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Advanced fouling mitigation techniques include approaches to increase the duration of the induction
period and/or to decrease the fouling rate during the deposition process. One such technique is to
generate heat transfer surfaces with high repulsive forces to make them less attractive to the deposition
of dissolved or suspended matter. The present work investigates and compares different electroless Ni—P
coatings with or without boron-nitride (BN). The incorporation of boron-nitride into Ni—P coatings
increases the electron donor component of surface energy which in turn reduces the propensity of the
coating to fouling. A systematic set of fouling runs has been conducted to investigate the influence of
these coatings on the interaction energies between CaSO4 deposits and modified surfaces. The results
show that the Ni—P coatings with Boron-nitride exhibit excellent anti-fouling behaviour compared to
pure Ni—P coatings or untreated stainless steel surfaces. Surfaces having a higher electron donor
component in case of Ni—P—BN produce a higher repulsive energy which causes the adhesion force
between the surface and deposits to decrease. A simultaneous set of reproducibility and cleanability
experiments, however, reveals that the observed surface properties of the investigated coatings are

prone to significant aging after each fouling run, leading to poor abrasion resistance.

© 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

Heat exchanger fouling is a severe industrial problem in which
the accumulation of materials with low thermal conductivity acts
as barrier to heat transfer. It is also a very complex process in which
many parameters are involved such as i) operating conditions, ii)
feed composition, iii) geometry of heat exchanger, and iv) surface
properties. In recent years, technological advancements have given
new impetus to producing innovative modified surfaces with better
anti-fouling characteristics [1]. The pivotal notion here is to modify
the surface energy such that the formation of crystals onto the
surface can be reduced as the poorest fouling adhesion occurs on
materials with lower surface energies [2].

Polymer coatings such as PTFE have been studied due to their
low surface energy and non-sticking properties [3]. However, the
main disadvantages of such coatings are the weak abrasion resis-
tance and the poor heat transfer characteristics. The incorporation
of PTFE nanoparticles into a Ni—P matrix produces metal based
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coatings which can substantially overcome some of these short-
comings [4]. Zhao et al. [5] showed that the surface energy of
Ni—P—PTFE has a dominant influence on microstructure and
adhesion of the resulting CaSO, scale deposits The incorporation of
copper into the electroless Ni—P matrix may further improve the
thermal performance of the coatings [6]. The resulting electroless
Ni—Cu—P—PTFE coating strongly affects the adhesion of CaSO4
deposits onto the surfaces, as shown in Fig. 1. Zhao et al. [7] also
showed that the lowest adhesion of CaSO4 deposits occurred when
the surface free energy was around 26—30 mN/m.

The present study endeavors to investigate Ni—P coatings which
are fortified with boron-nitride in order to enhance the repulsive
forces on the surface. In addition, the coatings have a better thermal
stability than PTFE coatings. The Ni—P coatings have systematically
been subjected to fouling from supersaturated CaSO4 solutions during
convective heat transfer. The findings of this investigation may
contribute to the understanding of the characteristics of crystalliza-
tion fouling on electroless Ni—P coatings, particularly of the relation-
ship between deposition mechanisms and surface energy properties.

2. Coating characteristics
Coating characterizations were carried out prior to each fouling

run to determine the coating properties in terms of surface
roughness, contact angle, and surface energy. The base substrates
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Nomenclature

c Concentration, g/L

f Friction coefficient

AGIST  Total interaction energy, mN/m

AGYY,  Lifshitz—van der Waals interaction energy, mN/m
AG}8,  Lewis acid-base interaction energy, mN/m

