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ABSTRACT 

Heat exchanger (HX) fouling is one of the main 

reason for heat recovery loss of efficiency and 

fouling detection can help to schedule maintenance 

operation and to optimize resource consumption. 

This works presents a patented fouling detection 

probe (FDP) based on the measurement of the 

related induced thermal resistance thanks to an 

electrically heated resistance temperature device. 

The main features of the device are presented, as 

well as the measurement protocol. A 1D device 

model is proposed to handle the corresponding use 

conditions and limitations. An example of a fouling 

situation from the food industry is described and the 

related potential FDP use is discussed. The thermal 

resistances (convection and fouling) measured with 

the FDP are consistent with both the 1D-model 

prediction and the literature data which is the first 

validation step of the FDP concept. Future works 

will then focus on a 2D-model development to take 

into account the 2D heat flux and the related 

experimental validation with well-known fluids. 

INTRODUCTION 

HXs are one of the key components of the 

energy efficiency strategies, since they enable heat 

energy recovery and transfer. However, their 

performances may be hindered by fouling, which 

leads to around 1 - 2.5% of global CO2 emissions 

[1]. Heat exchanger fouling may lead to high 

pressure drop, reduction in cross sectional flow area 

(up to blockage), as well as temperature decrease 

and/or additional power consumption. It may even 

cause a loss of production if the product cannot be 

processed. It also may affect the product quality (in 

the case of food applications) and lead to possible 

bacterial contamination (biofilms) [2], [3]. In some 

applications, cleaning is expensive and up to 42% of 

the production time can be dedicated to the process 

cleaning [3]. As a consequence, in the food industry, 

HXs are cleaned daily, or more, whereas 

petrochemical applications may require a cleaning 

once or twice a year. Some authors have evaluated 

the costs of fouling and related cleaning up to 80% 

of the production costs [[2]]. Moreover, cleaning can 

account for as much as 50% of the water use 

(especially for agro-food processes)[4]. 

In general, whatever the application (dairy 

products, district heating, petrochemistry, etc.) the 

detection and monitoring of fouling over time is 

made with global measurements of pressure drop, 

flowrate and temperature (to assess heat transfer 

coefficients and fouling resistance)[5], [6], [7]. 

Sometimes HXs are also opened to visualize fouling 

deposits.  

In addition to global measurements, fouling 

sensors based on temperature [8], [9], electrical [10] 

or acoustic parameters [11] exist [12]. Chen at al. 

[13] proposed a non-invasive lab-scale fouling 

probe in which the measurement principle is based 

on electrical resistance. This sensor is efficient, in 

particular for soft deposits (dairy products 

applications) but further developments are required 

in order to be used for production-scale applications. 

Simeone et al.[14] also developed a lab-scale system 

but based on optical measurements (fluorosensing). 

They demonstrated its suitability for enhancing 

clean-in-place monitoring but there is a need for 

future development prior to production-scale 

applications. Hooper et al. [15] managed to measure 

very thin fouling layers (± 20 µm) with an in-situ 

fluid dynamic gauging technique. Efficient but 

invasive sensors based on temperature difference 

measurement [16], [17] and piezo electrical effect 

(quartz crystal sensor) [18] have also been studied.  

Such monitoring and non-invasive techniques 

are required in order to monitor the fouling-cleaning 

cycle so that the processes can be optimized, 

improving productivity and sustainability [19]. The 

current work presents a patented fouling detection 

technology based on the measurement of its induced 

thermal resistance as a result of the rise in 

temperature of a probe (∆𝑇𝑝) that is electrically 

heated [8], [20], [21]. The concept and working 

principles of the mentioned FDP are reported, 

together with the related uncertainties. Both the 

targeted use conditions and the physical constraints 

that come along with the device use will also be 

discussed. A 1D model is then derived, which 

establishes a relation between the induced 
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temperature difference ∆𝑇𝑝 measured by the FDP 

and the thermal fouling resistance. It also helps to 

determine the fouling resistance ranges that can be 

measured. An experimental case is presented and 

used to validate the model prediction. 

TECHNOLOGICAL FEATURES OF THE FDP 

The two patents [20], [21] describe some of the 

technological features of the FDP considered in this 

paper. The principle relies on the use of a resistance 

temperature device (RTD) in which the electrical 

resistance changes as a function of its temperature. 

