Baptiste Thoraval 
email: baptiste.thoraval@onera.fr
  
Julien Lallement 
  
Pierre Berthoumieu 
  
Claire Laurent 
  
Pierre Gajan 
  
Thoraval Baptiste 
  
Lallement Julien 
  
Berthoumieu Pierre 
  
Laurent Claire 
  
Gajan Pierre 
  
An experimental study on gravity-driven film: influence of viscosity, wall surface treatment and transitory state

Keywords: Gravity-driven film, film/rivulets transition, experimental method

 

Introduction

Liquid rivulets can appear on airfoils in high-altitude conditions. Even in the presence of de-icing systems, these rivulets can occur and lead to ice formation that threatens the aeronautical performances of the aircraft [START_REF] Papadakis | Icing tunnel experiments with a hot air anti-icing system[END_REF]). Efforts have been made lately in order to improve numerical simulation of this phenomenon, especially regarding the modeling of the contact line behavior [START_REF] Lallement | A shallow water type model to describe the dynamic of thin partially wetting films for the simulation of anti-icing systems[END_REF]). Experimental studies provide validation cases for theses simulations and a better understanding of rivulet formation and behavior in order to improve anti-icing devices.

Most of the studies on rivulets [START_REF] Huppert | Flow and instability of a viscous current down a slope[END_REF]; [START_REF] Fraysse | An experimental study of rivulet instabilities in centrifugal spin coating of viscous Newtonian and non-Newtonian fluids[END_REF]) were carried out with highly viscous wetting liquids. In these conditions, the contact angle is small. These configurations are not representative of the behavior of water on aeronautical surfaces, which is characterized by low viscosity and high contact angles. The frame of this work is to study the gravity driven film configuration [START_REF] Lan | Developing Laminar Gravity-Driven Thin Liquid Film Flow Down an Inclined Plane[END_REF]) in order to understand the effects of different parameters. Previous studies report that a flow-wise retraction occurs below the injection zone and leads to the formation of a single rivulet. The influence of liquid surface tension, inclination angle of the plate and injection flow rate was already discussed. As [START_REF] Lan | Developing Laminar Gravity-Driven Thin Liquid Film Flow Down an Inclined Plane[END_REF] reports, two regions appear: the inner film and the capillarity ridge. The capillarity ridge is localized in the immediate vicinity of the contact line, and the inner film is between the two ridges.

Measurements are consistent with the interpretation that the inner film behaves as a fully developed 2D gravity driven film flow infinite-width falling film, with a uniform liquid height given by:

h ref = 3ηΓ ρg sin α 1/3 (1)
Where Q is the volumetric flow rate, η the fluid dynamic viscosity, ρ its density, and Γ = Q/W the linear flow rate with W the injection zone width, and α the inclination angle. This height is independent of surface tension.

Qualitative influences were derived from both experimental and numerical studies. They show that the final rivulet appears closer to the injection zone for liquids with a high surface tension, for films with a higher flow rate and for smaller inclination angles.

Studies were focused on idealized surface where the contact angle is supposed unique. However, to be representative of the actual phenomena observed in icing conditions on aircraft, the wall cannot be considered ideal and the contact angle hysteresis as well as the dynamic behavior of the contact line, must be taken into account, as shown in figure 1 [START_REF] Dussan | On the spreading of liquids on, solid surfaces: static and dynamic contact lines[END_REF])

Experimental apparatus and procedure

The experimental apparatus used in this study consists in an aluminum plate. Its inclination can be modified. The liquid The experimental procedure was defined in order to study the influence of the liquid viscosity and the substrate wettability on the liquid flow behavior. Three liquids (pure water and two water/glycerol mixtures) with roughly the same surface tension and different viscosity were used. Their propreties are presented in table 1. To analyze the effect of the substrate wettability, three aluminum plates with different wall treatment were tested: The first is simply polished (P1). The second (P2) is anodized through an electrochemical treatment and the third (P3) was sanded in order to increase the wall roughness. The re-spective contact angles are presented in table 2. For each fluid/wall configuration, three flow rates were considered (Q1 = 360 mL/min, Q2 = 550mL/min and Q3 =750mL/min).

The influence of these different parameters was observed from visualizations. In order to capture the transitory flow development, a high speed camera Phantom v341 set to 100 fps was used. 
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Numerical parametric study

The parametric study is performed using the numerical approach developed by [START_REF] Lallement | A shallow water type model to describe the dynamic of thin partially wetting films for the simulation of anti-icing systems[END_REF]. This model solves the integral equations for a partially-wetting liquid film.

