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Highlights

® Film formation was studied using experiments, satiahs, and dimensional analyses
® Circulations caused by the competition of gravitg aiscous forces were analyzed

® Surface renewal rate of super-high-viscosity liqugtreases with increasing viscosity
® The scraper can limit the film thickness and inseesurface renewal rate

ABSTRACT

The film flow and surface renewal of highly viscoliguid on a rotating spoked disk were
investigated experimentally and numerically. Ingbical applications, the liquid is a polycarbonate
melt with very high viscosity and Newtonian behavat low shear rates. In the experiments, a
maltose solution was used. The film thickness anrtitating disk was measured by an electrical
conductivity probe. The Volume of Fluid (VOF) moaelmbined with the sliding mesh method was
used to simulate the film formation process. Thausated dimensionless film thickness and the
film formation process agree well with the expenmad results. The film flow and surface renewal
under different operation conditions were evaluatédavity and viscous forces dominate the
process with inertia playing a marginal role. Aag@r was designed to intensify transfer processes
on the film significantly.

Keyword: Devolatilization; Computational fluid dynamics;dhiy viscous liquid; Film formation;
Surface renewal

Nomenclature

Surface area [fh

Disk diameter [m]

Additional body force [N]
Gravitational acceleration fits]
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Liguid height inside the reactor [m]
Disk thickness [m]

Disk rotating speed [rpm]

Unit normal vector [-]

Pressure [Pa]

Radial coordinate [m]

Rate of film deformation [1/s]
Reactor diameter [m]

Flow time [s]

Velocity in x direction [m/s]

Fluid velocity vector [m/s]

Velocity iny direction [m/s]

Tip speed of the disky, =zND/60 [m/s]
Velocity in z direction [m/s]
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Greek letters

Volume fraction [-]

Film thickness [m]

minimum distance between disk and wall or scrapgr [
Angular coordinate [°]

Curvature of the interface [-]

Viscosity [Pa- s]

Density [kg/mi]

T R 3 DI >R

Subscripts
g Gas
I Liquid

1 Introduction

Polycarbonate (PC) is one of the most widely usegineering plastics, with outstanding
properties, such as impact resistance, electmsailation, heat resistance, and optical transpgrenc
(Ganguly et al., 2021). During the process of P@ttssis, small molecular byproducts including
phenol and water are produced. The byproducts beustmoved in the last polycondensation stage
to ensure the positive progress of the reactiontamdbtain high-quality plastics with extremely few
impurities. The techniques and equipment for infgimg polymer devolatilization have attracted a
lot of interest (Sebastian and Biesenberger, 1988).screw extruder has the characteristics of high
shear and narrow residence time distribution amtbpas mixing and devolatilization at the same
time (Coughlin and Canevari, 1969). The kneader &dsrge free volume and self-cleaning
characteristics, and the increase in the crossesattarea reduces the possibility of clogging
(Palmer, 2000; Uwe Stueven et al., 2011). The bata disk reactor with a large specific surface
area is a typical device in the polyester indu@ipkeldei, 2003; Kurt Hanimann and Werner Stibal,
2013). In a disk reactor a vertically oriented dtblat rotates around a horizontal axis is partly
immersed in a liquid bath. As a result of the riotaiand viscous forces a liquid film forms on the
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surface of the disk. The film is pulled down by\gta The formation of the film on the surface of
the disk increases the gas-liquid mass transfex, amed the renewal of the film also enhances the
gas-liquid mass transfer process.

