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HIGHLIGHTS

8 The film formation is investigated experimentally and modelled numerically.
e A correlation equation has been proposed to predict the film thickness.

e ‘|'he experimental measurements were conducted using the laser scan method.
e  Numerical modelling was performed using the Volume ol Fluid method.

® The ritn thickness of the dise was found lo have a measurable effect on the film profile.

ABSTRACT

The entrainment and Aow ol a thin [l of Hquid on a vertically rotating dise partially immersed
in a liquid bath has been investigated experimentally and modelled numerically. The Volume of
Fluid (VOF) Computational Lluid Dynamics (CFD) maodelling approach has been employed (o
characterise the shape and stability ol the thin film thickness profile. The thickness ol (he rotating
disc plays a signilicant role in the thin film profile and this is conlirmed through the comparison
of simulation with the experimental results. Other laelors determining the film thickness were
identified as the rotational speed and the {luid viscosity where the film thickness profile incrcascs
with the increase ol the rotational speed and also the viscosily, A correlation cquation to predict

the [ihm thickness as a function of angular position, radius, rotating speed, viscosity and surlace
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tension is proposed. The results given in this study speeifically report on the thin film thickness
variation with the angualar dircetion and the film entrained into the liquid. In both the simulation
and experimental results, it is noted that the film thickness stabilises following a rotation of 15°

after drag out of the liquid, and remains so until 10° belore bemg dragged back in.
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1. Introduction

Thin film flows on vertical rotating discs are extensively used in (he exlrusion coaling process, in
which a polymeric material is extruded on 1o another polymeric material to form a composite
laminate [1]. Other Lypical cxamples include that of the oil dise skimmers, which are used for vil
recovery as an alternative to toxic chemical dispersants in case of an offshore o1l spill, Tn the
synthesis of polyethylene terephthalate (PET) in polycondensation reactors [2], a scrics of
vertically rotating discs are partially immersed in highly viseous polymer liquid, where the melt is
picked up and spread, in the form of a thin film, onte the surface of the dises. This achieves an
etthanced mass transfer from melt to film, enabling the low-cost production of plastic bottles and

food packaging boxes,

While there have been many studies of thin film flows on horizontally rotating dises [3, 4], there
have been limited studies [5, 6] om the verlical casc. Unlike the horizontal casc, the film flow ina
verlically rolaling system 12 always associated with a meniscus region, where the liquid is dragged
out of the tank by the rotation of the disc. As a result, an unstable oscillaling region is sct up, where

the film formed on the dise 15 dragged back into the lguid tank. The fluid dynamical aspects are
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sUll not Tully investigated, although there are some discussions and general solutions of film

thickness profiles for the problem of liguid drag oul [7, 8],

In the present study there are two aims: to formulate a relationship for thickness as a lunction of
posilion on the dise, and to examine the effect of disc rim thickness on the [ilm [ormation process.
It iz important to recognise that as a resull of the film formation process, the film thickness
distribution in different radial and angular positions on the disc surface is not uniform [9], The
simulation resulls ol this study confivm that the flow entrained onto the vim of the disc has a non-
negligible elfeet on the film formation on the dise surface leading o a change in the film thickness
profile relative to that ol an 1dealised “thin™ disc. Results for two dise rim thickness are presented
here.

The computational modcl for the liquid thin film flow consists of expansive tank ol Hguid, partially
bounded by a solid substrate with a free surface (the rotating disc), where the liquid is exposed to
another fluid, usually a gas and most ollen air in applications |10]. To describe the physical
phenomena of the liguid Glm low, (e Navier-Stolces cquation is used, which presented here in
eylindrical coordinate form |9, 11, 12]. The mathematical model proposed by Alanasicv eLal |9
is extended to define the film pattern formation, The mathematical model must be solved
mumerically, but simplifications can be applied on the basis of non-dimensional analysis. Tn this
study the CI'D code employed is ANSYS Fluent 6.3 | 13], and the Volume of Fluid (VOF) method

iy employed [or tracking and locating the free surface,

In the modelling of the film formation, il 1s inportant to consider the force balance, as the shape
and stability of the thin film 1% controlled by the forces acting on it: viscous, inertial, surface
tension, centrifugal, coriolis and gravitational forces. For a verlically rotating dise with low
rolational specds in the order of 1 rpm to 6 rpm, the Coriolis force can be neglected at the leading
order, as the Corolis [oree lerm is of the same order as the inertial fince lerms, lollowing

lubrication theory [ 14, 15].
The numerical simulations data have been validated through a comprehensive experimental

investigation. The cxperiments were conducted in a laboratory scale experimental device as

described in the cxperimental section and the measurements were perforimed using the laser scan
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method [16], The experimental and numerical simulation results obtained illusirale a good

