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Abstract: 

Fouling of heat exchangers is one of the main causes of thermal efficiency decrease during 

their use. In spite of the efforts displayed these last decades, the existing detection and fouling 

monitoring devices are still far from taking into account the heat transfer and the deposit 

phenomena involved. 

So, this study is devoted to the elaboration of a thermal sensor representative of industrial 

conditions in order to set up an efficient cleaning programme. Particularly, it deals with the 

problem of gas side particulate fouling of cross flow tubular heat exchangers. An original 

localised and technologically simple sensor associated with a data processing related to a 2D 

inverse method was developed. It allows to obtain accurate informations from temperature 

measurements inside the wall which separates the liquid flow from the air flow. 

The sensor enables the accurate estimation of the convective heat transfer angular distribution 

as well as the deposit thickness from a 2D steady state inverse method. The probe was tested on 

an industrial device, and the fouling thickness distributions were validated by laser 

measurements. 

 

Keywords: particulate fouling, tubular heat exchangers, thermal sensor, probe, inverse method, 

heat transfer coefficient distribution. 
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1. INTRODUCTION 

Within industrial companies, heat exchangers constitute one essential element of any policy of 

environmental protection and energy management (Finkbeiner et. al. 1993). Indeed, a great 

extent of the thermal energy used in industrial processes passes at least once through a heat 

exchanger. They are used in industrial sectors (chemistry, petrochemistry, iron industry…), in 

transportation applications, but also in the residential sector and in the service industry. 

Following upon the two oil crises of 1973 and 1979, they knew new applications connected to 

the necessity of optimising energy expenses (Taborek et. al. 1979). Today, they are more and 

more employed for energy recovery from polluting effluents. Considering their numerous 

applications, difficulties encountered by heat exchanger users are numerous and varied. 

However, one of the main problems related to the maintenance of such devices is the fouling 

phenomena (Bott 1992). In particular, in gaseous systems (cross flow tubular heat exchangers 

for instance), the heat exchanger effectiveness decreases because of gas side particulate fouling. 

Indeed, fouling acts as a non negligible brake upon energy recovery. It still stays the least 

understood and the least foreseeable phenomena. 

A considerable work has been realised in the field of the modelling of heat exchangers fouling 

(Kern and Seaton 1959; Watkinson and Epstein 1970; Beal 1970; Thomas and Grigull 1974; 

Epstein 1978; Glen and Howarth 1988; Bouris and Bergeles 1996; Sheikh et. al. 2000). Some 

of these models are sophisticated and greatly exploitable, the others are based upon deposition 

and removal mechanisms. In any case, they still involve a strong empirical content. Much less 

attention was focused on the determination of predictive methods of heat transfer surface 

fouling. Indeed, there are several methods to follow or detect fouling evolution. The predictive 
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maintenance (Sullivan et. al. 2002) informs more or less about the heat exchangers fouling but 

greatly about the heat transfer. The direct measurement at heat exchanger inlet and outlet limits 

consists in verifying the global efficiency of heat exchangers. But the industrial conditions are 

such as it detects late this loss of efficiency. Some attempts have been made to follow fouling 

evolution with local probes (Marner 1990). Even if they are numerous, they are still far from 

informing about the heat transfer and the fouling phenomena involved. 

For these reasons, a cheap and convenient probe is here developed. It consists in measuring and 

processing temperature distributions in the stainless steel wall of the exchanger tube. 

This device, assembled as a multilayered system, and its data processing system, enable to 

estimate accurately the convective heat transfer coefficient distribution around the cylinder in 

clean conditions, and the conductance distribution in fouling conditions. Indeed, in such 

applications, the variation of these coefficient distributions allows to determine the heat 

exchangers fouling level.  

Several inverse methods have been recently developed in order to estimate the angular heat 

exchange distribution in cylindrical geometry (Maillet and Degiovanni 1989; Maillet et. al. 

1996; Pasquetti et. al. 1991; Martin and Dulikravich 1998; Louahlia-Gualous et. al. 2002). Such 

methods are often tedious to implement. Particularly, some regularisation techniques are 

necessary and must be adapted to the numerical forward model. Therefore, the method of 

Maillet et. al. seems to be the most convenient because the temperature signal is there 

processed by Fourier transform and by considering an analytical solution of the conductive heat 

transfer in cylindrical coordinates.  