∂ρh ∂t + div(ρhu) = 0 (2) ∂ρh ∂t + div(ρhu ⊗ u) + hgrad P a + ρg n h + γK -Π d (h) = ρg t h -τ w (3) 
with h the film thickness and u its mean velocity. The lubrication hypothesis is used to close the model for the wall shear stress τ w and the velocity profile is assumed uniform for the divergence term (second order term in the shallow water analysis). To model the capillarity effects, the free surface curvature K is introduce to take into account the Laplace pressure jump and the forces at contact line are modeled using the disjoining pressure Π d (h). This pressure is derivated from the the disjoining energy given by

G d (h) = S exp - h h * (4)
where S is the spreading coefficient defined by S = γ(cos θ s -1) with θ s the reference static contact angle. h * is theoretically a parameter representing the typical range of molecular forces but used here at macroscopic scale to obtain the correct contact angle by numerically smoothing the force around the contact line. Even though a contact angle is specified, it is not a boundary condition for the flow, so that the value of the contact angle can evolve during the flow.

A 2D mesh is used for the presented simulations, with N x = 232, N y = 266 and ∆x = 0.35mm, ∆y = 0.3mm.

General Observations on the flow

Equilibrium state

Figure 3 shows a panopticon of the different equilibrium states for the three liquids on the three plates for the maximal flow Q3. From this figure, it is obvious that wall surface treatment has a huge impact on the shape of the equilibrium flow.

Two equilibrium states appear: the first corresponds to a converging flow that ends in a single rivulet. This flow topology is mainly observed on the polished plate for all liquid and flow rate tested. This flow behavior was previously observed by [START_REF] Lan | Developing Laminar Gravity-Driven Thin Liquid Film Flow Down an Inclined Plane[END_REF]. In the second equilibrium state observed on the two other plates, only a short retraction zone, close to the injection zone, occurs. Below, the film width reaches a minimum value and stays constant downward. The lateral contact lines are straightforward and parallel.

In order to understand the origin of these two different behaviors, the transitory step corresponding to the respective flow establishments was studied. Corresponding snapshots are presented in figure 4 for a convergent film (water on polished aluminum) and figure 5 for a straight film (glycerol 80% on anodized aluminum).

Transient state

The transitory state consists in several steps. At the beginning a ridge appears directly below the injection zone. In order to minimize its surface free energy, the ridge undergoes a transverse retraction, creating two secondary ridges at each extremity of the flow. The transient state was also observed from the numerical simulations with the lateral ridges receding toward the central axis, the corresponding development of rivulets and the spontaneous onset of a third rivulet on the contact line moving in front of the film (figure 6).

However with numerical tool, this behavior is only observable for high-viscous fluids. With water, the lateral receding ridges coalesce before the onset of the central rivulet. Moreover, the constant width film equilibrium state was no more observed in the numerical simulations. 

Viscosity effect

The influence of the dynamic viscosity η is observed trough the use of the liquids presented in table 1.

On the polished plate with the converging film equilibrium state, a higher viscosity leads to a longer film, i.e. the lateral ridges converge farther from the injection zone, as shown in figure 7. The influence of viscosity was also studied through a numerical parametric study. Two comparisons were made. The first compares the experimental curves and the numerical results with the same liquid properties (figure 8).

The second comparison monitors the influence of viscosity by using the viscosity of the liquid used in the experiments (η = 1 mPa, η 2 = 7 mPa.s and η 3 = 29 mPa.s) while keeping other parameters constant (Q = 750mL/min, ρ = 998 kg/m 3 , γ = 73 mN.m -1 and θ = 80 • ). This parametric study shows the effect of the dynamic viscosity on :

• the height profile of the flow along the central chord and the comparison with the theoretical equilibrium height given by equation 1 in figure 9 • the evolution of the equilibrium contact lines for the three simulations in figure 10 10 th International Conference on Multiphase Flow, ICMF 2019, Rio de Janeiro, Brazil, May 19 -24, 2019 The numerical results are consistent with the experimental observations. The general trend is that higher viscosity tends to spread more the converging equilibrium film on the polished plate. However, the contact lines for the two less viscous liquids are almost identical. The effect of viscosity may only appear after a critical value is reached. Further study on the influence of viscosity on the shape of the equilibrium film on the polished plate will be carried out.

On the other plates, no significant influence of viscosity was observed. 

Comparison with the dry arches model

The converging film state bears interesting similarities with the dry arch configuration studied in [START_REF] Podgorski | Dry arches within flowing films[END_REF]. In this configuration, a small dry zone is initiated on a uniform falling film flowing on an inclined plate. It leads to the drying of the whole area below, and the onset of an arch-like equilibrium shape as represented in figure 11.c). In both situations, the upstream uniform film supplies a liquid rim caused by a curved contact line.

In consequence, the model developed [START_REF] Podgorski | Dry arches within flowing films[END_REF] is relevant in our study far from the injection zone where the injection procedure induced other phenomena on the flow and far from the apex of the final rivulet where the two lateral rims merge.

