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Abstract
A 3D volume of fluid (VOF) model for an anode channel in a PEM fuel cell has been built. The effects of the initial position of the water droplet, its size as well as the wettability of the gas diffusion layer (GDL) are investigated under different operating conditions. It is found that the initial position of the relatively small water droplet in the channel has almost no effect on the pressure drop and the time taken for the liquid water to move out from the channel; however, such effects become more profound as the size of the water droplet increases. Also, when the droplet is placed at the side wall of the channel, then it develops into pockets of water that are mainly located at the upper corners of the channel, thus causing a smaller pressure drop compared to the cases in which the water droplet is placed either on the surface of the GDL or on the top wall of the channel. Furthermore, the hydrogen velocity is found to have a negligible effect on the dynamics of liquid water; however, the pressure drop and removal time are significantly influenced by the hydrogen velocity. Moreover, as the size of the water droplet increases, the pressure drop increases and the time required for the liquid water to move out of the channel decreases. Finally, the pressure drop in the channel decreases and the removal time of the liquid water increases as the contact angle of the GDL decreases.  
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1. Introduction
Proton exchange membrane (PEM) fuel cells are promising battery-replacements for some portable devices and vehicles. This is mainly due to their high power density, rapid start-up and low operating temperature [1–3].
However, there are still technical challenges that have to be overcome in order to reach widespread commercialisation of the PEM fuel cell technology [4–8]. One of the key challenges is water management, since it is related to both water flooding and dry-out of the membrane [9,10]. Water flooding increases the concentration losses because it hinders the transport of the reactant from the flow channel to the catalyst layer, while dry-out of the membrane increases the ionic resistance of the membrane, thus leading to possibly unacceptable fuel cell performance. 
Over the past decade, water flooding in the gas channels has attracted much attention and this is due to the influential role of the flow channels in transporting the reactants to the reactive sites in the catalyst layers through the gas diffusion layers (GDLs). Liquid water accumulation in the channels may increase the pressure drop along the channel and, if severe, may cause blockage to the flow of the reacting gases, thus decreasing the efficiency of the fuel cell system. Many experimental studies have employed different visualization methods to investigate two-phase flows, e.g. X-ray, Magnetic Resonance Imaging (MRI) and neutron imaging [11–19]. 
On the other hand, many investigations have chosen numerical methods to study the two-phase flow in the channels. In early studies, the multi-phase mixture (M2) model and the multi-fluid model have been employed to investigate the two-phase flow [20–24]. However these two methods cannot describe the existing form and the motion of the liquid water. In order to track the dynamics of the liquid water, the two-phase flow is investigated by other methods, e.g. the pore-network (PN), Lattice Boltzmann (LB), and the volume of fluid (VOF) methods. More details about these methods can be found in the review paper [25]. The volume of fluid (VOF) method is chosen in this study because it is better at considering the surface tension and wall adhesion effects when compared with the above-mentioned methods. The VOF method has been used to investigate the effects of the channel geometry and its properties (e.g. wettability) on the formation and dynamics of liquid water [26–34]. Further, some researchers have coupled the VOF model with electrochemistry in order to investigate the effects of the dynamics of liquid water on the fuel cell performance [35–37]. 
All the above studies have focused on flooding in the cathode channel which is commonly-encountered in PEM fuel cells as water is produced at the cathode. However, some visualization experiments have showed that, under some certain operating conditions, e.g. low current densities and high relative humidity, flooding can occur in the anode gas channel [38–40]. In the cathode compartment, liquid water emerges from the GDL pores. Liquid water can be either (i) produced within the anode channel through condensation of water vapour at the walls of the channel where the temperature is lower than that of the GDL surface or (ii) transferred from the cathode side through the membrane by back diffusion and pressure difference [41]. Ge and Wang [42] were the first to present visualization results of the flooding in the anode channel. Their results showed that water was prone to condense on the channel walls rather than inside the hydrophobic GDL. In addition, they found that hydrophilic anode GDLs could alleviate anode channel flooding. Lee and Bae [43] compared water flooding at both the anode and the cathode by employing a transparent fuel cell. They found that flooding at the anode was more significant than that at the cathode and this was attributed to the relatively high rate of back diffusion and low flow rate of hydrogen. Ferreira et al. [44] numerically investigated the two-phase flow in the anode channel by adopting the VOF model. They placed a water droplet on the top wall of the channel at the start of the simulations and subsequently studied the effects of the hydrogen velocity, operating temperature and the channel walls wettability on the droplet. Hou et al. [45] built a VOF model for alkaline membrane fuel cells and investigated the sensitivity of liquid water removal to the geometry of the flow channels at both the anode and cathode sides. However, in their study, a single droplet was placed at the surface of the GDL at the anode side where water is generated in this type of fuel cell. 
To the best of the authors’ knowledge, the effects of the initial position of the water droplet and the GDL wettability at the anode have not been investigated. Unlike the cathode channel, the initial position of the water droplets in the anode channel is more unpredictable. Therefore, a 3D VOF model is built in this study to investigate the sensitivity of the dynamics of the liquid water droplet to the initial position in the anode flow channel. Also, the effects of the size of the droplet and the hydrogen velocity are investigated. Further, the effects of the anode GDL wettability on the dynamics of liquid water droplet, average pressure drop and water removal time are investigated. Such investigations are important as they provide insights on how one could design fuel cell components which mitigate water flooding at the anode of the fuel cell.
2. Numerical model
2.1. Numerical method
[image: G:\2sec\pic\summ\1.bmp]
Fig. 1. A schematic diagram of the modelled anode channel.
Fig.1 shows a schematic of the 3D computational domain considered in this study. It contains a straight gas channel with a 1 mm × 0.5 mm rectangular cross section and 5 mm length. The cross sectional area, namely 1 mm × 0.5 mm, of the channel was chosen because it is commonly used in commercial products. Further, the channel length of 5 mm is chosen since it is found to be long enough for the multi-phase flow to be fully developed and to cover all the possible dynamics of the liquid water such as detachment. To this end, modelling the entire channel is unnecessary, especially when bearing in mind that it requires much larger computational time. The bottom surface represents the surface of the GDL while the other sides represent the walls of the flow channel.


