
Heliyon 5 (2019) e02695
Contents lists available at ScienceDirect

Heliyon

journal homepage: www.heliyon.com
Research article
Analysis of crystallization fouling in electric water heating

Alexander Janzen a,*, Eugeny Y. Kenig b,c

a Stiebel Eltron GmbH & Co. KG, Dr.-Stiebel-Straße 33, Holzminden, 37603, Germany
b Chair of Fluid Process Engineering, University of Paderborn, Pohlweg 55, Paderborn, 33098, Germany
c Gubkin Russian State University of Oil and Gas, Moscow, Russian Federation
A R T I C L E I N F O

Keywords:
Chemical engineering
Electrical engineering
Electrochemistry
Electric water heating
Influencing factors
Crystallization fouling
Electrical leakage current
* Corresponding author.
E-mail address: alexander.janzen@stiebel-eltron.

https://doi.org/10.1016/j.heliyon.2019.e02695
Received 29 December 2018; Received in revised f
2405-8440/© 2019 Published by Elsevier Ltd. This
A B S T R A C T

In the present study, the main influencing factors of crystallization fouling in electric water heating were
investigated. Dependence on the saturation index and four operating parameters was analyzed, namely: liquid
temperature, surface temperature, flow rate and electrical leakage current. A focus of the study was the influence
of electrical leakage current on the fouling behavior and the morphology of the deposited crystal layers. The
investigation shows that the aforementioned parameters influence the fouling process and crystal size growth in a
different way. The experimental results were used to find a correlation between the electrical leakage current and
induction time. In addition, a modeling approach is presented which allows an estimation of the fouling mass flux.
1. Introduction

1.1. Electric water heating

The electric water heating industry covers a wide range of applica-
tions, e.g. tankless water heaters, hot water storage tanks and drinking
water heat pumps. All these domestic appliances contain electric heating
elements. Many conventional heating elements for electric water heating
are based on either a tubular or a bare-wire heating system. There also
exist some other new approaches to heating elements, e.g. infrared
heating elements [1] or ceramic heating elements [2], but up to now they
have not been able to force way through electric water heating.

A tubular heating element is an electric resistance heater in a sheath
made of copper, stainless steel or steel. A heating wire is embedded inside
the metal tube and electrically insulated in highly compressed magne-
sium oxide. The heating fluid has no contact with the heating wire. Due
to the poor thermal conductivity of magnesium oxide, the surface tem-
perature of the heating wire increases. Since it is highly susceptible to
crystalline deposits, its lifetime is also limited. Tubular heating elements
are not affected by air dissolved in the water and are suitable for soft
water conditions [3, 4].

Bare wire heating elements on the other hand are placed directly in
the circulating fluid. Therefore, they need a completely different kind of
electrical insulation. The heating elements are placed into a pressure-
tested insulated block. Insulation resistance is ensured by long and nar-
row channels before and behind electric heating elements. The resistance
de (A. Janzen).
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depends on the properties of the fluid flowing through the channels and
by the channel geometry. Accordingly, the electrical resistance and
conductivity of the fluid are important for the operating conditions. Bare
wire heating elements are especially suitable for use in hard water con-
ditions, because they have a low mass and a large surface compared to
tubular heating elements [5].

According to Gusig and Schmitz [5], conventional electric heating
systems have advantages and disadvantages, which are summarized in
Table 1.

The properties of electric heating elements result in different types of
fouling behavior, which justify a closer investigation.

1.2. Crystallization fouling

Contamination of water heating equipment is a general problem for
electric water heating industry. Especially, crystallization fouling is the
undesired deposition of crystals on heat transfer surfaces, which can
cause severe damage to the heat exchanger, as discussed by Müller-
Steinhagen [6]. According to several investigations [7, 8, 9, 10, 11, 12,
13], fouling can occur on any fluid-solid surface and cause additional
negative effects, e.g. increased pressure loss.

Deposition of calcium carbonate scale is frequently encountered in
electric water heating operations. Calcium carbonate has three poly-
morphs: calcite, aragonite and vaterite. Since calcite and aragonite are
the most stable crystalline forms of calcium carbonate, they are much
more common in tap water heating as other crystal forms. Deposition of
16 October 2019
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Table 1
Advantages and disadvantages of heating systems.

Bare wire heating systems Tubular heating systems

Advantages
low surface temperature no electrical contact with the fluid
fast cooling because of low thermal mass low pressure loss
Disadvantages
direct electrical contact with the fluid high surface temperature
high pressure loss because of long and narrow
channels

slow cooling because of high
thermal mass
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Fig. 1. A characteristic fouling curve for a CaCO3 solution, A1: Initialization
phase, A2: Roughness-controlled phase (our own measurements).
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CaCO3 scale results from precipitation of calcium carbonate according to
the following equation:

Ca2þ þCO�2
3 → CaCO3 (1)

Moreover, calcium carbonate scale can also be formed by combina-
tion of calcium and bicarbonate ions, as explained in [8].

To characterize the thermal performance of heat transfer surfaces
which are subject to fouling, the overall heat transfer coefficient k for the
heat exchanging fluid has been defined according to Eq. (2), in which α is
the heat transfer coefficient, x1,f and x2,f are the fouling thickness on
inner and outer wall sides, xw is the thickness of the wall and λ is the
thermal conductivity.