The RTD wire is a pure material, typically platinum 

(Pt), nickel (Ni), or copper (Cu). The most popular 

RTD are the Pt100 sensors (with resistance of 100 Ω 

at 0°C). They have been used for many years to 

measure temperature in laboratory and industrial 

processes, and have developed a reputation for 

accuracy, repeatability, and stability. Other 

technologies, such asPt20 and Pt500 are also 

available. All these devices show a quasi-linear 

temperature dependence: 

 𝑅Ω(𝑇) = 𝑅Ω,0(1 +  𝛼(𝑇 − 𝑇0)) (1) 

in which 𝑅Ω,0 (Ω) stands for electrical resistance at 

reference temperature  𝑇0 (°𝐶) and 𝑅Ω(𝑇) denotes 

the electrical resistance at a given temperature T 

(°C). Representative values for α are 6.41∙10-3, 

3.93∙10-3 and 3.85∙10-3 Ω∙°C-1 for nickel, copper, and 

platinum, respectively.  

The FDP developed at CEA (Fig. 1) consists of 

a thin layer resistor deposited between two dielectric 

films. The resistor is made of Nickel. The FDP is 

glued to the surface of the tube in which the working 

fluid circulates and through which the heat transfer 

occurs. 

The FDP is supplied with direct current by a 

current generator. There are four wires, two for the 

current supply and the other two for measuring the 

voltage across the resistor terminals. 

The measurement by the FDP is simultaneous 

with the two following steps: 

• Step 1: Dissipate thermal power in the nickel 

thermo-sensitive resistor by the Joule effect. In 

that case, the FDP is used as a heat sink, 

• Step 2: Measure the current and the voltage 

across the resistor in order to determine the 

resistance and therefore the equilibrium 

temperature of the probe as well as the power 

dissipated in the probe. This response depends 

on the thermal balance of the probe. It varies as 

a function of the thermal environment of the 

probe and therefore depends on the thickness of 

a possible fouling deposit if there are no 

external flow perturbations. Indeed, to identify 

a possible resistance due to fouling, the other 

thermal resistances and especially the one due 

to convection must remain constant. 

The electronic device is a direct current generator 

capable of supplying one or more FDPs, measuring 

the supplied current and measuring the voltage 

across the FDP terminals. It is supplied with 220 V, 

50 Hz and delivers a maximal power of 48 W. It is 

configured to operate the various measurements 

sequences without external intervention.   

   

 
 

Fig. 1. FDP resistive circuit as developed at CEA 

(right) and as depicted in [20] (left) with the 

dielectric substrate (orange) and the Ni electric 

circuit (black). The four large tracks aim at both 

supplying the electric power and measuring the 

voltage.  

 

 
Fig. 2. RTD on a circular pipe in a situation that 

mimics an industrial process. 

Fig. 2 illustrates a heat transfer situation in 

which fouling develops on the inner wall of the tube. 

This image shows that the probe size is small 

compared to the whole device. This means that the 

measured thermal resistance is local and depends on 

the FDP location. Also, the FDP geometry may be 

arbitrarily complex to fit the design of the equipment 

in which fouling occurs (corrugation of a plate-type 

heat exchanger for instance, not illustrated here). 

EXPERIMENTAL SETUP AND PROCEDURE 

The test rig dedicated to the fouling 

measurements and FDP characterization reproduces 

Ultra-High Temperature (UHT) treatment for 

cheese-like fluid. The flow diagram is illustrated in 

Fig. 3.  

 

 

 
Fig. 3. Flow diagram of the experimental setup. 

 

The fluid is pre-heated in a mixing tank from 

6°C (storage temperature) to 70°C. Then it flows in 
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two tube-in-tube heat exchangers up to 150°C. The 

FDP is connected to the flow-type holder at the heat 

exchanger outlet (see Figs. 2 and 3). The holder is 

300 mm long and its inner diameter is 10 mm. To 

avoid water vaporization during thermal treatment, 

the pressure is maintained at 4.5 bars with a back-

pressure valve. The outlet temperature of the 

product is used as a process control input to the 

heating medium. Each test is calibrated to have a 2 h 

UHT process at steady state. The objective is to 

measure the fouling layer development with the 

FDP. 

Then, following the thermal treatment step, a 

cleaning procedure is applied. In that case, the FDP 

is used to measure the cleaning efficiency (fouling 

layer removal). Several cleaning steps are involved 

but this article only focuses on the first step. This 

consists in rinsing the test rig and removing the 

cheese-like fluid with water at 80°C rather than to 

start cleaning the test section. It is referred to as 

flushing.  

