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Abstract
In the process industry including agro and bioprocess, fouling is considered to be a complex and

misunderstood phenomenon. Heating, holding, and cooling operations are carried out in continuous or

batch processes and fouling occurs in equipment with a wide range of kinetics (from minutes up to years)

and dimensions (from micrometers up to centimeters). Control and understanding of the fouling

phenomenon is of industrial interest as it leads to reduction in process performances, higher energy

consumption, and issues with water management. In industrial processes (agri-food, pulp and paper,

petrochemistry, etc.), the detection of the fouling level in production lines is a major consideration for

optimizing cleaning sequences and their frequency. It is important to have real-time and continuous

information about the fouling status of equipment. In heat exchangers, this information is necessary to

monitor impaired heat transfers due to deposits (safety and quality of the final product), to prevent

biofilm (Legionella risks mitigation) in cooling towers, to reduce costs associated with production, and

to optimize chemical discharges which have significant environmental consequences. Various methods,

including rheological, chemical, mechanical, optical, ultrasonic, and thermal, have been reported. In this

entry, we discuss a fouling sensor that is based on local differential thermal analysis and was developed

to study fouling phenomena in batch and continuous processes. First, a bibliographic overview presents

similar experimental devices, and theoretical considerations are described. Second, materials and

methods are described before presenting our experimental results and a discussion dealing with operat-

ing mode, sensor sensitivity to fouling (deposit elimination and formation), and potential applications.

The comparison of two operating modes for the sensor—steady (STR) and periodic (PTR) thermal

regimes—is also given. Finally, the temperature profile and sensitivity are modeled for the existing

sensor geometry.

INTRODUCTION

In the process industry, fouling is considered a complex

and misunderstood phenomenon. Heating, holding, and

cooling operations are carried out in continuous or batch

processes and fouling occurs in equipment with a wide

range of kinetics (from minutes up to years) and dimen-

sions (from micrometers up to centimeters). Control and

understanding of the fouling phenomenon is of industrial

interest[1–22] as it leads to reduction in process perfor-

mances, higher energy consumption, and issues with

water management. Fouling is defined as the deposition

of undesirable materials or substances on equipment sur-

faces (pipes, heat exchangers, etc.). In industrial processes

(agri-food and bioprocess, pulp and paper, petrochemistry,

etc.), the detection of the fouling level in production lines is

a major consideration for optimizing cleaning sequences

and their frequency. It is important to have real-time and

continuous information about the fouling status of equip-

ment. In heat exchangers, this information is necessary to

monitor impaired heat transfers due to deposits, which can

affect the quality and purity of the final product, to prevent

Legionella risks in cooling towers, to reduce costs

associated with production, and to limit emission, which

has significant environmental consequences. Various

methods, including rheological, chemical, mechanical,

optical, ultrasonic, and thermal, have been reported.[9]

In this entry, we discuss a fouling sensor that is based

on local differential thermal analysis and was developed

to study fouling phenomena in batch and continuous

processes.[6] Potential scientific and industrial applications

concern the understanding and control of the fouling nature

and mechanism as well as the geometrical design of pro-

cess equipment under relatively inexpensive investigation
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and at a small scale. For instance, the device may be used to

analyze deposits (fouling reaction rates) under controlled

conditions (bulk and wall temperatures, heat flux, shear

stress) and to determine its properties (thermal conductiv-

ity and deposit structure and composition) through online

and postprocess characterization.

First, a bibliographic overview presents similar experi-

mental devices, and theoretical considerations are

described. Second, materials and methods are described

before presenting our experimental results and a discussion

dealing with operating mode, sensor sensitivity to fouling

(deposit elimination and formation), and potential applica-

tions. The comparison of two operating modes for the

sensor—steady (STR) and periodic (PTR) thermal

regimes—is reported. Finally, the temperature profile and

sensitivity are modeled for the existing sensor geometry.

