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Analysis of Silica Fouling on Nonwetting Surfaces
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ABSTRACT

Ground water sources used as coolant fluids in a variety of thermal systems such as heat
exchangers and power plant condensers contain silica particles that accrete on heat transfer
surfaces over time leading to reduction in thermal performance, a problem that is particularly
exacerbated with temperature. Nonwetting superhydrophobic, lubricant-infused, and a new
class of solid-infused surfaces introduced in this work are candidates for fouling mitigation, by
virtue of their water repellency, but little is known about fouling of silica on the surfaces,
especially under dynamic flow conditions and as a function of temperature. This article
presents, for the first time, a systematic study of dynamic flow fouling of silica on nonwetting
surfaces vis-a-vis conventional copper surface over a temperature range 20 °C — 50 °C. The
mechanism of silica aggregate formation and its adherence to the different surfaces is elucidated
by scanning electron microscope (SEM) imaging. Sigmoidal growth model is used to describe
the time evolution of fouling thermal resistance and an Arrhenius model is presented for the
temperature-dependent increase in the asymptotic fouling resistance on nonwetting and
conventional surfaces alike. Lubricant-infused and solid-infused surfaces are shown to reduce
fouling resistance by up to 25% and 13%, respectively, compared to conventional surface,
whereas superhydrophobic surfaces lose their non-wettability under flow conditions, leading to
an adverse increase in the fouling resistance by up to 13%. Considering the possible lubricant
depletion in lubricant-infused surfaces over prolonged exposure to a flowing fluid, solid-
infused surfaces present a robust alternative.

Keywords: silica fouling; superhydrophobic surface; lubricant-infused surface; solid-infused

surface; Arrhenius relationship.
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1. INTRODUCTION

Several energy transport systems utilize the flow of untreated water which contains
undissolved salts/minerals in minute concentrations. Continuous contact of such solute particles
with a heat transfer surface results in their gradual deposition. With time the deposits grow in
size and spread throughout the surface. The lower thermal conductivity of such mineral
foulants decreases the heat transfer performance of the system, therefore necessitating ways to
mitigate the phenomenon of scale formation.* Among the different minerals, fouling by silica is
of utmost importance owing to its presence in most ground water sources utilized in various
applications.> As a result, understanding the mechanism of silica scale formation, quantification
of reduction in heat transfer performance, and devising ways to mitigate fouling are necessary.

Several studies have been reported on the fouling of conventional heat transfer surfaces by
silica.>1* Heuvel et al.® studied the effects of surface roughness on the early stages of silica scale
formation. They observed that the precipitation of silica is strongly governed by the surface
roughness; however, once silica has nucleated, further growth of and spread of aggregates is
independent of surface morphology. Chan et al” systematically studied the effects of
supersaturation and Reynolds number on the scale formation of silica. Several other studies
focused on the chemistry of silica aggregate formation, surface-silica interaction and
quantification of the extent of fouling on smooth surfaces.®1

Surfaces modified to induce nonwettability are viable options to deter fouling due to their
propensity to repel water and thereby mitigate mineral accumulation. Nonwetting surfaces
conventionally studied in the literature include superhydrophobic surfaces and lubricant-
infused in which an air cushion or a lubricant fluid in the asperity interstices increases the water
contact angle (* 120° and as high as 170°) and reduces the water sliding angle (< 10° and as low
as 2-3°).1"2 Nonwetting surfaces have shown great potential for drag reduction’>', enhanced
convection'”!8, enhanced phase change heat transfer'”, and reduced corrosion?*?!. Use of
nonwetting surfaces to deter fouling is also reported in the literature, focusing mostly on
biofouling?*?* whereas the limited studies on mineral fouling are restricted to calcium sulfate
and calcium carbonate deposition on surfaces immersed in a static fluid medium.?>?” In contrast,

there is a little reported information on dynamic flow fouling on nonwetting surfaces. In our
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previous study?, we addressed this void by systematically investigating dynamic flow fouling
of calcium sulfate and calcium carbonate on superhydrophobic and lubricant-infused surfaces,
in comparison to smooth surfaces, and presented optimal surface designs for minimizing
fouling resistance. The study highlighted the different nature of the fouling deposits and, in
turn, the different fouling thermal resistance of the two minerals.