Film flows have been studied experimentally fooad time. Vijayraghvan and Gupta studied
the film flow on a solid disk (Vijayraghvan and Gap 1982). They demonstrated that the
measurement of film thickness by a pointed probe w#te accurate and presented an expression
to calculate film thickness for low viscosity atghi rotating speeds. Cheong and Choi (1995)
conducted experiments to measure the molten pgligeta terephthalate (PET) layer thickness on a
vertically rotating solid disk by using an elecdiconductivity probe. Their results indicate ttred
rotational speed and gravitational force play aparnant role in determining the film thickness and
shape for the polymer melt. Dwyer-Joyce et al. @0Q0eveloped ultrasound as a method to
determine the thickness of lubricating films in tie@ systems. A laser scanning method also was
applied to show the film on a solid disk (Miah &t 2016). In the industrial production proces® th
viscosity of the PC material in the disk reactooften greater than 500 Pa-s (super-high-viscosity)
at about 200(! (Ganguly et al., 2021), but the process of supgn-kiscosity polymer
devolatilization has not been rigorously investaghyet.

Computational fluid dynamics (CFD) plays an impotteole in studying the film formation
processes on the disk. Afanasiev et al. (2008) sinyated the influence of factors such as
immersion depth and angular velocity on the thim fdynamics for a vertically oriented rotating
solid disk partially immersed in a liquid bath walHfinite element scheme. Hasan and Naser (2009)
discussed the liquid film thickness on a rotatimgnd under laminar conditions by numerical
investigations. They found that there was no stesdte solution to the film formation, because the
dynamics are not stationary. Miah et al. performaderical investigations of the film thickness
distribution on a vertically rotating solid diskdhhollow disks (Miah et al., 2016; Miah et al., Z01
The film thickness variations of hollow disks wdosver than that of a solid disk, which reduces
mass transfer resistance. A correlation equation dexeloped to describe the film thickness on the
solid disk. Hu et al. investigated the hydrodynami@nd mass transfer of the film on a
vertically-aligned plate with an open window by megaf CFD simulation (Hu et al., 2016, 2017).
Results showed that the average film thicknest®tbnfined free film in the open window region
was about 0.50-0.67 of that in the solid regionilevthe film velocity was approximately 1.7-2.0
times higher. The liquid side mass transfer coieffitK, of the confined free film was about 19%
higher than that of the wall-bounded film. Xie &t @018) found that film flow behavior on a
vertical plate with an open window was significgrdifferent from that on an unperforated plate.
The film had stronger vorticity due to the freefage inside the open window for low viscosity
fluids.

Few studies have focused on film flow on a rotatigk with a spatula, where free film and
scraped films can coexist. Cheng et al. studiedilimeformation characteristics within a horizontal
twin-shaft disk reactor with an overlapping zonéd€@g et al., 2017, 2018). They studied syrup
solutions with viscosities ranging from 4.4 to 68- & It was confirmed that the scraped film is
much thinner and more uniform than the free filmHa@hly viscous liquids, which means that the
mass transfer resistance can be greatly reducexy. dlso proposed that the reinforcement of film
flow and surface renewal by the open window ondsgisk decreases with increasing viscosity.

The aim of this paper is in the first place to explthe film formation of super-high-viscosity
liquid on a vertical rotating spoked disk. In tleeand place, by comparing simulated dimensionless
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film thickness with the experimental data, we vafetl our simulation results and numerical
method. In the third place, based on the verifieasutation methods and models, we investigated
the operation condition and structure design toensify transfer processes for polymer
devolatilization.

The paper is organized as follows: in the nextigectthe experimental setup is discussed,
including the rationale for the experimental matieaind film thickness measurement system. After
that, the numerical approaches we used in thisareseare briefly summarized with references to
the literature. In the subsequent results secti@nfirst present the film formation characterisiic
highly viscous liquid with the results of simulai® and experiments. Secondly, we study the
simulated film flow and surface renewal under d#gf@ operating conditions, which help us to
identify methods to intensify heat and mass trangi®cesses for agitation devices used for
polymer devolatilization. Thirdly, we add a spatétaenhance the devolatilization process. The
final section summarizes the main conclusions alggests future directions.

2 Experiment

_~ R40 mm
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(a) (b)

Fig. 1 - (a) Three dimensional reactor model and Ifn thickness measurement system. (b)
Section view. The cartesian coordinate system isclated at the center of the diskT is reactor

diameter, H is liquid height inside the reactor,N is disk rotating speed, and@ is angular

coordinate, which is not moving with the wheel. Thdluid region is shown in blue. The red

points in panel (b) are the measurement positions ¢the electrical conductance probe.