The test rig is equipped with Pt100 temperature 

sensors, electromagnetic flowmeter, absolute and 

differential pressure sensors and the FDP. 

The operating conditions are summarized in the 

following Table 1. 

Table 1. Operating conditions of the fouling and 

cleaning tests. 

 Fouling step Flushing step 

Fluid Cheese-like Water 

Temperature 150°C 80°C 

Pressure 4.5 bars 1 bar 

Flowrate 20 kg∙h-1 60 kg∙h-1 

Reynolds number 3 500 6 060 

In practice, at steady state (when the variation 

of the mean values of flowrate and temperature over 

a moving window is less than the standard 

deviation), the electrical resistance, RΩ (Ω), of the 

FDP is measured for several steps of supplied 

power, P (W). 

For each step of supplied power, the electrical 

resistance of the FDP stabilizes when the 

temperature equilibrium is reached. This value of RΩ 

(Ω) is then measured and can be displayed on a 

graph as a function of P (W) for one measurement 

sequence (a sequence is made of several power 

steps). One measurement sequence is illustrated in 

Fig. 4. The slope of this curve, dRΩ/dP (Ω∙W-1), is 

the useful information which is referred to as the 

FDP signal.  

 

 
Fig. 4. Sketch of the measurement principle of the 

FDP. 

 

During a fouling or a cleaning test, several 

measurement sequences are applied over time which 

allows plotting the FDP signal response vs. time, 

dRΩ
 /dP=f(t) (see Fig.7 for example). This curve 

allows to monitor the fouling layer development 

over time assuming that the other thermal 

resistances have been maintained constant during 

the measurement campaign (no flow perturbation 

for instance that might affect the resistance due to 

convection). 

1D MODELING 

In this section, a 1D model is developed in order 

to evaluate the local thickness of fouling deposit on 

the inner wall of a heat exchanger by using the above 

presented FDP. As shown in Fig. 5, the FDP with 

dimension xp (m), yp (m), zp (m) is located at the outer 

wall of the heat exchanger. A fluid flows into the 

heat exchanger in the x-direction with a given flow 

rate �̇� (kg∙s-1). Under certain conditions, a fouling 

deposit starts developing at the inner wall of the heat 

exchanger. The thickness of this fouling deposit 

layer is designated as yf (m). A uniform heat flux, φ0 

(W∙m-2), is applied along the y-axis to the surface of 

the FDP in Fig. 5.  

For the 1D model, the following hypotheses are 

made:  

• The heat flux applied to the FDP is assumed to 

pass through the wall of the heat exchanger as 

well as through the thickness of the fouling 

deposit in the y direction. The heat flux flows to 

the x and z directions are neglected. This is a 

major assumption that is planned to be 

addressed in our future works (see conclusion 

section). 

• The dimensions of heat exchanger wall are xw 

(m), yw (m), zw (m). They are assumed to be 

much larger than those of the FDP.  

• The fouling thickness yf (m) is supposed to be 

uniform under the cross-sectional area Sp = xp* 

zp (m2) of the FDP 

The thermal conductivity of the fouling deposit λf 

(W∙m-1∙K-1) is considered constant across the area 

of the FDP.  
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Fig. 5. Sketch of the current study FDP. 

 

and Taking into account the above assumptions, 

the heat conduction in the solid parts is described as:  

𝑻𝒑 − 𝑻𝒘 = 𝝋𝟎
𝒚𝒘
𝝀𝒘

 
(2) 

𝑻𝒘 − 𝑻𝒇 = 𝝋𝟎
𝒚𝒇

𝝀𝒇
 

(3) 

in which Tp (°C), Tw (°C), Tf (°C) are respectively 

denoted for probe temperature, wall temperature 

and fouling temperature.  

These result in: 

𝑻𝒑 − 𝑻𝒇 = 𝝋𝟎 (
𝒚𝒘
𝝀𝒘
+
𝒚𝒇

𝝀𝒇
) 

(4) 

At the fouling/fluid interface, heat convection 

occurs with a heat transfer coefficient h (W∙m-2∙K-

1), leading to: 

𝑻𝒇 − 𝑻𝑭𝑳 =
𝝋𝟎 
𝒉

 
(5) 

in which TFL (°C) is the fluid temperature. 