BACKGROUND

Rheological, electrical, chemical, mechanical, optical,

sonic, ultrasonic, and thermal methods and the specifici-

ties, advantages, and disadvantages of each method have

been described in the literature.[22–25] Laboratory and

industrial techniques to monitor fouling or product changes

are given in Table 1. Several methods have been proposed

to monitor fouling in a heat exchanger: 1) the measurement

of heat transfer resistance (temperature probe,[3,4] flux-

meter[12,21]), 2) the reduction of cross section due to fouling

(pressure drop[3,4]), 3) the variation of optical properties

(turbidimeter,[9] diffuse reflectance,[16,17] and backscattered

light[26,27]), electrical methods (electric resistance[28]),

4) sonic and ultrasonic methods[7,10,13,22] and 5) mass con-

trol (weighing of fouled equipment).[4] To sum up, product

change and fouling are two different mechanisms that may

occur in continuous (flowing fluid) and batch (static fluid)

processes under isothermal (holding) or thermal (heating or

cooling) conditions. In addition, several factors must be

considered with regard to the mechanical design of a

sensor: chemical, physical, and thermal resistances; hygie-

nic design and cleanability; as well as limiting factors such

as sensitivity and the operating range of the sensor.

Over the past two decades, the hot wire technique

has been scrutinized and validated as an accurate method

for controlling milk coagulation or the gelation of macro-

molecular food constituents and several scientific

works[1,2,5,11,14,15,19] have been published on this subject.

Most of the experimental devices were similar and were

Table 1 Classification of industrial and laboratory techniques to monitor fouling or product changes.

Methods/sensors Level Process L/G In/N-In OL/PP Di/Ind

Mechanical methods

Pressure drop Ind. C G N-In OL Ind

Deposit weight Sc. C G In PP Di

Thermal methods

Temperature gauge Ind. C G In OL Ind

Heat flux sensor Sc. B/C L N-In OL Ind

Hot wire method Sc. B/C L In OL Ind

Differential thermal analysis Ind. C L In OL Ind

Ultrasonic/acoustic methods

Echoes or sound reflections (ultrasonic frequency

domain reflectometry)

Sc. C L N-In OL Ind

Mechanical resonance frequency (piezoelectric crystal) Sc. C L In OL Ind

Electrical methods

Electrochemical techniques (redox potential electrodes) Ind. B/C L In OL Ind

Electric resistance or conductivity Sc. C L In OL Ind

Electrical capacitance (dielectric sensor) Sc. C L In OL Ind

Optical methods

Light intensity (turbidimeter) Sc. B L N-In OL Ind

Emission or absorption method (spectrometry,

bioluminescence, fluorometry)

Sc. B L N-In OL Ind

Light reflectance (optic fiber) Ind. B L N-In OL Ind

Existing scientific work or industrial applications (Sc./Ind.), batch or continuous process (B/C), local and global measurements (L/G), intrusive and

non-intrusive sensors (In/N-In), online or postprocess analysis (OL/PP), and direct or indirect thickness estimation (Di/Ind).
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employed to monitor or control physical changes during a

reaction (gelation, coagulation) in food processes (dairy

industry, gel-melting or gel-setting temperatures) even

though they are not appropriate for continuous and/or

online monitoring of viscosity.[14] However, modified hot

wire methods (hot wire with temperature measurement) are

in use for determining thermal conductivity of solid food

products.[18,20]

Industrial devices[1,2,5] are dedicated to process control

and an electrical signal issued by the hot wire is used as

information. This signal is usually the electrical potential

of a platinum wire exposed to a constant direct electric

current, whose resistance depends on the temperature and

heat dissipation efficiency. Obviously, this limited infor-

mation may indicate a heat transfer change from natural

convection to conduction, but can hardly be used to eval-

uate or to estimate physical properties (viscosity, thermal

conductivity). Dulac[5] reported a thermal sensor consist-

ing of a platinum probe (wire and glass sheath, L¼ 14 mm,

Ø ¼ 2 mm) and a second temperature gauge used to

measure the bulk temperature.

