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ABSTRACT

NUMERICAL STUDIES ON SPIN COATING OF

METALS

Varun Nanjunda Rao Viswamithra, M.S

The University of Texas at Arlington, 2016

Supervising Professor: Dr. Albert Y. Tong

Spin coating is a surface coating process which involves spreading a liquid

dispensed on the center of a rotating substrate. The liquid is discharged using a

suitable method on to the substrate rotating at a constant angular speed. The

spinning speed is controlled to obtain a coating of desired thickness with faster

spinning resulting in thinner coating. The thickness of the coating also depends

on the properties of the fluid and other process parameters.

Centrifugal force is introduced into the code as radial component of accel-

eration. The first part of the code solves the continuity and the Navier-Stokes

equations, with which the pressure and velocities are obtained. Solution to the

Navier-Stokes is obtained using the two-step projection method. An intermediate

velocity is generated in the first step which is used in the second step when a

pressure poison equation (PPE) is solved with the value of the intermediate ve-

locity obtained from the first step. In the second part of the code, free surface

tracking is done using a Coupled Level Set Volume of Fluid (CLSVOF) method.

In CLSVOF method, the combined advantage of Volume of Fluid (VOF) and
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Level Set (LS) results in efficient mass conservation and accurate free surface re-

construction. Solidification is done using an enthalpy-porosity technique with a

source term accounting for phase change.

In this study, thin film formation under the action of spinning is investigated.

A parametric study is carried out. The effects of angular velocity, ramp rate, sub-

strate temperature, initial droplet temperature and latent heat on the thickness

of coating are studied. The results obtained are in accordance with experimental

data reported in the literature.
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CHAPTER 1

Introduction

Coating is a covering that is applied to the surface of an object. The object

is generally referred to as substrate. Coating can be applied to whole surface or

part of the surface. An example of coating is the that of a compact disc (CD),

where a thin layer of coating is used to store data.

Paints and lacquers are coatings have dual uses of protecting the substrate

and being decorative, although some artists paints are only for decoration. The

paint on large industrial pipes is presumably only for the function of preventing

corrosion.

Functional coatings are applied to change the surface properties of the sub-

strate such as adhesion, wettability, corrosion. The coating imparts a new prop-

erty in the fabrication of semiconductor devices. The properties include magnetic

response, conductivity and forms an integral of the finished product.

A major consideration for most coating processes is that the coating is to

be applied at a controlled thickness, and a number of different processes are in

use to achieve this control. Few such methods are spray coating, spin coating, dip

coating.

Many industrial coating processes involve the application of a thin film of

functional material to a substrate. A thin film is a layer of material ranging

from fractions of a nanometer (mono-layer) to several micrometers in thickness.

Electronic semiconductor devices and optical coatings are the main applications

benefiting from thin-film applications. A familiar application of thin films is the
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household mirror, which typically has a thin metal coating on the back of a sheet

of glass to form a reflective interface.

The performance of optical coatings are typically enhanced when the thin-

film coating consists of multiple layers having varying thicknesses and refractive

indices. Work is being done with ferromagnetic and ferroelectric thin films for use

as computer memory. It is also being applied to pharmaceuticals, via thin-film

drug delivery. Thin-films are used to produce batteries and solar cells.

Ceramic thin films are in wide use. The relatively high hardness and inert-

ness of ceramic materials make this type of thin coating of interest for protection

of substrate materials against corrosion, oxidation and wear. In particular, the

use of such coatings on cutting tools can extend the life of these items by several

orders of magnitude.

The physics of spin coating are modeled by dividing the process into four

successive stages.

The key stages involved in spin coating process are:

• Deposition

• Spin-up

• Spin-off/Stable fluid flow and

• Evaporation.

Deposition: During this stage, solution is allowed to fall on rotating sub-

strate using a suitable discharge mechanism. The substrate is accelerated to the

desired speed. Spreading of the solution takes place due to centrifugal force.

Spin-up: The substrate in this stage is accelerated up to its maximum de-

sired rotation speed. In this stage fluid moves radially outwards over the wafer

due to rotational motion. The fluid is thin enough that the viscous shear drag

exactly balances the rotational accelerations.
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Spin-off/Stable fluid flow: In this stage fluid thinning is quite uniform. Edge

effects are often seen because the fluid flows uniformly outward, but form droplets

at the edge to be flung off. Thus depending on surface tension, viscosity, rota-

tion rate, mathematical representation of the flow shows that if the liquid exhibits

Newtonian viscosity and if the fluid thickness is uniform initially, the fluid thick-

ness profile at any point at any following time will also be uniform.

Evaporation: If a polymeric photo-resist material is used, it is generally dis-

solved in solvent. The solution is dispensed and after spinning the substrate is

heated to a temperature sufficient to remove the solvent by means of evaporation.

Figure below summarizes the spin coating process.

Figure 1.1: Key stages in spin coating process
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CHAPTER 2

Literature Review

Spin Coating process has been of interest to many researchers. A variety of

photo-resists materials has synthesized over time. It is a predominant technique

employed to produce uniform thin films with thickness of the order of the microm-

eters and nanometers. First ever analysis on spin coating was done 50 years ago by

A.G. Emslie, F.T. Bonner and L.G. Peck [3]. The analysis considered spreading

of thin axis-symmetric film of Newtonian fluid on a flat substrate rotating at a

constant angular velocity.

In most cases the material used is polymeric. The polymer is generally dis-

solved in a suitable solvent. The solution so prepared is dispensed on the substrate

and is made to spin giving rise to a thin film. Properties of photo-resists play key

role in the end product to be developed. A large group of properties possessed by

the resist play a key role in establishing its functionality. They are optical prop-

erties like resolution,photo-sensitivity and refractive index. Mechanical properties

such as viscosity, adhesion, etch, resistance, thermal stability, flow characteris-

tics and sensitivity to ambient gases. Processing and safety related properties

including cleanliness, process latitude, shelf life.

2.1 Experimental Technique:

The bulk of semiconductors fabricated today have resist critical dimensions

above 250 nm; this is also true of MEMS technology, GaAs, InP, LiNbO3, and

other substrate-type technologies. For feature sizes of this magnitude and larger,
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positive i-line resist is the optimal lithographic film; i-line resists mainly consist

of three components: resin, solvent, and PAC (photo-active compound).

Many substrates may be coated, but in many research applications one-inch

square glass plates (for many applications often coated with a transparent elec-

trode made of indium tin oxide or ITO) cut from microscope slides are commonly

coated for experimental purposes. Prior to spin-coating, the polymer-solvent so-

lution must be filtered to remove dust, typically with a 0.45 micrometer filter.

Although it is preferable to spin-coat in a clean-room environment (Class 10 or

100), for many simple laboratory experiments, spin-coating may be performed in

a clean fume-hood. The glass plate is placed upon the spin-coating apparatus,

cleaned successively with acetone and then methanol using lint-free swabs, and

followed up with isopropanol, then coated liberally with the polymer-solvent so-

lution by use of syringe or eye-dropper. The plate is spun in at least two stages

which may be programmed into most any simple spin-coating apparatus. During

the first stage, the plate is spun at a low to moderate speed 500 to 1000 rpm for

a duration of 5 to 10 seconds to evenly spread the solution. The thickness of the

coating is then determined and controlled during the second stage by spinning

the coating at a higher speed, between 1500 to 3000 rpm for anywhere between

a few seconds and a minute. These conditions will typically produce high quality

coatings of thickness between 2 and 10 micrometers.