ggreement,

NOMENCLATURE
(a |-] Capillary number
d [ lmmersion depth
e’ [-] Dimensionless immersion depth
Hr [-] L'rorude number
§ |m/s?] Crravitational acceleration
i [111] Thin film thickness
k' [-] Dimcnsionless filin thickness
i | m| ise radius
I3 [-] Curvature of the fice surface
R [-] Dimensionless disc radius
Re [-] Reynolds number
7" [s] Time
' [m] Thickness of rotating dise
We [-1 Webber number

special characlers

& [-] Aspect ratio ol the flow
g 1 Angular coordinate

0 [tpm] Rotating speed

Y | m*/s] Kinemalic viscosity

I [kgin] Density

£ [IPa.s] Dynatnic viscosity

o [N/m] Surtace tension

@ [rad/s] Angular velocity
Subscripts
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CFD Computational fluid dynamics

e 0 Courant-Friedrch-Lewy condition
FO Volume ol [uid
PET Polycthylene terephthalate

2. Mathematical modelling

The physical sl up for the vertically rotating disc parlially immersed in liquid is shown in Figure 1.
A dise of radius £ is rotating al angular velocity €3 about its horizontal axis, which is a distance
 above the liquid bath. For most thin film Hlows on vertically rotating dises, the Hows can be

trealed as incompressible [9].

Lor the problem of the verlically rotating disc., the cylindrical coordinate system is employed for

convenience. Let the liguid velocily veetor to be represented hy (i, ,ttg. 1.} and @ denote the

angular velocity veclor with components (U,{],ﬂ).
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Figure 1. Conliguralion of a rotating dise partially immersed in Hguid

2.1, Governing cquations

'I'he Navier-Stokes cquations used to describe (he (hin film flow on a vertically rotational dise can

he expressed in cylindrical coordinates as [9]:
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where o, i, vand p denote, respectively, the densily, dynamic viscosity, kinemalic viscosity and
the pressure of the liquid, The only external foree assumed to be acling on the thin film liquid is
wravily @ . Thin film flows on the rotaling discs, like other flows, should also satisfy the continuity
condition, which states (he law of conscrvation of mass and again cxpressed in cylindrical

coordinates [9]

0 (2)

2.2. Boundary conditions and simphi(icalions

Al the surface of the dise, i.e. = =0, the no-slip boundary condition is imposcd and the disc surface
is agsumed to be impermcable. As the sides of the disc are symmectrical, only one side is considered

here. Flow on the rim of the dise will be discussed later. Thus,

T TP 1 =0 3)

Page 6 of 41



The total rate of change of the thin film thickness should be equal to zero, which resulls in the

lollowing kinematic condition [¥]

g gy S )
o ar o U o8

Considering the lilm coating on one surface of the dise, Equation (2) is integrated over the film

thickness o obtain

we [ Pl o

Applying the Leibniz intcgration rule [17] yields

o1 Jh il g2 18 F AL
e == Slar\m L ) T T v\, ) T R ao

On comparizon of this expression with Equation {4)

, 18
—= - r'jur.ciz . IE.IHdZ p
éit ¥ E.-‘rL ! | r o8|y {5)

15 obtaimed.
At the thin ilm surface, z = A(r, £, 1), the static pressure should balance he surface tension

loree, which requires the normal stress condition to satisty,

nllin=2ok (6)
Here f1 is the stress tensor. While at the interface of the [rec surface, if the friction due to the
induced air flow is ncplected, the tangenlial stresscs on the free surface ol the film should

disappear, giving
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it =0 (i—1,2) (7)

Given that the local film thickness is known, the normal and tangential vectors in radial and angular

dircction can be determined [12].

3 o ] 3]
(-2 18 ) [1.:}. ) (ml—;zj
o r (O rifd = T & = s 7 i )
dh, | ko) oh ]ﬂ 1 ah Ejf?-
L+ () +—(— I+{=) 4 5
L (ﬂf‘) e {ﬁﬁ) J [ (F.f} ; [ e {a!';')

The stress tensor £7 s defined and given by [12].
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()

The surface tenston o is alnost unchanged and assuned to be constant. From this, the mean

curvature of the thin film free surface can be estimated by

¢
r@h 1 &k
1|18 ; i a8
gratd & o : I-l € r g 1 (10)
2 e s i S
[l [f‘h]' | (tﬁﬂr?j_ 2 ‘l (5!1] 1 ] (ﬂhj_T
! ¢ ar pi\ O \ o r* \og ) )

The boundary conditions are found by substituting cquations (9) and (10} into (6) and (7).
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The boundary conditions for the normal slress is
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the tangential siress condition in the radial dircetion is
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and the langential stress condition 1n the angular direction s
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A

(1)

(12)

(13)

=0

The direct solution of the Navier-Stokes equation together with the houndary conditions (3), (6),

and (7) coupled with Lquation (5), is impractical since the equations inveolved are highly non-

linear, however, a numenical solution would be feasible.
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2.3, Nondimensional analysis

‘T'his section will discuss the existing analysis for the thin filin flows on a vertically rolational disc
[9] to such problem, which will be used for guidance for CI'D modelling ol the thin film flow on

the vertically rotating disc.

