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ABSTRACT:

An orifice flowmeter was used to measure the extensional viscosity of several non-pigmented fluids and paper
coating colors containing calcium carbonate as pigment in the context of a jet coating application. The orifice
flowmeter was first calibrated in terms of a dimensionless Euler number versus Reynolds number curve with
Newtonian fluids. The calibration curve was then used to determine the apparent extensional viscosity of coat-
ing colors. In the strain rate range investigated, all the fluids were found to exhibit strain-thinning and the Trou-
ton ratio of the coating colors was in the range 5 to 20. Jet coating tests were also carried out in order to evalu-
ate the effect of the extensional viscosity on the jet performance. The extensional viscosity was shown to be a
key parameter determining the configuration of the downstream meniscus in the web contact region.

ZUSAMMENFASSUNG:

Ein Diisenrheometer wurde benutzt um die Dehnviskositat von mehreren nicht pigmenthaltigen Flissigkeiten
und Papierfarbbeschichtungen mit Kalziumkarbonat als Pigment in Bezug auf die Jet-Beschichtungen zu unter-
suchen.DasRheometer wurde zunadchst mit newtonschen Fliissigkeiten mittels der Auftragungvon Euler- gegen
Reynoldsnummer kalibriert, so dass im Anschluss die scheinbare Dehnviskositat der Farbbeschichtungen be-
stimmt werden konnten. In dem untersuchten Dehnratenbereich zeigten alle Proben ein scherverdiinnendes
Verhalten mit einem Troutonverhaltnis von 5 zu 20. Den Einfluss der Dehnviskositat auf die eigentlichen Jet-
Beschichtung wurde in Folge untersucht, wobei gezeigt werden konnte, dass sie der Schliisselparameter zur
Kontrolle des Ablésemeniskuses von Substrat ist.

RESUME:

Un rhéométre a orifice a été utilisé pour mesurer la viscosité extensionnelle de plusieurs fluides non pigmentés
et de sauces de couchage prépareés a base de carbonate de calcium dans le cadre d’une application de couchage
par jet. Le rhéometre a orifice a été tout d’abord étalonné en utilisant une courbe du nombre d’Euler en fonc-
tion du nombre de Reynolds avec des fluides newtoniens. Cette courbe d’étalonnage a par la suite été utilisée
pour déterminer la viscosité extensionnelle apparente des sauces de couchage. Dans I'intervalle des vitesses de
déformation étudié, tous les fluides ont montré une rhéofluidifiance en extension, le rapport de Trouton des
sauces de couchage étant compris entre 5 et 20. Des essais de couchage par jet ont été aussi menés dans le but
d’évaluer I'effet de la viscosité extensionnelle des sauces de couchage sur la performance du jet. Il s’est avéré
que la viscosité extensionnelle est un paramétre clé déterminant la configuration du ménisque en aval de la
région de contact sur le substrat.

Key worbs: Extensional viscosity, orifice flowmeter, entry pressure method, coating color, jet coating

© Appl. Rheol. 14 (2004) 240-250 DOI: 10.1515/arh-2004-0013



INTRODUCTION

e paper coating processisacomplexprocedure
at involves a paper web, a coating liquid and a
tering device. The aim of coatingis toimprove
e optical and printing properties of paper by
plying a thin liquid film onto its surface. In
st coating operations, the control of both the
ckness and the uniformity of the coated liquid
M can be achieved using blade, roll and nozzle
vices. Coatingliquids also called colors are con-
ntrated aqueous mixtures of dispersed miner-
or synthetic particles (from 50 to 70 wt%),
ders, dispersants, thickeners and other addi-
es [1]. Interactions between these various
sredients are known toresultinacomplexrhe-
gical behavior [2].

The non-Newtonian behavior of coating
lors depends also on flow kinematics during
> application process and their deformation
tory. From a processing point of view, the
owledge of their rheological behavior and the
ntrol of this rheology are of practical interest,
pecially the relationship between the rheolog-
| properties and the ability of the fluid to coat
a moving paper at high speed.

