WD 96/ 23596 PCT/ US95/ 14880 SLOT
CQOATI NG METHOD AND APPARATUS 5 TECHNI CAL FI ELD This invention relates to
coating a substrate with single and multiple fluid layers. In particular,
the invention relates to i nprovenents for bead and curtain coating when a
slide die woosas®s This technology is 10 particularly usaforusesiaspmper
coating, and the manufacture of photographic filnms, magnetic recording

nmedi a, adhesive tapes, and the application of optical coatings. BACKGROUND
OF THE | NVENTI ON 15 Oten, single or multiple | ayers of:
differing conpositions nust be applied to a substrate. For exanple, in the
manuf act ure of photographic filmas many as twelve | ayers of differing
conpositions nust be applied in a distinct |ayered rel ationship. C ose

tol erances on uniformty are required. The use of 'sequential coating
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station. In using coating technology it is desirable to produce |ayers that
are no thi*cker than is necessary to achieve a desired function. Indeed, a
prinme noti vaWaneous mul tilayer coating is that by grouping
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that they are inpossi blThis inveation a&iaiesdb‘dodtlng alsubstrate withs singldhander wet
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optical coatings.

BACKGROUND OF THE INVENTION

15 Often, single or multiple layers of differing compositions
must be applied to a substrate. For example, in the manufacture of -
photographic film as many as twelve layers of differing compositions must
be applied in a distinct layered relationship. Close tolerances on
uniformity are required. The use of sequential coating operations can

20 produce a plurality of distinct superposed layers on a substrate, or all of
the layers can be simultaneously applied in one station. In using coating
technology it is desirable to produce layers that are no thicker than is
necessary td achieve a desired function. Indeed, a prime motivation for
simuitaneous muitilayer coating is that by grouping layers together in a

25 composite the individual layers may be so thin that they are impossible to
coat as individual layers. Also, thicker wet coatings wbuld increase the
material cost of the products. Similarly, it is desirable to reduce the
amount of solvent in coating fluid formulations. While solvents and
diluents make formulations easier to process by lowering viscosity and

30 increasing the bulk volume, their cost and the cost of safely disposing of
them is undesirabie.



teaches its use for nultilayer coating. This coating die is also useful for
thin single layer coating. Figure 1 illustrates the features of a
mulTiTayer 5 coating die 10'. This die has three plates 12, 14, 18
Separated by fluid di strlbutlon slots 18, 20 arranged so that the fluids
exit from t heyysgixssegnt o i ncline planes 22, 24 and fl ow down HATAISSS/ X880 he
termnation of the plane 24, the coating fluid is transferred fromthe die
lip 26 across a snmall gap to a noving substrate 28. 10 Slide
eurtain coating is disclosed in U S. Patent No. 3,632,403. At the end of
the incline plane of the sQOngédmpogtant btylé ol caating die popalar irotheepar at e and
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teaches this method for coating photographi'c el enen Still another style
of slide curtai nthinsingle layencoating. nEigues 1 illustratesthedeatuses eﬂammyamere
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nvant ed encr ust 261 RCREng Tl TRl T okt e 16 28 Aried aBidab.g b,
25 .covering thetglagnéving sabstratet28.| ower energy rel ease materials such as

silicones or Bolytetrafluoroethylene It is therefore desirable to nodify

the coati g #Wes to al | ow Shide rudainteaatingds disclosed in HaS.cPatent Moy f ace
ener gi es.

oot sy 12880 DRGHAARER! e end.of Rodraingpians of the slide die. the fuld isc. ;4
No. 08/382, 962 bulisWéd td-separate and fall by giavity asesshidet before contactiflg thie es f or

thin coating with the use
moving substrate. Figure 2 illustrates such coating die. An improvement

on this is its use for simultaneous multilayer curtain coating. U.S. Patent

15 No. 3,508,947 teaches this method for coating photographic elements.
Stilt another style of slide curtain die is shown in the Japanese application
51-39264 where the orientation of the slot and inclines onto which the
coatings exit are inverted with respect to gravity.

In coating operations, coating dies often become

20 contaminated with iow surface energy materials. This may cause coating
defects and dramatically raise the probability of producing scrap material.
The production of coated products of reactive or curing coating fluids
often requires frequént cleaning of the slide die surfaces to avoid
unwanted encrustations of gelled material. Cleaning can be facilitated by

25 covering the die surfaces with lower energy release materials such as
silicones or polytetrafiuoroethylene. It is therefore desirable to modify the
coating dies to allow coating when the surfaces have low surface
energies.



of carrier fluids. Fluids are caused to flow out of a slot onto the incline
5 face of the die and then into a conposite |ayer. For single |ayer
coating, a ribbon of coating fluid and a ribbon of carrier fluid flow

t hrough slot exits onto the slide face of the die. Wile previously known

di e coati ngologsdxne ques are practiced with coating fl ow ratpexnises/iidsse r ange
of 0.5 to 5 cubic centineters per second per centineter of slot width

[cnferr]/(sec-cm)], 10 this nmethod often uses flows in the range of

0. 00005 to 0.005 cc/(sec- cn), one thousand to ten thousand tines smaller.
The carrier fIDEM T OO THESINVENTIONS a very | ow viscosity. Wile
conmon coating fluids hee viscosities of 10 to 10000 centi poise, the
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15  carrier fluids with densities of 8 to 13 gm/cm® (liquid metals) as contrasted
to common coating fluids which range from 0.7 to 1.1 gm/cm®. Also it
may be advantageous to use carrier fluids with very high surface
tensions. Common coating fluids empioyed commercially have tensions
ranging from 20 to 60 dyne/cm. Liquid metals have surface tensions of

20 100 to 1000 dyne/cm, and molten inorganic salts have surface tensions
often in the hundreds of dyne/cm. It has been found that the extremes in
fluid properties or the very low slot flow rates often make it difficult to
obtain continuous, full-width ribbons of fluid exiting from the coating fluid
slot or the carrier fluid slot exit.