2.2 Key Process Parameters:

2.2.1 Spin Speed:

Spin Speed is one of the most important factors in spin coating process.

The speed of the substrate affects the degree of radial (centrifugal) force applied.
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In particular, high speed spin generally defines the final thickness achieved on

the substrate. Relatively minor variations of ±50 rpm at this stage can cause a

resulting thickness change of 10%. Film thickness is largely a balance between

force applied to shear the liquid film towards the edge of the substrate and cooling

rate which affects the viscosity of the liquid film. As film cools down the viscosity

increases until the radial force due to spinning action can no longer appreciably

move over the substrate.

2.2.2 Acceleration:

The acceleration of the substrate towards the final spin speed can also affect

the film properties. Since the liquid film begins to cool in the first part of the spin

cycle. It is important to accurately control acceleration. Acceleration plays a key

role in the coat properties of the patterned substrates. In many cases substrates

will retain topographical features from previous processes it is therefore important

to uniformly coat the liquid film over and through these features while the spin

process in general provides a radial outward force to liquid film.

2.2.3 Viscosity:

Viscosity plays an important role in the spin coating process. It is physical

property of the liquid film being coated. The higher the viscosity of the liquid,

higher spin speeds are needed to have the liquid spread. Lower the viscosity lower

spin speeds are sufficient to have an even spread over the substrate. Viscosity

indirectly controls the total time required for the process to reach completion.
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2.3 Mathematical Description:

Mathematical treatment of the spin coating process is essential to simulate

it on a computer. The treatment is based on assuming that flow has reached a

stable condition where the centrifugal and viscous forces are just in balance. The

force balance equation is :

−η∂
2ν

∂z2
= ρω2r (2.1)

where z and r define a cylindrical coordinate system aligned with axis of substrate

rotation, ν is the fluid velocity in the radial direction, r is perpendicular distance

from the axis of rotation, ρ is the fluid density, η is the fluid viscosity, ω is the

angular velocity of the substrate, it is worth mentioning here that as we move

away from the axis of rotation the force experienced by the liquid increases.

with appropriate flow and velocity boundary conditions and considering the film

to be uniform initially, the film thickness as a function of time h(t), is found to

be:

h =
h0√

1 + 4Kh20t
(2.2)

where h0 is the film thickness at time zero. and K is a system constant defined as:

K =
ρω2

3η
(2.3)

These equations are strictly valid only when K is constant. However for spin

coating of sol-gel or other complex solutions this many not hold true during all

stages of spinning. Detailed description of the mathematical formulation can be

found in [4, 5].
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2.4 Motivation

The mathematical model discussed in [4, 5], addresses the spin coating with-

out taking into account the unsteady effects during the initial stages of the process.

The study does not account for the non-linearity present in the process. This led

to the numerical studies on the same. The current model can address the transient

nature of the problem and does account for the non-linearity. Tin is used in the

present study. The reason for having chosen tin for this study is because, tin is

used for coating of films. It is done so by means of spray coating. Spin coating in

most cases is a process carried out on Non-Newtonian fluids. There was no data

available with reference to spin coating carried out by making use of tin. This

study attempts to model the process with the use of molten metal (tin) which is

Newtonian.
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CHAPTER 3

Numerical Formulation

There are three important steps in the computational modeling of any phys-

ical process: (a) problem definition, (b) mathematical model, and (c) computer

simulation.

The first step is to define our problem of interest in terms of a set of rele-

vant quantities which are of our interest. In defining the idealization we expect

to obtain a well-posed problem, one that has a unique solution for a given set of

parameters. It might not always be possible to guarantee the dependability of

the idealization since, in some instances, the physical process is not completely

understood.

The next step of the modeling process is to represent our idealization of

the physical phenomenon by a mathematical model: the governing equations of

the problem. In fluid dynamics, the continuity and the Navier-Stokes equations

are considered to be an accurate representation of the fluid motion. Equations of

elasticity in structural mechanics govern the deformation of a solid object due to

the application of external forces. The general equations are very difficult to solve

both analytically and computationally. Therefore, it is necessary to introduce as-

sumptions to reduce the complexity of the mathematical model.

After the selection of appropriate mathematical model, and in conjunction

with suitable boundary and initial conditions, we can proceed to solve the equa-

tions by making use of solution schemes. The three choices for the numerical

solution of PDEs are the Finite Difference Method (FDM), the Finite Element
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Method (FEM) and the Finite Volume Method (FVM). The FDM uses a topolog-

ically square network of lines to construct the discretization of the PDE. There

is a difficulty associated with the use of this method when handling complex ge-

ometries in multiple dimensions. This encouraged the use of an integral form of

the PDEs and subsequently the development of the finite element and volume

techniques. Application of computational studies to spin coating process helps us

in analyzing various parameters such as flow field. These data extracted helps us

in reducing material wastage, minimize the contact with dangerous fumes. Spin

coating is a very popular process in electronic fabrication industry.

It is necessary to track the free surface as the problem under consideration

is a moving boundary type problem. In the upcoming section we will discuss two

important techniques used for free surface tracking. They are Coupled Level Set

and Volume Of Fluid (CLSVOF) and Volume Of Fluid (VOF) methods.

Numerical analysis and simulation are widely used in engineering applica-

tions today because of the advantages over experimental and analytical solutions.

Nonetheless we need experimental data to validate the numerical studies. There

is a great deal of advantage that comes with the use of numerical analysis as it is

a highly efficient method to carryout parametric studies, elementary design and

calculations. Numerical analysis also serves as a means to carryout failure analy-

sis. Details of the numerical formulation can be obtained from [1, 6, 7, 8].

The code used is a two dimensional, incompressible, laminar flow developed

by Los Alamos National Lab (LANL) [6]. This code along with few modifications

is made use of in our study of spin coating process. The protocol has two steps

involved in the process. First is to solve the governing equations and second is

to track the free surface. The code uses finite volume scheme on a fixed uniform

grid to solve the governing equations and it uses VOF/CLSVOF to track the free

10



surface.

The second part of the simulation is the solidification of the liquid metal. An

algorithm has been integrated in to the original code to handle the phase change

process. An enthalpy based method is adopted to do so. In this method enthalpy-

based formulation of the energy formulation of the energy equation which includes

both convection-diffusion heat transfer and mushy-region for the phase change has

been developed and has been embedded into the original code. The details of the

formulation is discussed in the subsequent sections.

3.1 Governing Equations

Flow of the liquid droplet is assumed to be incompressible and is governed

by continuity and Navier-Stokes equations given by:

∇ · ~V = 0 (3.1)

∂~V

∂t
+∇ · (~V ~V ) = −1

ρ
∇P +

1

ρ
∇τ + ~g +

1

ρ
~Fb (3.2)

where ρ is the density, P is the scalar pressure, τ the viscous stress tensor, ~Fb a

body force and ~g is the acceleration due to gravity. The nonlinear advection term

is written in conservative form. The viscous stress tensor τ is Newtonian,

τ = 2µS (3.3)

S =
1

2
[(∇~V ) + (∇~V )T ] (3.4)

where S is the rate of strain tensor and µ is the coefficient of dynamic viscosity.