For the film Tormation on the vertically rotating dise, the use of the lubrication approximation [9]
is feasible but the appropriate length scale should be considered, The typical lenpth scale should
be R, the radius of the dise, while the tangential velocity of the rotating dise, {7, may be the

suitable characteristic velocity scale, which is given hy
U= RO (14)

and the time scale is choscn as
T B/ (15)

Since the liquid film formed on the surface of the rotating disc is very thin [9, 18] a small

parameter in the analysis can be introduced, Le.

a_i—fm (16)

On this basis, the [ollowing dimensionless variables can be introduced:

r=Rr, t‘?-—{}, z=Hz, u, =00, u,=ti,, u. =clti_, p=rp, (=1t (17)

The dominant viscous term is balanced with gravilational term in the 5 -momentum cquation so

that the characteristic height & can be scaled, which yields

Ve

1= W (18)

Pagre 10 ol 41



It is expected (hat the pressure will compete with the dommant viscous term, so that

P f;f? (19)

Because the thin film involves the fice surface, the surlace lension plays an important role n
controlling the liquid surface. The following scale can be used to relate to the normal siress

houndary condition, i.e.

P o (20)
f

Fquating Equations (19) and (20) gives the scale for R as

H
R=—pr 1)

\ o

When the capillary mumber Cer is introduced, it can be shown that Ca is small for the casc of

the thin film flow on the vertically rotating disc.

o

Cu :(;fU] [ %J ] (22)

It is noted that this length seale is appropriate for the thin film region away [rom the liquid bath.

The length scale should be recomsidered for the balance ol gravily and surface tension lorees.
= mR (23)

The pressure scale can be determined by surface tension
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P=Jop &

From equations (23) and (24) the length scale near the liguid bath ean be obtained

We ulso deline a Reynolds number, Re—pUR/ e, non-dimensionalising Equation (1) yields

[ D e i A T
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& & Fap 707 ar gt _
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A1 & . ai | s
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Fary &l ass

Here all variables have heen non-dimensionalised,

2.4, Derivation of simplified equation for [ilm thickness approximalion

Because ¢ is very small, Equations (26), (27) and (28) can be simplified as
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(30)

(31)

Tt can be scen from Equation (31) that p does nol depend on z . The boundary conditions al the

disc surlace, 7—0, are

i =1,

E}” = Fﬂ,

i, =0

2

32)

The boundary conditions at the free liguid surface Z - h{#, 0,7}, has been non-dimensionalised as;
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The conditions (33), (34) and (35) can be simplificd as

L laf.aeh) &h ., =«

p=t 2R 20 el (36)
rarl | Franr
By 8 (B=h (37
oz
i & om
urj 0 (5=#h) (3R}
iz

Fquations (33), (34) and (33), coupled with the kinematic condition for description ol the thin film
[ree surface, can now be solved with the boundary conditions (36), (37) and (38). The kinematic

condition given in Equation (5) is non-dimensionalised as

h

o

1

"-::"'\—l.
2

,'/ i 1 & j \I
‘ Plade |-, [ (39)
".Ik (4] raf;' I\'n J

The velocily components w, and ¥y are determined first, and then the film thickness can be found
through equation (39).

Rearranging Fquations (29) and (30) gives,

.-.12.!\ i

oo, dpo Lox

% -2 Lsind (40)
oz 3
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a0 1 dp .
M;ﬁ’.. = i+cosd (41)
£ Fog

Intcpration twice of Rquation (40) and (41) with respect to -and substitution of «, and l?gi11[:1

Equation (39) and integrating again over the film thickness by applying boundary conditions (32),
(37}, (38), gives

ah 1al.mt(a . |1 e[a (18 AP
oh 12k ."'.’.Fjﬁmg] Jlerr(i .“,l-mg]-m-a (42)
of - POF| 3 \or Joragl INFo0 _

Fquation {42) is the standard equation for film thickness | 9|, where

- Y

N T

Tt should be noted that boundary conditions (36) to (38) is only appropriale far away from the
liquid bath. If the length scale is reconsidered in the vicinity of the liquid bath, as shown in

Cquation (25) based on (he analysis by Afanasiev et al. [9], then boundary condition (36) becomes