AG%2 Electrostatic double layer interaction energy, mN/m
AGfgz Brownian motion energy, mN/m

q Heat flux, W/m 2

R¢ Fouling resistance, m? K/W

T Temperature, °C

tind Induction time, min

U Overall heat transfer coefficient, W/m? K

v Velocity, m/s

v Shear velocity, m/s

Greek symbols

Y12 Solid/liquid interface free surface energy, mN/m

Y2 Solid/vapour interface free surface energy, mN/m

Y3 Liquid/vapour interface free surface energy, mN/m

i Non-polar, dispersive component of surface energy,
mN/m

~AB Polar component of surface energy, mN/m

vt Electron acceptor component of surface energy, mN/m

' Electron donor component of surface energy, mN/m

0 Contact angle, degree

Subscript

0 time zero or clean condition

b bulk

were all of AISI 304 BA stainless steel with 50 mm x 59 mm area
and 0.3 mm wall thickness. The surfaces were coated with elec-
troless Ni—P coatings with or without boron-nitride (BN), which
were provided by NovoPlan GmbH, Aalen, Germany. The first
coating consists of 50 pm of Ni—P with 7—9% P (phosphor). The
second coating (Ni—P—BN) consists of two layers. The first layer
consists of 40 um of Ni—P with 7—9% P and the second layer on top
is made from 10 um of BN (Ni—P with 12—15% boron-nitride). This
is because the present technology of the coating company is limited
to a maximum coating thickness of “only Ni—P—BN” 15 pm. Thus an
additional layer of Ni—P is applied below the second layer in order
to realise an identical thickness of 50 um for both coatings of Ni—P
and Ni—P—BN (Table 1).

2.1. Surface roughness

The most commonly used roughness parameter, i.e. the mean
roughness profile (R;) was determined by using a stylus instrument
(Perthometer M4Pi, Mahr, Germany) over a length of 15 mm in three
horizontal and vertical lines, respectively. As listed in Table 2, the
variation of surface roughness between the various coatings is only
marginal and would hence not affect the investigated deposition
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Fig. 1. Effect of the surface free energy on CaSO, scale formation (Zhao et al. [5]).

mechanisms. To validate this, the shear velocity (v* = v(f/2)"/?)
is determined and tabulated in Table 2, showing only negligible
variations.

2.2. Contact angle and surface energy

An important parameter influencing the adhesion of deposit on
modified surfaces is the free surface energy. It provides a direct
measure of the interfacial attractive forces. The common relation-
ship for the characterisation of surfaces with respect to surface
energy is the Young equation [8]. This equation describes the force
balance, as shown in Fig. 2, between a solid surface, a drop of liquid
placed on it and the surrounding atmosphere:

Y12 = Y2 — Y3 ¢cosd (1

Several thermodynamic approaches are available to determine
the surface energy of a solid surface. In this work, the adhesion of
deposits obtained in the laboratory has been analyzed by the Lewis
acid/base approach which focuses on the electron donor compo-
nent and its significant effect on the fouling process. The approach
was developed by van Oss et al. [9,10] and is based on the total
surface energy of a solid which is the sum of a non-polar Lif-
shitz—van der Waals (LW) force component y*", and a polar Lewis
acid/base force component yE:

vi = v+’ ()

The acid-base polar component can be further subdivided into
electron donor (y~) and electron acceptor (y') interaction
components as:

Y8 = 2y/viryr 3)

The solid/liquid interface energy is then given by

Yi2 = T2+ 73 72(\/7§W-7§W+\/73-7§ +\/72"73+) (4)

where 1, 2, and 3 indicate the deposit, substrate and liquid, respectively.

Table 1

Compositions (wt. %) of Ni—P coatings.
Component Ni—P Ni—P—BN
P (phosphorus) 7-9 7-9
BN (boron-nitride) - 12-15
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Table 2
Surface energy components of electroless Ni—P coating, untreated surfaces, CaSOy,
and water.