Viscous velocity boundary conditions at any rigid walls present in the domain are

enforced as either no slip where,

~V = 0, (3.5)
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at the wall, or free-slip where n̂w · ~V = 0, n̂w being the unit normal to the wall.

The governing equation is a partial differential equation which is dependent

on both time and spatial coordinates. Hence it needs to be discretized in time as

shown below:

~V n+1 − ~V n

δt
= −∇ · (~V ~V )n − 1

ρn
∇pn+1 +

1

ρn
∇ · τn + ~gn +

1

ρn
~Fb

n
(3.6)

where the superscripts n and n+1 represents the value of the variable at consec-

utive time steps. The only implicit term in the above equation is the pressure

gradient. Gravity advection, surface tension and viscosity are approximated with

old time tn values. A two step projection method is used to separate the above

equation into two as:

~̃V − ~V n

δt
= −∇ · (~V ~V )n +

1

ρn
∇ · τn + ~gn +

1

ρn
~Fb

n
(3.7)

~V n+1 − ~̃V

δt
= − 1

ρn
∇pn+1 (3.8)

An intermediate velocity ~̃V between n and n+1 time step is considered. The

initial change in velocity is due to advection, surface tension, gravity and viscosity

which are all explicitly known. The change comes from the pressure gradient,

which is implicit. Thus there are two steps involved in solving this governing

equation. The first step requires finite difference expressions for the momentum

advection and viscosity terms in Eq.(3.7). The second step requires a solution of

a poisson equation for the pressure field Eq.(3.8). It is done so by projecting the

velocity field onto a zero-divergence vector field. The two equations in the second

step can be combined to into a single Poisson equation for pressure.

∇ · [ 1

ρn
∇pn+1] =

∇ · ~̃V
δt

(3.9)
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The above equation can be solved by incomplete cholesky conjugate gradient

method [9] to obtain the pressure and hence the velocity field for subsequent time

steps.

3.2 Free Surface and its tracking methods

Free surface of a fluid is subject to both zero perpendicular normal stress

and parallel shear stress, such as the boundary between two homogeneous fluids,

for example liquid water and the air in the Earth’s atmosphere. Unlike liquids,

gases cannot form a free surface on their own.

The tracking of free surface in the spin coating process is a challenge as it

is classified under moving boundary problems. It becomes difficult to accurately

locate and model the free surface or an interface it if undergoes drastic changes in

the displacement of the fluid during the flow. There are certain techniques devel-

oped to accomplish the same. They are broadly classified as Lagrangian methods

and Eulerian methods [10]. Lagrangian methods track the interface explicitly by

treating the interface points as particles and exact location of the interface is

obtained directly by solving the equations of motion if these particles. Some of

the Lagrangian based methods are moving grid, front tracking, boundary integral

and particle-based methods. In case of Eulerian methods, the interface is repre-

sented by an appropriate field function, which is advected in time while solving

the governing equations. The interface is then reconstructed depending on the

properties and behavior of the field function. This category includes continuum

advection, volume tracking, level set and phase field methods. The algorithm

used for this study uses Eulerian approach. It uses both Volume of fluid and Level

set methods to accurately tracking the free surface. Hence it is called Coupled
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Level Set and Volume Of Fluid (CLSVOF) method. A Piecewise Linear Interface

Construction(PLIC) is used to construct the free surface.

3.2.1 Volume of Fluid (VOF) method

Free surfaces in the code are represented with discrete Volume-Of-Fluid

(VOF) data on the mesh. The VOF method is a powerful tool that enables a

finite difference representation of free surface and interfaces that are arbitrarily

oriented with respect to computational grid. This technique was developed from

Marker and Cell (MAC) technique. MAC was developed by Francis Harrow and

the Los Alamos National Laboratory [11]. In VOF technique, an exact represen-

tation of the free surface is not retained. Characteristic marker data (the VOF

function), advected as a Lagrangian invariant, is the only available free surface

information. If the free surface location is needed, an approximate reconstruction

is of the free surface is performed from VOF data. The reconstructed free surface

is not necessarily continuous, instead represented as a set of discrete, discontin-

uous line segments. A similar concept was used in the VOF method [12] that

was developed in 1976. In this method the markers were replaced by scalar func-

tion F(x,y,z,t) which denotes the fraction of the cell which is occupied by fluid.

Function F is essentially the ratio of the of fluid to the volume of cell. Following

interpretation about a particular cell can be made from the corresponding value

of VOF function ’F’.

F (x,y,z,t)


= 0, Cell is in the void region

0 < F < 1, Cell is at the interface

= 1, Cell is in the fluid

An example for the VOF functions representing a circular fluid element is
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shown in Figure(3.1). The number in each cell denotes the volume fraction occu-

pied by the liquid. The VOF functions are advanced by the following propagating

equation.

Figure 3.1: Volume of fluid function for a circular fluid element

D

Dt
(F ) = 0 (3.10)

The above equation can be used in the conservative form to ensure mass

conservation for all cells including the interface cells as follows:

∂F

∂t
+∇ · (~V F ) = F (∇ · ~V ) (3.11)
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It is discretized in time using an approach similar to one used for solving

the governing equations.

F̃ − F n

δt
+

∂

∂x
(uF n) = F̃

∂u

∂x
(3.12)

~F n+1 − F̃
δt

+
∂

∂y
(vF̃ ) = F n+1∂v

∂y
(3.13)

where F̃ is the intermediate VOF function. On the staggered grid, the VOF

function, F, is located at the cell center and velocities, u and v are stored at the

cell edges, as shown in Figure(3.2). Discretization of the above equations spatially

and integrating over a computational cell(i,j) yields:

F̃i,j =
F n
i,jδxiδyj − δtδyj(fluxi+ 1

2
,j − fluxi− 1

2
,j)

δxiδyj − δtδyj(ui+ 1
2
,j − ui− 1

2
,j)

(3.14)

F n+1
i,j =

F̃i,jδxiδyj − δtδxi(fluxi,j+ 1
2
− fluxi,j− 1

2
)

δxiδyj − δtδxi(vi,j+ 1
2
− vi,j− 1

2
)

(3.15)

where fluxi±1/2,j = (uF n)i±1/2,j and fluxi,j±1/2 = (vF̃ )i,j±1/2. They denote VOF

fluxes across the edges of the computational cell. The calculation of the fluxes

at the cell edges requires an interpolation scheme for the VOF functions which is

described later. One important point worth noting about the VOF scheme is that

it is only calculates the values of F and does not give any information about the

orientation of the free surfaces or the interface. Generating an interface from the

VOF data alone would result into discontinuities between neighboring cells. The

circular profile shown in Figure(3.1) cannot be obtained from VOF data alone.

VOF scheme is highly accurate in locating the free surface and conserving the

mass in each cell but fails to identify the orientation of the free surface.

3.2.2 Level Set (LS) method

This method was developed by James Sethian and Stanley Osher [13, 14]

during the late 1980’s. The level set function ψ is defined as signed function whose
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Figure 3.2: Staggered grid.

magnitude is equal to shortest distance of cell center from the interface or free sur-

face. Following information can be drawn from the level set function.