1
kf
¼ 1
α1;f

þ x1;f
λ1;f

þ xw
λw

þ x2;f
λ2;f

þ 1
α2;f

(2)

On the other hand, the overall heat transfer coefficient k is calculated
based on the temperature difference between the heating element surface
THZP and the fluid Tfl. Furthermore, the heat flux _qel;f at the heating
element is used as follows:

kf ¼
_qel;f

THZP � Tfl
(3)

If fouling occurs on one side only and if all operating parameters of
the heat exchanging fluid are maintained constant, the fouling resistance
Rf may be determined by

Rf ¼ 1
kf
� 1
k0

(4)

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 following equation expresses the dependence of the fouling
resistance on the temporally changing fouling mass flux:

dRf

dt
¼ 1
λf � ρf

� Jf (5)

The fouling mass flux Jf is estimated by taking the difference of two
opposing factors, a deposit term Ji;D and a removal term Jr , as follows:

Jf ¼ Ji;D � Jr (6)

Fig. 1 shows a typical fouling curve, as discussed by F€orster [10]. The
characteristic fouling process is subdivided into two successive fouling
stages: the induction period and the layer growth period. The induction
period is further separated into initialization phase (A1) and
roughness-controlled phase (A2). The induction period is described by
the initialization time, turn point time and induction time. An induction
period is visible in many, yet not in all cases. Its occurrence is primarily
determined by molecular and mechanical interactions at the interface
between the crystalline deposits and the heat transfer surface. In most
cases, no degradation of the heat transfer is observed during this period.
The initialization time describes the begin of the first nucleation and
crystal growth. After this time, the heat transfer coefficient increases
more strongly than the heat conduction resistance. The turn point time
corresponds to the maximum heat transfer coefficient. After this time, the
2

heat transfer coefficient slowly decreases, and the heat conduction
resistance continuously increases. The induction time determines the end
of the induction period. This is followed by the layer growth period,
which is accompanied by a reduction in the heat transfer coefficient. The
temporal evolution of the fouling process may take various forms. A
distinction is made between exponential, linear, continuously increasing,
asymptotic and saw tooth behavior.

To evaluate a saturated system, the products of a performed tap water
analysis are summarized in the ionic activity product IAP. The ratio of the
IAP to the equilibrium solubility product KL, as reported by Wisotzky
[14] for various salts, is a measure of the saturation state and is called
degree of saturation. Usually, however, the saturation index according to
Eq. (7) is used, which is the logarithm of this ratio.

SI¼ log
�
IAP
KL

�
(7)

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.
1.3. Electrochemical issues

When a metal is in contact with an electrolytic solution, a potential
difference builds up between the two phases. This natural potential dif-
ference ΔφDC,N, which is characterized by the electrochemical double
layer and operating parameters, is called zeta potential. It is an energetic
surface property and a function of the electrolyte. In the so-called elec-
trolyte-free water, the charged metal is surrounded by a cloud of ions of
predominantly opposite charge. According to Erdey-Grúz [15], the sur-
face charges compensate the metallic charges in the water, so that it
appears macroscopically neutral to the outside. Actually, several ionic
layers are formed in electrolyte-containing media. First, the so-called
inner Helmholtz layer forms. This inner layer is characterized by dehy-
drated ions and dipoles. Subsequently, a second layer is deposited on the
dehydrated ions with opposite charges. This layer is referred to as the
outer Helmholtz layer. Due to the hydration shell in the outer Helmholtz
layer, the ions occupy a larger space than the dehydrated ions in the inner
Helmholtz layer. Therefore, the surface charge cannot be completely
compensated and a diffuse layer of different charged ions is formed
around the metal, as illustrated in Fig. 2.

The thickness of the diffuse layer is determined by the charge
balancing. Hence, the electrical potential drop in the entire double layer
consists of two potential differences in the Helmholtz layers and the
diffuse layer. The ions in the fluid can be adsorbed on the metallic surface
when they interact with the metal through van der Waals mechanism, or



Fig. 2. Principle illustration of the electrochemical double layer [16].
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when a Coulomb interaction between the solution components and the
surface is established. The adsorption of the ions is supported, weakened
or inhibited depending on the potential differences between the metallic
surface and the solution components. According to Hamann and Vielstich
[16], anions are particularly prone to the so-called specific adsorption.
Due to van der Waals forces, anions can, therefore, adsorption on a
surface even if the metallic surface has negative excess charges.

When an external DC voltage is applied between the metal of the
heating element and an opposing electrode, the potential φMe of the
metallic surface is changed by polarization. This change also affects the
electrical potential difference ΔφDC,E across the double layer. Due to the
applied DC voltage, the ions in the fluid are accelerated to the metal or to
the opposing electrode. This results in an induced dipole effect and a
decrease or increase of the diffuse layer thickness. According to Erdey-
Grúz [15] and Vetter [17], there is no polarization of the electrode when
an external AC voltage is applied. However, the AC voltage and the
resulting electrical current flow change the potential difference ΔφAC,E
over time. The AC voltage leads to a local charge reversal of the double
layers with the frequency of the AC voltage. As a result, the ion adsorp-
tion accelerated following the frequency at positively charged areas and
slowed down at negatively charged areas or may be completely inhibited.