Surface R, pm Shear velocity, v* Surface energy

components, mN/m

" 7 T
Ni—P 0.18 0.00862 40.68 0.84 16.64
Ni—P—BN 0.21 0.00863 45.55 0.45 253
SS 0.3 0.00865 35.11 0.03 3.46
CaS04-2H,0 [26] — — 35 0.01 44
Water - - 21.8 25.5 25.5

Combining this with the Young Eq. (1), a relation between the
measured contact angle and the solid and liquid surface free
energies can be obtained:

v3+(1+cosf) = 2(\/7§W'7§W+\/7§~7§+\/75~v§) (5)

In order to determine the surface free energy components (yéw)
and the parameters v and v; of a solid material, the contact angles
of at least three liquids, e.g. distilled water, diiodomethane and
ethylene glycol with known surface tension components
(vY§",y3 and v3), have to be determined. Table 2 lists various
values of these components. It can be seen that Ni—P—BN coating
increases the surface free energy by approximately (29%) above
that of the untreated stainless steel surface. The main effect of the
electroless Ni—P coatings is to increase the electron donor
component of the surface energy. The surface energy and its
components, such as the electron donor component, may be
indicative of the propensity of a surface to foul or not. However the
magnitude of adhesion between incrustation and surface and its
growth rate is directly related to the work of adhesion which in turn
depends on surface energy according to:

Wa = v2+7v3— 712 (6)

2.3. Deposit/surface adhesion energies

In the classical nucleation theory proposed by Mullin [11] the
tendency of a crystal to grow depends on two thermodynamics
factors. The first is the driving force for crystallization which is
expressed as the Gibbs free energy of transfer from a supersaturated
to an assumed saturated solution at the interface. The second is the
energy barrier for integration of ions into a crystal lattice that can be
treated as a physico-chemical interaction force resulting from the
total interaction energy between a deposit and a metal surface.

Since in the present work, the supersaturation of the solution
and its flow velocity were kept constant, the formation of deposits
could be attributed to the interaction between the deposit and the
solid surface. Fig. 3 gives an overview of the interaction energies
which may affect the process of adhesion. According to the DLVO
theory named after Derjaguin, Landau, Verwey and Overbeek, the
principal interaction energies are determined by the balance
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Fig. 2. Interfacial free energies at the boundaries between three phases.

between i) the attractive Lifshitz—van der Waals energy (LW)
which basically depends on the geometry and on the physical/
chemical properties of the interacting bodies, and ii) the repulsive
double layer energy due to the tendency of particular materials to
acquire an electrical charge when immersed in a polar medium. In
a polar medium (e.g. water), Lewis acid-base interaction can cause
anomalies in the theoretical interpretation of interfacial interac-
tions according to the DLVO theory, as they can exceed the DLVO
energies by as much as two orders of magnitude [12]. Hence van
Oss [13] extended the DLVO theory by including the Lewis acid-
base interaction energy (AB). In addition to these interaction
energies, crystals may be adhering to a surface due to the effect of
Brownian motion (Br), which will bring the precursor materials into
contact with the surface in question. Thus, the total interaction
energy AGIY between a deposit and a solid surface can be written
as the sum of the various interaction energies [12,13].

It should be furthermore considered, that substantial adhesion
and growth of deposits can only occur if the flow of the liquid is not
able to provide a shear force strong enough to overcome the attrac-
tive force between crystals and the solid surface. However, modelling
this additional effect is not part of the present investigation.

AGIG) = AGH); + AGT:, +AGH, +AGH, (7)

Oliveira [13] suggested that the balance between all possible
interactions between a deposit and a metal surface determines
whether a system will foul or not, i.e. adhesion/fouling will take
place if AGI9] is negative. In many systems, the electrostatic
interactions and the effect of Brownian motion can be neglected
[14]. In this case Eq. (7) can be expressed as:

AGTE) = AGH, +AGH, 8)

The Lewis acid-base energy AG’??Z is mainly a function of
i) AGq‘gz(Ho) which represents the free energy at the equilibrium
distance (Ho), and ii) the actual distance (H) between interacting
bodies [15].