ψ(x, y, z, t)


> 0, Cell center is outside of the fluid

= 0, Cell center is at the interface

< 0, Cell center is inside the fluid

Following example in Figure(3.3) shows the use of Level Set function for a cir-

cular fluid element. The positive values indicate that the cell center is outside the

fluid element while negative values indicate that it falls within the fluid.
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Figure 3.3: Level set function for a circular fluid element.

Another important property is that gradient of the level set function which

gives a unit vector normal to the interface. Thus,

~n =
∇φ
|∇φ|

= ∇φ (3.16)

|∇φ| = 1

This information is used to initiate the level set function and then it is advected

using the following form, which is same as discussed above.

∂φ

∂t
+ (~V · ∇)φ = 0 (3.17)
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Solving the above equation for subsequent time steps is easy and can be

achieved by using appropriate advection schemes. But ψ is a distance function

which is not related to the fluid properties and hence Eq.(3.16) will not be satisfied

after advection and errors keep on piling after each subsequent step. Hence the

level set function needs to be re-initialized as follows:

∂φ

∂t
=

φ0√
φ2
0 + h2

(1− |∇φ|) (3.18)

where t is the artificial time ψ0 is the value of LS function from previous time step

and h is the grid spacing. But in doing so, the mass conservation no longer holds

good for the interface cells unlike the VOF scheme. Hence the LS function has to

be re-distanced in every time step to satisfy the mass conservation [15] describes

a re-distancing algorithm.

3.3 Coupled Level Set Volume of Fluid (CLSVOF) method and Interface Recon-

struction

It is seen from earlier discussions that there exist certain limitations about

using Volume of Fluid method or the Level Set method. The VOF data accurately

locates the free surface and consistent with mass conservation but fails to identify

the orientation fo the free surface. On the other hand, LS function gives the

orientation of the free surface from the gradient of ψ but advection of this function

disturbs the mass conservation law. These facts lead the discussion towards using

the advantages provided by both methods and reconstruction of the free surface

based on the combined information. This is the idea behind the Coupled Level

Set and Volume of Fluid (CLSVOF) method [6, 16].

But there are concerns with respect to VOF and LS methods that needs to

addressed. The calculation of VOF data for each cell requires information about

19



fluxes at cell faces which in turn needs the value of F at the cell faces. The

Level Set function needs to be re-distanced to make it compatible with the mass

conservation. Hence there is a need of a scheme that approximates a free surface

or an interface based on the values obtained from VOF and LS data.

A Piecewise Linear Interface Construction (PLIC) scheme [17] approximates

the free surface to be a straight line across the cell faces such that the volume of

fluid remains consistent with the VOF data and is oriented in a direction which is

consistent with the gradient of LS function. The direction is identified from the

LS function as:

~n =
∇φ
|∇φ|

= ∇φ, α = arctan
(ny

nx

)
, (0 < α < 2π) (3.19)

An example of an interface constructed in a cell using PLIC scheme is shown

Figure(3.4). Figure(3.5) shows a flow chart demonstrating the steps involved in

CLSVOF method.
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Figure 3.4: Example of interface orientation obtained from PLIC scheme.

Figure 3.5: Flow chart of CLSVOF algorithm [1]
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3.4 Centrifugal Force Implementation

The effect of a spinning disk is brought about in the simulation but introduc-

ing the force component in the radial direction. The computations carried out are

in the cylindrical co-ordinates which solves equations in R and z directions. The

two step projection scheme discussed earlier makes use of an intermediate velocity

~̃V . The code has a dedicated subroutine to solve for ~̃V in order to calculate final

velocities in the respective directions. The code has a provision for introducing

acceleration component in horizontal direction. The term gr in the code is made

use of in order to introduce the effect of centrifugal forces in order to simulate a

spinning disk. The effective force component to be introduced is given by:

F = mω2r (3.20)

The parameter that is to be modeled in the vtilde subroutine is acceleration,

which is ω2r. In order to render this component effective, a time varying velocity

profile formulation is used. Initializing the spin up from zero to the prescribed

angular velocity is done so using exponential function and a suitable growth con-

stant which is a function of time. The complete description of the formulation is

available in [18]. The equation implemented in the code is as follows:

gr = (1− exp(−λ ∗ t)) ∗ r ∗ (ω ∗ erfc( −z√
ν ∗ t

))2 (3.21)

where, z is the height of the droplet at that respective instant of time, ν is the

kinematic viscosity, t is the time instant and λ is the growth rate constant.
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3.5 Solidification: An enthalpy based approach

The enthalpy-based energy equation is given by:

∂ρh

∂t
+∇ · (ρ~V h)−∇ · (α∇h) + Sh = 0 (3.22)

where α = k/Cp and Sh is a phase change source term defined as

Sh =
∂ρ∆h

∂t
+∇ · ρV∆h (3.23)

Rewriting Eqs.(3.20) and (3.21) in cylindrical coordinates gives

∂ρh

∂t
+

∂

∂r
(ρurh) +

∂

∂z
(ρuzh) +

ρurh

r
− α

(
∂2h

∂r2
+
∂2h

∂z2
+

1

r

∂h

∂r

)
− Sh = 0 (3.24)

and

Sh =
∂ρ∆H

∂t
+

∂

∂r
(ρur∆H) +

∂

∂z
(ρuz∆H) +

ρur∆H

r
(3.25)

In order to retain the dual-coordinate (Cartesian and Cylindrical) property used

in the source code. Eqs (3.22) and (3.23) are reformulated into the following form.

∂ρh

∂t
+
∂

∂r
(ρurh)+

∂

∂z
(ρuzh)−α

(
∂2h

∂r2
+
∂2h

∂z2

)
+ζ

(
ρurh

r
−α
r

∂h

∂r

)
−Sh = 0 (3.26)

where Sh is given by

Sh =
∂ρ∆H

∂t
+

∂

∂r
(ρur∆H) +

∂

∂z
(ρuz∆H) + ζ

(
ρur∆H

r

)
(3.27)

where ζ takes on the values of 0 and 1 for Cartesian and Cylindrical coordinates,

respectively. By defining the total enthalpy flux as ρV h−α∇h, Eq.(3.20) becomes

∂ρh

∂t
+

1

r

∂Jr
∂r

+
∂Jz
∂z

= Sh (3.28)

where

Jr = r

(
ρurh− α

∂h

∂r

)
(3.29)
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Jz = ρuzh− α
∂h

∂z
(3.30)

and the continuity equation becomes

∂ρ

∂t
+

1

r

∂rρur
∂r

+
∂rρuz
∂z

= 0 (3.31)

To conform to the RIPPLE code, staggered grid is used. All variables except

velocities are calculated at the intersection of the grid lines. The velocities are

offset to coincide with the CV faces. The ur velocity component is moved a half

grid space to the right, and the uz velocity component is moved a half grid up.