Jet coating is considered a promising
“hnology used as an alternative to traditional
oded nip, roll or blade coating. It can be per-
‘med at speeds reaching 33 ms™[3, 4], yielding
formation rates up to 104 s™. In this coating
eration, the coating color is transferred to
per by means of a nozzle (see Fig.1). As soon as
e liquid jet impinges onto the paper web, it is
read on its surface as a pre-metered thin film.
e thickness of the coated liquid film,Tg, is con-
lled by the flow rate fed into the nozzl(e, which
fines the jet thickness,T;. The liquid flow in the
plication region, and therefore the quality of
= coated liquidfilmis strongly affected by oper-
ng conditions, mainly the web speed, U, and
= jet velocity, V, the liquid physical-chemistry
d mechanical properties, and the nozzle
angement (D and ). The magnification of the
plication region shown in Fig. 1 illustrates the
evantcharacteristics ofthe jet field flow. There
> regions of low deformation rate, in the feed-
3 nozzle and in the coated liquid film, and
sions of extremely high deformation rate near
e wetting contact line and over the down-
eam meniscus. In the nozzle, a combination of
ear and extensional flows is developed. In the

Wetting contact line

H Coated fim
[

- T,
Meniscus

Upstream Downstream

Free jet

/

coated liquid film, where plug flow is reached,
the deformation vanishes. The flow close to the
free surfaces is dominated by extension, then for
a given paper speed, the downstream meniscus
will exhibit different configurations according to
the extensional properties of coating liquids. As
shown in Fig. 1, i.e. a liquid having a low exten-
sional viscosity will promote an increased curva-
ture of downstream meniscus.

Because extensional flows strongly ori-
ent polymer molecules and non-symmetric par-
ticles, regions of extensional flow in jet coating
process can have a strong effect on film applica-
tion and final product properties [s5], i.e. jet sta-
bility and stretching. Particles orientation could
also have an effect on the printing properties [3].
Indeed, in extensional flow, the preferred mole-
cular orientation is in the direction of the flow
field because there are no competing forces to
cause rotation as in shear flow. Hence, exten-
sional flow will induce the maximum stretching
of the molecules producing a chain tension that
may result in a large resistance to deformation
compared to shear flow.

Although the extensional viscosity is of
fundamental importance for a variety of coating
phenomena, the attention has rather been
focused on the shear viscosity and viscoelastic
properties of colors and suspensions. At present,
no simple experimental technique exists to
quickly and accurately measure the extensional
viscosity of suspensions. Several innovative tech-
niques have been developed for polymer melts
and solutions [5]. However, the extensional
properties have been difficult quantities to mea-
sure at high extensional rates.

The use of entry flows appears to be a
good alternative when the fluid is submitted to
strain rates larger than 1000 5. The pioneering
analysis of converging flow developed by
Cogswell [6] is perhaps the most robust tech-
nique followed by the similar energy balance

Figure 1: Magnification of
application region.
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Figure 2 (left): Schematic
diagram of the orifice
flowmeter.

Figure 3 (right):
Orifice plate.

minimization method of Binding [7]. The
Cogswellmethodis based onthe simpleideathat
the converging flow into an orifice has a strong
extensional componentandthatextensional vis-
cosity and extension rate can be calculated from
entrance pressure drop using simple analytical
expressions.|tcanbeapplied equally welltoboth
high viscosity polymer melts and low viscosity
polymer solutions.

Little information has been found on
entry flow measurements for concentrated sus-
pensions and coating colors. Isaksson et al. [8]
evaluated the extensional properties for coating
colors containing a blend of kaolin and calcium
carbonate using a converging channel. Coating
colors having an average solids content of 6owt
% exhibited a strain-thinning at strain rates
lower than 2000 s™. Della Valle et al.[9] used an
orifice flowmeter for measuring the extensional
viscosity of clay suspensions dispersed in aque-
ous polyethylene glycol having a solids content
of 50, 55 and 60 wt%. They found that the exten-
sional viscosity was constant for the three sus-
pensions investigated, but 12 to 16 times larger
than shear viscosity in a strain rate from 10 to
1000 s71. O’Brien and Mackay [10] measured the
extensional viscosity of kaolin pigment suspen-
sions (71wt% solids content). They found that the
strain-thickening became apparent at rates of
1000 s71. The ratio of the extensional to shear vis-
cosity was found to have values of the order of
50to100.Ascanio et al. [11] found a Trouton ratio
between 4and 36 for coating colors based on clay
at strain rates ranging from 1000 to 10000 s™.
Depending on the coating color composition,
extensional viscosity decreased or increased

with increasing stain rate, and then leveled off at
large strain rates.