Combining the equations (4) and (5) reveals: 

𝑻𝒑 − 𝑻𝑭𝑳 = 𝝋𝟎 (
𝒚𝒘
𝝀𝒘
+
𝒚𝒇

𝝀𝒇
+
𝟏

𝒉
) 

(6) 

 

The energy balance in the fluid part in the x-

direction is written as: 

�̇�𝑪𝒑[𝑻𝑭𝑳(𝒙) − 𝑻𝑭𝑳(𝒙 = 𝟎)] = 𝝋𝟎 𝒙𝒛𝒑 (7) 

in which x = 0 (left hand side edge of the FDP) to xp 

andCp (J∙kg-1∙K-1) is the heat capacity of the working 

fluid. 

In case a heat flux φ0+∆φ (W∙m-2) is applied to 

the probe, then, with similar manipulations of the 

energy balance in the solid and fluid parts, the 

following equations are obtained as: 

𝑻′𝒑 − 𝑻
′
𝑭𝑳 = (𝝋𝟎 + ∆𝝋)(

𝒚𝒘
𝝀𝒘
+
𝒚𝒇

𝝀𝒇
+
𝟏

𝒉
) 

(8) 

�̇�𝑪𝒑[𝑻′𝑭𝑳(𝒙) − 𝑻′𝑭𝑳(𝒙 = 𝟎)]

= (𝝋𝟎 + ∆𝝋)𝒙𝒛𝒑 

(9) 

wherein T’p (°C) and T’FL (°C) are the corresponding 

probe temperature and the fluid temperature.  

𝑇′𝐹𝐿(𝑥 = 0) = 𝑇𝐹𝐿(𝑥 = 0)is the inlet fluid 

temperature. Combining the equations (7) and (9) 

gives: 

�̇�𝑪𝒑[𝑻′𝑭𝑳(𝒙) − 𝑻𝑭𝑳(𝒙)] = ∆𝝋𝒙𝒛𝒑 (10) 

Hence, 

∆𝑻𝑭𝑳(𝒙) =
∆𝝋𝒙𝒛𝒑

�̇�𝑪𝒑
 

(11) 

with: ∆𝑇𝐹𝐿(𝑥) = 𝑇′𝐹𝐿(𝑥) − 𝑇𝐹𝐿(𝑥) 

Along the x-direction, the average fluid 

temperature can be written as: 

𝑻𝑭𝑳̅̅ ̅̅ ̅ =
𝑻𝑭𝑳(𝒙𝒑) + 𝑻𝑭𝑳(𝟎)

𝟐
 

(12) 

𝑻′𝑭𝑳̅̅ ̅̅ ̅̅ =
𝑻′𝑭𝑳(𝒙𝒑) + 𝑻𝑭𝑳(𝟎)

𝟐
 

(13) 

in which TFL(xp) (°C) and T’FL(xp) (°C) are the fluid 

temperatures at x = xp when heat flux φ0 and φ0+∆φ 

are applied to the FDP surface.  

Then the difference of average fluid 

temperature for the two cases with application of 

heat flux φ0 and φ0+∆φ becomes: 

∆𝑻𝑭𝑳̅̅ ̅̅ ̅̅ ̅ =
∆𝑻𝑭𝑳(𝒙𝒑)

𝟐
=
∆𝝋𝒙𝒑𝒛𝒑

𝟐�̇�𝑪𝒑
 =
∆𝝋𝑺𝒑

𝟐�̇�𝑪𝒑
 

(14) 

Using equations (7) and (9) for x = xp gives: 

∆𝑻𝒑(𝒚𝒇) = 𝑻
′

𝒑
− 𝑻𝒑  

= ∆𝝋(
𝒚𝒘
𝝀𝒘
+
𝒚𝒇

𝝀𝒇
+
𝟏

𝒉
) + ∆𝑻𝑭𝑳̅̅ ̅̅ ̅̅ ̅ 

(15) 

For the case when yf = 0 (no fouling), equation 

(15) becomes: 

∆𝑻𝒑(𝒚𝒇 = 𝟎) = ∆𝝋(
𝒚𝒘
𝝀𝒘
+
𝟏

𝒉
) + ∆𝑻𝑭𝑳̅̅ ̅̅ ̅̅ ̅ 

(16) 

it allows the fouling deposit thickness to be 

determined as: 
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𝒚𝒇

𝝀𝒇
=
∆𝑻𝒑(𝒚𝒇) − ∆𝑻𝒑(𝒚𝒇 = 𝟎)

∆𝝋
 

(17) 

in which, ∆Tp(yf) (°C) and ∆Tp(yf=0) (°C)  are the 

induced temperature differences of the FDP.  

Equation (17) allows determining the thickness 

of the fouling deposit for a given induced 

temperature measured by the FDP.  