25 When a fluid does not wet the surface of the incline plane of
a slide die (the fluid beads up or the fluid wetting line retracts, typically at
large contact angles), it is difficult to maintain a continuous uniform ribbon
of fluid across the width of the die flowing down the incline piane at low

flow rates. At low flow rates the flow will often and unpredictably cease to
30 flow as a ribbon from the slot across the full width of the slot. It will flow



cases, the initial single ribbon may be reduced to |l ess than the full sl ot
exit vmdth imediately at the slot exit. This is a slot flow exit
instability. 5 \Wile a small |essening of the ribbon width fl owi ng from
the slot is not necessarily disastrous, the inventor has found that this

di m ni shed W q¢pod/s3edson i s prone to bi furcati ng unpredi ct abl ypCTIASISM4sBL | pl e
ri bbons, especially on wide-width dies. This unstable node of flow creates

| arge anounts of unusabl e product. Under such circunmstances, it is
l-mpossible 10 to coat high quality with good productivity. To understand
the problemit i sfoseéometportieris ofdhe stbtrandsiatotherpartions: r Withl lowvisdesity

il nmb h di tI t to the fluid slot
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where [err] is th%a¥é§‘iﬁéiﬁlﬂal%indléﬁbﬁbh'hﬁhmﬁémﬁéd% Iééﬁhéﬁﬁﬁéﬁﬂﬁsléﬁ sl ot
wal | shear rate; Uis the averag luid velocity at the exit of the slot;

and [err] is the eunmlmedlammtthaelatlexitd This lsraeslgtﬁowexitunstcbmwr ed in
nmbi nat i h fl h t t t bilit
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capi | lary nunber hécééb%?llﬁﬁgﬂsmihé’lrﬁéntdr’ha%%ummat tﬁ@'@ﬁi’ﬁfrﬁélﬂd Wit | ng

20 operations have not ‘encountered the instability because they operated
at capil | ary nunbdbbon & pronedo bifurcatipgiunpredictablyiotcomultipie tibhons, dr i ve

toward the econom_ es _qf,thinn t ne

operate at very | Baperely A BRFwidR delECrb (R Rl ol cleBtesidtl
When coating wit hamn@mmisabl@ﬁfbm{ hgfdér sudhQsiktnistandes, it mRpsssitile
application Serial No. 08/ 382,623 by WK. Leonard et. al., t he capillary

number of t he1@oata eeptrhigh quality withgeashpreduatinity. f r om 0. 00001 to 0.02. |f

the carrier fluid is water 0.0001 to
.0.02. If the carrier fluid |§%g8?f§d%$%%wg“%%ﬂpme%n€er w | |
range from 0. 0000dinkénsiofldss Aumbel'\Ealfd theTApillary number (N.,) which is directly
PCT/ US95/ 14880 The exit flow instability is avoided if tcﬁe fluid wets the

surface of the inprapegtional tothe fuid siotexitysiacitys itds calculated fram-thefiquatign

N.. = nU/c where p is the viscosity of the fluid measured at the apparent

15 slot wall shear rate; U is the average fluid velocity at the exit of the slot;
and o is the surface tension of the fluid at the slot exit measured in
combination with the fluid that covers the exit. The exit flow instability is.
particularly troublesome when flow rates are small, especially when the
capillary number is less than about 0.04. In the past, commercial coating

20 operations have not encountered the instability because they operated at
capillary numbers 10 to 1000 times higher. However, with the drive
toward the economies of thinner coatings, there is a need to reliably
operate at very low slot capillary numbers while avoiding the instability.

When coating with the apparatus and method disclosed in

25 copending application Serial No. 08/382,623 by W.K. Leonard et. al., the
capillary number of the coating fluid will commonly range from 0.00001 to
0.02. If the carrier fluid is water the capillary number will range from
0.0001 to 0.02. If the carrier fluid is a liquid metal the capillary number
will range from 0.00003 to 0.01.



lower the fluid surface tension through the addition of surfactants for
various reasons. These are often included to aid wetting of the substrate 5
to be coated, to level the coating on the substrate, and to mninmze edge
beads. This |l owering of the surface tension also often sinultaneously

achi eves Wigdengsegf the incline and practitioners of the ap¢T/MUS9SM4888 i NQ
have not been forced to deal with the instability and have avoided it.
While the inventor has recognized it is useful to | ower the surface tension
to achieve 10 wetting, this is not universally applicable and ot her

met hods nust be found. The ekitflowrinstability istaveideddf thecfluid wetsthesed of a
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degr ade the qua oduct coated. Therefore, "a nethod to
avoi d the sl oachleves wettinglofithe incline andpractitionersiottherart Ofmﬂngehﬂmnges in

the coating fluid conposition and does not relal on the HUISNh ting the
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PCT/ US95/ 14880 ng a
continuous ribbon o f%rgy giﬁélfgévpg ary nu regﬁgmcg@]t% I ne surface
wi t hout surfactant that allows wetting. !f the surface is covered with a low energy

oil, it is also difficult to find a surfactant that allows wetting. If the fluid is a

15 molten inorganic salt or a liquid metal there may be no known surfactant
that lowers its surface tension. Even if a surface tension lowering agent
can be found to produce wetting, it may chemically interact with the
coating fluid components or the substrate or in some other unpredictable
way destroy the function or degrade the quality of the product being

20 coated. Therefore, a method to avoid the slot exit instability is needed
that does not require changes in the coating fluid composition and does
not rely on the fluid wetting the slide surface.

SUMMARY OF THE INVENTION

25 This invention produces thinner uniform fluid layers, allows
slide dies to coat in the presence of contaminants, and allows coating in
the prese'nce of low energy die surfaces which coating fluids commonly
do not wet.

