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ABSTRACT

The present study focuses on liquid thin film floves
vertically rotational disk that is partially immex$ in a liquid
bath. This paper aims to investigate the liquid tfilim flow on
a rotational disk using CFD modelling approach antploying
the mathematical model as proposed by Afanastewal. [1],
and to define the stability and shapes of the filhim thickness
profiles. The dominant factors that determine fha thickness
are identified with proposing a correlation equatio predict
the film thickness as a function of angular positisadius,
rotating speed, viscosity and surface tension. fitie film
thickness variation in the angular directiof) @nd the film
dragged into the liquid are particularly investagatsince they
have been overlooked in previously documented rebes.

INTRODUCTION

Thin film flows are encountered in a wide rangeirafustrial
applications [2,3]. An example is the synthesis

polyethylenterephthalat (PET) in polycondensatieactors in
which a series of vertically rotational disks arartjally

immersed in highly viscous polymer liquid, thusking up and
spreading the melt in the form of thin film on theface of the
disks. Unlike the thin film flow on a horizontallsotational
disk, the thin film flow on a vertically rotationalisk partially
immersed in liquid is always associated with a reews region
where the liquid is dragged out by the disk movaryd a
specially oscillating region where the film formed the disk is
dragged into the liquid. While a lot of studies the thin flow
on horizontal rotational disk have been documeirtdtie open
literature, there have been limited studies onica@rsetup and
the fluid dynamical aspects are still not fully enstood
although there are some discussion and generalis@uof
film thickness profiles for the problem of liquidady out [4, 5].
In this research the proposed mathematical modéifagasiev
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of

et.al. (2008) is further extended to define the film patte
formed on the vertically rotational disk and Volurog Fluid
(VOF) method is employed for solving this kind afoplem
using CFD code — ANSYS Fluerfor the problem of the film
formation on the vertically rotating disk partialipmersed in
liquid, the force balance is important as the sheama stability
of the thin film is controlled by various forcestiag on it
including viscous, inertial, surface tension, cémgral, coriolis
and gravitational forces. For a vertically rotatimisk the
coriolis force can be neglected at the leading roadethe term
of the coriolis force has the same order as thegeof the
inertial forces due to the restriction of the Ialation theory [6,
7, 8].

NOMENCLATURE

Ca [-] Capillary number

D [m] Immersion dept

d' [-] Dimensionless immersion depth
Fr [-] Froude number

G [/ Gravitational acceleratic

H [m] Thin film thickness

h' [-] Dimensionless film thickne
R [m] Disk radius

R' [-] Dimensionless disk radius
Re [-] Reynolds number

Time
Webber number

=-
(¢

Special characters

o [-] Aspect ratio of the flow

0 [ Angular coordinate

Q [rpm] Rotating speed

v [m?/s] Kinematic viscosity

p [kg/nT] Density

u [Pa.s] Dynamic viscosity

o [N/m] Surface tension

@ [rad/s Angular velocit

Subscript

CFD Computational fluid dynamics
CFL Courant-Friedrich-Lewy number



PET Polyethylene terephthalate
VOF Volume of fluid

MATHEMATICAL MODELLING

The physical set up for the vertically rotating ldigartially
immersed in liquid is shown in Figure 1. A diskraflius R is
rotating at the angular velocit@ about its horizontal axis
which has a distanagto the liquid bath. For most of thin film
flows on vertically rotating disks, the flows cae breated as
incompressible. For the problem of the verticatijating disk,
cylindrical coordinate system is employed for carieace. Let
the liquid velocity vector to be represented by (g U,) and w
denotes the angular velocity vector with componéht®,Q).
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Figure 1. Configuration of a rotating disk partially

immersed in liquid

Navier-Stokes equations which are used to desdhibethin
film flow on a vertically rotational disk can bepessed as:
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wherep, u, v andp denote, respectively, the density, dynamic

viscosity, kinematic viscosity and the pressurethad liquid.
The only external force acting on the thin filmuid is gravity
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g. Thin film flows on the rotating disks, like othidows, should
also satisfy the continuity, which gives

