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ABSTRACT 

The aim of the present work is to understand the 

effects of crystallization fouling on bare-wire 

heating elements. To carry out the investigations, a 

unique experimental set-up was developed. It was 

used to determine the fouling resistance and 

investigate the local fouling growth over time using 

optical measuring methods. The fouling resistance 

was measured for various flowrates. The optical 

investigations were used to understand the local and 

temporal fouling growth. Furthermore, they aided in 

determining the locally deposited fouling thickness 

over the heating length of the bare-wire heating 

elements. The morphology of the deposited crystal 

layers on the bare-wire heating surface was also 

analyzed to determine their influence on the heat 

transfer. The findings of this work can be applied for 

developing enhanced bare-wire heating systems 

with improved durability to crystallization fouling. 

The experimental results were used to derive 

correlations between the fouling mass weight and 

the flowrate and between the lifetime and the 

flowrate. 

INTRODUCTION 

Electric water heating 

The electric water-heating industry includes a 

wide range of applications, e.g., tankless water 

heaters, hot-water storage tanks, and drinking-water 

heat pump applications. All these domestic 

appliances comprise electric heating elements. 

Many conventional heating elements for electric 

water heating are based on either a tubular or a bare- 

wire heating system. However, knowledge of the 

fouling behavior of electric heating elements is 

scarce. Such knowledge is necessary for the 

successful development of design principles for 

novel heating-element generations.  

Bare-wire heating elements are placed directly in the 

fluid without any electrical insulation between the 

heating surface and fluid. Therefore, they require a 

unique type of electrical insulation. The heating 

elements are placed into a pressure-tested insulated 

block. The insulation resistance is realized using 

long and narrow channels in front of and behind the 

electric heating elements. The resistance depends on 

the properties of the fluid flowing through the 

channels and on the channel geometry. Bare-wire 

heating elements are typically fabricated using a 

nickel-chromium alloy (NiCr). Fig. 1 shows a bare-

wire heating system. 

 
Fig. 1. Schematic of a bare-wire heating system  

 

Bare-wire heating elements are especially suitable 

for hard-water applications, because they have 

lower weight and lower surface temperature than 

conventional tubular heating elements [1]. Owing to 

the properties of electric bare-wire heating elements, 

their fouling behavior is characterized by different 
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stages, which justifies the requirement of a closer 

investigation. 

 

Crystallization fouling 

Crystallization fouling is the deposition of 

undesirable precipitates on heat-transfer surfaces. 

According to several investigations [3-7], fouling 

can cause severe damage to the heat exchanger. In 

the application field of electric water heating, it is 

necessary to change the entire heating system when 

the bare-wire heating elements fail in order to make 

the device operational again.  

 

The process of crystallization fouling is complex; it 

begins with nucleation and is followed by crystal 

growth on the heating surface. The growth of 

crystals results in a decrease in the overall heat 

transfer coefficient. If fouling occurs, and if all the 

operating parameters of the heat exchanging fluid 

are maintained as constants, the fouling resistance Rf 

can be determined by 

𝑅𝑓 =
1

𝑘𝑓
−

1

𝑘0
       (1) 

where kf is the overall heat transfer coefficient for 

the fouling case and k0 is the overall heat transfer 

coefficient for the initial clean condition. The 

overall heat transfer coefficients are calculated 

based on the temperature difference between the 

heating element surface 𝑇𝑠 and the fluid 𝑇𝑓𝑙 . 

Furthermore, the heat flux �̇�𝑒𝑙,𝑓 at the heating 

element is used as follows: 

𝑘𝑓 =
�̇�𝑒𝑙,𝑓

𝑇𝑠−𝑇𝑓𝑙
       (2) 

The following equation expresses the dependence of 

the fouling resistance on the temporally changing 

fouling mass flux: 

𝑑𝑅𝑓

𝑑𝑡
=

1

𝜆𝑓∙𝜌𝑓
∙ 𝐽𝑓       (3) 

The fouling mass flux Jf is estimated by calculating 

the difference of two opposing factors, a deposit 

term and a removal term, as follows: 

𝐽𝑓 = 𝐽𝐷 − 𝐽𝑟       (4) 

The crystal deposition usually occurs owing to 

inversely soluble, salts such as CaCO3. The driving 

force for crystallization fouling is the degree of 

supersaturation at the heating surface which can be 

expressed by the saturation index, as reported by 

Wisotzky [8]. To evaluate a saturated system, the 

results of a performed tap water analysis are 

summarized in the ionic activity product. The 

saturation index is defined as the common logarithm 

of the ratio of the ionic activity product IAP and the 

equilibrium solubility product KL,: 

𝑆𝐼 = 𝑙𝑜𝑔 (
𝐼𝐴𝑃

𝐾𝐿
)      (5) 

For a supersaturation of the solution, the saturation 

index must be greater than zero. The saturation 

index is used as a measure of the saturation state of 

a multicomponent test fluid.  

