threshold, it is said that fouling occurs. It can be seen on Median = 3.9796e-005
figure 14 that choosing 0.88 as the threshold leads to no 4t 140
false alarm, and that fouling is detected for the 100
“fouling" heat exchangers. In the latter case, fouling is 2t 120
detected at sample 6500 for 93 tests, and at sample 7300 for u | |
7 tests. This corresponds to fouling factors of 00 1 20
055« 10_4 m?K /W and 083« 10_4 m?K /W. Fouling factor % 10™

Fig. 16 Distribution of the fouling factor at detection when
using a sliding average value
It has to be noted that to get these results, it has been
necessary to increase the second parameter for the wavelgd|SCUSSION
transform to 10. Although it could be thought that the wavelet transform
is a very complicated tool, it has to be noted that on a up to
date personal computer, the approximation of a 10000
It can also be noted that, when studying the sliding sample time series just needs 5.2 ms; using
average value of the instantaneous effectiveness (over &dim,scale)=(2,10) as done here. It can be concluded that
2000 sample observation window), although the detection this tool can be implemented online.
can occur sooner, some tests (7%) lead to higher values of  The authors think that in real applications, the variation
the fouling factor at detection, as shown in figure 16. In that ranges would be much smaller, leading to an even more
case the reference value is the average value for the firstaccurate detection.
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i on the left side of the cell numbler

in the middle of the cell

on the bottom side of the cell numbér
separating plate

CONCLUSIONS

1. In a first part, it has been shown that Simulink can be .
used to accurately model a cross flow heat exchanger. Then,J
it has been shown that using wavelets can lead to an earlyP
detection of fouling in a heat exchanger. Nevertheless, as it
is not based on a sliding window, the method could be Upperscript
computationally burdensome if fouling occurs on a very ]?

long period. In that case, the user could get enough data to Laplace transform of functioh

try to adapt the procedure on sliding windows where the
inputs do not vary too much.

2. Tests will be carried out on the test rig under
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NOMENCLATURE

A area of the convection surface, m? (or m2/m when
without subscripts)

C specific heat, J/kg.K

dimfirst parameter for the wavelet transform

h  convection coefficient, W/m2.K

|, modified Bessel function of first kind and of order 0
M mass of fluid in one cell, kg

M mass flow rate, kg/s

S Laplace variable

scaleecond parameter for the wavelet transform

T temperature, °C

t time, s

O convection coefficient on the hot side, W/m2.K
B convection coefficient on the cold side, W/mz2.K
Y lowpass coefficient of the wavelet

N lowpass filter part of the wavelet

A highpass coefficient of the wavelet

[ highpass filter part of the wavelet

Subscript

C cold side

h hot side

| in the middle of the cell
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