Animation of Water Droplets on a Glass Plate

Kazufumi Kaneda, Takushi Kagawa, and Hideo Yamashita

ABSTRACT

This paper proposes a method for generating an animation of water droplets and their streams on a glassplate, such as a windowpane or windshield, taking into account the dynamics between fluid and solid.Water droplets run down an inclined glass plate if their masses are greater than a static critical weight.The streams from the droplets do not run straight down the glass plate but meander and some amount ofwater remains behind the flow due to the nature of the wetting phenomenon. Therefore, the mass of thewater droplet decreases. When the mass becomes smaller than a dynamic critical weight, the flowstops. In this paper, a discrete model of a glass plate is developed to simulate the streams from thewater droplets as described above. The glass plate is divided into small meshes. For rendering scenesthrough a glass plate upon which there are water droplets, we also develop a high-speed renderingmethod taking into account reflection and refraction of light. Instead of calculating the intersectionsbetween the ray and the objects, one of the most time-consuming processes in ray tracing, the proposedmethod determines pixel colors by using the intersection between the ray and a cuboid onto whichobjects in a scene are projected. Animations of rain droplets on a pane or windshield demonstrate theusefulness of the proposed method.

Keywords:

Water Droplet, Flow, Discrete Model, Dynamics, Interfacial Tension

1. INTRODUCTION

A lot of methods have been developed for modeling and rendering fluid such as water in recent years.For rendering water surface such as the ocean, methods of modeling waves have been proposed (Max1981; Mastin 1987; Peachey 1986; Fournier 1986; Ts’o 1987). To render more realistic imagesinvolving water, the color of water surfaces is calculated taking into account the radiative transfer oflight in the water (Kaneda 1991a) and underwater glittering due to lens effect has also been rendered(Watt 1990). Methods of rendering fog (Nishita 1987; Kaneda 1991b) caused by vapor and wet roadsurfaces (Nakamae 1990) have also been proposed. In spite of these techniques, a lot of problemsremain unaddressed because of the multiformity and the complex motion of water.The animation of water droplets on a glass plate is vital for drive simulators and for displaying scenesthrough a windowpane on a rainy day. The shape and motion of droplets on a solid surface are underthe sway of such factors as gravity, surface tension, interfacial tension, air resistance, and so on. Manyefforts have been done to understand the phenomena between liquid and solid (de Gennes 1985; Janosi1989). However, no computer graphics model considering these dynamics has previously beenpresented and water droplets and their streams down a pane have yet to be animated realistically.Most of the water models developed for computer graphics (Max 1981; Mastin 1987) principallyattempt to render large bodies of water without boundaries, such as the ocean. Therefore, they don’tgenerate realistic scenes containing a seashore, where there is a boundary between liquid and solid. Bytaking into account the motion of water near boundaries, the realism of water animations has beenimproved (Peachy 1986; Fournier 1986; Ts’o 1987). However, these methods of modeling watercannot realistically animate the flow of very small amounts, because particles of water move in circularor ellipsoidal orbits around their initial positions in the models. To solve this problem, a method of modeling shallow water taking into account fluid dynamics has been presented (Kass 1990), when ananimation of rain falling on a concave surface was screened. However, it is difficult to animate thestreams of water drops using this model because of the absence of interfacial dynamics.This paper proposes a method for generating a realistic animation of water droplets and their streams ona glass plate taking into account interfacial dynamics. As mentioned above, the shape and motion ofwater droplets on a glass plate depend on gravity to droplets, the respective surface tensions of the glassplate and the water, and the interfacial tension between them. Water droplets whose masses are greaterthan a static critical weight run down an inclined glass plate. They also tend to meander because of theroughness of the surface, any microscopical impurities on the surface, etc. The mass of the dropletrunning down decreases, because some amount of water remains behind the flow due to the nature ofthe wetting phenomenon. Finally, the mass becomes smaller than the dynamic critical weight and theflow stops.To simulate the streams of water droplets described above, this paper proposes a discrete surface modelof a glass plate. In the model, water droplets move from one grid to the next on the discrete surface. Itis quite difficult to simulate the flow of water droplets for the purpose of high-precision engineering,because such a flow is a complicated process, where many parameters play a role (de Gennes 1985).Our main purpose is to generate a realistic animation, taking into account the dominant parameters ofdynamical systems: gravity to water droplets, interfacial tensions, and the merging of water.For reducing the calculation cost of animations containing scenes through a rainy windowpane orwindshield, we also propose a high-speed rendering method taking into account reflection andrefraction of light. The proposed method is an extension of environment mapping (Greene 1986) to beable to render water droplets efficiently. That is, objects in a scene are projected onto the planes of acuboid, whose center is on the glass plate. Instead of calculating the intersections between the ray andobjects, one of the most time-consuming processes in ray tracing, the proposed method generates animage by using pixel colors at the intersection between the ray and the cuboid.In the following sections, methods for modeling the flow and shape of a water droplet and for high-speed rendering are described. Animations of rain droplets on a pane or windshield demonstrate theusefulness of the proposed method.