While calcium sulfate and calcium carbonate are the most considered minerals in fouling
studies on nonwetting surfaces, since each mineral exhibits different deposition characteristics
and, in turn, differs in the influence on the thermal performance, it is of interest to understand
the nature of silica fouling on nonwetting surfaces. However, there is conspicuous absence of
any information on silica fouling on nonwetting surfaces. In the present study, we fill this gap
by systematic experiments of silica fouling on nonwetting copper surfaces in comparison to the
conventional smooth copper surfaces. The nonwetting surfaces include superhydrophobic and
lubricant-infused surfaces that are usually considered in the literature. Superhydrophobic
surfaces (SHS) quickly lose their Cassie state of wettability, that underlies the extremely high
water-contact angle, when exposed to a flowing fluid?, and lubricant-infused surfaces (LIS)
suffer from depletion of lubricant over time due to the shear from the flowing fluid, both
leading to deterioration of nonwetting characteristics. To address these drawbacks, the study
also introduces for the first time, a third class of nonwetting surface called solid-infused surface
(SIS)?, where the asperity valleys are infused with a polymer that is cured in place such that the
surface of the polymer has a non-wetting characteristic. The solid infusion is expected to be
robust to shear, thereby preserving the nonwetting properties of the surface over the long term.

First, using SEM imaging, the mechanism of silica aggregate formation and their adhesion
and interaction with the four types of surfaces —SHS, LIS, SIS and smooth—is elucidated. Next,
the extent of fouling on smooth and nonwetting surfaces is quantified in terms of fouling
thermal resistance, for a range of foulant fluid flow temperature. The functional dependence of
asymptotic fouling resistance on the flow temperature is expressed using Arrhenius
relationship, which can be used to predict the temperature-dependent fouling performance of

each surface for a range of temperature values. Overall, the study presents for the first time,
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detailed information on temperature-dependent flow fouling of silica on conventional and

nonwetting surfaces for practical relevance.

2. EXPERIMENTAL MATERIALS AND METHODS
2.1 Materials

Plain (smooth) Copper tubes of inner diameter 7.9 mm and outer diameter 8.7 mm are
purchased from McMaster-Carr (Elmhurst, Illinois, USA) along with several cleaning agents
namely methanol, ethanol and acetone. Chemicals utilized for the fabrication of rough
superhydrophobic surfaces namely, hydrochloric acid, n-hexadecyl mercaptan are purchased
from Fisher Scientific (Hampton, New Hampshire, USA). For lubricant-infused surface, Krytox
104 oil and for solid-infused surface a two-part Gentoo polymer are obtained from Miller-
Stephenson (Danbury, Connecticut, USA). A colloidal silica solution is purchased from Sigma-

Aldrich (St. Louis, Missouri, USA).

2.2 Surface Fabrication

Superhydrophobic surfaces were fabricated using the methods of chemical etching to
generate roughness features inside a smooth copper tube followed by its functionalization. For
etching, the samples were cleaned and covered on the outside and were immersed in a 1:1 by
volume ratio of 12M hydrochloric acid and 3% hydrogen peroxide for 20 mins. The method of
chemical etching, owing to the process of static immersion of samples in a solution bath, is
scalable to different sample shapes and sizes. The cleaning procedure of all the samples was
same where the samples were thoroughly washed with acetone. methanol and deionized (DI)
water and air-dried before further procedure. Post etching, samples were washed thoroughly in
DI water and dried at room temperature. Etched samples were then immersed in a bath of
dilute solution of 0.02 mol- L™! Mercaptan in ethanol at 50 °C for one hour. At this stage the
samples were washed in ethanol and allowed to dry at room temperature.

For the fabrication of Krytox 104 infused LIS, chemically etched superhydrophobic surfaces
were placed tilted and Krytox oil was dripped uniformly on the top half of the sample from one

end and compressed air was used to spread the oil within the tube. The same procedure was
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repeated from the other end until a uniform spreading of oil was achieved. After that, the oil
was allowed settle down on the sample overnight before use.

