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The creation of drag-reducing surfaces in deformed tubes is of vital importance to thermal management, energy,
and environmental applications. However, it remains a great challenge to tailor the surface structure and
wettability inside the deformed tubes of slim and complicated feature. Here, we describe an electrochemical
anodization strategy to achieve uniform and superhydrophobic coating of TiO2 nanotube arrays throughout the
inner surface in deformed/bend titanium tubes. Guided by a hybrid carbon fibre cathode, conformal electric field
can be generated to adaptatively fit the complex geometries in the deformed tube, where the structural design
with rigid insulating beads can self-stabilize the hybrid cathode at the coaxial position of the tube with the
electrolyte flow. As a result, we obtain a superhydrophobic coating with a water contact angle of 157° and
contact angle hysteresis of less than 10°. Substantial drag reduction can be realised with an overall reduction up
to 25.8 % for the anodized U-shaped tube. Furthermore, we demonstrate to spatially coat tubes with complex
geometries, to achieve energy-saving liquid transportation. This facile coating strategy has great implications in
liquid transport processes with the user-friendly approach to engineer surface regardless of the deformation of

tube/pipe.

1. Introduction

The deformed tubes, such as bend, T-junction and spiral tubes, are
ubiquitous components that serve a variety of engineering purposes, e.
g., space-saving and/or increasing the contact area in a wide spectrum of
applications such as heat exchanger design [1-3], sea water desalination
plant [4,5], and advanced immersion cooling system [6], etc. The drag
of flow at the liquid/solid interface plays critical role in determining
operation cost. There have been a number of advances in the use of
superhydrophobic surfaces to reduce drag in liquid transportation
[7-9]. A slip boundary condition has been frequently used in most ap-
proaches, where a liquid does not penetrate into the surface texture of an
immersed superhydrophobic surface [10,11] and locally recirculating
air flow can be created by the textures thus lubricating the solid surface
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[12-17]. The concept has been applied to transport liquid where surface
textures have been widely utilised to minimise drag for the liquid
[18-20].

Compared with a straight tube, the pressure drops caused by fric-
tional drag in a deformed tube, e.g., a U-shaped tube [21], can yield
significant energy consumption. Meanwhile, the conventional technol-
ogies to achieve superhydrophobic surface such as photolithography
[20], aerogel [22], plasma treatment [23], and spray coating [24], are
less favourable for deformed tubes due to geometrical limitation.
Notably, some attempts have been made to coat the inner surface of
tubes for drag reduction. Watanabe et al. reported 14% drag reduction in
the laminar flow range with a water-repellent circular pipe, which was
coated with fluorine alkane modified acrylic resin [25]. Yuan et al
fabricated superhydrophobic glass tubes and observed non-sticking
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motion of water droplets in the tubes [26]. Lv and Zhang reported
superhydrophobic aluminium tubes for enhanced drag reduction by
chemical etching [27]. Nonetheless, the approaches are generally based
on dip coating or solution reactions, thus giving rise to great difficulty in
controlling the coating uniformity at the inner surface especially for
deformed tubes. The search for an energy saving liquid transportation in
a deformed tube with a low cost is an ongoing mission.

Electrochemical anodization can coat a surface under an electric
field regardless of surface morphology. Sun et al. studied the effect of
cathode arrangement on the coating quality for Ti tubes and explored
the essential role of electric fields in nanotube growth [28]. We previ-
ously developed a coaxial anodization method that can lead to uniform
and superhydrophobic coatings on both inner or outer surfaces of
straight tubes [29-31]. Despite of the above progresses, considerable
challenges remain on how to uniformly coat the inner surface of a
deformed tube with desirable wettability. The deformation, e.g., bend
tubes, easily leads to either a misalignment of the cathode off the axial
position of the tube which in turn causes a nonuniform distribution of
the coating layer, or a failure (short circuit) for the anodization induced
by a direct contact between the cathode and the tube.

