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ABSTRACT

In this study, we focused on the integration of a flexible polymer (polyacrylamide) and a (randomly patterned) superhydrophobic surface in a
large-scale turbulent channel flow rig to investigate their combined drag reduction effectiveness. Experimental results indicate that, prior to
degradation, polyacrylamide (at a 100-ppm concentration) and superhydrophobic surfaces individually manifest drag reductions of 35% and
7%, respectively. However, when combined, the influence of polymer additives remained consistent, with the introduction of superhydropho-
bic surfaces yielding negligible differences. A clear predominance was evidenced in our facility looking at realistic pressure for applications,
with polymer additives overshadowing the impact of superhydrophobic surfaces.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0176377

In the pursuit of an environmentally friendly society, extensive
research has been devoted to achieving turbulent drag reduction (DR)
through diverse techniques.1 Notably, polymer additives have garnered
continuous attention as an active approach for reducing frictional drag
in turbulent flows, since the discovery of this phenomenon in 1948.2

This method achieves substantial DR for flexible polymers by
suppressing turbulent motion through polymer stretching.2,3

Concurrently, superhydrophobic (SHO) surfaces, characterized by
their exceptional water repellency,4 have emerged over the past two
decades as a promising passive DR technique, initially in laminar
flows5 and subsequently in turbulent regimes.6,7 These surfaces lever-
age hydrophobic chemistry and nano-/micro-scale roughness to trap
air at the liquid–solid interface, effectively mitigating wall frictional
forces.8 The application of such surfaces onto existing smooth walls
introduces an overall reduction in drag9 and an extended slip length.10

While both techniques have been extensively explored individu-
ally, investigations of their combined DR potential are lacking.
Recently, Rajappan and McKinley11 integrated polymer additives and
SHO walls in fully turbulent Taylor–Couette flows, yielding a 50%
enhancement in DR compared to each individual method. However,
these experiments were confined to a test rig operating essentially at
atmospheric pressure. In the current study, we explore the combined
DR effects of both the polymer additives and the SHO surface in a

large-scale turbulent channel flow (�700 l), a more realistic setting for
practical fluid transport applications. Here, we carefully consider the
time-dependent degradation of polymer solutions and SHO surfaces.
This broader investigation aims to contribute to a deeper understand-
ing of the intricate interplay between these two distinct DR strategies
within larger-scale flow environments.

The rectangular channel shown in Fig. 1(a) has a total length (l)
of 7.45m, comprised of six stainless steel modules, each measuring
1.2m, and an additional 0.25m section with float glass side walls hous-
ing the SHO surface. The cross-sectional area has dimensions of
25� 298mm2 (2h� w), where h is the channel half-height, yielding
an aspect ratio of 11.92. The working fluid was recirculated by a Mono
type E101 progressive cavity pump, while a return loop was available
for pre-mixing polymer solutions or achieving a reduced flow rate. To
minimize potential pump-induced pulsations, three pulsation dampers
were situated prior to the channel inlet. The temperature and flow rate
of the working fluid were monitored by a platinum resistance ther-
mometer (PRT) and a flow meter (Promass Coriolis 60), respectively.
Multiple pressure ports were drilled underneath the channel to enable
pressure measurement at various distances and specifically across the
SHO surface area.

Adhering to the approach detailed in the works of Mehanna
et al.15 and Zhang et al.,16 SHO surfaces were fabricated by applying
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the so-called SPNC (superhydrophobic polymer–nanoparticle com-
posite) material onto a PVC substrate measuring 200� 100mm2. The
coating process comprised two major steps: (1) application of a pre-
coating adhesive layer for the PDMS (polydimethylsiloxane) solution
and (2) deposition of the PDMS/silica mixture (see Zhang et al.14).
The coated SHO plate was flush mounted on the bottom wall of the
channel and great care was taken to ensure the flatness to better than
610lm (see the supplementary material in Zhang et al.14). As shown
in Fig. 1(a), two pressure ports upstream of the SHO-coated area were

employed to measure pressure drop with polymer solutions exclu-
sively, while an additional two pressure ports across the SHO area
were used to measure pressure drop with polymer solutions and the
SHO surface concurrently. The synchronous operation of two pressure
transducers (P1, Validyne DP14 and P2, Druck LPX-9381) facilitated
the acquisition of pressure drop readings as the fluids traversed the
channel, thereby ensuring consistency in flow conditions (with consis-
tent flow rate, physical and rheological properties of the fluids). At a
constant pump speed, the DR experiments spanned a 3-h duration.