Laboratory devices[11,14] were analyzed from a heat

transfer point of view in order to monitor the physical

properties of a fluid. The hot wire sensor consisted of a

platinum wire (L ¼ 106 mm, Ø ¼ 0.1 mm) immersed

axially and in contact with the sample. The authors

assumed the surface temperature of the hot wire (�w) to

be equal to the average temperature of the hot wire,

whose temperature is calculated from the electric resis-

tance (R). Unfortunately, a hot wire is subject to the Joule

effect (a stationary thermal regime with heat generation).

Thus, the temperature profile versus radius follows a

parabolic curve in a cylindrical wire, even if this is

negligible for low power. This assumes more importance

when we investigate heat transfer at the interface between

the sensor and the product. Free and forced convection heat

transfer are described by semiempirical correlations between

dimensionless numbers: Nu ¼ f (Gr, Pr) for natural convec-

tion and Nu ¼ f (Re, Pr) for forced convection. The correla-

tions are restricted to operating conditions and geometrical

systems.[8] Dimensionless numbers (Re, Nu, Pr, Gr) require

the determination of physical properties (density, viscosity,

heat capacity, thermal conductivity) at an accurate tempera-

ture (wall, bulk, or film temperature) in order to estimate the

heat transfer coefficient with a low precision (�10–20%)

in specific conditions. The use of a relationship to determine

physical properties like viscosity seems inappropriate as

the heat transfer mechanism should be perfectly identified

(conduction, natural, mixed, or forced convection), an accu-

rate correlation used, and the wall temperature precisely

measured.

Passos et al.[15] developed an original system using a

heated thermistor instead of a platinum wire in order to

increase sensitivity. This thermistor (heated wire, Ø¼ 0.08

mm) was placed in a hypodermic needle (L ¼ 30 mm,

Ø ¼ 0.55 mm) and its voltage drop indicated product

change. In addition, a type T thermocouple was in contact

with the hot wire inside the needle. This sensor was validated

to monitor thermal conductivity during milk coagulation.

Reported publications provide the following information:

� No direct measurement of the wall temperature at the

fluid–product interface has been carried out till date.

� Investigations have been limited to static fluids (batch

process) under isothermal conditions.

� Most of the applications concern dairy products.

Furthermore, we note that the hot wire method is mainly

used for thermal conductivity measurements in solid food

products; investigations have not been undertaken to

monitor fouling in continuous and thermal processes.

MATERIALS AND METHODS

Thermal Sensor and Measuring System

The concept of the experimental device came from two

specific food applications: 1) the use of the hot wire method

to monitor milk coagulation under static and isothermal

conditions[1,2,5,11,15] and 2) the wall temperature measure-

ment in tubular Joule effect heaters (JEH) to quantify the

heat transfer coefficient and fouling mechanism in a con-

tinuous heating process. The thermal sensors were made of

two platinum probes (1-Sté Heraeus, probe UE go2327,

class B, L ¼ 25 mm, Ø ¼ 3 mm or 2-Sté Heraeus, probe

DS2-Pt16-X-Cu2-12S-MMCU, L ¼ 30 mm, Ø ¼ 1.6 mm)

and one thermocouple (1-Sté Thermo-Electric, Type K, ref.

MTS-56025-2500-1500, Ø¼ 250 mm or 2-Sté Coram, probe

type K, ref. DC2-Ko25L-1000i, Ø ¼ 250 mm).

One platinum probe acted as a sheathed hot wire sensor.

A platinum wire with ceramic and stainless-steel sheaths

was used, as shown in Fig. 1. The ceramic sheath ensured

the electrical insulation between the stainless steel and the

platinum wire. The platinum wire (hot wire) was connected

to a direct current generator (0–50 mA). The electric

current (I) and potential (U) applied to the standard resis-

tance were recorded and the heat power (P, 0–250 mW),

the flux (j, 0–2 kW m-2), and the electric resistance (R)

calculated. The electric resistance enabled us to determine

the average temperature of the platinum hot wire, based on

the relationship between � and R for a standard platinum

probe (Eq. 1; R0, A, and B are constants).