This invention broadens the range of utility of fluid
30 distribution devices, especially slide and slide curtain coater dies. The



break-up into two or nore ribbons or a dimnishing of the fluid ribbon
width at the slot exit. 5 The invention flows a fluid onto an
i ncline planar surface across the entire with of the slot. Wen the
capillary nunber of the slot is less than 0.04, this is done by using a

sel ect ed ranggook2ssbét gap. The slot exit gap S is sel ected porMusosnaesss t han
the critical slot gap defined by [err] equation (1):

(1) 10 The fluid is flowed, through a slot exit as a single continuous

Fi bbon without needing to | ower surface tension to achieve wetting on the
surface of the sinvention pravides-a method and @apparitue of flowing astentintious gap S can

B e A A bbbt FInLP S By, 22
sel ected to be | B?e%kh?ﬁt@tv’iobi‘%?e%ﬁ&nﬁ BPadirninistihg 8f the MA@ ribbbR f ! uid

can be a coating fluid for use in a coating process.” The fluid can be one
of water, a |atewjdth attheslotexititi on, a liquid netal, a 20 nolten inorganic

PEL) LB, S Tt hendf ST o SF s s
responsi ve to el gefossthe Batitewith Bf the 16t AVRBA ng?ﬂy%dn%radfitﬁé slotlis

apparatus of this invention includes a slot fo first 25 and second
pl at es spaced f rlessdbam0d4,shis isTdene by usingia sejectes range ef slot gap. (The
critical slot gap, deflineddy equatipn _ahe slot.flow can ve
capillary nunberglpg%& Pﬁaﬁb%.s@%ci?équ hé}%ﬁscﬂ‘aggﬁ ﬁré“cﬁéf'f’t 8?"?%?83?3% di e.
The coating die can be one of a s&'tﬂpwacurtai n, bead, or extrusion coating
di e. WD 96/ 23596 = —r

PCT/ US95/ 14880 BeYirtidpFd§R! PTI ON OFPFHE DRAWNGS Figure 1 is a sgiematic
view of a kn106/m mul tilayer die.

The fluid is flowed through a slot exit as a single continuous ribbon
without needing to lower surface tension to achieve wetting on the
surface of the slot or die face. |
in one embodiment, the slot exit gap S can be selected to
15 range from 0.5 through 0.8 times the critical slot gap defined by equation
(1). In another embodiment, the slot exit gap can be selected to be less:
than 0.5 times than the critical slot gap.
The fluid can be a coating fluid for use in a coating piocess.
The fiuid can be one of water, a latex, a water solution, a liquid metal, a
20 molten inorganic salt, a molten organic material, and a supercritical fluid.
Alternatively, the fluid can be water soluble, and the fluid can include
materials respohsive to electromagnetic fields or electromagnetic
radiation.
The apparatus of this invention includes a slot formed of first
25 and second plates spaced from each other. The slot exit gap S is less
than the critical slot gap defined by equation (1). The slot flow can have a
capillary number less than 0.04 and the slot can be part of a coating die.
The coating die can be one of a slide, curtain, bead, or extrusion coating
die.



Figure 2 is a schematic view of a single-layer die. 5 Figure 3
I's a graph conparing three common types of viscosity curves., Figure 4 is a
graph show ng the experinental verification of equation (1). 10 DETAILED
DESCRI PTI ON Thi s invention broadens the utility range of fluid distribution
devi ces, eqiowghsdosky sSlide and slide curtain coater dies, RaTAss4880 used
with any fluid distribution devices. The invention provides a nmethod and
apparatus of flowing a continuous ribbon of fluid at | ow capillary nunbers
15 onto an incline surface without break-up into two or nore ribbons or

wi thout dimnishing the fluid ribbon wdth at the slot exit. Mking

i ntensive stud® hESIRIPTEON OEE PRAWMNES hat the viscosity, surface
fensi on, density, ang nE ate o ' Fuid; and the slot gap all
greatly influence the i Figaie 1 isg schemaficviewsof a kndws mulilayerdieer

I nvestigation, this 20 invention was achieved. In the nmethod and apparatus
of this invention, flui diOw®R Isaacherpaticyigwofa singlejlayetdie; ncline solid

surfaces tg forma ribb ' ' edt h of the
sl ot at itg’exit when t(t?eig'?'{eu:lﬂ dgéﬁﬁme\@?‘m@n&?mﬁwgﬁﬂce of the
incline. A sl aliscosity copesdi mension 25 matches the flowrate and fluid
properties in a manner tg avoid the instahility. The sIoL exlit . gap.can be

| ess than the critical Jasuwﬂseasmfﬁhqw'earlh%spwﬂgm YP'ﬁFzggﬂé’Fi on (1):
Lerr] 7 VO S8iA3R%. . . o
PCT/ US95/ 1488 ere is the slot gap in cm [err] is the fluid viscosity
measured in poise, pis the liquid density neasured in gmcnjerr], [err] is

the liquid surface tension ne red in dyne/cm and N err] is the Reynol ds
number deﬂpnemmféhgﬁé&r]

This invention broadens the utility range of fluid distribution

devices, especially slide and slide curtain coater dies, but can be used
with any fluid distribution devices. The invention provides a method and
apparatus of flowing a continuous ribbon of fluid at low capillary numbers

15 onto an incline surface without break-up into two or more ribbons or
without diminishing the fiuid ribbon width at the slot exit. Making intensive
studies, the present inventor found that the viscosity, surface tension,
density, and mass flow rate of the fluid; and the slot gap all greatly -
influence the instability. As the result of still further investigation, this

20 invention was achieved. | _

In the method and apparatus of this invention, fluids may
flow from slots exiting onto incline solid surfaces to form a ribbon of fluid
extending across the full width of the slot at its exit when the fluid does
not wet the material surface of the incline. A slot exit gap dimension

25 matches the flow rate and fluid properties in a manner to avoid the
instability. The slot exit gap can be less than the critical gap where the
critical gap is given by equation (1):

_ 62547 N2
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where Mis the liquid flowrate per unit of width neasured in gn sec-cm
The exponent a is an expression defined in equation (3) as follows: a =
0.981 + 0.3406 log N err] (3) The viscosity of the fluid may
be easily determined fromits 10 characteristic curve at the apparent
shear rate ef f wiosmassgt the slot exit. Figure 3 illustrates tIrOIUSOSMBIN
types of viscosity curves. Curve 1 exenplifies a Newtonian |iquid where the
viscosity is invariant with shear rate. Curve 2 exenplifies a so called
“power | aw' fluid where the logarithmof the viscosity is a |linear function
of the | ogarithm owheleSiétha sidbgap inem, pisthelfluid viscesitymeasured inpoises p
|iquid where the viscosity varies in a known buf nore conplicated nanner

