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Operability limits for non-Newtonjan lignids in dnal-layer slot
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Absiract The operability windows and coating bead
dynamdes [or the dual-layer slot coating process with
non-Nowtonian coaling liquids were investigatod using
the viseacapillaty medel, a two-dirmensional (2103 CFD
gimulation, awd experiments. The smplifcd viscocap-
Mary model derived from the 2D cguation of moien
with (he shesr-thinning Carrcan lquads bounds the
uniform coating regime withour defaces such as leak-
ing, bead break-up. and mid-gap invasion in dual-layer
coaling syslems. The coating bead Mows from experi-
menls and finjle-volmme-hased 213 simulations with Lhe
volume-of-flowd seheme demonylrate 1be pedormancy
ol the viscocapillary medel in refiably tracking the
pslream weniscns position of the battom Layer In the
coaling bead region, The onsel of leaking, besd bregk-
., and mid-gap invasion defects is strongly affecied by
the: theological properties of Carrcau-lype conting
liguids and the flow ratio between Lhe top and boliom
layers. In particular, the relative thickness of the sheqr.
thinning bottom faver afl Lthe onsel of mid-gap invasion
is smaller than the wellkoown 123 walue in the
MNewlonian case, depoending oo the degrec of shear
thinning,
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Thtroduetion

Slot couling is a versalillc and favewable coating method
that is impestantly applicd in varios industrial appli-
cations,  ineluding  hithivm-ion  secondary  batteries,
solacfue] cells, flar display panels, and functional
films.! * As a prometercd codling type, Lhe final wet
coating Lhickness s determined by the (Jow rate and
the speed of the moving substrate or web only ot «
given eoating width, Thas, sueh & sloy coating featore
allows the precise conlrol of the final wet film chick-
ness, regardless of whe liquid properties. even at high
production rates,”™

Dgupite the simple  premerered  relatiom,  the
stithle oporation ranze of the process cun be reslricted
by the flow comdifions and die configurstion in ihe
coaling bead region bounded by dic lps, & moving
sabatrale, and upstream/dowmsiream monisci, Practi-
cally, the slot coating flow s reliably manipulated when
the upstredm memiseus i ihe coating bead 15 willin
both ends of the upsireass dic p, This position can he
approxamately determined using a smplified model,
L., the viscocapillary mixdch. A cortain Wnit, called the
opuerability window, exists in the coating operation for
suaranteeinyg the stahle couling bead fow in the torm
of the Dow role versus the substrate speed [ov bead
pressure versus substrale speed)h™™! There we two
main tvpes of coating deleels, leaking {or wooping and
Bead braak-up, which ave closely relaled to lhe
upsircam  mmemiscus  position. Lealong  is  evpically
abserved noder relabively lugh-flow-rale or low-web-
spead comditlons when Lhe npstream memiscus postion
is pushed heyond Lhe wpsiream dic lip, bn conlrast,
biad bresk-up, covering ribbing, rivulets, burring, and
air éntrainment, occurs wlien the upsbrcam meniscus
position approaches the sl feed. fn ihis case,
migvoyoricees ol air begin to form between the coating
ligoid amd subsirate as the flow rate forlber decrcases
{or the substrate speed inercases).
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I recent years, the industrial demamd for dual-laver
(or mulilayer) slol coalings contiouey to increase for
theiv time apd epergy savimg aspecls. However,
reseurch on dusb-laver slot coawing is not yet being
aetively conducted—despite Lhe growing industrial role
of this process—owing (o the complex [low controls
invedwed. Por the duallaver slot coating process,
simplified mode! for prediciing he Pressure oradient in
the rectilincar-like eoating bead regime was first
introduced by Cohen'? Taylor and TTrymak'™ clurified
the effect of the midsircam dic lipp geomeiry on the
shape of u liquid-liquid merface and vonex foroation
via fow visualization and finite element simulations.
Mam and Carvalho performed systematic exlensive
studies on the stabﬂﬁv of the lguid-liguid imerdace n
the coming bead™ ™ and established vortex-free oper-
ating conditicus for Hm—la'. er tonsioned-web-over-slol
die coating." Ji cv al'” presented a practical viscocap-
illary madel for Newtonian dual-laver slot coating flow
tased on the moedel Tor single-laver cosling asnd
abuerved a good agreement balween their cxperiments
and 20 mmpmmon.it fluid dynamics {CHDY) compu-
wationy. Schmitl ot al.' elaboratels comstructexd opLT-
ability windows of dual-laver slol coming with power-
baw ligquids,