*.ﬂi; lﬁ_ﬂ
LB b o 06 G- h
For 4 . AL TR0 . o (43)
1@yt 1(5;?)3]2 1@y L Py |
ar a0 : aF T

lior the sealing ncar the liquid bath, the distance in the z-direction (2) is taken equal to the film

thickness U‘; ).
Surface tension force has a signilicant influenee on the film thickness profile, so Liquation (42)
should be solved in conjunction with Equation (43), I'rom Fquation (43) and (10) p — 2k , where

k is curvature of the free surface. Substituling this value in Hquation (42) gives,

Page 15 of 41



.-:.“" -': 7 f"}j ;_ o |_ *3 2 " A
ﬁ = l;—{ g Lﬁ +5111E?JJ+ li —£[1 m{ +cusﬁJ —.E}.r’*h] (44)

at ror cr Fagl 3 Lrag
Fquation (44) is a simplificd equation for [ilm thickness approximation, which is a new resull. The
film thickness can be cstimated using this equation, bascd on the approximation of the curvature

of the free surface. Lquation (44) is non-linear, and must be solved numerically. For steady thin

A .
(ﬁ; =) so the RHS of Equation (44) 13 Zero,
a

film [low,

3. CFD modelling of the thin film flow on a vertically rotating dise

The usc of a high guality mesh and rcasonable boundary conditions which are incorporated into
CFD modelling is crucial to this study [19, 20]. For the numerical solution of the (hin film free
surfuce low, CI'D code - Fluent has been used.

A full three dimensional model of the rotating dise was constructed, using a rotating cylindrical
coordinate system to model the rolating disc feature. The model dimensions have been chosen
following the work done by Afanasiev er al [9]: the dise radius has been laken to be & =27.23
mm and the thickness of the disc to be | mm. The sive of the cylindrical vessel should be large

cnough that the walls are far enough from the disc so as to ensure that the boundary condition,

f— ¢ can be imposed when the vessel is partially filled with liquid. To achieve this, the

LiE

eylindrical vesscl was specified (o have a diameter of 80 mm and a lonpth of 40 mm.

[From the boundary layer thickness theory [18], the flow over a flat plate of the length of 54.46 mm
corresponds 1o a boundary Jayer thickness of ubout 0.2 mm. Also, based on the work done by
Afanasiev et al., |9] , the measurcd filin thickness is about 0.4 nom. Thus, for a vertically rotaling

dise of radius 27.23 mim, the thin film thickness is estimated to be 0.1-(15 mm.

3.1, Grid gencration

Qince the film formed on the rolaling disc is very (hin, a fine mesh is required in the vicinity of the

disc, A boundary layer mesh has been imposed (as shown in Figure 2a) with a minimum mesh size
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of 0.025 mm on the 7 direction, al the surface of the disc, and morphing to 1.5 mm in the main
domain, The minimum mesh sizc has been prescribed to give al least one quarler of the estimated
minimum [lm thickness, so as to vield at least 4 cells within the film and thercby to improve the

aceuracy of the film (hickness prediction from the numcrical simulations.

Figure 2b, Grid gencration on the dise surlace
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A structured grid with hexahedral cclls was generated with map face meshes on the circular
surfaces us shown in Figure 2b, and extended by the Cooper | 21] volume mesh Lo avoid numerical
diffusion as much as possible. The use of a relined mesh [22] was tested varying the number of
clements in the model (596,432; 482,653 and 369,714). In each case the simulation results obtained
were similar, and so deemed to be independent of the mesh. The total number of elements used in

the subsequent CFD modelling s 369,714,

3.2, VO demonstration

The Volume of Fluid method (VOF) has been recognised as an appropriale numerical technique
for tracking and locating the free surface of two or more immiscible fluids. This works by
calculating the volume (ractions in cach cell of a fixed Eulerian grid [23]. A volume [raction
paramcter &7 for each of the Fulerian grid is defined in the VOF method. A cell is assumed to
be completely filled with liguid when /7 =1, empty when F =10, and it contains a mixture of two
or more phases if 0 <& <1, The lunction F can be determined by using the following
gdvection equation.

F \uvE=0
ot

leatly, the choice of Fulerian gnid size will determine the precision in modelling of the film
surface area. In turn, the [ilm surface area determines the film surface tension. Tn Lhis study,
typical cell sizes for the cells for which 0<F<1 were ~2.5 %1 (™" mm, meaning that the film
surlace arca was captured with a precision of ~1 x 107 mm?, and the surface tension with a
precision of ~1 x 107 Nmum™, Based on F' values, the free surface shape can be determined
using a particular interpolation lechnique |24). In the current study the VOI method is employed
to determine the local thickness of the thin film on the vertically rotating disc, as a Tanction of

radial and angular position,

3.3, LUransient analysis considerations

Onc important application of the VYOI method is for transicnt simulation, i.e. unsteady flow

simulation, Tn this casc a careful selection of the time step is required to ensure thal the simulation
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is numerically stable. The eriterion used for determining the time slep 1s based on the Courant
number [25] and demands that the free surface ow front advance must not exceed a mesh interval,
This Courant-lriedrichs-Lewy condition (CFL) is a necessary condition [26] for convergence

while solving cerlain partial differential equations numerically. The CFL condition is expresscd as