In this work, we develop an electrochemical anodization approach to
conformally coat the inner surface of a deformed tube with homoge-
neous and superhydrophobic layer, regardless of tube geometry, e.g.,
bending angles, shapes, etc. This process is facilitated by a gauged car-
bon fibre cathode to offer a coaxial anodization inside the tube once
deployed, where a self-stabilization for this hybrid electrode is fulfilled
by the design thus ensuring a uniform distribution of the electric field for
anodization. Moreover, the anodized conformal hierarchical structure
leads to a substantial drag reduction for liquid transportation upon
superhydrophobic treatment. This adaptative coating approach provides
a practical engineering solution to overcome the structural confinement
of tube, in a spatially operational and cost-effective fashion.

2. Experimental section
2.1. Materials and anodization

Seamless titanium tubes with a variety of bending angles were used
with configurations as follows: 99.6% purity, 8 mm inner diameter, 1
mm wall thickness, and 157 mm curved length with two straight arms of
100 mm each. The tubes were ultrasonically cleaned in detergent, tap
water, ethanol, and deionized water for 20 min in sequence, then dried
with nitrogen stream. The electrochemical anodization was carried out
in ethylene glycol (anhydrous, 99.8%, Sigma-Aldrich) consisting of 0.3
wt% ammonium fluoride (98%, Sigma-Aldrich) and 2 vol% deionized
water at 20 V (Keithley 2200 SourceMeter) and room temperature
(20 °C). The electrolyte preparation and pre-treatment were the same as
previous practiced in our lab [32]. The titanium tube was used as the
anode and the hybrid carbon fibre (diameter: 1 mm, resistivity: 0.17
Q-m) as the cathode with a number of rigid insulating gauge beads
(diameter: 6 mm) decorating the fibre to facilitate anodization. The
electrochemical anodization consisted of two stages: Stage I, an elec-
trochemical etching process in 0.1 M sodium chloride aqueous solution
at 15 V and room temperature for 2 h, to create the structure roughness
in microscale throughout the inner wall. In Stage II, the designed elec-
trolyte solution was introduced with a controlled flow rate by a peri-
staltic pump, to initiate the nano-structure on the surface. At the end, the
tubes were rinsed with deionized water and dried at 50 °C in air. The
resulting nanotube coatings were annealed at 450 °C for 3 h to crystalize
into anatase structure before any further treatment and application. For
superhydrophobic surface, the well-tailored Ti tubes were treated with
ethanol solution (anhydrous, 99.9%, Sigma-Aldrich) containing 2 vol%
1H,1H,2H,2H-Perfluorodecyltriethoxysilane (PTES, 97%, Adamas re-
agent) at 60 °C for 30 min and then dried at 110 °C for 1 h.
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2.2. Characterization

Surface and cross-sectional views of the nanotubes were examined by
field-emission scanning electron microscopy (FESEM, FEI Nova 400
FEG-SEM). Water contact angle measurements were performed under an
optical tensiometer (Attension Theta, Biolin Scientific) equipped with a
high-speed digital camera. A water droplet ~ 7 pL was used for the
contact angle measurement and to track the droplet sliding. The tra-
jectories of droplet motion and the rest surface drag reduction testing &
demonstration were recorded by a digital camera (Nikon Coolpix
$7000).

2.3. Theoretical analysis and finite element simulation

The electrolyte flow induced deflection can be defined as a trans-
verse force F on the rigid bead and the carbon fibre, which can be
calculated using the following well-known deflection formula for
cantilever:

Fx?

uy(x) = @(Sfo) 1)

where x is the coordinate along fibre axis, E is the elastic modulus of
carbon fibre, I is the second moment of area for the carbon fibre, and
L =1d+1p, , with d being the distance between two beads and ¢, being
the bead diameter (see Fig. 1c). Knowing that the carbon fibre has a
circular cross-section with diameter ¢; , we have: I =4ngp! . The
maximum deflection, i.e., the deflection at the end where F is applied,
can be found from Eq. (1) as:

F 3

Maxuy = uy(x =L) = 127[E(/)}‘L‘ (2)

By normalizing Equation (2), we have:

M
Maxi, = Ay _ cL? 3
[
withc = m , where g, is the diameter of the Ti tube (see Fig. 1c).
o,

The transverse force (lift force) F can be estimated by hydrodynamics as:
1
F=3 PV2SCL “@

where p and v are respectively the density and velocity of the elec-
trolyte solution, S (= %nwﬁ) is projected area of the bead, and C is a
dimensionless lift coefficient. By taking p = 1g/cm® (water) and v is the
flow speed for the electrolyte solution.