R ¼ R0 1þ A � �þ B � �2
� �

(1)

The thermocouple was stuck halfway along the platinum

probe and measured the wall temperature (�w) at the

sensor–product or sensor–deposit interface. The second

platinum probe measured the bulk temperature (�b).
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Each sensor signal (I, U, �w, �b) was converted using a

specific conversion card (Sté Analog Device, module 6B)

and recorded on a computer (PC type 386) with specific

acquisition software. After calibration and as per experi-

mental conditions, the expected precisions were as follows:

for temperature, �0.5�C, for electric current, �0.1%, and

for potential, �0.1%.

Theoretical Considerations

It is assumed that there is heat generation inside the sensor

(flat or cylindrical shapes). In the platinum probe, we consider

the heat transfer balance (Eq. 1) in cylindrical coordinates:

1

a
� d�

dt
¼ ��þ q with a ¼ l

r:C
(2)

Geometric and thermal simplifications lead to the simpli-

fication of this formula in the platinum wire submitted to

the Joule effect (heat generation and heat conduction) and

in the sheath (heat conduction) in contact with the deposit

or fluid. A fouling sensor may be used under various

thermal modes as reported in Table 2. Taking into

consideration the sheath surrounding the heat source and

in contact with the fluid/deposit, initial and boundary

conditions could be formulated for one-dimensional (flat

and radial coordinates) analysis. Heat transfer balance

can be solved and temperatures versus position and time

could be established. In our case, steady and periodic

(sinusoidal heat flux generation) thermal regimes were

investigated.

Steady thermal regime

Geometric and thermal simplifications lead to the simpli-

fication of this formula in the platinum wire submitted to

the Joule effect and in the ceramic and stainless-steel

sheaths. We made the following assumptions:

� Permanent thermal regime, d�/dt ¼ 0.

� Heat generation was limited to the platinum hot wire,

q � 0.

� In the central cylinder (ceramic), flux was equal to

zero, j ¼ 0.

� Geometric simplification with L>>r.

Fig. 1 Thermal sensor structure

and sensitive interface with deposit

or product (INRA patent no.

FR2885694).

Table 2 Initial and boundary conditions to solve heat conduction equation under working conditions of fouling sensors.

Initial conditions Boundary conditions

Constant heat flux Steady thermal regime �ð0Þ ¼ �w

�ðesheath þ edÞ ¼ �b ¼ Cte

jð0Þ ¼ j0 ¼ Cte

Transient thermal regime �ðx; 0Þ ¼ �b for t < 0

�ðesheath þ edÞ ¼ �b ¼ Cte

jðx; 0Þ ¼ 0 for t < 0

jð0; tÞ ¼ j0 for t � 0

�ð0; tÞ ¼ �w

�ðesheath þ edÞ ¼ �b ¼ Cte

jð0Þ ¼ j0 ¼ Cte

Periodic (sinusoidal) heat

flux

Steady periodic thermal regime �ð0; tÞ ¼ �wðtÞ
�ðesheath þ ed; tÞ ¼ �b ¼ Cte

jð0; tÞ ¼ j0 � ð1þ cos ðo � tÞÞ

Transient periodic thermal

regime

�ðx; 0Þ ¼ �b for t < 0

�ðesheath þ edÞ ¼ �b ¼ Cte

jðx; 0Þ ¼ 0 for t < 0

jð0; tÞ ¼ j0 � ð1þ cos ðo � tÞÞ for t � 0

�ð0; tÞ ¼ �wðtÞ
�ðesheath þ ed; tÞ ¼ �b ¼ Cte

jð0; tÞ ¼ j0 � ð1þ cos ðo � tÞÞ
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Flux and power were determined based on geometrical

dimensions and electrical parameters (I, U). Heat transfer

may be formulated for a constant flux (Eqs. 3 and 4), and in

a system in which a deposit layer may exist.