The objective of this work is to investi-
gate the extensional viscosity of typical paper
coating colors at high strain rate, in conditions
similar to those encountered in the jet coating
process. Because extensional deformation dom-
inatesthejetflowintheapplicationregion,these
data are used to elucidate the effect of exten-
sional properties of the coating liquids on jet per-
formance. The orifice flowmeter technique was
usedtomeasure the extensional viscosity of non-
pigmented fluids and coating colors formulated
containing calcium carbonate as in Ascanio et al.
[11]. This method is based on the analysis of the
extensional and simple shear components of the
converging flow through a small size orifice and
allows calculating the relationship between flow
rate and pressure drop.

2 EXPERIMENTAL

2.1 MATERIALS

As shown in Fig. 2, the orifice flowmeter consists
of twoidentical reservoirs separated by an orifice
plate. The reservoirs are cylinders of 76.2 mm of
inner diameter and 1 m long. The orifice plate is
adiscwith 45° converging and diverging sections
which form a hole of 4.34 mm diameter (Fig. 3).
Fluids are pushed through the orifice from one
filled cylinder to the empty one in two-way direc-
tion by hydraulic pistons. The hydraulic system is
driven by three different pumps. The speed of
each pistonis measured by means of a LVDT posi-
tion transducer, allowing an accurate determi-
nation of the flow rate through the orifice (2.5 to
28 x103m3 7).

The operating principle of the orifice
flowmeter is based on the pressure drop due to
the flow through the orifice. The pressure drop is
measured by means of a differential pressure
transducer via small holes bored on each side of
the orifice plate. A computer is used to control
the pumps and collect flow data (the flow rate
and the pressure drop through the orifice). For a
full description of the background to the mea-
suring technique, see Della Valle et al. [9] and
Ascanio et al. [11].



: OPERATING PRINCIPLE

onverging flow of Newtonian fluid, in absence
inertia effects, can be analyzed in terms of its
tensional and simple shear components. The
al pressure drop, APy, for the converging sec-
n can be defined only in terms of shear and
tensional contributions as:

= AP +AP, 0

1ere AP is the pressure drop due to shear flow
d APg is the pressure drop due to extensional
w.

We assume that in the converging
sion, the flow is laminar, locally fully-devel-
ed and at steady state, the converging stream-
es follow the actual cone angle of the orifice
°) and the effect of the radial velocity is negli-
le. Furthermore it is considered that the pres-
re drop is negligible in the divergent section of
= orifice. Then for a Newtonian fluid, the pres-
re drops induced by the shear flow and exten-
nal flow are respectively:

(3)

ere d, and d_ are the diameter at the orifice
d the cylinder, respectively, Q is the flow rate
d u is the shear viscosity of the fluid.

Considering thatd,, << d,, the total pres-
re drop can be then written as:

_22 (320
’ 9“[%6’2)

om Egs. 2, 3 and 4 one can observe that shear
dextensional contributionsrepresent27%and
%, respectively, of the total pressure drop. This
ult is valid for the orifice plate configuration

(4)

used in this work, i.e. for an entrance angle equal
to 45 degrees. The effective strain rate is taken
as half the square root of the second invariant
of the rate-of-deformation tensor, ¥ = V3¢ and
was calculated by Della Valle et al. [9] in terms
of the orifice diameter and the velocity at the
orifice as:

V=291 Yo
Y=29. d

where V,, is the average velocity of the fluid at
the orifice and the value of 29.1 is a geometrical
constant obtained using Metzner and Otto con-
cept [12] to relate the extensional rate to the
shear rate.

(5)

2.3 CALIBRATION

The equipment was calibrated by plotting the
pressure drop-flow rate curve in terms of dimen-
sionless Euler number versus Reynolds number.
The Reynolds number, Re, is here defined as:

_dVp
u

Re

and the Euler number, Eu, as:

AP,

_ T

ospV;

7)

By combining Egs. 4, 6 and 7, the orifice curve can
be described in laminar regime by the relation:

_39m
- Re

Eu
(8)

Eqg. 8 represents the theoretical expression of Eu
versus Re for the laminar regime. This expression
has been verified for Newtonianfluids [9,10] and
by a 2-D flow simulation [9].