Fig. 1(a) shows the experimental setup includingréical rotating spoked disk reactor device.
The reactor is made of Polymethyl methacrylate (PMM he stainless-steel spoked disk includes
five open windows and five spokes, shown in Fi@p) 1The diameters of the reactor, disk, and shaft
are 540 mm, 450 mm, and 40 mm, respectively. Tiokrlbss of the disk and scrapehislO mm.
The location of the scraper can be adjusted @nthe removed.

As shown in Fig .1(a), the film thickness measuneisystem includes a three-dimensional
positioning system, a micrometer (ASIMETO), and &ectrical conductance probe. When the
probe touches the surface of the film or metal dible electric current changes. The distance
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between the film surface and the disk is seenaélth thickness on the disk, which is measured by
the micrometer. The probe and micrometer are ldcatethe three-dimensional positioning system,
which move accurately to the measurement positpetied. The probe cannot measure in the
open windows when the disk is running. Thus, ohg/film thickness on the solid disk is measured
if the radial coordinate is between 185 mm and 22%, see Fig. 1(b). The film thickness
measurements for each point are performed fivestiamel the average value is recorded.

A rationale for experimental materials selectionnecessary. The operating speed of the
industrial PC production process is low. The speédhis experiment is consistent with the
industrial process. The operating speed of the ®@ugtion process in industry is low. We estimate
the maximum shear rate on the disk through the mmamxi speed of the disk. AM=3 rpm the tip
speed of the disk is about 0.07 m/s. As the minindistance between the disk and the reactor wall

Viip _ 0.07 m/s
7 0.04m

or the scraper is 0.04 m, the shear rate can hmatetl as ~1.8 1/s. The dynamic

viscosity of the PC0210 liquid (Zhejiang Zhetiedaje China) was measured with a MARS40
Rheometer (Haake, Germany). When the shear raggesanom 0.1~30 1/s, the apparent viscosity
of PC0210 does not vary with the shear rate ansl tifve: liquid exhibits Newtonian fluid properties
in this range. Therefore, we use maltose solutfon®ur model experiments that do not involve
chemical reactions. Mixtures of the highly viscddewtonian liquid maltose (Hubei Qianxifeng,
China) with water with viscosities in the range500 to 1200 Pa:-s were used as the working fluid.
Viscosities were measured using the MARS40 Rheanagteonstant temperature 2Q which is
the experimental temperature as well. The maltadetisns density ranges from 1300 to 1400
kg/m®, and surface tension of all maltose solutiongpjgraximately 0.06 N/m.

3 Simulation
3.1 Volume of Fluid model (VOF)

Simulations on flows of multiphase Newtonian fluidse based on the solution of the
continuity and Navier-Stokes equations. They ar®ksws:

ap _
L47-(m =0 (1)
T (ov) + 7 (ovv) = —Fp + 7+ [u(Tv + 7v)] + pg + F @)

where t is time, v is the velocity vectorp is the pressureg is the gravitational acceleration
vector, u is the viscosity,p is the density, andF is the body force.

A Volume of Fluid (VOF) model (Hirt and Nichols, 89) was employed for simulating the
laminar, incompressible, and isothermal film floMae effective viscosity and density are defined as
the volume-fraction-averaged parametarsand p. They are as follows:

p = piag + pgag 3)

H=may + Ugg (4)

where thea is the volume fraction of different phases. Thiessuipt g refers to the gas phase and
1 to the liquid phase. The volume fraction is lirditey the following equation:



aqta;=1 (5)

The effect of surface tension is transformed inbmdy force and added as a source term in the
Navier-Stokes equations (Brackbill et al., 1992heTbody forceF between the two phases is
expressed by:

_ pkVay
F=or— (6)
> (o1 + pg)
where ¢ is the surface tension and the gas-liquid interface curvature defined in teraf the
divergence of the unit normal vector:

K=-V-7 @)
where
A= ®)
n=—

[n|
n-= l7a1 (9)

3.2 Numerical details

The geometric configuration used for the CFD sirmafes in this work was the same as that
for the experiments. A spoked disk was mounted ashaft. Structured hexahedral cells were
generated by using the commercial software ICEMyshin Fig. 2. The total number of elements
used in CFD modeling was 3,581,950. To accurataligutate the film flow, a boundary layer mesh
was employed near the spoked disk. In order torahéte the necessary mesh size to provide an
adequate representation of the film flow, the expental film thickness results were used as a
guideline. The minimum experimental thickness wasud 5 mm. In the thickness direction (axial
direction), a mesh size of 1 mm was maintained tteadisk surface so as to yield at least 5 cells
within the film. The mesh size of the edges in otlreas varied from 3 mm to 4.5 mm. Miah et al.
adopted a similar grid generation strategy (Mialalet2016; Miah et al., 2017). We have carried
out exhaustive grid independence studies and faolisdstrategy is sufficiently refined to capture
the flow details, with Fig. 2(c) showing evidendélas.

" —4,109.800 cells
—3,581,950 cells
—2,583,175 cells

"

150 250
r(mm)

(c)

Fig. 2 - The structured hexahedral mesh for the nurrical calculation model. (a) The grid
except for the scraper; (b) The position and surfae grid of the scraper and rotor; (c)

Dimensionless film thickness in radial direction aker half a revolution at =90 °, N=3 rpm,
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u=700 Pa-s andH=0.4T.

Transient simulations for the film formation prosesere carried out using Ansys Fluent
2020R1. As for the temporal resolution, for a miaimmesh size of 0.25 mm (this minimum mesh
size was applied in the radial direction wheredis meets the shafdnd different angular velocity,
the time step was set as 0.001~0.0001 s to keepdbeant-Friedrichs-Levy number smaller than 1
(Ferziger and Peric, 2002). The no-slip conditiaswapplied to all solid wall boundaries. The walls
at the left and right ends of the reactor wereasesymmetry boundary conditions. The surface
tension of the liquid against air is set to 0.09NThe contact angle is set to°3The spoked disk
motion was simulated using the sliding mesh apgraaacording to ANSYS Fluent Users guide
(ANSYS Inc., 2020). The second-order upwind scherag used for the spatial discretization of the
momentum equations, and the implicit scheme fouw@ fraction parameters. In order to couple
pressure and velocity, the SIMPLE (Semi-Implicit thted for Pressure Linked Equations)

algorithm was used. The density of air was 1.228nk@nd the viscosity was 1.789%1CPa-s.
The properties of the liquid will be indicated late

4 Results and discussion

4.1 Film formation

t=10s




Fig. 3 — The simulated (left) and experimental (rigt) process of film formation as a function
of time. The operation condition isN=3 rpm, #=700 Pa-s and1=0.4T.

Previous studies have defined two types of filmoading to the film formation, which are a
bounded film and an unbounded film. The formerttached to the solid wall with one gas-liquid
interface, the latter is flowing without the suppand has two gas-liquid interfaces. Both of them
can be seen on a spoked disk (Cheng et al., 2@k8nTasa and Kobayashi, 2000).

Fig. 3 shows the experimental and simulated filmfation process on the spoked disk at
different moments in time, where0 is defined as the moment the disk starts spgnirhis
configuration does not contain a scraper. We satttie time evolution of film formation in the
simulation closely follows that in the experimelnt.general, the film is thickest where the spoked
disk surface emerges from the liquid bath. It gedigubecomes thinner and fluctuates due to the
alternation of ring, spoke, and open window zofé film inside the open window region tends to
be thinner. We note here that film thicknéss defined as the maximum distance from the liquid
molecules in the film to the gas-liquid interfackhe effect of thinning of the film inside the
windows is weaker compared to previous researcler{Glet al., 2018; Deng and Dai, 2015b; Miah
et al., 2017). This is due to the much higher \s8#goof the liquid used in the current study. The
unbounded film in the first window (along the radat direction) is much thicker than in the later
windows, which may be a direction to intensify star processes for polymer devolatilization. In
section 4.5 of this article, we will set a scrafmereduce the film thickness in an attempt to echan

surface renewal.