Ancther imponant aypect of the dual-layer slot
couling method 15 the proper contral of the mlerfaeial
stability in the coating bead region. As highlighted by
Musson M wo layers in the coating head can Torar an
imterface with no inter-ditfusion owing to the corre-
sponding extromely short residence time. The interlace
sttt from the separation fine lecated at the midstream
die Tip and is usually bocated at the downsircam comer
of the midstream die lip wnder stable conditions, A
mid-gap nvasion phenomenan nevitably oecurs hen
the separation line between the top and botrom liguids
mifrates Loward the upsiream cormer of the nmdstruam
die lip, as first presented by Nam and Capvallio.? They
alsor addressed Lwo possible modes for such separation
ling jumps depending on the viscosity ratio of the twao
coating fiquids. The separation line aradually travels in
the upstreain direction when Lthe boitom layer is more
viseous, However, Jor the more viscous wop Jayer, the
mjcrovoriex under the midstream die lip grows, and
the soparation hne abruplly jumps 1o the Dpsirean-
wise cormer after the vortex tovches the Fguid -liquid
interfuce. As another coaling defeer n which the
recirculation or vortex ander the midstream die hp
significantly deteriorates the separalion fine, the onscts
al wid-gap mvasion in the non-Newtopian dual-laver
sl coaring are required 1o be further serucinieed io the
operability umils.

A Tewr studies have been condocted on dual-layer
slot coatlng systerns for nop-Noewionian coating Ryuids,
o this studv, a simplilicd 1D viscocapillary model foy
non-Newtonian  Carreau liguids i dval-Tayer sloi
coating processes was emploved 1o predict the vp-
streatn moniseus position of the botloa laver und guide
the praciical operabiity windows (in the form of ilow
rale versus web speed wpder lab-scale experimenial

2

range). In addilion. the coaditions at which the mid-
wap invasion belween the non-MNewtonian leves bepgins
wire nowly marked on operability windew maps, it is
knoem. in ibe case of Newlonian dual-layer coaling,
thal the mid-gap wmvasion s lable o ocear when Lhe
ratio belween the botivm-layer thickmess amd the
coating gap becomes less than 153" Towever, this
simple indicative value for (he mid-gap mvasion onset
15 dependent on the shear-thinning pature of the layers,
as iy described i Resuits and discugsion seetion, The
simplified model fov the shear-thinning lavery wus
viulidated by comparing the opersting windows pre-
digted Trom 2D CFD simulations and experiments
periormed using a lab-scale sior coater, Tt was also
condbred that vhe pressure and velocity profiles i the
enating bead region obtaiped from the wmodel and the
simulalion apreed well with each other, The Jow
reversal under the midstream dic ip was wlso ohserved
as a direct evidence of mid-gup invasion from CH‘.-
simmlation and viscocapillary model, as in T usda'” and
Kwak and Nam,™ where power- law Amds were con-
sidered. Murthermore. the efleet of the ligaid propetty
atklon the flow ratio oo the operabilily limits and mid-
sap Mvasion way taken nlo considersion,

Viscocapillary model for non-Newtonian dnal-slot
coating flow

The viscocapillary model 1y a simple, bat reasonable
tool for wdentifving the operability of the slol coaling
prowess acconding 1o the position of (he wpstrewn
meniscus under the given operaling coaditions, which
can be derived [rom momentum balances nside the
upstream and downstream coating bead regimes. Uhis
madel is known 1o be reliable when the capillary
aumber {Ca = nl'/r. which represenis the telalive
cHect of viscous druy to the surlace lension foree and
where o, U, and s vepresenl the hguid wiscosity,
chargeloristic velocity, and surface tenslon., leypec-
vively) in the coaling bead rewion is low ™! where the
memapinm balance i the sub-regions i comrelmod
with both the viscous and eapillary contributions.
Fipure 1a presents a schemalic of the coatine bewd
region for doal-laver ¢onating with various novations, Ay,
By, and Ay denote (he upstream, midqtre:am. autdd
downsirean coating gaps, respectively. L, 1, and
L are the upstream, midstregm, and downstream die
Lip lengths, vespectively, Their dimensional valucs are
presented 1 bxpermemal methods  section and
Fig. Th, The flow rates through the two fesd slaly are
in1 4nd (> for the bottom and top layers., respec-
tively, Heve, sach fow rale and web spoed (g, caa he
usad 1o determine the wet thicknesses of Lhe bottom
Ul b vop (f- 2) Tagers, The upstream meniscus of
the coating bead is bound by Lhe vpstrcam die fip and
substrate. in which shape it determined by the swtace
tepsion excrted on the liguwid, ¢ and @ represent the
stavic aod dymamic comiact angles of the upsiream
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Figure 1: [a) Schematle and {b) computstion grids of the coati

meniscus, respeclively, Morcover, the liquid-Liyuid
interface pinned Lo Lhe downstream shoulder of Lhe
midstream dic lip has a contac) angle = The x and ¥
coordinates indicate the Mow direction and CORLINE Fa)
direvtion, respeclively,