able 1: Dried composition
of coating colors

The calibration curve can be used to
determine the apparent extensional viscosity of
non-Newtonianfluids fromthe knowledge of the
pressure drop. In the case of a purely shear-thin-
ning (or shear-thickening) fluid, the shear vis-
cosity in the definition of Reynolds number (Eq.
6) is considered as an apparent viscosity evalu-
ated at the shear rate occurring at the orifice.
Then, relating the shear viscosity to the exten-
sional viscosity by the Trouton ratio (i.e. ng = 3u),
the apparent extensional viscosity can be
obtained fromthe pressure drop using the orifice
curve in the laminar regime (Eq. 8) as:

(9)

Itisimportant to point out that as the strain rate
increases, the inertia effects in the orifice flow
can no longer be neglected and the data need to
be corrected. Accordingto Ascanio, etal.[11], pres-
sureforcesareequaltoinertiaforcesforReynolds
numbers larger than 20, so that Euler number
becomes equal to unity. Hence, the Euler num-
ber used to calculate the apparent extensional
viscosity in this region is corrected as follows:

Eu =Eu-—1
corr (1 O)

Three concentrations of polyethylene glycol (PEG
35 000, Clariant Ltd.) aqueous solutions ranging
from 20 to 30 wt% were used as Newtonian flu-
ids for calibrating the orifice flowmeter. The cor-
responding viscosities were 0.14,0.35and 0.59 Pa

(pph of pigment basis). | s for 20, 25 and 30 wt% solutions, respectively.
Coating color
Ingredients
C55-05 | (C55-1 C65-0 C65-05 | C55-05L | C65-0L
Carbital 90 [pph] 100 100 100 100 100 100
Latex CP620NA [pph] - - 10 10
CMC Finnfix 10 [pph] 1 1 1 1 1 . 1
CMC 7LT [pph] 0.5 I : 0.5 05 |
Solids content [wt %] 35 55 65 65 ‘ 55 . 65
Density [ke m™] 1528 1525 1690 1702 | 1462 1466

2.4 FLUIDS

Two types of fluids were compared in this work:
non-pigmented fluids and pigmented coating
colors. A carboxymethyl cellulose (Finnfix 30,
Noviant Inc.) aqueous solution at 6 wt% having a
density of 1020 kg m=3and an aqueous solution of
5 wt% polyethylene glycol (PEG 35000, Clariant
Ltd) - 3 wt% carboxymethyl cellulose (Finnfix 700,
NoviantInc.) having a density of 1009 kg m3 were
used as non-pigmented non-Newtonian fluids. In
the forthcoming results, the fluids will be denot-
ed by PEG, FF30 or FF700 followed by one or two
digits indicating the concentration by weight.

Six coating colors based on commercial
paper formulations were tested in the orifice
flowmeter. Ground calcium carbonate (Carbital 9o)
fromImeryswasused as pigment. Acarboxymethyl
cellulose withanaverage molecularmass of 60000
(Finnfix 10) from Noviant Inc. was used as thicken-
er and water retention aid. Modified styrene buta-
diene latex (CP620NA) from Dow Chemical Co. was
used as a binder, and sodium carboxymethyl cellu-
lose having an average molecular mass of 9goooo
(CMC 7LT) from Hercules was used as a thickener
agent. Each coating color was prepared from the
pigment slurries adding gradually 1 pph (dry parts
ofingredient perhundred parts of pigment) of Finn-
fix10, previously hydrated and, then, 10 pph of latex
was added to the same formulation. According to
the formulations showninTab.1, two different con-
tents (0.5 or 1 pph) of CMC 7LT were also added at
the sametimeas Finnfixio. Thefinal pH was adjust-
ed between 8.5and 9.0 byaddingiowt% NaOHand
the final solids content was adjusted to 55 or
65 wt%. In the presentation of the results, all the
colors ("C") will be denoted by a code containing
three symbols. The first symbol, 55 or 65, represents
the solids content. The second symbol, o, 0.5 or 1,
denotes the added amount of CMC and the third
symbol, L, indicates the latex addition, as indicated
in Tab. 1. All the fluids were tested the day follow-
ing their preparation.

Steady and oscillating shear rheological
tests were performed with a rotational rheometer
(Advanced Rheometer AR-2000, TA Instruments).
The steady shear viscosity, storage modulus, G’
and loss modulus, G" were all measured in a Cou-
ette configuration of 30 mmforouter cylinderand
28 mmfortheinnercylinderforallfluids. The mea-
surements were performed at 25 °C.
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JET COATING TESTS

ating studies were carried out on the laborato-
jet coater shown in Fig. 4. The coater is com-
sed of a slot-type nozzle applicator and a mov-
ysynthetic paperloop (1058-Tyvek™). The nozzle
plicator transfers the coating liquid to the web,
thout overflow or post-metering. The nozzle
s a slot of 2 mm thick and a width of 100 mm.
all the experiments, the distance between the
zzle exit and the web also called coating gap, D,
s kept at 5 mm and the impingement angle, «,
90 degrees (see Fig. 4). The web speed, U, can
varied from o to 25 m s™.