A further effect is considered to be important in the investigations.
Over time, a formation of oxide layers can be observed on the metallic
surface. According to Erdey-Grúz [15], in most cases, the formation of
oxide layers begins with increasing anodic potential. The quantity de-
pends on the material used and the superimposed potential. The latter
may be in the form of a DC or AC voltage. Thus, the kinetics of the
electrochemical oxygen evolution is largely dependent on the operating
conditions, the chemical nature of the metal, the surface condition, and
the quality of the adsorbed oxygen layer. Two special characteristics can
be observed when applying an external AC voltage. First, anodic oxygen
evolution takes place in the alternation of the frequency followed by a
cathodic oxygen reduction. Second, depending on the direction of the
electrical current, the cathodic oxygen reduction is stimulated by the
alternating current and anodic oxygen evolution is favored. Which of the
two procedures predominates during the experiments depends on the
material used and the water composition. According to Rizzo [18], an
oxidized heat transfer surface influences the induction time and the
fouling process.

If electrical current flows in the tap water between two electrodes, it
is possible that corrosion fouling occurs. In this work, two different
metals (brass and stainless-steel) were used. Generally, brass corrosion
occurs when the components of the brass alloy, such as zinc, copper, tin
3

and lead, corrode as the result of the contact with water, as discussed by
Sarver et al. [19]. Since brass typically contains a significant amount of
zinc, it is susceptible to dezincification or to the corrosion of this zinc.
Zinc will selectively corrode in the alloy, while only a weak shell con-
sisting of the remaining copper remains. Corroded brass that has been
dezincified can be identified by a splotchy reddish or pink coloring.
Dezincification occurs only in high zinc alloys, especially yellow brass
(67% Zn - 33% Cu). Generally, zinc is amphoteric and is attacked by
hydroxyl ions:

Znþ 2 OH� þ H2O ¼ ZnðOHÞ2 þ H2O (8)

Brass is also susceptible to other forms of corrosion caused by
different chemicals, such as ammonia or mercury, that attack brass
causing it to weaken.

Corrosion of steel can be considered as an electrochemical process
that occurs in stages, as discussed in [20]. Initial attack occurs at anodic
areas on the surface, where ferrous ions go into solution. Electrons are
released from the anode and move through the metallic structure to the
adjacent cathodic sites on the surface, where they interact with oxygen
and water to form hydroxyl ions. The latter react with the ferrous ions
from the anode to produce ferrous hydroxide, which itself is further
oxidized in tap water to produce hydrated ferric oxide. These reactions
can be represented by the following overall equation:

Feþ 3 O2 þ 2 H2O ¼ 2 Fe2O3H2O (9)

The corrosion process requires simultaneous presence of water and
oxygen. In the absence of either, corrosion does not occur.
1.4. Research objectives and conditions

The main objective of the present work is to show that the defined
parameters have an impact on crystallization fouling in electric water
heating.

In the first step, the following parameters were selected: (a) liquid
temperature, (b) surface temperature, (c) flow rate, (d) electrical leakage
current and (e) saturation index. The investigations were carried out
independently of the geometry and surface properties of different heating
elements. This means that geometry and surface properties of the heating
elements are not considered. A cylindrical brass bolt and a stainless-steel
bolt are operated as heated objects.

In contrast to other research works, as, e.g., [9, 10, 11], the fouling
tests were carried out in a contaminated fluid. The characteristics of the



Fig. 3. Measurement of the local crystal length over the soiled brass
bolt surface.
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fluid that are typically found in the electric water heating industry are
analyzed and described in Section 2.

2. Experimental

In many research studies, the parameters are analyzed in systems with
only one dissolved salt type. Normally, the fluid consists of many
different tap water components. These components are calcium, mag-
nesium, sodium and potassium cations, which can react with existing
anions, such as hydrogen carbonates, chlorides, sulfates and nitrates. The
deposits are often formed based on inverse soluble complex compounds
such as calcium carbonate and calcium sulfate. However, the presence of
additional tap water components can influence the crystallization fouling
through interaction effects. Therefore, the saturation indexes of the
corresponding mineral phases in the test fluids are calculated with the
commercial hydrogeochemical calculation program PHREEQC [21]. To
determine the saturation index and the influence of the test fluid, a tap
water sample was taken before and after each test, followed by tap water
analysis. A total of 60 tap water analyses were evaluated and the arith-
metic mean was used as a reference value for the different tap water
components. The saturation index is calculated for the mineral phase
CaCO3 (aragonite). Table 2 illustrates the data obtained from the tap
water analysis.

Two experimental set-ups were designed to study the characteristics
of crystallization fouling. Set-up A (Fig. 4) was operated under neglect of
flow conditions to confirm the influence of electrical leakage current on
crystallization fouling and the morphology of the deposited crystal
layers. The deposited crystals were analyzed with FT-IR-spectroscopy
(Fourier transform infrared spectroscopy) to characterize what was
really formed on the heating surface. The morphology of the deposited
crystals on the bolt surfaces was analyzed with a light microscope
depending on the leakage current. The light microscope images were also
used to determine the crystal length and average hydraulic crystal
diameter at each bolt using the program ImageJ. Some crystal length
were measured on the soiled bolt surface as demonstrated in Fig. 3.

Subsequently, the average crystal length Lc,m was calculated using the
following equation:

Lc;m ¼
Pn

i Lc;i

n
(10)

Here, Lc,i is the unique crystal length of each measured crystal and n is the
number of measured crystals.

In a similar way, the average crystal diameter dc,m was calculated.
Table 2
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
Manganese [mmol/l] 0.0
Iron [mmol/l] 0.002
Copper [mmol/l] 0.001
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 ¼ 60 �C [-] 0.71
Pressure [hPa] 1002.0
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Furthermore, the contaminated heating surface was analyzed by X-
ray fluorescence after the fouling tests. In this case, the bolt surfaces
without crystals were studied. The crystals were removed from the sur-
face to analyze the bolt surface. In experimental set-up A, brass and
stainless-steel bolts were used.

