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ABSTRACT

This paper presents a comparative study of temperature-dependent mineral fouling deposition
on smooth surface and nonwetting superhydrophobic and lubricant-infused surfaces under
dynamic flow conditions. The surfaces are represented in a unified manner using the viscosity
ratio of the infused material within the porous asperities on a surface to that of the flowing fluid,
such that the spectrum of surfaces from superhydrophobic to smooth is captured by the range of
viscosity ratio from 0 to oo. Using a forced convection experimental setup, deposition of calcium
sulfate on the surfaces is quantified in terms of asymptotic fouling resistance over a range of
temperature, Reynolds number and mineral foulant supersaturation. Through a systematic set of
accelerated fouling experiments, an analytical relationship for the asymptotic fouling resistance
is developed in terms of Reynolds number, foulant concentration, temperature, and surface type.
The model is validated with a comprehensive set of experimental data from this study as well as
from the literature. Optimum nonwetting surface designs for minimizing fouling resistance
compared to conventional smooth surfaces are developed as a function of temperature. The
results of the study offer insight into the temperature-dependent fouling of surfaces under flow
conditions and a rational design of fouling-resistant nonwetting surfaces that can be readily

translated to practice.
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1. INTRODUCTION

In the last few decades, nonwetting surfaces have received significant attention due to their
excellent water repellant properties that are fundamental to the improvement of various energy
transport processes such as enhanced phase change heat transfer [1-4], enhanced convective heat
transfer [5-8], drag reduction [9-13], anti-icing [14,15], etc. Many of these processes at times coexist
in an application allowing for significant improvement in the system effectiveness through the
use of nonwetting surfaces. For example, industrial condensers exhibit the flow of untreated
coolant on the tube side and condensation heat transfer on the shell side. A modified nonwetting
surface design on the tube side can lead to drag reduction, enhanced convection heat transfer and
fouling mitigation, and a similar surface modification on the shell side can improve the
condensation heat transfer coefficient, collectively improving the overall condenser effectiveness
[16].

Several energy transport applications involve the flow of untreated coolant or heat transfer
fluid that contains various types of mineral salts such as calcium sulfate, calcium carbonate etc.,
in trace concentrations. Prolonged exposure of heat transfer surfaces to such solutions leads to
the gradual deposition of salt particles on the surfaces. With increase in time, the deposits grow
in size and spread across the surfaces leading to degradation of heat transfer performance [17].
In addition, the cleaning and maintenance required to periodically remove the foulant deposits
from the heat transfer surfaces leads to negative economic impacts and hinders in the continuous
operation of the system [16,18]. Nonwetting metallic surfaces, by virtue of their wettability
characteristics, can mitigate foulant deposition and are excellent candidates for heat transfer
surfaces. As a result, understanding the mechanism of fouling deposition of salts and
investigating the fouling mitigation performance of various promising nonwetting surfaces is of
fundamental significance that is sought to be studied in this work.

Several studies have been reported on the characterization of the superior fouling mitigation
performance of superhydrophobic and lubricant-infused nonwetting surfaces in a quiescent,
static foulant solution. However, a majority of these studies are restricted to biofouling [19-22]
and very few studies are focused on the case of mineral salt fouling [23,24]. For example,

Subramanyam et al. [23] experimentally showed that the silicon oil-infused nonwetting surfaces

2



showed about 10-fold reduction in calcium sulfate fouling compared to base of smooth surfaces.
They attributed this superior performance of lubricant-infused surfaces to the deterrence of
foulant adhesion to the infused oil. Jiang et al. [24] also observed a 2/3" reduction in fouling on
superhydrophobic surfaces compared to CuO nanowire superhydrophilic surfaces owing to the
extreme lower nucleation density of foulant resulting from the preservation of Cassie state of
wettability under the static configuration of foulant solution.