EXPERIMENTAL 

Fouling experiments 

In contrast to other research works [9-11], the 

fouling tests were performed in a contaminated 

fluid. For tap water and ground water, the degree of 

supersaturation can be specified using the saturation 

index (Eq. 5). The saturation indices of the 

corresponding mineral phases in the test fluids are 

calculated using the commercial hydrogeochemical 

calculation program PHREEQC [12]. To determine 

the saturation index and the influence of the test 

fluid, a tap water sample was collected prior and 

subsequent to each test, followed by a tap water 

analysis. A total of 60 tap water analyses were 

evaluated, and their arithmetic mean was used as a 

reference value for the various tap water 

components. The saturation index was calculated 

for the mineral phase CaCO3 (aragonite). For the 

solution obtained at 12.5 °C, the saturation index for 

aragonite is 0.13, which indicates a slight 

supersaturation. Table 1 contains the data obtained 

from the tap water analysis. 

Table 1. Results of tap water analysis 

Property / component Unit Value 

Temperature [°C] 12.5 

pH value  [-] 7.4 

Electrical conductivity [µS/cm, 25 °C] 897.4 

Oxygen [mmol/l] 0.1 

Total hardness [°dH] 29.2 

Carbonate hardness [°dH] 15.0 

Hydrogen carbonate [mmol/l] 5.4 

Chloride [mmol/l] 0.5 

Sulfate [mmol/l] 2.2 

Nitrate [mmol/l] 0.1 

Calcium [mmol/l] 3.0 

Magnesium [mmol/l] 2.4 

Sodium [mmol/l] 0.2 

Potassium [mmol/l] 0.1 

SI Aragonite [-] 0.13 

SI Aragonite, Tf = 60 °C [-] 0.71 

Pressure [hPa] 1002.0 

 

An experimental set-up was designed to study the 

characteristics of the crystallization fouling on bare-

wire heating elements as illustrated in Fig. 2. In 

addition to the measured thermal values, such as 

surface temperature and inlet and outlet 

temperatures, the electrical voltage and electrical 

current were also recorded to determine the 

electrical power. A variable ratio transformer 

facilitated the precise adjustment of the 

corresponding power at the surface. The flow 

control was adjusted using a variable differential 

pressure switch with an integrated diaphragm and a 

Venturi nozzle. A connected upstream tankless 
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water heater was used to generate a constant inlet 

temperature of the heating system. 

 
Fig. 2. Schematic of the experimental set-up 

 

Moreover, absolute pressure at the inlet and outlet, 

electrical conductivity, and pH value were also 

recorded. The core component of the experimental 

set-up was the heating system. Inside the glass tube, 

a specially designed bare-wire heating element was 

implemented which could reach an electrical power 

of about 1000 W. Furthermore, in this set-up, one to 

two heating elements could be installed in series. 

The technical data of the bare-wire heating element 

is presented in Table 2. 

Table 2. Technical data and geometrical dimensions 

of a) bare-wire element and b) flow channel 

 
 

The bare-wire surface temperature was measured 

using a K-type thermocouple as shown in Fig. 3. The 

thermocouple was adhered to the surface using a 

ceramic adhesive with a high thermal conductivity 

to obtain a good thermal contact between the heating 

surface and thermocouple. Furthermore, it was 

important to ensure electrical insulation to the 

adhesive between the bare-wire heating surface and 

the thermocouple because of existing electrical 

potential at the heating surface. 

 
Fig. 3. Fabrication of the bare-wire heating element with 

thermocouple: schematic of the cross-section (a); bare-

wire with a soiled surface (b) 

 

Three fouling experiments were conducted using 

different flowrates of 2 l/min to 4 l/min. 