——CFD r=225 mm

—CFD r=215mm
——CFD r=205 mm

© EXPr=225mm
¢ EXPr=215mm

6 a EXPr=205mm |
0

orh

=

0 60 120 180
4 ()

Fig. 4 - The experimental and simulated dimensionless filmhickness with angular coordinate
after the disk has completed one full revolution. Tie operation condition iSN=3 rpm, x=700
Pa-s andH=T/3. An error bar represents one standard deviation.

The geometric configuration applied for the CFD @imions in this work was the same as that

used for the experiments. We have defined the dsioatess film thickness a% with h=10 mm

the thickness of the disk. The comparison betwegenremental and simulated dimensionless film
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thickness is shown in Fig. 4. It can be seen that@FD simulated results agree well with the
experimental data, following the same trend asettpgeriments with respect to the angular location
(06) as well as the radial location) @n the disk.

@) ©

d [mm]
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F 45.00 4="500Pas
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Fig. 5 - The simulated distribution of film thickness in different operation condition calculated
after the disk has completed one full revolution. &) The distribution of film thickness as a
function of viscosity and the operation conditions N=3 rpm and H=T/3; (b) The distribution

as a function of rotating speed and the operationandition is =700 Pa-s andH=T/3; (c) The
distribution as a function of liquids level and theoperation condition isN=3 rpm and =700
Pa-s.

As shown in Fig. 5, in super-high-viscosity liqutte film thickness increases with decreasing
radial position due to gravity, which drags theuid film down. At the same time, the film is
difficult to cover the surface of the plate duetsopoor fluidity. The viscous force and gravityde
are more important than the inertial force. Thisswdferent in previous studies that had higher
rotational speeds of the disk and lower viscosifiéseng et al., 2018; Vijayraghvan and Gupta,
1982).

In Fig. 5(a), the liquid coverage of the spokeddiscreases, and the film thickness increases
as the viscosity increases. Both effects increasgsrtransfer resistance. In Fig. 5(b), increadweg t
disk speed results in a thicker film on the solidface of the wheel. The film has less time to be
drained down by gravity and — as a result — thedaivs remain more open when the rotational
speed increases from 3 to 6 rpm. The more openomirat 1 rpm was formed because part of the
film has drained down to the tank as it has sudfittime for falling. These observations agree with
those of Miah et al. (2016) and Vijayraghvan ang@u1982) who concluded that viscosity and
rotating speed are the main factors for the filmmfation in the single-shaft rotating disk reactor.
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In addition, we find that the liquid level has ayrsficant influence on film formation,
especially for highly viscous liquids, see Fig.)5(Ehe area and the thickness of film increase with
liquid height inside the reactor. In a significqatrtion of the cases shown in Fig. 5, the liquidyon
partly covers the disk, specifically férbetween 0° to 90°. Cases that have significanéi@me of
liquid on the disk suffer from relatively thickiiils at small angle® resulting in poor mass transfer.
Later in the paper, we will show that a scrapeie to mitigate this issue.

4.2 Dimensional analysis

In order to place the results of experiments andikitions on film formation into context as
well as to identify the essential physics of thiettmmg problem, we here provide a brief dimensional
analysis. The process deals with the following fisysical effects: gravity, viscous effects, suefac
tension, wetting (i.e. contact angle), and inerfiaere are two fluids involved: a very viscous
Newtonian liquid and air.