It is noted that in order to be exploitable, the 

fouling thickness should be greater than a threshold 

value. In the current study, a condition for the 

thermal resistance of the fouling deposit is defined 

as: 

𝒚𝒇

𝝀𝒇
≥
𝒚𝒘
𝝀𝒘
+
𝟏

𝒉
 

(18) 

which means that the contribution of the fouling 

deposit 𝑅 =
𝑦𝑓

𝜆𝑓
 (m2∙K∙W-1) on the whole thermal 

resistance Rt (m2∙K∙W-1) should be more important 

than those of the heat exchanger wall 𝑅 =
𝑦𝑤

𝜆𝑤
 

(m2∙K∙W-1) and the fluid convection 𝑅𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 =
1

ℎ
 

(m2∙K∙W-1). This condition represents a critical 

value for the fouling thermal resistance, Rf, above 

which the fouling deposit can be detected by the 

FDP for a given configuration (wall thickness and 

conductivity) and operating condition (convection 

heat transfer coefficient, h).  

In addition, the impact of the heat flux variation 

(between φ0 and φ0+∆φ) on the temperature 

difference measured by the probe is required to be 

significantly higher than that on the fluid 

temperature, i.e.: 

∆𝑻𝒑(𝒚𝒇) ≫  ∆𝑻𝑭𝑳̅̅ ̅̅ ̅̅ ̅ (19) 

In other words:  

∆𝑻𝑭𝑳̅̅ ̅̅ ̅̅ ̅ = N ∆𝑻𝒑(𝒚𝒇) (20) 

inwhich N < 1. In our study, we consider N 
between 0.1 to 0.8 to be sure that the ∆𝑇𝐹𝐿̅̅ ̅̅ ̅̅ is 
smaller enough than ∆𝑇𝑝(  ). 

Taking into account equations (14) and (15), 

condition (20) can be rewritten as: 

𝑹𝒕 ≥
𝟏 − 𝑵

𝟐𝑵

𝑺𝒑

�̇�𝑪𝒑
 

(21) 

with: 𝑅𝑡 =
𝑦𝑤

𝜆𝑤
+
𝑦𝑓

𝜆𝑓
+
1

ℎ
 

which helps to determine the critical value for the 

thermal resistance of the fouling deposit for a given 

flow rate and vice versa. The total thermal resistance 

should be greater than such a critical value in order 

that the FDP can detect the fouling thickness.  

The FDP will be used in scenarios with and 

without fouling conditions. To ensure the statistical 

confidence, it is needed that the temperature 

difference measured by the probe in the two cases is 

higher than its uncertainty, meaning that: 

∆𝑻𝒑(𝒚𝒇) − ∆𝑻𝒑(𝒚𝒇 = 𝟎) ≥ 𝜹𝑻 (22) 

in which 𝛿𝑇 = ±0.05°𝐶. 

Combining equation (17) with condition (22) 

leads to:  

∆𝝋
𝒚𝒇

𝝀𝒇
≥ 𝜹𝑻 

(23) 

The heat flux applied to the FDP should fulfill 

condition (23) to ensure that the FDP is capable of 

detecting the fouling deposit.  

The presented model provides a method to 

evaluate the fouling deposit thickness as a function 

of the induced temperature difference provided by 

the FDP (equation (17)) given the three required 

conditions (18), (21) and (23) which ensure 

statistical confidence of the results, are satisfied.  

These conditions will be verified below for 

typical operating conditions found in food 

processing in which the FDP is located at the outer 

wall of the holder (simple tube located at the outlet 

of the tube-in-tube HX as illustrated in Fig. 2 and 

Fig. 3) to detect the fouling deposit formed at its 

inner wall (made of stainless steel). Table 2 

summarizes the conditions and material properties 

required for the model.  

 

Table 2. Conditions and material properties used in 

typical food processing.  