10 10u, du
=2 =0 2
r{ar (rug)} r 06 oz @

For the boundary condition at the surface of ttsk,di.e.z=0,
no-slip condition is imposed and the disk surfacadsumed to
be impermeable. Thus,

u =0 u,=rQ, u,=0 3)

The total rate of change of the thin film thicknedsuld be
equal to zero, which results in the following Kkiretio
condition
oh oh 1 oh
-u -=u

= r eﬁ (4)

ot ¢ or

Integration of Equation (2) and substitution intquition (4)
by applying Leibritz integration rule yields

on _ —Eirfhurdz—lij'hugdz
ot ror ° rag-° (5)

At the thin film surface,z = h(r,8,t) , the static pressure should

balance the surface tension force, which requinesrormal
stress condition to satisfy

fi [J7 @ =20k (6)
while at the interface of the free surface, if flietion due to
the induced air flow is neglected, the tangentigdsses on the
free surface of the film should disappear, whiaids

/7t =0 i=1,2 (@
The normal and the tangential vectors in radial andular

direction can be found if the thickness of the tfiim can be
determined based on
dh
0,—
(03]
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while the stress tenséf is defined and given by



u, 10u, 0du, u, ou, = du,
-p+2u——- — -t
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For most of fluids, the surface tensiens almost unchanged
and can be assumed to be constant. Then, the meaiuwre of
the thin film free surface can be estimated by

an 1o
k=110 "or 410 r oo
1
20100 2 1 g7n)e ' 99 oh, 1ah
1+ 2 +7 2 1+ 2
or r’oe or? 2906
(10)

Substitution of equations (9) and (10) into equaitto
(6) and (7) yields the boundary conditions for tleemal
stress, which can be written as

'[1 du,  du, ugjl oh oh
Pt S i A /2 P
rog or rorof
_p+ 2u [6r du, jah [6u9+}6u jlah
1+(ih)2 1 (@) al’ 02 ar aZ r 66 r 09
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o 1oh
— 0y % % or 4 % aie rag
oh 1 0h,,)? oh 1 oh
(1+()2 ()] [1+()2 ()j
or or
11)
and the tangential stress condition in radial dioec
ou, _du,\oh_(1u,  0u, U,)10h,
0z ar o (rag o r)rad
(12)

0u, ou, Y} ohy.) (9, 10u,)10hoh _
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and the tangential stress condition in angularctiva
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u, 10y, u)1dh (10u 3y, u,\oh,
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0z r 06
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Direct solution of Equation (1) together with theundary
conditions (3), (6), and (7) coupled with Equati{f), is
impossible since the equations involved are higtdg-linear.
However, by introducing reasonable simplificatiorsd
assumptions, this set of partial differential egueat can be
solved at least numerically. The following sectisifl discuss
the existing analysis for the thin film flows onvertically
rotational disk (Afanasieet al, 2008) to such problem, which
will be used for guidance for CFD modelling of tthen film
flow on the vertically rotating disk.

(13)

NONDIMENSIONAL ANALYSIS

For the film formation on the vertically rotatingsl, the use of
lubrication approximation is feasible but the agpiate length
scale should be considered. Obviously, the tydeadth scale
should be R, the radius of the disk while the tautigévelocity

of the rotating disk,U, may be the suitable characteristic
velocity scale, which is given by

U =RQ (14)

and the time scale is chosen as

T= % (15)

Since the liquid film formed on the surface of theating disk
is very thin, a small parameter in the analysistoan
introduced, i.e.

a=—<<1 16
R (16)

On this basis, the following dimensionless variabtan be
introduced:

0=8, 2=H3, u, =Uq,, u, =Uq,,

p=Pp,t=TE a7)

r =Rf,
u, =audq,,
The dominant viscous term is balanced with graiaitetl term

in theu,-momentum equation so that the characteristic héigh
can be scaled which yields

h= [ (18)
Jos)



It is expected that the pressure will compete whth dominant
viscous term so that

LUR
H2

P= (19)

Because the thin film involves the free surfaces #urface
tension plays an important role in controlling tiggiid surface.
It can be precluded that the following scale canuled to
relate to the normal stress boundary condition, i.e

(20)

Equating Equations (19) and (20) gives the scal®fas

)

When the capillary number Ca is introduced, it banshown
that Ca is small for the case of the thin film flam the

vertically rotating disk.
3
3
R

ca=(

It is noted that this length scale is appropriatethe thin film
region away from the liquid bath. The length scsteuld be
reconsidered for the balance of gravity and surfegesion
forces.