W e (46)
Ax

where £/ is the liguid veloeity, At is the time step and Ay is the mesh interval or mesh size. As,

[7Af < Ax should be ensured in all unstcady simulation to keep stabilily, in this case, Fquation

(46} gives a minimum time step about 1 0 s,
4, Numerical results and discussions

The CETY simulations have been conducted four different liquids of different viscositics as shown
in 'Table 1, In order to comparc simulation results, the properties of the test liquid have been taken
fram Afanasiev ef. af [9]. Three types of PDMS (Polydimethylsiloxane) liquids of dilferent

viscosities have been taken.

"Table 1. Properties of the liquids used in the simulations

w(fas) | o®™im) | pke/m?) B
Test fluid 1 0.0727 1000
PDMS-1 1 0,0211 075

" PDMS-2 5 0.0211 075 |
PDMS-3 10 0.0211 975

In the simulations, the dise is assumed to rotatc at different angular velocities (€ 1.2.3 and 6 rpm)
while it is immersed in liquid ( ¢/ -0,0.25 and 0.5): the immersion depth d is non-dimensionaliscd

There by dividing with the radius ol the disc,
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In the work by Alanasicy ef. al. [9], the film thickness profile is the only function of », however,
our CFD simulation results have clearly indicated that the actual film thickness is not only

dependent on » but also on 8.

For the casc of liquid being drageed oul of a bath pool on a vertical, upward moving flat plate,
Landau and Levich [7] have showed that 1[0 the capillary number Cla s small, the [ilm thickness

can be cstimated by

IFd
P2 :
h- fm?{ﬂJ (Ca)'s (47)

2

where I is the (il thickness, L/ is the velocity of the plate, ©1s density, & is gravitational lorce
and £ is the dynamic viscosity of the liquid, Wilson [8] indicated that the approximate solution
given by Landau and Levich |7] is only valid when the capillary number approaches to zero and
he obtained a general solution of the 1ilm thickness when the flat plate is vertically aligned, which

1§ cxpressed

&

I -
- (“_“] | {1::9453 Ca)s —0.1 [}ﬁﬂj(f:t:)rj’i‘ J (48)
i

By using similar analysis for thin flow on vertically rotating disc, Afanasiev ef, al[9] obtained a

steady state solution of the film thickness, which is given by

A

= Jre; &
fr— 094581 2 (4%

puo

The dimensionless radius of the rolating disc is taken as R =10,

The comparisons are shown at B'=9,7,5 and 3. The film formation can be characterised by two

regions, when the dise is half immersed in liquid (indicated in Figure 3), { W 2= 90" ay the

Page 20 of 41



region for the film drag out and 90? = @ = 180" as the region for the film to be dragged in [27].
‘'he simulation revealed that the film is thick and unstable in the drag-out point and it gradually
bhecomes stable bul has a tendency of downwards and significantly affected by all the forces acling
on the film flow, The force balance may play a leading role in controlling the film flow, The forees
such as viscous force, inertia, pravitational foree and surface tension foree acting on the film flow
on (he rotating disc have been discussed by [28-30]. Tt has been indicated from the simulation Lhat
the viscous force is dominant in the drag-out region while the gravitational forec is dominant in

the drag-in region.

90"

Drag in

Drag out

2

1800 1 0¢

iquid

Figure 3. Schematic showing the “drag out™ and “drag in” regions

Vijayraghvan and Gupla [31] obtained a correlation lor the film thickness formed on a vertically
rotuling dise partially immersed in Newtonian liquid based on their cxperimental results, which in

the original paper reads

o 2% 015 g 323 )
i 7.99 Ll I H (3{])

Y Y (1.412+
E_ﬂlsl_r.ug‘ ¥ 24
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where 1 is dimcnsionless surface tension number, R is the dimensionless depth, % is
dimensionless gravitational number and Casis modified capillary number, Tt can be seen from
equation (50) that the efleet of angular position # is not included in their correlation, however,
out/the present CFT simulation shows that the thin film thickness profile does depend on angular
positiond. 1t should be noted that cxcept for the regions where the lilm just starts to lonn and re-
enters the liquid, the change in the thin film thickness is not remarkable in the angular region of
159 < @ = 170", although a slight variation in [ilm thickness is observed. Figure 4 shows the
variations of film thickness at different angular positions for given radius. Notethat here the film
thickness has been non-dimensionalised frst by dividing by the radivs of the dise, and then
multiplying by a factor of 10. The non-dimensional film thickness thus takes a value between 0

and 110 to reflect the structure of the [ilm patterns,

Tn arder to correlate the simulation resulis, dinensional analysis was conducted. The film thickness

is dependent on a number of parameters and a functional relationship may be assumed.
wr,8)=Fp, o, g.801,d,1,0,) (51)

where £ is the density of the fluid, £#is the dynamic viscosity, o is the surlace tension, ¢ 1s the
gravitational acceleration, (2 is the rotating speed, ¢ is the flow titne, o is the immersion depth of
the liquid, r is the radius, and § is the angular position. Since previous studies on thin lilm flow
have clearly indicated that (he thin film [low can be well characterised by the following
dimensionless parameters like Capillary number ( Ca ), Froude number (fr), Reynolds number (

