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Abstract

This work evaluates the influence of surface temperature, roughness and system pressure on the
crystallization fouling from potable water on an aluminium substrate. Experiments were conducted
using two apparatus; one for temperature and roughness tests and another setup for pressure
investigations. The findings show that a porous film of aluminium oxide forms on the aluminium
substrate under all test conditions. Both temperature and surface roughness enhance the fouling rate
with no obvious changes in the structure of the fouling layer. However, magnesium-calcium deposits
were observed at the early stages of surface deposition. System pressure reduces the resistance to heat
transfer as well as the scale amount on the surface. Moreover, the increase in pressure produces

composite fouling of magnesium carbonate and calcium carbonate.
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1.Introduction

Formation of inorganic deposits associated with water heating processes in the heat transfer systems
is one of the most complex operational challenges. When fouling layers form on a heat transfer surface
in household and industrial appliances, heat transfer rate is impaired, hence retarding the efficiency
of the heat transfer system [1-3]. Deposition of inverse solubility salts retards the performance of
domestic appliances such as coffee makers, steam irons, dishwashers, boilers, washing machines and
potable water distribution systems [4]. A reduction in heat transfer efficiency, blockage of pipes and

hence increase in power consumption are problems mostly encountered in household devices



subjected to fouling [5]. The mitigation of the fouling impact can be achieved by manipulating the

surface properties, water chemistry and operational conditions.

Aluminium is one common metal used in the fabrication of heat transfer surfaces in household devices
and systems. It possesses the second highest thermal conductivity after copper, but is less expensive,
with fair resistance to corrosion in aqueous environments encountered in household devices [6]. There
have been few significant attempts in terms of investigating fouling tendency on an aluminium surface
using potable water as the test fluid. Teng, et al. [7] carried out experiments to study mineral
deposition on five different substrates (copper, aluminium, brass, carbon steel and stainless steel).
They reported that the amount and thickness of the deposit on the aluminium substrate are the second

highest after copper. It was found that the surface deposition is dependent on the surface material [8].

Water containing oxygen catalyses the corrosion reaction of aluminium metal. Oxygen in water bonds
with aluminium forming a protective film of aluminium oxide which prevents further oxygen attack
[9]. It has been reported that the thickness of aluminium oxide Al,Os film that forms in water is about
twice of that forms in the air [10]. The rate of oxygen attack on the metal increases with temperature.
The oxidation on aluminium proceeds by formation of an amorphous layer which subsequently
develops to a crystalline oxide depending on temperature and time [11]. Aluminium oxide films form
in a porous structure consisting of discrete islands. As a result of the porous structure, the oxide layer

is highly absorbent and thus prone to corrosion and fouling in aggressive conditions [12].

Temperature is one of the decisive crystallization parameters that manipulates both morphology and
reaction kinetics [13, 14]. There are several investigations of inorganic scale formation and only a
few studies have focused on the influence of surface temperature. In addition to the stability of
different forms of calcium carbonate (CaCOs) [15], temperature affects the solubility of salts, reaction
kinetics and foulants transport rate [16, 17]. However, the effect of surface temperature on surface
deposition associated with water evaporation has received little attention. The dependency of boiling
condition on temperature affects the local supersaturation in the vicinity of the surface and vicinity of
nucleating vapour bubbles [18]. At the tested temperatures, the deposition of calcite as a prevailing
polymorph of CaCOjs is expected. However, the presence of magnesium and sulphate may lead to

formation of needle-like aragonite [2].

Another critical parameter in domestic and industrial systems is pressure that may affect the fouling
process alongside the temperature. Studies have investigated the relationship between the system
pressure and the formation of scale in the upstream oil and gas industry [19-21]. It has been reported
that the boiling heat transfer coefficient is independent of pressure and vapor quality [22, 23]. Pressure
in the household appliances reaches up to 12 bars due to the generation of steam. The pressure range

in these systems is undoubtedly much lower than that in the oil industry.