Vi th the shear rat i theliguididensfiy measuged i @micsm . RS thmliquid sufface fansie:
shear rate can be %'eﬁgﬁ}eld%n‘éghgfcm oy Mﬁoﬁe\ﬁ&% ﬁﬁ)n'be[' Pé{irlec? where S

denotes the slot gap 1 h cm neasured perpendrcu hes Surfaces at
the slot exit ontoegution(@)i ne pl ane, Wdenotes the width in cmof the slot
opening onto the plane across the width of the die, and Qis the volunetric

flowrate exiti519 fromthe sN-at‘"4M’l’crr[err]/sec. The flow rate exiti(?g) from

broduct 1 not ud: nowbBreLBi%h e auld il iBld 66r GNECRGKN iiinshiedn diReEIMC1
the substrate to bPheempérbntanig antexpp@ssioh défindtbincetiaition(8) a9 Yollowst hr ough

the coating station. The surface tension of thefluid as it exits the slot,
is primarily influenced by tth& &98htO34Q008Net 1 on of the fluid antB) 1 uid

medi um surroundi ng the sl ot ﬁ%‘"g?égﬂy o?wggﬁ%ggégﬁsm, u.éférﬁlﬂ{édaﬁ&nii&

bei ng exposed as it exits the's

PCT/ US95/ 1488010 hecharacieristiciciiree at tivapparentshidetrateheffdttive artias siotexit.
I medi ately after new surface is fornmed. The nethaod of flowing a fluid from
a slot onto an incFigHee 3 #lustratastheeescommon tyRes of visgasity cueras. JpuieIl1 be

clarified by the fgoldNifad PNEKRINMIPRquid where the viscosity is invariant with shear
rate. Curve 2 exemplifies a so called “powerlaw” fluid where the
logarithm of the viscosity is a linear function of the logarithm of the shear

15 rate, and curve 3 exemplifies another liquid where the viscosity varies in a
known but more complicated manner with the shear rate. Even if the
fluids are non-Newtonian, the apparent shear rate can be directly
determined from equation (4):

y = 6Q/WS? | 4)

20 where S denotes the slot gap in cm measured perpendicular to the slot
surfaces at the slot exit onto the incline plane, W denotes the width in cm
of the slot opening onto the plane across the width of the die, and Q is the
volumetric flow rate exiting from the slot in cm>/sec.

The flow rate exiting from the slot is chosen to meet the

25 desired characteristics of the coated product, including final wet coating
caliper on the substrate, the width of the substrate to be coated, and the
speed of the substrate moving through the coating station. The surface
tension of the fluid as it exits the slot, is primarily influenced by the
chemical composition of the fluid and fluid medium surrounding the slot

30 exit. Since new fresh fluid surface is being exposed as it exits the slot,



Exanple 1 This exanple is best understood by referring to the slide curtain
coating die shown in the Figure 2 which shows a coating station 10 that
can be inproved using this invention. The sTide die 10 was nounted so that
Slot 18 was oriented at a 25[err] angle fromhorizontal. A layer of Mbil 1

, SW 30 mayghgishe manuf actured by the Mbil G| Corporati eerrisodiagseYOr K,
New York was applied as a contamnant to create non-wetting surfaces on the

incline faces 22, 24. 15 The test fluid 32 used was tap water fromthe

water was sapeeioberaitiacSdehaiis bt Hich baRessird ieidBbaRters (oo a |
vacuum degassi gy saface isdormedr at ed at a pressure of 115 mm of nercury

absolute. The water flow rate was measured both entering and 20 |eaving
t he vacuum degassi ng vesE@ mgthad effiowing & fluid frompa sinttonte agdncline. These

wer e nodel 13 ; LS asgd from t he Brooks
I nst runment @%@ﬁﬁﬁ%%&aﬁ?’h@It@ﬁ'&aﬁiﬁgblr@gﬁfaﬁ'&ﬁ?@%f@\ﬁ'Pp%%nphe vessel
was punped 8oy examiplgs.essi ve cavity punp 42 nodel 2L3SSQ AAA, Moyno[err]
punp of the Robbins & 25 Meyers Corporation of Springfield, Chio. In order
to obtain a vacuum seal through this punp, it was run in reverse of its
normal operation. That is, its rotor M’éﬁted opposite of the standard
direction and water was punped fromt m vessel through the nornal

Moyno[ err] di scharge porThis ekampleisibeet ahderstovd By ieférrng'th e Shidsl openi ng.
Fromthe punp, 30, the water flowed through a one-liter sealed surge tank
44, through a qurtain coatinggie shownspdhe Figure 2 which shows a coating station

coat i ng_cite. 107ebedrbe ffora @A Tihn iiiofenfotf i SR B fwaR iRy, "
throttling valseethat sioh®8 wascdrienmeéd ata @5° angle! fromiorizaatalm vessel wat er

di scharge flow rate was contro]led, b¥'{‘)t he ﬁeed of rotation of the
Moyno[ err] punp and nonif iByeGOEMoBi) 1MW 30 metaroil manutactyred by the g

operation the \iglifdil'ddrPoratibh ofNew York, New York was appiied as a

contaminant to create non-wetting surfaces on the incline faces 22, 24.

15 The test fluid 32 used was tap water from the municipal water supply
without any surface tension modifying additives. The water was supplied
through a throttling vaive 34 and flow meter 36 to a vacuum degassing
vessel 38 operated at a pressure of 115 mm of mercury absolute.