Employing the Tubrication apyproximation. the slea-
dy velocily profile along the coating sap can b
obtaired using the simplified x-componeat momenmm
equation (Eq, 1) for non-Newtonian Hoguids and the
corresponding baundary conditions (Ey, 23, The Car-
reau liguid model with four parameters is adopicd
herein to feasibly poriray the shear-thinniny behavior
al coating liguids used in coating experimenls.

ar a7 by ,
l=_ "= J—— :..:, — 1 wheres {.'l,
Ay ﬁ}? ('PJJ dy = To¥
. i _
=M. F ':HI.'J - 'PI,\:'{I + ':"-:":'(-) ":1}
Gy — / w, . dy =1 inthe upsircam die lip region
o
(2a}
o
U — / "if'r,'l"---ll_]'I
A
= Laephy 1 1 the midstream die lip rogion (2hy
h-:n.l "y
Foi = / Hepily — j i, 2d ¥
n Fo:
= ! onft,e 10 the downstccam die lip region, (2c]

Here, w, iz the x-component velocity, # is the
prossure, ¥ iy the magnitude of shoar rate [ o, /3y|).

nyg bead region In dual-layer siot coating process

and 5. ... A and B represent the wero-shear visonsity,
finite-sheuwr viscosity, relaxation lime, and [Pamwer-law
index in the Currcan mods, respactivily. In addivion,
the bottom and tup lavers arc denoted as subscriply 1
and 2, respeetively. The velocily profiles below each
dic lip were separaely solved using the lwo-step
shooling method with 1 foucth-order Runge Kuita
scheme 1o simultancously sstsfy the Now rate pet
width conditiogs (Fy. 2), the mo-slip boundary condi-
bons {Eg. 3) in 2ach dic lip region, and the enmtinuily
conditiogs (Fy. 4} at the hgquid-liquid interface in the
downstream  dic lip region. Now thar under a
stabe condition without the mid-gap invasion, a sinple
lguid (ic., botrom layer) [ows basically in bolh
upstream and mid-gap regions, However, since there
am: 1wo liquid flows (Le., top and butlom lavers) in the
downstream region, separale poveming equations and
comtimuity conditions {Eq. 4) for tangenlial stresses
and velocities al the iaterface are required for each
fayer with different liguid propertics, Here. the posi-
lion of the liguid-liquid interface was assumed to he
identical to the wet thickness of the bolbom laver. &g,

tx) = Luon at ¥ = 0 oo the moving substrale i3al
ey =0 at ¥ =h, and b, pyps —aty
— &y onthedielips 3k

di =Wz At ¥ =l inthe downstream dis fip region
[ty

(i = Hal s bl

— A - in the downsteeam die Gp region. [4b
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Figure 2: Schematic experimental setup of dual-layer slot coating process

The pressave diftercnces AP, AP, and A#; in the
upstream, midstream. and downstream sub-regicns,
respectively, can be simply expressed as follomes:

AP, =Py — PL = VL, — 5,0 AP = Pu; — £
— WP Loy APy = Ph - Pz = VFiLla
ey

Here, the pressore gradicnts VP, V. and V£,
wre detcrmined pumerically as mentioned above, The
pressure differences over the three interfaccs wore
simplified osing the Young-Laplacs relation as [ollows:

"_"LP!%-—P,E'_P;.- - [.‘:':'S'Tﬁfmmm% o
"
¢ ) G 6]
APh = Py - Pug — ~{cosz— 1] fa - u-i';--:;-.i o
B el e
APy = 2y — Py = 0540} 22 o
P

The shapes of the upsiream meniseus {Hy. da) and
liguid liguid interface (Eq. 6b) were assiuned to be an
are ol a circle, Here, ¢ and @ wer sct as 607 and } 207,
respectively, as in a provious study,™* simply assum-
ing the fial upstream meniscos by selting APE (). The
comtac angle z belween the Lop and holtom layers 10

the midstresm  region  was  obtained  wsing
LS = (di — (g — haa 17} l;df - (b - Ff._‘:])‘}. As

the physical properlics of the top avd botiom layers
ara Lypically similar m the majority of coating pro-
cessey, the interlucial tension betwien the (&o hayers

o s assumed to be quite small, ie., 0.00] Moo,
restlting i very minor pressure jump over the liguid-
liquid imerface. Furthermeore, the curvalure of he
downstream froe swefacy wag approximared using the
model proposed by Ruschak™ —a modified version of
Landau and Levich's™ —which iy valid in the capilary
nomber tangs of (01 <Ca<=G1 (Eg, 6c). HHere, the
appurenl capitlary pumber of the fop layer is defined ws
Uag = fia{ i (lyer /72, wheTe #al%) and o oare the shoear
viscosity at an etloetive shear rale and the surface
wension of the wp layer, respectively. The Ca range
considered in this study was between 0,032 and 007,

After combining the pressure difference ut each sub-
region, the relation regaired to determine the up-
srredTn Imeniscus position x, is presetted as shown in
Eaq. (7). Tt should be noted Lhat the beud pressuve AP
P, — £, nEq. (T) was set as zero herein for applicalion
to the experiaments, i.e., £, and P, are both equal o the
amient pressurc.

