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Abstract

The onset of air entrainment was studied using a pilot-scale curtain coating facility. The

substrate used was a polished rotating stainless steel wheel which was prewetted with a carrier

layer of the coating fluid. The facility was operated over ranges of dimensionless parameters which

gave regimes observed in commercial coating processes (Reynolds number: 0.6 < Re < 29;

capillary number: 0.19 < Ca < 2.78). The substrate velocity for the onset of air entrainment

was obtained as a function of the curtain flow rate (1cm2s−1 < Q < 9cm2s−1), fluid viscosity

(0.0326Pa.s < µ < 0.245Pa.s), curtain height (0.035m < h < 0.085m) and carrier layer

thickness. For a given fluid, the presence of a carrier layer led to higher maximum substrate

velocities at the onset of air entrainment than were observed in previous works on dry substrates.

Images obtained of the free surface at the wetting line verified that the substrate velocity for air

entrainment is maximised when the contact line is located directly beneath the impinging curtain.

Dimensionless analysis shows that data can be correlated in terms of a critical Reynolds number.

1. IntroductionThe use of thin �lms of liquid to 
oat solid substrates is a highly important pro
ess forthe produ
tion of photographi
 �lm and paper, spe
ialist papers for use in inkjet printingand for the 
reation of prote
tive layers on rea
tive solid surfa
es. A key driver for industriesemploying these te
hniques is the need to produ
e defe
t-free 
oatings as rapidly as possible,hen
e the speed of operation of the 
oating pro
ess needs to be maximised.In the 
urtain 
oating pro
ess, a falling thin liquid sheet impinges upon a movingsolid substrate; this forms a wetting line where the liquid �lm displa
es air at the solidsurfa
e to form the 
oating layer. A dynami
 
onta
t angle (θd) is 
reated between thefree surfa
e of the liquid and the solid substrate at the wetting line. This phenomenon isan example of dynami
 wetting, whi
h remains one of the great unsolved problems in 
uidme
hani
s, due to the 
reation of singularities when using 
onventional 
uid me
hani
smodels (Dussan, 1979), whi
h may be removed by generalising the 
lassi
al 
ontinuumformulation (Shikhmurzaev, 1996).The onset of air entrainment, where bubbles of air are drawn into the liquid �lm atthe wetting line, 
reates an upper limit for the speed of operation of �lm 
oating pro
essesand hen
e it is essential to be able to predi
t its o

urren
e for a given 
oating system.Air entrainment o

urs when the dynami
 
onta
t angle ex
eeds θmax (< 1800), whi
hdepends on the material properties of the gas-liquid-solid system. Air entrainment 
an beobserved in any �lm 
oating pro
ess e.g. dip 
oating (Burley and Kennedy, 1976; Burleyand Jolly, 1984; Cohu & Benkreira, 1998b; Blake & Shikhmurzaev, 2002; Benkreira, 2004),roll 
oating (Wilkinson, 1975; Bolton & Middleman, 1980; Benkreira, 2002; Benkreira,2005) and 
urtain 
oating (Brown, 1961; Blake et al., 1994; Blake et al., 1999; Clarke, 2002;Blake et al., 2004),Extensive studies have been made for dip 
oating, where a tape substrate plunges intoa tank of liquid (Burley and Kennedy, 1976; Burley and Jolly, 1984; Cohu & Benkreira,1998b; Blake & Shikhmurzaev, 2002). For smooth substrates, the maximum velo
ity ofthe substrate, Uae, was shown to be a fun
tion of the vis
osity and surfa
e tension (Uae =

1



f(µ, σ), where µ is the vis
osity and σ is the surfa
e tension). These parameters may be
orrelated using, for example, the equation of Burley and Jolly (1984):
Uae = 0.395(

σ

µ
)0.77 (1)with µ in mPa.s and σ in mN/m. The dynami
 
onta
t angle, θd, 
an be 
orrelatedin terms of a 
apillary number, Ca = µU

σ , where U is the substrate velo
ity. A 
on
isereview of some of the empiri
al relationships for various 
oating experiments 
an be foundin Benkreira (2004).Whilst 
onventional models suggest that the dynami
 
onta
t angle, and hen
e the onsetof air entrainment, should be a fun
tion only of the material and 
uid properties for anygiven �lm 
oating pro
ess, Blake et al. (1994) showed that the global hydrodynami
s of the
ow had a powerful in
uen
e upon the dynami
 