Furthermore, the heat flux was set as 56 W/cm² in 

all the tests. All the test series were performed until 

the electric heating elements failed. The aim of these 

test series was to determine the different fouling 

durability of the bare-wire heating elements. Table 

3 summarizes the test series parameters. 

Table 3. Parameters of test series  

 
 

Optical measuring method 

For the optical investigations, all materials in 

contact with the tap water were fabricated using a 

glass tube and a transparent polycarbonate block, as 

shown in Fig. 2. The optical analysis of the local 

fouling behavior was carried out in six steps. 

 

1. Measuring temporal and local fouling behavior  

In front of the experimental set-up, a digital camera 

was positioned to capture photos of the temporal 

fouling growth. These images were studied to 

understand the local fouling growth over time and 

over the heating length of bare-wire heating 

elements. Fig. 4 shows a typical fouling curve of 

bare-wire heating elements along with images of 

local fouling growth. A discontinuity is observed 

between a testing time of 18h to 22h. During the test 

period, parts of the forming crystal deposits were 

local completely removed or partly peeled off which 

influence the fouling resistance. The explanation to 
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the end-life period is given in Section “Results and 

Discussion”. 

 
Fig. 4. Fouling curve of the bare-wire heating element for 

a CaCO3 solution on the test series NE1, A1: Induction 

period, A2: Crystal growth period, A3: End-life period 
 

2. Preparation of test samples for optical analysis 

After the fouling tests, the glass tube with the 

inserted soiled bare-wire heating element was 

dismounted to prepare for the optical analysis. In 

order to minimize the damage to the deposits, the 

entire tube was encapsulated in a larger polyvinyl 

chloride tube using a sealing compound, as shown 

in Fig. 5. 

 
Fig. 5. Illustration of the sealing and cutting process in 

preparation of the optical analysis: soiled system after 

fouling test (a); soiled system after the preparation of the 

test samples for the optical analysis (b) 
 

After the sealing compound has hardened, the 

prepared tube with the heating element is cut into 

four segments (Δx1 − Δx4) of about 37.5 mm length 

using a precision saw. Furthermore, each cross 

segment is cut along the pipe direction (section A–

A) as illustrated in Fig. 5b). 
 

3. Optical inspection of final state of CaCO3 

deposition  

Subsequent to the optical inspection of the final state 

of the fouling in the prepared test samples, photos 

were captured of the side section A–A of each cross 

segment (Δx1- Δx4) using a digital camera. Fig. 6 

illustrates the prepared test samples. 

 
Fig. 6. Test samples of side section A–A of each segment 

(Δx1 − Δx4) 
 

4. Analysis of local fouling layer morphology 

The morphology of the contaminated bare-wire 

heating elements was analyzed using a light 

microscope. Fig. 7 shows an example of the 

morphology of the deposited crystals on the bare-

wire heating element along with their terminology. 

 
Fig. 7. Local deposited CaCO3 fouling layer on the bare-

wire surface (section A–A, segment Δx3) 
 

5. Determination of deposited fouling layer 

thickness  

The images obtained at step 4 were used to 

determine the local thickness of the fouling layer on 

the bare-wire heating elements at each side section 

A–A using the commercial program ImageJ. Some 

fouling thicknesses xf,i were measured over the bare-

wire circumference as demonstrated in Fig. 8. This 

procedure was executed for each bare-wire cross-

section to determine the fouling thickness over the 

heating length. 

 
Fig. 8. Measurement of the local fouling thickness at the 

cross-section of the bare-wire at segment Δx2 
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Subsequently, the average layer thickness xf,m,j was 

calculated using Eq. (6): 

𝑥𝑓,𝑚,𝑗 =
∑ 𝑥𝑓,𝑖
𝑛
𝑖

𝑛
      (6) 

6. Identification of different stages of local and 

temporal fouling growth 

The images of steps 1, 3, 4, and 5 were used to 

identify different stages of the local and temporal 

fouling deposition on the bare-wire heating element. 

The aim of this procedure is to visualize the 

fundamental findings regarding the fouling growth 

on the bare-wire heating elements. 

RESULTS AND DISCUSSION 

Fouling experiments 

Generally, the fouling curve can be subdivided 

into two major periods: the induction period A1 and 

crystal growth period A2. In the present work, a third 

period is observed at the end of the fouling curve; 

this period is called the end-life period A3, as shown 

in Fig. 9.  