For the purpose of this study, a good jet
rformance for a given web speed was defined
the minimum flow rate which allows devel-
ing a stable jet. The jet was visualized in the
ating gap under steady-state flow conditions
ing a color video camera (Hitachi VK-C370) and
ideo recorder (Hitachi D4A MX431).

RESULTS AND DISCUSSION

CALIBRATION

. 5 shows the calibration curve (Euler number
rsus Reynolds number) experimentally estab-
hed. In the range of pressure drop values mea-
red, the accuracy was estimated to be +3.2 %
d +12.8 % forthe Reand Eu, respectively. Alam-
r region (slope of -1) is observed at low Re,
1ere the flow is purely viscous. At high Re, iner-

effects become important and the pressure
op becomes gradually independent of the vis-
sity. The critical Re corresponding to the tran-
ion flow regime was established at 20. Hence,
ta obtained for Re > 20 were corrected using
.10. In laminar region, the experimental cali-
ation curve can be correlated by:

100 ¢

[ — Experimental, Eq.8

100

1 10
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100 ¢
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This is not significantly different from the theo-
retical expression (Eg. 8).

3.2

SHEAR FLOW RESULTS

Non-pigmented fluids and coating colors exhib-
ited a shear-thinning behavior, which can be well
described by a power-law model with an infinite
shear viscosity at high shear rate, namely:

Figure 4 (left): Sketch of the
laboratory jet coater.

Figure 5 (right above):
Calibration curve in terms of
the dimensionless Euler
number versus Reynolds
number for Newtonian
fluids.

Figure 6 (right below):
Steady shear viscosity as a
function of shear rate for all
the fluids.

Ny =My, (12) ;Zf(ﬁnz;;(::v ;f( _aI;lll;Vhe fluids.
Fluid Consistency index (m) | Shear power-law index (n) n.,

[Pas"] [Pas]
FF30(6) 1.69 0.66 0.104
PEG(5)FF700(3) 3.63 0.68 0.160
C55-05 5.22 0.34 0.056
C55-1 7.07 0.37 0.100
C55-05L 19.46 0.23 0.070
C65-0 22.26 0.30 0.143
C65-05 33.78 0.32 0.225
C65-0L 52.43 0.20 0.130




Table 3: Dynamic data at

1Hz and apparent
>xtensional viscosity data
valuated at § = 4200 5.

where 7, is the apparent shear viscosity, y is the
shear rate, ., is the infinite shear viscosity and
m and n are the shear consistency and the shear
power-law index, respectively.

Fig. 6 shows the typical shear viscosity
curves for all the coating colors in the shear rate
range of 1to 4300 s™. All the fluids exhibited a
shear-thinning behavior in the shear rate range
of interest, thatisy >30s™. Therheological para-
meters m,nandrn,, arereportedin Tab.2.Therhe-
ological parameters of non-pigmented fluids esti-
mated in the shear rate region of interest are
presented as references in the same table. From
Fig. 6, it is observed that a constant shear viscosi-
ty for all the coating colors could be reached for
shear rate higherthan 3000 s™1. The effect of latex
addition is more evident at low shear rate (see the
data sets for C55-05L/C55-05 and C65-0L/C65-0).
At high shear rate, the addition of latex does not
significantly affect the shear viscosity. However,
the shear rate to which viscosity is not sensitive to
the addition of latex depends on the solids con-
tent. Typically the addition of latex decreases the
shear viscosity at high shear rates. Indeed, small-
er latex particles (average particle size of 0.1 um)
could fit between the larger pigments particles
(average particle size of 2 um) and lubricate the
flow of the larger particles [13].