Experimental set-up B (Fig. 5) was used for the investigations with
continuous flow conditions to study the influence of operating parame-
ters on the fouling resistance. In this set-up, only brass bolts were used as
heated objects.

In all cases, each tank contained a brass or stainless-steel bolt supplied
with appropriate holes for the implementation of maximum four high-
efficiency electric heating cartridges (HS-654, Ø 6.5 � 40, 200 W, 230
V). Two temperature sensors were installed near the surface to determine
the fouling resistance. The containers were equipped with electrodes to
induce an alternating electrical potential in water. An alternating voltage
with a frequency of 50 Hz was applied and an alternating electrical
current occurred.

Table 3 gives the mean operating parameters of experimental set-up
A.

Fig. 4 shows several fouling test tanks running in parallel and filled
with 2.5 l of water. In addition to the measured thermal values, such as
bolt surface temperature, water temperature and ambient temperature,
the electrical voltage and electrical current were also recorded to
determine the electrical power. A variable ratio transformer allowed
precise adjustment of the corresponding power at the surface. In contrast
Table 3
Operating parameters of experimental set-up A with brass and stainless-steel
bolts.

Designation Unit Experimental set-up A

Heat flux _q [W/cm2] 2.2
Surface temperature Ts [�C] 81
Fluid temperatureTfl [�C] 58
Test series with brass bolts
Leckage current Ia,1 (TS1) [mA] 0
Leckage current Ia,2 (TS2) [mA] 7
Leckage current Ia,3 (TS3) [mA] 37
Leckage current Ia,4 (TS4) [mA] 74
Leckage current Ia,5 (TS5) [mA] 98
Test series with stainless-steel bolts
Leckage current Ia,6 (TS6) [mA] 0
Leckage current Ia,7 (TS7) [mA] 7
Leckage current Ia,8 (TS8) [mA] 37
Leckage current Ia,9 (TS9) [mA] 74
Leckage current Ia,10 (TS10) [mA] 98



Fig. 4. Schematic of experimental set-up A.
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to the investigations of H€ofling [13] and Mayer [22], we used no stirrer,
in order to achieve a visible effect of sedimentation and secondary
crystallization.

Unlike the set-up A, experimental set-up B (see Fig. 5) was hydrau-
lically connected in series. In this case, the inlet and outlet temperature
and the flow rate were monitored. The flow control was adjusted by a
variable differential pressure switch with an integrated diaphragm and a
Venturi nozzle. The flow detection was monitored by the tankless water
heater. The tankless water heater was used to generate a constant feed
temperature. Furthermore, the absolute pressure at the inlet and outlet,
the electrical conductivity and pH value were also recorded. In the series
of tests with electrical leakage currents, the applied electrical voltage and
Fig. 5. Schematic of exp
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the electrical current between the inlet and outlet were monitored, too.
Table 4 summarizes different test series of experimental set-up B.

3. Results and discussion

3.1. General influence of crystallization fouling in water heating

3.1.1. Reproducibility of saturation index
In the following, the reproducibility of the thermal fouling resistance

is analyzed and discussed. Reproducible measurements are difficult to
realize because of continuous fluctuations in tap water quality. Fig. 6
shows three exemplary fouling curves, which were recorded with
erimental set-up B.



Table 4
Parameters of test series of experimental set-up B.

Tests
(NE)

Heat flux _q [W/
cm2]

Surface temp. Ts

[�C]
Liquid temp. Tfl
[�C]

Flow rate _V [l/
min]

Reynolds number ¼
Re [-]

pressure pt
[bar]

Leakage current Ia
[mA]

Saturation index SI
[-]

1 3.9 83 45 3 3950 1 0 0.85
2 3.9 85 45 3 3950 1 0 0.96
3 3.9 86 45 3 3950 1 0 0.97
4 5.6 80 30 3 3950 1 0 0.67
5 3.1 89 60 3 3950 1 0 1.11
6 2.9 73 45 3 3950 1 0 0.72
7 1.9 61 45 3 3950 1 0 0.52
8 3.5 89 45 2 2631 1 0 1.09
9 4.3 84 45 4 5263 1 0 1.01
10 3.9 77 45 3 3950 1 6 0.82
11 3.9 83 45 3 3950 1 16 0.87

Fig. 6. Effect of fouling resistance with different saturation indexes (Set-up B;
Re ¼ 3950).

Fig. 7. Effect of liquid temperature on the fouling curve (Set-up B; Re ¼ 3950).
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identical settings over a period of more than six months. The only varied
parameter in this case is the saturation index.

Basically, the thermal fouling behavior is similar over the measured
period. At similar saturation indexes, as those measured in test series NE2
and NE3, the fouling curves are superimposed, and the deviation is in the
range of 10%, which is considered acceptable for practical applications.
In the study on the reproducibility of the induction time, Geddert [11]
found a relative deviation of 10%–35% with constant saturation indexes
and operating conditions. When the saturation indexes differ, the fouling
resistance behavior and induction time are different, as can be seen with
the test series NE1.

3.1.2. Liquid temperature
Fig. 7 demonstrates a significant dependence of the fouling resistance

on the liquid temperature. The fouling curve in test series NE1 shows a
well-defined, roughness-controlled induction period. After the induction
period, a reduction in the deposition rate can be seen.