The commercial finite element software ANSYS Fluent was used to
simulate the fluid transportation and liquid-solid interaction. Simula-
tions were conducted on 2D tubes in straight shape and bending angles
from 30° to 180°. The same length of 350 mm was set for all tubes to
ensure equal travel distance of water through tubes. Different surface
conditions of tubes were simulated by applying different levels of shear
stress on the tube surface, i.e., 5 Pa for the original surface and 0 Pa for
the anodized hydrophobic surface. Moreover, to mimic the syringe in-
jection in the experiment, a small rectangular block (1.5 mm x 2 mm) at
the tube inlet part was introduced in the simulation and water was
injected from this block into the tube. The water inlet velocity was set to
be 3 m/s for the stream testing on surface drag, in line with the exper-
imental data of 27.4 mL min~'. Multiphase model was adopted and
transient simulation was conducted. Time evolutions of mass flow rate
at inlet and outlet and phase diagram showing volume fractions of water
and air were obtained from the simulation.

3. Results and discussion

The key concept of coaxial anodization is to electrochemically
generate a uniform coating layer inside the deformed tube by utilising a
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Fig. 1. Concept and mechanism of coaxial anodization in a deformed tube. a) Drifting of cathode with single bead. b) Stabilisation of hybrid cathode with rigid beads
at the presence of liquid flow. ¢) Normalized maximum deflection of hybrid cathode versus L during the anodization. d) Schematic illustration of the electrochemical
anodization setup with rigid beads gauged carbon fibre cathode, distribution of streamline and anodized nanolayer in a U-shaped tube and e) tubes with various
bending degrees. f) Length of TiO, nanotubes grown in the vicinity of an insulating bead and g) that between two beads under different flow rates at 20 V for 8 h.

Insets correspond to illustrations showing the positions.

plastic gauge bead decorated carbon fibre cathode, which can self-
stabilize at the axial position with a fixed end by following the flow
direction (Fig. 1a and 1b). The gauged carbon fibre cathode consists of a
conductive and flexible carbon fibre (¢; = 1 mm) dressed by a number of
rigid insulating plastic beads (¢, = 6 mm).

A theoretical analysis is performed to understand this effect (see
Experimental section) by deriving the normalized maximum deflection as

— _ Maxy, 3 . _ F _1 1 .
Maxu, = = cL’ , with c = TarE o, and L = 5d +35¢, , where F is the

transverse force (see Fig. 1¢), E is the elastic modulus of carbon fibre, d is
the distance between neighbouring beads, ¢, is the diameter of bead, ¢
is the diameter of carbon fibre cathode, and ¢, is the inner diameter of
tube. When considering E = 228GPa, ¢, = 8mm , the possible deflection
of bead is described at different F in Fig. lc. It is found that the
normalized maximum deflection is less than 0.002 (~16 pym off the
central line) when L is up to 20 mm, which is less than 2 % of the
remaining gap between bead and inner wall. Accordingly, the following
experiments utilise hybrid cathode with L = 20 mm, otherwise specif-
ically stated. Such a design offers a flexible cathode to follow the elec-
trolyte flow while ensuring good stabilization of the cathode at the
coaxial position (Fig. 1d) to fulfil a uniform anodization layer on surface
(Figure S1), regardless of the structural deformation (Fig. 1le).