Given the relatively low density and viscosity af @ compared to the liquid, air plays only a
marginal role. The airflow driven by the rotatingldis very weak and will be hard to distinguish
from other auxiliary effects such as free convetitine to slight temperature differences.Nst3
rpm the tip speed of the disk is about 70 mm/s. Jieed of a free convection airflow with as a

vertical length scale the diameter D of the disk ba estimated ag gApD/p. In order to achieve

a free convection flow with the same speed asiphspeed of the disk, we only neég/p ~ 1073
which translates to about 0°6@ temperature difference. This means that venhshgriations in
surroundings will influence the airflow as muchths spinning wheel but will have hardly any
impact on the behavior of the highly viscous ligule thus are allowed to base dimensionless
numbers on the liquid properties.

Effects of liquid inertia — as compared to viscetffects — are marginal. If we define Reynolds

oD . . .
Re :p\'%, it has a value oRe = 0.07. At the same time, effect of surface tension aspared to

. . . . . WYy .
viscous effects is marginal. If we define a capfllaumber as Ca % ~10°. Given the weak

effect of surface tension, we also expect minoea#f of the contact angle of the liquid on the
surface of the wheel.

The film formation process therefore is governedayompetition between gravity and
viscosity. This allows us to come up with a crudgneate of the expected film thickness: we expect

Wip

2
the dimensionless numb&¥- to be order one. As a resulf, = 60 mm which — given the

HViip
experimental results as e.g. presented in Figs4he correct order of magnitude.

4.3 Flow fields

Fig. 6 shows two liquid circulations on the surfatehe liquid bath located on either side of
the disk. The circulations are caused by the compebetween gravity and viscous forces. Part of
the liquid makes a full circulation on the diskofim point Ato B to C and again to point A). Around
point B a significant portion of the liquid is digepd down by gravity back into the bath where it
then moves to point D and then to point A. Thisroedation of liquid in the bath is also clearly
visible in Fig. 6(b).

10



The velocity field can be divided into three zoonesthe surface of the circular disk: the initial
zone, the accelerating zone, the steady flow zageprding to the relationship of velocity
magnitude of the film with angular coordinate (Demgl Dai, 2015b), which is shown in Fig. 6(a).

Accelerating
zone

Steady flow
Zone

@ - L ) k|

Fig. 6 — The velocity vectors on the film surfaceysimulation after the disk has completed one
full revolution. (a) Axonometric drawing; (b) Top view. The operation condition iSN=3 rpm,
u=700 Pa-s andH=T/3.

0.1

—— =165 mm

0 60 120 180

0.02 T T
(b) —r=165mm
—— =205 mm

tip

-0.02 k ;
0 60 120 180

(%)
Fig. 7 - Dimensionless velocity on the surface dié film with angular coordinate after the disk
11



has completed one full revolution. (a) Dimensionlasvelocity in vertical {y) direction. (b)
Dimensionless velocity in the direction normal to He disk (-direction). The operation
condition is N=3 rpm, #=700 Pa-s andH=T/3.

Fig. 7(a) shows/v;p, dimensionless velocity in thedirection (vertical) on the film surface.
Velocities are positive fof up to 60 with the liquid being drawn out of the tank. Whiis over
90°, viviip gets negative, and the liquid film starts to falck into the tank. The'v;, on the surface
of the film in the open window£165 mm) is weaker than that in the film on thadsdisk (=205
mm).

Fig. 7(b) shows dimensionless velocity at the furface in the direction (axial). This is the
direction normal to the disk with negative velaestibeing towards the disk. At165 mm velocities
are mostly negative which means the film sinks ihi® open windows, leading to corrugation on
the film. By comparing the velocity normal to thisldcovering the windows£165 mm) and the
solid region (=205 mm) on the disk, it can be found that the radnwelocity of the window area is
greater.