H
w

g

(21)

w

g

(22)

P=mR (23)
The pressure scale can be determined by surfaseten
P=.00g (24)

From equations (23) and (24) the length scale tteadiquid
bath can be obtained

(25)

We also define a Reynolds numbeRe=oUR/1. Non-
dimensionalising Equation (1) yields

arrd g W G000, 00 0D 00

ot oF Fag T a2 of  02°
-sinf+a’ %i r“aij +Aia 4 _Aiauf 4
ror\ or i’ 9> f* 98 f°

(26)

235

au J o, u aug+l],05 06_05 __ 16p aaz
at 6r fog * 0z rae 07
_Cose_'_ala[au 16u+£6_u:_¥
ror\ of ) 298> 1?90 I?
(27)
g B B0 ) B, 00
"oF f 98 oz 07 07
dau 1du
+af ==
{rar( ar] r® 052} (28)
Here all variables have been non-dimensionalisetie T

boundary conditions at the disk-o, are

§,=fQ, G = (29)

z

q, 0

0,

The boundary conditions at the free liquid surfaseh(f, 8,t)
are:
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Becausear is very small, Equations (26), (27) and (28) can be
simplified as

ap 62
or

0=- —smH (33)



—-cosf (34)

__9% (35)

—p=t O el O 5o (36)
ror| or| (29?2
L’j . -
a—;:o (z=h) (37)
M, _ (32h) (38)
0z

Equations (33), (34) and (35) can now be solvech wite
boundary conditions (36), (37) and (38), also cedpkith the
kinematic condition for description of the thimfilfree surface,
which is given by

oh_ 10(.0.
5 Fg[rlu,diJ rag{J.u oﬁ] (39)

It can be seen from Equation (35) tipatloes not depend an
When velocity components, and ug are given, the film
thickness can be found through (39).

Rearranging Equations (33) and (34), integratingcewand
applying boundary conditions (29), (37), (38), @aa obtain

2N
9 P ap +siné (40)
¢ or

25
0%, _ 0P | osh (41)
% o

Substitution (40) and (41) into Equation (39) amiggration
yields

3 ~ N AP
6_h 10 h [ap+sm9j +li h_[l ap+cosé’j Qth
of for 3 or oo 06

(42)

Equation (42) is the standard equation for filntkiniess, where

Jrgo

It should be noted that boundary conditions (36(3®) is only
appropriate far away from the liquid bath. If feagth scale is
reconsidered in the vicinity of the liquid bath ssown in
Equation (25) based on the analysis by (Afanasteal, 2008),
then boundary condition (36) becomes
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Surface tension force has a significant influenge fdm
thickness profiles and Equation (42) needs to beedoin
conjunction with Equation (43), which can be writtzs

oh 10| .2n*(ok
— =T = +sinf
ot ror 3 (or

%i{—ﬁ(l% +cos€] ﬁfﬁ}
rog 3

(44)
rog

wherek is curvature of free surface. Direct solution ofuBtion
(2-44) is not possible as this kind of equatiorhighly non-
linear. For steady thin film flow, Equation (2-4égn be further
simplified as

10| .2h®(0k - 10
——| T a—+sm6’ +=—

f or 3 \or f oo
3 ~ ~
{— 2h (E%+ cosHJ th} =
3 \rap

CFD modelling of the thin film flow on a vertically
rotational disk

(45)

Since the governing equations used to describethimefilm
flow problem in current study are highly non-lingseeking for
full analytical solutions for the problem is impti@al. Thus,
CFD modelling approach has been adopted in thislystu
[9,10,11]. The use of a high quality mesh and reasonable
boundary conditions which are incorporated into CFD
modelling is crucial to this study [12]. For the merical
solution of the thin film free surface flow, CFDdm - Fluent
has been used.