Parameter Value 

Wall thickness, yw [m] 0.001 

Wall thermal conductivity, 

 λw [W∙m-1°∙C-1] 

20 

Fouling conductivity,  

λf [W∙m-1°∙C-1] 

0.67 

Fouling thickness, yf [m] 0.0005 to 0.002 

FDP surface section, Sp [m2] 2.7e-4 

Mass flow rate, �̇�[kg ∙ h−1] 20~200 

Heat capacity of working 

fluid, Cp [J∙kg-1∙°C-1] 

4180 

Convection heat transfer 

coefficient, h [W∙m-2
∙K-1] 

5~5000 

Operating fluid temperature 

TFL [°C] 

80 

Heat flux to be imposed, ∆  

[W∙m-2] 

5~100 

 Assuming that the fouling thickness varies 

between 0.5 to 2 mm, the calculation of criterion 

(21) shows a total thermal resistance Rt in the left 

hand side between 10-3 to 10-1 m2∙K∙W-1 while the 

order of magnitude of the right hand side is 10-

5 m2∙K∙W-1 for N = 0.1 and 10-6 for N = 0.8 This 

means that under the conditions given in Tables 1 

and 2, criterion (21) is always satisfied. 
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Fig. 6 and Fig. 7 determine the range of 

validation of criteria (18) and (23). It is noted that 

the critical values for the convection heat transfer 

coefficient h and for the heat flux ∆  needed to be 

applied to the FDP are determined as the points 

where the criteria pass through zero (red dots in figs. 

6 and 7). The calculation results shown in Fig. 6 give 

a critical value for the convection heat transfer 

coefficient, h, above which, the FDP is able to 

measure the thermal resistance of the fouling layer. 

As seen in Fig. 6, such critical values vary as a 

function of the detectable fouling thickness. For 

thick fouling layer, criterion is valid for low 

convection heat transfer coefficient. On the other 

hand, for a thin fouling deposit layer, high 

convection heat transfer is needed. Fig. 7 provides 

the required heat flux ∆  to be applied to the FDP 

which is also dependent on the thickness of the 

fouling deposit layer 

 

 
Fig. 6. Verification of condition (18) with the 

provided conditions in Table 1.  

 

 

 
Fig. 7. Verification of condition (23) with the 

provided conditions in Table 1. 

EXPERIMENTAL RESULTS 

Fig. 8 shows the FDP signal during both thermal 

treatment and flushing steps.  

 

 
Fig. 8: FDP signal and temperature during a fouling 

and flushing test. 

 

The FDP signal increases from 0.20 ± 0.010 to 

0.35 ± 0.010 during the UHT treatment of the 

cheese-like fluid. The experimental measurements 

out of the main trend (dRΩ
 /dP < 0.15 or > 0.4 Ω∙W-

1) come from temperature gradients during the FDP 

measuring sequence. This means that these points 

are not relevant (red circles in Fig. 8). This 

experiment has been replicated and the fouling 

probe signal increases from 0.24 to 0.36 Ω∙W-1 

(results not shown here). 

The FDP signal increase is related to the fouling 

layer development. Around t = 150 min, rinsing 

water flows into the test rig, instead of cheese-like 

fluid, to start the cleaning procedure. Regarding the 

FDP signal, because of the change in flow 

convection conditions (change of fluid, change of 

fluid temperature, change of flowrate), the thermal 

environment of the FDP is different when the 

cleaning starts. Therefore, the values of the FDP 

signal before t =150 min and after t =150 min cannot 

be compared. 

Fig. 9 illustrates the fouling layer that is 

observed at the end of the experimental test. 

 
Fig. 9. Photograph of the fouling layer after water 

rinsing. 

The FDP signal at the end of water rinsing is 

0.25 ±0.015 Ω∙W-1. In similar flow conditions, but 

in a clean pipe, the signal measure is 

0.18 ±0.010 Ω∙W-1. This is consistent with the 

appearance of a fouling layer as observed in Fig. 9. 

Model validation 

Fig. 8 provides the evolution of the FDP signal 

represented by dRΩ
 /dP (Ω∙W-1). It is seen from Fig. 

8 that during the cheese thermal treatment, the FDP 

signal dRΩ
 /dP increases from 0.25 Ω∙W-1 (at the 
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beginning t = 0) to 0.35 Ω∙W-1 (at the end t = 

150 min).  In addition, at the end of the water 

rinsing, the measured FDP signal is 0.25 Ω∙W-1. For 

a clean pipe without any fouling deposit, this value 

is 0.18 Ω∙W-1 as above mentioned.  