The VOF method models two or more immiscible fluids by solving a set of momentum equations and tracking the volume fraction of each phase throughout the domain. In this study, there are two phases in the domain, namely hydrogen gas and liquid water. Subscripts 1 and 2 are used in this study to represent the hydrogen and liquid water, respectively. The sum of the volume fractions is equal to one in each computational cell; therefore, the volume fractions of hydrogenand liquid watercan be obtained by:

                                                                                                                                                                                                   (1)
The continuity and momentum equations are as follows:
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whereis the velocity, is the pressure,andare the volume averaged density and dynamic viscosity, respectively, and are given by:

                                                                                                                                                                                         (4)

                                                                                                                                                                                         (5)


andis the momentum source term. In order to capture the effects of the surface tension, the continuum surface force (CSF) is employed to calculate [46]:

                                                                                                                                                                                (6)



Where is the surface tension coefficient, and  is the surface curvature defined in terms of the divergence of the unit normal:

                                                                                                                                                                                                   (7)

                                                                                                                                                                                                   (8)

The curvature of the surface near the wall are adjusted in order to reflect the effects of the wall adhesion force. In the cells near the wall, the modified surface normalis given by:

                                                                                                                                                            (9)



whereis the contact angle of the wall, and  and  are the unit vectors normal and tangential to the wall, respectively. 
2.2. Initial and boundary conditions
The boundary conditions used for the model are the velocity-inlet for the inlet of the channel and pressure-outlet for the outlet of the channel. Apart from the boundary conditions assigned at the inlet and the outlet of the channel, other surfaces are treated as a “wall” so that different values of the contact angle can be set for each surface. The consumption of hydrogen due to the anodic electrochemical reaction is neglected in the model. This simplification is widely used when modelling two-phase flow in fuel cell channels as this would not affect the dynamics of the liquid water in the channel which is the focus of such studies [30–32]. A 25 cm2 PEM fuel cell operating at 0.5 A cm-2, 80 °C and hydrogen stoichiometric ratio of 1.2 are chosen for the simulation of the base case. These were found to be conditions at which anode flooding occurs [43]. Based on the above conditions, the velocity of the inlet gas, which is a mixture of water vapour and hydrogen, is calculated to be 2 m s-1, and all the physical parameters considered in the model are listed in Table 1. In this study, fully humidified hydrogen is chosen for all simulations as this will most likely cause anode flooding.
The simulations in this study are run using ANSYS FLUENT 18.2. The pressure-based solver is employed in the model. It should be noted that the Reynolds and Bond numbers were found to be small for all simulated cases: less than 103 and 0.1, respectively. Therefore, the laminar viscous model has been selected and the gravity effect has been neglected.
Table 1. Values of the parameters applied in the simulations. Unless otherwise stated, the values of the
parameters are taken from [44]. 
	Parameter 
	Value