Re) and Webber number ( We ), the functional relation (51) 1s assumed to be able to expressed as
B =k, Re" Co et Fi )i (d) (52)

where i’ is the dimensionless film thickness, kb, k. k&, arc cmpirical conslants which can be

determined from the best regression fitting to the simulation results.
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The CUD simulation resulls as shown in Figure 5a-3d can be curve-fitted using the leasl squarc
technique o minimisc the total error. Tt has been found through the trials thal a combination of

exponential and polynomial curve fitling can deliver the best curve fit, which is given by
by =ae™ +h, +b0+6,6" 16,6 +b,0" +ce” (53)

where, the cocllicients %, a.8,,0,.5,,6:,b; and € have been obtained from the CFD simulation

results for any given radius. The predicted {ilm (hickness at different angular positions for piven

radius is now well expressed based on expression (53).
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It can be seen from Figure 5a-5d that the film thickness decreascs from the central corc towards
the fringe ol the dise. This is due to the gravitation force action which drives the film downward,
however, as mentioned earlier, the film thickness varies along the circumferential direction, Bascd
on our sitmulation results, the following fitted expression for a given radins R'=7 is oblained,

which 15 given by
hy =3487109% 10,06 10,520 -0.550% 1 0.226° —0.030" + 2x 11024 (54)

Fquation (52) has elearly indicated that the [ilm thickness is afTected by rotational speed, which
has been confirmed in our simulations, as can be scen from Figure 6, The filin thickness is directly

proportional Lo the rotating speed ol the disc.
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Vigure 6. Film thickness at dillerent rotational specd
Thete is no film lormation in the cenlre of the rotating disl, and the film becomes very thin near

the edge us (he pravity is pulling down the film downwards. The film thickness increases lowards

the edgc of the rotating disc until about R’ =4, before decreasing, as shown in Figure 7,

Tagre 24 of 41




fv.6
: ' ; | Testlguid:
os 4 b peage 1 cabi
: d'=n | == rpin | Best Fit)
B=6o" : !

=04 4 - Facsis il P odiss |2 rpm (Best Fit)
o
% seeszad rpm {Best Fit)
03
E s 3 1y [ Bt FiE)
ﬂﬂ.?
e
i
g0
E
(o]

a 1 2 3 4 5 b 7 & 9 10
Dimenszionless Radius R

Figure 7. I'ilm (hickness at different radial positions

The influence of immersion depth on the film thickness formation was also assessed in our CFD
simulations. Figure § shows the film thickness distributions for three different immersion depihs,
Tt is intcresting to note here that except (or the regions ol drag-out and drag in, the film ihickness
only changes slightly for different immersion depths. This is in contradietion t the results as
obtained by Alanasicy ef al., and presented in their Figure 11 [9]. One possible explanation is that
the immersion depth allects only the drag in/out boundary conditions whereas the film flow on the

upper part of the rolaling disc depends on the overall foree balance.

''he film lormation on the vertically rotating disc is clearly lime dependent. Figure 9 shows the
C'FD results for the lilm thickness variation along the circumferential direction at given radius
B! =7 .1t can be seen [rom Figure 9 thal the film thickness profile is almost same for a dilTerent
flow duration of the liquid, When the Now duration is sufficiently long, the film flow becomes

stcady. Thus, for a piven immersion depth, correlation (52) may be simplified as

Lo
' =k, Re® Cas v (FEJ gt (55)
N

where the Webber number is W, = R, % (g,
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Ry using correlation (55) for best fitting to the simulations, it was found that &y, k. k. by, by kG

take the following values.
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Table 2. Values of constants

Comstants Values
f ke 2.61
I 02|
k, 0.1
ko 0.32
, 036
3 016 |

By substituting the above values into Fquation (55), the calculated film thickness can be cstimated

by

Dimensionless Flm thickness k'
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Vigure 10 shows the predicted film (hickness profiles using correlation relationship (56). It can be

seen [rom Fipure 10 that the [ilm thickness changes significantly and becomes thicker with the

incrcase of the liguid viscosity. This can be seen fvom cquation (49) since the film thickness 18

proportional to the viscosity to power 2/3.