For fabrication of SIS, the two parts of the Gentoo polymer solution were first mixed in a 1:1
ratio by weight and stirred for 120 minutes at room temperature. Next, the tube section was
covered on the outer side and dipped into the Gentoo solution. Shortly after the dipping, the
tube was rotated at around 1700 rpm for about 5 mins to uniformly spread the Gentoo solution
within the surface and to avoid overfilling of the asperities. As a final step, the sample was
cured at an elevated temperature of 90 °C for one hour. Note that Gentoo polymer was used
here to introduce the novel class of surfaces, based on its hydrophobic nature, ease of
fabrication, thermal robustness, and durability. The fabrication process, however, applies to

other polymers as well.

2.3 Experimental Setup and Procedures

Figure 1: Schematic of the setup for heat transfer fouling experiments.

Figure 1 shows a schematic of the experimental setup used to quantify the extent of heat
transfer fouling on various surface. The setup includes a tank with an agitation pump and
chiller loop (10, 11), a centrifugal pump (1), a test section bypass line controlled by a ball valve
(6), and the test section line controlled by a needle valve (13). The test section was heated by a
set of heater jackets (3) that cover the entire sample length of 20 cm. A total of three RTDs (2, 4,
5) with accuracy of +0.05°C are used for measuring test section inlet temperature (T;), outlet

temperature (T,), and outer wall temperature (T,), along with a magnetic flowmeter (8) with



Soft Matter

accuracy of +0.5% for measuring volumetric flowrate (V) through the test section. The data
acquisition was done using National Instruments temperature (NI-9216) and multifunction (NI-
9381) input modules (9) and LabView 2020 (14).

During each experimental run, the tank was first filled with 10 L of water and both the
pumps were switched on with the bypass line valve full open. The needle valve was then
adjusted to achieve a desired volumetric flow rate, V, based on a target Reynolds number (Re)
for the experiment and the chiller recirculatory was switched on. Using the chiller recirculator
the desired tank temperature was achieved. Next, the heater jacket was activated and set to
desired heat flux (~3 kW/m?) while overall system operation was monitored for steady state. At
this stage, the data acquisition was started and allowed to run for 15 minutes to obtain steady
state value of V, T;, T,, and T,,. Next, the silica solution was added to the 10 L fluid tank to
obtain an effective concentration of 1000 ppm. For the next several hours, the temperature and
flow measurements are monitored. Once the outer surface temperature was observed to be
saturated, the experiment was considered complete and the sample was removed and allowed

to dry for 24 hours before SEM imaging.

2.4 Data Reduction
The heat transfer rate from the heater jackets to silica fluid flow is expressed as:

= pVey(T, —T) M)
where p, V, ¢,, T;, and T, are the density, flow rate, specific heat capacity, inlet temperature and
outlet temperature of the silica solution, respectively. From this, the total heat transfer thermal

resistance can be obtained as:

R _T-Ti
.=
g Tw—To @)
ln(Tw—Ti)

where A; is the outer surface area of the tube. As the silica aggregates deposit on the inside of
the tube, the total thermal resistance gradually increases. From the total resistance, the initial
unfouled resistance RY corresponding to the case of flow of water without the presence of silica
for first 15 mins is subtracted to obtain the fouling resistance as:

Rf = Ry — R} (3)
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3. RESULTS AND DISCUSSION

The process of chemical etching of smooth copper tubes results in the generation of
roughness features. Figures 2a and 2b show the profilometric scans of a smooth and rough
copper tube surface. It is evident from Figure 2a that smooth surface exhibits a more uniform
profile with no discernible peaks and valleys, whereas Figure 2b shows the existence of
asperities at several length scales. The surface profile in Figure 2b exhibits a maximum peak-to-
valley height of ~12 um, an average roughness value of ~6 um and a root mean square (RMS)
value of ~7.3 um. For a smooth surface profile (Figure 2a), on the other hand, the maximum
peak-to-valley height is measured to be ~0.70 um, the average roughness is ~0.50 pm and the
RMS value is ~0.55um. In addition, the multiscale features on etched copper tubes are
quantified in terms of their fractal dimension (D), determined from a Fast Fourier Transform
(FFT) based power spectrum of the surface profile!>%3 shown in Figure 2b, as D = 1.70. In
comparison, for a smooth surface, the homogenous profile results in fractal dimension values
closer to 1, D =~ 1.05 (Figure 2a). The information on the rough surface profiles, as presented in
Figure 2b for a sample rough copper tube, was used in determining the amount of lubricant and