The surface roughness was determined to exert a noticeable impact on the tenacity of the CaCOs
deposits [24]. In the study of Keysar, et al. [25], the adhesion of calcite crystal on the rough mild steel
surface was estimated to be as much as 30 times greater than that for a smoother surface. In terms of
morphology, the scale layer on the smooth surface is about three times more porous than that formed
on the rough surface. Later, Bohnet [26] reported that the induction time reduced by eight times when
the mean roughness depth increased by 16 times. The scale particles form on the hills and in the
valleys of surface texture (Fig. 1). The sharp tops of asperities promote the heterogonous nucleation

by acting as sites for crystallization initiation [27].
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Fig. 1. Schematic representation of the fouling process on a rough aluminium surface.
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The understanding of surface fouling from potable water in domestic appliances is a real challenge for
the customers and manufacturers. For the better design of heat transfer surfaces, the effect of the key
operating conditions and substrate needs to be studied. The present work is devoted to investigating the
fouling process on the aluminium surface for different surface temperature, roughness and process
pressure. The fouling evaluations include qualitative analysis (morphology) and quantitative
measurement (fouling resistance and mass of deposits). The structure and composition of the oxide film
formed on aluminium during the heating process were also examined. Two experimental setups were
adopted in this study; the first setup for studying the influence of temperature and roughness, and the

second one for pressure tests.

2.Experimental methods

2.1.Test solution

The solution used in the present experiment is a commercially available bottled water with pH of 7.2
and hardness of 3.07 mmol/L of CaCQOs3, which is almost same as tap water hardness in some regions in
the south UK. Table 1 lists the composition of the test fluid and initial saturation ratio to CaCOs3 as
aragonite at 25 °C. The analysis of the ionic species and pH measurements for the batch of bottled water

used in the experiments were carried out.



Table 1. Composition of bottled potable water

Ion mg/L
Ca** 85
Mg>* 31
Na* 6.5
K* 1
Si** 15
HCO* 360
SO4*> 13
Cr 10
NO* 3.8
Dry residue at 180°C 345
SR to aragonite CaCO3 0.92

2.2.Experimental apparatus and procedure

2.2.1. Primary flow cell

The schematic diagram of the experimental setup is presented in Fig. 2. It comprises of a fresh solution
tank, peristaltic pump, flow cell, heating system, data acquisition system and waste reservoir. The set-
up is a once-through flow system that averts solution recirculation which may cause a decrease in
supersaturation in the system over time. The primary flow cell, where surface scale forms, is built with
an open-top window to work under atmospheric pressure (Fig. 3). A 10 mm thick nylon 6 material was
used for the body part of the cell (130 mm length, 50 mm wide and 55 mm height). An aluminium
sample is fixed by a nylon plastic holder located in the middle of the cell.

The test solution is placed in the feed tank at room temperature. The solution is fed to the flow cell
using a peristaltic digital pump (MS-2/12 Reglo, Ismatec, Germany) at a controlled flow rate. The
solution flows over the heated aluminium surface without fluid recirculation. As the experiments were
performed at surface temperatures between 90-110 °C, the test solution partially evaporates as a result
of nucleate boiling condition. The generated steam leaves the cell through the top window, while the
remaining liquid discharges to the waste tank. For all experiments, the flow rate was kept constant at 8

ml.min™.

Aluminium alloy 1050A (Al = 99.5%) was used to fabricate test cylindrical specimen (22 mm height
and 20 mm diameter). Aluminium was chosen as it is one of the most common materials used in
constructing heat transfer surfaces in household appliances. The specimen was fabricated into a one-

sided hollow cylinder with an inner diameter of 6.7 mm and depth of 19 mm (Fig.4). A bore enables to
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firmly position a cartridge heater for heating the surface. A 3 mm depth channel was perforated in an
internal wall to fit a K type temperature thermocouple between heater and specimen. The test specimen
surface, which is the exposed surface to the solution was grounded with silicon carbide paper (1200
grit) and then polished with diamond suspension (0.5 um). For the experiments to study the effects of
roughness , the roughness grade of the test surface was obtained using silicon carbide papers and

machining process. Thereafter, it was rinsed with acetone followed by distilled water and dried in an