The water flow rate was measured both entering and

20 leaving the vacuum degassing vessel with two identical rotometers 36,
40. These were model 1307EJ27CJ1AA, 0.2 to 2.59 gpm meters
purchased from the Brooks Instrument Corporation of Hatfield,
Pennsylvania. The flow from the vessel was pumped by a progressive
cavity pump 42 model 2L3SSQ-AAA, Moyno™ pump of the Robbins &

25 Meyers Corporation of Springfield, Ohio. In order to obtain a vacuum seal

through this pump, it was run in reverse of its normal operation. That is,
its rotor was rotated opposite of the standard direction and water was
pumped from the vacuum vessel through the normal Moyno™ discharge
port, through the pump and out from the feed opening. From the pump,
30 the water flowed through a one-liter sealed surge tank 44, through a fine



mmanual |y adjusted with the throttling valve to match the indicated
di scharge rate. The filter _used was a disposable filter capsule. This was
purchased fromthe Por ous Medi a Corporation of St. Paul, Mnnesota, and it
was identified as part nunber DFC1022Y050Y, rated for 5 mcrons. 10

Vacuum t o t he wi@gs3896Ng vessel was supplied by a water ring VIECEAUSYSMSB),
nodel IMHC-25 fromthe Nash Engi neering Corporation of Downers G ove,

Il'linois. After first setting the water flow rate to obtain a continuous
11 bbon of fluid flow out of the slot and down the incline face 24, the
wat er flow rate {ilter 48, throughithe discharge rtomgterantdsintothet domtingldi@e101 The

Cent 1 meters.  The Mgk pllechs Fprualy adiiefai A BR6 BrneJakie & tadet o~
Engi neers HandboedtonfEtér inlkt. Thevatubi vissel ﬁg{é;g%gggggecﬂ?vgﬁgt\%e G aw H I,

New York. The surface tension was neasured as density as
1.0 gmcnierr]. Thatroliadby thespees ofrotatiop ca‘dheMMD“Tlpemp and mttﬁr-‘éd/vas

inclined at h t b | ot exit
Gap 23 betviech ¢ B8t SiscBats folog @Y Difing Brer b tie jalek How Tole Wit o o
0.102, 0.052, 0. ﬁ?a'huaﬁ¥ Qajlstet with the ﬂﬁbﬁlmgevav@ﬁs Fr@téf%e%d&ﬁiéd ng the sl ot

gap, then varylng low rate. In this manner, the critical gap
cal cul at ed from dischaigeate;nThe filtesusas ywas @dﬁsm&able filter.capsylep . Tﬁ‘hwas

presence of mult ban h at,.t ot exit
was obser ved. Théa{ci‘#&?@ﬁﬁ%"&&ﬁh@&@@ qrﬂgraglpg qf‘#éﬁ!' aw. @‘5‘? » The
resul ts are presgnditdvasidéntified ds part (MBS 356 9622Y050Y, rated for 5 microns. .
PCT/ US95/ 14880 Table 1: Conparison of fluid ri bbon wi dths at the exit

slot with cri@i cé(acwm tathe degassing vesselwas suppligdibysa emter ring wacumm

fromequ 1 R MeBriO-28 oy ¥ Nesp Exfiineati Corporation of -

VATI ONS (cc/ mi n) DoMereGmm {llinois.( Auter first setting the water flow rate to obtain a
continuous ribbon of fiuid flow out of the siot and down the incline face
24, the water flow rate set at a series of differing rates and the ribbon
15 observed. This was done with several die slot gaps and a slot width of
25.4 centimeters. The water viscosity was estimated based on Perry's
Chemical Engineers Handbook, 4th ed., Perry et al, Table 3-267, p. 201,
McGraw Hill, New York. The surface tension was measured as 70
dyne/cm and the density as 1.0 gmlcm"‘. The water temperature was
20 11°C. The die face 24 was inclined at an angle of 65° from the horizontal.
' Distributing slot exit gap 23 between the plates 22, 24 was set at four
values for this example: 0.102, 0.052, 0.081, 0.027 cm.
The tests were performed by setting the slot gap, then
varying the flow rate. In this manner, the critical gap calculated from
25 equation (1) is compared to the actual gap. The presence of multiple
ribbons or a diminished ribbon width at the slot exit was observed. The
test fluid would not wet the die incline surface. The results aré presented
in Table 1.

10



iess) a 5034 . 0073 . 402 . 081 Positive Ful |

slot_ width ribbon a 2252 _. 0033 . 040 . 081 Negat i ve
Full slot width ribbon a 1893 . 0028 . 030 . .081
Negati ve Ri bbon wi dth reduced to 24 cma 1552 . 0023 . 022
. 081 Woosh3see Ri bbon wi dth reduced to 20 cm a PCTIVB98/14880 - 0010
. 006 . 081 Negati ve Ri bbon wi dth reduced to 18 cma 575
. 0008 . 005 . 081 Negat i ve Ri bbon wi dth reduced to 8 cmb
5053 : . 0058 . 150 . 102 Posi tive Full slot width
ribbon b = TRHHé1: Corfipdrison of ﬂuid ﬁBBon widths B0 the exit shie avithi ¢ritical sibu! |
slot width ribbon b 2082 . 035 . 102 Negati ve
Ri bbon wi dth reduced t@apoawhsactualm» . 0017 . 020 . 102
Negat i ve Ri bbon wi dth reduced to 18 cmb 1012 . 0012 . 011
. 102 Negati ve Ri bbon wi dth reduced to 14 cmb 550 . 0006
. 005 1 T VELOT  |N GRIGOAL | 313
. 0004 . 1PPAPILLARY Ne g 8APve Ri bpon wi dt h reduced tof 5 cmc
3823 . POUMBER - | flomBqu. 1 wi dt h
ri bbon c 01 Nea . 048 Ful |
slot width ri {sfimension- @27 Negati ve
Ri bbon wi dt h D4 1838 505 . 027
Negati ve Ri Bbon #Ath 0073 402 081 Positive Full slot width
ribbon
a 2252 .0033 .040 .081 Negatlve Full slot width
ribbon
a 1893 0028 030 081 Negative Ribbon width
reduced to 24 cm
a 1552 0023 022 .081 - Negative Ribbon width
reduced 10 20 cm
a 683 .00.10 006 081 Negative Ribbon width
reduced to 18 emL
a 575 .0008 005 081 Negative Ribbon width
reducedto 8 cm
b 5053 0058 .150 102 Positive Full slot width
ribbon
b 3520 0041 082 .102 Negative Full slot width
ribbon
b 2082 0024 .035 102 Negative Ribbon width
reduced to 20 cm
b 1438 0017 .020 102 Negative Ribbon width
reduced to 18 cm|
reduced to 14 cm
b 550 0006 005 .102 Negative Ribbon width
_ reducedto 9 cmj
b 313 0004 002 102 Negative Ribbon width
reduced to 5 cm
c 3823 .0168 .094 .027 Positive Full slot width
ribbon
c 2536 0111 .048 .027 Positive Full siot width
ribbon
c 625 0027 .006 027 Negative Ribbon width
reduced to 24 cm
c 505 .0022 004 027 Negative Ribbon width
reduced to 24 cm