solid infusion for fabrication of just-filled LIS and SIS.
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Figure 2: Profilometric scans of (a) smooth and (b) etched copper tubes.
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Figure 3 shows the scanning electron microscope (SEM) images of smooth,
superhydrophobic, lubricant-infused and solid-infused copper surfaces to reveal their structural
information. Figure 3a shows that a smooth surface has no roughness features but a uniform
appearance, also supported by the profilometric scan in Figure 2a. On such a smooth copper
surface, the contact angle of water drop is less than 90° (70° in Figure 3a) categorizing it as a
hydrophilic or wetting surface. On the other hand, all nonwetting surfaces —superhydrophobic,
lubricant-infused and solid-infused surfaces—show apparent contact angle values greater than
90°, classifying them as hydrophobic surfaces. Figure 3b (along with the profilometric scan in
Figure 2b) reveals the presence of asperities at multiple length scales on a superhydrophobic
surface. Superhydrophobic surface (Figure 3b), by virtue of trapped air in the valleys offers
extreme repellency to the water with contact angle of 161°, well in the superhydrophobic range

of contact angle 2150°.

10 pum |54

Figure 3: SEM images of as-fabricated (a) smooth (b) superhydrophobic (c) lubricant-infused and (d)
solid-infused surfaces, and three-dimensional isometric view of (e) as-fabricated etched surface and (f)
Gentoo cured solid-infused surface.
Figure 3c shows a lubricant-infused surface where the valleys of roughness features are

impregnated with Krytox 104, where the brighter islands distributed within the black
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background are the peaks of the asperities protruding out the infused lubricant, as marked.
Owing to the slippery nature of the infused lubricant, LISs exhibit contact angle values in the
range of 100-130°, as exemplified by the surface with a contact angle of 120° in Figure 3c. Figure
3d shows a solid-infused surface with cured Gentoo polymer (marked on the SEM)
impregnated within the asperity valleys. Gentoo offers hydrophobic properties resulting in
contact angle values in the range 110° — 150° (138° in Figure 3d). Figure 3d shows brighter
regions of peaks protruding out of the cured Gentoo that fill the valleys at roughly the same
level of the peaks of the asperities. The infusion of Gentoo can be distinctly seen by comparing
the three-dimensional isometric views of an etched rough surface in Figure 3e with the Gentoo
cured SIS in Figure 3f. Figure 3e shows the surface texture characterized by unfilled asperity
valleys in an etched surface. The Gentoo polymer infused in the same surface shows the absence
of deeper valleys indicating that the level of infused polymer is nearly at the same level as the
top of the asperity elements.

Fouling characteristics of aforementioned four types of surfaces on the inside of copper
tubes were studied using a forced convection heat transfer setup, shown in Figure 1, as per the
experimental procedure described in section 2.3-2.4 to quantify the extent of fouling in terms of
a fouling thermal resistance. Following each experiment, the samples are allowed to dry, and
sections of each sample are observed under an SEM. Figure 4 shows a set of SEM images of
silica fouled tubes with smooth, superhydrophobic, lubricant-infused and solid-infused inner

walls.
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Figure 4: SEM images of fouled (a) smooth (b) superhydrophobic (c) lubricant-infused and (d) solid-
infused tube surfaces.

Figure 4 collectively shows that silica deposition on surfaces is in the form of aggregates
formed from the agglomeration of dispersed silica particles. Figure 4a exhibits that the silica
aggregates have formed multiple layers of thin sheets covering the base smooth copper surface.
Upon drying, the residual silica aggregates undergo crack formation as seen from Figure 4a.
Figure 4b shows a region of silica-fouled superhydrophobic tube surface where a single larger
aggregate of silica is seen. The central vacant part inside the aggregate as marked by red
boundary is the region of residual dried droplet containing dispersed silica at the end of
experimental run. The peripheral region undergoes solid aggregation of silica particles and
undergoes crack formation upon drying. Similarly, Figure 4c shows a sparse distributed
deposition of silica aggregates on a Krytox 104-infused LIS surface. For the case of Gentoo-
infused SIS tubes, a similar pattern of deposition as in smooth surfaces is seen from Figure 4d.
Figure 4d reveals silica aggregates in the form of sheets in one region and a distinct region left
out by the evaporated residual drops at the end of an experimental run, as identified

approximately by the circular region at the center.