We next measure the length of anodized nanotubes in a straight tube
(100 mm long) to verify the distribution of electric field at different
locations, e.g., at the upstream (i.e., prior to the bead) and downstream
(i.e., after the bead) regions under different flow rates (about 10 mm
away from the bead). In Fig. 1f, it is found that, regardless of the position
examined, the nanotube length increases with the flow rate and reaches
a maximum at 55 mL min~}, because of the accelerated ion feeding;
thereafter, it drops gradually, due to the enhanced chemical etching rate
of the early-formed nanotubes [33,34]. At the same flow rate, the length
of nanotube at the upstream region is longer than that at the down-
stream section, which can be attributed to sufficient supply of ionic
component in a fresher electrolyte solution. It should be noted that the
nanotubes grown at the bead position exhibit the largest growth rate.
There are two major reasons: firstly, the lines of electric field are bent in
the vicinity of bead, lowering the effective field across the oxide layer
[28,33]. Secondly, the streamlines are concentrated along the bead
profile in light of the narrowed cross-sectional area, promoting the ion
feeding under the large flow rate. The latter point plays an important

role during the growth process of anodic TiO2 nanotubes as identified in
the previous report [35].

We further investigate the influence of multiple beads on growth of
nanotubes (Fig. 1g). The nanotubes grown between two beads exhibit a
similar varying trend and seem more stable than single bead (cf. Fig. 1f),
where the length deviation becomes less affected by the flow rate.
Moreover, the nanotube length falls in the same scale under the same
flow rate. Detailed examination suggests that the coating uniformity is
merely affected by the beads (Figure S2), hence setting the basis for
tailoring the coatings inside deformed tubes. A thin layer of nanograsses
is formed at the nanotube surface, due to the dissolution of nanotube
tops during the anodization which could be removed by ultrasonic
cleaning [36].

A U-shaped tube (bending angle of 180°) is selected to investigate the
coaxial anodization performance since the electrolyte flow experiences a
severe interaction during the U-turn. By using a structural cathode (d =
19.5 mm) to anodize the inner surface of a U-shaped tube, highly or-
dered nanotube arrays are formed, as compared in Fig. 2a and 2b.
(Fig. 3) The cross-sectional FESEM images reveal a uniform distribution
of nanotube coating throughout the inner surface of U-shaped tube, as
shown in Fig. 2c. An optimal flow rate of 75 mL min~! was selected
based on the macroscopic appearance of the coatings, as shown in
Figure S3. An average length of about 5.8 pm (Fig. 2d) and average
diameter of round 85 nm (Fig. 2e) are obtained. In principle, the surface
morphology plays a key role in affecting the surface wettability (Fig. 2f
and 2 g), thus determining the drag reduction. Notably, the surface
roughness (Figure S4) increases explicitly from less than 1 + 0.5 pm for
original surface to ~ 10 + 3 pm for the hierarchical surface after
anodization. In this case, the anodized surface shows a super-
hydrophobic feature with a static contact angle of 154° (Fig. 2h) upon
1H,1H,2H,2H-Perfluorodecyltriethoxysilane treatment, compared with
a hydrophilic state (CA ~ 88°) for the original (un-anodized) surface. To
reach the merit for effective drag reduction, it is essential to equip the
surface with both a high static CA and a small contact angle hysteresis
(CAH, Fig. 2i) [37-39]. In this work, we find that the original surface
displays a high contact angle hysteresis of around 47°, whereas a very
small CAH of around 6° is detected for the anodized surface. After
depositing a water droplet (7 pL) inside a tube, the droplet slips instantly
off the anodized surface due to the superhydrophobicity, instead of
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CAH data j) on original and anodized surfaces.

firmly adhering to the original surface (see movie S1).

The liquid/substrate interaction during the liquid transportation has
been well understood by a slip boundary layer theory [7,40,41], as
shown in Fig. 3a and 3b. We next performed droplet sliding experiment
to verify the uniformity of superhydrophobic coating and their impact
on the liquid/substrate interaction, by depositing a water droplet into a
tilting positioned (~10°) U-shaped tube with both ends levelling at the
same height (Fig. 3c) and tracking the sliding trajectory of droplet
(movie S2) starting from one end at a time. For the tube with original
surface, the water droplet firmly sticks to where it is initially deposited,
due to the large CAH value. However, the droplet instantly rolls off once
being deposited on the anodized superhydrophobic surface, and pre-
sents an oscillating motion (Fig. 3d) until eventually stops at the middle
point (lower point), which reflects a good drag reduction by offering a
long travel distance along the tube. In addition, the sliding trajectory
plots for water droplets departing from different ends show a good
symmetry, which indicate a good uniformity of the superhydrophobic
coating along the axial direction.

