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Abstract

In this paper, experimental results are reported to quantify the effect of hydrophobic coating LT-8 on frictional drag of water flow in pipes of 450 mm length. Five pipes of 1, 2, 3, 4 and 5 mm inner diameter were tested. The results from 1, 2 and 3 mm diameter pipes demonstrated an average frictional drag reduction of 9%, 11.5% and 3%, respectively, while the results from 4mm and 5mm pipes showed an increase in frictional drag of 12% and 10%, respectively. The 2mm and 4mm pipes were also tested with a half application of hydrophobic coating. The half coated 2mm pipe showed decrease in drag while 4mm pipe showed increase in drag. The results indicate a relationship between drag reduction/ increase withnthe percentage of coated surface. The main conclusions are, the flow changed from laminar state to the liquid-air wetting surface condition (Cassie-Baxter wetting state) at the pipe surface and then destabilized by the turbulent boundary layer and entered the liquid wetting surface (Wenzel wetting state) will be appeared. This transition lead to a reduction in friction drag for laminar flow condition and increase in drag for turbulent flow condition.
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1. Introduction
Hydrophobic surfaces available naturally and their benefits have been recognised for a significant length of time. For example, the Stenocara beetle from Africa’s Namib Desert, utilises hydrophilic ridges and hydrophobic troughs on its exoskeleton to channel water towards its head for hydration. The leaves of the lotus flower are also able to remove the possibility of becoming waterlogged in a swamp like environment. This has the added benefit that water rolling off the leaves collects debris, hence cleaning the leaves [1].
The existence of slip condition at the wall, and hence the existence of drag reduction, depends on the type of flow examined. Slip velocity has been reported in both laminar [2] and turbulent flow [3]. Fukuda et al [3] investigated the flow mechanisms which can reduce drag on a horizontal flat plate under specific circumstances, such as the air layers, the addition of surface ridges or riblets etc. They observed the appearance of slip velocity at the wall which leads to drag reduction. Lee et al [4] studied the effect of surface topology and void fraction on drage reduction in detail. They found that, at low void fractions, the micro-posts outperform the micro-ridges for the same void fraction value of shear-free area. They also found that the slip length increases linearly with void fraction but increased dramatically with the gas fraction higher than 90%. 
Ou & Rothstein [2] studied flow of water in a rectangular channels of 50 mm length with different cross-sectional dimensions in the range of 76x1520 µm to 254x5080 µm. They observed a slip velocity of more than 60% of the average velocity in the microchannel is found at the centre of the shear-free air-water interface whereas the no-slip boundary condition is found to hold along the surface of the hydrophobic ridges. Watanabe et al [5] studied experimentally the change in drag for tap water flowing in a 16 mm-diameter pipe under laminar flow condition. Experiments were carried out to measure the pressure drop and the velocity profile of tap water and an aqueous solution of glycerine flowing in pipes with highly water-repellent walls, by using a pressure transducer and a hot-film anemometer. They found that the main reason for the fluid slip is the reduction in the molecular attraction between the liquid and the solid surface due to the low free surface energy of the solid. The low free surface energy was attributed to lower contact area of the liquid compared to a conventional smooth surface due to the fine grooves on the solid surface. Liquid cannot flow into the fine grooves which filled with owing to surface tension which could lead to drag reduction. The validity of the term slip condition for microchannel was examined further by Tretheway & Meinhart [6] using micron-resolution particle image velocimetry for flow through 30*300μm channels of hydrophilic and hydrophobic surfaces. They found that the velocity profiles measured in a hydrophilic glass were consistent to that estimated analytically and the widely accepted non-slip condition. However, a slip velocity of 10% of the free-stream velocity and the slip length of 1μm was recorded in the channel with a hydrophobic coating. Rothstein et al [7] carried out a series of experiments to examine the effect of hydrophobic surface topology of laminar drag reduction using photolithography to fabricate silicon wafers topology into precise micro-post or micro-ridge patterns. They observed a significant drag reduction of up to 40% was slip lengths of 20μm compared to no drag reduction in smooth hydrophobic surfaces. They attributed drag reduction to an air-water interface which forms between the micro-posts and is supported by surface tension. This enables the fluid to flow while maintaining minimum contact with the channel walls, thus providing a shear-free interface.