10
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Figure 5: Series of progressively zoomed-in SEM images of silica fouled (a) smooth (b) superhydrophobic
(c) lubricant infused and (d) solid infused tube surfaces.

Figure 5 shows the interaction between the different surface types used in the present study
and silica aggregates. Figure 5a shows that for a smooth surface, a thin layer of silica aggregates
stick to the surface and further growth of aggregates into larger bocks and sheets happens at
random locations. From the zoomed-in images in the column of images under Figure 5a, it is
evident that the silica aggregates are porous in nature with the smallest aggregate size resolved
in the SEM imaging being around 50 nm. Dispersed silica particles have an average diameter of
around 25 nm resulting in a closed packing of aggregates that are easily adhered to heat transfer
surfaces. The interaction of SHS with the silica aggregates is strikingly different compared to
smooth surface. The presence of peaks and valleys of lengths scales on the order of micrometers
on an SHS results in the deposition of silica aggregates deep within the valleys and its further
growth on the surface. Figure 5b shows a series of SEM images at increasing magnification that
indicate the roots of larger silica aggregates are present either deep within the valleys or on the
sides of the peaks, as identified by yellow regions in Figure 5b, resulting in higher strength of

the overall aggregate structures. This observation further suggests that the air cushion in an as-
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fabricated SHS that is the basis of the high Cassie state of nonwettability has been displaced by
the flowing fluid, resulting a fully or partially Wenzel state of wettability.

LIS surfaces present an interesting interaction wherein the larger aggregates of silica
imbibing the lubricant within their porous network. Figure 5c shows that larger silica
aggregates have compact packing of silica agglomerates with the presence of oil that is binding
the aggregates together. The presence of lubricant oil is also evident from the absence of cracks
in the dried silica aggregates as compared to the other surface types. For the case of silica
fouling on SIS surfaces, the pattern of deposition is divided into two categories, first is the
region of deposition where the silica aggregates are formed into sheets on the surface, and the
second is the region where the residual drops are dried and vacant circular holes are formed on
the aggregates. The zoomed-in images of the central hole under Figure 5d show the bare SIS
surface similar to Figure 3d, with no residue of silica aggregates.

Building on the qualitative information on the interaction of surface structure type and silica
aggregates presented so far, Figure 6 quantifies the extent of fouling of silica onto the different
heat transfer surfaces in terms of the variation of fouling resistance with time. Figure 6 shows
that for all four surface types and for all average inlet temperature values of foulant flow, the
fouling resistance first remains zero (Region 1) and then gradually increases with time (Region
2) followed by its asymptotic convergence to the asymptotic fouling resistance, Rs., (Region 3).
The three regions are illustrated in Figure 6a, but apply to all the surfaces. At t =0 the
induction of foulant in the flowing fluid does not result in its deposition onto heat transfer
surface at the very beginning. With increasing time, the dispersed silica particles form deposits
at several nucleation sites on the surface. At this stage, the force of adhesion by the surface
attracts more foulant deposition and with its subsequent growth and spread on the heat transfer
surface. During this period the fouling resistance increases with time. As the foulant deposits
grow in size, the shear caused by the flowing fluid results in gradual removal of the deposited
foulant. During this period the growth rate of thermal fouling resistance decreases. The
competing effects of surface adhesion and shear by the flowing fluid results in an asymptotic

fouling thermal resistance, as indicated in Figure 6a.