4.4 Surface renewal

Danckwerts (1951) brought out the concept of serf@newal to describe transfer processes at
gas-liquid interfaces. Later, Angelo et al. (19@6¢dicted rates of mass or heat transfer through
stretching or shrinking phase boundaries of fihfegime at low mass transfer rates, which is ahlle
the penetration theory for surface stretch. In t@mldi a new surface-renewal-stretch (SRS) model
was developed by incorporating the previous two @®@Jajuee et al., 2006). In the SRS model,
the rate of fresh surface generation is used asateeof surface renewal, which is defined as:

0A
S =1 (10)
whereA is the film surface area. The surface renewal efliduid film on the disk can be seen as
the deformation of the liquid film on a two-dimeoisal plane (Deng and Dai, 2015a).

The linear deformation rate of the two-dimensiofiald elementAxAy in the x andy
directions is

du

=— 11
Y ox (11)
dv
Sy =— 12
Y oy (12)
The relative deformation rate of a surface elem®rdy over time §t is
Ju dv
A (Ax + %(Sx&) (Ay + @631&) — AxAy (13)
ASt AxAySt

By taking the limit of Ax, Ay, 6x, dy) to zero, this expression may be rewritten for any
point on the interfacial surface as

JdA Jdu OJv

a0t~ ax Ty (14)
Combining Eq. (10) and Eq. (14), the rate of arefamination is given by:
du Jv

S == a + @ (15)

When the density is constant, the continuity equation for the incoasgible fluid is defined
12



as follows:

ou N v N ow _ (16)
ox dy 0z
Therefore,
s (17)
0z

The area average rate of film deformatip. can be calculated by the following equation:
du  dv
. szA<ﬁ+@)dxdy
ave ﬂ-A dxdy
It can be seen from Eq. (17) that stretching thiéase area of the liquid filmSt0) is achieved

(18)

by Z—VZV<O. This impliesw~ — Sz (Angelo et al. 1966) and therefore — in case sife@tching surface

(S>0) — reduction of film thickness and exposurei@did initially inside the film to gas.

S [1/s]
. 0.30
0.24 -
t0.18
0.12
0.06
| ‘0,00

-0.06
012

-0.18
I-o.za (a) (b)
-0.30

Fig. 8 - The simulated distribution of the film debrmation rate. (a) N=10 rpm, 4=68 Pa-s,
H=T/2; (b) N=3 rpm, 4=700 Pa-sH=T/2.

The film distribution and deformation rate of thighrviscosity liquid (Fig. 8(a)) is different
from those of the super-high-viscosity liquid (FB(b)). When operation conditions were set as
N=3 rpm andH=T/2 for the high-viscosity liquid witlhhk=68 Pa-s, no continuous liquid film formed
in the open windows, similar to the previous stadi€heng et al.,, 2017, 2018). For the
super-high-viscosity liquid witlk=700 Pa-s, the film spreads evenly in the open ovisdatN=3
rom andH=T/2, as shown in Fig. 8(b). Thus, we select the tases in Fig.8 for qualitative
analysis.

In high-viscosity fluids shown in Fig. 8(a), thdnii thickness must decrease in the open
windows due to the action of gravity draining dog film and the continuity requiring an increase
of the velocity in the fluid falling direction, gig rise to a remarkable increase of the film
deformation rate. In super-high-viscosity liquidsge Fig. 8(b), the effect of viscous force is
dominating the competition between gravity and miscforce. It is much harder for the liquid to
drain downward. The velocity gradient in the fldalling direction decreases obviously and the
surface renewal rate decreases significantly, lasleéed with Eq. (15).
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Fig. 9 - The simulated distribution of the film debrmation rate under different operation
condition after the disk has completed one full reslution. (a) The distribution for different
viscosity atN=3 rpm and H=T/3; (b) The distribution for different rotational s peed at z=700
Pa-s andH=T/3; (c) The distribution with different liquids level at N=3 rpm and 2=700 Pa-s.
The bottom row shows the area-average film deforma&n rate under different operation
conditions.