A testing bench has been built in which the probe is laid to obtain experimental results in clean 

and in fouling conditions. 
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At first, the experimental testing device and the probe description are realised. Then, the 

forward model and the inverse problem are developed. Finally, the experimental results in 

clean and in fouling conditions are detailed. 

2. EXPERIMENTAL TESTING DEVICE 

To be both tested in clean conditions and in fouling conditions, the probe is inserted into a 

testing bench named GAZPAR (GAZ PARticles). It is a three parts system (FIGURE 1). The 

probe is mounted in a rectangular wind tunnel which has a cross-section 80*80 mm
2
. The fluid 

used is air at 343 K. A flow of cold water passed through the central stainless steel pipe to 

simulate real tubular heat exchangers conditions and to maintain the probe inlet surface 

temperature at a constant value.  

FIGURE 1 HERE 

The probe then acts as a foulant deposition site by simulating a heat exchanger tube in the gas 

stream. The primary constituents in the exhaust gases responsible for fouling include SiO2, 

Na2SO4, and CaSO4 (Taborek et. al. 1979). So, the fouling tests were carried out using sodium 

sulfate of 4 m mean diameter in gas stream as the foulant. Before carrying out the fouling 

tests, it is necessary to wait for the thermohydraulical stabilisation of the experimental device 

GAZPAR. Once this stabilisation is reached, foulant particles are produced by ultrasound 

pulverisation and are injected in the hot wind tunnel. Such generator allows to obtain a particle 

size distribution close to monodispersion. Once the tests in fouling conditions were ended, the 

deposit pattern around the probe for each considered duration of fouling was measured by a 

laser profiler. 
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3. PROBE DESCRIPTION 

This probe is made out of stainless steel to come under the same thermohydraulic and fouling 

conditions as heat exchangers. In industrial applications, the inside wall temperature 

measurement is difficult to accurately check because of noise. With the aim of freeing from this 

measurement, this probe has two rows of thermocouples in two different radii. The studied 

probe, 150 mm length, 5 mm inside radius and 11 mm outside radius, can be described by a 

multilayered system with three concentric cylinders (FIGURE 2). Each stratum is 2 mm thick. In 

each of the two interfaces between these three cylinders, 10 type T thermocouples distant 

between them of a 20° angle are stuck. Thus, they are uniformly distributed on a 180° angular 

sector, the zero corresponding to the stagnation point. Every measurement obtained with these 

thermocouples is obtained from an average of 60000 points (1 point every 5.10
-3

 seconds on 

300 seconds) to limit errors committed on the measurement.  

FIGURE 2 HERE 

The diameter of the thermocouple hot junction is 1.10
-4

 meter. The thermocouples are placed 

into grooves manufactured straight from the tube (FIGURE 3). All the precautions were taken so 

that, on one hand, the error committed on the thermocouple locations is as weak as possible 

(grooves have the same size as hot junction, hot junction was positioned in groove abutment…) 

and, on the other hand, the contact resistances are as small as possible. 

FIGURE 3 HERE 

The various characteristics of this probe are given on TABLE 1: 

TABLE 1 HERE 
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It is important to note that a sensitivity study has been realised on the contact resistances 

between the different layers. This study highlights that the contact resistances have no real 

impact on the estimation. Moreover, the probe has been calibrated and validated. 

4. FORWARD PROBLEM AND INVERSE PROBLEM 

In this part, the forward heat transfer problem is presented. It calculates the temperature field 

inside the sensor. The inverse problem is then examined to allow the determination of the heat 

transfer coefficient distribution around the probe. 

4.1. Forward problem 

Internal temperatures of a point P1  01,r x  and a point P2  02 ,r x  of the probe comprised 

between two cylindrical surfaces of radii r1 and r2 are expressed (FIGURE 4). A condition of a 

known temperature T1 on the internal wall  1r r  of the probe is set. On the external wall 

 2r r , air at temperature eT  flows perpendicularly of the tube axis. The convective heat 

transfer coefficient varies with the angular abscissa x . The heat transfer coefficient distribution 

is supposed symmetric with respect to the plan 0x  . 