To account for the phase change, the governing equations have to be modified

to account for the presence of both solid and liquid. The continuity equation and

momentum equation become

∇ · (ΘV ) = 0 (3.32)

and

Θ
∂V

∂t
+∇ · (ΘV V ) = −Θ

ρ
∇p+

Θ

ρ
∇ · τ + Θg + ΘFb + S (3.33)

respectively, where Θ is defined as the volume fraction of fluid inside a computa-

tional cell. A unit value of Θ corresponds to a cell full of fluid, whereas a zero

value of Θ indicates that the cell contains all solid or obstacle. When Θ takes a

value between 0 and 1, the corresponding cell has both fluid and solid. The VOF

transport equation is changed to

∂

∂t
(ΘF ) +∇ · (ΘFV ) = 0 (3.34)

Note that these equations reduce to Eqs(3.1) and (3.2) when Θ takes a

value of 1. The source term takes the following form S = −Au, where A =

−C(1 − Θ2)/(Θ3 + ε), which is used to modify the momentum equation in the
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dendritic mushy region, where the fluid is modeled flowing through the porous

media. The value of C will depend on the morphology of the porous media, and ε

is a small number used to avoid division by zero. When the computational cell is

in liquid phase the Θ has a value of 1, the source term has no effect. However as

the cell changes its phase the source term grows and dominates over the transient,

convective and diffusive components of the momentum equation. This source term

models the flow in a porous media defined by the Carman-Kozeny equation given

by

∇P
ρ

= −

(
C

(1−Θ)2

Θ3

)
V (3.35)

When the computational cell reaches the solid phase, the source term is so

large that it dominates all components of the momentum equation and forces the

velocities to zero (implying solidification). The complete details of the solidifica-

tion formulation adopted in this code can be found in [19].

The free surface construction is done using PLIC scheme representing the

interface as a straight line within a computational cell. The momentum and ther-

mal flux calculations across cell faces containing interfaces need special accounting.

Such cell faces are partial and the governing equations are not integrated through-

out the complete face. The wetting ratios are defined for each cell.

Integrating Eq(3.27) over the control volume gives:

(ρphp − ρophop)∆r∆z
δt

+
1

r
(Je − Jw) + (Jn − Js) + Sh∆r∆z = 0 (3.36)

The continuity equation integrated over the control volume gives:

(ρp − ρop)∆r∆z
δt

+
1

r
[(ρu)e − (ρu)w] + [(ρv)n − (ρv)s] = 0 (3.37)
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Multiplying Eq(3.37) with hp and subtracting from Eq(3.36) gives:

(ρphp − ρophop)∆r∆z
δt

+
∆z

rp
[(Je − re(ρur)ehe)− (Jw − rw(ρur)whw)]+

∆r[(Jn − rn(ρuz)nhn)− (Js − rs(ρuz)shs)] + Sh∆r∆z = 0

(3.38)

The above equation can be modified as

ρp(hp − hop)∆r∆z
δt

+
∆z

rp
[awe(Je − re(ρur)e)he − aww(Jw − rw(ρur)w)hw]

+∆r[awn(Jn − rn(ρuz)n)hn − aws(Js − rs(ρuz)s)hs] + Sh∆r∆z = 0

(3.39)

with the source term being

b = aop(δhp − δhop) + (inflow − outflow) + aopδh
o
p(Fp − F o

p ) (3.40)

where the last term represents the enthalpy correction due to mass inflow or out-

flow over a particular time step. Eq(3.39) suggests that multiplying the F and D

terms is sufficient to account for the partial face fluxes near the surface.
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CHAPTER 4

Problem setup, Results and Discussion

Numerical study of fluid flow in spin coating process is assumed to be in-

compressible. As mentioned earlier, the code uses a finite volume method on a

fixed uniform grid in cylindrical coordinate system. A grid sensitivity test has to

be performed to decide the grid size that accurately models the flow. The free

surface (interface) is obtained using the CLSVOF method with a PLIC scheme.

The numerical and fluid parameters used in the study are included in the input

file listed in the Appendix (A).

4.1 Geometrical Setup

The first step involved in the problem setup is to create a geometry that

projects the desired kind of flow without the loss of any information. The problem

setup in case of spin coating process is to model the droplet on the substrate.

The following assumptions are made in the analysis:

• the plane is horizontal, so that there is no radial gravitational component

• the liquid layer is radially symmetric, and so thin that differences in gravi-

tational potential normal to the surface of the disk have negligible effect in

distributing the liquid compared with the effect of centrifugal forces,

• the viscosity is independent of the rate of shear, i.e., the liquid is Newtonian,

• the liquid layer is everywhere so thin that shear resistance is appreciable

only in horizontal planes,
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• the radial velocity is everywhere so small that Coriolis forces may be ne-

glected,

• the evaporation of the fluid is negligible

The substrate in the analysis is a isothermal surface, wherein the tempera-

ture of the surface is assumed to be held rigidly at a temperature. The temperature

of plate is modified using the input section of the code. This information is fed

to the code with input variables that control related functions in the problem

setup. There are seven major sections. They are (1)NUMPARAM for numerical

parameters; (2)FLDPARAM, for fluid parameters; (3)MESH, for mesh generation;

(4)OBSTCL, for setting interior obstacles; (5)FREESURF, for initializing the free

surfaces; (6)GRAPHICS, for generating dynamic graphics.(7) HEATEQ, for heat

transfer mechanisms.

Figure 4.1: Initial problem setup: Droplet and Substrate

In Figure(4.1), the x-axis is the substrate. The heat transfer is in the down-

ward direction and the solidification occurs from bottom in the upward direction
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as the region of the droplet coming in contact with the substrate solidifies first

and it progresses with time.

4.2 Boundary Conditions

Boundary conditions play vital role in controlling the simulation of the flow.

The inner edges of the domain of interest are associated with boundary conditions

as mentioned below:

Boundary Region Boundary Condition

Left Boundary Rigid Free Slip

Right Boundary Continuative Outflow

Bottom Boundary Rigid No-slip

Top Boundary Rigid Free Slip

Rigid No-slip or wall boundary condition implies that the velocity at that

particular face is zero and there is no flow across that face. Continuous outflow

means that the gradient of velocity in a direction perpendicular to that face is

zero. Rigid free slip boundary condition allows the fluid to move freely over the

surface without offering any resistance.

4.3 Grid Refinement study:

A grid refinement study was carried out in order to select a computational

domain of suitable resolution. Figure(4.2) shown below is a compound plot of all

the grid resolutions used. A uniform square grid is used. A series of cases were run

with changing grid resolution from a coarse one with 0.04mm to 0.005mm with

successive reduction in grid size by 50%. Grid dimensions of 0.04mm and 0.02mm

failed to converge especially at higher angular velocities. The relative error was

found to be vary between 0.2% and 0.6% for successive grid size reduction from
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0.01mm to 0.005mm. Hence, grid size of 0.01mm was selected for the studies

which was carried out further. Suitable changes were made in various parts of the

code in order to bring the effects of spreading under the action of centrifugal force

and solidification occurring due to heat transfer between substrate and droplet.

The contour in blue represents a case with grid resolution of 0.02mm, the one

plotted in black color corresponds to grid resolution of 0.01mm and red represents

a grid resolution of 0.005mm.

Figure 4.2: Grid refinement study
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4.4 Reference Case

The standard case taken is the droplet which is rotated at 3000RPM . The

specifications of the standard case is as mentioned in the table below:

Parameters Value(SI units)

Grid Dimensions(X x Y) 400x120

Cell Spacing 0.00001m

Droplet Diameter 0.0010607m

Droplet Density 6950kg/m3

Surface tension 0.55N/m

Kinematic Viscosity 1.8 ∗ 10−7m2/s

Initial droplet temperature 1100K

Substrate temperature 500K

Specific heat capacity 240J/kg −K

Droplet thermal conductivity 66.8W/m−K

Substrate thermal conductivity 66.8W/m−K

Latent heat of phase change 59kJ/kg

Melting point of Tin 505.08K
.