P ¼ K 0 � 2 � p � L � �w � �bð Þ (3)

with

1

K 0
¼ 1

h � r þ eð Þ þ
ln 1þ e

r

� �
ld

(4)

The temperature difference between wall and bulk, ��, is

formulated (Eq. 5):

�� ¼ �w � �b ¼
P

2pL

1

hðr þ eÞ þ
ln 1þ e

r

� �
ld

0
@

1
A (5)

Under clean conditions, a moderate heat flux (0.1–0.7

kW m-2) and permanent flow regime is applied. In this con-

dition, we assume a thermally and hydrodynamically deve-

loping flow around an immersed body (plate, cylinder),[8]

and then the heat transfer coefficient, h, reaches an

important value (>1000 W m-2 K-1), which induces the

temperature difference between wall and bulk tends

toward 0þ (in agreement with the temperature gauge’s

precision). This criterion appears fundamental because

wall overheating may induce fouling and should be

avoided. During product processing, we assume that foul-

ing phenomena are homogeneous, and detection and quan-

tification of the deposit becomes feasible. From Eq. 5, we

understand that the geometry of the active sensor yields

different “��–Time” curves based on deposit evolution.

In addition, the electric current passing through the hot

wire defines the heat generated as well as the working area

of the thermal sensor. For low electric current (1–5 mA), it

corresponds to the conventional use of a temperature gauge

(Pt100) for temperature measurement. For high electric

current (above 50 mA), the hot wire is used as a heat

generator. For intermediate electric current (5–50 mA)

and under appropriate thermal and hydraulic conditions,

the sensor could be used to monitor fouling phenomena.

We note that ��, equal to (�w - �b), is a consequence of

the flux and global heat transfer coefficient (K). At con-

stant flux, if the product structure evolves (fusion, gelation,

cooking) or a deposit layer increases or disappears (foul-

ing, cleaning), then the global heat transfer coefficient

changes along with ��. Thus, if our knowledge of the

product is reliable, heat transfer analysis (conduction, con-

vection) may lead to interesting information about product

changes or process fouling. An overview of the heat trans-

fer in the probe and the product leads to a calculation of the

temperature profile versus the radius in permanent regime.

Periodic thermal regime

In the solid-state field, the periodic temperature field is

used to measure thermal conductivity. A periodic heat flux

applied at the outer surface induces a periodic temperature

throughout the whole cylinder or wall. After the initial

transient phase, a damped temperature signal, with a damp-

ing factor that depends on the frequency, is obtained away

from the heat flux source. Therefore, the frequency can be

adjusted so that a detectable temperature signal at a certain

position in the cylinder or the wall can be recorded by a

temperature sensor.[29]

The periodic change in temperature of the surroundings

may be represented by a simple harmonic oscillation. The

phase lag and amplitude of the periodic temperature

response are functions of the normalized position, the

Biot number, and a reciprocal Fourier number as the char-

acteristic time. The amplitude is a function of the Fourier

number, which is a function of thermal diffusivity.[29–32]

In this case, the thermal regime is not permanent,

d�/dt � 0, and heat flux is generated in agreement with a

defined sinusoidal signal. A thermocouple, Tw, is used to

measure the temperature variation at the sensor–product or

sensor–deposit interface. Heat flux is modulated with a

known frequency (o¼ 2pf) and amplitude (j0). A specific

software using Fast Fourier Transform (FFT) enables

online signal treatment. Using Eq. 6, the amplitude and

the phase of a signal at a given frequency can be calculated.

Thus, the thermal amplitude of wall temperature (�w) and

the phase lag between �w and heat flux (P) are calculated.

" k 2 0;N � 1½ �; Xn k½ �

¼
XN�1

n¼0

x n½ � 	 exp
�j � 2 � p � k � n

N

� �
(6)

Experimental Device and Protocol

At the laboratory scale

For batch processes, the experimental device consisted of a

water bath equipped with a thermal regulator and a stirrer.

The sample was immersed in the water bath and could be

stirred with a magnetic stirrer in order to simulate a fluid in

motion (turbulent regime). The thermal sensors were

plunged vertically into the test fluid and a thermal insulator

was placed at the top to avoid thermal heat loss. A turbulent

flow regime was ensured by fluid circulation and mixing

surrounding fouling sensor.