FIG. 1. DR experiments combining polymer additives and SHO surfaces in a turbulent channel flow. (a) Schematic of the channel flow facility. (b) The synchronous pressure
drop measurements are benchmarked against the correlations of Dean12 and Pope.13 P1 for a long distance (L=h ¼ 240) while P2 for a short distance (L=h ¼ 19:2), as dem-
onstrated in Fig. 1(a). (c) Friction factors f against flow time for SHO surface alone (estimated from Zhang et al.14), PAA solution alone, and PAA þ SHO. Pope’s correlation13

is employed as a baseline and plotted in (c). (d) DR against Weissenberg number (Wi) for PAA and PAA þ SHO. The relaxation time against flow time is plotted as an inset in
(d).
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Pressure drop signals were continuously gathered at a data rate
of 1000Hz, and a “local” mean pressure drop (DP) was calculated on
a minute-by-minute basis. The mean wall shear stress ðsw
¼ DPwh=ðlðwþ 2hÞÞÞ was used to calculate the friction factor
(f ¼ sw=0:5qUb

2), wherein q denotes the density of the working flu-
ids, andUb is the bulk velocity (determined by the flow rate).

Polyacrylamide (PAA), possessing a molecular weight of approxi-
mately 22� 106 g/mol,17 was dissolved in tap water to prepare the
polymer solution at a nominal concentration of 100 ppm. In anticipa-
tion of degradation in PAA18 solution under shear, fluid samples were
collected every 15min of flow time for shear and extensional rheologi-
cal characterization, conducted using an Anton Paar MCR302 shear
rheometer and a HAAKETM CaBER1 capillary beak-up extensional
rheometer, respectively. Therefore, changes in shear viscosity and
relaxation time of the PAA solution were closely tracked over the
course of the flow measurements. The measured viscosity curve from
the rheometer established a link between shear rate and shear stress,
enabling the estimation of the “true” viscosity of the PAA solution dur-
ing channel flow experiments. In addition to alterations in fluid prop-
erties, we further characterized the interaction between PAA and
SPNC surfaces through contact angle measurements. As displayed in
Table I, the contact and sliding angles for water, PAA, and degraded
PAA remain constant. This suggests that under no-flow conditions, a
non-wet SPNC surface can be sustained regardless of the degradation
of PAA solutions. In addition, the surface tension of PAA solutions
was also confirmed to be equal with water (�72.6mN/m), using the
Wilhelmy plate method (via a Kruss K100 surface tensiometer). A
laminar-flow slip length measurement16 was conducted to investigate
the possibility of polymer adsorption by the SHO surface. The results
suggest that there is minimal evidence of polymer molecules being
adsorbed by the surface since the slip length with PAA (�100lm) is
slightly greater than with water (�93lm).

Benchmark Newtonian friction factor (f) profiles (against Dean12

and Pope13) of the channel flow facility, utilizing two transducers, were
established prior to conducting DR experiments. The two transducers
measure pressure drop over distinct sections of the channel with water
under classical no-slip boundary conditions. Figure 1(b) displays the
friction factor plotted against various Reynolds numbers
(Reh ¼ qUbh=l), where l is the viscosity. The data exhibit a favorable
agreement with both f ¼ 0:073ð2RehÞ�0:25 (Dean’s correlation12) and
f ¼ 0:0548Re�0:24

h (Pope’s correlation13) within the high Reynolds
number regime. However, a better agreement was observed with f
¼ 0:0548Re�0:24

h for 1000<Reh< 2000. In order to sustain an
extended air plastron over SHO surfaces, a comparatively lower
Reynolds number (�1500) was selected for the following DR tests.
This Reynolds number offers sufficient turbulence to stretch the

polymer molecules and is free of transitional effects,19 thus facilitating
DR (i.e., the characteristic timescale of the flow is comparable to the
relaxation time of the polymer solution18) as evidenced by preliminary
tests utilizing only polymer solutions.

Time-dependent pressure drop measurements were conducted
within the channel, incorporating both polymer solutions (PAA) and
SHO surfaces. As depicted in Fig. 1(c), the friction factors calculated
from two synchronized pressure drop results (representing measure-
ments with PAA alone and both PAA þ SHO) were plotted against
flow time. The data for SHO only were extrapolated from a recent
study involving a closely related Reynolds number (approximately
1700).14 Furthermore, Pope’s correlation13 was utilized as a baseline
due to its superior alignment within the low Reynolds number range,
as depicted in Fig. 1(b). Evidently, when utilizing only SHO surfaces,
the friction factor (f) increases over time and converges toward the no-
slip line (Pope’s correlation13) by the end of the test. This is empha-
sized by the DR capacity of SHO surfaces diminishing over time due
to the progressive loss of the air plastron. The gauge pressure over the
SHO surface during the experiment was measured at 4.3 kPa. This
pressure allows the surface to provide a certain degree of DR for a spe-
cific duration, as reported in Zhang et al.14 The peak DR achieved by
the SHO surface is approximately 7%, and this peak is sustained for
30min. Owing to the shear-induced degradation of PAA, f with PAA
alone exhibited an initial increase. The degradation of PAA was char-
acterized through CaBER measurements, with results illustrated as an
inset in Fig. 1(d) (the relaxation time kc against flow time). Notably, in
comparison with SHO surfaces, f remained considerably lower over
the entire duration when using PAA alone, demonstrating its signifi-
cantly greater DR potential. The friction factor stabilizes to a constant
value at the end of the test (i.e., 180min) yet still yields a notable 17%
DR based on calculations derived from Pope’s correlation. Friction fac-
tors for PAA þ SHO showed no obvious distinction from PAA alone
considering the experimental uncertainties.