2. THE FLOW AND SHAPE OF WATER DROPLETS

The sticking and flowing of water droplets on a solid surface are very complicated phenomena and weneed a lot of unmeasured parameters for their accurate simulation. As our main purpose is thegenerating of realistic animations, the proposed method is based on dominant parameters within thedynamics.

2.1 The Flow of Water Droplets

A water droplet begins to run down an inclined glass plate if the mass exceeds a static critical weight.This depends mainly on interfacial tensions and slightly on the slope of the glass (Janosi 1989). Theroute of the stream as it meanders down the plate is determined by impurities on the surface or in thedroplet itself. Some amount of water remains behind because of the nature of the wetting phenomena.Therefore, the mass of the droplet decreases and finally the flow stops.In order to animate water droplets and their stream as described above, the surface of the glass plate isdivided into small meshes, and water droplets travel from one mesh point to the next. Figure 1 shows a

123in123jn::. . . .fi,j: affinitymi,j: mass

Fig. 1. Discrete surface model

A droplet at lattice point

where q

gSLgSgLwater dropletFig. 2. Contact angle and interfacial tensions

2.2 The Shape of Water Droplets

Let’s consider a water droplet on a horizontal glass plate. Interfacial tensions and the contact angle,

regard to the shape of the droplet. As mentioned above, the shape of a water droplet running down aplate depends on the roughness of the surface, the uneven quality of the solid, the speed of the droplet,and so on.In this paper, our main purpose is not an accurate simulation but a realistic animation of water dropletsand their streams. Moreover, the animation should be generated at a reasonable cost. For thesereasons, we use a sphere to model a droplet on a plate. That is, a water droplet on a horizontal plate ismodeled by the space which simultaneously satisfies the following two equations (see Fig. 3):r

(x0, y0, z0)q zyxFig. 3. Modeling a water droplet

2.3 Modeling of the Shape and Flow of Water Droplets

Using the method proposed in Section 2.1, the positions and masses of water droplets on an inclinedglass plate are calculated for each frame of the animation. For each droplet with mass

cheaply as possible. Instead of calculating the intersections between rays and objects, the proposedmethod generates an image using background textures calculated in advance.The proposed method can be outlined as follows:(1) Background textures are calculated by projecting objects in the scene onto the faces of a cuboidwhose center is on a glass plate.(2) Calculating the direction of rays reflected or refracted by water droplets on a glass plate.(3) Determining pixel colors by using background textures and the intersection of the ray and thecuboid.

3.1 Generating Background Textures

The cuboid used for generating background textures is set as follows. As shown in Fig. 4, the centerof the cuboid is located at the center of the glass plate, and the front face, Ff, of the cuboid coincideswith the projection plane. To generate the six background textures, the viewpoint is set at the center ofthe cuboid, and objects are projected onto its six faces. The resolution of the background texture on thefront face is determined by that of the images in the animation. The resolution of the other backgroundtextures may be lower, because the number of rays reaching the other faces is fewer than the numberreaching the front one. .

cuboid glass plate raywater droplet viewpoint.Fig. 4. A cuboid for generating background textures

3.2 Calculation of the Direction of a Ray

A ray of light incident on a transparent object such as water and glass splits into two directions;transmission and reflection. However, in the case of water and glass, the range of the incident anglethat gives almost the same amount of light in these two directions of transmission and reflection is verynarrow. For example, Fig. 5 shows a transmission coefficient obtained from the Fresnel equation(Hardy 1932) when light travels from water into the air. Most of the light is either just transmitted orreflected over a wide range of incident angles. Therefore, rays are traced in only one direction, thatbeing the one in which the larger amount of light travels.