Basically, H, is defined as the minimum equilibrium distance
between the two interacting bodies, which has been found for
a large range of materials to be equal to 0.157 nm [12]. By assuming
H to be equal to H, [16], AG’;‘gz becomes only a function of the y~ and
v* values of the polar component of the surface energy of the
interacting bodies. If a calcium sulphate crystal (1) interacts with
a heat transfer surface (2) when immersed in a polar medium, such
as water (3), the polar component of AG';‘gz is expressed by

AGHE, = 2(\/7375 T — s e s

— T = v - \/7571*)

9
As a result, Eq. (8) can be transformed into:
AGIY = 2 (V TEVAY YR — S - vé‘”)
+ 2(%573‘ /s =T g
+ \/v;ﬁ - \/73*75 - \/72*7; - \/7571*)
(10)

If the various components of the surface free energy of calcium
sulphate, heat transfer surface and water are known (see Table 2),
then AG@; can be calculated as presented in following sections.
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3. Experimental set-up and procedure

3.1. Test rig and data acquisition

Fig. 3. Molecular interaction energies influencing adhesion.

consists of two vertical rectangular ducts operated in parallel. On
both sides of each duct, openings with the size of 59 mm x 50 mm
exist where the modified surfaces can be mounted. The heated
zone of the modified surfaces is positioned 1.5 m upstream of the

The investigation of fouling on coated surfaces during convec- duct inlet. This arrangement provides fully developed turbulent
tive heat transfer was performed using the experimental apparatus flow. Using a centrifugal pump, the solution is pumped from a 47 1
which is schematically represented in Fig. 4. The closed loop set-up stainless steel tank through a 12 um filter to remove any broken
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Fig. 4. Schematic diagram of experimental set-up.
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crystals and impurities from the solution, which might artificially
act as nucleation sites. The filter is 0.5 m long and made of poly-
propylene and polyethylene. Subsequently, the flow is divided into
two equal streams in the left and right ducts as shown in Fig. 4. The
flow rate is kept constant and controlled separately using two
magnetically inductive flow meters in conjunction with PID auto-
matic controllers and two electrically controlled valves. The two
partial flows are recombined after the heated zone and fed back to
the storage tank. To avoid pump damage and to have better flow
control a bypass pipe system from the pump back to the tank has
been installed. The temperature of the solution in the tank was
regulated using a water-cooled coil inside the tank, together with
two heater pads installed on the outer surface of the tank. The heat
transfer specimens, as schematically shown in Fig. 5, are of 0.3 mm
thickness with 59 mm x 50 mm area, on which two copper blocks
(40 mm x 20 mm) were vacuum-soldered as shown in Fig. 5. The
specimens are heated by using two 450 W golden infrared heaters
(Heraeus Noblelight GmbH, Hanau, Germany), which are radiated
by a sight glass on the back of the copper blocks. The attainable heat
flux at the specimen surface is about 100 kW/m?. During each
experiment, the transmitted heat flux from the surfaces is
measured and regulated by means of automatic PID controlled
dimmers with a maximum deviation from the desired value of less
than +4.8%.

A graphical programming language “VEE pro 6” (Agilent
Technologies GmbH, Béblingen, Germany) was used to record and
process all experimental data such as flow rate, bulk temperature,
heat flux, and the temperature of the heat transfer surfaces. The
analysis of the measured data took place on a separate PC where
the outcomes are stored in Excel spreadsheets. For a better eval-
uation of the system, the measured temperature time series are
plotted as a graphical view with a time interval of 26 s.

3.2. Test solution

Calcium sulphate solution is used as foulant in this study. It is
prepared by directly dissolving calcium nitrate tetrahydrate, Ca

copper plates

59 mm
40 mm

20 mum

t—i

0.3 mm

stainless steel sheet

Fig. 5. Heat transfer specimen.

(NO3)2-4H>0, and sodium sulphate, NaSOy4 in distilled water as per
Eq. (11). The two chemicals were initially dissolved separately in
23.5 1 of distilled water and mixed together in a 47 | stainless steel
tank in such a way that the desired CaSO4 concentration is
achieved.