X, — Ly
L

.
W

AP - APl - AP~ APy - AP~ AP

el

Experimental methods

A sel of experimens way conducted nsing a labora-
tory-scile dual-layet slot coatler (o venly the ViNCOTH-
illary model by visually construeting the operabllivy
limils. The position of the UpsLCam Temiscus was
caplured using a charge-conpled device (CCD) cameri
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as an indicalor of lealing and bead hreak-up defects,
where they lie ac the fur upstream and downstream
cnds, respoectively, in the upstream die lip region.
Figure 2 presents e schematic selup of o doal-layer
slol coating capetimenl. A J-cm-wide dualslot die
with two 300-pum feed slols (e and o), 100K0-pm
upsteeam. S00-pum midstream, and 1000-pm doan-
strcam die Lip lengths (£, L, oand £, respoctively)
was stalled along with a stainless-stee] roll of 14.7-cm
diameter. 'Uhe coaling pap belween the dic lips and roll
surface (h, = M, — Ay) was sed as 230 wm Lhroughoul
the experimenls. The web spoed was varied from (01 to
12 mimin. Tach cualing liguid was fed 10 the 1op or
hottern slot die from individus! fanks using a gear
pump [Cole-Parmer, EW-TS211-35, USA) with o pump
head [Cole-Panner, TW-07002-23, and EW-T3003-14,
LISAY. Flow visnalizalion via CCY camera { Prosilics,
GX 19100, Germany) with a lighy source (Moritex,
MLEP-AQSWIELR, Japun) was wsed o track the
upstream meniseus position wnd to delermioe (he
pperability fimits umder flow rale and web speed
varialions, Here, cxperimentally obwerved onyets of
the operability window were compured to those
ubtained with the viscocapillary model under throc
difTercnt total Now rate conditions (49, G0, amd 80 mL!
minny, The flow ratio, which is defined ax the catio of the
bottom  laver thickness to the towal wel thickness
(0 — Mg ha ) ranges between O (lop layer only)
and 1 (boitenn laver omlyd, The Now ratios of (04, 0.3,
andd 0,667 bevween the Lop and boliom fayery were used
i1 this study.

The Nud samples comprised mixtures of delonived
(DT wuler and glycerol [20R0 wol¥%) containing
waTionds conlents of xanlban gum polymer. As xanthan
gum ix a highly hydrophilic biopolymer,™ it was first
dissolved 0 pure 12T waler using o homogeniscr
{P2athan, H1-30DX, South Korea). Then, subseguent
Lo the addition of plycerol, the mixiure was stirred for
approximately 24 h nsiog » raagnetic bar o the vessel
o emsurc the complete wixing and  approprnale
depassing, Three types of coating selutions comprising
various xanlhan gum contents ({1, 250, and 7S50 pprh
were produced und labeled as N, 31, and 52, respee-
tively, ‘The shear viseosities wre plotted in Tie, 3, and
the Carreau model parameters b application to the
mde] and simulfation arc listed in lable 1,

CFD simulations

To detenming the time-dependenl 21> flow character-
istigs in the couunpg bead veopion and cvalusic the
performance of thy viscocapillary mode], & commercial
CFD solver based om the finile velume method (FYh),
i.c., Fluent [Ansys Inc.. Fluent 1740, was vsed in this
stwdy, Both ihe alr-liguid and liguid-hguid interfaces
wete -adjusted  osing  the  volume-ai-fiuid  (WOF)
scheme. Lach phase in the compulatiom cells s
represenicd by a specific sealsr Lranspori function that
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Flgure 3: Shear viscosktles of Mewionian (M) and shear-
thinning (51 and 82} coating liguids

ranges drom {0 to 1. The operability limits wero
praclically demarcated by the position of lhe state
conlact line of the upstresm mendseus i the upsiream
die Lip repion,

Becomse Lhe nterluee i distinguished Jtom the
interpolation oF the scalar tramspor [unction of the
YOI scheme, the accoracy of its position {5 dircetly
proportional to the ccll size n the compuatational
domain, Moreover, a teduction in the cell st 15 also
important for the feasibility of the wiscocopillary
motion of coaling liguids within the coating bead.
However, the use of many tiny cells may result in an
gxeessive computational cost, The lrade-ofl belaeen
numerical accuracy and computatiood| cost way opti-
mized Lhrough a mmesh convergenes test. The final mesh
sclected herein is shown o Fig. 1h with 30,950 cells.
where the smaller cells are densely allocaled in the
coating head region (200 elements in the c-direction of
the longest die lip and 50 elements in Lhe y-direction
between the moving weh and die fips),