4.1, Comparison of the simulations results

The simulations were also compared with the asymptotic solutions of Afanasiev ef al [9].
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The data from Afanasiev ef al,[9] was extracted graphically and the CID resulls arc consistent,
see Figure 11a-11¢. Tt can be scen from Figure 8a-8¢ that there is a difference between the film
thickness profile in the drag-out and drag-in regions predicted by CIT maodelling and that obtained
by Afanasiev et. al. [9]. A possible rcason for this di [ference is thal the Afanasiev et af. |9 solution
does not fully reflect the influence of the surlace tension, bul this requires further investigalion.
The predicted film thickness profile using correlation Rquation (36) s a very close approximation,

as showr in Vigure 11b, to the solutions obtained by Alanasiev et af, [9].

4.2 Numerical results lor the vertically rotating disc of [inite thickness

The thickness of the rotating dise has an influence on the film (hickness profile [32, 33]. For the
eravitalional cffect the ilm formed on the cdge of the dise trends to fall over to the surfuce of the

dise and so the thickness of the rotating disc varies as shown in Figure 12.

Cipreod suiface arena iguid

Force of gravily

Hodalieg Disk

Liguid kath §

Figure 12. Simplified influence of the gravity inllucnee
The thickness of the rotating disc is denoled by [ and for different values of 1 the CFD simulation

results arc presented in Fipure 13, We can see that the film thickness profile vanes with the

thicloness of the disc.
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Figure 13, Film thickness at different thickness of the disc

If the thickness of the totating dise increases from Tmm o 3mni, then there is an increasce in the

film Uhickness profile apart from some variations in the drag out and drag in regions.
5. Experimmental Tnvestigation

‘I'he aceurate mensurement of film thickness is vitally important and a number of [ilm thickness
measurcment methods have been developed, and (rialled for practical and achievable precision and
reliability, Various techniques of film thickness measurement have previously been inveslipated
and described, such as needle contact method, elecirical conduciance method, capacitance
methods, optical method, ultrasonic pulse echo method, and the fluorescence method [34, 35].
Optical techniques are usually preferred for measuring thin film thickness as they are more
accurate, non-destructive and require little ot no sample preparation, Taser based techniques are

described by Oliveira el of. and Wegencr and Drallmeier [36, 37],

For conducling the experiments a small laboratory scale cxperimental device has been designed
and manufactured s shown in Figure 14. The dimensions of the rolating disc and the cxperimental

volume have heen talen as for those desceribed for the CFD simulations,
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Experimental Arga |

Figure 14. Small laboratory scale experimental device

The cxperimental volume partially isolated (rom the liquid bath to avoid the build up of any flow
streams towards the dise, which would causc instabilitics in film formation. The rotating disc has

been designed such way so that it can be replaceable.

Figure 15, Two rolaling discs of (hickness ¢ = 0.5mm and 3 mm (left and right respectively)

Page 31 ol 41




For illustrating the edge effect of the rotating disc on film formation, two different designs of the
rotating dise were chosen for the experiments, To obtain a 0.5 mam rim thickness, a disc of 3 mm
thickness disc has been chamfered by 2.5 mun x 45", as shown in Uigure 15, Both the discs have
munufactured in stainless stecl in order to maintain surfaces smooth cnough for stable film

[brmation.

T'o conduct the cxpetiments the liquids of different viscositios have been used as shown in Tuble 3.

Tahle 3. Properties ol (he liquids used in the experiments

| u(Pas) | o(N/m) | pkgim) _
Silicon liquid 1.48 0.037 085
Scyal solution 1.236 0.050 1032.3
| Senegal solution | 1.012 j 0.052 1083

'I'he particular issuc of laser light scattering, caused by the white colour of the PDMS-1, was
mitigated by mixing the luid with 5% gum Arabic solution, The new propertics of the liquid were

achicved as shown in Table 3, named Sihcon liquid,

5.1, Laser scan method

Tn the present study, the laser scan experimental messurements were made using FARO laser
scanner. The experimental data was processed in the software package *Geomagic Qualily 20127,
'I'he FARQ lascr scanner comptiscs of two parls, the articulated amm and the scanner attachment at

the end as shown in Figure 16

I'he arliculated arm is a co-ordinate measurement machine, consisting of three dimension encoders
al every joint on the arm seo that the position of the laser scanner is captured al all times during the
scanning. The scanner is attached at the end of the urm, which finds the position of an ohject by
sending out a laser beam that is then reflected back to the sensor on top of the laser emiter. Using

hoth of these parts in unison the scanner can determine the exact position of the points on the
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surluce of an object from which u digital image can be constructed. The Faro Laser scanner i

accurate to -35pum and can scan al a ratc of 19,200 points per second |38].

Figure 16. Arrangement {or film thickness measurement by laser scan method

A reference image was created of the rotating disc without any liquid film, and subseguent images
created after the liquid film formation was stable on the disc surface. The difference between the

two images defines the film thickness.