Ca(NOs3),-4H,0 + NapSO04 — CaSO4 + 2NaNO3 + 4H,0 (11)
3.3. Experimental procedure

All modified surfaces were initially washed with toluene, then
rinsed with water to remove any remaining contamination and
immediately after that mounted in the rig to commence a fouling
run. Then the selected heat flux, bulk temperature and fluid
velocity are adjusted and the rig started to operate under clean
conditions with distilled water until steady-state is reached, i.e.
the temperatures indicated by the thermocouples remain
unchanged. During this period the test solution is prepared and
heated to the desired value (40 °C). After 2 h of steady-state
operation, the test run is stopped, the distilled water removed and
replaced by the test solution. The solution is then circulated for
about 10 min with the heaters off, to ensure that any dissolved air
can find its way to de-aerators which have been mounted on the
top of the supply tank and leave the system from. Subsequently,
the power supply to the surfaces is switched on and the data
collection started. During the experiment the Ca’*-ion concen-
tration is determined by EDTA-titration every 2—3 h and adjusted
by adding equimolar calcium nitrate tetrahydrate and sodium
sulphate to maintain a constant CaSO4 concentration of 4 g/L.
However such adjustment is less than 5% during the first 3 h of
the fouling runs. This is a result of the relatively large size of the
supply tank, which prevent rapid reduction of concentration when
the solution is continuously circulated. The chemical adjustment
may lead to increased concentrations of other ions such as NOs
and Na in the solution which increase the solubility of calcium
sulphate [17]. Nevertheless, systematic tests in the same test rig
have shown that the effect of such ions on the fouling behaviour is
negligible [18]. Once the surface temperature reached a set limit
(typically 160 °C) the heating was automatically stopped and the
all measured data stored in an output file.

3.4. Error analysis

The impact of systematic and experimental errors has been
determined with a 95% confidence interval. The systematic exper-
imental errors in the determination of heat transfer coefficients and
fouling resistances are due to i) errors of approximately +0.2 °C in
temperature measurement and ii) an error of about 4.8% for the
determination of heat flux. The uncertainty of both heat transfer
coefficients and fouling resistances varies with time due to change
in surface temperature once the layer of incrustation starts to build
up on the heat transfer surface. For instance, the uncertainty of the
fouling resistance for a typical fouling run with 100 kW/m? heat
flux, 40 °C bulk temperature, and 4 g/L CaSO4 concentration changes
from 44.73% to 4.9% as time is goes on. This indicates that the largest
experimental uncertainty of the fouling resistance occurs at the
beginning of the experiments when the difference between initial
and actual heat transfer surface temperature is still small.

4. Experimental results and discussion
4.1. Fouling resistance and deposition of CaSO4 on Ni—P coatings

One of the main indicative parameters for the deposition
process is the fouling resistance which quantitatively
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Fig. 6. Fouling resistance as a function of time for untreated and electroless Ni—P
coated surfaces.

represents the reduction of heat transfer coefficient as a func-
tion of time:

1 1
R =5~ 0 (12)

In this equation “U” is the overall heat transfer coefficient and
subscripts “t” and “0” denote conditions at any time and at the
beginning of the experiment, when the heat transfer surface is
considered to be clean. In any fouling resistance curve as shown in
Fig. 6, two important features are of particular interest 1) induction
time, i.e. the time that elapses before the increase in fouling
resistance become notable and 2) the fouling rate which is the slope
of the fouling curve in the region where the fouling resistance
increases continuously. Fig. 6 demonstrates that the electroless
Ni—P surfaces reduce the fouling resistance significantly in
comparison with untreated stainless steel surfaces.