A model deposit was simulated by using wax layers of

different thicknesses. Wax provides the advantages of being

easily shaped around the sensor, of fusing at 57�C, simulating

a deposit layer elimination with rising temperature, and of

exhibiting a low thermal conductivity (l ¼ 0.1 W m-1 K-1).
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Experiments were conducted using wax layers of different

thicknesses (0–4mm) and moderate heat power (0–250 mW

equivalent to heat flux inferior to 2000 W m-2) was dissipated.

At the pilot-plant scale

For continuous processes, fouling experiments were car-

ried out at the pilot-plant scale with two cylindrical sensors

(sensor 1: L ¼ 30 mm, Ø ¼ 1.6 mm; sensor 2: L ¼ 15 mm,

Ø ¼ 2.5 mm) installed within a simple geometry flow

section. The devices were placed at the center of a duct

(Ø ¼ 1 inch) and were perpendicular to the main flow

direction. This system was installed at the inlet of the

holding section (just after the heater) to monitor fouling.

In the active phase, the same heat flux density was dissi-

pated by both sensors.

The design and conception of the pilot enabled heat

treatment to be carried out with a large degree of autonomy

(electric power control, temperature regulation, and fluid

flow). The pilot plant included three storage tanks (1 m3):

product, water for start-up and stopping phases, and a

cleaning solution. A displacement pump ensured feeding

of a series of heat exchangers. The experimental setup

consisted of four different sections: 1) the preheating

zone (PHE, type V7, 7pass, 1c/p); 2) the heating zone

(PHE, type V7, 7pass, 1c/p); 3) the holding zone (smooth

tube, D ¼ 23/25, L ¼ 3 m); and 4) the cooling zone (THE,

Actitube, 12 tubes, D ¼ 23/25, L ¼ 1.30 m). The product

was stored at T0¼ 4�C, preheated at T1¼ 60�C, and heated

in the first two plate heat exchangers to reach T2 ¼ 105�C.

The holding chamber (tube, diameter: 23/25 and L ¼ 3 m)

at T3 ¼ 105�C is the area under study. Finally, the product

was cooled up to T4 ¼ 20�C in a tubular heat exchanger.

Experimental measurements were flow rate, temperature,

relative and differential pressure, electrical conductivity,

and fouling sensor signals.

The experimental product was a fouling model fluid

to simulate rheological behavior and fouling propensity.

It consisted of b-lactoglobulin (1% w/w), which generates

a protein deposit with a mean thermal conductivity of

0.27 W m-1 K-1. During run, the flow rate was 400 L/hr

for a fouling period of 2 hr (Table 1). The start-up phase

used water to reach stable thermal and hydrodynamic para-

meters. After the fouling phase, the heat exchanger was

dismantled to observe the deposit inside the tube and at the

sensor surface. In this condition, a type A deposit is mainly

generated and we assume that its equivalent thermal

conductivity is 0.27 W m-1 K-1 as demonstrated by

Delplace.[4] Finally, a cleaning-in-place (CIP) proce-

dure with caustic agent (NaOH 2% w/w) was done

(Q ¼ 400 L/hr, T ¼ 80�C).

Experimental parameters recorded and exploited were

the reduced hydrodynamic or thermal criteria. The reduced

pressure drop, DP/DP0 (/), and relative inlet pressure, PR

(/), were analyzed. In the meantime, the heat transfer

resistance, Rf, or reduced heat transfer, Rh, was calculated

and compared with fouling sensor parameters (��¼ �w-�b

or thermal amplitude or 1/(KS) or phase lag).

2ed�hyd

Dh0

¼ Dh0
� Dh

Dh0

¼ 1� DP0

DP

� �1
3

(7)

Rh ¼
1

K
K0

� � ; Rf ¼
1

K
� 1

K0

(8)

RESULTS AND DISCUSSION

Sensitivity to Fouling under Steady and Periodic
Thermal Flux (Laboratory Scale)

Fouling control in continuous food processes is a funda-

mental parameter. Fouling may occur in heaters (com-

pound denaturation, hot surface) or coolers (gelation or

solidification at wall) and even in holding sections (product

maturation). Sensor sensitivity was investigated with the

two methods for the same thermal resistance, Rth ¼ e/ld,

and thermal diffusivity, a, versus heat flux density and

frequency. Fig. 2 illustrates raw data obtained with steady

and periodic heat flux. The first time, the sensor works

in STR and thus we calculated �� ¼ �w - �b for a constant

flux (P ¼ 100 mW). Next, for the PTR, heat flux was

modulated and we recorded the amplitude of wall tempera-

ture and phase lag between �w and the flux generated. Bulk

temperature remains constant during these experiments.