FIGURE 4 HERE 

Temperatures in P1 and in P2 are the solution of the following steady state heat conduction 

problem in two dimensions: 

     2 2

2 2 2

, , ,1 1
0

T r x T r x T r x

r r r r x

  
  

  
 (1) 

with the following boundary conditions: 
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The temperature is an even function in x and is periodical with period 2  in x. (2) 

 
   2

2 2

,
 , ( ) e

T r x
r r r x h x T T

r
 


    


 (3) 

The cooling water flows through the inner cylinder at a sufficient rate to set its temperature: 

 1 1 1 ,r r T r x T   (4) 

The periodicity and the symmetric conditions relative to the x-coordinate allow us to use the 

Fourier cosine transform of the temperature: 

0
( , ) ( , )cos( )  with T r k T r x kx dx k



   (5) 

the functions  cos kx  are the eigenfunctions of the problem in x. The symmetric condition sets 

a flux density equal to zero for 0x   and x  . 

In transformed space, the heat equation becomes: 

   
 

2 2

2 2

, ,1
, 0

d T r k dT r k k
T r k

dr r dr r
    (6) 

Equation (6) admits for general solution: 

 

   
1 2

3 4

,  for 0

,0 ln  for 0

k kT r k K r K r k

T r K r K k

   


  
 (7) 

where 1 2 3 4,  ,  ,  K K K K  represent the integration constants. 

The Fourier cosine transform of the product of the radial heat flux density by the half perimeter 

can be written: 
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0 0

( , ) ( , )
( , ) ( , )cos( ) cos( )

T r x dT r k
r k r x kx dx r kx dx r

r dr

 

   


    
   (8) 

Thus, the Fourier transform of the boundary condition (3) can be written: 

2 2
2 2 2 2

0 0

( , ) ( , )
( , ) ( , )cos( ) cos( )

T r x dT r k
r k r x kx dx r kx dx r

r dr

 

   


    
   (9) 

So, it comes: 

2 2 2 2
0 0

( , ) ( , )cos( ) ( ) ( , )cos( )r k r x kx dx r h x T r x kx dx
 

      (10) 

Expressions (6) and (8) are equivalent to a quadrupole presentation (Maillet et. al. 2000). So, the 

following matrix relationship between the Fourier temperature-flux vectors can be written 

using this quadrupole formalism for a cylindrical layer s er r  thick with 1 2e sr r r r   : 

,

( ) ( )( ) ( )

( ) ( )( ) ( )
e se s

r rr r

k kT k T k

k kk k 

    
    
    

A B

C D
 (11) 

with the following values of the coefficients A, B, C, D of the quadrupole matrix defined as: 

         

       

     

     

1
0 0 1;  0 ln ;  0 0 for 0

1

2

1
 for 0

2

2

s e

k k

s e e s

k k

s e e s

k k

s e e s

r r k

k k r r r r

k r r r r k
k

k
k r r r r







    

     

    

     

A D B C

A D

B

C

 (12) 

It is then possible to define five quadrupole matrices such as: 

- 1M  describing the cylindrical layer comprised between the radii 1er r  and 01sr r  ; 
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- 2M  describing the cylindrical layer comprised between the radii 01er r  and 02sr r  ; 

- 3M  describing the cylindrical layer comprised between the radii 02er r  and 2sr r  ; 

- 4M  describing the cylindrical layer comprised between the radii 01er r  and 2sr r  ; 

- M  describing the cylindrical layer comprised between the radii 1er r  and 2sr r  ; 

Considering that the coefficient subscripts of each matrix are defined by the same way, it is 

possible to write: 

 1 2

1 2

1 2

  T
T T

H T
 

    
       
    

A B
A B

C D
 (13) 

which involves: 

 
1

2T
T

H


A B
 (14) 

and 

 4 401 2

01 4 4 2

4 401 2

  T
T T

H T
 

    
       
    

A B
A B

C D
 (15) 

By combining equations (14) and (15), it comes: 

 
 

4 4 1

01T
H T

H






A B

A B
 (16) 

By the same way, it is possible to express 2oT  according to 1 1 or according to  oT T : 

 
 

 
 

3 3 1 3 3 01

02

4 4

T
H T H T

H H

 
 

 

A B A B

A B A B
 (17) 



L. PEREZ, B. LADEVIE, P. TOCHON, J.C. BATSALE « A convenient probe for the 2D thermal detection of 

fouling of tubular heat exchangers », International Journal of Heat Exchangers, Vol VII n°2, pp 263-284, 2006 

 

11 

The inverse Fourier transform (18) allows to calculate    01 01 02 02,  and  ,T r x T r x  in real space at 

all the points P1 and P2: 

2

0
0

 if 0
cos( )

( , ) ( , ) with cos ( )
 if 0

2

k

k k

k
kx

T r x T r k N kx dx
N k












   




   (18) 

To validate this direct model, a heat transfer coefficient distribution  h x  representative of 

crossflow convective cooling of a cylinder in subcritical regime (FIGURE 5) is taken into 

account (Maillet et. al. 1996): 

FIGURE 5 HERE 

The temperature distributions obtained from this theoretical heat transfer coefficient 

distribution are plotted on FIGURE 6. They are calculated from the probe characteristics (Table 

1). The temperatures 1T  and eT  have been fixed respectively at 283 K and 323 K. 