For the fully three dimensional problem of the tiotg disk, a
cylindrical coordinate system is employed where tbiating
disk is placed in the middle of a cylindrical vess® rotate
vertically about the horizontal axis. Following tisrk done
by Afanasievet al. (2008), the disk radius is assumed to be
R=27.23 mm. The length of the cylindrical vessebudt be
long enough and far away from the disk so thatktbendary
condition,d/0z = 0 can be imposed when the cylindrical vessel
is partly filled with liquid. The cylindrical veskbas a diameter



of 80 mm and a length of 40 mm. Since the film fechon the
rotational disk is very thin, a fine mesh is reqdirin the
vicinity of the disk. As shown in Figure 2, a stwred grid
with hexahedral elements was generated with map faeshes
on the circular surfaces, extended by the coopkmvwe mesh
to avoid numerical diffusion as much as possiblke Total
number of mesh used in the CFD modelling is 369,Th¢ use
of a refined mesh was also tested but the simulatésults
seem to be independent of the mesh.

Volume of Fluid method (VOF) has been recognisedaas
appropriate numerical technique for tracking anchtmg the
free surface of two or more immiscible fluids byotdating the
volume fractions in each cell of a fixed Euleriaidd13,14]. A
volume fraction parametd¥ for each of the Eulerian grid is

NUMERICAL RESULTS AND DISCUSSION

The CFD simulations have been conducted basedwrfltads
of different viscosities as shown in table 1. Theperties of
the test fluid have been taken the same as Afanagieal.
(2008), for comparison of the simulation results.

Table 1. Different fluid properties

1 (Pa.s) o(N/m) | p(kg/nt)
Test fluid 1 0.0727 1000
PDMS-1 1 0.0211 975
PDMS-2 5 0.0211 975
PDMS-3 10 0.0211 975

defined in the VOF method. A cell is assumed to be |, the simulations, the disk is assumed to rotata eonstant

completely filled with liquid whenF=1, while empty when
F=0 and it contains interface of two or more phas€sF<1.

angular velocityQ while it is half immersed in liquid, i.e. d' =
0, the immersion depth d is nondimensionalised Heye

Such functionF can be transported by using the advection jyiging with the radius of the disk. In Afanasieet. al. work
equation. Based of values, the free surface shape can be [1], the film thickness profile is only the functioof r.

determined using a particular interpolation techeity OF
method is employed in current study for tracking thcation
and the pattern of the thin film on the verticalbgating disk.

However, our CFD simulation results have clearldi¢ated
that the actual film thickness is not only dependsnr but also
0. For case of liquid being dragged out of a batblpda a
vertically moving upwards flat plate, Landau andiich (1942)

One important feature of the VOF method is trarisien paye showed that if the capillary number Ca is rtfaé film

simulation, i.e. unsteady simulation. Thus, theuation itself
requires a careful selection of the time step sat tthe
simulation is stable. The criterion used for defeing the time
step is so-called Courant number. In fact, both flea flow

and numerical simulation of thin film flow requirdsat the free
surface front advance cannot exceed a mesh intefas
Courant-Friedrichs-Lewy condition (CFL conditionks ia
necessary condition for convergence while solvirggtain
partial differential equations numerically. The CEandition is

expressed as
U.At (46)

whereU is the liquid velocityAt is the time step anfix is the

mesh interval or mesh size. ObviouslyAt<Ax should be
ensured in all unsteady simulation to keep stabilit this case,
a small courant number has been used, which giveigianum

time step about 1%.
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Figure 2. Grid generation for the rotating disk

thickness can be estimated by
w ) 47
h= 09{—] (cay (47)
A

whereh is the film thicknessy) is the velocity of the platgg is
density, g is gravitational force and | is the dyi@viscosity
of the liquid. Wilson (1982) indicated that the appmate
solution given by Landau and Levich (1942) is ovdyid when
the capillary number approaches to zero and heirdstaa
general solution of the film thickness when thet fidate is
vertically aligned, which is expressed

h= [/;j% [0.94581061)% - 0.1068$Ca)%] (48)

