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1 ABSTRACT 

The combustion of biomass and heat-recoverable waste products often leads to corrosive deposits 

at the evaporator finned tube walls, which subsequently cause material damage, greater exhaust 

gas losses or unacceptably high material stress. For prevention the deposits are being cleaned 

regularly, largely mechanical, during the plant shutdowns. To reduce the maintenance and service 

efforts and thus increase the economic efficiency, plant shutdowns for cleaning and removal of 

corrosion damages should be minimized. 

Due to the obstruction of heat extraction caused by deposits as well as the large temperature gra-

dient between the finned tube panel surface and the exhaust gas on one side and the appearance 

of a deposit material with corrosive, temperature-dependent properties on the other side, there 

exists a qualitative relationship between formation and structure of deposits and the heat flux 

hitting the evaporator wall. The latter can therefore be used to characterize deposits at finned tube 

walls of steam generators as well as to determine the point in time of cleaning and to assess the 

corrosion potential of the deposit. 

For this purpose a method was developed that can use the Fourier transform of the heat flux sig-

nal to determine the temperature-dependent material properties of the deposits. Currently, the 

change of heat flux density of a finned tube wall with deposits compared to the clean state is ex-

perimentally demonstrated and a further development takes place by means of signal processing 

to derive information about the deposit situation in practical application. The results are discussed 

in the following paper. 
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2 INTRODUCTION 

The combustion of biomass and heat-recoverable waste products often leads to particularly corro-

sive deposits at the evaporator fin tube wall, which subsequently cause material damage, greater 

exhaust gas losses or unacceptably high material stress in other places. This must be prevented by 

appropriate measures. For that purpose the deposits are being cleaned regularly, largely mechani-

cal, during the plant shutdowns. To reduce the maintenance and service efforts and thus increase 

the economic efficiency, plant shutdowns for cleaning and removal of corrosion damage should 

be minimised. 

Due to the obstruction of the heat extraction caused by deposits as well as the large temperature 

gradient between the fin tube panel surface and the exhaust gas on one side and the appearance of 

a deposit material with corrosive, temperature-dependent properties on the other one, there exists 

a qualitative relationship between formation and structure of deposits and the heat flow hitting 

the evaporator wall. The latter can therefore be used firstly to characterise deposits at the fin tube 

walls of steam generators as well as to determine the point in time of cleaning and the other to 

assess the corrosion potential of the deposit. 

Under the assumption of known temperature fluctuation amplitude, which can be determined 

from the temperature profile of the boiler using Fourier transformation,  heat flux density is sole-

ly dependent on the deposit properties of density, specific heat capacity and thermal conductivity 

as well as the heat transfer coefficient. If the surface temperature of the deposit layer is known, 

the heat transfer coefficient can be determined from the heat flux density. The temperature-

dependent material properties density, specific heat capacity and thermal conductivity of the de-

posit as well as its thickness have an attenuation influence on the applied external temperature 

fluctuation of the fin. From the signal profile of the heat flux density measurement – the ampli-

tudes and frequency spectrum and from the phase shift at higher temporal resolution of the meas-

ured signal as well – it is therefore possible to derive information about the deposit situation. 

To determine the heat flux density a non-invasive procedure was developed in earlier works. [1] 

With that the heat flux density on the membrane wall can be determined over the temperature 

difference between the soffit and the fin welded between the evaporator tubes. 

Currently, the change of heat flux density of a fin tube wall with deposits compared to the clean 

state is experimentally demonstrated and will then be further developed for practical application. 

3 THE PRINCIPLE OF HEAT FLUX MEASUREMENT 

Membrane walls consist of parallel boiler tubes in which the fins have to be welded in between. 

By known construction of the walls it is principally possible to evaluate the heat flux density on 

the membrane walls from the temperature difference between two characteristic positions. Practi-

cally it is worthwhile to consider the section between the positions at the soffit and the middle of 
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the fins. The reason being that at the both ends it is possible to mirror the existing geometry as 

well as the physical characteristics and hence the applicability of the boundary conditions. In here 

the fin of the membrane wall behaves like a single-sided heated fin, in which respectively the 

ends are kept at a constant temperature level by evaporating water inside the boiler tube. Depend-

ing on the construction of the wall, that results in a defined distribution of the heat between the 

fin and the soffit area. 

With the use of mathematical models it is possible to evaluate the temperature profile and respec-

tively the distribution of the heat flux density for a defined wall construction. Therefore by means 

of modeling, a calculation is possible for the entrant heat flux density into the membrane walls 

through convection and radiation. 