12
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Figure 6: Variation of fouling resistance, Ry, with time, t, for a range of fluid flow temperatures for (a)
smooth, (b) superhydrophobic, (c) lubricant-infused and (d) solid-infused tube surfaces.
The nature of fouling resistance variation with respect to time, seen in Figure 6, can be

modeled by a sigmoidal growth curve expressed mathematically as:

Re(t) = Rroo (1 ) #(4)

L+ (/)
where Ry, is the asymptotic fouling resistance, t, is the time instance of change of curvature of
Rf vs t and k is a constant that relates to the rate of increase of fouling resistance at t = ¢,.
Figure 6 shows that for all four surface types, at any given time instant, a higher fluid flow
temperature results in a higher fouling resistance. Increase in fouling resistance at any given
time is attributed to two reasons: first, increase in fluid flow temperature increases the surface
temperature thereby decreasing the surface tension of water, resulting in easy spreading and
higher adhesion of foulant fluid on heat transfer surface. Over the range of temperature studied
20°C to 50°C, the interfacial water-air tension decreases from 72 mN/m to 67 mN/m.3! In

addition, at higher temperatures the kinetics of aggregation of silica particles significantly
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increases® leading to the early deposition of larger aggregates and a greater rate of deposition,
leading to higher fouling thermal resistance.

Figure 7 presents the variation of asymptotic fouling resistance, Rf,, with flow inlet
temperature, T. It is evident from Figure 7a that for all temperature values considered in the
study, the asymptotic fouling resistance increases with temperature, by about 33% for SHS and
about 23%, 27% and 29% for the LIS, SIS and smooth surface, respectively. SHS consistently
shows higher asymptotic thermal resistance followed by smooth surface, then Gentoo infused
SIS surface and the least asymptotic thermal resistance is shown by Krytox 104 infused LIS. The
higher asymptotic fouling resistance for SHS compared to smooth surfaces is attributed to the
possible transition of flow from Cassie to Wenzel state. In the Wenzel state the foulant fluid
flow penetrates the valleys of the rough asperities, resulting higher exposed area and exposure
to more surface nucleation sites. Furthermore, the growth of silica aggregates within the valleys
of SHS leads to the higher adhesion of deposit layers on to the SHS heat transfer surface.

In LIS, the presence of lubricant lowers the nucleation areas on the surface and further, since
the flowing liquid glides easily on the surface, the interaction between the fluid and the surface
is reduced, as seen from the least values of Ry, in Figure 7a. The case of Gentoo infused SIS is
unique, where the presence of cured polymer within the valleys of a rough surface results in an
effective area for the deposition of foulant similar to that of a smooth surface. On the other
hand, the hydrophobic nature of Gentoo reduces the interaction with the external fluid flow,
leading to lower asymptotic fouling resistance compared to smooth surface. However, since the
effective area for nucleation is greater for SIS than LIS, Ry, for SIS is greater than that for LIS, as
seen from Figure 7a. Overall, LIS and SIS show about 25% and 13% reduction in the asymptotic
fouling resistance, respectively, compared to smooth surface, whereas SHS has a 13% increase in
the asymptotic fouling resistance with respect to a smooth surface, over the entire range of

temperature studied.

14
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Figure 7: Variation of asymptotic fouling resistance with flow temperature for all the surface types
studied, and (b) Arrhenius relationship of Ry, with absolute temperature.
In order to establish a functional dependence of asymptotic fouling resistance with
temperature, an Arrhenius relationship is used owing to the similarity of fouling kinetics to

chemical reaction rates. The mathematical expression for the Arrhenius relationship is given as:

T*
Rfes = Rie T #(5)

where the pre-exponential factor Rf., is the saturated asymptotic fouling resistance as,
theoretically, the temperature, T, approaches infinity. As T — o, the asymptotic fouling
resistance theoretically saturates as the effects of increasing temperatures on the formation of

larger aggregates and increasing adhesion of flowing fluid to the surface diminishes. The

15



Soft Matter

exponential factor T* determines an activation temperature value where the saturating
asymptotic fouling resistance starts to build.