It is based on mass and force balance equations applied on an infinitesimal element of the liquid rim (figure 11 b&c). To close the model, a third equation is obtained based on the liquid velocity distribution inside of the rim. For this [START_REF] Podgorski | Dry arches within flowing films[END_REF] supposed the rim shape is semicircular and that the flow regime in the rim corresponds to a Stokes flow driven by gravity and viscous dissipation. The model exhibits two functions depending on the contact angle. The first m(θ) depends on the velocity profile inside of the rim and the second f (θ), can be derived from the rim geometry.

An analytic representation of the contact line can be deduced from these three equations under the form of a parametric set of equations (eq.5-6) piloted by the angle ψ between the local direction of the contact line and the direction of the flow (figure 11.c): R is the curvature radius at the apex of the arch, and its theoritical expression is given by equation 7

x = R cos ψ sin 2 ψ (5) y = R 3 1 -3 cos 2 ψ sin 3 ψ -1 (6)
R = m(θ)f (θ) γ 2 ρg sin α 1 ηΓ (7)
Although this theoretical expression is not able to correctly predict the experimental shape of the contact line, it gives an excellent match provided that R is taken as the observed radius. In order to retrieve the experimental radius in the form of the expression 7, one has take an adjusted value of the factor m that is outside its theoretical value interval [0.22-0.25]. In order to compare the converging equilibrium states obtained with this model, it is assumed that the apex of the adjusted arch is localized of the two extremities of the injection slot (figure 12). Even though the model may fail to take into account the full behavior at this zone, it provides with a clear frame form comparing the several flows. The results are presented in figures 13. The adjusted curve corresponding to the dry arches model fits significantly well the experimental contact lines of all the liquids on the polished aluminum plate, and also the water over the anodized plate.

For each liquid/plate couple, the adjusted apex curvature radius can be fitted as a function of the experimental parameters in the form of its theoretical expression :

R expe = g f (θ) γ 2 ρg sin α 1 ηΓ (8) 
The (R expe ; f (θ) γ ρg sin α γ ηΓ ) dependence is plotted in figure 14. It is to pointed out that for each couple, the points obtained for various flow rates follow a linear law y = mx. This matches the theoretical curve if the m factor is assimilated to the coefficient of the linear fit. for each couple liquid/plate on which the converging film equilibrium state is observed.

So an experimental m parameter can be determined for each liquid/plate couple. The four values of this parameter are reported in Table .3. The m parameter values range over several orders of magnitude which widely overspan the theoretical range of [0.22-0.25].

Discussion

To observe a backward movement of the contact line during the transient state, its contact angle must be inferior to the receding contact angle θ r . But whatever the equilibrium state reached, the transient rivulet are transversely stable i.e. their vertical contact line does not spontaneously move, even if some meandering can occur.

So during the transient step, the contact angle of the external contact line of the rivulet, initially in the hysteresis interval, must sufficiently change during the wetting of the wall located in the internal zone of the flow, to get out of the hysteresis interval. Consequently, this observation also implies that there is a mechanism which limits the variation of the contact angle inside of the hysteresis interval for a pinned contact line. Models of contact angle evolution for a dynamic contact line were developed [START_REF] Voinov | Hydrodynamics of Wetting[END_REF]; [START_REF] Cox | The dynamics of the spreading of liquids on a solid surface.Part 1 : Viscous flows[END_REF]), but they cannot be extended to immobile contact lines.

It is worth noting that, for a same liquid, different plate surface treatments can lead to different equilibrium state. It means that the interaction between the liquid and the wall near the contact line has a non-negligible influence on the contact angle behavior. A model permitting to describe the variation of the contact angle for a pinned contact line linked to the wetting movement of the internal zone, must take into account these effects which may be linked to either the wall roughness conditions or electrochemical relations.

The influence of viscosity is consistent with this interpretation. Since during the transient state corresponding to the pinch of the flow , the triple lines recede, their movements create viscous dissipation. This dissipation slows down the lines and the higher the viscosity, the slower they are.

For the triple line, lower the receding velocity induces an increase of the contact angle (figure 1) towards the limit value θ r . Thus, a viscosity enhancement induces, for a same posi-tion of the triple line, a dynamic contact angle closer to the hysteresis range. Therefore for high viscous liquid, this angle is more likely to get through the lower limit of the hysteresis range and to block the triple line further from the central axis of the flow than for less viscous liquids.

However, the very similar results obtained for the two less viscous liquids (figures 7 and 10) indicate that other effects seem to occur.

Conclusions

A study of the behavior of a liquid injected on a vertical plate has been carried on. The aim of the study is to observe the influence of several parameters on the equilibrium shape. It has been found that two different equilibrium states can be reached : the convergent film already discussed in the literature [START_REF] Lan | Developing Laminar Gravity-Driven Thin Liquid Film Flow Down an Inclined Plane[END_REF]) and the constant-width equilibrium film flow which is observed for the first time. From experimental observation the substrate nature is a major factor of differentiation between the two equilibrium states.