oven at 37 °C for 24 hours.
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Fig. 2. Configuration of the experimental apparatus.
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Fig. 4. The aluminium test sample; (a) top view, (b) bottom view and (c) 2D side view of
assembly of thermocouple and sample (all dimensions in mm).
The insulating impact of the fouling layer on the heat flow was determined using thermal fouling
resistance approach. The formation of salt deposits on the heat transfer surface raises the surface
temperature and subsequently reduces the bulk temperature. Three mineral-insulated K type
thermocouple sensors (TC Direct, UK) were adopted to measure the surface and bulk temperatures.
These thermocouples were linked to a data acquisition system (NI USB-6009 multifunction I/O, UK)
in which the analogue signals are converted into digital numeric values that are subsequently stored
automatically. The fouling resistance is a measure of heat transfer retardation introduced by scale
deposits. Fouling resistance was estimated using the following analytical expressions for convection

heat transfer [28]:

1 1
R =51 (1)
_ (Tw—Tp _ Tw—Tp
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Where, U, is the overall heat transfer coefficient for the clean surface, Uy is the overall heat transfer

coefficient for the fouled surface, T,, is the surface temperature, T}, is the bulk temperature and @ is the
heat flux. It is complicated to measure the bulk temperature at a certain point within the cell, as such,
the average value of the inlet and outlet temperatures is considered. The fourth temperature
thermocouple was placed in the channel between the heater and specimen to send feedback to the
heating system which controls the temperature with an accuracy of £+ 1 °C. The heating system consists
of a proportional-integral—derivative (PID) temperature controller (CAL 9900, UK) and stainless-steel
cartridge heater (L: 25 mm, OD: 6.5 mm and power: 150 W).

2.2.2. Pressurized flow cell

The primary flow cell was modified to create a pressurized atmosphere in the cell. The steaming process
inside the cell generates a pressure higher than the atmospheric pressure. A 3D-diagram of the modified
pressurized flow cell is shown in figure 5. The body wall thickness of the primary cell was increased to
20 mm of Nylon 6 as a constructing material. The number of inlets and outlets was reduced to one each.
The upper window was covered with a Nylon 6 lid (150 mm length, 70 mm wide and 10 mm height)
which was attached to the body of the cell with stainless steel screws. A gasket made of rubber was
placed between the lid and the cell to prevent potential leakage. No modifications were inserted on the

specimen, specimen holder and heating system.



Fig. 5. Pressurized flow cell.
The experimental setup for pressure tests (Fig. 6) is different when compared with the configuration of
the primary setup presented previously in Fig 2. For the pressure test, the test solution flows by the
peristaltic pump to the cell in which solution evaporates and the formed steam generates pressure inside
the cell. The pressure was measured using an analogue positive pressure gauge (RS components, UK).
A pressure relief valve with a variable maximum set pressure was used to control the pressure. The
solution flowing in the cell transforms completely to steam and batches through the relief valve, and
liquid effluent is excluded. The exiting steam condenses in a plastic tube and flows to a waste tank.
Temperature measurements were acquired and processed in the same procedure of the primary cell
experiments. The experimental apparatus described herein mimics, to some extent, the steaming process

in some domestic appliances, such as steam irons and boilers.
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Fig. 6. Configuration of the experimental setup for pressure tests.

2.2.3. Solution and surface characterization



Prior to an experiment, the pH and ionic content of solution were evaluated using a pH-meter (HI 8014
Hanna, UK) and atomic absorption spectrophotometer (AAS) (Agilent Technologies, USA),
respectively. The arithmetic average of the absolute values of the surface roughness (Ra) was measured
using the 3D optical profiler NPFlex (Bruker, USA). A digital laboratory balance (Oxford GM2505D,
UK) with an accuracy of + 1.5 mg was utilized to weigh the specimen before and after a test.