Several additional remarks can be made
from Tab.2andFig. 6. The shear power-law index
remains within a relatively narrow range but
increases slightly with the thickener concentra-

Fluid Critical strain | Loss modulus | Storage modulus Ng
(r.) 6"’ @) [Pas]
[Pa] [Pa]
FF30(6) 0.25 2.54 0.38 2.10
PEG(5)FF700(3) 0.25 7.07 0.72 2.31
C55-05 0.004 2.03 0.02 0.46
C55-1 0.004 2.81 0.01 0.99
C55-05L 0.004 5.39 0.05 0.78
C65-0 0.004 11.75 2.50 2.54
C65-05 0.004 14.84 2.81 291
C65-0L 0.004 29.29 6.95 2.50
"Moduli were evaluated at strain amplitude of 10.

tion and reduces with latex addition. The shear
consistency index is shown to increase with
thickener concentration, solids content and latex
addition. However, the effect of latex on the infi-
nite shear viscosity is more complex: for the high
solids content coatings, the addition of latex
results in a reduction of the infinite shear viscos-
ity as discussed above. No shear-thickening
behavior at high shear rate was observed with
any formulation in the shear rate range investi-
gated.

It has been demonstrated that the elastic effects
of high concentrated coating colors can be
neglected when the fluid is highly deformed [14].
The results of our oscillatory shear measure-
ments are summarized in Tab. 3, where the loss
modulus, G” and the storage modulus, G’ evalu-
ated at a strain rate amplitude of 10 are report-
ed.ltcanbeseenthatthelossfactor,tand=G"/G’,
is considerably larger than 1, indicating that all
the fluids investigated were much more viscous
than elastic. The critical strain amplitude, y,, at
which modulidepartfromalinear behavioristhe
same for all the coating colors and refers to the
strain to which the coating colors can withstand
without being perturbed. In Tab. 3, it can be seen
that the coating colors have a critical strain
amplitude of 0.004 that is considerably lower
than that for non-pigmented fluids (o.25).
It means that internal structure of the coating
colors begins to break down more easily than
that of non-pigmented fluids. The elastic behav-
ior of the coating colors is probably the result of
a weak network structure between pigment
particles and/or thickener. At low strain ampli-
tude, below the critical point, both moduli are
constant. From this critical point the moduli
decrease when increasing strain amplitude
and the fluids start exhibiting a non-linear
viscoelastic behavior.

3.3 EXTENSIONAL FLOW RESULTS

In Figs. 7 and 8, the apparent extensional viscos-
ity data are plotted as a function of the effective
strain rate. The apparent extensional viscosity
and effective strain rate were calculated using
Eg. 9 and 5, respectively. All data for Re > 20 were
corrected using Eq. 10. An average accuracy of
15% was estimated for the apparent extensional
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cosity measurements. Fig. 7 shows the appar-
t extensional viscosity obtained for the non-
smented fluids FF30(6) and PEG(5)FF700(3).
th fluids are strain-thinning in the effective
ain rate investigated, i.e. the apparent exten-
nal viscosity decreases with increasing effec-
e strain rate.

As Fig. 8 shows, the three low solids con-
1t coating colors exhibited a similar behavior.
initial plateau at low effective strain rate
yove 2000 s7') is observed. Then, coating colors
hibit strain-thinning with increasing effective
ainrate. Atagivenstrainrate,anincreaseinthe
ckener content (CMC 7LT) leads to an increase
the apparent extensional viscosity. A certain
1sitivity to the latex addition is also observed.
sh solids content colors also exhibit strain-thin-
1g in the whole range of the effective strain rate
restigated (Fig. 8). In this case, the apparent
tensional viscosity is not sensitive to latex addi-
n (see C65-0 and C65-0L). The amount of thick-
er slightly affects the extensional viscosity at
v effective strain rate (see C65-0 and C65-05).
r all the fluids, the apparent extensional viscos-
, 1, can be described with a power-law function
the effective strain rate, 7y , as follows:

o~ E—1
- (13)
1ere e and t are the extensional consistency
d extensional power-law index, respectively.