In this simalation, e no-slip and no-peneiration
boundary condilions were imposed on the die lips and
the moving web. ‘Lhe inlel velocities had a normal
velocily profile, which satisfied the prescribid flow rale
al cach lecd slot, The Tar upstream and downsteeam
sides in the computationu domain were Set as prossure
oullcls of a speeific value, .o, armogpheric pressure,
The physical properties of the (o and bollom liquids
ate listed in Table 1. The static contact angle of the
upstream meniscus was assizned (o Lthe value as in the
visgocapillary model. However. the dyhamde ¢ontact
angle could not be assigned in the CFD simulaiion,
Instead, the static contact angle beiween the liquid and
maving woeb was ileratively specified to find  the
expected value of the dysamic contact anghe {ie.,
1207, _:i‘-’hil:h was valid in low capillary coating head
Aoms,

g
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Table 1. Vartous material parameters and properties of costing lguids used In this study

Cuoating liquid M 31 82
Carrsau model parameters Zero-shear viscosiy 4y (Pa s} 0082 0.5 3.0
Infinite-shear viscosity i, (Pa 5) - 405 0.na
Power-law inthex n [=) - D.64 0.45
Realaxation time 4 (s} - 15 15
Surface ension & (Mim) 0,06 0.082 0060
Oensgity g {wg'm™) 1200 1200 1204}
Results and discussion | a)
An ] r—T T p——r——t 120
Compacison of operability limits and ceating bead J
d}’ﬂ-ﬂnllﬂi 3xin Thriizmm 4{2 ]
g |

The simphfied viscocapilbary model was firsi validated
by comparing the limits of Jeaking snd bead beeak-up
defects determined from CFD simulations and exper-
imeaty. Tigure da displays Lhe operability windows o
the dual-laver coating bead Dows tor (wo liguids. The
boilon layer was varied using N, 81, apd 52, while the
top laver was only set as N under a low ratio of (Jg =
0.5. Throvghout this study, the double-layer set is
simply desigmated as “RS2-TN.” il the bollom laver is
32 and the wyp ope is M. The solid hines denace (he
operabilily onsets, demarcating the leaking and bead
break-up predicled by the model. The dashed Hnes
represent Lhe onsets of the mid-pap invasion and
idicate that the region under this line Jalls into the
mid-gap invasioa state, The closed and open symbols
indicate the omsets determined fronn the experiments
and 2T CFD wimulations. respectively,

First, the opscts predicied by the model muatch
satisfacrorily with those oblained In experiments und
simulaiions, considering the Yow Cr and low Reynolds
gumber (D032 = Ca = 17, 0080 < Re = (78]
operations W (his sludy, Here, Re v the dimensionkess
quantity of inerlial lorce W0 viscous foree, defined as
Re = by Updn. As the boltom layer is changed from
N to 82, the upstteam meniscus moves toward the
downstream direciion, which nnplics that the operabil-
ity bimils shifl slightly to the lefcin vhe map, This can be
explained by the “suppression elfect™ whercin a
mare ¥iseous bollom Javer (52 rather than N is pushed
o a fesser extem by the top laver emanatiag from the
feed. in ather words, 2 move viscous tap laver could
hinder the momentam tragsfor of the bottom layer ta a
greater extenl, such thal the upstream mamscus of the
boltam layer moves more toward the upsircan, dirsc-
tion. The other example is addressed io the subsequent
part of this paper,

MNam and Carvalbe™” demonstrated char in @ thin
coating operation, the mid-pap invasion vccurs inilially
when the velocily underneath the midsiream die lip
changes in the direction opposite to the moving
substrale, when the pressure sl the downsiream corner
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Figure &: [a) Operability Imiis I the map of the total flow
rate and weh spead determilned from the viscocapillary
medal, 2D CFD simulation, and axperiments for dual-layer
slot coating processes with varicus dual-layer setz {(BN-THN,
BS1-TN. antl BS2-TN} and {b) the changes in ohsats (crltical
bottom-layer thickneas with respect ta the cozating gap) of
mid-gap ihvasion along the weh speed for the same dual-
layer =ets. The closed symbe!z in (a) 2re shifted =lightly in
the +y-directlon for a better view