 
Fig. 9. Typical fouling behavior of the bare-wire heating 

element in the test series NE2, A1: Induction period, A2: 

Crystal growth period, and A3: End-life period 
 

An induction period A1 is visible in many yet not in 

all the investigated cases. Its occurrence is primarily 

determined by the molecular and mechanical 

interactions at the interface between the crystalline 

deposits and the heat transfer surface. In some cases, 

the first formed crystals have a positive effect on the 

heat transfer owing to induced near-wall turbulence 

[13]. This period is followed by the layer growth 

period A2, which is accompanied by a reduction in 

the heat transfer. In this period, the deposition is 

mainly driven by the supersaturation of the solution 

and process conditions. The visible end-life period 

A3 is observed after the linear crystal growth period 

A2. The main feature of period A3 is a sudden 

increase in the fouling resistance as detected in test 

series NE1 and NE2 (see Fig. 4 and Fig. 9). After 

the period A3, the bare-wire heating element fails. 

An indication of this is a rapid decrease in the heat 

transfer coefficient. This means that the heating 

element is not sufficiently cooled, and therefore, the 

bare-wire has burned through. The influence of 

various flowrates is shown in Fig. 10; generally, a 

reduction in the thermal fouling resistance and 

induction time is observed as the flowrate is 

increased, as discussed by Förster [9], Geddert [10], 

and Albert [14]. 

 
Fig. 10. Fouling resistance Rf for various Reynolds 

numbers of the bare-wire heating element 

 

When the flowrate is equal to 4 l/min in test series 

NE3, an interesting fouling behavior is observed. 

First, a well-formed induction period is 

distinguished. Second, a saw-tooth course is 

detected in the layer growth phase. Third, no end-

life period is detected. It is observed that with a 

flowrate of 4 l/min, the bare-wire heating element 

begins to swing in the flowing fluid. The swinging 

of the bare-wire increases the turbulence and results 

in an enhancement in the heat transfer and a 

reduction in the fouling growth. Therefore, an 

increase in the fluid flowrate and the swinging of the 

bare-wire result in two improvements: enhanced 

removal of deposit crystals and inhibited growth of 

crystals on the heat transfer surface. Furthermore, no 

end-life period is detected in test series NE3 because 

the bare-wire heating element does not fail after 400 

h when the test series is completed. 

Derivation of correlations 

The experimental results were used to derive 

the correlation between the fouling mass weight and 

flowrate and between the lifetime and flowrate. Fig. 

11 shows the correlation between the fouling mass 

weight and flowrate.  

 
Fig. 11. Correlation between fouling mass weight and 

flowrate (*The bare-wire heating element has not failed) 
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The weight of each glass tube with the inserted bare-

wire heating element was measured prior and 

subsequent to the execution of each test series. The 

fouling mass weight is determined based on the 

weight increase of the heating elements. The fouling 

mass weight is reduced when the flowrate is 

increased. Fig. 12 illustrates the relationship 

between the lifetime of the bare-wire heating 

elements and the various flowrates considered. The 

lifetime raises with an increase in the flowrate.  

 
Fig. 12. Correlation between the lifetime and flowrate 

(*The bare-wire heating element has not failed) 
 

Optical investigations of local fouling behavior 

In front of the experimental set-up, a digital camera 

was used to capture images along the heating length 

of the bare-wire heating element. Fig. 13 presents 

the images of test series NE2 at various times.  

 
Fig. 13. Time-dependent images of a contaminated bare-

wire heating element in test series NE2: t0 - clean surface, 

t1 - partly covered surface with deposited crystal layer, t2 

- entirely covered surface with deposited crystal layer, t3 - 

highly soiled wire with partly covered coil pitches in 

segment Δx3 and Δx4, tn - very highly soiled wire just 

before the heating element fails 
 

At the beginning of the duration test, no deposition 

is observed, as shown in Fig. 13 (t0). In the flow 

direction, the fluid temperature is increased by the 

bare-wire heating element. Therefore, it is detected 

that the deposited crystal layer thickness is greater 

in segments Δx3 and Δx4 than in segments Δx1 and 

Δx2, as can be observed in Fig. 13 (t1). This can also 

be observed at each time-dependent image in Fig. 