3 epm
t'=3mm :

Figure 17, Film thickness distribution on the rotating disc.

A special attribute, the “3d Analysis® fealure in the soflware package Geomagic Qualily 2012,

talces o reference plane and compares it to a new plane ol the users choice. Onee the analysis has
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been completed, a colour coded map of the film thickness variation with position is crealed as
shown in Figure 17.

‘I'o obtain accurate film thickness data, calibration of the laser scan raw data is necessary, In this
study, the calibration was performed mechanically, using a micrometre to measure the liquid film
thickness on o level horizontal (at surface and comparing that with measurements obtained using
the laser scan method, Lo obtain a scaling factor, The scaling factor accounts for variation in the
experimental set-up and the scattering of the lights during the laser scanning, T this case the

scaling factor was found to be ol 2.413.

5.2. Fxperimental resulls and discussions

1t is noticeable [rom the experiments as shown in Figure 18 that there is no fluid covering the
centre of (he rotating disc (red circle), and also that the [ilm has a tendancy to move lowards the
right hand side of the dise (marked in white) under anticlockwise rotation, This is a result of
gravitational and capillary effects. The agreement with the CFD simulation result is shown in

Fi gare ¥

Figure 18. Film [ormation on the rotating disc.
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‘The experimental results obtained in the present study are consistent with those obtained in the
CFD simulations as shown in Figure 19, the shape of the film is generally comparable in Tom,
however the CFD predicted film thickness is slightly higher than found in the experiment. The
difference in the average film (hickness is 0.0493 mm, and the estimated crror is caleulated in this

case is 7.5%. A possible explanation is numerical diffusion.
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Figure 19, Comparison of the film thickness profile.

From the CFD simulations resulls (he film thickness was estimated by correlation equation (56),

simplified form of this equation gives

1 1 (3,52
Lﬁ[;'lfii 2

i - (37)
Lquation (57) can be further simplified to identify the dormnant terms in film lormation as
0.3 44154
: L
hm%ﬂ" 032 (58)
oM 12 4032
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Figure 20. Film thickness profile [or liguids of ditferent viscositics.

Lirom equation (58), the two main dominant factors can be identificd: viscosity and rotaling speed.
The experimental results illustrate that there is a significant increasc in the film thickness with the
inercase of the viscosily as shown in ligure 20, which arc consistent with the CI'D simulation

results.
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Figure 21, Fihn thickness profile at dilferent rotating speeds.
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The other dominant factor effecting the film thickness in cquation (58) is rotating speed. The

experimental results are oblained at different rotating speeds as shown in Iigure 21, which is a

sood agreement with those obtained in CFD simulations.
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Figure 22. I'ilm thickness distribution on the dises of different thickness,

The rim thickness of the rotating disc affects the ilm thickness as the [ilm from the rim llows onto

the surlace of the disc. This gives rise to an incrcase in the (ilm thickness, as an additional

gravitational effect, and this is illustrated in the experimental results, Figure 22, and consisient

with the 3D CED sinmlation results where the finite rim thickness was modelled.

6. Conelusion

T'he formation and thickness profile of a thin [ilm on a vertically rotating dise partially immersed

in liquid has been modelled numerically to obtain predictions of the thin film thickness

distributions, Based on CFD simulation results, a correlation is proposed to deseribe the filin

thickness distribution by delining the dominaling factors conirolling the thin film (lows. It was

found from the simulations that the Lwo main dominant factors controlling the film thickness

profile are (he viscosity and rotational angular veloeily.
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The film thickness incrcascs significantly with inerease of the angular velocily ol the disc,
consislent with the findings as reported in the published literature [9]. The change in the film
thickness and the shape of the thin film can be characterized by the Froude number, which 1s by
definition the ratio of the rotating speed :nd the gravitational [oree. Since for the case of the
vertically rotaling dise, the gravitational foree is a dominant term, it is to be expecled to have a
gignilicant influence on the shape of the film, The simulation also confirms that an increase in the
viscosily causes the average film thickness to inercase, confirming that the Capillary and the
Reynolds numbers are significant dimensionless parameters in thin film flow anal ysis for the
viscous effect, The cffcet of the surlace tension on the i1m thickness profile can be cxamined by

incorporating the Webber number.

An increase in the rim thickness of the rotating disc leads Lo an increase in the Lilm thickness, as
the film lormed on the flows downwards onto the surface of the disc. This is a gravity effect, and

the CFD simulation results have been illustrated lo be consistent with the experimental resulls.

I'he experimental results were consistent with those resulls obtained from the CFD simulations.
'Lhe average film thickness was over-predicted by about 7.5% by the CFD, and this is thought to

be caused by numerical dilfusion crrors.
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