.

glass platewater dropletS1S2

R0P1R1P2R2R3P3

Nglass platewater dropletS1S2

R0P1R1P2

R2glass platewater dropletS1S2

R4P4

P4R4

(a)(b)(c)(d)Fig. 6. Calculation of the direction of a ray

Let’s consider a ray R0 connecting the viewpoint and a point on the projection plane (see Fig. 6 (a)).First, the intersection, P1, between the ray R0 and the surface of the glass plate, S1, is calculated.Using the normal of the surface S1 and the index of refraction of glass, the direction of the refractedray, R1, is calculated. The intersection, P2, between the ray R1 and the other surface of the glass plate,S2, is also calculated in the same manner. Next, using Eq. 9, it is checked whether the intersection P2is inside a water droplet or not. If it is, the intersection, P3, between the ray R2 and the surface of thedroplet is calculated, and using the normal, N, of the surface and the index of refraction of water, thedirection of the refracted ray, R3, is calculated. If the intersection P2 is outside a water droplet, thedirection of the ray is calculated by using the normal of the surface S2 (see Fig. 6 (b)).

Ft: top faceFr: right faceFb: bottom faceFl: left faceFf: front facePRH

Fig. 7. Selecting a face of a cuboid

If the ray is reflected at the intersection P3 (see Fig. 6 (c)) or the ray travels from the air into water (seeFig. 6 (d)), the direction of the ray away from a water droplet or the glass plate is calculated in the samemanner described above.

3.3 Determining Pixel Colors

It is checked which faces of the cuboid a ray intersects with. If a ray goes forward, the face with whichit intersects can be easily calculated by using the intersection, PR, between the plane, F, including thefront face of the cuboid, and the ray. That is, using the vertices of the front face Ff and a foot of aperpendicular, H, from the starting point of the ray calculated in the previous section to the plane F, theplane F is divided into five regions, as shown in Fig. 7. The face of the cuboid which intersects withthe ray is determined by the region where the intersection PR exists. For example, in the case of Fig. 7,the ray intersects with the right face Fr of the cuboid. If the ray goes backwards, the face can bedetermined in the same manner. The pixel color is determined by using a background texturecorresponding to the face of the cuboid.

4. EXAMPLES4.1 Flow of Water Droplets

Streams of water droplets on an inclined glass plate are simulated by using the proposed method.Figure 8 shows both the position and the mass of water droplets at four seconds after several dropletshave been put on an inclined surface. Gradation of black and white is assigned to the mass of thedroplets, and the larger the mass is, the brighter the color. The mass of the droplets put on the surfaceis larger from the right to the left side. The smaller the mass is, the shorter the stream, because themass decreases to the dynamic critical weight due to in an earlier step.Figure 9 shows the flow of water droplets every other second. Random amounts of water are fed everysecond from ten positions on the inclined surface. The figure shows that droplets follow the streams.In Fig. 10, random amounts of water are fed at random positions in advance. The droplets whosemasses exceed the static critical weight start to run down, and a running droplet merges with anotherwhich is lying in its path. As time passes, the streams break, because droplets remaining behindgradually run down.

4.2 Animation of the Water Droplets

Figure 11 shows several frames of an animation rendered by using the proposed method described inSection 3. An outdoor scene is rendered through a windowpane on which water droplets are flowing.The angle of inclination of the windowpane is 90 degrees, and water is fed in the same way as in Fig.