of midstream dic lip s slightly higher 1han thal at the
upsiteam cormer, Le. the positive AFP,. LIt is waorth
noting that they observed the simple and robost 173
rule” tor the onset of mid-gap invasion in the Newto-
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mian dwal-layer slol eoating process. That is, the mid-
gap invasion is initialed when (he wet thickness of (he
botlom layer iy less than U3 of ihe eoating gap e,
hoe PR = 1/3), which resuMs in » flow reviersal below
the midstream die Hp. The erilerion walue of f.:w_l_,.-"hd
way exteaded Lo shear-Lthinniag sysiems by nurnecically
finding a zero welocity gradient st the lip wall
{|Betefdty, L, —0) lor the bollom laver in the mid-
streamn dic lip under a given web speed. In Hig. 4b,
wnsets of the mid-gap invasion o three dyal-layer 2cts
(BN-TN, BS1-TN, und BS2-TN) in Fig. da, while
varying the web speed, are presenied. Comparad to the
Newtonian case (BN-TN}, exactly COTTEApIONaing Lo the
simple 143 rule, the critical velative 1hickness ol the
botism Jayer h..q/k lor the BSLUN and BS2-TN
cases decrases as he web speed decreascs, In partic-
ular, the greater the shear thinning of the hottom luyer,
the lower the low rale, " resulling in w smaller
critical relative thickness, repardless of the viscosily
level irsell. This indicates that the cnsel of the mid-gap
mmvasion 1s closely related to Lhe viscosily varigiion
along the cogling gap at a given wch speed in the
midslream die lip region, Another exsmple lor & more
shear-thinning bollom laver of low viseosity 15 pre-
sented subsceuently,

A CCD camera was installed in the vty of the
slol coater o capture the Upstredn meniscus and Lo
obtain 4 side view of the coating bewd flow syate, As
shown i g, 3, for the BSZ-T'N case, Lhe eXPETINEn-
tally observed and simulated UPSLIwam  meniscls
moved toward the feed position with an nerease in
the web speed from 37 and 4.0 mfmin for (he
cxperiinents and simulation, respeclively, to 5.8 my
min under & fixed Now rate concdition {erpaq= 60 uly
min and (Jy = (.5}, The onsels of leakin g (Fig, 5a, c)

(a)

Booll suxface

Muying weh

(b}

wnd Dead hreak-up (Fig. 5, d) exhibited 4 qualitatively
good agrecwent with those obtained via the modcl,
Nole that Fig. 54, which is obtained with the simulation
near the bead break-np condition, shows slighl ascil-
lations of the fulal coating thickness ami lignid-liguid
mlerface, including unoxpected air entryinment (This
toay be an artifact of the 2D CF1Y solver, ),

The x-cempuoment velocity contours and profiles for
the BS2-1'N lquid sct at three different {ocations ingide
the coaling bead are presenled in Fig. 6 under the
operating eomditions of g0 = &80 mLinm, Zr — 0.3,
and Lep - 3 mimin [Le., point (1) in Vi, da]. The flow
inside the coating bead comprises 2 combination of the
Conette coniribution owing (o the moving aeb and the
Poiscuille contribution induced by a pressurc gradienl.
Therclore, 1he precise estimalion  of the pressure
distribution is direetly connceted to (he velocily pro-
liles under the die lips. The velocity profiles obiained
lren the miodel and simulalion in the COAting gup
direction at three locations, are in good agreement with
cach othee. In this case. mid-gap invasion oy hot
oeer beeanse ao Now raversal is observed under the
midstream dic lip (Fig. b3,

Axin the casc of the dual-layer slor coaling with twis
Newlmian liguids,"” the pressure distributions along
with the coating bead predicled io both the model and
simulation were alse compsrid for the above non-
Newtonian dual-layer coating cascs (BN-TN, BS1-TN,
aod BS2Z-TN} in Fig. 7 under lhe same operating
conditions as those o Fig. 6. Although e prossure
lewels predicted [rom both methods are oot exactly
the same. the pressure sradicnts in the coating bead
IEgionl are quite. simifar 1o each other, which actually
affecls the velocity profiles. Tt should be noled that the
relalively lower pressure level around the midstream
feeds from the mode! might be due 1o the lack of -

& = 08 mimin

—

U, = ®8 mfmin

Flaura 5: Visualization of the ceating bead flows for BS2-TN lguids under a total flow rate af 60 mifmin and Qg - 3.5, The
web speeds uzed are (a) 3.7 mimin (near leaking) and (b} B.8 mfmin (near bead brazk-up) for the experlments and fe) 3.0my

min and {d} 6.8 mimin for the CFD simulefions
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Figure 7: Pressure coniours and distributlons inside the coating bead reglon predicted

{a) BN-TN, {b) BS1-TN, and (¢) BS2-TN liquid sets. The

dircctional lmpact pressure information emunatiog
[rot the leed How, in contrast o the CFEI1) simulation
case. o addition. Lhe puositions of the mpstream
meniseus calotlated viz both melthods cometded wll

trom the medel and simulation for

How rate per width is 2 x 107° m*s, Q7 = 0.5, and oo = 5 M/MIN

willh cachh oiher (the values shown in Fig. 7 wesc
determined by the viscocapillary model], thus supporl-
ing the validity of the model.
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Effect af the flow rafio ou the operabilivy limils