In contrast to the wealth of literature on the other energy transport processes and static
fouling on nonwetting surfaces, mineral fouling on nonwetting surfaces under dynamic fluid
flow conditions is relatively less studied. Our prior work [25] presented a systematic experimental
analysis to elucidate dynamic flow fouling of calcium carbonate and calcium sulfate on smooth,
superhydrophobic and liquid-infused surfaces with a range of infused lubricant viscosity.
Copper tubes with modified inner surface wettability were subjected to forced convection at
different flow rates and fouling salt concentrations. The study reported, for the first time, a closed-
form analytical relationship for the asymptotic fouling thermal resistance on the Reynolds
number, dimensionless concentration of fouling agent and dimensionless infused liquid viscosity
that represents the different surface types in a unified manner. Contour maps of optimum surface
designs for minimizing fouling resistance were presented and the study provides the first ever
information on designing surfaces for reduced fouling or for estimating the fouling characteristics
for a given surface in applications.

Energy systems and chemical process engineering applications often involve operation at
elevated temperatures and, therefore, involve dynamic flow fouling over a range of temperature.
For nonwetting surfaces to be useful in fouling mitigation in these applications, the fouling
mitigation characteristics need to be understood at the elevated temperatures. Although
lubricant-infused nonwetting surfaces were shown to minimize fouling in our previous work
[25], the study was limited to fouling at room temperature, and no study exists on the
temperature-dependent mineral scaling of nonwetting surfaces in dynamic flow environment.

The present study addresses the aforementioned knowledge gap through a systematic study
of calcium sulfate fouling on smooth, superhydrophobic and lubricant-infused surfaces in a

unified manner. Nonwetting surfaces are fabricated by a facile process and their wettability



characteristics are measured. A forced convection heat transfer setup is used to quantify the
extent of fouling onto heat transfer surfaces in terms of an asymptotic fouling resistance.
Representing smooth, superhydrophobic and lubricant-infused surfaces using a single
parameter, the viscosity ratio of the lubricant/material infused in the solid surface to that of the
flowing fluid, the fouling performance of the different surface types is analyzed in terms of the
viscosity ratio. In addition to the surface type, a systematic set of experiments is performed to
develop a functional dependence of the asymptotic fouling resistance with the governing
parameters namely, Reynolds number, foulant concentration and temperature along with the
surface type as defined by the viscosity ratio. It is shown that the unified mathematical
formulation developed in the present study predicts the experimental values of asymptotic
fouling resistance to within 10% at 90% confidence. Complementing the quantitative
characterization of fouling, scanning electron microscope images are presented to elucidated
foulant interaction with the various surface types.

The experimental methods are briefly discussed in the next section, followed by the
presentation and discussion of results in section 3. The principal conclusions of the study are

summarized in section 4.

2. EXPERIMENTAL METHODS

The experimental materials and methods follow those reported in [25] and are briefly outlined
here. Copper tubes of inner diameter 7.9 mm and wall thickness 0.8 mm were used in the fouling
experiments. As-purchased tubes were used without modification as the reference conventional
smooth tubes. For studying fouling of nonwetting surfaces, the inner surface of copper tubes was
textured via chemical etching in a chemical bath of 1:1 solution of 12M hydrochloric acid and 3%
hydrogen peroxide for 20 minutes at room temperature. The textured surfaces were
functionalized by immersion in a chemical bath of 0.02 mol L™* solution of n-hexadecyl mercaptan
in ethanol at 60°C for one hour, to produce superhydrophobic surfaces (SHS). For fabrication of
lubricant infused surfaces (LIS), the superhydrophobic surfaces were infused with the lubricant
oil by dripping it on the inside of the tube surfaces and using compressed air to spread it evenly.

Following that, lubricant-infused tubes were placed vertically for about 12 hours to get rid of
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excess lubricant to obtain just-filled asperity structures. Copper tubes with smooth,
superhydrophobic and lubricant-infused inner surfaces were used for surface characterization
and fouling experiments.