9. Table 1 shows the parameters used in this animation. The boundary of the droplets is dark, becauserays near the boundary are reflected by the surface of the droplet and do not go outside the room.Figure 12 shows part of an animation on a rainy day. A street scene is rendered from the driver’s seatof a car parked on a road. The inclination of the windshield is 35 degrees. Rain droplets are scatteredin advance in the same way as in Fig. 10, and several droplets are fed every frame of the animation.Images containing a wet road surface (Nakamae 1990) are used as background textures. The resolutionof the images is 0.150.080.8 70�50�5. CONCLUSIONSThis paper proposes a method for generating an animation of water droplets and their streams on a glassplate taking into account interfacial dynamics. A discrete surface model is developed to simulate thestream of a water droplet running on a plane. This model makes it possible to animate water dropletsmeandering on an inclined glass plate.Realistic images of water droplets can be generated taking into account the contact angles between waterand solid. A simple method for rendering a scene through a wet windowpane is also proposed. Takinginto account refraction and reflection of light, the proposed method generates an animation at areasonable cost. Animations of rain droplets on a pane or windshield demonstrate the usefulness of theproposed method.We need several parameters for modeling water droplets, and these parameters play an important role increating a realistic animation. Some of the parameters are already measured, but some are not. Topursue a more realistic animation, research into these parameters should be undertaken.A stream is modeled as a group of water droplets in the proposed method. It is suitable for ananimation, because of its low calculation cost, but is not suitable for still, close-up images. A moresophisticated model of a stream, using mathematical surface patches such as Bezier and/or NURBStensor products, is required for such a purpose.

REFERENCES

Arvo J, Kirk D (1989) A Survey of Ray Tracing Acceleration Techniques. In: Glassner AS (ed) AnIntroduction to Ray Tracing. Academic Press, London San Diego, pp 201-262de Gennes PG (1985) Wetting: Statics and Dynamics. Rev. Mod. Phys. 57(3): 827-863Fournier A (1986) A Simple Model of Ocean Waves. Computer Graphics 20(4): 75-84Greene N (1986) Environment Mapping and Other Applications of World Projections. IEEEComputer Graphics & Applications 6(11): 21-29

Hardy AC, Perrin FH (1932) Principles of Optics. McGraw-Hill, New YorkJanosi IM, Horvath VK (1989) Dynamics of Water Droplets on a Window Pane. Physical Review40(9): 5232-5237Kaneda K, Yuan G, Tomoda Y, Baba M, Nakamae E, Nishita T (1991a) Realistic Visual Simulationof Water Surfaces Taking into Account Radiative Transfer. Proc. Second InternationalConference Computer Aided Design & Computer Graphics: 25-30Kaneda K, Okamoto T, Nakamae E, Nishita T (1991b) Photorealistic Image Synthesis for OutdoorScenery under Various Atomospheric Conditions. The Visual Computer 7(5-6): 247-258Kass M, Miller G (1990) Rapid, Stable Fluid Dynamics for Computer Graphics. Computer Graphics24(4): 49-57Mastin GA, Watterberg PA, Mareda JF (1987) Fourier Synthesis of Ocean Scenes. IEEE ComputerGraphics & Applications 7(3): 16-23Max NL (1981) Vectorized Procedural Models for Natural Terrain: Waves and Islands in the Sunset.Computer Graphics 15(3): 317-324Nakamae E, Kaneda K, Okamoto T, Nishita T (1990) A Lighting Model Aiming at Drive Simulators.Computer Graphics 24(4): 395-404Nishita T, Miyawaki Y, Nakamae E (1987) A Shading Model for Atmospheric Scattering ConsideringLuminous Intensity Distribution of Light Sources. Computer Graphics 21(4): 303-310Peachey DR (1986) Modeling Waves and Surf. Computer Graphics 20(4): 65-74Ts’o PY, Barsky BA (1987) Modeling and Rendering Waves: Wave-Tracing Using Beta-Splines andReflective and Refractive Texture Mapping. ACM Transactions on Graphics 6(3): 191-214Whitted T (1980) An Improved Illumination Model for Shaded Display. Comm. ACM 23(6): 343-349Watt M (1990) Light-Water Interaction using Backward Beam Tracing. Computer Graphics 24(4):377-385