FIGURE 6 HERE 

4.2. Inverse problem 

Now the question is to estimate 2 2 and T   from the experimental temperature measurements, 

01 02 and T T , in order to obtain the heat transfer coefficient distribution around the probe. 

For this, let us consider the matrix 2M : 

2 201 02

2 201 02

 
T T

 

    
    
    

A B

C D
 (19) 

that involves: 
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01 2 02
02

2

T T





A

B
 (20) 

From matrix 3M , it comes: 

02 3 2 3 2T  C D  (21) 

and 

02 3 2
2

3

T T





A

B
 (22) 

By replacing (21) in (22): 

2 3 02 3 02T T  D B  (23) 

So, the expression of 2T  according to 01 02 and T T  is obtained by replacing 02  by its value (20) 

in equation (23): 

4 02 3 01
2

2

T
 

T
T




B B

B
 (24) 

And, the expression of 2  by replacing 2T  by its value (24) in equation (22): 

4 02 3 01
2

2

-
 

T T





A A

B
 (25) 

The 2 2 and T   transforms are calculated harmonic by harmonic from the discret Fourier 

transform of the temperature measurement at radii 01r  and 02r . They can also be calculated from 

these same temperatures calculated from the direct model. Indeed, in both cases, the real values 

of these temperatures are available. But it is necessary to know them in Fourier space. So: 
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   
1

cos
m

i i i

i

T k y w kx


  (26) 

with 
 

1 1 and 2  if  i 0 and i
2 1

m iw w w w m
m


    


 

where iy  represents  the experimental temperature measurement to an angle x for a fixed 

radius, and m represents the number of measurements. 

Thus, from the 2 2 and T   inverse Fourier transform (18), it is possible to obtain the estimated 

heat transfer coefficient angular repartition such as: 

 
 

 
2

2 2

x
h x

r T x




  (27) 

The estimation of the angular heat transfer coefficient distribution is realised from experimental 

noisy temperature measurements. So, the number of harmonics k must be optimised. The 

optimal value of k is the one that minimises the average temperature residual R between the 

temperatures calculated from the estimated heat transfer coefficient distribution and the 

corresponding experimental temperatures: 

 
2

2

01 01

1

1 N

i i

i

R T y
N 

   (28) 

The average temperature residual value is minimal for a number of harmonics equal to 8. In 

theory, the spectrum truncation minimises the temperature residuals. In practice, a number of m 

= 10 temperature measurements are realised. So, it can be possible to evaluate at most k = m 

harmonics (the number of harmonics k cannot be up to 10) to avoid the aliasing. Besides, the 
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boundary conditions of such problem involve a soft signal containing a limited number of 

harmonics.  

For example, from the calculated temperature distributions at 01r  and at 02r  plotted on FIGURE 6 

, it is possible to estimate the heat transfer coefficient distribution plotted on FIGURE 5 for 

different values of k. It is necessary to notice that for a value of k up to 10, an instability 

appears for the weak values of x (FIGURE 7). 

FIGURE 7 HERE 

5. EXPERIMENTAL RESULTS 

Thus, thanks to this probe, it seems possible to estimate the angular heat transfer coefficient 

distribution in clean conditions and the global heat transfer distribution in fouling conditions. 

5.1. Experimental results in clean conditions 

At first, to confirm the inverse model developed, a set of measurements in clean conditions for 

different air flow rates was carried out. The air temperature was fixed at 323 K and the different 

air flow rates were varying from 50 to 100 Nm
3
.h

-1
. So, the corresponding Reynolds numbers 

calculated from the probe diameter are bounded by 3.10
3
 and 6.10

3
. The temperature responses 

obtained from the probe for an 50 Nm
3
.h

-1
 air flow rate are presented in FIGURE 8: 

FIGURE 8 HERE 

The angular heat transfer coefficient distribution has been estimated from these temperature 

responses and from the detailed inverse method for each air flow rate. Only the results obtained 

for 50 Nm
3
.h

-1
 and 100 Nm

3
.h

-1
 air flow rates will be presented in this work. 