Figure Ra presents the change nothe operability lmits
for the BSZ-IN liguid set in dual-layer siar eosting
flows under various flow ratio conditions (g = (.4,
(13, and (0667} Asthe flow ratio decreases (the bottom
layer becomes thinmer), the momeniom cxerted ocar
the upstream feed region decreases, thus resulting in

{a}

the  dewwnsireame-wise movement ol the  gpstresm
meniseus. As oa resull, the operability window shills
toward the lower web speed direction {to the lefth
Morcoeer, the onsel of the mid-pap invasion varices
signilicantly, Ay Lhe Dow ratio decrssses. e momen-
tum of top layer with relative high flow rate at its feed
heeomes preaer than thar of the battom layer, which
induees Lthe positive AP, under the midstrearn die lip,

dxlo” —T— —17 , 120
- L BS2-T™ i
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Figura 8: {a) Effect of the flow ratic of BS2-THN liguid sat on operakility window, {k} Coating bead Hows obtalned from 20D
CFC simulations at point {2} in Fig. 82 under three flow ratio conditions {Qg = 0.667, 0.5, and 1.4). The xveloclty proflles

under midstream diz lip are shown
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and finally resulls o Now reversal. The correspoiding
coaling bead fows and k-compeonent velovity profile
are displayed in Fig. 8b under the operaling conditions
indicated by point (2} in Fig. 8a (e = 5 m/min and
gl = &0 mlfmin, or eqivalently, gy = 2hH= W0
m=s). As the fiow ratio decreases. it is prominent £hat
the liquid -liquid interface moves Lewrarel Lhe wpsirealn
direction, Far example, the case whereln (Jg = .4 is
heyond the onsel of the mid-gap invasion, thas
exhibiling flow reversal ynder the midstreum die lip.
wote that slight bead break-up phenomemi including
upstable lguid-tiguid interfuces wors obuerved for the
cased of (g — 0.3 and Q4. The x-valocity profiles
showed a chear flow revevsal in the mid-gap region bor
Or — U4 case due to the hackwatd pressurc aclion in
Ihe midstream. which is in the mid-gap invasion. a
depcted in Fig. 8b. Albeil the good agrecmem of
veloeity profiles from 113 model and 2D simulation for
(7 = 0667 and 0.5 cases. there is a slight differcnce in
velocily profiles for Qp — 0.4 case. This might be
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hecause the simple viscocapillary model could nol
predict the actual unstable llow [catures under the mid-
pap invasion, although il usefully acis as a good
indicator Jor determining delcct-free oporabilivy -
LIS,

Effeer of rheological properties of couting liguids
in the model

A model analysis was further perfosmed 1o explore the
ffect of shear-thinning propenies on the mid-gap
fmvavion, As shown in Hig. Ya, Carrcau liquids having
various power-law indievs and lower viscosily levels n
comparison with the Newtotian higuid are arbitrarily
salected [the parameters arc fisted mn the lepend}, Their
curace tension values we assumed Lo be the swne a2
vhat of the Newtamian liguid N s Table 130 is alrvious
[renn Figs. 4b and 9b that the opsct of mid-gap irvasion
is much lower than that according to the 13 rule when

(e}
0
Tup: 1. =1ilB
Bon--0d
| ~——bBin-0E
WO e Bon - i

.| Leaking
M CF

Iel *F

Tl floe rate per widdh {m’i5)

Ttead break-up

{] A Il : 1 1L
il : 4 i B Lo 1z
Wk spoed {mmin)
P 0 )
(d)
Ax1 "

Rotorm; n— 0.8
—_—T =0
Tn-E
3l P ——Tin -0

Tutal {loar mle per width (m”'s)

Lealsing
x0T

Ll " F W -
Beoud hresk-up

] i 4 h i Ttk 12
Wb specd (mimia}

Flgure %: {a) Shear vlscosities of various Catraau modal llquids. fb) Onaets of mid-gap invasion as a functlon of the wab
speed for varlous dual-layer sats. () and (d) prezent the oparabllity windows for varicus dual-layet mode! llquid sats when

the bottom Tayar or tha top layer s varied
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Figure 18- Various cparating limits in terms of tatal wet fllm thickpess with varying power-law index of coating fluids under
.cw = B mimin. Effact of the degree of shear thinnlng of the top layar [[aj-{c]] and bottom layer [{d}-(f}]