In order to compare the extensional
operties of the fluids investigated, the appar-
t extensional viscosity data evaluated at ¥V =
00 s1are shown in Tab. 3. This effective strain
e value corresponds to the average value of
> extension rate occurring in the application
zion of the jet coater where the extension rate
lefined as the ratio of the difference of theweb
eed and the jet velocity to the difference of the
m thickness and the jet thickness:
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The same order of magnitude of 5 (around 2.5
Pas) is observed for non-pigmented fluids and
high concentrated coating colors. It means that,
from a mechanical point of view, both kinds of
fluids would have the same ability to develop jets
during jet coating process. The molecular nature
of the thickener used may significantly influence
the extensional flow behavior. Branched mole-
cules of non-pigmented fluids (carboxymethyl
cellulose) would be at the origin of a high exten-
sional viscosity, since they exhibit a randon-coil
type conformation in solution [15]. In the case of
highly concentrated coating colors, it is possible
thatthealignment of the particlesinfluencesthe
apparent extensional viscosity value. With com-
parable operating conditions, low concentrated
coating colors would promote the stretching of
the jet, generating thus thinner jets, as these flu-
ids would offer less resistance to the stretching.
On the other hand, the apparent exten-
sional viscosity increases with solids content. We
canseeinTab.3thatygof C65-05isabout sixtimes
larger than that of C55-05. For the low concen-
trated coating colors, the effect of thickener is
more evident. For instance, C55-1 exhibits a g
twice larger than that of Cs5-05 while C65-05
exhibits ng only 15% larger than that exhibited by
C65-0. Finally, it is observed that the addition of
latex strongly affects ng of low concentrated coat-
ing colors (i.e. it increases 7). For high solids col-
ors, the addition of latex changes the type of inter-
actions and reduces ng (compare C65-05 with
C65-ol). It would seem that the effect of thicken-
er is suddenly minimized by the latex addition.

3.4 TROUTOUN RATIO

It is interesting to compare the apparent exten-
sional viscosity with the shear viscosity in terms
of the Trouton ratio, which was calculated by the
following expression:

N
N

Tr

Figure 7 (left): Apparent
extensional viscosity as a
function of effective strain
rate for non-pigmented
fluids.

Figure 8 (right): Apparent
extensional viscosity as a
function of effective strain
rate for all the coating
colors.



ure 9 (left): Trouton ratio
1 function of the effective
rain rate for all the fluids.

Figure 10:

Jet flow image from
application region

at U = 12.5 ms™ with

a) (right above) FF30 and
b) (right middle) C55-1.

Figure 11 (right below):
Downstream meniscus
configuration for
U=83ms".
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where 1 is the extensional viscosity data plotted
in Fig. 8 and ) is the apparent shear viscosity at
the same value of the effective strain rate. It is
importantto pointoutthatthe shearviscosity was
considered as a constant fory > 3000 s reported
in Tab. 2. The results for all the coating colors are
presentedin Fig.9.The Troutonratioislargerthan
thetheoretical value of 3 for Newtonian fluids. For
effective strain rates smaller than 3000 s™ the
high solids content colors show a Tr of about 15,
while for the low solids colors Tris about 10. In the
effective strain range from 3000 to 6000 s7, this
ratio is fairly constant and of the order of 10 for all
the coatingcolors. Trdecreases downtos for effec-
tive strain rate larger than 6000 s™.

These values of the Trouton ratio are
comparable to those obtained by Della Valle et al.
[9] and Ascanio et al. [16] for clay suspensionsin a
Newtonian fluid containing 50 - 65 wt% solids con-
tent. Furthermore, these results are similar to the
value obtained with coating colors based on
delaminated kaolin clay (52 and 62 wt%) and
ground calcium carbonate (55 and 65 wt%) by
Arzate et al. [17] who found a Trouton ratio
between8and20.However,ithas beenfoundthat
the Trouton ratio could reach values of 85 for coat-
ing colors based on delaminated kaolin clay [16].

3.5 JET PERFORMANCE

Figs. 10a,b are examples of jet flows obtained in
the application region with the non-pigmented
fluid, FF30(6) and the low concentrated coating
color, Cs55-1, respectively. These images corre-
spond to stable jets obtained at U=125m s In
comparable operating conditions, asitcan beseen
in Fig. 10, a liquid having a high extensional vis-
cosity (FF30(6)) exhibited a less curved down-
stream meniscus (longer radius of curvature) than
the low extensional viscosity liquid (C55-1). Con-
sequently, thelength necessaryforthe coatedfilm
to reach its final thickness is larger.