Practically the heat flux density can be evaluated in dependency to the temperature difference 

between the middle of the fin and the soffit at the outer side of evaporator walls and thus offers 

the possibility of a non-invasive measurement. 

Principally the written method from Krüger [2] for heat flux density measurement was validated 

for practical use and can be applied to all membrane walls. This is only under the condition that 

the geometrical conditions and the heat conductivity of the used material for the wall construction 

are known. 

4 INFLUENCE OF THE DEPOSITS ON THE HEAT FLUX DENSITY 

The gas in the combustion chamber of a steam power plant emits heat continuously into the am-

bient boiler walls, such that the water in the tube walls is brought to boiling point. The heat trans-

port occurs due to convection and radiation. With the constant build up of deposition layers at the 

boiler walls there is variation of the parameters for the heat transport during operation. In one 

way there is normally an increase of the emissivity on the wall surface as long as there is a depo-

sition layer and in the other way it results in increasing thermal resistivity. For any increase in the 

deposition layer, consequently there is a reduction in the transmitted heat flux density and gener-

ally the surface temperature increases. Large heat transfer resistance and smaller temperature 

differences between the combustion chamber and the surface temperature of the deposition – re-

sult in a decrease in the dissipated heat flux density from the gas to the boiling water. 

The influence of the deposition on the heat flux density was quantified by Krüger in [2]. In the 

work, the relationship was shown between the heat flux density for a wall construction with de-
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posits and for a clean tube wall to the layer thickness, and the dependency to the thermal conduc-

tivity of the deposition layer. 

5 RESULTS FROM FIELD STUDIES 

Depending on the measuring signal of the thermocouple voltage in millivolts shown in Figure 1, 

the temperature difference between fin and soffit of the membrane wall is measured. With that 

signal, the heat flux density 𝑞  is almost linearly related (see also [2]). 

Figure 1: The influence of the deposition on the measuring signal dynamics. 

 

From the signal progression of the heat flux density, it is possible to derive information about the 

layer deposition situation as shown in Figure 1. Specifically that is from the amplitude and fre-

quency spectrum as well as at higher temporal resolution, also from the phase shift of the measur-

ing signal. That is because, from the fluctuating temperature of the gas, there is also a resultant 

fluctuating heat flux density. On the membrane wall, the damping of the amplitude as well as the 

displacement of the signal of the temperature is dependent on the material properties (heat con-

ductivity 𝜆, density 𝜌 and specific heat capacity 𝑐) also the thickness of the deposition layer 𝛿𝐷. 

At the left side of Figure 1 it is possible to recognize the isolation and heat storage effect of a 

deposition layer through the comparable low heat flux density and the large signal damping. Con-

trarily as for the right side in Figure 1 for clean conditions – the measuring signal reaches a com-

parable higher level and damping of the amplitude is smaller. 
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Figure 2: The influence of the deposition layer on the measuring signal dynamics – Fourier analysis. 

a. with deposit 

 

b. clean surface 

 

Figure 2 shows the amplitude spectrum of a discrete Fourier analysis. The fluctuations from Fig-

ure 1 are shown in detail for the deposited (Figure 2a) and the clean (Figure 2b) membrane wall. 

In contrary to the deposition case (Figure 2a) the analysis of the clean case (Figure 2b) shows a 

higher number of frequencies (with similar amplitudes) between one and two minutes. From the 

heat flux density fluctuations, in the clean case (Figure 2b) there is a pronounced fluctuation of 

the amplitude (also for frequency) in comparison to the deposition case (Figure 2a). 

6 STRATEGY FOR DEPOSIT CHARACTERIZATION AND DEPOSIT-

SPECIFIC CLEANING 

The investigation into the periodic variable temperature is a subject matter of the theoretical con-

siderations e.g. for the investigations into the temperature fluctuations in the earth or for the heat 

transfer from the combustion gas into the cylinder wall in engines [3]. These basic approaches 

can principally be used for the membrane wall even then when the fluctuation of the temperature 

is aperiodic, whereby normally Laplace Transformation is used and respectively the Fourier 

transformation. 

Generally it is valid initially for the periodic, time dependent heat input in a system, that the tem-

perature of the adjacent fluids, see equation (1), on the surface of a solid and with it the trans-

ferred heat flux density changes according to the periodic temporary law. 
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𝜗𝐹 = 𝜗𝑚 + ∆𝜗 ∙ cos 𝜔 ∙ 𝜏  (1) 

At this juncture 𝜗𝑚  denotes a constant median temperature, ∆𝜗 the temperature fluctuation ampli-

tude, 𝜔 the angular frequency of the fluctuation, 𝜏 the period (from an arbitrary point 𝑡0 until to 

arbitrary point 𝑡). The cosine function can be transformed into a sine function at similar condi-

tions through a phase shift of 𝜋 2  and therefore for further calculation steps only the cosine func-

tion can be considered. 