	[bookmark: tab1]Temperature
	353 K 

	Inlet velocity
	2 m s-1

	Ambient pressure
	101,325 Pa

	Outlet pressure
	0 Pa (gauge)

	Gas density
	6.877 × 10-2 kg m-3

	Liquid water density
	971.8 kg m-3

	Gas viscosity
	9.995 × 10-6 Pa s

	Liquid water viscosity
	3.544 × 10-8 Pa s

	Surface tension
	6.267 × 10-2 N m-1



2.3. Test of grid independency and time-step method
A computational domain consisting of 96,526 cells is employed in this study. Grid independency is tested by decreasing and increasing this number by 20%; the changes in the velocity profile and pressure drop were found to be negligible, thus indicating grid independency. The time step is set to be 10-6 s and therefore the global Courant number is less than 2. Different time steps, i.e. between 10-7 s and 10-5 s, have been also tested in the model, and the time step of 10-6 s was found to be a suitable trade-off between the accuracy and computational time. 
Table 2. The computation cases investigated.
	Case
	Contact angle (°)
	Droplet
	Operation condition

	
	GDL
	Channel walls
	Diameter (mm)
	Location (mm)
	Distance (mm)
	Hydrogen velocity
(m/s)

	1
	140
	45
	0.5
	Top wall
	1
	2

	2
	140
	45
	0.5
	Side wall
	1
	2

	3
	140
	45
	0.5
	GDL
	1
	2

	4
	140
	45
	0.5
	Top wall
	1
	1

	5
	140
	45
	0.5
	Side wall
	1
	1

	6
	140
	45
	0.5
	GDL
	1
	1

	7
	140
	45
	0.5
	Top wall
	1
	3

	8
	140
	45
	0.5
	Side wall
	1
	3

	9
	140
	45
	0.5
	GDL
	1
	3

	10
	140
	45
	0.5
	Top wall
	3
	2

	11
	140
	45
	0.5
	Side wall
	3
	2

	12
	140
	45
	0.5
	GDL
	3
	2

	13
	140
	45
	1
	Top wall
	1
	2

	14
	140
	45
	1
	GDL
	1
	2

	15
	10
	45
	1
	Top wall
	1
	2

	16
	30
	45
	1
	Top wall
	1
	2

	17
	45
	45
	1
	Top wall
	1
	2

	18
	60
	45
	1
	Top wall
	1
	2

	19
	90
	45
	1
	Top wall
	1
	2

	20
	120
	45
	1
	Top wall
	1
	2

	21
	170
	45
	1
	Top wall
	1
	2


3. Results and discussion
In this study, the effects of the initial position of the water droplet, its size and the wettability of the GDL surface are investigated. Table 2 shows all the cases investigated, detailing the contact angles for the GDL and walls of the channel, the size of the water droplet, the hydrogen velocity, the position of the water droplet and its distance from the inlet. Case 1 is the baseline case where a hydrophobic GDL and a hydrophilic channel are chosen. Although different sizes were considered for the droplet and the channel, the results for Cases 1,4,7 and 13 were shown to be in good agreement with those of Ferreira et al. [44].
3.1. Effect of the initial position
The same size droplets are placed on the top wall, side wall and GDL surface in order to investigate the sensitivity of the liquid water dynamics to the initial position of the water droplet. The initial position of the water droplet is selected to signify how water flooding is initiated. For example, the case where the droplet is placed on the GDL surface signifies that water flooding is attributed to the water transfer from the cathode to the anode by back diffusion and pressure difference. Fig. 2 shows the water dynamics for the Cases 1-3. It should be noted that the droplet in all the cases is assumed to be a hemisphere. For the baseline case, i.e. Case 1, where the water droplet is placed on the top wall of the channel, it can be observed that the droplet first spreads, thus increasing the contact area, and then it moves to the outlet along the top wall. As will be shown in the next section, the spread of the water droplet increases as the droplet size increases. For Case 2, where the droplet is placed on the side wall, the droplet first spreads to both the top wall and the GDL surface. Since the GDL surface is hydrophobic, liquid water moves away from the GDL and moves to the upper corner of the channel. When all the water has reached the upper corner, the water forms a narrow and long film, and moves to the outlet along the corner. For a droplet placed on the GDL surface, the droplet first detaches from the GDL surface because of the hydrophobic nature of that surface. The droplet then reaches the top wall and flattens as it moves towards the outlet. It can be seen that the difference in the water dynamics between Cases 1 and 3 is small. However in Case 3, the water droplet collides with the top wall; such a collision is, as will be shown in the next section, more profound as the size of water droplet increases. 
In order to obtain some quantitative differences between the above cases, Fig. 3(a) presents the average volume fraction of the water and the pressure drop for Cases 1-3 as a function of time. When correlated with time, the average volume fraction of water gives insight into how quickly the liquid water is removed from the channel. As shown in Fig. 3(a), the shortest time to 