11



yeduced to 24 cm WO 96/ 23596

PCt / US95/ 14880 SLOT SLOT _CRITICAL ___SLOT _DI.FFERENCE CAPI LLARY
GAP Case  FLOW NUMBER - fromequ. 1  GAP critical- actual OBSER- -
Nca VATI ONS (cc/ m n) (di mensi on-
(cm (cm woessRssee 175 . 0008 . PLTrUs9s/Ndepat | ve
Ri bbon width reduced to 21 cmd 4731 . 0109 . 135 . 052
Positive Full slot width ribbon d 3709 . 0086 . 090

: 052 Positive : ; SOrar

.076 . 052 1249

. 0029 . 016 pd bespre Cip d
650 . 0015 dtvariongucdd to

22 cm |t has beel

F ndidhs | aDidnhyt Y Jof edye] fluid ri _Jbon i ssui g
froma slot onto pl agey sprface iq likely to be pfevented iff the

slot gap i s chossg 7 ST 15668 110 0B VET Dgart 1€ NEdatve A M

equation (1). In 5% this first exanple, there is a direct cqid.baidgsice
bet ween  critical |gap, t?ﬁa act uahwgap and13 he sl gng exi g, %{iv%w instability. As
noted in colum di ¥ of t abl & 2 wheneve? the UITfer eRTE bet Vsl ot
critical gap mnygs the actual gap is positive, the instability i BB, i ded.
Whenever the diffledence 38t weenfie crit¥al gaP®ni nuSosE actrubbiotgdmth i|s
near zero or negdtive, 10 the instability usually produces an fifant dd
narrow ng of the jridobonass fl| ui.007ds it e0Bts t he52s| ot Poditvese rlsigesdmnijdt h
ri bbons were oftdgn observed to bifurcate as tinme passed, often rrdpmat edly

produci ng d 1249 .0029 016 052 Negative Ribbon width
reduced to 25 cm
d 650 0015 .006 052 Negative Ribbon width

reduced to 22 cm|

" it has been found that the instability of the fluid ribbon issuing from a slot
onto an incline planar surface is likely to be prevented if the slot gap is
chosen to be less than that given by the critical gap from equation (1). in

5 this first example, there is a direct correspondence between critical gap,
the actual gap and the siot exit flow instability. As noted in column six of
the table, whenever the difference between the critical gap minus the
actual gap is positive, the instability is avoided. Whenever the difference
between the critical gap minus the actual gap is near zero or negative,

10 the instability usuaily produtes an unwanted narrowing of the ribbon of
fluid as it exits the slot. These reduced-width ribbons were often
observed to bifurcate as time passed, often repeatediy, producing
multiple ribbons on the incline.

15 Example 2

This example is best understood by referring to the slide
curtain coating die shown in the Figure 2. The slide die 10 was mounted
so that the siot 18 was oriented at a 25° angie from horizontal. A layer of

12



qmultiple ribbons on the incline. 15

Exanple 2 This exanple is best under st ood by referring to the slide curtain
coating die shown in the Figure 2. The slide die 10 was nounted so that the

slot 18 was oriented at a 25 angle fromhorizontal. A layer of 12 WO
96/ 23596 w0 9623596 PCT/ USOpCtroBssnaddobi | 1
[err], 5W30 notor oil manufactured by the Mbil G| Corporation of New
York, New York was applied as a contam nant to create non-wetting surfaces
-on the incline faces 22, 24. The slot test fluid 32 used was m xtures of
glycerin and pobilwa® eSWE3® Mdtbroilmantfatibreddiycthe Mobil Oil Tovpblhatioh ofny
surface tension nodifying additives., The glycerin-water m xture was

suppl i ed at rNew YerkpNew Yok was applied as acopfaminaptieseregte san-wetting The
vacuum degassy S ab,a | . degassi ng
was necessar yé%%gtﬁg‘g%ﬁnc%agéggsz ! ?ﬁe?ﬁ%&?@%ﬁ%@é?&g e?a‘{'%gr)al | y degas
wi t h exposur emibutescofaflyoesintanid-taprwater froanthé(muniicipat watdrsupply ot t | i ng val ve

34 and flow meter 36 were not used; the vessel 38 was filled with the

ni xt ure bed or witheuwt:anygurfacedension meadifying.additives.| The glvserio-waler wet t he die

I nclined surf T : | ' { 1, with the
addi tion that %’%@ﬁ%éﬁ?@% %*E'SQW@F?‘?%{‘ @%gﬁﬁa’%@b% tgglacéﬁg%'e during 15
the investi gayéssel 389The vacubnsdegassimsvessel 88 operated at atnospiwericed. The

tests were perforned, and the critical gap cal cul ated fromequation (1) was

conpared to tPEes§eteyNC gagassing wasgincessalyauith these mixtyres asdheywere was
noted. The re I\ | of fluid
at the sl ot eé(lHﬁequ ﬁé&v&am%gg \*'ﬂ.'a%ﬂﬂjsl%rgts? Eﬁéeavé'{ ﬁh?ée@é%ﬁﬁ%st ation of
50 the sit ﬁesisbl.fTbthh' rottling)valrlew mdéwlrr]rhetefwmr_e n6¥ Iused!;_tl::er r gjslo_ondenzg
etween critica , t ctua ap . and the slot exit ow instability.
noted in col uYﬁFs??Sg wFéBﬁ@ ?!'%‘\M"G%E&gfmt%’&itﬁ@?%nwmﬁéﬁﬁ%?s&i tiycal
gap m nus t hepagiastid ABPwbEtheis indified sUffakgst abi ity is avoi ded. Wienever

the difference

The test procedures were identical to Example 1, with the
addition that the concentration of the glycerin was also changed during
15 the investigation. Again both slot gaps and flow rates were varied. The
tests were performed, and the critical gap calculated from equation (1)
was compared to the actuat gap. : The ribbon appearance at the slot exit
was noted. The results are presented in Table 2. The flow of a ribbon of -
fluid at the slot exit of a width less than full slot width is a manifestation of
20 the slot exit flow instability.
The table shows a direct correspondence between critical
gap, the actual gap and the siot exit flow instability. As noted in column 7
of Table 2, whenever the difference between the critical gap minus the
actual gap is positive, the instability is avoided. Whenever the difference
25 Dbetween the critical gap minus the actual gap is near zero or negative,
the instability produces an reduction in the ribbon width.