To know if the estimated angular heat transfer coefficient distribution is coherent, two kinds of 

comparisons are established: 
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- The first consists in comparing it with other profiles calculated by Eckert’s (Eckert 1942) 

and Frössling’s (Frössling 1940) correlations applied to our experimental conditions 

(FIGURE 9): 

FIGURE 9 HERE 

Experimental data were numerically noise-added with various levels of a white noise in order 

to calculate the standard deviation of the estimation. The estimated angular heat transfer 

coefficient repartition is an accurate representation of the heat transfer. Indeed, this heat 

transfer coefficient is maximal at the stagnation point  0x   . Then, it decreases as much as 

the boundary layer thickness increases to find its minimum at the boundary layer separation 

point  100x   . Finally, it increases again representing the exchange which takes place within 

the whirling. 

- The second consists in calculating the average heat transfer coefficient from the Churchill’s 

and the Eckert’s correlations (Churchill 1977; Eckert and Drake 1972) applied to our 

experimental conditions and from the estimated angular heat transfer coefficient 

distribution such as: 

 
0

1
h h x dx




   (29) 

Results obtained with this method are presented in TABLE 2: 

TABLE 2 HERE 

The estimated heat transfer coefficient distributions and the average heat transfer coefficients 

calculated seem to agree with the results obtained by correlations considering the existing 

distance between these correlations (FIGURE 10). 

FIGURE 10 HERE 
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In conclusion, this probe enables to estimate accurately the angular distribution and the average 

heat transfer coefficient in clean conditions. 

5.2. Experimental results in fouling conditions 

The fouling tests were carried out with a duration going from 2 to 72 hours, for an air flow rate 

of 100 Nm
3
.h

-1
 with the air temperature fixed at 353 K. So, the corresponding Reynolds number 

calculated from the probe diameter is 5.9.10
3
. The particles dispersion air flow rate is fixed at 

6.7.10
-8

 m
3
.s

-1
. The considered fouling durations are too important to highlight the convective 

heat transfer coefficient rise when the first layer of the deposit attaches to the surface. 

As previously, the inverse method is used. It allows the estimation of the global heat transfer 

coefficient distribution, which is now a conductance around the probe for various duration of 

fouling. Indeed, in fouling conditions, the convective heat transfer coefficient becomes a 

composite coefficient that includes the convective resistance and the fouling resistance. FIGURE 

11 represents the conductance distributions for 11 hours, 24 hours and 72 hours of fouling, and 

the heat transfer coefficient distribution in the same experimental conditions but without 

injected particles.  

FIGURE 11 HERE 

The most important local conductance coefficients are situated upstream and dowstream of the 

cylinder, where the deposit grows the most quickly, respectively by inertial impaction and 

turbulent projection. For angles comprised between 40° and 140°, this decrease is less 

important because of a weaker deposit. In fouling conditions, the maximum of the conductance 

distribution doesn’t take place at the stagnation point but for an angle of 40°. The progressive 

profilement in droplet shape of the obstacle can explain this phenomenon. Indeed, numerous 

studies emphasize the fact that a profile of droplet shape allows to reduce considerably (4%) 
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the deposit, notably in the neighbourhood of the stagnation point by moving the deposit zone 

(Fush 1988; Israel and Rosner 1983; Konstandopoulos 1991; Rosner et. al. 1983; Wang 1986; 

Wessel and Righi 1988). This gap occurs midway between the stagnation point and the 

boundary layer separation point, typically for angles ranging between 40° and 60°. Thus, the 

obtained results are in perfect agreement with the bibliographical ones. 