For the post-experiment analysis, the fouled aluminium surface was rinsed with deionized water and
later dried for 24 hours at 37 °C in an oven. Scanning Electron Microscope (SEM) (Carl Zeiss EVO
MAT15) and a Field Emission Scanning Electron Microscopes (FE-SEM) (Hitachi SU8230) were used
to examine the habit of the scale crystals. Elemental analysis of the deposit crystals was performed
using an Energy-dispersive X-ray (EDX) (Oxford Instruments AZtecEnergy) with accelerating voltage
of 15 kV and working distance between 9.2 to 10 mm. The X-ray diffraction (XRD) patterns for the
scale layer were measured using a Philips X’Pert X-ray diffractometer (X’Pert MPD, Cu anode x-ray
source, The Netherlands) with the 2 theta between 5 to 60° for 35 minutes at step size of 0.033 degrees.
The experimental error bars were determined based on the standard deviation or difference between
maximum and minumim values and the arithmetic mean. Experiments were conducted at least twice,

and up to four times in some instances.

3. Results and Discussion

3.1.Aluminium oxide film

In all experiments of mineral scaling conducted on the aluminium surface at temperatures between 80
to 110 °C, a thin passivation film of aluminium oxide fully covers the aluminium substrate (Fig. 7a).
The scale crystals simultaneously grow through and on the aluminium oxide passive layer. Fig. 7 shows
SEM and FE-SEM images of the aluminium oxide film at different magnifications. The oxide film
comprises porous discrete islands distributed on the surface. The XRD analysis of the oxide layer shows

that B-Al>O3 (beta alumina) is the dominant form of aluminium oxide on the substrate (Fig. 8).

Beta alumina has much lower thermal conductivity than that of bare aluminium surface which causes
additional resistance to heat transfer [29]. The growth rate and thickness of the aluminium-oxide film
increase as a function of substrate temperature [30]. The contact angle (CA) measurements show that
the CA of the water droplet is 96° and 24° on a bare substrate and the oxide film respectively (Fig. 9).
The formation of alumina film increases the hydrophilicity of the surface, essentially leading to higher
crystal/substrate contact area. The hydrophilic surfaces are known to reduce the energy barrier for
crystallization [31], hence higher fouling rate is expected on the alumina coated substrate [32]. Fouling

rate is the amount of inorganic deposit formed on unit area of surface per unit time.
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Fig 7. (a) Photo of aluminium surface coated with an aluminium oxide film, (b) SEM image of
the oxide film segments with CaCOj; crystals, (¢) and (d) FE-SEM images of the oxide film with

no scale crystals.
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Fig. 8. XRD pattern of the aluminium oxide layer in presence of calcium carbonate particles [A:

aragonite and V: vaterite].



(a) (b)

Fig. 9. Contact angle measurement on (a) bare aluminium surface [96°] and (b) on aluminium

oxide film [24°].

3.2.Effect of surface temperature

Figure 10(a) shows the effect of surface temperature on the thermal fouling resistance of the scale layer;
temperature reduces the fouling induction period. Mullin [33] described induction time as the
metastable state of supersaturated aqueous solution where spontaneous nucleation is not
favourable. In all experiments, the heat transfer surface is fully covered with an inorganic fouling layer.
The steady growth follows the induction period until reaches the asymptotic fouling resistance. The
asymptotic fouling resistance increases with temperature increase (Fig. 10(b)). The asymptotic fouling
resistance is attained when the deposition rate equals the removal rate. The surface temperature
enhances the heterogeneous nucleation and growth rate of scale particles [34, 35]. The surface

temperature reduces the local salt solubility at the vicinity of the surface.

The increase of surface temperature also promotes the vapour bubbles nucleation rate leading to
increase in the interfacial concentration of fouling species. The fouling process in the vicinity of
developing vapour bubbles is crystallization reaction controlled which is significantly affected by
surface temperature [18]. These bubbles enhance the fluid turbulence near the surface, hence promote
the heat transfer and reaction rate. The reduction in solubility and increase in concentrations both
enhances the local supersaturation, which is the deposition driving force. The scale mass and the scale
layer properties affect fouling resistance to heat transfer [36]. Fig. 10(b) demonstrates that the increase

of fouling resistance is controlled by the mass of the deposit.
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Fig. 10. (a) Thermal resistance of fouling layer on the aluminium surface, (b) surface mass gain
and asymptotic fouling resistance, for different surface temperatures.