The morphological characteristics of the different fabricated surfaces are detailed elsewhere
[25], which the reader is referred to. The wettability characteristics of the surfaces were measured
using a ramé hart goniometer to obtain the water contact angle and the contact angle hysteresis
or sliding angle. Smooth surface, by virtue of absence of any significant roughness features and
the inherent hydrophilic nature of copper, showed a lower contact angle value of 70° and a
relatively high contact angle hysteresis of 22°. The fabricated superhydrophobic surfaces
exhibited distinct multiscale texture with a peak-to-valley height, measured using a Dektak
contact profilometer, of about 5-10 um, and water contact angle value of about 157°, well in the
excess of 150° that defines superhydrophobicity. The contact angle hysteresis was measured to
be less than 2°, signifying exceptional nonwettability. Lubricant-infused surfaces inherited the
roughness features of the base SHS spanning several length scales in which the asperity valleys
were infused with Krytox 104. The hydrophobic slippery nature of the infused lubricant renders
the surface hydrophobic in nature with contact angle of 124° and a relatively low sliding angle
value of 12°.

The experimental setup for the fouling studies consisted of a convective heat transfer flow
loop. The primary components of the system included a tank with an agitation pump and chiller
loop, a centrifugal pump to circulate the scaling solution, a test section bypass line controlled by
a ball valve, and the test section line controlled by a needle valve. The test section was heated by
a heater jacket comprised of three, flexible, alternating current (AC) polyimide heaters connected
to a variable, AC transformer. Instrumentation of the apparatus consisted of three Class A
resistance temperature detectors with accuracy of +0.05°C for measuring test section inlet
temperature (7T;), outlet temperature (T,), and exterior wall temperature (T,,), as well as a
magnetic flowmeter with accuracy of +0.5% for measuring volumetric flowrate (V) through the
test section. All gauge measurements were acquired and displayed using National Instruments

temperature (NI-9216) and multifunction (NI-9381) input modules and LabView 2020.



Each fouling experiment consisted of flowing a supersaturated solution of calcium sulfate in
water through the tube section with desired flow Reynolds number, and recording the inlet,
outlet and the wall temperatures as a function of time. The experiment was considered complete
when the wall temperature remained nearly invariant with time corresponding to the attainment
of an asymptotic fouling on the inner tube surface. The additional thermal resistance due to the
deposition of the minerals, termed the fouling resistance (Ry), was calculated from the measured
temperature and volumetric flow rate, the thermophysical properties of the solution (density, p,

and specific heat, ¢,), and the inner surface area of the tube, A, as:

A
Rr = > —RY €Y)

o (E=F)

in which, R? is the unfouled resistance corresponding to the case of flow of water without the

presence of any fouling agent. After the fouling experiment, the test section was removed from
the apparatus and allowed to dry for 24 hours before preparing for SEM imaging.

Fouling studies were conducted for combinations of the four parameters—surface type
(smooth, SHS and LIS), foulant temperature, T (taken to be the same as the inlet temperature to
the test section, T;), Reynolds number, Re, defined in terms of the tube diameter, and the
dimensionless foulant concentration, c/s—where s is the solubility of calcium sulfate in water,
s =2.6 x1073 g/ml. The experiments were conducted for Re = 1000, 2000, and 3000, T = 293 K,
303 K, 313 K, and 323 K, and c¢/s = 2.0, 2.5 and 3.0. In a uniquely novel approach, the different
discrete surface types are studied in a unified way through the ratio of the infused lubricant
viscosity (u;) to that of the flowing fluid (u,,). In this representation, y;/u,, = 0 denotes SHS with
air-filled asperity, u;/u,, — o represents a smooth solid (equivalent to the asperity valleys being
infused by the base solid material of infinite viscosity), and all lubricant-infused surfaces
correspond to finite values of the viscosity ratio, 0 < y;/u,, < oo, as follows: Krytox 102 LIS—28;
Krytox 103 LIS—58; Krytox 104 LIS—110; and Krytox 105 LIS—310. The results of the

experimental studies are described in the next section.