We next study the drag reduction at the anodized surface by pumping
a continuous water stream (~27.4 mL min 1) alongside the inner wall of
a vertically placed U-shaped tube, with the outlet being located higher
than the inlet (Fig. 3e). For the U-shaped tube with original surface, the
water stream is unable to pass through and eventually dripped out from
the inlet end at 12.8 s (Fig. 3f). Interestingly, the water stream can
successfully transport through the anodized U-shaped tube at the same
flow rate in just 2.1 s (Fig. 3g). It should be noted that a water fall can be
observed out of the upper outlet when the exiting stream stabilizes (see

movie S3), indicating that the stream travels along the super-
hydrophobic surface with minimal energy loss. The anodized super-
hydrophobic surface consisting of nanotubes and its trapped air (note
that the nanotube structure keeps almost unchanged upon PTES treat-
ment, cf. Figure S5), offers a slip interface, thus reduces the frictional
drag at the liquid/solid interface.

The finite element (FE) simulation results further confirm the
experimental observations about the effect of surface condition. In the
case of original surface (Fig. 3h), due to the drag at the surface, the water
stream cannot overcome the gravity, especially at the bending region.
Consequently, a jamming stream forms at the bottom part of the tube,
shown by the red region in Fig. 3h where the volume fraction of water is
100%. The upper part of the tube contains almost no water, as demon-
strated by the blue region in Fig. 3h with 0% volume fraction of water.
On the contrary, under the same inlet velocity, for the anodized surface
with much less frictional drag (Fig. 3i), the water stream can easily
overcome the gravity and flow throughout the tube, as shown by a
smooth water stream (red line) near the inner surface of the tube in
Fig. 3i (see Figure S6 for more simulated phase plots for tubes with
different bending degrees).

The numerical results from the FE simulation also quantifies the drag
reduction by plotting the normalised mass flow rate (i.e., mass flow rate
at the outlet of the tube divided by that at the inlet) as a function of time
step for the U-shaped tube (bending angle of 180°) and tubes with other
bending angles, which shows a good agreement with the experiment
results. For the U-shaped tube (Fig. 3j), under the original surface con-
dition, the normalised mass flow rate is always zero, which means there
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is no stream discharge from the outlet. However, in the anodized case,
the stream starts to discharge from the outlet of the tube at around 0.13
time step, as shown by a jump of the normalized mass flow rate from 0 to
1in Fig. 3j. It is noted that the peak mass flow rate (>1) at 0.13 time step
is due to the jamming of the liquid transportation. Fig. 3k is for the
anodized tubes with bending angles ranging from 0° to 180°. It is found
from the figure that the water discharge time is almost the same for all
the bending angles, indicating the minor effect of bending angle with
respect to the surface condition. The detailed maps of volume fraction of
water for all bending angles are shown in Figure S6 (Supporting Infor-
mation), where the smooth water stream (red line) near the inner sur-
face of the tube is found for all bending angles.

We then evaluate the drag reduction performance of the tubes with
anodized surface, in a constant throughout flow setup (Fig. 4a, see
Figure S7 for the complete setup). Finite element simulation is also
performed to understand the flow conditions when the liquid is trans-
ported in the tubes with original or anodized surface. The obtained
contour maps of flow rate are shown in Fig. 4b. For the original surface,
the highest flow rate is found at the centre and the flow rate decreases to
0 when approaching the tube surfaces, due to the large frictional drag at
the surface. On the contrary, for the anodized surface of little surface
drag, a relatively uniform distribution of flow rate is found. The finite
element simulations of other levels of constant inlet flow are also per-
formed, and the obtained contour maps of flow rate at low inlet flow (1
m s~ 1) and high inlet flow (5 m s 1) are shown in Figure S8 (Supporting
Information), where the relatively uniform distribution of flow rate is
also found for the anodized surfaces.