13



25 between the critical gap minus the actual gap is near zero or negative,
the instability produces an reduction in the ribbon wdth. 13 WO

96/ 23596

PCT/ US95/ 14880 TABLE 2: Conparison of fluid ribbon widths with critical
slot gap and awowessss ot gap for glycerin-water SLOT Vi scosiRGI/USOS/MASSE Y
Surface CRITICAL SLOT Dl FFER- GAP ENCE FLOW (poi se)
(g/cc) Tension fromequ. 1 GAP (critical OBSER- VATI ONS (cc/ sec)
dyne/ cm (cm écn) actual) 53.3 117 1.13 52.0
288 .102 TABidsRt i v&onmparisoslof fluid tihborrwmlﬂwwﬁﬁ cfitical sldt'gap and 11%;,
52.0 . 151 . 102 Posjtive slot vmdth ri bbon 2.3
1.13 52.0 . 005 3“9386@&93 Kﬂgé yeefin-water\y gt h reduced to 23 cm
80.0 ~ .117 1.13 52.0 . 517 . 082 Positive Full slot
- width ribbon 33. gl 113 . . 082 _
Positive Full s|&OWi|dYisrosity jfisosily 3 Sgrface | CRITICAL T 1B DIFFEB2 JO Jo05
. 082 Negati ve {dt h reduce JJL1ENCE }1. 13 52.0
. 149 . 053 | FLOW(sipbisey.d] (drea) I| Tedsb YA B. @ritical - 10BSER- |1 13
52.0 . 149 .27 Posi {i ve width ri bb_oj; ‘éﬁ"?&‘sL . 057
1.12 50.9 (ca/skb) - 027 dynese§S1 ey © | Fihy) B! Qhrdlyf §t h ri bbgn
533 117 1.13 520 = .288 102 Positive £ 1ot wicth
ribbon
336 17 1.13 52.0 A51 102 Positive £ 1 <iot width
ribbon
23 117 113 52.0 005 .102 Negative Width
reducedtozak
cm
80.0 17 1.13 520 517 .082 Positive £y 1ot width
ribbon
333 A7 1.13 52,0 148 .082 Posilive . o101 width
fibbon
23 17 1.13 52.0 .005 082  Negative Width
reduced to 23|
cm
333 M7 113 520 .149 053 Positive L. siot widthl.
ribbon
333 117 113 52.0 149 027 Positive L 1 ot width]
ribbon
335 057 112 50.9 .100 027 Posilive L . <ot width
tibbon
352 033 1.08 56.3 067 027 Positive Full slot width
ribbon
5

Example 3

The apparatus of Example 2 was used but the die slot and
incline surfaces were covered with polytetrafluoroethylene to create non-
wetting surfaces on the inclined faces 22, 24. The slide face 24 was

10 inclined at 60°. The fiuid 32 used was mixtures of glycerin, ethylene
glycol and tap water, and the composition was varied to obtain viscosities
rangihg from 0.01 to 2.5 poise. Slot gaps and fluid flow rates were varied

14



.35.2 . 033 1.09 56. 3 . 067 . 027 Positive Full slot
width ribbon 5 Exanple 3 The apparatus of Exanple 2 was used but the die
stot—and inclrine surfaces were covered wi th pol ytetrafl uoroethylene to
‘create non- wetting surfaces on the inclined faces 22, 24. The slide face
24 was 10y, o ycned at 60[err]. The fluid 32 used was m ¥tI0S95/19880

gl ycerin, yl'ene glycol and tap water, and the conposition was varied to
obtain vi SCOSItIeS ranging from0.01 to 2.5 poise. Slot gaps and fluid fl ow
.rates were varied 14 WO 96/ 23596 _

PCT/ US95/ 148%0 aaxoespartthepangebéﬁeangldsammwas)ﬁwmﬁm sThé 0.05 to 600.

mixt e wae SApHiARGRumBer ks ine s ex owvaiea i 094 ﬁéo?figéis?'nSS'veZQQ
38. In everyn‘ﬁﬁﬁﬁe%é@ﬁne&'aﬂ&%ﬁefﬁlﬁr@ﬂh&ﬂb%&h%é d6hadthig 5 surface.

In this exanple the critical flowrate for a set gap was ned by
starting at a~ebsei38.|lovevesry casethetest fluid would nghweathedlbundmedpon r educi ng
the flow, _at point the ribbon of fluid exiting fromthe slot began to
be reduceé |ﬁ“%§?'h or the ribbon separated into one or 10 nore ribbons.
This set of conditions s ak8fh mﬁuﬁg;ﬁmrgﬁ%ﬁ sehjapwage exit flow

becane unstable. Curve A of Fi gure shows a good correlation is obtained
bet ween t he ¢eterminechbyistasting aba mgn;ﬂawwatetfprargmn siotigamandfiuid.cal gap

redicted b ation. . critical f ound.. t hat related to
Pluta 1s pr fpbitenlinghe g’ Al b8 ndisting Hbna ot shit Plitnd Bpw el *« ne
slot exit flguwtibaghAle bbtréduéed)frﬂﬂltﬁ er ﬂ@hﬁbon%ed!rhﬁd%ﬁ%né beid f | ow ,
instability regions it is best to avoid them de margins. Therefore, it

i s pref elBed maseuibbopspJhisrset ofconditions was used ©. daﬁnerthe gapatavhich cal , and
most prefer %ex:?ﬂéﬁ%e%%ﬁ?e SARLbIE! A8 AofriGliE s shbis & dddda! (curve B of

Figure 4).

correlation is obtained between the experimental gap for instability onset
and the critical gap predicted by equation (1).
A critical gap has been found that is related to fluid

15 properties and flow rates. If gaps near critical are used, the slot exit flow
instability is prone to occur. As with other fluid flow instability regions it is:
best to avoid them by wide margins. Therefore, it is preferred to use gaps
that are smaller than 0.8 times the critical, and most preferably to use
gaps smaller than 0.5 times the critical (curve B of Figure 4). Many

20 modifications may be possible. For example, one may use compound
slots that are large in the interior of the die but change to a narrow gap at
the slot exit. Additionally, slots that have obstructions partially filling the
gap at the exit such as a wire stretched across the width of the gap in the
slot exit so as to restrict the gap is a modification which falls within the

25 scope of this invention. Other means of restricting the gap opening,
raising the fluid slot velocity at the exit, locally changing the fluid density,
viscosity or surface tension at the slot exit are within the scope of this

invention.