3. RESULTS AND DISCUSSION

Figure 1 shows a set of scanning electron microscope (SEM) images of (a) smooth, (b)
superhydrophobic and (c) lubricant-infused surfaces at the end of calcium sulfate fouling
experiments. In order to elucidate the interaction mechanism of calcium sulfate foulant with all
three surface types, regions of foulant deposition are shown at two different magnifications for
each surface. Collectively, Figure 1a-c reveals that calcium sulfate foulant deposits in the form of
mesh-like structures comprising smaller-scale fundamental needle shaped crystals, of an average
width of around 1 um. Figure 1a identifies regions of isolated needle shaped structures deposited
onto the smooth homogeneous surface. The needle-shaped structures progressively form larger

aggregates with subsequent deposition of more needle shaped structures, resulting in a complex

interlocking mesh structure.

Figure 1: SEM images of foulant deposits on (a) smooth, (b) SHS and (c) Krytox 105 LIS, at two

magnifications.

For superhydrophobic surfaces, the deposition of calcium sulfate offers two separate
interaction mechanisms. From Figure 1b, it is evident that the length-scale of the interstitial spaces
between the asperities is of the same order of the characteristic thickness of the calcium sulfate

needles undergoing deposition. Therefore, in the case of superhydrophobic surfaces, needle
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shaped foulant particles deposit deep within the asperity valleys as the foulant solution
penetrates and wets the interstitial region, as seen from Figure 1b. In addition to the deposition
of foulant within the voids, the simultaneous deposition onto the top of the asperities leads to
larger effective area of foulant deposition resulting in relatively higher fouling of
superhydrophobic surfaces compared to smooth surfaces, as later quantified with the heat
transfer measurements. For lubricant-infused surfaces, the oil in the asperity valleys offers little

nucleation of the foulant crystals leading to significantly diminished fouling, as evident from

Figure 1c.
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Figure 2: Time evolution of the fouling resistance for the three surface types.

Fouling on the different surfaces was further quantified by the fouling resistance as
determined by Equation 1. Figure 2 presents the variation of fouling heat transfer resistance as a
function of time for smooth, superhydrophobic and lubricant infused surfaces, exemplified by
Krytox-105 as the infused lubricant. It is evident from Figure 2 that for all three surface types, the
fouling resistance shows a monotonic increase with time, where the entire fouling behavior can
be divided into three characteristic regions, as marked in Figure 2 for the case of SHS fouling. The

tirst region is characterized by random nucleation and deposition of foulant particles in their



fundamental form/shape at various spots on the heat transfer surface. During this stage, the
fouling thermal resistance shows insignificant change, as annotated as Region 1 in Figure 2, and
is termed as “induction period’ [26]. It is seen from Figure 2 that LIS has the longest induction
period due to the reduced nucleation density on the lubricant surface and signifies deterrence of
fouling deposition. In contrast, SHS has the shortest induction time denoting rapid onset of
fouling. The performance of SHS is attributed to the removal of the air cushion in the asperity
valleys by the flowing fluid that deteriorates the Cassie state of wettability responsible to
superhydrophobicity to a Wenzel state and degrades the nonwetting characteristic. As a result,
greater surface area is exposed on the asperities leading to the higher nucleation density and
shorter induction time.

After the nucleation of foulant particles on heat transfer surfaces, the subsequent process of
adhesion of foulant particles suspended in the solution results in the growth and spread of foulant
deposits across the heat transfer surface leading to significant and rapid increase in heat transfer
resistance values, depicted as Region 2 in Figure 2. The first part of Region 2, up until the point of
inflection (point P in Figure 2) is dominated by the adhesion of fresh foulant particles to the
existing layer of foulant deposits, whereas in the part of Region 2 after the inflection point, the
shear exerted by the flowing foulant solution tends to take away the deposited layer of foulant
leading to a decrease in the growth rate of the fouling resistance. It is seen in Figure 2 that Region
2 is the steepest for SHS followed by smooth and LIS. The lowest growth rate for LIS in Region 2
owes itself to the poor adhesion of the scalant minerals on the lubricant oil and reflects its superior
anti-scaling characteristic compared to smooth and superhydrophobic surfaces.