As described in the 1D model description, when 

the heat fluxes φ0 and φ0+∆φ are applied to the FDP, 

the temperatures of the FDP are respectively 

denoted as 𝑻′𝒑 and 𝑻𝒑. Using equation (1), the 

corresponding electrical resistances of the probe are 

written as: 

 𝑅Ω(𝑇𝑝) = 𝑅Ω,0 (1 +  𝛼(𝑇𝑝 − 𝑇0)) 
(24) 

and 

 𝑅Ω(𝑇
′
𝑝) = 𝑅Ω,0 (1 +  𝛼(𝑇′𝑝 − 𝑇0)) 

(25) 

Hence, the difference between the two electrical 

resistances is: 

 ∆𝑅Ω = 𝑅Ω,0𝛼∆𝑇𝑝 (26) 

Combining equation (14), (15), (16) and (26) 

provides: 

 ∆𝑅Ω = 𝑅Ω,0𝛼∆ 𝑅𝑡 (27) 

This leads to:  

𝒅𝑹𝜴
𝒅𝑷

=
𝑹𝜴,𝟎𝜶𝑹𝒕
𝑺𝒑

 
(28) 

The left hand side of equation (28) represents 

the FDP signal. On the right hand side, 

α=0.00641°C-1 (for Nickel) and 𝑅𝛺,0= 20.46 Ω.  

The FDP signals obtained experimentally from 

Fig.8 are applied to equation (28) assuming that 

during each phase separately (fouling and cleaning), 

the convection and conduction (of the wall) thermal 

resistances did not vary. Also, the thermal 

conductivity of the fouling layer is assumed to be 

uniform as mentioned previously. 

 For the cheese thermal treatment phase: 

• At t=0, 
𝑑𝑅𝛺

𝑑𝑃
= 0.2, then: 

𝑹𝜴,𝟎𝜶

𝑺𝒑
𝑹𝒕|

𝒕=𝟎

 

=
𝑹𝜴,𝟎𝜶

𝑺𝒑
(𝑹𝒘 + 𝑹𝒄𝒐𝒏𝒗𝒆𝒄𝒕𝒊𝒐𝒏,𝒄𝒉𝒆𝒆𝒔𝒆)

= 𝟎. 𝟐 

(29) 

• With fouling, the FDP results in 
𝑑𝑅𝛺

𝑑𝑃
=

0.35, meaning that: 

𝑹𝜴,𝟎𝜶

𝑺𝒑
𝑹𝒕|

𝒕=𝟏𝟓𝟎

 

=
𝑹𝜴,𝟎𝜶

𝑺𝒑
(𝑹𝒘 + 𝑹𝒄𝒐𝒏𝒗𝒆𝒄𝒕𝒊𝒐𝒏,𝒄𝒉𝒆𝒆𝒔𝒆

+ 𝑹𝒇,𝒄𝒉𝒆𝒆𝒔𝒆) = 𝟎. 𝟑𝟓 

(30) 

 Combining equation (29) and equation (30) 

allows calculating the total thermal resistance Rt 

which takes into account the contribution of the heat 

exchanger wall conduction Rw, the fluid convection 

Rconvection and the fouling deposit conduction Rf. for 

cheese UHT treatment phase. Similar approach has 

been also applied for the water rinsing phase. As a 

result, the fouling thermal resistances are deduced as 

1.44∙10-4 m2∙K∙W-1 for the water rinse phase and 

3.08∙10-4 m2 K∙W-1 for the cheese thermal treatment 

phase. One might say that during the water rinsing, 

a part of the fouling deposit formed during the 

cheese thermal treatment has been swept away. In 

addition, the convection heat transfer coefficients 

predicted from the FDP signals lead to 3100 W∙m-

2∙K-1 and 2800 W∙m-2∙K-1 respectively for water 

rinse and cheese thermal treatment phases. 

Alternatively, the heat convection coefficient, 

h, can be estimated using the following Dittus–

Boelter equation: 

𝑵𝒖 = 𝟎. 𝟎𝟐𝟑𝑹𝒆𝟎.𝟖𝑷𝒓𝟎.𝟑𝟑 (31) 

Applying correlation (31) leads to hwater,correlation 

= 3100 W∙m-2∙K-1 and hcheese,correlation = 2100 W∙m-

2∙K-1. While a good agreement has been obtained 

between value estimated by the correlation and the 

one deduced from experimental data of the FDP for 

water rinsing phase, a difference has been observed 

for the cheese thermal treatment phase. Such a 

difference might be explained by the following 

hypotheses: 

• Firstly, the physical properties of the water are 

well-known but those of the cheese-like fluid 

are not; 

• Second, the convective heat transfer coefficient 

is assumed to be constant from the beginning to 

the end of each phase (cheese UHT treatment 

and water rinsing) but it might not be the case 

in the reality due to the formation of the fouling 

layer and the resulting reduction of the 

hydraulic diameter. 