A reduction of the liquid temperature by 15 K in the test series NE4
leads to the blue fouling curve in Fig. 7. Although the saturation index
was greater than zero, no crystal layer growth was detected. The
roughness-controlled phase is initially dominated by the formation of the
first nucleus and crystals. Subsequently, a negative fouling resistance is
established. The conditions at the surface remain constant due to the
increased heat transfer coefficient. There is no further increase in nucleus
and crystal growth.

However, in the test series NE5 with the liquid temperature of 60 �C,
the relationship is obviously nonlinear, and an induction phase can be
6

observed. The roughness-controlled phase is driven exclusively by the
dominant heat conduction resistance. In the subsequent layer growth
stage, an asymptotic fouling behavior is observed, which evolves into a
kind of saw tooth curve at a later time.

These results show that a change in the temperature level has a
significantly higher impact on the fouling behavior than an increase in
the saturation index, investigated in the previous test series.

3.1.3. Surface temperature
Fig. 8 illustrates the influence of the surface temperature on the

fouling resistance.
It can be seen that the roughness-controlled phase becomes sub-

stantially shorter with smaller peaks, when the surface temperature in-
creases. Additionally, the induction phase does not reveal any
initialization period. Initially, nucleuses are formed, and crystal growth
begins. This leads to an earlier enhancement of the heat transfer coeffi-
cient, which quickly reverts again because of the increasing heat con-
duction resistance. Consequently, as visible for test series NE6 and NE7,
the linear development of crystal growth begins during the induction
phase. This results in a considerable extension of the induction time.
Furthermore, at test series NE7, a saw tooth course is detected in the layer
growth phase. In addition, a temperature increases of 12K, visible in test
series NE7 to NE6, does not influence the fouling behavior significantly.

3.1.4. Flow rate
Fig. 9 illustrates the influence of different flow rates on the fouling

resistance.



Fig. 8. Effect of surface temperature on the fouling curve (Set-up B; Re ¼ 3950).

Fig. 9. Effect of flow rate on the fouling curve (Set-up B).

Fig. 10. Effect of leakage current on the fouling curve (Set-up B; Re ¼ 3950).
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A reduction in the thermal fouling resistance and in the induction
time with increasing flow rate was detected. This was induced by small
crystals growing on the heat transfer surface and increasing turbulence.
The latter led to an enhancement of the heat transfer coefficient.
Furthermore, the effect of increasing fluid velocity caused two further
improvements, namely, enhanced removal forces and inhibited growth of
crystals on the heat transfer surface. Similar experimental results were
also obtained and discussed by Geddert [11], H€ofling [13] and Rizzo
[18].

3.2. Special influence of crystallization fouling in electric water heating

In the following, the focus is on the influence of electrical leakage
currents on the crystallization fouling. Since conventional bare-wire
heating elements have a direct contact with the fluid, an electrical
leakage current arises.

3.2.1. Influence of leakage current on the fouling resistance
The fouling curves in Fig. 10 show that a defined AC electrical current

is established if an AC voltage is applied.
7

The induction time is significantly reduced when the electrical cur-
rent is increased, as shown in test series NE10 and NE11. Although the
saturation index does not change in a reasonable way, the fouling curves
are influenced by the leakage current. After completion of the test series,
the inspection of the brass bolts show that the formation of the oxidation
layer is partially hindered, as illustrated in Fig. 11.

Depending on the intensity and local orientation of the electric field at
the brass bolt, partial oxidation is prevented, nucleation occurs at the
oxidation-free surface, and the crystalline deposit on this clean surface
begins. If this natural formation of the oxidation layer is prevented by the
electric field caused by the applied voltage, stronger nucleation and
crystal growth can take place than with the oxidation layer.

Considering the test series NE10 with a 6mA leakage current, the
reasons for stronger influence in the growth layer phase are not obvious
at first. Optical examination of the bolts after the tests showed that the
electric field could not develop properly. Large parts of the bolt were not
oxidized.

At test series NE11 with a leakage current of 16 mA, however, the
electric field was well formed. It was obvious that a blank, oxide-free spot
had formed in a direction of 90� relative to the flow of the electrical
current, as shown in Fig. 11. The remaining bolt was provided with a
pronounced oxidation layer. This means that the electrical leakage cur-
rent has an influence on the local oxidation of the heat transfer surface
and thus on the formation of the local nucleus sites, the induction time
and fouling behavior.

Fig. 12 shows the dependence of the induction time on the electrical
leakage current. The induction time is significantly reduced when the
electrical current is increased.

3.2.2. Influence of leakage current on morphology
This test series was primarily used to confirm that the crystal

morphology is influenced by the electrical leakage current. Experimental
set-up A was used for these investigations. Furthermore, not only brass
bolts (CW 614 N) but also stainless-steel bolts (1.4301) were used.

Fig. 13 shows the contaminated brass bolt and the light microscope
images of the brass bolt surface depending on the leakage current.
Furthermore, IR spectra of deposited crystals are given for each tested
brass bolt.

With increasing of electrical leakage current, the oxidation of the
brass bolt increases and a defined oxide-free spot forms in a direction
orthogonal to the electrical current flow, just as with the test series in the
previous section. The oxide-free spot is more affected than the oxidized
surface. In the study with oxidized surfaces, Rizzo [18] found a direct



Fig. 11. Schematic representation of the optical observations of the brass bolt in test series NE01 (right) and NE13 (left).