With further progress of fouling the foulant deposition rate is balanced by the foulant removal
rate governed by the shear from the flowing fluid, leading to a saturated value, called the
asymptotic fouling resistance, Rf,, in Region 3 of Figure 2. As a consequence of the longer
(shorter) induction time in Region 1 and the slower (faster) growth in Region 2, LIS (SHS) results
in the least (greatest) value of Ry, with the smooth surface exhibiting a value in between LIS and
SHS. The variation of asymptotic fouling resistance in Figure 2 suggests a nonmonotonic trend
among the surfaces, where Ry, decreases from SHS (u;/u,, = 0) to Krytox 105 LIS (u;/uy, = 310)

and increases as y; /i,, = o (solid surface).



The nonmonotonic variation of Rr,, with the different surfaces, represented on a continuous
spectrum in terms of the viscosity ratio, was explored in ref. [25] by conducting the fouling
experiments on LIS infused with the four different Krytox oils spanning a viscosity ratio from 58
to 310, as mentioned in Section 2. The results from [25] are presented in Figure 3 for continuity of
discussion, along with the asymptotic fouling resistance of smooth surface and SHS, which
demonstrate that Ry, initially decreases from SHS (u;/u,, = 0) to Krytox 102 LIS (u;/u,, = 28)
due to the lower nucleation density on the lubricant oil. However, the lower viscosity of the
infused lubricant, u;/u,, = 28, causes partial lubricant drainage easily resulting in a reduction in
Rfo of about 0.25 m2K/kW (about 14.3%) with respect to SHS. As the lubricant viscosity increases
the asymptotic fouling resistance of Krytox 103 LIS (x;/u,, = 58), Krytox 104 LIS (u;/u,, = 110),
and Krytox 105 LIS (u;/u,, = 310) show progressively lower values of Ry, for a reduction of as
much as 1 m?K/kW (about 57.1%) with respect to SHS such for Krytox 105 LIS. With further
increase in the viscosity ratio towards o, the smooth surface, the asymptotic fouling resistance
approaches a value of 1 m?K/kW. This suggests that fouling resistance can be minimized by
appropriately tailoring the LIS; based on the data presented in Figure 3, Krytox 105 LIS with a
viscosity ratio of 310 is seen to yield the minimum Ry. Further, an improperly designed LIS with

a low viscosity oil would, in fact, lead to worse fouling resistance than the smooth surface.
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The nonmonotonic variation of the asymptotic fouling resistance with viscosity ratio was

described mathematically in ref. [25] as:
WA 2M

Rie = Rfo <1 —e b‘uw> +RiESe Suw 2
where R?,, and R7%° are the asymptotic fouling resistance for smooth and superhydrophobic
surfaces, respectively, and § is a positive constant. Equation 2 satisfies several physical
consistency checks, as explained in ref. [25]. While the above equation captures the relationship
of the asymptotic fouling resistance with the surface type, parametrized in terms of the viscosity
ratio, fouling is also dependent on the Reynolds number (Re), foulant concentration (c¢/s) and
temperature (T), which arise from the dependencies of R7,, and R7%° themselves on the three
parameters that need to be understood. To this end, Figures 4a, 4b and 4c present the variation of
R?,, and RFZ® with Re and c/s and T, respectively, keeping constant the values of the other two
parameters than the one being examined.

Figures 4a—c indicate that for any combination of Re, c¢/s, and T the superhydrophobic surface
yields higher asymptotic fouling resistance compared to the smooth surface, owing to the
penetration of foulant solution deep within the asperities on SHS as discussed earlier. From
Figure 4a, it is evident that for both smooth surface and SHS, the asymptotic fouling resistance
decreases monotonically with increase in Reynolds number. Increase in Reynolds number
increases the shear exerted by the flowing fluid resulting in higher rate of foulant removal leading
to lower asymptotic fouling resistance. Figure 4b reveals a monotonic increase of the asymptotic
fouling resistance with dimensionless concentration, for both smooth surface and SHS. An
increase in the foulant concentration in solution directly increases the driving force for fouling,
leading to increased R7,, and R7%° values. The monotonic variations with Re and c¢/s may be
described by power-law relationships, as explained in ref. [25].