Further analysis of the flow establishment shows the steps of the flow :

• First a ridge appears at the injection slit and starts to laterally retract under the effect of capillarity phenomena

• The ridge falls under the effect of gravity and incoming flow rate. As lateral protuberances appear at the side of the advancing front, secondary oscillations of the line appear.

• The protuberances and oscillations develop into straight rivulets. Dry zones appears between the rivulets.

• Under the force exerted by the continuous flow, the contact line at the apex of the dry zones moves downward until the flow is continuous

During the last step, the external contact lines of the transient rivulet can either stay pinned or recede along with the setting of the continuous flow. This leads to the two equilibrium states, and provides indication on the mechanism. The reconfiguration of the flow occurs after the transition from rivulet to film, and modify the contact angle value of the stable external contact line of the rivulets. According to the nature of the couple liquid/plate, this change can be sufficient for the contact angle to get out of the hysteresis interval [θ r ,θ a ] and for the line to de-pin.

The influence of the dynamic viscosity is observed on the converging film equilibrium state. The higher the viscosity is, the longer the converging film is, i.e. the further from the injection zone is is the junction pf the two lateral ridges.

A comparison with numerical simulation based on the code developed by [START_REF] Lallement | A shallow water type model to describe the dynamic of thin partially wetting films for the simulation of anti-icing systems[END_REF] was carried out. The trend observed for viscosity effects matches with the experimental observations, and the transient state shows the same steps, with the creation of transient rivulets for high-viscosity fluids. However only the converging film equilibrium is observed, and flows exhibiting a constantwidth film equilibrium cannot be reproduced with the simulation. Its probable link to contact angle hysteresis and the fact that it is not taken into account into the model used may explain this behavior.

The dry arch model was fitted on converging film equilibrium experiments. Even though hypothesis have been made, tha adjusted arch model shows good consistency with the experimental contact line and the curvature radius at the apex scales with the theoretical law. This observation is encouraging and shows that the approach that underlays the dry arches model can be extended to other configurations.

Figure 1 :

 1 Figure 1: Typical curve for the dependence of the dynamic contact angle on the speed of the contact line, after Dussan (1979).

Figure 2 :

 2 Figure 2: On the left: dimension of the experimental plate in millimeters. On the right: Schematic of the experimental apparatus

Figure 3 :

 3 Figure 3: Panopticon of the equilibrium states for the three liquids on the three plates for Q3= 750mL/min
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 4 Figure 4: Transient state for water on polished aluminum
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 56 Figure 5: Transient state for glycerol 80% on anodized aluminum

Figure 7 :

 7 Figure 7: Contact lines of converging film equilibrium state for the three liquids for the same flow rate (Q3 = 750 mL/min)

Figure 8 :

 8 Figure 8: Comparison between the experimental contact lines and the numerical simulation for the three liquids on the plished plate (P1) for Q3=750mL/min.

Figure 9 :

 9 Figure 9: Numerical effet of the viscosity on height of the inner film of the equilibrium state

Figure 10 :

 10 Figure 10: Numerical effet of the viscosity on the contact lines of the equilibrium state

Figure 11 :

 11 Figure 11: (a) Schematic of the rim and contact zone. (b) Section of the liquid rim. (c) Mass conservation.After[START_REF] Podgorski | Dry arches within flowing films[END_REF] 

Figure 12 :

 12 Figure 12: Adjustement of a dry arch model branch on a lateral curved contact line of a converging equilibrium film.

Figure 13 :

 13 Figure 13: Comparison between the lateral contact line and the adjusted dry arch model branch for a) water, b) glycerol 60% and c) glycerol 80 %.

Figure 14 :

 14 Figure 14: Linear fitting of the adjusted apex curvature radii R against the modified flow rate f (θ) γ ρg sin α γ ηΓ

Figure 15 :

 15 Figure 15: Evolution of the contact angle 1) at the contact line for a transient rivulet 2) at the same position but just after the transition to a continuous film

Table 1 :

 1 Properties of the three liquids

	Liquid	ρ (kg/m)	η (mPa.s)	γ (mN/m)
	Water	998	1	73
	Glycerol (60%)	1153	7	60
	Glycerol (80%)	1190	29	64

Table 2 :

 2 Static contact angles values for each liquid/plate couple

		P1	P3	P2
	Water	68 •	
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Table 3 :

 3 Values of the corresponding adjusted m parameter

	Liquid/plate couple	Adjusted factor m
	Water/polished	0.0033
	Water/Anodized	2.99 10 -4
	Glycerol 60%/polished	0.032
	Glycerol 60%/polished	0.034
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