It is also possible to calculate the average heat transfer coefficient (TABLE 3) thanks to these 

various profiles and from the equation 33: 

TABLE 3 HERE 

With the aim of quantifying the fouling effects on the heat transfer, the Miller’s parameter of 

the heat exchange degradation H (Miller 1967) is presented in FIGURE 12. It corresponds to the 

division of the average conductance in fouling conditions by the average heat transfer 

coefficient in clean conditions: 

 

 
fouling

clean

h
H

h
  (30) 

FIGURE 12 HERE 

First of all, this heat transfer degradation can be represented by a phase of initiation. Then, it 

can be represented by a phase of decrease following an exponential law. Indeed, the fouling 

phenomenon presents generally an asymptotic behaviour which denotes that the fouling 

resistance reached a limit value. The obtained results are in agreement with the bibliographical 

ones on the subject. Indeed, it is allowed that in particulate fouling conditions on a tube, there is 

an asymptotic phenomenon is still not well understood. This phenomenon is attributed either: 

- to the fact that the profiled tube enters into the flow such as a fine needle by weakly 

diverting the streamlines and cancelling the inertial effects that produce the deposit; 
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- or to the fact that there may be a threshold beyond which a balance between the deposit 

(inertial deposit or turbulent projection deposit) and the re-entrainment associated to the 

shear and ageing efforts occurs. 

So, our probe brings to light this asymptotic phenomenon without however bringing enough 

dynamic elements on its cause. 

The Miller’s parameter can also be expressed from the estimated profiles of the heat transfer 

coefficient for various duration of fouling. Therefore, it allows to locally quantify the fouling 

effects on the heat transfer. It is plotted on FIGURE 13. 

FIGURE 13 HERE 

This parameter is small when the fouling thickness is high as at the stagnation point  0x    

and in the whirling zone  120x   . For angles comprised between 60x    and 120x   , its 

value is weakly different from the one obtained in clean conditions which denotes a weak 

deposit on this interval. Thus, 3 different zones occur on this figure: 

- The zone 1 where the organisation of the curves is realised according to the increasing 

durations of fouling and in which the Miller’s parameter increases until it reaches a 

threshold. The asymptotic phenomenon is here underlined too. 

- The zone 2 corresponds to an abrasion and separation zone. 

- The zone 3 corresponds to the whirling zone. 

A dynamic behaviour where the curves for the different fouling times cross each others is 

observed in zones 2 and 3. This phenomenon is connected to re-entrainment of the deposit in 

these zones which are strongly sheared. 

The different deposit patterns around the probe for each duration of fouling are represented on 

FIGURE 14. For the fouling conditions considered, various deposit regimes occur such as the 
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inertial impaction and the turbulent diffusion. This comment explains why the measured 

deposit pattern is not homogeneous around the probe. Every average deposit thicknesses is 

calculated by integrating these values by the trapeze method. 

FIGURE 14 HERE 

To check the estimated angular conductance distribution, two kinds of comparisons are 

established: 

- The first (TABLE 4) consists in calculating the average deposit thickness for a fixed fouling 

duration, from the estimated average coefficients and from the equation (31), and from the 

deposit thermal conductivity  -1 -10.07 W.m .Kd  , then in comparing them with the laser 

profiler measurements: 

1 1 d

d c d

e

h h 

   
    

   
 (31) 

The thermal properties of the deposit used here are mean values. They completely disregard of 

the deposit cohesion which is not homogeneous according to the considered angular position. 

TABLE 4 HERE 

The deposit thickness values obtained from the estimated average conductances are rather close 

to the deposit thickness values measured by the laser profiler. 

- The second (FIGURE 15) consists in calculating the discrete thickness from the estimated 

conductance distribution and from the equation (32), then in comparing them with the laser 

profiler measurements: 

   
1 1 d

dd c

e

h x h x 

   
       

   
 (32) 
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FIGURE 15 HERE 

The estimated local deposit thickness around the probe seems to be in good agreement with the 

deposit thickness measured by the laser profiler. It is important to note that the estimation of 

the discrete deposit thickness minimises reality for angles lower than 100° and maximises it for 

angles up to this value. Indeed, calculations were made using a constant value of the deposit 

thermal conductivity around the tube. In practice, this is not the case: the deposit nature differs 

according to the deposit regime. Indeed, upstream of the cylinder, deposit is created by inertial 

impaction, while it is created by turbulent projection downstream. The deposit thermal 

conductivity considered should be higher upstream of the tube than downstream. So, it would 

allow to refine results obtained from the estimation of the discrete deposit thickness. Moreover, 

it is important to notice that equations (31) and (32) does not take into account the fact that, 

when the first layer of the deposit attaches to the surface, the convective heat transfer 

coefficient tends to increase due to the increased roughness of the surface. 

6. CONCLUSIONS 

A thermal probe was designed to be able to replace one part or the totality of heat exchanger 

tubes. The principle of the method is related to the processing of temperature distributions 

inside the tube wall. A simple inverse method was implemented in order to estimate the heat 

exchange coefficient distribution. 