In Figure(4.3), the contour marked in red represents the solidification front.

The droplet begins to spread due to the centrifugal force. In addition to spreading

under the influence of force, it begins to solidify. The solidification front progresses

in the upward direction as the droplet is held 600K above the substrate temper-

ature. We come to the conclusion that the whole droplet has solidified when the

red contour has merged with the free surface, this implies that the temperature

of the droplet is below the melting point of the metal used in the study. In the

reference case, the entire process of spreading and solidification occurs over a time
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period of 8.26ms. Due to force acting in the radial direction, droplet experiences

a force equal to mω2r. Due to force being a function of distance from the axis

of symmetry, bulk of the fluid moves towards the leading edge forming a bead

like structure. Solidification first occurs in the region close to axis as the layer of

fluid is thin. The region where the solidification occurs towards the last is at the

leading edge.

Figure 4.3: Reference case
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4.5 Flow Profile Evolution

The Figure(4.4) shown below consists of a series of images overlapped, each

of the images is taken at successive time instants. A similar profile has been

obtained by [2] as shown in Figure(4.5).

Figure 4.4: The free surface profile obtained from the current study

Figure 4.5: The free surface profile obtained from [2]

Force experienced by the fluid increases as the fluid progresses in the radial

direction, this causes the fluid to bulge towards the leading edge of the droplet.

The droplet experiences relatively low magnitude force in regions closer to sym-
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metric axis. The accumulation of fluid towards the leading edge of the droplet is

referred to as edge bead effect. This bead formation in the leading edge region of

the droplet under the action of the centrifugal force is undesirable as this causes

uneven surface. There are special methods employed to remove these edge beads.

One such method is to discharge more than adequate volume of the fluid and allow

the material to spin off from the substrate there by avoiding the formation of edge

bead.

4.6 Parametric Studies

A parametric study is a series of simulations where one or more parame-

ters of the problem are varied to investigate the sensitivity of the solution to the

parameters. Parametric studies are an important aspect of CFD analysis. Para-

metric studies are used to perform trend base analyses. The parameters that are

of importance in this study are:

• Effect of Angular Velocity on thickness and extent of spread.

• Effect of Spin up rate on the extent of spread and final thickness obtained.

• Effect of Substrate Temperature.

• Effect of Initial Droplet Temperature.

• Effect of Latent Heat.
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4.6.1 Effect of Angular Velocity on thickness and extent of spread

The key parameter in the present study is the spin speed/angular velocity

of the substrate. It is an indicator of magnitude of centrifugal force acting on the

droplet. Several cases were carried out with varying spin speed. The variation

of which was between 1000RPM to 4000RPM in steps of 500RPM . It was

found that for spin speeds up to 2000RPM the spreading was limited due to

surface tension of the droplet resisting the centrifugal force trying to drive the

fluid radially outwards. For spin speeds greater than 2500RPM , the spreading

was evident as surface tension was overcome by centrifugal force. The effect of

angular velocity on the thickness of coating and extent of spread achieved is as

shown in the Figure(4.6) below. It is seen that thickness of coating decreases

with increasing angular velocity and extent of spreading increases with increase

in angular velocity. This is because higher spin speed implies larger centrifugal

force.

Figure 4.6: Spin speed vs thickness and spread
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The Figure(4.7) below depicts free surface contours after the solidification

is complete. It is seen that free surface corresponding to 1000RPM has hardly

spread, reason for this being surface tension of the droplet is much higher that

the magnitude of centrifugal force applied. In general, the thickness of a spin

coated film is proportional to the inverse of the spin speed squared as in the below

equation where t is the thickness and ω is the angular velocity:

t ∝ 1√
ω

(4.1)

Change in angular velocity affects the solidification rate. Lower spin speed

implies lesser spreading implying more mass of fluid over a given area of the

substrate. This leads to more heat to be drained at the droplet-substrate interface

causing the droplet to solidify at a slower rate. Whereas solidification in case of

higher angular velocity is lot quicker as the droplet spreads more giving more area

for film and substrate contact. This results in rapid flow of heat into the substrate

thereby leading to reduced solidification time.

Figure 4.7: Final free surface contours after the completion of solidification

The exact thickness of a film will depend upon viscosity, temperature. Typ-

ically a test film is spin coated and the thickness measured either by ellipsometry

or surface profilometry. From this one or more data point(s) the spin thickness
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curve can be calculated usually with a good degree of accuracy. The spin speed

can then be adjusted to give the desired film thickness. This dependence upon the

square root of spin speed is both an advantage and a disadvantage. The disad-

vantage is that it means that the range of thicknesses that can be achieved from a

given solution spans a relatively narrow range. On the other hand the advantage

is that it allows precise control of film thickness within this range.

Figure 4.8: Spreading of droplet corresponding to an angular velocity of 2000
RPM

The Figure(4.8) above shows the time lapse frame for an angular velocity

of 2000RPM . Due to surface tension being the dominating force, it is seen that

droplet doesn’t spread effectively. Solidification time for this case is found to be
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18.97ms. This is because lower spin speeds result in thicker splats and the amount

of heat that needs to be rejected to the substrate occurs over a smaller area.

The Figure(4.9) shown below, is the case with angular velocity of 4000RPM .

It is observed that due to higher spin speed, the centrifugal force is the dominant

force in comparison to surface tension of the droplet, which results in spreading

to greater extent. The extent of spread and thickness for this case is found to

be 3.63mm and 60µm respectively. The solidification time is 5.5465ms. This is

because greater extent of spread has paved way for more area for the heat transfer

to occur. In addition to the larger area, the fluid layer on the substrate is thin

aiding the process of solidification.

Figure 4.9: Spreading of droplet corresponding to an angular velocity of 4000
RPM
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4.6.2 Effect of Spin up/ Ramp rate on final thickness obtained

Spin up is a phase where the substrate is accelerated up to its final, desired

angular velocity. This is a stage which usually is characterized by aggressive fluid

movement in the radial direction. Spiral vortices may be present during this stage.

These would form as a result of the twisting motion caused by the inertia that

the top of the fluid layer exerts while the substrate below accelerates. Eventually,

the fluid is thin enough and can be considered stationery with respect to the

rotating substrate resulting in fluid thickness differences to disappear soon after

the substrate reaches the final desired angular velocity. Accelerating the substrate

to final spin speed is done using exponential function. Much of work published on

the spin coating addresses the effect of spin speed on the final thickness achieved.

In the present study an attempt has been made to study the effect of ramp rates.

The Figure(4.10), below shows the variation of thickness and spread for varying

ramp rates.

Figure 4.10: The extent of spread and thickness variation due to change in ramp
rate.

Effect of ramp rate was studied with an angular velocity of 3500RPM . The

ramp rates for which the cases were carried out were 1 − exp(λt), where λ took

the values: 0.25, 0.5, 1, 2.5, 5, where a larger value of λ implies higher ramp rate.