Fig. 9 shows the distribution of the rate of fillafdrmation in different operation conditions.
Film on rotating disk becomes thicker when liquidcesity increases and the mixing process is
difficult, which makes the surface renewal worsée Tarea average rate of film deformation
increases with the increasing rotating speed. Heweas the rotational speed increases, the
film-forming area on the disk decreases. Thus,filhe formation area and film deformation rate
need to be considered when setting the operatiegdsp

What is interesting is that the average rate oh fdeformation as a function of the liquid
height is not monotonic and shows a maximum vaasshown in Fig. 9(c). In the industrial
process, the liquid level is mostly set to 1/3hef teactor diameter, which could be explained by th
above result. Based on the above results, we dan timat in the actual production process, the
operating conditions need to be adjusted accortbnthe physical properties of the product to
optimize the process.
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4.5 Scraper design
The results of the previous sections demonstraie ttiere are options to intensify transfer
processes for polymer devolatilization, especiédly the super-high-viscosity liquid. In the final
part of the paper, we are interested in the flottepas that emerge when installing a scraper.

v [ms]
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0.021
0.014
0.007
0.000

Fig. 10 - The simulated velocity vectors on the fih surface in the reactor with a scraper (front
view). The operation condition isN=3 rpm, =900 Pa-s andH=0.4T.

Fig. 10 reflects that the fluid being cut by theaper loses its momentum and falls back into
the reactor. The scraper can reduce the adhesidheoliquid phase during the devolatilization
process, which reduces the film thickness and nrassfer resistance between the phases. In the
meantime, the scraper pushes fluid to the other sidhe disk, which may have a positive effect on
the uniformity of the film thickness distributiom¢he other side.
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Fig. 11 - The simulated distribution of film thickness in the reactor with a scraper. (a) The
scrape film. (b) The free film. The operation condion is N=3 rpm, #=900 Pa-s andH=0.4T.
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In Fig. 11 it is shown that there is a new typdilai different from the free film. It is called the
scrape film and exists in the region between scrapé disk. As for the scrape film, the film
thickness is close to uniform and only slightly eses in the both angular and radial direction. As
the film thickness decreases, the resistance tgdkdiquid transfer process is reduced. Compared
with Fig. 5, the scraper not only makes the scfdpespreads evenly on the disk but also the free
film on the other side, which makes the area orditkle more effectively used.
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Fig. 12 - The simulated distribution of the film déormation rate in the reactor with a scraper.

(&) The scrape film. (b) The free film. The operatn condition is N=3 rpm, =900 Pa-s and
H=0.4T.

Fig. 12 shows that the film deformation rate on sheaped film is much higher than the free
film. It is because the scraper forcefully redudés thickness and liquid phase adhesion.
Combined with the previous analysis, the film defation rate increases with the velocity normal
to the flow direction. It is worth noting that, the region where scraper and disk overlap, the film
deformation rate is negative which demonstratessthi®ascraper has a squeezing effect.

5 Conclusion

The film formation and surface renewal of a highigcous liquid on a rotating spoked disk
were studied using experimental and CFD technigdesmulation model was used including the
Volume of Fluid model and sliding mesh method. Watidation of the CFD predictions, the
simulation results were compared to the experinielatiaa and showed favorable agreement.

After studying the rheological properties. it wasmcluded that the PC melt is a highly viscous
liquid that exhibits Newtonian characteristics aivlshear rates. Therefore, we chose a maltose
solution as the non-reacting experimental fluid.

For the film formation of super-high-viscosity ligy the viscous force and gravity force are
more important than the inertial force. In this @aghe film thickness increases with decreasing
radial position due to gravity, which makes thasichfall down. At the same time, the high viscosity
makes it difficult for the liquid to cover the emtisurface of the disk. For super-high-viscosity
polymer devolatilization, the film formation andri&ce renewal need to be considered carefully
when setting the operating speed and liquid height.

A scraper was designed to intensify transfer peee®n the film of the super-high-viscosity.
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Due to the cutting action of the scraper, the théds of the scrape film is approximately uniform.
Combined with the intensification of spoked windowlse film flow and surface renewal on the
spoked disk are reinforced remarkably by the scrape
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