We noticed that the synergistic DR effect, reported by Rajappan
and McKinley11 in turbulent Taylor–Couette (T–C) flow, has not been
replicated in the current channel flow setup. According to the velocity
measurements presented in Zhang et al.,14 the slip length over the cur-
rent SHO surface reached a maximum of�62.5lm, occurring at a rel-
atively low Reynolds number (Re¼ 1500). This value corresponds to
an inner-scale slip length bþ of 0.45 in the current study. Moreover,
the DR achieved by PAA was approximately five times greater than
that of the SHO surface in the initial stages of the experiment and this
difference became increasingly significant while the surface degraded
with flow time. Therefore, it is perhaps not surprising that with this
relatively small bþ value, the surface does not produce appreciable DR
in comparison to the rather significant DR effect induced by the poly-
mer additives. Note that the T–C flow setup of Rajappan and
McKinley11 operated at essentially atmospheric pressure, thus, much
higher Reynolds numbers (Res ¼ 800–2000) were reached and conse-
quently, their inner-scaled slip length (bþ) would be significantly larger
than we have achieved here, despite the possibility that the dimen-
sional slip lengths generated by their SHO surfaces may be similar
with ours. Therefore, it is reasonable to assume that the contribution
of SHO surfaces to the overall DR in their study is greater compared to
our setup. We also note that Rajappan and McKinley’s combined DR
of 27% was not a simple linear addition of the two components (each
being 18%): if this reduction was all due to a reduction in the

TABLE I. Superhydrophobicity characterization of SPNC surfaces with various
liquids.

Liquids Tap water PAAa PAA-degradedb

Contact angle (�) 153.46 3.4 151.86 2.3 152.36 0.4
Sliding angle (�) 3.26 1.2 3.46 1.8 3.66 1.0

aPAA solution at a nominal concentration of 100 ppm.
bThis degraded PAA sample was collected at the end of the DR experiment (at
180min) when its elasticity (relaxation time) dropped to a constant.
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drag-reduction effectiveness of the SHO surface (i.e., by 50%), then, as
our SHO individual DR is just 7% at early times, a 50% reduction
would put us within the uncertainty of our measurements. Thus, our
results are potentially not inconsistent with those of Rajappan and
McKinley.11

In our specific scenario, to observe a notable contribution from the
SHO surface, we estimate that SHO surfaces might need to indepen-
dently generate at least a 17% drag reduction. This level of drag reduc-
tion is equivalent to the effect induced by the PAA additives at their
minimum effectiveness. Therefore, given a fixed b¼ 62.5lm (as
reported in Zhang et al.14), achieving a significantly higher Reynolds
number would be necessary to obtain the DR¼ 17% solely by SHO sur-
faces. However, in the context of high Reynolds numbers and a channel
rig like the one presented in this study, the elevated absolute pressure
over the surface can instantly remove the air plastron, resulting in little
to no drag reduction effect. The dilemma in a large-scale channel flow is
essentially that, at low Reynolds numbers, you can maintain the plastron
(as the static pressure on the working section remains low) but the effect
of the slip is only small (as can be estimated by calculating this length in
“inner” units). At higher Reynolds numbers, where at fixed dimensional
slip length the slip length now becomes more significant in inner units,
the pressure is high such that the plastron cannot be maintained.

Additionally, polymer-induced DR was not affected by a slip
boundary condition since the friction factor curves overlapped the
whole time whether an air layer existed or not. Figure 1(d) illustrates
DR from both PAA alone and PAA þ SHO plotted against
Weissenberg number (Wi ¼ Ubkc=h). In both cases, DR diminishes
over time, reaching an apparent steady state, and exhibits a discernible
correlation with Wi, which is in good agreement with the previous
work on polymer DR alone.18 This indicates that the polymer stretch-
ing plays a dominant role in reducing turbulent frictional drag in the
current setup and obscures the impact of the SHO surface.

As representatives for both active20,21 and passive control22 techni-
ques of turbulent flow, the effectiveness of incorporating polymer addi-
tives and SHO surfaces has been investigated. A flexible polymer
(polyacrylamide) and a randomly patterned SHO surface (SPNC), both
in widespread use in DR research, were utilized in a large channel flow
facility to achieve turbulent DR. Our results indicate that the synergistic
effect arising from combining polymer additives and SHO surfaces,
reported in a small-scale T–C setup,11 is not easily reproduced in a large-
scale flow rig closer to real-world fluid transport application. Instead,
polymer additives emerge as the predominating factor in this context,
overshadowing the potential contributions of the SHO surfaces, at least in
the current setup, which operates at the significantly higher gauge pres-
sure (�4kPa). It is worth pointing out that polymer solutions can still
maintain their ability to produce DR when a slip wall is involved. We
anticipate the relatively small bþ value might not have a major impact on
the primary flow turbulence. Consequently, the functionality of polymer
additives remains consistent irrespective of the different wall conditions.
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