The evolution of thermal amplitude with thermal resis-

tance shows the increase in amplitude with the increase

in thermal resistance (Fig. 3) and the decrease in thermal

amplitude with the increase in frequency (Fig. 4) for the

same thermal resistance. In the absence of deposits, thermal

regime does not have any impact. But in other cases, an

optimal frequency for each thermal resistance to calculate

thermal amplitude near to �� measured in STR and not to

loose information. In this case, thermal diffusivity should

be considered in order to take into account the specific heat

capacity and thermal conductivity of the deposit.

The optimal frequency is related to the response time

(t90%) of fouled sensor. Values could be estimated from

classical solutions of second Fourier’s law giving dimen-

sionless temperature versus dimensionless time (Fourier

number) and Biot number.

If there is no deposit on the sensor, �� is close to zero

when the flux density increases in both regimes. With a

defined thermal resistance, the increase of �� or thermal

amplitude is linear with flux density increase. Moreover, it

is important to note that even if the thermal amplitude,

under PTR, increases, there is a difference under STR. It is

due to the frequency used (f ¼ 0.0125 Hz), which is not

appropriate for such a thermal resistance.
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The decrease in thermal amplitude with frequency (Fig. 4)

shows the stability of the amplitude for a thermal resistance

equal to zero. When there is a deposit on the sensor, it is

necessary to use a frequency that is as low as possible to

prevent a decrease in the thermal amplitude measured.

Finally, the sensor sensitivities to deposit thickness and

elimination were evaluated under STR. Fouling layers were

created at the sensor surface and the temperature difference

versus bulk temperature was monitored when the sensor was

immersed in stirred water (Fig. 5). For bulk temperatures

below the fusion temperature of wax (57�C), we observed an

increase in the temperature difference with an increase in the

deposit thickness. As per Eqs. 4 and 5, the temperature

difference should become constant when deposit thickness

increases. This point was experimentally observed and

explained by the asymptotic value of the global heat transfer

coefficient when the deposit increased (Eq. 5). At tempera-

tures exceeding 55�C, deposit elimination was monitored

without any problem. For temperatures above 60�C, a

complete removal of the deposit was seen and the tempera-

ture differences reached a common value close to zero.

Fouling Monitoring in Continuous
Process (Pilot Plant)

In continuous processes, the thermal sensor should enable

one to get an insight into fouling propensity in the pro-

cess.[33,34] In STR, the temperature difference (��)
recorded by the thermal sensor is considered as the main

indicator, which is in agreement with Eq. 5 (cylindrical

geometry). We followed fouling in a holding section, for

which little or no data are available. However, holding

remains one of the most important operations in continuous

processes in order to ensure cooking, maturation, and ster-

ilization of the product, even though fouling also occurs in

the heat exchanger.

The fouling thermal sensor, used as a local deposit

sensor, was compared to conventional global techniques
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(pressure drop, overall heat transfer coefficient) and vali-

dated as an accurate method. Figs. 6 and 7 represent the

monitoring of fouling and cleaning phases, respectively.

For the fouling phase, we lay stress on the increase in the

values of sensor data—�� and thermal amplitude—under

STR and PTR, respectively. The two methods are corre-

lated and enable the monitoring of the fouling phase.

Global measurements (Rh, DP/DP0) confirm the deposit

increase during the process, in agreement with fouling

sensor parameters. After the fouling phase, the stabiliza-

tion of data under water rinsing is observed. Monitoring of

CIP is shown in Fig. 7. Data recorded from the sensor (��
and fouling index 1/KS ¼ ��/P) show a return to the

baseline after caustic cleaning. Relative pressure follows

the same trend and correlates sensor data.