13. It can be assumed that the first nucleation and 

crystal growth begin at segment Δx4 because of the 

highest surface and fluid temperatures. This is 

confirmed in Fig. 13 (t2). Additionally, it is 

identified that the first covered coil pitches are seen 

in segment Δx3. In Fig. 13 (t3), it is observed that the 

fouling layer has grown further in all the segments. 

Fig. 13 (tn) shows the fouling distribution just before 

the heating element fails. At this time, it is shown 

that large parts of coil pitches in segments Δx2, Δx3, 

and Δx4 are covered with a deposited fouling layer 

over the coil circumference. Similar fouling stages 

are detected during the execution of test series NE1 

and NE3; the observation in segment Δx4 is 

presented in Fig. 14. 

 
Fig. 14. Comparison of time-dependent images of 

contaminated bare-wire heating elements in segment Δx4 

in test series NE1, NE2, and NE3  

In all the test series, the fouling distribution is 

similar over the heating length and along the flow 

direction until the bare-wire heating element fails. 

In all observed tests, an increase in the flowrate 

causes an extended lifetime as explained above. 

Furthermore, a critical point can be observed when 

the coil pitches are covered with a crystal layer over 

a large part of the coil. Subsequently, the local 

fouling tendency is favored because the flow 

conditions are changed. In addition, the fouling 

layer grows in the wall direction faster than in the 

bulk flow direction and changed the free-flow cross-

section. Therefore, the high effective shear stresses 

result from the constriction of the free-flow cross-

section in this area and influence the flow 

conditions. Under clean surface conditions, bare-

wire heating elements show a dynamic turbulence 

flow behavior owing to the properties of the coil 

geometry, as explained by Gusig [1]. Time-

dependent deposition initially changes the flow 

condition of a coil flow to a circular ring flow and 

finally to a pipe flow. These flow conditions, which 

are dependent on the soiled heating element 

conditions, result in a reduction in the heat transfer 

and therefore in the lifetime of the bare-wire heating 
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elements. Based on these findings, a schematic of 

local and temporal fouling deposits on the bare-wire 

heating elements was derived, as illustrated in Fig. 

15. 

 
Fig. 15. Derivation of different stages of local and 

temporal fouling deposition on bare-wire heating 

elements in section A–A 

 

Local fouling layer thickness and morphology of 

CaCO3 fouling deposits 

Fig. 16 shows the determined local fouling thickness 

over the tube length of the tested bare-wire heating 

elements and illustrates its dependence on flowrates. 

 
Fig. 16. Average local thickness of the fouling layers as a 

result of the optical analysis in test series NE1, NE2, and 

NE3 

 

It can be observed in Fig. 16 that, in the flow 

direction, the fouling thickness increases. A 

significant increase in the fouling layer thickness 

was found between the section at 100 mm to 130 

mm in the case of all the test series. Fig. 16 also 

shows that the fouling thickness sometimes slowly 

decreases, as observed in the section between 70 

mm to 90 mm in the test series NE1. During the test 

period, parts of the forming crystal deposits were 

completely removed or partly peeled off. Thus, the 

fouling thicknesses varies over the tube length. For 

the used bare-wire heating elements, it can be 

assumed that for the fouling thickness of 0.85 mm 

(half of coil pitch aw = 1.69 mm), the heat transfer 

significantly decreases because the coil pitches are 

covered by crystal deposits. This shows that an 

increase in the coil pitch could result in an extended 

lifetime of the bare-wire heating elements. 

In addition to the previous optical analysis, light 

microscope images of the fouling layer morphology 

were analyzed to understand the heat transfer during 

the local crystal growth of bare-wire heating 

elements. Fig. 17 shows some examples of typical 

morphology structures. 

 
Fig. 17. Typical morphology structures at different stages 

and cross-sections on bare-wire heating elements: first 

grown fouling layer (a); completely formed crystal layer 

over wire circumference (b); well-formed crystal layer 

with covered coil pitch (c); compact formed crystal layer 

with completely enclosed coil pitches (d) 

 