If one assumes that the deposition layer is a single sided infinite long solid, at homogeneous and 

isotropic conditions, then for the temperature field of the deposit layer the Fourier differential 

equation (2) with the location coordinate 𝑥 and the thermal diffusivity 𝑎 is applicable. 

𝜕𝜗

𝜕𝑡
= 𝑎

𝜕2𝜗

𝜕𝑥2
 (2) 

The assumption that a single-sided infinitely long solid at small deposition layers can be made, 

since the temperature fluctuations rapidly occur and the boiling water temperature in the evapora-

tor tubes can be considered as a constant value. 

This consideration occurs in close reference to the literature from [3] and [4], in which the state-

ment refers to examples of single sided infinite elongated solids. For these examples the solid 

always has an infinitely large thermal resistance as result of the significance of the heat conduc-

tivity and thus the temperature fluctuations are completely damped inside the solid. This leads to 

the fact that there is no heat transferred through the solid. In the presented case however the heat 

from the combustion chamber is transferred to evaporating boiling water into the boiler tubes, 

while for the evaporation of water (phase transition of first order) an infinitely large specific heat 

capacity exists. Thereby the same effect occurs as for an infinitely elongated solid, in which the 

temperature fluctuations until the surface of the boiling water are almost completely damped. The 

difference between the both cases is the temperature gradient for the median temperature 𝜗𝑚  in 

the wall construction from which the transferred median heat flux can be calculated. When the 

gradient of the temperature is zero, there is no heat transported through the solid as in the initial 

case. Equation (1) has therefore to be extended to include the dependency of the median tempera-

ture 𝜗𝑚  to the location state of the solid and the median transferred heat flux density 𝑞 𝑚  on the 

boiling water. As an approach equation (2) is used, however the left side of the equation is zero 

when a quasi-stationary state exists, in which the median temperatures at the entry and exit of the 

solid do not change over time. 
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The solution of the equation for the temperature field after calculation steps eventually results to 

a shortened form: 

𝜗 𝑥, 𝜏 𝜏→∞ = 𝜗𝑚 ,𝐷 −
𝑥

𝜆
𝑞 𝑚 +

∆𝜗 ∙ 𝑒𝑥𝑝 −𝜉 

 1 + 2𝛽 + 2𝛽2
𝑐𝑜𝑠 𝜔 ∙ 𝜏 − 휀 − 𝜉 . (3) 

In that 𝜗𝑚 ,𝐷  is the middle temperature of the deposition surface and that yields 

휀 = 𝑎𝑟𝑐𝑡𝑎𝑛  
𝛽

1 + 𝛽
  (4) 

with 

𝛽 =
𝜆

𝛼
 𝜔

2𝑎
=

𝑏

𝛼
 𝜔

2
 (5) 

and 

𝜉 = 𝑥 
𝜔

2𝑎
=

𝑥

𝜆
𝑏 

𝜔

2
. (6) 

The modification of the equation (5) includes the thermal effusivity coefficient 

𝑏 =  𝜆 ∙ 𝜌 ∙ 𝑐 . (7) 

The progression of the temperature field is eventually dependent on the median temperature in 

the combustion chamber, the temperature fluctuation of the amplitude, the period duration, the 

heat transfer coefficient 𝛼 and the material properties heat conductivity 𝜆, density 𝜌 as well as the 

specific heat capacity 𝑐 of the deposition layer, which can be summarized from the thermal diffu-

sivity 𝑎. If it is possible to evaluate the thermal conductivity from the temperature and heat flux 

density fluctuations, then a statement can be made about the characteristics of the deposit. In the 

next step there are at least two of the three material properties to determine that are included in 

the thermal diffusivity, such that a more accurate statement can be made about the type of the 

deposition. 

For the investigation of the deposition layer the surface temperature is particularly important. 