By using similar analysis for thin flow on vertibalrotating
disk, Afanasieet. al.[1] obtained a steady state solution of the

film thickness, which is given by

%
h=o.9458Eur9] (49)

=

The calculated film thickness distribution at diffet radial
positions is shown in Figure 3, the dimensionlesfius of the
rotating disk is taken as R'=10. The comparisoessaown at
R'=19, 7, 5 and 3. It can be seen from Figure 3 tha film
formation can be characterised by two regions ¢agid in
Figure 4), 0<&<90° as the region for the film drag out and
90°<&<18C as the region for the film to be dragged in [15].
was revealed from the simulation that the film léck and
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unstable in the drag-out point and it graduallydrees stable
but the film has a tendency of downwards and sicpniftly
affected by all the forces acting on the film flowhe force
balance may play a leading role in controlling fhen flow.
The forces such as viscous force, inertia, graeital force and
surface tension force acting on the film flow ore tiotating
disk have been discussed by [16, 17, 18]. It han hedicated
from the simulation that the viscous force is doaminin the
drag-out region while the gravitational force isydnant in the
drag-in region.

I 1.00e+00
8.33e-01
B.67e-01

5.00e-01

H 3.33e-01
I 1.67e-01
0.00e+00

Figure 3. Film thickness profiles at different radial posits

9C°

Drag in m
18(:0 \D j Oo

Figure 4. Drag out and drag in region

Vijayraghvan and Gupta [19] obtained a correlafmmthe film
thickness formed on a vertically rotating disk [ly
immersed in Newtonian liquid based on their experital
results, which reads

799%Ca 293,7 0.15D 523

309 ,,0.024

Cas™y

h (50)

where 77 is dimensionless surface tension numbgr, is
dimensionless depthy is dimensionless gravitational number
and C,s is modified capillary number. It can be sees tlear
from equation (50) that the effect of angular positf is not
included in the correlation. However, it has beevealed from
the simulation that the thin film thickness profdees depend
on angular positiod as shown in Figure 5.
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Figure 5. Drag-out and drag-in of thin film at differentgadar
positions

It should be noted that except for the regions whée film
just starts to form and re-enters the liquid, tharge in the thin
film thickness is not remarkable (B<170) though a slight
variation in film thickness is observed as can bensfrom
Figure-5. Figure 6 shows the variations of filmcHriess at
different angular positions for given radius. Nettbat the film
thickness is non dimensionalised by dividing thediua of the
disk and multiplied by a factor of 10 in all cagescontrast
more clearly to reflect the structure of the filatierns.

In order to correlate the simulation results, disienal analysis
was conducted. The film thickness is dependent wanaber of
parameters and a functional relationship may berasd.

h(r,@)z F(p,,u,a,g,Q,t,d,r,@,) (51)

wherep is the density of the fluigy is the dynamic viscosityy
is the surface tension, g is the gravitational kraéion,Q is
the rotating speed, t is the flow time, d is theriension depth
of the liquid,r is the radius, and is the angular position. Since
previous studies on thin film flow have clearly icated that
the thin film flow can be well characterised by tledlowing
dimensionless parameters like Capillary numkes) ( Froude
number Fr), Reynolds number (Re) and Webber number (We),
the functional relation (51) is assumed to be ablexpressed
as

W = k, Re® CaFrweF (t)F (d) (52)
whereh' is the dimensionless film thickness, ki, ks, ks, ks are
empirical constants which can be determined from best
regression fitting to the simulation results.
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Figure 6. Film thickness at different radial and angular
positions

The CFD simulation results as shown in Figure 6 lmacurve-
fitted using the least square technique to minintfse total
error. It has been found through the trials thabmbination of
exponential and polynomial curve fitting can detithe best
curve fit, which is given by

h, = ae™ +b, +b,6+b,6% +b,6° +b,8" +ce*’ (53)

where, the coefficients;, x,, a, by, b1, by, bz, bs, andc have
been obtained from the CFD simulation results fay given
radius. The predicted film thickness at differenigalar
positions for given radius is now well expressedéduhon
expression (53).
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Figure 7. Film thickness at different radial direction