In terms of scale morphology, no significant differences in the size and shape of the deposited particles
have been observed with increase in surface temperature (Fig. 11). The SEM image in Fig. 11(a)
illustrates that the fouling layer at 90 °C is the most porous. The needle-like aragonite is the predominant
polymorphic phase of calcium carbonate at all tested temperature. Aragonite was reported as a
metastable form of CaCOs under similar temperatures [37]. The SEM images for the surface at the early
stages of crystallization show the different structure of the fouling layer (Fig. 12). The scale layer that
formed in 2 hours of the experiment contains 14 wt.% of magnesium incorporated with calcium
carbonate needles as shown by EDX analysis. These needles later grew to few micrometres after 22

hours of the experiment.
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Fig 11. SEM images for deposits on the aluminium surface at different surface temperatures; (a)
90 °C, (b) 100 °C and (c) 110 °C.
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Fig 12. Deposits on the aluminium surface at 100 °C; (a) SEM image and (b) EDX analysis.

3.3. Effect of pressure

Figure 13 displays the influence of pressure on the fouling resistance and the deposition rate. The
pressure in the cell significantly minimizes the fouling resistance as well as the amount of the
deposits. Relieving the pressure in the cell and discharging steam results in inconstancy in the
fouling resistance curve. This might be attributed to the leaving vapour bubbles from the surface
which enhance the heat transfer coefficient. An increase in pressure reduces the release of carbon
dioxide from the solution. This shifts the equilibrium to the left-hand side, hence reducing the
formation of CaCOs and MgCOs scale (Egs. 4 and 5). Therefore, the effect of pressure on the scaling
tendency of CaCQOzs is relatively significant [21].

Ca?;q) + ZHCOS'_(CLQ) d CaC03 (S) + COZ (g) + HZO(l) (4)
Mg(z‘;-q) + ZHCOS'_(aq) g MgC03 (s) + COZ @ + HZO(l) (5)
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Fig. 13. (a) Thermal resistance of the fouling layer on the aluminium surface, (b) surface mass
gain and asymptotic fouling resistance, for different absolute pressures.

Figure 14 shows SEM images of mineral deposits on the aluminium surface under different pressures.
The salt particles aggregated in discrete colonies on the heat transfer surface. The salt crystals formed
at a pressure of 100 kPa is a mixture of bouquet-like and dumbbell-like aragonite. As the pressure is
increased to 170 kPa, more bouquet-like aragonite formed with flake-like MgCOs. Spherical crystals
of magnesium carbonate formed in aggregates with bouquet-like aragonite when the system is
pressurized to 250 kPa. The presence of MgCOs in the fouling layer is suggested by EDX elemental
measurement (Fig. 15). It is found that the crystals covered by spectrum A are MgCOs based empirical
formula estimation from the quantities of each element, while spectrum B covers needles of CaCOs.

As pressure is increased, the deposition of magnesium carbonate is observed.

500um  TM3030Plus0173 2020/02/25 10:11 HLU

(@) (b) (©

Fig 14. SEM images for deposits on the aluminium surface at different pressures; (a) 100 kPa,
(b) 170 kPa and (c) 250 kPa.

Electron Image 2

(a) (b)

Fig 15. Deposits on the aluminium surface at 170 kPa; (a) SEM image, (b) Spectrum A (c)
Spectrum B, from EDX analysis.

3.4. Effect of surface roughness
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The influence of surface roughness on the heat transfer resistance of the fouling layer is presented in
Fig. 16. The fouling resistance increases with increase in average surface roughness (R.). Surface
roughness exerts a noticeable impact on the rate of deposition. The profile element of the surface
comprises asperities and valleys. The top sharp ends of asperities act as heterogonous nucleation sites
which promote the scale particles formation [27] while the deep valleys protect the mineral deposition
against the flow shear by acting as a shelter [26]. The unevenness of the rough surface provides a larger
contact area developing the overall adhesion and tenacity of scale crystals [25]. For constant heat flux
operation, an increase in roughness increases the surface heat transfer coefficient resulting in higher
scale-solution interface temperature. In this case, the ageing rate decreases with slower reduction in the

fouling resistance [38].