The further numerical analysis focuses on the high Reynolds number
(Re > 4000) region/turbulent regime, since it has been a challenging
topic to get accurate and repeatable results in the laminar regime with
the constant head lab setup and turbulent regime has been the major
concern for energy consumption of liquid transportation in industrial
applications [42,43]. The analytical friction factor is derived from

Colebrook formula [44,45] as f% = —24010g10(% + Ifefols) and Re =

—— 231 | where ky/¢; is the relative roughness and ¢, is the
£03(10°2077F 531

diameter of tube. The friction factor can be calculated as f = %
with experimental data, where p is the density of water, ¢, = 8 mm, t =
20 s, L = 330 mm, m is the mass of water, and AP is the differential
pressure.

The friction factors extracted from the Colebrook formula and ex-
periments at Re > 4000 are summarised in Fig. 4c, for the tubes with
original and anodized surface. For an increasing flow velocity, the
friction factor presents a declining trend for each curve over the entire
range. Moreover, the anodized surface presents up to 25.8% drag
reduction, due to the generation of plastron lubricating the flow of water
over the anodized surface. It is noteworthy that the friction factor of the
U-shaped surface at each Reynolds number is higher than that of the
value determined by the Colebrook formula. This is reasonable,
considering that the formula is applicable for straight pipes with smaller
fraction factor than bend counterparts. Above data show a reduced drag
in the anodized tube when compared to the original tube, in good
agreement with the theoretical prediction.

We further apply the coaxial anodization to the tubes with more
complicated deformations, a spiral tube (Fig. 4d and 4e) and a T-junc-
tion (Fig. 4f and 4 g). A quick verification of the formation of hydro-
phobic layer on the surface is conducted by depositing the water
droplets on the inner surface of spiral tube (movies S4), where we find
that the water droplet slips instantly off the anodized tube (Fig. 4h). By
pumping a continuous water stream in the setup as shown in Fig. 4i and
4j, almost zero energy loss is observed for the anodized surface (movies
§5-56), in contrast to the significant reductions on the flow rate for the
original surface. The coaxial anodization can be operated in a flexible
fashion to fulfil a conformal hydrophobic coating (movie S7), thus
enabling drag reduction in deformed tube with a promising application
in wide engineering system (see Figure S9). However, the actual
mechanism could be very complicated and affected by more varied
factors such as impact, bouncing, gravity, and so on, which will be
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Fig. 4. The drag reduction of the constant throughout flow and the demonstration of applying coaxial anodization in the deformed tube with complicated shapes.
Illustration of the constant flow testing setup to assess the drag reduction of liquid transportation in a U-shaped tube a), with finite element simulation results b). c)
The analytical and experimental results on the friction factor (f) versus Reynolds number (Re). Illustration of anodizing d) a spiral tube with an image of anodized
product in e), and f) a T-junction with an image of anodized product in g). h) Demonstration of the interaction between liquid and inner wall in spiral tube by
depositing droplets on original (top) and anodized inner surface (bottom). Surface drag reduction testing by pumping an aqueous stream to pass through the original

(top) and anodized (bottom) spiral tube i) and T-junction j).

investigated further in the future work. The stability of the nano-
structured coatings and the superhydrophobic states is also of key
concern for engineering application, which is demonstrated under
continuous water flow in terms of laminar and turbulent condition, as
displayed in Figures S10-517.

4. Conclusions

In summary, we describe a facile anodization strategy to achieve
uniform distribution of hierarchical structure within deformed Ti tubes,
in a controllable and self-adaptative manner. The hybrid cathode design
can self-stabilise at a wild range of flow rate without explicit deflection,
to create a uniform and superhydrophobic TiOy nanotube layer at the
inner surface of tubes with minimal contact angle hysteresis. As such, a
significant drag reduction is facilitated on the hydrophobic nano-
structured surface, where both the experimental and theoretical results
show that skin friction has been minimised. Interestingly, the liquid flow
can be transported through the U-shaped tube freely regardless of the
bending degree and shape of tube. The formation of plastron lubricating
the flow of water over the anodized surface leads to an apparent slip
layer and reduction in the average shear stress acting on the flow.
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