In order to compare the jet performance
for four fluids in the same operating conditions,
the downstream meniscus configuration

Coated film

Mozzle

(a) FF30(6)

Coated film

(b) CC55-1

=yiD

PEG20
—e—FF30(8)

—a&—C55-1
- - - -CB5-05

o 5 10 15

Position normal to the web, Y

Pasition along the web, X = x/G

obtained at U = 8.3 m s is presented in Fig. 11. In
this figure, X and Y represent dimensionless posi-
tions along the web and normal to the web,
respectively. Half-gap of the nozzle slot, G and the
width of the coating gap, Dwere used to represent
the x-coordinate and y-coordinate scale, respec-
tively. As expected, the curvature of the meniscus
depends on the extensional viscosity. The curva-
ture decreases with increasing extensional vis-
cosity. This behavior is general to all the non-New-
tonian fluids investigated. From a processing
point of view, a low extensional viscosity seems to
be beneficial for a good runnability since the coat-
ing liquid would exhibit less resistance to defor-
mation, so the radius of curvature of the down-
stream meniscus would be reduced, as well as the
liquid tearing. These results confirm that the
extensional viscosity is relevant in evaluating the
behavior of coating colors. In addition the effect
of strain-thinning behavior was clearly observed
at high web speed. Under these operating condi-



Figure 12: Downstream

ST meniscus configuration for
= .

" o8 C65-0 at three different web
;o speeds.
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ns, the downstream meniscus tends to recede
th increasing web speed as illustrated in Fig. 12
- C65-0 at three different web speeds (U = 12.5,
6 and 20.8 m s71). However, the observations of
.12 could be largely due to inertia effects under
ch high jet velocities.

INCLUSION

this work, the apparent extensional viscosity
non-pigmented fluids and coating color for-
Jlations containing calcium carbonate as pig-

toreachitsfinalthickness.Finally,theresults pre-
sented here should be regarded as estimates of
the rheological properties in extension with the
intention to better interpret the jet coating
process hydrodynamics.
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2nt was determined at high strain rates typical NOTATION
jet coating process. For this purpose, an orifice
wmeter, whose operating principleisbasedon  d, Diameter of the orifice [m]

e pressure drop-flow rate relationship for the  d, Inner diameter of the cylinder [m]

w through a small size orifice, was used. D Distance between the nozzle exit and
A strain-thinning behavior was the web [m]

served for all the coating liquids. The Trouton  Eu Euler number

ioofthecoatingcolorswasfoundtobearound  Eu.,, Corrected Euler number

for 7 <6000 5. This resultisin good agree- G Half-gap of the nozzle slot [m]

nt with to that reported in the literature for G’ Storage modulus [Pa]

e high concentrated suspensions. In jet coat- G" Loss modulus [Pa]

5, the coating colors are submitted to exten- e Extensional consistency index [Past]

nal strain rates around 5000 s7, in the appli- m Shear consistency index [Pasn]

tion region, so that the extensional viscosity n Shear power-law index

uld reach values 1o times largerthan shearvis- O Flow rate through orifice [m3s™]

sity. This could be very useful information to  Re Reynolds number

plain some phenomenain jet coating process, t Extensional power-law index

chasthejetstretching, theincreaseoftheback T Thickness of the coated liquid film [m]

won the nozzle, the jet tearing preventing the ij Jet thickness [m]

tire coating film to be transferred totheweb  Tr Trouton ratio

rface, etc. The extensional viscosity was found U Web speed [ms™]

be slightly sensitive to the amount of thicken- Vv Jet velocity [ms™]

but practically insensitive to the addition of  V, Average velocity of the fluid at the

ex. The amount of solids contained into the orifice [ms™]

ating colors strongly affects the extensional x Position along the web [m]

cosity. X Dimensionless position along the web
In addition, the extensional properties y Position normal to the web [m]

re related to the jet stretching in the applica- Y Dimensionless position normal to the

n region via the downstream meniscus con- web

uration. Low extensional viscosity promotes « Impingement angle [°]

increased curvature of the downstream vy Shear rate [s7]

2niscus. From a processing point of view,alow  y Effective strain rate [s7]

tensional viscosity is beneficial for a good vy, Critical strain amplitude

nnability, sinceitincreasesthe curvatureofthe & Loss factor [-]

wnstream meniscus and consequently APg Pressure drop due to the extensional

Juces the distance required for the coated film

flow [Pa]




(5]

(6]
[7]

(8]

APg Pressure drop due to the shear flow [Pa]

APy Total pressure drop for the orifice [Pa]

€ Extension rate [s7]

g Apparent extensional viscosity [Pas]

ns Apparent shear viscosity [Pas]

Moo Infinite shear viscosity [Pas]

u Newtonian shear viscosity [Pas]

o Density of the fluid [kgm3]
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