15



20 nodifications may be possible. For exanple, one may use conpound slots
that are large in the interior of the die but change to a narrow gap at the
slot exit. Additionally, slots that have obstructions partially filling the
gap at the exit such as a wre stretched across the width of the gap in the
slot exit so agobénasestrict the gap is a nodification which fptlnesesiiagsen
the 25 scope of this invention. OQther neans of restricting the gap

opening, raising the fluid slot Ilr xit, locally changing the
fluid density, viscosity or surfmumumﬂﬂ“ Iﬂme slot exit are within the
scope of this i nGLAIMS. WO 9623596+ "
PCT/ US95/ 14880 CLAI MS 1. A nethod of flowing a fluid froma slot 18 onto
an incline planar surface across the entire width of the slot wherein the 5
- capillary nunber is |ess than 0A%M%W¢aﬁhﬂﬁbM‘£s@¢8Mawt the

I ncline planar surface conprising the steps selecting a slot exit gap S
which is |ess thmcllpernlqnams@rfece;ap@ssﬁbegnate width pﬁthﬁﬁlobwhgrmmmeﬂ ui d

o e er 11 r  FapUBpFBleBer 1§ ek e o0& abi et e B 0% bt et tngy or
s the Reynol ds rhaﬁhgrpmgrlsoqac@mﬁ{p%ﬁgtﬁe%‘{ga@ﬂ where Mis the fluid

flowrate per unit of wdth neasured in gnisec-cm and a is an expression
defined as 0.981 + 0.3406 Belgcting:asjot exit@ap Swhich istlessthand t hrough the
slot exit. 15 2. The net hg Q;V claiml1l wherein the selecting step
conprises selecting a slot ng gap S which is less than 0.8 times [err] 20
3. The nmethod of 1 wherein pdie step of flowing the fluid conprises
flowing a coating fluid for use in a coating process, 4. - The method of 1
wherein the flui whete 8rs the sighgap in em, uis sthe fuidyissosity measuyred in Roisiin

metal, a mol T snt?me%rnl& Seﬁﬂyt megsunf%tlﬁ Bmlcm . ¢ is the fluid surface tension
measured in dyne/cm, N,, is the Reynolds number defined by N,, = 4M/,

where M is the fluid flow rate per unit of width measured in gm/sec-cm,
and a is an expression defined as 0.981 + 0.3406 log N,.****; and
flowing the fluid through the slot exit.
15
2. The method of claim 1 wherein the selecting step.
comprises selecting a slot exit gap S which is less than 0.8 times
62512 N® |
T .

20 3. The method of 1 wherein the step of flowing the fluid

comprises flowing a coating fluid for use in a coating process.

4, The method of 1 wherein the fluid is one of water, a
latex, a water solution, a liquid metal, a molten inorganic salt, a molten
25 organic material, a supercritical fluid, a liquid mixture, and an organic
liquid.

16



25 organic material, a supercritical fluid, a liquid m xture, and an
organic liquid. 16 WO 96/ 23596 5. The nethod of claim1 wherein the
fluid conprises materials responsive TO at | east one of el ectronagnetic
fields and el ectronmagnetic radl ation. 6. An apparatus for
f1owi ng a vwosézssée om a sl ot 13,""'““'“""3“ pl anar sur perosssnugyes t he
entire wdth of the slot whil luid fromwetting the
incline planar surface conprising® ftrst ahd *second pl ates spaced from each
other to forma slot having an exit gap through which the fluid can flow,
wherein the slot 10 ex®t gaﬂ'hemethbddclamrﬁ Whergjin thiecfluid Somprises sl ot gap

d the fluid
densi 1y meas AR NS Bl ipes! oPe of SREramadPETIME R ensi on neasur ed
in dyne/cm blectromdthetie¥adibfion.nunber as defined by 15 Nerr] = 4MJerr],

where Mis the fluid flowrate per unit of width neasured i-n gmsec-cm and
a is an expression defined as 0.981 + 0.3406 log Nerr] 7. The appar at us

f clai wh t hegsl ot 0.04. 8.
She hapar 8t uecor 01 a1 o83 onARHbrardtbs 16 fowing Xid BBE 2 sBt I8 O 8
coating die, wﬁﬂde\d@fawsurfabéa&dsbdhe%nﬂréﬂﬁth BetHe Mbﬂuﬁﬂ@pf'éﬁnﬁﬁg‘t' ng die

Is one of a slide, curtain, or extrusion coating 25 die
the fiuid from wetting the mcllne planar surface comprising:

first and second plates spaced from each other to form a
slot having an exit gap through which the fluid can flow, wherein the siot
10 exitgap S is less than
6.25uN"
po
where S is the slot gap in cm, p is the fluid viscosity measured in poise, p
is the fluid density measured in gm/cm?®, o is the fluid surface tension
measured in dyne/cm, N,, is the Reynolds number as defined by
15 N, = 4M/p, where M is the fluid flow rate per unit of width measured in

gm/sec-cm, and a is an expression defined as 0.981 + 0.3406 log
N, 03406
re .

7. The apparatus of claim 9 wherein the slot has a
20 capillary number iess than 0.04.

8. The apparatus of claim 9 wherein the slot and
surface are parts of a coating die, and wherein the fluid is a coating fluid
and the coating die is one of a slide, curtain, bead, or extrusion coating

25 die.
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