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Fig. 2. The dynamics of liquid water droplet for different initial positions: (a) top wall, (b) side wall and (c) GDL surface. The distance from the inlet is 1 mm.
move out of the channel (~130 ms) is taken by the droplet that is initially placed at the top wall of the channel, i.e. Case 1. The droplet on the GDL surface takes a longer time to reach the outlet since it first experiences a detachment from the GDL surface and a collision with the top wall of the channel before forming a film. On the other hand, in these three cases the longest time to move out of the channel is taken by the droplet that is initially placed at the side wall of the channel and this is mainly because of the elongated shape of the forming film. Fig. 3(b) shows the pressure drop for these three cases. The difference in the pressure drop between the case where the droplet is placed on the top wall and the case where the water droplet is placed on the GDL surface is small because the dynamics of the liquid water in both cases is similar. However, in Case 2, where the water droplet is placed at the side wall of the channel, a smaller pressure drop occurs since the forming water film occupies less cross-section area of the channel. 
[image: C:\Users\Zhenxiao\Desktop\paper\own\2sec\pic\summ\new\fig3.bmp]
Fig. 3. (a) The average volume fraction of the water and (b) the pressure drop in the channel as functions of time.
In addition to Fig. 3, Fig. 4 shows the cross-section of the channel at the moment when the water film is fully developed and the fraction of liquid water is a maximum. The fractions of liquid water occupying the cross-section is almost the same for Cases 1 and 3, and this explains why the pressure drop is more or less the same for these two cases (see Fig. 3(b)). On the other hand, the fraction of liquid water occupying the cross-section is the lowest for Case 2 and this is in agreement with lowest pressure drop occurring in this case.
[image: C:\Users\Zhenxiao\Desktop\paper\own\2sec\pic\summ\revision\revision.bmp]  
Fig. 4. The cross-section for different initial positions: (a) top wall, (b) side wall and (c) GDL surface. 
The effects of the distance of the droplet from the inlet on the dynamics of the liquid water is also investigated by changing it from 1 mm to 3 mm (Cases 10-12). Fig. 5 shows that the dynamics of the liquid water droplets for Cases 10-12 are similar to those of Cases 1-3, thus indicating the negligible effects of the investigated variable, i.e. the distance from the inlet, on the dynamics of liquid water droplets. 
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Fig. 5. The water dynamics of the liquid water droplet for different initial positions on: (a) top wall, (b) side wall and (c) GDL surface. The distance of the droplet from the inlet is 3 mm.
3.2. Effect of the operation condition
The velocity of hydrogen has been changed in Cases 4-8 in order to represent different operation conditions; the operating current density dictates the velocity of the reactant gas. It was found that the dynamics of the water was only slightly influenced by the velocity of the hydrogen — the dynamics of the water in these cases was similar to those presented in Fig. 2 and therefore these results have not been presented. However, the hydrogen velocity has a significant effect on the water removal time and pressure drop in the channel; see Fig. 6 which shows the removal time for the water and the average pressure drop in the channel as functions of the hydrogen velocity for the Cases 1-9. The removal time decreases with increasing the hydrogen velocity. One can also observe that the average pressure drop increases as the velocity increases. It should be noted that, under any operation condition, the droplet placed on the side wall causes a smaller pressure drop compared to the cases in which the water droplet is placed either on the surface of the GDL or on the top wall of the channel; however, it requires a longer time to move out of the channel.
[image: C:\Users\Zhenxiao\Desktop\paper\own\2sec\pic\summ\new\fig5.bmp]
Fig. 6. (a) The removal time of water and (b) the average pressure drop in the channel as functions of the hydrogen velocity.
3.3. Effect of the droplet size
At the anode flow channel, water vapour may condense at different locations in the flow channel, thus forming water droplets. These droplets are likely to coalesce and form larger droplets. Due to this, different sizes of the droplet can be employed to represent different levels of severity of water flooding. Therefore, it is of interest to investigate the sensitivity of the dynamics of the liquid water in the anode flow channel to the size of the water droplet. It should be noted that the dynamics of the large droplet placed at the side wall was found to be more or less the same as that of the small droplet, see Fig. 2(b), and therefore it has not been presented in Fig. 7. In the cases discussed in the previous section, 0.5 mm diameter droplets are employed; however, larger droplets (i.e. 1 mm diameter) are used in Cases 13 and 14 and placed on the top wall and GDL surface, respectively.