Fig. 12. The relationship between the leakage current and induction time.
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dependence between the degree of oxidation and oxidation depth. In the
present investigations, an increase in the degree of oxidation was
observed with rising electrical leakage current. In addition, an increase in
crystal populations per unit area was also seen with increasing electrical
leakage current.

Furthermore, IR spectra of deposited crystals on each brass bolt are
presented in Fig. 13. It can be seen that the characteristic wave numbers
(black numbers) at 1783 cm�1, 1483 cm�1, 1082 cm�1, 859 cm�1, 712
cm�1 and 699 cm�1 prove the presence of calcium carbonate in the
crystal-form aragonite in all test series TS1 to TS5 [23]. Moreover, the IR
spectra at test series TS3 to TS5 show that additional wave numbers (red
numbers) at 1630 cm�1, 1166 cm�1, 1110 cm�1 and 612 cm�1 appeared.
This fact reveals that the deposition on the brass bolts exhibits the
presence of a crystal mixture based on aragonite in test series TS3 to TS5.
Small valleys of these additional wave numbers at 1630 cm�1, 1166
cm�1, 1110 cm�1 and 612 cm�1 indicate that it is present in negligible
quantity thus making identification difficult. Furthermore, a slight
dezincification may have occurred on the brass bolts. Greenish brash
oxide was not visible in these test series unlike in Teng et al. [24]. In the
images of the brass bolt (Fig. 13), it is visible that a slight reddish surface
coloration has developed. This could be an indication that dezincing
begins. If this phenomenon occurs, the heating surface is changed, and
stronger nucleation and crystal growth can take place. With this in mind,
it could be possible that the additional wave numbers show the presence
of zinc sulfate (ZnSO4⋅7H2O) with the characteristic wave numbers at
1640 cm�1, 1100 cm�1, 990 cm�1, 725 cm�1 and 612 cm�1 [25], which
means a further indication of dezincification.
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The contaminated surface was further analyzed by X-ray fluorescence
analysis. The results are shown in Table 5. The X-ray fluorescence spec-
trum without crystals shows an increase of lead contents with increasing
leakage current. This also could be an indication of dezincification.

In the test series with stainless-steel bolts, similar results were found
as in the test series with brass bolts, as shown in Fig. 14. With increasing
electrical leakage current, an increase in crystal populations per unit area
was also observed. The IR spectra showed the characteristic wave
numbers of calcium carbonate in the modification phase aragonite in all
test series, too. Note that only crystal deposition formed and no clear
corrosion effects were observed on stainless-steel surface after the fouling
tests with different AC leakage current. Table 6 shows the results of the X-
ray fluorescence analysis.

IR spectra of deposited crystals at test series TS9 to TS10 show that
additional wave numbers at 1630 cm�1, 1065 cm�1, 999 cm�1,612
cm�1,550 cm�1 and 456 cm�1 can be detected. These wave numbers are
different from the wave number of the crystal deposition on the brass bolt
surface. On the one hand, the present crystal mixture could be a com-
pound of iron sulfate (FeSO4⋅7H2O) with the characteristic wave
numbers at 1630 cm�1, 1350 cm�1, 1100 cm�1, 990 cm�1, 720 cm�1,
612 cm�1, 550 cm�1and 450 cm�1 [25], which shows the tendency to
corrosion effects. On the other hand, these additional crystals could be
magnesium hydroxide with the characteristic wave numbers at 1630
cm�1, 1065 cm�1, 1000 cm�1, 640 cm�1, 575 cm�1 and 465 cm�1 [26].
A clear identification, what is really formed, is difficult. However, it
becomes clear that the deposited crystals on stainless-steel bolts exhibits
the presence of crystal mixture based on aragonite in test series TS9 to
TS10.

Furthermore, a decrease in crystal length and a reduction of the hy-
draulic crystal diameter with rising electrical leakage current was found,
too.

Fig. 15 illustrates the relationship between the crystal length and
crystal diameter and the electrical leakage current.

The present investigations show that the electrical leakage current
has a direct influence on crystallization fouling. On the one hand, local
oxidation is promoted by the electrical leakage current (anodic oxidation
development); at the same time, however, it is also prevented on the
surface (cathodic oxidation reduction). On the other hand, rising elec-
trical leakage current increases the nucleation population and crystalli-
zation density per area.
3.3. Processing of the experimental data

According to Bohnet [27] and Karpinski [28], the crystal growth
phase is divided into two consecutive steps. The dissolved ions are first
transported by convection or diffusion from the bulk flow through the
diffusion and adsorption boundary layer to the phase boundary. After a
chemical reaction, the ions are incorporated into the existing crystals.



Fig. 13. Contaminated brass bolt, crystal morphology and IR spectra of deposited crystals in dependence on the leakage current.

A. Janzen, E.Y. Kenig Heliyon 5 (2019) e02695

9



Table 5
Results of X-ray fluorescence analysis on brass bolts without deposited crystals.

Test- Ia [mA] Cu [%] Sn [%] Pb [%] Zn [%] Fe [%] Ni [%] Mn [%] Other [%]

TS1 0 57.93 0.27 2.86 38.35 0.28 0.08 0.08 0.1
TS2 7 58.24 0.29 2.94 37.91 0.24 0.07 0.10 0.2
TS3 37 54.89 0.62 3.88 39.33 0.39 0.11 0.14 0.6
TS4 73 55.63 0.84 4.73 37.08 0.39 0.11 0.21 1.0
TS5 97 54.72 1.16 5.29 36.43 0.52 0.14 0.29 1.5
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The mass transfer by convection and diffusion can be represented as
follows:

Ji;D ¼ _mi;D

AHTS
¼ β �ðρF � ρadÞ (11)

In Eq. (11) is _mi;D the deposition mass flow rate and AHTS is the heat
transfer surface. Furthermore, β is the mass transfer coefficient and
ΔρFad¼(ρF-ρad) is the mass concentration difference between the fluid and
the adsorpion boundary layer.