In the present study, the values of constants Rs,, and T* for the four different types of
surfaces were determined through a least-squares regression fit through the measured data of
Rfo with absolute temperature (in Kelvin). Figure 7b presents the measured Rs., with the
inverse of the absolute temperature on a semi-log plot, such the Arrhenius equation is a linear
variation on this plot with a negative slope whose magnitude equates to R¢,,, and the intercept
of the line on the ordinate is InT*. Figure 7b shows that the data points all lie closely along such
straight lines, which confirms the Arrhenius nature of the temperature dependence of the
asymptotic fouling resistance for all the four surfaces. The dashed lines in the plot denote the
least-squares linear regression fits, from which the derived values of Ry, and T* are
summarized in Table 1. It is evident from the values of R;OO in Table 1, that LIS has the least
saturation fouling resistance that is about one-half of the saturation resistance for a smooth
surface and SIS presents about 23% lower saturation resistance compared to the smooth surface.
In comparison, SHS has a 58% higher saturation fouling resistance relative to the smooth
surface.

Table 1: Constants in Arrhenius relationship (eq. 5) for various surface types

Surface type Rfe T" [K]
Smooth 18.7 787
SHS 29.5 897
LIS 9.6 658
SIS 14.5 743

Solid-infused nonwetting surfaces were introduced for the first time in this article and their
performance was assessed by considering silica fouling mitigation. The potential uses of the
surfaces are many including boiling heat transfer enhancement, promoting dropwise
condensation, corrosion mitigation, among others, which will be considered in future studies.
The present study considered chemical etching as a common facile texturing method for
comparison of SHS, LIS and SIS. The effects of other surface texturing methods (such as

electrodeposition) to produce different asperity structures may be considered in a future study.

16
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Similarly, the role of different infusion materials for LIS (for example, Krytox 101-105, silicone

oils, etc.) and SIS (e.g. Sylgard), and a possible composite infusion of oils and polymers may

also be pursued, building on the approach and results presented in this article. Durability of

nonwetting surfaces is an important consideration, which is explored in separate studies'>%,

that the reader is referred to.

CONCLUSIONS

In the present study, systematic experiments are presented to elucidate, for the first time,

the fouling kinetics of silica on smooth, superhydrophobic, lubricant-infused and solid-infused

copper tube surfaces. Silica adhesion characteristics on the various surface types is

demonstrated with scanning electron microscopic imaging. The extent of fouling is quantified in

terms of a fouling thermal resistance and the following salient points were elucidated:

SHS show consistently higher fouling by about 13% compared to smooth surface, owing to
the Cassie to Wenzel transition that causes the silica dispersed fluid flow to penetrate and
grow silica aggregates within the asperity valleys of SHS.

Krytox 104 infused LIS exhibits the least fouling, about 25% lower than a smooth surface,
owing to the presence of slippery infusion liquid within the valleys that offers reduced
interaction between the surface and the fluid flow.

Gentoo cured SIS demonstrated an appreciable fouling reduction of 13% compared to
smooth surface, but higher fouling than LIS.

Studies at the higher temperatures showed that the fouling increases with temperature for
all surfaces, that can be described well using Arrhenius kinetics. Again, LIS and SIS
demonstrated a lower increase of 23% and 27% in the asymptotic fouling resistance with
temperature, compared to 29% for a smooth surface and a 33% increase for SHS.

Overall, LIS presents a viable option for heat transfer surfaces to mitigate fouling by silica.
However, considering the possible depletion of the beneficial lubricant in LIS over

prolonged exposure to a flowing fluid, SIS presents a robust alternative.
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FIGURE CAPTIONS

Figure 1. Schematic of the setup for heat transfer fouling experiments.

Figure 2. Profilometric scans of (a) smooth and (b) etched copper tubes.

Figure 3. SEM images of as-fabricated (a) smooth (b) superhydrophobic (c) lubricant-

infused and (d) solid-infused surfaces.

Figure 4. SEM images of fouled (a) smooth (b) superhydrophobic (c) lubricant-infused and
(d) solid-infused tube surfaces.

Figure 5. Series of progressively zoomed-in SEM images of silica fouled (a) smooth (b)
superhydrophobic (c) lubricant infused and (d) solid infused tube surfaces.

Figure 6. Variation of fouling resistance, Ry, with time, t, for a range of fluid flow
temperatures for (a) smooth, (b) superhydrophobic, (c) lubricant-infused and (d)
solid-infused tube surfaces.

Figure 7. Variation of asymptotic fouling resistance with flow temperature for all the
surface types studied, and (b) Arrhenius relationship of Ry, with absolute

temperature.