The variation of the asymptotic fouling resistance with temperature is presented in Figure 4c
on a semi-log plot with the inverse of the absolute temperature (1/T) and depicts an increase in
R?,, and RZZ® with temperature. The increase in asymptotic fouling resistance with temperature
is attributed to two physical phenomena. First, with increase in foulant temperature, the solubility

of mineral salts such as calcium sulfate decreases [27] leading to the availability of higher amount
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of undissolved salt for deposition on heat transfer surfaces. Secondly, with increase in
temperature, the interfacial tension of water decreases leading to increased adhesion of foulant
solution to heat transfer surfaces. However, with further increase in temperature, the effects of
decreasing foulant solubility and increasing adhesion and spreading of foulant onto heat transfer
surfaces diminish, and the asymptotic fouling resistance reaches a maximum value
corresponding to the intercepts on the ordinate. It is evident from the plot that for both smooth
surface and SHS, the asymptotic fouling resistance varies linearly on the semi-log plot, suggesting

and Arrhenius temperature dependence.
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Based on the parametric variations seen in Figure 4a—c, the asymptotic fouling resistance of

smooth surface and SHS may be expressed in terms of Re, c/s, and T as a combination of power-

TS b
law and Arrhenius relationships given by RZ, = Age T Re™% (g) > and RIS =

.
_TsHs

bsus
— Cc . . oy
ASHSe T Re asHS (;) , 1IN Wthh As, as, bs, T;, ASHS' Asys, bSHSl and T;HS are all pOSltlve

constants and the subscripts S and SHS refer to smooth and superhydrophobic surfaces,
respectively. Substituting these relationships in Equation 2, we obtain the following analytical
model for the asymptotic fouling resistance of any surface type, SHS, LIS or smooth surface, in a

unified manner:
Ts c\Ps lwm Tsus c\Psas _Z.HL
R = Ase TRe™%s (;) <1 —e @ l‘w) + Agyse” T Re™%sHS (g) e SHw (3)
The above equation correctly represents the physical behavior and satisfies several limit checks,
that the asymptotic fouling resistance tends to zero as Re — o or c/s — 0, and conversely, that
the asymptotic fouling resistance becomes very large as Re — 0 (static fouling) or ¢/s — oo.
Equation 3 involves 9 constants—§, As, as, bs, Ts, Asys, Asys, bsys, and Tsys—of which 6, ag, bs,
asys, and bgys are adopted from the detailed study of the effects of Reynolds number, foulant

concentration and viscosity ratio reported in ref. [25]. The terms T¢ and Tgys in the Arrhenius

exponent are obtained as the magnitude of the slopes of the best-fit linear fits through the data in

Figure 4c. Finally, the constants As and Agsys are determined such that Ase_TS and

T*
ASHSe_%evaluated at T = 293 K correspond to the power-law coefficients 5 and 2.5,

respectively, reported in ref. [25] for a foulant temperature of 293 K. Table 1 summarizes the
values of the 9 constants in the unified relationship for the asymptotic fouling resistance.

Table 1: Constants in Equation 3

TS TS
Ag Qs bs [12] 6 Asys Asps bsus [5121]5

419 0.68 3.14 1300 240 15 050 3 534

The accuracy of the unified analytical relationship, Equation 3, was assessed by comparing
the model predictions with experimentally obtained values of asymptotic fouling resistance for a

wide range of parameter combinations. The results are presented in Figure 5 where the diagonal
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line corresponds to an exact agreement between the model and experimental values, and the
dashed and chain-dashed lines denote the 10% and 20% error bounds. The experimental data
comparison includes the 8 cases in Figure 4c covering four temperatures for smooth surface and
SHS, 29 cases borrowed from [25] spanning Reynolds number of 1000, 2000, and 3000,
concentration ratio of 2.0, 2.5 and 3.0, and six surface types (smooth, SHS, and four LIS), and 11
cases from Lee et al. [28], as identified in Figure 5. Lee et al. [28] reported calcium sulfate scaling
on chevron-patterned heat transfer surfaces in terms of the chevron angle. The data was
extrapolated for the case of 0° angle to correspond to a smooth case and used in the comparison.
An additional 13 fouling experiments were conducted in this study for various parametric
combinations of Reynolds number, calcium sulfate concentration ratio, temperature and six
surface types parametrized in terms of the viscosity ratio, as listed in Table 2. In all, a total of 61

experimental data are presented for the validation in Figure 5.