The sensor exhibits a low thermal inertia, an accurate

sensitivity to fouling phenomena, and is easily implemen-

ted in the process. However, its use should satisfy several

criteria like the shape, dimensions, mechanical and chemi-

cal resistance, the control of generated heat flux, and ther-

mal and hydraulic conditions. The comparison of two

working regimes, STR and PTR, shows that it is important

to know, for the measurement of a given thermal resis-

tance, the optimal frequency in the periodic regime.

In PTR, the thermal diffusivity should be carefully con-

sidered to integrate specific heat capacity and thermal

conductivity of the deposit. There are different advantages

to using such a working mode: two distinct parameters—

thermal amplitude and shift between two signals (P,�w)—

could be obtained and surface overheating was modulated.
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Detection Limits

Finally, we focused on the limits of fouling detection for the

thermal sensor. We considered Fourier’s law for an annular

cylinder. Internal (�w) and external (�b) temperatures were

controlled, and a heat flux was imposed. Our system was

limited by wall and bulk temperature precision (�0.5�C) and

we assumed a variation of 0.5�C as the minimal temperature

difference required to detect a significant deposit. In Fig. 8,

the minimal deposit quantified is plotted against the thermal

conductivity of the deposit and heat power. We observed that

in our experimental conditions (sensor geometry, heat power

equal to 0.20 W) for food products (thermal conductivity

ranging between 0.1 and 0.6 W m-1 K-1), the thermal sensor

may detect a fouling 0.1–0.5 mm in thickness.

CONCLUSIONS

Fouling detection and quantification in food process equip-

ment constitutes real practical interest. Over the past few

decades, several sensors were investigated to monitor and

control fouling, as reported. In this study, a thermal sensor

using differential thermal analysis under steady and periodic

heat flux has been scrutinized and validated as an accurate

device to investigate fouling phenomena or product changes

in batch and continuous food processes.[6] Experimental

investigation and theoretical analysis of heat transfer high-

light its potential application in food processes as well as its

accuracy in evaluating deposit properties. The sensor exhibits

a low thermal inertia and an accurate sensitivity to fouling

phenomenon, and is easily implemented in the process.

However, its use should satisfy several criteria like shape,

dimensions, mechanical and chemical resistance, the control

of generated heat flux, and thermal and hydraulic conditions.

For scientific purposes, the experimental device may be

used to analyze and understand fouling phenomena (foul-

ing reaction rates) versus controlled conditions (bulk and

wall temperature, heat flux, shear stress) and to determine

properties of deposits (thermal conductivity, fouling

kinetics, deposit structure, and composition) through

online or postprocess analyses at the laboratory scale.

For industrial purposes, the device can be installed at

different locations along an industrial line in order to

analyze deposits but it can also constitute an interesting

tool to improve the mechanical design and flow require-

ments of process equipment (temperature gauge structure,

flow distribution, surface nature).

NOMENCLATURE

Latin Letters

a Thermal diffusivity (m2 sec-1)

A, B Constant

C Heat capacity (J K-1 kg-1)

Dh Hydraulic diameter (m)

DP Pressure drop (Pa)

e Thickness of deposit (m)

f Frequency (Hz)

Gr Grashoff number (/)

h Convection heat transfer (W m-2 K-1)

I Electric current (A)

K Overall heat transfer coefficient (W m-2 K-1)

K
0

Heat transfer coefficient (sensor) (W m-1 K-1)

L Length (m)

Nu Nusselt number (/)

P Heat power (W)

Pr Prandtl number (/)

q Volume heat generation (W m-3)

r Radius sensor (m)

R Electric resistance (�)

Re Reynolds number (/)

Rh Heat transfer resistance (/)

Rf Reduced heat transfer (m K W-1)

Rth Deposit thermal resistance (W m-1 K-1)

t Time (sec)

U Potential (V)

X Variable

Greek Letters

a Angle (rad)

j Flux (W m-2)

l Thermal conductivity (W m-1 K-1)

� Temperature (�C)

r Volume mass (kg m-3)

�� Temperature difference (K)

Indices

0 Initial

b Bulk

d Deposit

w Wall
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