Figure(4.11) below shows the time taken for various ramp rates to reach
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100% of the angular velocity specified in the input file. It can be inferred from

that for a ramp rate corresponding to λ = 5 the spreading is the largest and for

λ = 0.25 the spreading is lowest.

Figure 4.11: Time taken vs percentage of angular velocity achieved

Ramp rate affects the thickness of the spread. For a value of λ = 5 in the

above expression, acceleration produced is maximum and it results in thickness

being minimum when compared to all other ramp rates. And for a value of λ =

0.25, the thickness of the coat is maximum as acceleration produced in this case

is least.

Solidification occurs rapidly in the case where λ = 5 as thickness produced in

this case is least, resulting in lower heat flux into the substrate. And for λ = 0.25

thicker coat is produced leading to larger solidification time.
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Figure 4.12: Ramp rate λ=0.25

The Figure(4.12) above shows the spreading of droplet subjected to a ramp

rate constant of λ = 0.25. The solidification process is complete at t = 10.1414ms

with a thickness of 90.5µm and spreading over radius of 2.38mm

Figure(4.13) shows the spreading of droplet subjected to a ramp rate con-

stant of λ = 2.5. The solidification process is complete at t = 6.5874ms with a

thickness of 61.5µm and spreading over radius of 3.27mm
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Figure 4.13: Ramp rate λ=2.5

The Figure(4.14) below shows variation of thickness for varying ramp rate

constants. It is seen that for λ = 0.25, the time taken to reach specified angular

velocity is approximately 6ms. The film thickness is 300µm. For λ = 5.0, time

taken to reach the specified angular velocity is less than 1ms. This difference in

the time taken to reach the angular velocity specified results in thickness variation

as acceleration produced in case of λ = 5 is larger than λ = 0.25. As mentioned

previously present study used tin as coating material and molten tin is Newtonian

fluid with solidification occurring simultaneously as the droplet spreads.
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Figure 4.14: Variation of thickness as a function of ramp rate constant

Figure 4.15: Variation of thickness as a function of ramp rate constant obtained
from [34]

43



The Figure(4.15) above is obtained from [34] where thickness versus spin

speed is plotted for different values of acceleration. The study emphasizes the effect

of ramp up stage in spin coating process. The solution used is Non-Newtonian and

does not involve solidification. But there is a good qualitative agreement between

the two.

4.6.3 Effect of Substrate Temperature

The effect of substrate preheating on the spreading and solidification of in-

dividual molten droplet in spin coating has been investigated. If there is sufficient

heat transfer between the droplet and substrate. The edges of the droplet freeze

while it is still spreading. This obstructs the flow of liquid and produces an irreg-

ular splat. On the other hand, if there is low heat transfer from the droplet (as is

the case when it is on a hot substrate, or if there is large thermal contact resistance

between the droplet and substrate) it spreads completely before solidifying and

produces a circular splat.

This study was carried out by varying the temperature of the substrate from

400K to 475K in steps of 25K. The droplet is held at constant temperature of

1100K. This leads to a different rate at which heat is rejected to the substrate

thereby changing the time needed for solidification each case. The Figure(4.16),

shown below depicts the variation of thickness and spread for varying substrate

temperatures.
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Figure 4.16: Effect of substrate temperature variation

Figure 4.17: Droplet spreading with substrate temperature of 425 K

The Figure(4.17) above is the time lapse for a case with substrate temper-

ature of 425K. It is observed that solidification begins at t = 4.75ms and the

coating is completely solidified at t = 7.396ms. The extent of spread in this case
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is 2.43mm.

The Figure(4.18) below corresponds to temperature of 475K. The solidifica-

tion process begins at t = 4.75ms and is complete at t = 7.924ms. The spreading

in this case is found to be 2.59mm. It is evident from the figures that case with

substrate temperature 425K solidifies prior to the case where temperature is held

at 475K, and as a result of this, spreading is more for the case where substrate

temperature is held at 475K.

Figure 4.18: Droplet spreading with substrate temperature of 475 K
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4.6.4 Effect of Initial Droplet Temperature

The process of solidification in the present study does not include substrate

remelting. The substrate is held at a constant temperature. It acts as an infinite

heat sink i;e irrespective of the amount of heat transferred, there is no change in

the temperature of the substrate. In general, pure metals have very small or no

mushy region. Difference of 1K is used between the solidus and liquidus temper-

atures.

Droplet temperature has a direct influence on the solidification. This pa-

rameter directly controls the flattening degree through the rate of solidification in

addition to the angular velocity having its influence on of spreading and flattening

rate. Change in droplet temperature changes the sensible heat.

Simulations for droplet temperature values between 800K and 1300K in

steps of 100K are carried out, as shown in Figure(4.19). The substrate as men-

tioned earlier is held constant at a temperature of 500K.

The plot below shows the variation of thickness and spread for different val-

ues of droplet temperatures. It is observed that as droplet temperature increases

the spreading increases. Larger the temperature difference between the substrate

and droplet, larger is the time required to solidify. The rate of solidification is

the slowest in case of the droplet with temperature of 1300K. Slower rate of

solidification allows additional spreading of the droplet.
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Figure 4.19: Effect of initial droplet temperature variation

Figure(4.20) shows of spreading of the droplet with an initial temperature

of 900K at different time instants. It is observed that the solidification process

is complete at t = 8.0864ms. The extent of spread in this case is 2.32mm and

thickness at the center of the droplet is found to be 90µm

Figure 4.20: Droplet with an initial temperature of 900 K
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The Figure(4.21) below shows the droplet spreading with an initial tem-

perature of 1300K. It is seen that solidification process is complete at t =

8.3644ms.The extent of spread in this case is 2.88mm and thickness at the center

of the droplet is found to be 60µm.

Figure 4.21: Droplet with an initial temperature of 1300 K
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4.6.5 Effect of Latent Heat

Latent heat is energy released or absorbed, by a body or a thermodynamic

system, during a constant-temperature process. There is no change in the kinetic

energy of the particles in the material. It measures change in internal energy

that seems hidden from a thermometer. The latent heat is normally expressed as

the amount of heat (in units of joules or calories) per mole or unit mass of the

substance undergoing a change of state.

In the present study, cases were carried out with different latent heat values

varying in steps of 10kJ/kg from 30kJ/kg to 80kJ/kg. Droplet spreading for the

above mentioned latent heat values is shown below in Figure(4.22). It is seen that

due to decrease in the rate of solidification, the spreading increases with increase

in latent heat of the droplet implying its influence on the phase change process.

Figure 4.22: Variation of spreading and thickness as a function of latent heat

Solidification time varies in accordance with varying latent heat. In the

Figure(4.23) for a value of 30kJ/kg, spreading is found to be the least in compar-

ison with the other cases. Similarly, in the Figure(4.24) for a latent heat value

of 80kJ/kg, due to larger latent heat spread, this leads to increased solidification

time.
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Figure 4.23: 3000 RPM, latent heat value=30 kJ/kg

Stefan number (Ste) is defined as the ratio of sensible heat to latent heat,

it is an indicator of rate at which phase change occurs. Varying the value L by

holding Ti and Ts constant, a large range of Stefan numbers is obtained. Smaller

values of Ste implies more solidification time thereby resulting in larger spread-

ing, whereas larger values of Ste results in shorter solidification time and leads to

thicker film and lesser extent of spread It is given by:

Ste = SensibleHeat
LatentHeat

= Cp(Ti−Ts)

L

where Ti is the initial temperature of the droplet.