The incorporation reaction of the salt ions into the existing crystal
structure can be described by the following reaction kinetics (Eq. (12)),
in which kR is the reaction rate constant and Δρads¼(ρad-ρs) is the mass
concentration difference between the adsorpion boundary layer and the
heating surface:

Ji;D ¼ _mi;D

AHTS
¼ kR � ðρad � ρsÞq (12)

According to Müller-Steinhagen [6], the exponent q defines the re-
action order and can be assumed to be 2 for the substance system CaCO3.
From Eqs. (11) and (12), the following expression follows:

Ji;D ¼ _mi;D

AHTS
¼ β �

2
641
2
�
�
β

kR

�
þðρF � ρsÞ�

�
1
4
�
�
β

kR

�2

þ
�
β

kR

�
�ðρF � ρsÞ

�1
2

3
75
(13)

The deposition mass flux Ji;D can now be determined as a function of
the concentration difference ΔρFs¼(ρF-ρs). However, Eq. (13) does not
take into account the influence of the electrical leakage current. This
requires a derivation of a relationship from the Nernst-Planck equation
[16], which subdivides the entire deposition mass flux Ji;MD into two
partial mass fluxes. First part is the electro migration mass flux Ji;M and
second part is the diffusion mass flux Ji;D (see Eq. (14)):

Ji;MD ¼ Ji;M þ Ji;D (14)

The determination of the migration mass flux Ji;M as a function of the
electrical potential difference can be described by the following Eq. (15),

in which fMi is the molar mass, ci is the molar concentration, zi is the ion
value, F is the Faraday constant, R is the Universal gas constant and
Δφ¼(φs - φF) is the electrical potential difference between the heating
surface and the fluid.

Ji;M ¼
fMi � ci � zi �F � β

R � T �ðφs �φFÞ (15)

The electro migration mass flux Ji;M can contribute significantly to the
overall mass transport only if the electrical potential difference Δφ¼(φs -
φF) is sufficiently large. According to Hamann and Vielstich [16], this is
not the case in most practical applications. In the application range of
electric water heating, however, the effect of the electrical potential
difference is significant. Adding the two partial mass fluxes (Eq. (13) and
Eq. (15)) into Eq. (14) yields the following relationship:
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In the tests performed, a strong oxidation layer formed on the heat
transfer surface of the brass bolts. In order to take this fact into account,
the so-called oxidation factor fOT is introduced, and the deposition mass
flux Ji;MD is multiplied by this factor:

Ji;MD;f ¼ Ji;MD � fOT (17)

Based on our experimental results and on the experimental in-
vestigations of Rizzo [18], the following equation is derived:

fOT ¼ � 1:6406 �ϕþ 2:1274 (18)

The oxidation factor is used to estimate the influence of local oxida-
tion on the brass bolt. If the surface under consideration is completely
covered by the oxidation layer (degree of oxidation coverage ϕ¼ 1), the
fouling mass flux is reduced by almost 50%. If the degree of coverage
decreases, the fouling mass flux increases correspondingly.

The mass transfer coefficient β required for the calculation of the
depositionmass flux Ji;MDwas determined from the heat andmass transfer
analogy with the following Sherwood number Sh correlation for pipe
flows according to Gnielinski [29]:

Sh¼

�
ξ
8

�
� ðRe� 1000Þ � Sc

1þ 12:7 �
�
ξ
8

�0:5
�ðSc0:66 � 1Þ

�

0
B@1þ

�
dc
L

�2
3

1
CA (19)

where ξ is the coefficient of friction, Re is the Reynolds number, Sc is the
Schmidt number, dc is the characteristic pipe diameter and L is the pipe
length.

Subsequently, the mass transfer coefficients β were determined ac-
cording to the recommendation of Müller-Steinhagen [6]:

β¼ fBB � Sh �DT

dc
(20)

DT ¼DCaCO3 �
Tfl

TR;C
� exp

�
3:8 �Tfl �

�
1

TR;C
� 1
Tfl

��
(21)

DCaCO3 ¼ 1:14563 � 10�9 m2�
s ðat 336 KÞ

In Eqs. (20) and (21), DT is the extrapolated diffusion coefficient,
DCaCO3 is the diffusion coefficient for calcium carbonate at a temperature
TR;C of 336 K.

It should be noted that the correction factor fBB is introduced for the
determination of the mass transfer coefficient considering the bolt ge-
ometry. Fig. 16 illustrates the relationship between the Sherwood num-
ber Sh and the correction factor fBB.

Najibi et al. [30] observed that the reaction rate constant kR increases
exponentially with the absolute temperature and therefore suggested its



Fig. 14. Contaminated stainless-steel bolt, crystal morphology and IR spectra of deposited crystals in dependence on the leakage current.
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Table 6
Results of X-ray fluorescence analysis on stainless-steel bolts without deposited crystals.