Rothstein et al [8] used the pressure drop and particle imaging velocitimeter to study the effect of micro-patterned hydrophobic surfaces in square channel of 25 µm height and 60 µm on drag reduction in turbulent flow. They reported drag reduction up to 50% which increased with increasing feature size and spacing on the surface at a given Reynolds number. They also found that drag reduction started where a viscous sublayer thickness matched the height of the surface feature. Rothstein [9] studied the effect of ultra-hydrophobic surfaces on internal and external flows experimentally and numerically. The results showed a drag reduction of up to 75% for slip length of 120 microns for Reynolds numbers a round 4000 and increase with higher feature spacing. Zhang et al [10] examined drag reduction by measuring the pressure loss in channel of 450mm length with cross-section of 9mm width and 1.75mm height. They reported drag reduction up to 54% in laminar and turbulent flow for Reynolds numbers in the range of 500 to 5000. Rios-Rodriguez et al [11] investigated the existence slip conditions of laminar flow for Reynolds numbers in the range of 70-250 in circular hydrophobic pipe of 14.1 mm inner diameter. They reported a 20% reduction of pressure drop in the coated channel compared to the non-coated ones. 
In the literature, most of the papers regarding pressure drop and drag reduction in hydrophobic pipes, are published on rectangular and micro pipes. Only a few, early investigations on pressure drop for laminar flow in hydrophobic pipes in the range of 1 – 5 mm pipes were documented. Hence, the purpose of this paper is to: i) Study the pressure drop in small pipes with hydrophobic ally coated and non-coated surfaces in the order of millimetres. ii) Understand the effect of pipe diameter (1, 2, 3, 4 and 5 mm) and Reynolds number (0 – 10000) on the drag increase/reduction of hydrophobic coated surface. iii) Use high speed camera to understand the effect of hydrophobic surface on flow behaviour. 
2. Methodology
2.1 [bookmark: _Ref5627048] Test rig manufacture
In order to achieve a comprehensive overview of pressure drop in small pipes, two experimental rigs were designed and build to examine 5 small pipes of both 1, 2, 3, 4 and 5mm inner diameter. Figure 1 shows the test rig for the 2 and 4 mm inner diameter pipes. A similar experimental rig was also designed and manufactured to examine the pipes of 1mm, 3mm, and 5mm diameter. Each test rig was manufactured from two thick sheets of Perspex (25mm) were initially machined flat before machining of the settling chamber. The pipes of 450 mm length were then created using ball nose cutters of appropriate diameter. Valve holes and assembly holes where then drilled. The CNC machine was used to minimize the error in dimensions and allows for precision features to be machined. The holes were then tapped by hand using tapping tools.
The rig was cleaned before the hydrophobic coating was applied to pipes. The LT-8 hydrophobic solution produced micro-posts in the order of Nano-metres height on the surface of the channel. 
2.2 [bookmark: _Ref5626138] Experimental Procedure
[bookmark: _GoBack]The test rig was placed on a large table to minimize the difference in level between the inlet and outlet of pipes. However, the distance between the floor and the four corners of the table was measured to confirm the horizontal level. The level of water in the tank kept constant by using a floating ball valve. The water flow rate controlled by a valve system allows flow rate to be controlled in each pipe individually. The flow exiting each pipe will be collected in a graduated cylinder for a specific time to calculate the flow rate. The data will then be used to evaluate the velocity of the flow and then used to calculate the Reynolds number. The values of height from the manometer readings, h, will be used to calculate the pressure difference due to friction losses of the flow within each pipe using Equation 1,  
                                                                                                                (1)
The water tank will then be elevated, and the experiment repeated. The change of elevation of the water tank is used to control the flow rate (Reynolds number) in the pipes. The relationship between the pressures in each pipe and Reynolds number will then be graphically presented.
For the pipe of 2 and 4 mm diameter, data will also be recorded for ½ coated pipes. Data will then be compared to that of coated and non-coated pipes.
High definition imagery recording will be taken of the flow in each pipe in order to examine the effect of coating on flow properties. The imagery will capture video at a rate or 100 frames per second.  
3. Results and discussion
3.1. Initial measurements
The experimental data was collected for non-coated, half-coated and fully coated pipes by varying the height of the tank (H) which gives different flow rates (Reynolds numbers). High speed camera was also used to examine the flow profile in each pipe by monitoring the air bubbles generated from the naturally dissolved air in water. The flows in the non-coated and fully coated pipes showed a symmetrical flow profiles while the half-coated pipe showed asymmetrical flow profile. 
The settling chamber prior to the flow was used to make sure that a similar initial condition of the flow for all the pipes is achieved. It is also more easer and cost effective to machine a number of channels in one Perspex sheet than individual channel. To confirm that settling chamber has no effect on pressure drop, the pressure drop was measured for 2 and 4 mm pipes (non-coated) without settling chamber.