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Fig. 7. The water dynamics of 1 mm water droplets placed on: (a) top wall and (b) GDL surface.
Fig. 7 shows the water dynamics for the 1 mm water droplets. Fig. 7(a) shows the water droplet placed at the top wall of the channel, due to its relatively large size and the hydrophilicity of the surfaces of the channel, spreads to the side walls of the channel before moving towards the outlet. For the droplet placed on the GDL surface, see Fig. 7(b), the droplet, due to the hydrophobicity of the GDL, moves towards and collides with the top wall of the channel, thus causing the droplet to flatten and disperse over a large area on the top and side walls of the channels. 
Fig. 8(b) shows the pressure drop for the Cases 13 and 14. It can be seen that the pressure drop for the case in which the water droplet is initially placed on the GDL surface, i.e. Case 14, is smaller than that of the case in which the water droplet is initially placed on the top wall (Case 13). This could be attributed to the observation that the extent of the dispersion of the liquid water in Case 14 is higher than that of Case 13.
The larger droplet placed on the top wall of the channel causes a larger pressure drop compared to the corresponding smaller droplet before being removed from the channel; see Fig. 3(b) and Fig. 8(b). Fig. 8(a) displays the average volume fraction of the water as a function of time for the Cases 13 and 14. Compared with the results shown in Fig. 3(a), it can be seen that larger droplets require less time to move out from the channel. In order to explain this, velocity vectors of the gas over the surface of the small droplet in Case 1 and over the surface of the larger droplet in Case 13 are generated. 
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Fig. 8. (a) The average volume fraction of water and (b) the pressure drop in the gas channel as functions of time.
It is clear that the gas velocity values over the surface of the larger droplet are significantly larger than those over the surface of the smaller droplet, see Fig. 9. This is due to the fact that the larger droplet occupies a larger cross-section of the channel, thus resulting in a higher velocity and subsequently a faster removal from the channel.
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Fig. 9. The velocity profile over the surface of the small droplet (left) and large droplet (right) (a) at the beginning of the simulation and (b) towards the end of the simulation. 
3.4. Effect of the GDL wettability
Cases 15 – 21 are investigated in order to study the effect of the GDL wettability on the dynamics of the liquid water. In these cases, a single droplet with a diameter 1 mm is placed on the top wall. The diameter of 1 mm was chosen since the 0.5 mm water droplet placed on the top wall was shown not to contact the GDL surface, see Fig. 2, thus rendering the investigation of the effects of the GDL wettability not possible. The low contact angles in Cases 15-18 represent hydrophilic GDLs which have been recently employed in practical fuel cells as shown in [42]. 
Fig. 10 shows the water dynamics for three selected cases, namely Cases 15, 16 and 21. The dynamics of the other cases, i.e. Cases 17-20, are not presented since the dynamics of the liquid 
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Fig. 10. The water dynamics with different GDL contact angles: (a) 10°, (b) 30° and (c) 170°.
water in these cases were shown to be similar to the above-investigated cases. However their results, along with those of Cases 15, 16 and 21, were used to generate the Fig. 11.  
For the case in which the contact angle of the GDL is 10°, the droplet spreads over the GDL surface and, in particular, near the lower corners of the channel and this is, compared to those of the top and sides walls of the channel, clearly due to the super-hydrophilicity of the GDL surface. It should be noted that the strong adhesion force between the liquid water and the surface of the GDL in the above case results in creating elongated pockets of liquid water. In Case 16, as the difference in the contact angles between the walls of the channel (45°) and the GDL (30°) is relatively small, the initial liquid water droplet splits into four portions that are mainly positioned at the four corners of the channel. For the case in which the contact angle of the GDL is 170°, the dynamics of the liquid water is similar to that of the case in which the contact angle of the GDL is 140°, i.e. Fig. 7(a).