Ts is the solidification temperature.
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L is the latent heat.

Figure 4.24: 3000 RPM, latent heat value=80 kJ/kg
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CHAPTER 5

Conclusion and Future Work

5.1 Conclusion

Spin coating process is incompressible in nature. The analysis of the same

is done using modified RIPPLE, a two dimensional incompressible flow solver.

The Continuity and the Navier-Stokes equations are solved in conjunction to ob-

tain the velocity and pressure field. Free surface tracking is done using Coupled

Level Set Volume of Fluid (CLSVOF) method. Continuum Surface Force (CSF)

has been used to calculate surface tension force. Solidification is done using an

enthalpy-porosity technique with a source term accounting for phase change.The

study was carried out using pure Tin. Centrifugal Force was modeled using a

function accounting for the acceleration. The evolution of free surface was in good

agreement with the previous study by other researchers.

A grid refinement study was carried out and a square grid with a cell size

of 0.01mm was selected for the further case study. Computational domain size

was varied according to the angular velocity. A parametric study was carried out.

The parameters studied were angular velocity, ramp rate, latent heat, substrate

and droplet temperatures.

Effect of angular velocity on the thickness and spread was studied and it

was observed that spreading increased with increase in angular velocity leading to

thinner film formation. The effect of ramp rate on the spreading and the thickness

is very similar to that of effect of angular velocity. A larger ramp rate implied

lesser time taken to reach the specified angular velocity, leading to larger spread
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and thinner coating being achieved.

The study on effect of substrate temperature showed that lower the sub-

strate temperature lesser is the spread and coating obtained is thicker. As sub-

strate temperature is increased droplet solidification rate decreases allowing for

larger spreading. In the study of effect of droplet temperature it is observed that

as droplet temperature increases, the spreading and solidification time increases

this is due to the more amount of sensible heat that the droplet possesses. Latent

heat study is purely numerical in nature, higher the latent heat value, more is

time needed for the droplet to solidify. A dimensionless number of importance in

the study of phase change process is Stefan number. Stefan number is the ratio

of sensible heat to the latent heat. Hence the Stefan number variation can be

brought about by varying droplet temperature and/or latent heat. Higher the

Stefan number, lower the solidification time and the same has been observed in

the study of effects of droplet temperature and latent heat on the solidification

process.

The results obtained in this study is well in accordance with the laws of

physics governing the process of droplet under the action of centrifugal force and

the process of solidification.
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5.2 Future Work

Research is a continuous process and there is always scope for improvement.

The free surface is considered adiabatic in the code where no heat exchange occurs

between the free surface. Suitable work towards incorporating an numerical model

for evaporative effects could lead to better understanding of phase change from

liquid to gaseous state.

Numerical study based on spin coating can be carried out using non lin-

ear/unstructured grid and a parallel can be drawn listing the pros and cons of

both structures and unstructured grids. The use of unstructured grids limits us

to use only Volume of Fluid (VOF) method, as few sections of Coupled Level Set

Volume of Fluid (CLSVOF) method is hard coded to work in conjunction with

only structured grids. Generalizing those sections of CLSVOF method could lead

to a thorough study based on the nature of grids used.

The present study can be extended to other metals such as Aluminum. Dif-

ferent droplet sizes can be used to study the effect of size on spreading. A larger

droplet size would imply weaker effects of surface tension hence allowing more

spreading for lower spin speeds. Present study was limited to spreading of the

droplet on a substrate without taking into account the thickness of it. A finite

thickness substrate will help us in addressing the effects of substrate remelting.

Present study was done using a two dimensional flow solver. With the use of three

dimensional model, particular cases such as finger formation during the spreading

can be studied. In the present study, the droplet was modeled on the substrate as

initial setup. Cases can be carried out by modeling droplet at a certain height and

effect of impact velocity on the spreading in conjunction with angular velocity
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APPENDIX A

Code Execution
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A.1 Execution of the Code

The name of the code used for the study is RIPPLE, which has been modi-

fied to accommodate heat transfer and phase change and written on FORTRAN.

LINUX based high performance computing is used to compile and execute the

program. The numerical simulations were carried out on two platforms.

• High Performance Computing, at University of Texas at Arlington

• Lonestar 4 and Lonestar 5 supercomputer clusters at Texas Advanced Com-

puting Center(TACC), Austin,Tx

Four unique files are required to run the code which has been compiled on the

supercomputer cluster. They are

• filename.dat

• bjob

• input

• ripple

All the four files are to be placed in the same folder. The filename.dat is a data type

of file which contains the number of output files to be generated with the names

of files written into it. bjob is a file that provides load sharing facility, generates

a job id, places it in the queue that is decided by the number of cores needed for

the execution of the case. input file houses information about fluid parameters,

mesh size and parameters related to heat transfer. ripple is a executable file

which is generated after the code gets compiles successfully. It contains the flow

of instructions for it carryout the numerical simulation.
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Droplet Spin [mm,ms,mg,K]

$numparam

alpha=1.0,

autot=1.0,

conserve=.false.,

delt=0.5e-4,

dtmax=1.0e-3,

twfin=200000.0,

con = 0.5,

fcvlim=0.5,

idiv=1,

dmpdt=3000000.0,

prtdt=1000000.0,

pltdt=0.25,

sym=.true.,

kt=1,

kb=2,

kl=1,

kr=3,

$end

$fldparam

gy=-9.81e-3,

icyl=1,

isurf10=1,

psat= 0.0,

xnu=1.8e-4,
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rhof=6.95,

sigma=0.55,

vi=0.0,

spinvel=0.3158

heif=1.0

$end

$mesh

nkx=1, xl=0.0,4.0,

xc=2.0,

nxl=200,

nxr=200,

dxmn=0.01,

nky=1,

yl=0.0,1.20,

yc=0.6,

nyl=60

nyr=60

dymn=0.01,

$end

$obstcl

nobs=0,

$end

$freesurf

nfrsrf=2,iequib=0,

fc1(1)=-1,ifh(1)=1

fa1(2)=0.0, fa2(2)=1.0, fb1(2)=0.0, fb2(2)=1.0, fc1(2)=-33.64,
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ifh(2)=0,

$end

$graphics

plots=.true., dump=.false.,

iout = 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,

0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,

0, 0, 0, 0, 0, 0, 0, 2,0,0,-1, 0, 1,

iysymplt=1,

$end

$heateq

heat = .true.,

ischeme = 3,

tid = 1100.0,

tip = 500.0,

tia = 288.0,

cpp = 240.0,

cpd = 240.0,

cpa = 50.0,

tkp = 66.8,

tkd = 66.8,

lhpc = 59000,

hmr = 30.0,

tl = 505.5,

ts = 504.5,

teps = 1.0e-8,

$end
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$coupled

lsvof=.true.,

ls=.false.,

$end

Output file

The output files generated over the entire simulation carries unique name.

It is of the form rippxxx.dat. It contains the information listed below:

• Time at that instant

• Size of the computational domain.

• Location of cells in X and Y direction.

• X and Y components of velocity.

• VOF and LS function values

• Enthalpy and Pressure values pertaining to each cell.

A sample of output file is shown below.
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