It is evident that the Ni—P—BN surface has a considerably
different fouling behaviour than the Ni—P and untreated surfaces.
Clearly, the induction time for Ni—P—BN is significantly longer than
for the other two surfaces. Furthermore, visual observations during
the fouling runs showed that after a certain period of time the
CaS0,4 deposits on the Ni—P—BN surface tended to break-off.
Furthermore, as indication for the affinity of the surfaces for
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calcium sulphate deposition, the initial fouling rate was used. It is
apparent that the Ni—P—BN coating experiences smaller amounts
of deposit in comparison to the other two surfaces (Ni—P and
untreated stainless steel Fig. 7).

The impact of different coatings on the fouling behaviour can
be attributed to the varying interaction between the molecules on
the surface and the ions in the solution. For the Ni—P—BN coatings,
the higher values of the electron donor component in the surface
energy may imply that the deposition process is much slower than
for the other two surfaces that have been investigated simulta-
neously. Alternatively, the difference in fouling tendency may be
attributed to the influence of deposit/heat transfer surface inter-
facial energy. Fig. 8 indicates that the contribution of AG/{Z, to the
total interaction energy AGI9% is higher to that of the Lifshitz—van
der Waals energy AGEY,. Thus for the investigated modified surface
in this study, the variation of AG’;";Z may be the major indicative
whether a surface fouls or nor while the impact of AGLY, to the
total interaction energy is only marginal.

The electron donor component of the surface energy may also
be directly related to difference in fouling tendency on modified
surfaces. Surfaces having a relatively high value of electron donor
component (y~) have been found to cause a reduction of the total
interaction energy [19]. This is indeed expected to inhibit the
crystal growth due to total interaction energies across the interface
as shown in Fig. 9. In this figure for higher values of the electron
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Fig. 9. Initial fouling rate as a function of total interaction energy and electron donor
component of stainless steel and coated surfaces.
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Ni-P surface

Stainless steel

Ni-P-BN

origin surfaces

fouled surfaces

cleaned surfaces

Fig. 10. Clean and fouled electroless Ni—P and stainless steel surfaces for Ty, = 40 °C, v = 0.15 m/s, heat flux = 100 kW/m? and ¢, = 4 g/L.

donor component of surface energy also AG{% increases simulta-
neously. These findings are consistent with those of Visser [19] who
showed that an important parameter to reduce calcium phosphate
fouling is to increase the electron donor component of the surface
energy. However, there are numerous studies where different
conclusions have been derived, even though for different foulants.
For example, the deposition rate of calcium phosphate was found to
increase with increasing Y~ [20—22]. Wu and Nancollas [20] stated
that the effect of the interaction energies on calcium phosphate
deposition is dominated by the high value of the Lewis acid-base
and electrostatic energies. Nevertheless, i) the contribution of the
electrostatic energy in most cases (especially in aqueous solutions)

can be considered as a repulsive interaction energy [23] or can be
neglected altogether [19], and ii) the magnitude of the Lifshitz—van
der Waals force of these coatings that contributed to the total
interaction energies is not unambiguous. More notably, the fouling
process of calcium phosphate is frequently not a pure crystalliza-
tion process, but rather in combination with particulate fouling.
Such circumstances are experimentally established by Rosmaninho
et al. [24]. They showed that the increase in y~ causes the surface
reaction rate coefficient and hence the deposition rate to decrease.
Nevertheless, the total deposition rate increased for higher values
of v~ due to the increase of the adhesion coefficient of suspended
particulate matter of calcium phosphate. They concluded that the

Fig. 11. CaSO, deposit formed on coated surfaces, a) electroless Ni—P, b) electroless Ni—P—BN (SEM pictures 22.36 pm x 22.36 pm).
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adhesion coefficient of particulate matter seems to be the dominant
factor in the deposition process rather than the surface reaction
rate. Such argument, however, is not valid in this investigation
which is deliberately limited to crystallization fouling as the filter
depicted in Fig. 4 removes any particles before they may reach the
heat transfer specimen.