Fig. 11(a) shows the time taken for the liquid water to move out from the flow channel as a function of the GDL contact angle. The liquid water requires more time to move out from the channel as the contact angle decreases and this is due to the relatively strong adhesion force between the liquid water and the surface of the GDL. Fig. 11(b) shows the pressure drop averaged over the time taken for the liquid water to move out from the channel. Overall, it can be observed that the pressure drop decreases as the contact angle decreases and this is due to the increasing extent of the spreading of the liquid water over the surfaces of the channel and the GDL with decreasing GDL contact angle; this is in agreement with the previous experimental observations [43]. However the super-hydrophilic GDL, where the contact angle is 10°, increases the pressure drop in the channel. Bearing in mind that the pressure is averaged over the removal time, and this is attributed to the relatively long time taken by the liquid water to move out of the channel for the above case, i.e. the case in which the contact of the GDL is 10°.  In commercial fuel cell products, with a more hydrophilic GDL surface, liquid water is more likely to accumulate and form big droplets due to the longer removal time. Although a single droplet in this kind of channel may cause a relatively low pressure droplet (Fig. 11(b)), the big accumulated droplet can lead to an extensive pressure drop and even cause a blockage. So the trade-off between the pressure drop and the removal time should be considered when designing practical products.
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Fig. 11. (a) The removal time for the water and (b) the average pressure drop in the channel as functions of the GDL contact angle.
4. Conclusions
A 3D VOF model has been developed for anode channels in PEM fuel cells. The main purpose of this study is to examine the effects of the initial position of a water droplet, its size and the GDL wettability on the dynamics of the liquid water as it moves out of the flow channel. The findings of the study provide insightful information when designing fuel cells which are vulnerable to water flooding at their anode. The main conclusions are as follows:
· The time taken for the liquid water droplet to move out from the channel and the pressure drop caused are almost insensitive to the initial position of the water droplet in the flow channel. 
· The water droplet, initially placed at the surface of a typical hydrophobic GDL, detaches from the GDL surface and collides with the top wall of the channel, thus causing relatively more dispersion of the liquid water. This phenomena becomes more profound as the size of the water droplet increases. 
· The droplet that is initially placed on the side wall of the channel develops into elongated pockets of water that is mainly located near the upper corners of the channel. This leads to a smaller pressure drop but more time for the water to move out of the channel compared to the cases in which the water droplet is initially placed on the top wall of the channel or the surface of the GDL. 
· The distance between the initial position of the water droplet and the inlet of the channel has almost a negligible effect on the dynamics of liquid water.
· The dynamics of the liquid water is almost independent of the hydrogen velocity; however, the latter has a significant effect on the removal time and the pressure drop in the channel.   
· As the water droplet size increases, the velocity profile over the surface of the droplet increases, thus leading to less time required for the liquid water to move out of the channel.  However, the pressure drop in the channel increases with increasing droplet size.
· For relatively large droplets, the pressure drop generally decreases with decreasing contact angle of the GDL. However, due to the strong adhesion forces, the time required to clear the channel from liquid water increases with decreasing GDL contact angle. 
As a future work, it will be interesting to incorporate the structure of the GDL into the existing model in order to take into account the absorption of liquid water. Also it will be of interest to correlate the VOF model with the electrochemical reaction of the fuel cell, thus enabling the evaluation of the effects of all the parameters investigated in this study on the overall performance of the fuel cell. The inclusion of the formation of water droplets is also of great interest and may be a topic of a future work.
Nomenclature

	momentum source term	N m-3 s-1

	surface normal	-

	pressure	Pa

	surface tangent	-

	velocity	m s-1
Greek symbols

	volume fraction	-

	contact angle	°

	surface curvature	-

	viscosity	Pa s

	density	kg m-3

	surface tension	N m-1
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