 3.2. Experimental Uncertainties
The experimental uncertainty include the combined effect of pipe dimensions (length and diameter) and the accuracy of flow rate measurement (collected water volume and time). The expected error for each parameter are given as: pipe diameter = ±0.02 mm, length of pipe = ±2 mm, water volume = ±5 ml and time for water collection = ±0.032 sec, manometer reading =± 10mm.  These values are used to calculate the error in pressure drop and Reynolds number for each experimental point for non-coated pipes as the values for coated and half-coated pipes are very close to non-coated pipe. The error bars are added to non-coated pipes only in each figure to reflect the experimental uncertainty.  

3.3. Variation of Pressure drop with Reynolds number 
For 5mm pipe, as can be seen in Figure 2, the coated pipe shows an increase in pressure drop of 10 % when compared to the non-coated pipe. However, the discrepancy is small for Re < 5000, but increased with higher Reynolds number. It can be observed that the flow is turbulent for all data points. 
Figure 3 presents the data for 4mm pipe. The results are in the range of transition and turbulent flow regime. It can be observed that the pressure drop for coated pipe is higher by 12% compared to non-coated pipe. The discrepancy increased for higher Reynolds numbers. The data of pressure drop for coated pipe shows a step increase for Re > 4170. This may be attributed to experimental error in measurement of one the variables. The increase in pressure drop for coated pipes of 5 and 4 mm may attributed to the a Wenzel wetting state [15] where the coating reduces the air gaps on the surface and increase the friction losses compared to uncoated surface.     
The results for pressure drop in Figure 4 of coated and non-coated 3 mm pipes are much closer. The data from coated pipe is 3% lower than the non-coated pipe. The results from 3mm pipe in Figure 4 provides an interesting transition between the flow in pipes of 4 and 5 mm compared to flow in pipes 1 and 2 mm. The 3mm diameter can be considered as the boundary between the pipes that considered as small and the conventional pipes. This change in trend of drag reduction may be attributed to the increased effect of viscosity on the flow at the central zone of the small pipes compared to the large pipes. This finding is supported by the value of 3 mm for multiphase flow transition suggested by [12]. 
In Figure 5, the results for flow in 2mm pipe indicates pressure reduction due to the applied hydrophobic coating of 11.5%. This is in agreement with the work conducted by [5, 10 and 11]. It should be highlighted that all data points of the 2mm pipe were within the laminar flow regime. The only exception is the point with highest Reynolds number value which have passed into the transition flow regime. 
The results of the 1mm pipe experiment, as seen in Figure 6, reveal a comparable relationship to that of the 2mm pipe. Thus, for laminar flow regimes in small pipes the apparent drag reducing effect of hydrophobic coating appears confirmed. The correlation between pressure and Reynolds number is clearly linear. An average drag reduction of 9% has been recorded.
In summary, the present data for laminar flow in the 1, 2 and 3 mm pipes show a reduction pressure drop for coated pipes which is support by a similar finding from the literature [2], [5], [11] and [13]. The main reason for this behaviour was attribured to the slip condition at wall due to the liquid-air wetting surface condition (Cassie-Baxter wetting state) at the pipe surface. 
On other hand, the present data for transition and turbulent flow are in contradiction with the finding in the liturature given by [9] and [10]. This may attributed the difference surface topograhy [7] between present work and data from liturature. This means  that the size and spaces of ridges and troughs are the controlling factor of drag increase/reduction by controlling the actual contact surface area between the liquid and the pipe surface and how much void trapped in the troughs. Based on the surface charactristics reported in [7], the increse in pressure drop in present work can be attributed to the reduction in voids at the wall and increase of direct contact between water and the pipe wall in turbulent flow regime.    
3.4  Variation of pressure drop with percentage of coated pipe wall 
Two cases for 2 mm and 4 mm pipes are investigated for 0, 50% and 100% coating. The 2 mm can be considered as small pipe and 4 mm as conventional pipe. The examination of half coated 4mm pipe seen in Figure 7 portrays more than 50% of pressure increase of the fully coated as the trend line is closer to fully coated pipe than non-coated. This is likely due to the effect of pipe wall surface the change in flow structure due to asymmetrical flow condition in the half coated pipe as shown by images. All of the data points are within the transitional and turbulent flow regimes. The increase in pressure drop may be attributed to the combined effect of reducing the size of air gaps on the surface by coating and removing the air from the gaps by the turbulence eddies which lead to direct contact between the water and pipe wall. This condition will create Wenzel wetting state which increase friction losses in coated pipe compared to uncoated pipe. 