The validation of the device was realised in a calibrated environment and the fouling thickness 

was verified with optical measurements. 

This probe has shown its capacity to accurately estimate the heat transfer coefficient profile in 

clean conditions and the global conductance distribution in fouling conditions, supplying 
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accurate information on the loss of efficiency of tubular heat exchangers submitted to 

particulate fouling. The results were successfully confronted with the available data from the 

literature. 

The assets of such a device are the low cost, the convenient data processing and the robustness. 

The prospects of this work are to extend the method to other exchanger technologies (liquid-

liquid, plate heat exchangers,…) and other fouling conditions (corrosion, scaling…). The 

restrictions of the method are related to the inverse method. A preliminary numerical trial is 

necessary in order to evaluate the main parameters (number of harmonics as a function of the 

measurement noise). 
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7. NOMENCLATURE 

Latin letters 

 

,  ,  ,  A B C D  

 

Quadrupole coefficients 

 

pC  Constant pressure specific heat -1J/kg/K  

L  length m  

M  Quadrupole matrix  

N  Acquisition points  

T  Temperature K  

e  Thickness m  

h  Convective heat transfer coefficient 2W/m /K  

k  Fourier coefficient  

r  Radial coordinate m  

t  Time s  

x  Angular coordinate rad 

Greek letters 

  Flux W  

  Thermal conductivity W/m/K  

  Density 3kg/m  

Symbols 
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  Average 

  Fourier transform  

Subscripts 

c clean  

outside e  

d deposit  
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FIGURE 1: Experimental testing device GAZPAR 
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FIGURE 2: Schematic diagram of heat transfer probe 
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FIGURE 3: Simplified scheme of one tube of the probe 
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FIGURE 4: Schematic representation of the forward model 
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FIGURE 5: Theoretical heat transfer coefficient distribution 
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FIGURE 6: Calculated temperature distributions at 01r  and at 02r  
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FIGURE 8: Experimental temperature measurements 
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FIGURE 10: Comparisons between heat transfer coefficient average values obtained by 

calculation and by correlations 
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FIGURE 11: Estimated profiles of the thermal conductance for various durations of fouling 
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FIGURE 12: Heat transfer degradation represented by Miller’s parameter 
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FIGURE 13: Local heat transfer degradation represented by Miller’s parameter 
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FIGURE 15: Comparison between local thickness measured by the laser profiler and calculated 

from the estimated heat transfer and conductance profiles for 72 hours of fouling 
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D
im

en
si

o
n
s 

inside radius 1 5 mmr   

1
st
 radius of measurement 01 7 mmr   

2
nd

 radius of measurement 02 9 mmr   

outside radius 2 11 mmr   

length  150 mmL   

th
er

m
al

 p
ro

p
er

ti
es

 stainless steel thermal 

conductivity  

-1 116,3 W.m .K   

stainless steel heat capacity  
6 -3 14.10  J.m .pC K   

TABLE 1: Probe characteristics 

 

Air flow rate 

(Nm
3
h

-1
) 

h  

(Wm
-2

K
-1

) 

Churchillh  

(Wm
-2

K
-1

) 

kerEc th  

(Wm
-2

K
-1

) 

kerChurchill Ec th h  

% 

50 36,6 2,1  35,8 34,2 4,7 

60 40,6 2,0  39,5 38,2 3,3 

70 43,9 2,3  42,8 41,9 2,4 

80 46,3 2,0  46,0 45,4 1,3 

90 49,3 2,1  49,0 48,7 0,5 

100 52,7 2,2  51,9 51,9 0,2 

TABLE 2: Comparisons between heat transfer coefficient average values estimated from the 

measurements and calculated by correlations 
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 h (Wm
-2

K
-1

) 

after 11 hours of fouling 51,6 1,9  

after 24 hours of fouling 40,6 2,2  

after 72 hours of fouling 21 2,1  

TABLE 3: Average heat transfer coefficients 

 Laser profiler measurements Estimation 

For 11 hours of fouling 
3 30,113.10 0,02.10  de m    3 50,160.10 1,5.10de m    

For 24 hours of fouling 
3 30,237.10 0,02.10  de m    3 50,232.10 3.10de m    

For 72 hours of fouling 
3 31,115.10 0,02.10  de m    3 50,990.10 10de m    

TABLE 4: Comparison between deposit thickness calculated and estimated 