When in equation (3) 𝑥 = 0, that reduces to: 

𝜗0 = 𝜗𝑚 ,𝐷 +
∆𝜗

 1 + 2𝛽 + 2𝛽2
𝑐𝑜𝑠 𝜔 ∙ 𝜏 − 휀  . (8) 

It therefore results, that the surface temperature similar to the ambient temperatures shows a har-

monic fluctuation. Its period duration has the same value as that for the fluctuation of the sur-
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rounding temperature. The surface temperature follows thereby the ambient temperature with a 

time delay, i.e. a phase shift of the value  휀. Furthermore there occurs a damping of the fluctua-

tion with a value of 𝛽 > 1. For the total temperature field and with a growing penetration depth 𝑥 

i.e. the value 𝜉, an additionally damping of the fluctuations with a phase shift is generated. How-

ever the frequency of the temperature fluctuations on the wall is similar to that one of the sur-

roundings. Independent of the influence of the range 𝑥, the heat transfer coefficient 𝛼 effects on 

the amplitude and the phase shift of the temperature fluctuations. For the border case of an infi-

nitely great value for  this influence disappears. Practically the heat transfer coefficient  

however by far is much lower. With a reducing value ( ) there is an increase in the phase shift 

as well as the damping of the amplitude for the temperature fluctuations. To better understand the 

said influences a temporal and location resolved temperature field as an example for a 20 mm 

thick porous concrete layer as the deposit is shown in Figure 3. 

Figure 3: Time- and location-resolved temperature 

field in a deposition layer. 

Figure 4: Temporal and local heat flux density 

progress in a deposition layer. 

  

 Example deposit material: porous concrete 

 Deposition layer thickness: 20 mm 

 Period duration of the fluctuation: 480s 

 Median surface temperature: 400 °C 

 Temperature fluctuations amplitude: 80 K 

 Median heat flux density: 1000 W/m
2
 

At the test facility for heat flux density measurements (as similar in practical operations) the heat 

flux density is determined at the outer side of the evaporator wall and that is in dependency to the 

temperature difference between the fin and the soffit. Hence it is very important – the dependen-

cy of the heat flux density and the fluctuation of the bordering fluid temperature on the deposited 
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membrane wall. For the calculation of the fluctuating heat flux density it is therefore initially 

assumed that a temperature gradient lies on the surface  𝑥 = 0  and thus there is heat conduction 

at the deposition layer. It therefore results in: 

𝑞 = −𝜆  
𝜕𝜗

𝜕𝑥
 
𝑥=0

 , (9) 

whereby under the use of equation (3) and eventually a differentiation after 𝑥 leads to the formu-

lation of the equation (10) for the heat transfer density. 

𝑞  𝑥, 𝜏 = 𝑞 𝑚 +
∆𝜗 ∙ 𝑏 ∙  𝜔 ∙ 𝑒−𝜉

 1 + 2𝛽 + 2𝛽2
𝑐𝑜𝑠  𝜔 ∙ 𝜏 − 휀 − 𝜉 +

𝜋

4
  (10) 

The progress of temporal and local resolved heat flux density is shown in Figure 4 analogous to 

the temperature field in Figure 3. A special investigation of the temperature change behavior at 

the fin through a numerical model and the influence on the heat flux density process has already 

been investigated by Krüger [2]. Hence the subject would not be discussed further at this point. 

Practically it is likely that the temporal curve progression of the combustion temperature is nei-

ther sinus- nor cosine-shaped i.e. it is a non harmonic fluctuation but corresponds to a different 

temporal progression. Also here the indicated theory does not lose its validity but rather this spe-

cial temporal progression of the combustion chamber temperature must be subjected to harmonic 

analysis. Here it can one way result in a simplification through the superposition of cosine lines 

and the other way from leap and bounds changes the progression can be resolved by decomposi-

tion in harmonics by the principle of Fourier series. [4] The Laplace – Transformation can then 

simplify the calculation and with the use of electronic computer processing the objective can be 

reached much faster. 

For the experiments at laboratory scale there is measuring signal into the determination of the 

heat flux density (Figure 5). This signal follows equation (10) and has a phase shift of −휀 − 𝜉 +

0,25𝜋 compared to the temperature fluctuations in the combustion chamber after equation (3). 

Through the imprinting of temperature fluctuations in the combustion chamber with the aid of 

secondary air in the burner, a cosines-shape progression can be generated. If during the experi-

ments the surface temperature of the deposit is determined for example with a high-speed infra-

red camera, then in equation (8) −휀 is inapplicable. This is because from the boundary condition 

3 the boundary condition 1 occurs with 𝛼 → ∞, i.e. comparison of equation (5) and (6). The 

phase shift between the surface temperature of the deposit and the heat flux density signal (see 
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Figure 5) is therefore  −𝜉 + 0.25𝜋. With 𝜉 the thermal effusivity 𝑏 from the equation (8) and 

(10) can be evaluated. The calculation equation is: 

𝑏 =
𝑞   𝛿𝐷 , 𝜏2 

𝜗  0, 𝜏1 
 

1

𝜔
𝑒𝜉  (11) 

with the amplitude of the heat flux density 𝑞   𝛿𝐷 , 𝜏2  at the transition between the deposit and the 

membrane wall, the amplitude of the surface temperature of the deposition 𝜗  0, 𝜏1 , the propor-

tionality factor between both amplitudes 𝜔−0.5 as well as the correction of the damping through 

the deposit between temperature and heat flux fluctuations 𝑒𝜉 . 