2.5 I ! ' T ! | T ' V T | ' ! ! ! ! ! ! : [.77 '/" d
| —— Exact agreement e ]
—~ [ ® Experiments i e
€ 201 @ Validation 0%
e - @ Hatte and 7 % e 20% T
5 i Pitchumani [25] 7 e 1
S 150 § Leeetal.[28] ZWEA S E -
S g 2 ]
— - s ~/ .
2 10 b gt -
VN R m
NE : @/‘/; . ]
E | S |
é 05 B .4}/’/’ © -
< | . ]
O. y 1 1 L | 1 1 1 L I 1 1 L 1 | 1 1 L L I 1 L L L i
%.0 0.5 1.0 1.5 2.0 2.5

Rt [M2K/KW] (Model)

Figure 5: Comparison of the model predictions of asymptotic fouling resistance (Equation 3) with

a comprehensive set of experimental data.

Itis evident from Figure 5 that the experimental data shows a good agreement with the model.

Out of 8 experimental data points that represent the variation of temperature in the present study,
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a total of 7 data points fall within 10% error bounds and all 8 experiments are predicted within
20% error bounds. For the set of 13 validation experiments, 10 experiments are predicted with
less than 10% error and all are predicted within 20% error bounds when compared against the
current model. From the pool of 29 experimental data points borrowed from ref. [25] a total of 24
data points are observed to fall within the 10% error bounds and 27 data points are predicted
within 20% error bounds. It is seen from Figure 5 that the experimental data obtained from Lee
et al. [28] shows that 6 data points are predicted within 10% error bounds whereas the rest 5 data
points are observed to fall slightly outside the 20% error bounds. It is noted that the experimental
data from [28] are for various chevron angles that are reduced to an equivalent smooth surface
by extrapolating the functional dependence of chevron angle on the asymptotic fouling
resistance. Therefore, the uncertainty involved in the conversion of Lee et al. [28] data from non-
zero chevron angles to equivalent smooth surface (zero chevron angle) is postulated to be the
reason behind the some of the data points lying outside the 20% error bounds. Nevertheless, a
total of 90% of the data pooled from various sources are predicted by the model to within 20%.
Considering the inherent uncertainty in the fouling process, this represents an excellent level of

accuracy of the presented model.

Table 2: Parametric combinations used for the experimental validation of the model.

E . Reynolds Foulant concentration =~ Temperature Viscosity ratio
Xperiment no.
number, Re c/s K] Ui/t
1 2000 3.0 303 110
2 2000 3.0 313 110
3 2000 3.0 323 110
4 3000 2.0 313 58
5 3000 2.5 313 58
6 3000 3.0 313 58
7 1000 3.0 323 310
8 2000 3.0 323 310
9 3000 3.0 323 310
10 1000 2.5 303 0
11 1000 2.5 303 28
12 1000 2.5 303 310
13 1000 2.5 303 oS
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The results presented so far point to LIS with an optimum tailoring of the lubricant viscosity
could lead to minimum fouling resistance. The validated analytical relationship in Equation 3
provides for deriving the optimum surface design that yields a minimum asymptotic fouling
resistance, thereby superior fouling performance. Setting the first derivative of Rr, given by

Equation 3 with respect to the viscosity ratio and setting it to zero, the optimum viscosity ratio

(:—l) is derived as a function of Reynolds number, concentration ratio and temperature:
* A o sus—bs)  (Ts=Tsys
(ﬂ) S [2 ( SHS) Re(as—asns) (_) e( T )] (4)
Hw AS S

and the corresponding minimum asymptotic fouling resistance is obtained by substituting
Equation 4 in Equation 3 as:

As

SHS

(5)

R}rgn = AgRe™s (g)bs e—TTS* [1 — 0.25 ( c)(bs—bSHs) e(TS*H%_TS*)]

)Re(aSHS_aS) (_
S

The fouling mitigation performance of the optimum surface design yielding the minimum
asymptotic fouling resistance can be compared to the case of a conventional smooth surface. To
this end, a percentage fouling reduction relative to smooth surface is defined as A =
S min
fo %= ) x 100%. Using RFL"™ from Equation 5 and Rf,, defined previously, th
RT X 0. Using Rg,, from Equation 5 and Ry, defined previously, the percentage
fouling reduction, A, is expressed as:
bs—b
A =25 (i) Re(asus—as) (E)( s~bsns) e

AsHs s

* *
TsHs—Ts
T

(6)

Figures 6 and 7 present contours of optimum viscosity ratio (Equation 4), the corresponding
minimum fouling resistance (Equation 5) and the percentage fouling reduction relative to smooth
surface (Equation 6) as a function of Reynolds number and temperature, for c/s = 2.0 and c/s =
3.0, respectively. Figures 6a and 7a show that for a fixed Re and c¢/s, the optimum viscosity ratio
decreases with increase in foulant temperature. With increase in temperature, the propensity for
fouling increases, which is mitigated by a lower viscosity lubricant than a higher viscosity (solid-
like) lubricant. Likewise, increasing c/s also increases the tendency for scaling, and it is seen from
a comparison of Figures 6a and 7a, that the optimum viscosity ratio decreases with increasing
foulant concentration, for the same Reynolds number and temperature. The corresponding

minimum fouling resistance increases with increase in foulant temperature or foulant
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concentration ratio, as seen from Figures 6b and 7b. Further, for a fixed temperature and
concentration ratio, Figures 6a and 7a show that increasing the Reynolds number requires a

higher viscosity LIS to withstand the higher shear by the flowing fluid, as reflected in the

*
increasing (:—l) with Re. The corresponding minimum fouling resistance decreases with increase
w

in Reynolds number owing to the increased shear on the surface by the flow.
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Figures 6¢c and 7c demonstrate that the percentage fouling reduction, A, achieved using the
optimal LIS design is greater for low Reynolds number, high temperature and high foulant
concentration, all conditions that promote increased fouling. Figures 6c and 7c show that, in the
range of parameters studied, A of at least ~12% and up to 30% or more can be realized through
the use of optimally tailored LIS. The synergistic increase in the percentage fouling reduction
with conditions that lead to greater fouling on conventional surfaces points to the superior

advantage of the nonwetting surfaces in mitigating fouling.
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CONCLUSIONS

The study presented, for the first time, a unified approach to compare temperature-dependent
calcium sulfate heat transfer fouling performance of smooth, superhydrophobic and lubricant-
infused surfaces. Using a forced convection experimental setup, the time evolution of fouling was
quantified and shown to be higher for superhydrophobic surface compared to conventional
smooth surface; Krytox 105 lubricant-infused surface, on the other hand, demonstrated lower
fouling resistance throughout. In a uniquely novel approach, the discrete surface types were
represented on a continuous spectrum in terms of a viscosity ratio of the infused fluid to the
flowing fluid. It was shown that the asymptotic fouling resistance exhibits a nonmonotonic
variation with respect to the surface type suggesting that the surface can be tailored to minimize
fouling. Through a systematic set of experiments, a unified analytical model was developed for
the evaluation of asymptotic fouling resistance based on the Reynolds number, foulant
concentration, temperature, and surface types. The model is shown to compare well with
experimental data from this study as well as from the literature. The unified formulation was then
used to develop design maps for determining optimum nonwetting surface designs for
minimizing asymptotic fouling resistance as function of temperature, Reynolds number and
foulant concentration. It was shown that optimally tailored surfaces yield up to 30% or more in
fouling reduction compared to conventional smooth surfaces. The results of the study present,
for the first time, a rational approach to design of engineered anti-fouling nonwetting surfaces

that can be translated to practice.
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