The crystal layer growth on a bare-wire surface can 

be divided into two areas as illustrated in Figs. 7 and 

17: the compact crystal layer area B1 and the crystal 

needles area B2. At the beginning of the crystal 

growth over the bare-wire circumference, no 

deposits are observed at position P2 as observed in 

Fig. 17a. The first crystal growth starts at position 

P1, and the base layer grows from that point to the 

flow direction. In Fig. 17b, a circumferential fouling 

layer along the wire circumference is shown. This 

fouling layer increases the thermal conduction 

resistance and reduces the direct convective heat 

transfer. However, Fig. 17b additionally shows 

well-formed crystal needles in area B2, which leads 

to an increase in the surface roughness on the 

compact crystal layer B1, and therefore, to an 

improvement in the local heat transfer coefficient 

due to a higher turbulence. The next fouling stage is 

illustrated in Fig. 17c. It shows a compact core layer 

B1 and well-oriented crystal needles B2, which grow 

thicker and longer in this stage. Furthermore, the 

mesh of needles is interlocked more densely 

between the coil pitch. Thus, the local heat transfer 

between the two wires is further reduced because of 

the covered coil pitch. In this stage, the thermal 

conduction resistance of the compact fouling layer 

B1 is often larger than the improved heat transfer by 

the increased fluid velocity owing to the reduced 

free-flow cross-section. Fig. 17d presents a 

visualization of the final stage of the local fouling 

morphology on bare-wire heating elements before 
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they fail. The deposits enclosed some coil pitches 

completely. This deposited compact fouling layer B1 

is packed hard and more densely over the operating 

time. The heat transfer of the bare-wire heating 

element is essentially driven by the heat conduction 

and less by the heat convection in this stage. Thus, 

the heating element is not cooled sufficiently, and it 

overheats over time. Immediately, a compact 

fouling layer is formed, which results in a decrease 

in the heat-transfer coefficient, and therefore, to an 

increase in the fouling resistance as observed during 

the end-life period A3 in the test series NE1 and 

NE2. 

CONCLUSIONS 

In this work, fouling behavior of bare-wire 

heating elements was investigated. The typical 

CaCO3 fouling behavior of bare-wire heating 

elements was determined using the measured 

fouling resistance at various flowrates. Thereby, a 

characteristic period was identified, which is 

characterized by a suddenly increased fouling 

resistance; it is called the end-life period. The end of 

this period results in a failure of a bare-wire heating 

element. Furthermore, it was shown that the lifetime 

of the bare-wire heating elements is extended when 

the flowrate is increased. The swinging bare-wire in 

the flowing fluid contributed to an increase in the 

lifetime of bare-wire. This phenomenon is observed 

in the case of a flowrate of 4 l/min. If the effect of 

the swinging bare-wire increases the turbulence, it 

results in an enhancement of the heat transfer and 

reduction of the fouling growth. A unique feature 

was identified during the optical investigations of 

the local and temporal crystal growth. Over the 

operating time, the coil pitches have been 

completely covered, and a hard and more densely 

fouling layer was formed. Therefore, different flow 

conditions were observed during the lifetime of the 

soiled bare-wire heating elements. These soiling-

dependent flow conditions cause a reduction in the 

heat transfer and, therefore, a reduction in the 

lifetime of bare-wire heating elements. This 

observation is based on the assumption that an 

increase in the coil pitch could extend the lifetime of 

bare-wire heating elements. An analysis of the 

crystal morphology showed two essential areas: the 

compact crystal layer area and the crystal needles 

area. Both these areas influence the heat transfer in 

different ways, which necessitates a closer 

investigation. The findings of the present work can 

be used to design enhanced bare-wire heating 

elements with improved durability to crystallization 

fouling, e.g., increasing coil pitches and reducing 

flow channel diameter. 

NOMENCLATURE 
IAP Ion activity product, mol2 m-6 

Jf Fouling mass flux, kg m-2 s-1 

JD Deposition mass flux, kg m-2 s-1 

Jr Removal mass flux, kg m-2 s-1 

k Overall Heat transfer coefficient, W m-2 K-1 

KL Solubility product constant, mol2 m-6 

n Number of measurements, dimensionless 

p Pressure, bar 

q̇  Heat flux, W cm-2 

Rf Fouling resistance, cm² K W-1 

SI Saturation index, dimensionless 
T Temperature, °C 

t Time, s 

xf Fouling layer thickness, m 

xf,m Average fouling layer thickness, m 

Greek symbols 
Δx Distance, m 

λ Thermal conductivity, W m-1 K-1 

ρ Density, kg m-3 

Subscripts 
0 Initial clean condition 
el Electrical 

f Fouling 
fl Fluid 

s Surface 
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