Despite these assumptions, the order of magnitude 

is similar between the two values and, as a first step, 

it is sufficient to consider that the signals shown by 

the FDP are consistent with the development of the 

fouling deposit layer. 

Using the thermal resistance of fouling layer as 

well as the thermal resistance of convection obtained 

above, the criteria (18), (21) and (23) of the 1D 

model could be checked for the cheese thermal 

treatment phase when the fouling deposit layer is 

formed. While criterion (21) is satisfied under 

current conditions, the criterion (23) is only 

validated for Δφ > 200 W∙m-2 and the criterion (18) 

is met at high convective heat transfer coefficient (h 

> 3900 W∙m-2∙K-1). Under the currently considering 

conditions (hcheese ~ 2100 W∙m-2∙K-1 to 2800 W∙m-

2∙K-1), the convection heat transfer is not strong 

enough, leading to important convective thermal 

resistance in comparison to the fouling one. 

However, as discussed previously, it is important to 

take into account the fact that several assumptions 
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have been made for thermal physical properties of 

the cheese-like fluid such as the thermal 

conductivity, the heat capacity, the viscosity, etc. 

which may result in potential calculation 

uncertainties. Therefore, further experiments with a 

known fluid with available physical properties 

should be carried out in the future in order to validate 

the criteria proposed by the 1D model and to confirm 

the feasibility of using the presented FDP for fouling 

detection.  

CONCLUSION 

This paper focuses on some theoretical aspects 

related to the use of a patented FDP for the 

determination of the local fouling status that comes 

along with thermal transfer across walls in fouling 

conditions. The local fouling status, the additional 

thermal resistance that comes along with fouling, as 

well as the margins to fouling development are 

determined by the presented FDP. 

The measurement process relies on three main 

issues:  

• Firstly, the capability to determine the local 

fouling thermal resistance from the FDP 

temperature; 

• Secondly, the capability to handle both power 

release (heat flux) and temperature measurement 

within low uncertainty parameter ranges (eq.23) 

and without external flow perturbations.  

• Lastly, the identification of the operating range 

under which the use of FDP for local fouling 

detection is reliable.  

Each specific food process situation requires a 

careful analysis, utilizing specific geometrical 

configuration parameters, as well as, key operating 

conditions to determine whether the FDP is 

feasible/suitable for the considering application. 

Experimental results show that the FDP signal is 

consistent with the fouling layer development. The 

measured thermal resistances (convection and 

fouling) are consistent with prediction from both the 

model and the literature. This is the first validation 

step of this concept. The comparison of the FDP 

signal could be completed, in the future, with the 

monitoring of the heat input from the heating fluid 

used to maintain the outlet temperature of the 

product constant or with the monitoring of global 

metrics (pressure drop and HX thermal resistance). 

Also, the experimental set-up could be completed 

with two sandwiched FDPs to overcome limitations 

due to flow perturbation by measuring both the 

convection resistance and the fouling one. Future 

works should finally focus on the model validation 

with well-known fluids (unlike cheese-like fluid 

which is not fully characterized in terms of fluid 

properties) to avoid some assumptions. Also, a 2D 

model will be required to take into account the heat 

flux that flows into the pipe walls, especially when 

the fouling layer grows. 

NOMENCLATURE 

Cp Heat capacity of working fluid, J∙kg∙°C-1 

h Convection heat transfer coefficient, W∙m-2∙°C-

1 

ṁ Mass flowrate of working fluid, kg∙s-1 

N Threshold value to be used in criterion (23) 

Nu Nusselt number 

P Power supplied for the FDP, W 

Pr Prandtl number 

R Thermal resistance, m2∙°C∙W-1
 

Re Reynolds number 

RΩ Electrical resistance, Ω 

RΩ,0 Electrical resistance at T0, Ω 

Sp Surface area of the FDP, m2 

T Temperature corresponding to the case when a 

heat flux φ0 is applied to the FDP, °C 

T’ Temperature corresponding to the case when a 

heat flux φ0 + Δφ is applied to the FDP, °C 

T0 Reference temperature, °C 

t Time, s 

x Length, m 

y Thickness, m 

z Width, m 

α Temperature coefficient of resistance, °C-1 

ΔT Temperature difference, °C 

δT Uncertainty of temperature measurement, °C 

Δφ Heat flux increment applied to FDP, W∙m-2 

λ Thermal conductivity, W∙m-1∙°C-1 

φ0 Heat flux applied to the FDP, W∙m-2 

Subscript 

f  fouling 

FL  fluid 

p  probe 

t  total 

w  wall 
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