Test Ia [mA] Fe [%] Ni [%] Cr [%] Mo [%] Nb [%] Cu [%] Mn [%] Other [%]

TS6 0 71.27 8.13 18.53 0.28 0.01 0.49 1.01 0.3
TS7 7 70.94 8.41 18.05 0.35 0.03 0.66 0.78 0.8
TS8 37 71.18 8.22 18.51 0.28 0.01 0.50 1.04 0.3
TS9 73 71.97 7.82 18.19 0.27 0.00 0.46 1.06 0.2
TS10 97 71.28 8.18 18.48 0.28 0.01 0.51 1.00 0.3

Fig. 15. Correlation between crystal size and leakage current.

Fig. 16. Correlation between Sherwood number and correction factor fBB.
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estimation with an Arrhenius approach. The activation energy E and re-
action constant k1,0 for CaCO3 can be taken from Müller-Steinhagen [6].

kR ¼ k1;0 � exp
�
� Е

< �Ts

�
(22)

In order to estimate the partial mass flux Ji;Mfrom Eq. (15) as a
function of the electrical potential difference, the following procedure is
proposed. As explained above, there is an electrical potential difference
between the heat transferring metallic surface and the fluid. During the
12
investigations, a defined alternating voltage difference ΔφAC is super-
imposed on this natural potential difference ΔφDC. This results in a mixed
potential, which can be determined by the following equation:

Δφ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δφ2

DC þ Δφ2
AC

q
(23)

The voltage in experimental set-up B is measured across the elec-
trodes in all test series, including experiments in which no external
voltage is applied. In this case, a DC voltage is measured. The average DC
electrical potential difference ΔφDC is 0.9V across the experimental set-
up. By assuming a series connection of ohmic resistors for the different
test components of the test sections, it can be supposed that the electrical
current has the same order of magnitude at every point. Thus, if the
diffusion boundary layer thickness δDL¼DT/β is known, the potential
difference between the bolt and fluid at a direct current IDC is to be
calculated as follows:

ΔφDC ¼ IDC �
�
ρMe � dBB
Aq;BB

þ ρF � δDL
Aq;F

	
(24)

where ρMe is the electrical resistivity of the used bolt and ρF is the elec-
trical resistivity of the fluid, dBB is the diameter of the bold, Aq;BB is the
cross-sectional area of the bolt and Aq;F is the cross-sectional area of the
fluid.

In a similar way, the potential drop is also determined in the case of
an alternating current IAC.

ΔφAC ¼ IAC �
�
ρMe � dBB
Aq;BB

þ ρF � δDL
Aq;F

	
(25)

The crystallization fouling is often superimposed by the layer growth
and layer removal stages in the surrounding heating surfaces. According
to Kern et al. [31], the fouling mass flux Jf can be formulated by balancing
the two mass fluxes, one for deposition, Ji;MD;f , and another for removal,
Jr . The influence of the layer removal on the crystallization fouling is
analyzed by F€orster [10], Bohnet [27] and Hirsch [32]. According to
F€orster [10], the fouling mass flux Jf can be described as follows:

Jf ¼ Ji;MD;f � Jr ¼ Ji;MD;f �
�
1�Γ

�
Fτ

FH

�	
(26)

F€orster [10] formulates the removal term with the aid of the removal
probability Γ. The latter is dependent on the ratio between the fluid shear
forces Fτ and adhesion forces FH . In addition, the Weibull distribution is
used to take into account the fracture mechanics of the brittle crystalline
deposits. The determination of the removal probability is given else-
where (see Refs. [10] or [33]).

The removal probability Γ determined in our investigations is shown
in Fig. 17.

The proposed calculation approach can be used to estimate the
fouling mass with Eq. (27) at the end of the testing time tend, assuming a
linear fouling mass flux:

mf ¼ Jf �AHTS � tend (27)

The fouling mass mf is determined after each experiment by means of
the bolt weight increase.

The calculated fouling masses deviate from the measured values by �
30% (see Fig. 18). Above all, the deviations are significant for small



Fig. 17. Removal probability as a function of the force ratio.

Fig. 18. Comparison of the experimental fouling mass mf and the prediction of
our model.
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deposits; they become smaller with increasing fouling mass. For a fouling
mass over 2 grams, the deviations are less than �15%.

4. Conclusions

The results of the present work show that the main factors influencing
crystallization fouling in electric water heating are saturation index,
liquid and surface temperature and flow rate. These characteristic vari-
ables basically influence the temporal development of the fouling resis-
tance, as well as the turn point time and induction time. Furthermore, it
was shown that the electrical leakage current also influences the fouling
process. This means an influence on the local oxidation of the heat
transfer surface of brass and thus on the formation of the local nucleus
sites, on induction time and on fouling behavior. An increase in crystal
populations per unit area with increasing electrical leakage current on
brass and stainless-steel surfaces was also seen. Further observed effects
were a decrease in crystal length and a reduction of the hydraulic crystal
diameter with rising electrical leakage current. The IR spectra show that
13
the deposition on the brass and stainless-steel bolts exhibits the presence
of crystal mixture based on aragonite. Thus, with increasing leakage
current the morphology of deposited crystals changes. Moreover, a slight
dezincification may have occurred on the brass bolts during the fouling
tests. This phenomenon could influence the heating surface and stronger
nucleation and crystal growth can take place. On stainless-steel bolts, no
clear corrosion effects were observed after the fouling tests. Correlations
were derived, which took the influence of the electrical leakage current
on the induction time and crystal size distribution into account. The re-
lations between the fouling mass flux and the influencing factors can be
properly captured by the proposed modeling approach. The model shows
a reasonable prediction capacity, with deviations from experiments less
than 15% for fouling deposits over 2 grams.
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