Lhe b Loans Jayer Bueeomes more shear thioning, regard-
less of the viscosity lavel, mt the given operaling
corditions., Note that the bettom layer was varied,
while the top baver was fixed as a shear-thinning liguid
with & = (14 bocause Lhe mid-gap invasion is mainly
related Lo the boltom hayer. The weh speed was varied
between 0.3 and 60 mmin, which corresponds tn the
elfeclive shoar rale (L. /. ) of 204 004 575 in the
coatling bead, s shown as shaded region in Tig, %a.
When the shear race is low, i.c. ca. 20 57!, the onset ol
lthe mid-gap invasion deercases accordingly to the
order of the power-law index, As the shear rate
increases, however, this order can change Jdepending
on the rate at which the viscosity decrsases, The
relativie bollom-lyver thickness ko Sy 18 inversely
propertional to the rate of viscosity change {or dopree
of shear thinning) at the given shear rate, The deprec
of shear-thineing by power-law index # is directly
rebaled fer the omsel, as pointed oul by Kwak and
Naim,™ lor Pormet-liw Muids, For a bollom layer of o —
0.4, for inslanee, Lhe sleeper o] vissosity slope at a
low web speed results in a lower omset value, which is
sigaificant deviation from the 1/3 walue. This onsel
value pradually approaches 13 as the local viseosily
slope approaches sore as the web speced increases.
Figure Yo d presents the aperablity windows for the
dillerent dual-laver seis o ascerLain the offect of shear-
1hinning under consiant Now ratie 2y = 0.5 As shown

in Figs. 4i amd 9c. ke power law indes of Lhe batlom
layer is varied; however, the shilting ol the operability
windows with respect to 4 ocours In opposite diree-
tiems. This behavier implies that the suppression
ellect' s linked with the magnitude of the wiscosity
and nol lhe degree of shesr thinning, For examplo, in
Fig. %c. as the depree ol shear thinming of the bottom
layer increases (lower power-law index s}, the relative
viseosity of the top laver increases. The more viscous
Lo JayeT acts s u burmer o Lhe momentum iransfer of
bolonn laver, vhes cansing the upsircam meniseus 1o
move townrd the upstream direclion and accordingly
the operability window to shift in the hicher web spaad
direerion, The same principle is applied when the top
laver chanpes, as shown in TFig, 9d Mote that the onsets
of mid-gap invisdon in g Y are idenlical under the
fixed botlom-layer condilion.

Figure 10 presenls a comparson of (he aperatality
windows for varions top and bottom lavers with the
Carrcall parameters presented n Flp, 92 under the
constant flow ratie and web speed conditions {Og — 0.3
anngd e = 6 miming. Feam Tig 108—c, as the i valuc
of Lhe lop laver ingreases, the Lop layer becomes more
viscons, lhus acling as a suppressiom barmer, which
results in 2 parTowsr unilomm coating range with s
thinner wet thicknass, The apposite trend is observed
in Fig. 10d-f; the ercasing q value of the bottom
layer, in comparison with the top laver case, results ina

45



I Coal, Techned. Res,, 1% {17 3547, 2m2

wider uniform couting tange with a thicker wed
thickness. Tt should be noted chat (he mid-gap mvasion
omscl values i Fig, 10d—f are not comstanl sinee the
shear-thinning  purameler of the boltom laver is
changed, Considering the practica) aspects of costing
operation, the shaded area in Ifig. 10 is further marked
belween length seales of the eoating pap and the mid-
gap invasion within the umform wel thickness peploe.
Il the lop layer i3 much lexs viseous ban the boltom
laver [when the power-law index of the top layer is less
than that of the bottom layer bLerc), the higher wet
thickness correspomding w the leaking nnset than the
coating gap is predicied by the modal. A smple and
relialle operability window sctup for mon-IWewtonian
dual-layer coatings using the simplified siscocapilloy
made! would be wsefill in coaling industrics than deul
with mubilayer lunclional filims.

Conclusions

The epershility windows and cosung bead dynamics
for the dual-laver slol coaling process with non-
Mewlomian coating liquids were explored via the
viscocupillary meodel derived from the fubrication
approximation of 2D governing equations. The coating
limmis including leaking, bead break-op, and mid-gap
avason in the cowling bead rewon have heen reason
ably predicted from the model, exbibiting a good
agrcement alopy with expeviments and F¥M-hased 2D
simutlations. The cffects of the shewr-thinning proper-
tes of Carrcan-like coating liquids and the flow ratio
hetween the wp and hottom layers were svstiematically
investigated. ‘The mid-gap invasion defect, which
alicets the formamion of a wniform interface hetween
the lavers, was newly established in the aperabilicy
windows for gon-Newtonian shear-thinning ligaids.
The results revealed that Lhe emiical velative thick-
nsses of Lhe mid-gap invasion (o shear-thinning layers
were less (han 143 in the Newlonian case, dopending an
the depree of shegr thinning w a given operating
condiliim, Furthermore, the onsals of leaking and bead
break-up detects for shear-iminning liguids were dum-
mamtly influcnced by the viseosity level af each layer
during a cerlain coating operation, This model can be
usefully appliecd as a simple and roliable tool for
deterpining the operability limis in doal-laver slot
coating systems for non-Newioniwn coaiing ligaids,
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