Visual examination of the fouled surfaces as depicted in Fig. 10
indicates that the Ni—P—BN coated surface has a fragile and thin
deposit layer, while for Ni—P and untreated stainless steel surfaces
the fouling layer was relatively thick. In comparison, the deposit
adhesion on the Ni—P—BN coated surface was less strong than on
the Ni—P coated surface. The strongest adhesion of the deposit
layer has been observed for the untreated stainless steel surface.

4.2. Deposit morphology

Fig. 11 depicts two typical SEM pictures for Ni—P and
Ni—P—BN surfaces for a run with 4 g/L CaSO4 solution and a heat
flux of 100 kW/m?. To obtain such pictures, samples of deposit
have been taken at the end of the experiments with great care to
avoid any damage to the deposit structure. It was found that the
structure of the calcium sulphate deposit is significantly influ-
enced by the type of coating on which the precipitation run has
been conducted.

Both crystalline deposits exhibit a needle-shaped structure,
which is a typical feature of calcium sulphate dehydrate.
However, crystals on the Ni—P—BN surface are thinner and longer
compared to those on the Ni—P surface. Longer crystals such as
those for Ni—P—BN are probably due to longer induction periods,
since a longer induction period allows time for the growth of
longer crystals while a shorter induction period favours shorter
crystals [25].

Furthermore, both stainless steel and Ni—P surfaces exhibit
similar thermal fouling trends, but the crystals on the Ni—P surface
were found to be loosely attached to the surface. These crystals can
easily be washed away by scrubbing the surface with diluted HCI
solutions. Finally a few spots of oxidization have been seen on the
surface coated with Ni—P—BN.

4.3. Reproducibility tests

Repeated fouling runs under identical conditions are required to
examine if the performance of a modified surfaces is consistent or
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Fig. 12. Reproducibility of the electroless Ni—P coating.
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Fig. 13. Heat transfer coefficient versus time for two identical trails of the electroless
Ni—P coating.

differs from one run to another. Accordingly, the coated surface was
cleaned with 0.05 M HCI (Hydrochloric acid) solution. Afterwards, it
was reused for fouling tests under similar operation conditions.
The results shown in Fig. 12 indicate that the Ni—P surface
demonstrates approximately similar crystallization fouling behav-
iour in terms of fouling resistance, but slightly higher fouling rate
and undoubtedly lower induction time for the second trial. The
change of surface roughness after the first run and possibly changes
in coating thickness account for such differences. Unfortunately, it
was difficult to re-use the Ni—P—BN coated surface for a reproduc-
ibility test as signs of oxidization and erosion were spotted after the
initial fouling runs.

In addition, Fig. 13 demonstrates the variation of heat transfer
coefficient versus time for repeated test shown in Fig. 12. It is
obvious that for the Ni—P surface, the heat transfer coefficient has
similar trend for both tests i.e. reducing heat transfer coefficient
with time. Nevertheless, for a given time for trails, the performance
of the Ni—P surface deteriorates substantially after cleaning
process. For instance in Fig. 13 after 200 min, the heat transfer
coefficient is considerably reduced between the two trails.

5. Conclusions

The formation of calcium sulphate deposits on electroless Ni—P
coatings with and without Boron-nitride was investigated and
compared with that on stainless steel surfaces. The fouling exper-
iments showed that the deposition process is strongly affected by
altering the surface properties, particularly increasing the electron
donor component (y~) in the case of Ni—P—BN. This is due to the
increase in Lewis acid-base energy component of the total inter-
action energy that increased sharply from stainless steel to
Ni—P—BN while the change in Lifshitz—van der Waals energy is
negligible. The fouling rate of the electroless Ni—P coatings is lower
than that for the untreated stainless steel surface. However among
the investigated surfaces, the most significant reduction of fouling
rate and longer induction time has been observed for the electro-
less Ni—P—BN surface. The main drawback with such coating is the
poor abrasion characteristics, as some spots of oxidization have
been observed after the experiments. In addition, the effectiveness
of Ni—P coating to transfer the heat decreases after the cleaning
process.
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