Figure 5: Phase progression into the determination of phase shift for the heat flux density at the point 

𝛿𝐷 = 20 𝑚𝑚 in comparison with the temperature fluctuation from the example of Figure 3 and 4. 

 

From thermal effusivity 𝑏 and phase shift 𝜉 the heat conductivity can be iteratively determined in 

relationship to the layer thickness. In the first step the heat conductivity of the deposit is eva-

luated from the conversion of the equation (6) with an assumption of the deposition layer 𝛿𝐷 

which leads to: 
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𝜆 =
𝛿𝐷
𝜉
𝑏 

𝜔

2
. (12) 

In the second step with equation (12) the ascertained heat conductivity 𝜆 and also the deposition 

layer thickness 𝛿𝐷 can be calculated through the mean heat flux density 𝑞 𝑚  through the mem-

brane wall and the median temperature on the deposit layer surface 𝜗𝑚 ,𝐷  as well as between the 

deposit and the membrane wall construction 𝜗𝑚 ,𝑃  after equation (13). Therefore equation (3) can 

be rearranged and a quasi-stationary state can be taken, in which the right side of the equation 

that contains the fluctuations is neglected. 

𝛿𝐷 =
𝜆

𝑞 𝑚
 𝜗𝑚 ,𝐷 − 𝜗𝑚 ,𝑃  (13) 

The steps 1 and 2 have to be repeated until the evaluated deposition layer thickness from the equ-

ation (12) and (13) are identical, and such the heat conductivity 𝜆 and the layer thickness of the 

deposition 𝛿𝐷 can be obtained. After the respective rearrangement of the equation (6) and (7) the 

thermal diffusivity 𝑎 and the volumetric capacity 𝜚 ∙ 𝑐 can be determined. 

7 SUMMARY 

For the heat flux density (analogous to temperature field), it shows that there is a dependency to 

the deposition properties namely density 𝜌, specific heat capacity 𝑐, thermal conductivity  and 

the heat transfer coefficient 𝛼. That is under the condition that the temperature fluctuation ampli-

tude ∆ϑ, can be determined from the temperature profile of the combustion chamber through the 

use of the Fourier transformation. 

If the surface temperature of the deposition layer is known, then the heat transfer coefficient 𝛼 

can be determined from the heat flux density. The determination of the surface temperature can 

for example be done through a timely high resolution infrared camera. 

In further steps the heat conductivity 𝜆 can be iteratively calculated in relation with the depen-

dency of the deposition layer thickness 𝛿𝐷. The product of the remaining material properties i.e. 

specific heat capacity 𝑐 and density 𝜌 can be calculated from the thermal diffusivity 𝑎 or the 

thermal effusivity 𝑏. 

The attained information can then be used for the online measurements of deposition and aid the 

plant operator in the optimization of the process, the fixing of the waste gas cycles and the deter-

mination of the corrosion behavior of deposits. 



Grahl, Beckmann, Magel, Spiegel – IT3 2010 San Francisco  12 

8 REFERENCES 

[1] Spiegel, Wolfgang; Beckmann, Michael; Magel, Gabriele and Krüger, Sascha 

Entwicklung eines Messsystems für die Online-Bestimmung des Wärmestromes auf 

Membranwände von Dampferzeugern in Biomasseverbrennungsanlagen zur Erfassung der 

Beeinträchtigungen der Anlageneffizienz aufgrund von Korrosion und Verschmutzung. December 

2008. Final Report DBU-Project AZ: 23893-24. 

[2] Krüger, Sascha. Wärmestromdichtemessung an Membranwänden von Dampferzeugern. 

Neuruppin : TK Verlag Karl Thomé-Kozmiensky, 2009. Dissertation at the Technical University 

of Dresden. 

[3] Grigull, Ulrich and Sandner, Heinrich. Wärmeleitung. 2nd Edition. Berlin, Heidelberg, 

New York : Springer-Verlag, 1990. 3-540-52315-4. 

[4] Gröber, Heinrich; Erk, Siegmund and Grigull, Ulrich. Die Grundgesetze der 

Wärmeübertragung. 3rd Edition. Berlin, Heidelberg, New York : Springer-Verlag, 1988. 3-540-

02982-6. 