It can be seen from Figure 7 that the film thicleéecreases
from the central core towards the fringe of thekdihis is due
to the gravitation force action which drives thenfdownward.
However, as mentioned earlier, the film thickneases along
the circumferential direction. Based on our simolatresults,
the following fitted expression for a given radil&=7 is
obtained, which is given by

h, = 3487°%% + 006+ 0520 - 0556° + 0226° (54)
- 0039" +

2% 10740 e29.48€
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Equation (52) has clearly indicated that the filnickness is
affected by rotational speed, which has been awefil in our
simulations, as can be seen from Figure 8. The latinas
were also compared with the asymptotic solutionAfahasiev
et al[1] and the CFD results are consistent with thetsmhs as
obtained by Afanasiewet al[l], which has been shown in
Figure 9.
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Figure 8. Film thickness at different rotationategd
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Figure 9. Comparison of the film thickness profile

It can be seen from Figure 9 that there exist diffee between
the film thickness profile predicted by CFD modsgjiand that
obtained by Afanasieet al. [1] in the drag-out and drag-in
regions. The reason for this difference is stiltlear but very
likely, the solution as obtained by Afanasietval[1] does not
fully reflect the influence of the surface tensiohile our CFD
modelling has employed the full Navier-Stokes eigunst for
the problem. This requires further investigation.

The influence of immersion depth on the formed filickness
was also assessed in our CFD simulations. Figusht@s the
film thickness distributions for three different nmersion
depths. It is interesting to note here that exéepthe regions
of drag-out and drag in; the film thickness oniglstly changes
for different immersion depths which are in contctidn to the
results as obtained by Afanasiest al. (2008). One of



explanations is that the immersion depth only affebe drag
out boundary conditions but the film flow on uppent of the
rotational disk is only affected by the overall ingt force
balance.
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Figure 10. Film thickness at different immersiompties

The film formation on vertically rotating disk iswiously time
dependent. Figure 11 shows the CFD results for fillme
thickness variation along the circumferential dii@t at given
radius R'=7. It can be seen from Figure 11 that fihm
thickness profile is almost same for different flovwe of the
liquid. When flow time is long enough, the film flobecomes
steady. Thus, for a given immersion depth, con@ta52) may
be simplified as

h =k, Re® Ca¥ Fr“we (55)
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Figure 11.Film thickness at different flow time

In order to assess the influence of viscosity om firm flow
behaviour, four different fluids of different vissities have
been selected in the CFD modelling. The densityPiDMS-1,
PDMS-2 and PDMS-3 is 975 kgfmBy using correlation (55)
for best fitting to the simulations, it was fourthtky, ki, ks, ks,
ks take the following values.

ko=1.08x10, k;=10.204 ky=-14.922 ks=6.536 k4=-4.00
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Thus, the calculated film thickness can be estithhie

e =
Figure 12 shows the predicted film thickness pesfilusing
correlation relationship (56). It can be seen figigure 12 that
the film thickness significantly changes and becerttgcker
when the liquid viscosity increases. This can eensclearly
from equation (49) since the film thickness is mipnal to
the viscosity to power 3/2.
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Figure 12. Effect of viscosity on film thickness pufiles

CONCLUSION

The problem of the film formation on the verticahigtational
disk partially immersed in liquid has been solvednerically
to obtain the thin film thickness distributions. 48a on CFD
simulation results, a correlation is proposed tscdbe the film
thickness distribution by defining the dominatingctors
controlling the thin film flows. It was found fronthe

simulation that the two main dominant factors coltittg the

film thickness profile are the viscosity and ravatkl angular
velocity. The film thickness increases significgntlvith

increase of the angular velocity of the disk, cstesit with the
findings as reported in the published literaturk The change
in the film thickness and the shape of the thimfitan be
characterized by the Froude number. The simulatdso

indicates that an increase in the viscosity caubesaverage
film thickness to increase, indicating Capillarynmoer and
Reynolds number to be the important dimensionlesarpeters
in thin film flow analysis. In addition, the effeof the surface
tension on the film thickness profile can be intich by
incorporating the Webber number. The correlationictvh
matches the simulation results requires introductiof a
position factor to account for the change in thi fihickness
profile in different angular positions of the roteg disk.
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