The amount of deposits increases with surface roughness increase (Fig. 16(b)). However, the amount
of scale formed dropped from 403.3+15.8 mg to 396.4+17.6 mg when the roughness parameter
increased from 1.18 to 1.48 um. The reduction in the mass may owe to the change in the scale layer
structure as the porosity of the fouling layer on a rough surface is relatively high [25]. The fouling layer
comprises of different sub-layers [39], therefore, SEM technique is not adequately able to examine the
salt layer porosity (Fig. 5). The SEM images in in figure 17 show minor differences in the scale
morphology on different surface roughness. The surface texture of domestic appliances is a controllable

parameter. Smoothing the pipe and pool surfaces reduces the scaling tendency of the potable water.
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Fig. 16. (a) Thermal fouling resistance of scale on the aluminium surface, (b) surface mass gain
and asymptotic fouling resistance, for different surface roughness.
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Fig 17. SEM images for deposits on the aluminium surface for different surface roughness; (a) R,
=1.18 um, (b) R, =1.48 ym and (¢) R, =1.91 um.

The effect of minerals surface deposition has been evaluated using the thermal fouling resistance,
the mass of scale and SEM-EDX analysis. These measurements are complementary by which some
properties of the fouling layer can be estimated. Formation of different inorganic salts produces a
composite layer on the heated surface which may result in variation in some properties such as
thermal conductivity and density of the fouling layer. Therefore, comparing the fouling resistance
with the mass of the deposits gives a good indication of how conductive the layer is, as illustrated in

Equations 6 and 7 [40].

_
Iy (6)
_ X
Ry = Y @)

Where, my is the fouling mass, py fouling layer density, Ay is the fouling layer thermal conductivity
and x¢is the layer thickness. For instance, the increase of ion content in the test fluid may reduce the
fouling resistance with an insignificant change in the mass of deposits, as such, it can be inferred
that the formed fouling layer is more conductive. The SEM observations provide knowledge of scale
particle size, morphology and fouling layer porosity which enabled to further validate the findings

from the fouling resistance and mass measurements.

Figure 18 illustrates the relationship between the asymptotic fouling resistance and fouling mass for
the change in pressure, temperature and surface roughness. Asymptotic fouling resistance increases
with the mass of deposits on the heated surface at all tested conditions. However, the change of
system pressure produces a higher rise in the asymptotic fouling resistance when compared with
temperature and roughness. This refers to that the fouling layer thermal conductivity, density or both

decrease with the increasing pressure.
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Fig. 18. The relationship between the fouling resistance and fouling mass.

4. Conclusions

Inorganic scale formation experiments were carried out on aluminium heat transfer surface from
potable water. The tests, which were performed in two experimental setups, involve the study of the
influence of surface temperature, roughness and system pressure. The key findings can be

summarized as follows:

e During the water heating process using an aluminium substrate, a film of Al,O; forms on
the surface. The morphology analysis showed that the Al,O; layer has a porous structure
and good surface wettability.

e The temperature increases the fouling resistance and the amount of the deposits. Also, the
increase in temperature produces less porous fouling layer. Needle-like aragonite is the
prevailing deposition formed in all tested temperatures. In the early stages of surface scaling,
magnesium containing deposits were detected on the surface.

e The pressure in the cell significantly minimizes the fouling resistance as well as the amount
of the deposits. Pressure increase leads to the formation of separated colonies of CaCO3 and
MgCO; on the substrate.

e Surface roughness plays an important role in promoting the fouling rate. However,

insignificant morphological changes were observed as a result of roughness increase.
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Understanding the response of surface deposition process to different operating conditions and water

chemistry helps to better design and improve the long term operation of domestic appliances.
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Nomenclature
R fouling resistance (m”. K/W) Subscript/superscript
U overall heat transfer coefficient (W m? K™) f fouled surface
T temperature (K) c clean surface
0 heat flux (W/m?) w surface/ wall
m mass of scale (g) b bulk
P fouling layer density (g/m’)
A fouling layer thermal conductivity (W/m.K)

=

fouling layer thickness (m)
Acronyms

SEM  Scanning Electron Microscopy

XRD  X-ray Diffraction

EDX  Energy Dispersive X-ray
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