[bookmark: _Ref5889390]The 2mm pipe results, seen in Figure 8, show a strong similarity to that of the 4mm pipe with the half-coated data points being located between the coated and non-coated pipes. However, the data of half-coated pipe are very close to non-coated pipe compared to that of the coated pipe. This is in contrast to that observed for the turbulent in 4mm pipe. In this case, the asymmetry effect is more significant than the percentage of coated pipe surface.  
3.5 Comparison of pressure drop for flow from settling chamber and without settling chamber
To confirm that settling chamber has no effect on the measurement of pressure drop, the data collected from 2 and 4 mm pipes (non-coated) with and without settling chamber. Figure 9 present the data of pressure drop collected from the experiments. The results confirm that there is no effect of using settling chamber on pressure measurements.
Figure 10 present a summary of the results from all coated and non-coated pipes. The results offer an increased perspective and quantification of drag variations in hydrophobic small pipes. When the results are graphically inspected together, a common trend of the effect of coating on pressure drop is recognised.  As the Reynolds number increases past values of laminar flow seen in the 1 and 2mm pipes, Cassie Baxter air trapping reduces drag allowing the flow to enter the transition / turbulent flow regime which in turn creates a Wenzel wetting state leading to a drag increase.
4. High Definition Imagery results
In attempts to understand the effect of the pipe surface topology on flow behaviour, a high speed camera is used to record videos of the flows from each pipe used in the investigation. The detailed examination of these videos show small bubbles appeared in the flow. The source of these bubbles could be the dissolved air in water. 
High definition recordings of the flow within each pipe were taken and then analysed, with particular attention paid to the shape and trajectory of bubbles. Figure 11 presents the typical flow trajectory recognised throughout the fully coated and non-coated pipes. The bubble can be seen to follow a trajectory parallel to the pipe axis with negligible deflection from this path. The bubble path is almost a straight line for laminar and turbulent flow.   
Figure 12 presents the trajectory of bubble in 2mm half-coated pipe. The bubbles appear to oscillate about the axis of the pipe in y direction. This was recognised in all half-coated pipes, and each bubble followed a similar trajectory in figure 12. This shows that the difference in flow interaction with the two half of the pipe wall are creating a non-equilibrium condition which lead to the oscillation of the bubbles around the axis of the pipe. The unbalanced forces on the bubble may lead to a continuous rotation and generation of vortices in flow in the pipe. 
Figure 13 presents the variation of average bubble size with pipe diameter. The size and shape of the bubbles in each flow is differed but appeared to present a trend. The 3 mm diameter pipe is not included in this Figure 13 due to the difficulty of observing any bubbles in the recorded images. The average bubble size of the bubbles appears to decrease as the pipe diameter increases. Elongation of the bubbles within turbulent flows was also recognised. Multiple measurements of bubble dimensions were taken for each bubble and then averaged to give an average bubble size. The decrease in bubble size may be attributed to the increase in turbulence experienced by the flow in the larger diameter pipes and further experimentation is required to confirm that the turbulence is the only reason for this trend. 
[bookmark: _Hlk15908696]5. Conclusions
The experimental data provided a comprehensive overview of pressure drop in small pipes with 0, 50% and 100% hydrophobic coating of inner pipe surface over the Reynolds range from 150 to 10000. The main findings can be summarized as:
1. The hydrophobic coating reduce the drag for laminar flow in small pipes of 1 and 2 mm by around 10% but increase the drag by around 10% in transition and turbulent flow in the larger pipes of 4 and 5 mm. This behaviour may attributed to the change from the liquid-air wetting surface condition to the liquid wetting surface of the pipes used in this paper. 
2. The increase of drag in transition and turbulent flow may be attributed to the very smooth surfaces of the pipes used in present work. This minimized/ eliminated any slip velocity at the wall which depend on the surface topology.  
3. There is a correlation between the percentage of surface coating and the drag reduction/increase. This correlation is not linear due the additional effect from the possible generation of vortices in the flow due to unbalanced shear forces on the walls. 
4. The data from 3mm pipe indicating a transition from small pipes where the viscosity have a significant influence on the velocity profiles to large pipes when momentum have more influence on velocity profiles.
5. The high definition imagery has presented some interesting and intriguing information, in particular on the half-coated bubble trajectories. The complex interactions between fully coated and non-coated pipe walls will be invaluable to industry. The data provided within this article will present microfluidics and biometrics with opportunity to maximize the efficiency and reduce maintenance of any system which operated under hydrophobic conditions in small pipes.
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