onta
t angle in 
urtain 
oating, leadingto the possibility of wetting speeds whi
h are orders of magnitude higher than is possiblefor dip 
oating. This e�e
t, termed hydrodynamic assist , 
an maximize 
oating speeds byalteration of parameters a�e
ting the 
ow �eld e.g. the height of the 
urtain, h, and theliquid 
ow rate, Q. Angling of the wetting line was also shown to delay the onset of airentrtainment in a slide 
oating arrangement by Cohu & Benkreira (1998a).The work reported above 
onsiders 
oating of smooth, dry, 
hemi
ally homogeneoussolid substrates. However, 
omparatively few studies have been made for 
ases where thesubstrate may be prewetted with 
uid (Yu et al., 1995; Yamamura et al., 1999; Chen et al.2004) or roughened (Clarke, 2002; Benkreira, 2004). Yamamura et al. (1999) measured theonset of air entrainment for a liquid jet impinging onto a rotating polished stainless steelwheel using sili
one oils and gly
erol-water mixtures with 
uid vis
osities ranging from 0.01- 3.3 Pa.s. Whilst 
onvention states that the maximum air entrainment velo
ity is inverselyproportional to the 
uid vis
osity (Wilkinson, 1975; Burley and Kennedy, 1976; Bolton andMiddleman, 1980; Burley and Jolly, 1984; Blake et al., 1994; Cohu & Benkreira, 1998a; Cohu& Benkreira, 1998b), they obtained 
ontradi
tory results for the high vis
osity sili
one oilsused. In their analysis, however, they did not 
onsider the possibility of residual 
uid 
arryover whi
h was an inevitable 
onsequen
e of their experiments. Pre-wetting of the surfa
edue to the presen
e of a 
arrier layer is known to promote higher 
oating speeds (Dittmanet al., 1977; Bermel et al., 2003). Chen et al. (2004) further demonstrated that the shapeof the free surfa
e approa
hing the wetting line (and hen
e the onset of air entrainment) isdependent upon the thi
kness of the 
arrier layer in a dip 
oating arrangement using pyrexglass tubes pre-wetted with a layer of the 
oating liquid. The thi
kness of the 
arrier layerwas 
lassi�ed as `thi
k', where the 
arrier layer had a thi
kness of O(10−6m) or `thin', wherethe 
arrier layer was only a few mole
ules thi
k i.e. of O(10−9−10−8)m. For a thi
k 
arrierlayer in the low Capillary number range, the vis
ous bending was small, leading to lowervalues of θd, hen
e implying higher substrate velo
ities at the onset of air entrainment.However, none of these works provide a de�nitive des
ription of the role of the 
arrierlayer in 
urtain 
oating over the large ranges of material, 
uid and pro
ess parameters usedin industry: this phenomenon remains poorly understood.This paper des
ribes a series of 
urtain 
oating experiments to determine how the onsetof air entrainment and pro�le of the free surfa
e is in
uen
ed by the presen
e of a 
arrierlayer on the solid substrate. Experiments were performed using a pilot-s
ale 
urtain 
oatingfa
ility using aqueous solutions of gly
erol with vis
osities ranging from 0.0326Pa.s <
µ < 0.245Pa.s. The in
uen
e of 
urtain 
ow rate, Q, 
urtain height, h, and 
arrier layerthi
kness, 
, were studied.
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2. Materials and MethodsA s
hemati
 of the pilot-s
ale 
urtain 
oating fa
ility is shown in Fig. 1. The 
ontinuoussubstrate was provided by a rotating stainless steel wheel, with a diameter of 0.45m and awidth of 0.06m. The surfa
e was highly polished so that the average surfa
e deviation was
52nm±2nm as measured by an Atomi
 For
e Mi
ros
ope (AFM). The wheel was drivenby a 0.55kW motor with inverter feedba
k 
ontrol (Eurotherm 690+ series) produ
ing amaximum substrate velo
ity of 2.3ms−1.The 
uids used were aqueous solutions of gly
erol (Croda, U.K.) and the properties forthe 
uids used are given in Table 1. The 
uid dynami
 vis
osities were measured usinga Contraves Rheomat-30 vis
ometer equipped with a 
up and bob atta
hment. Surfa
etensions were measured using a bubble tensiometer (SITA, Germany). Measurements ofthese properties were made over a range of temperatures enabling the 
orre
t values to beused given the temperature of the 
uids used within the fa
ility. Due to ambient laboratory
onditions, 
uid temperatures varied from 19−24oC, however the temperature of the 
uidsused remained 
onstant over the duration of a single experiment.The 
uids were supplied to a four-slot die of width 0.09m (based on a design by Kodak

Ltd, UK ) using a high a

ura
y gear pump (series 200, Liqui
o, USA). Flow rates weremeasured by an ele
tromagneti
 
ow meter (IFM5020K/D, Krohne, Germany). The in-tegrity of the falling 
urtain was maintained by using 
opper wires of 1.6mm diameter asedge guides.Visualisation of the free surfa
e at the wetting line was a
hieved by bending the edgeguides forward out of the plane of the 
urtain, to allow a 
lear and undistorted view of thewetting line at the 
entre of the 
urtain through the ambient air, as shown in Fig. 2. Thein
uen
e of this 
urvature on the 
entral region of the 
urtain was negligible. Images wereobtained using a travelling mi
ros
ope with a maximum possible opti
al resolution of 1.5µm,although sin
e several pixels were needed to determine the lo
ation of the 
onta
t point,the maximum resolution 
ould only be 
laimed 
onservatively at an order of magnitudehigher than this value. A 1280 × 1024 pixel CCD 
amera (7800 series, Cohu In
., USA)and image grabber atta
hed to a personal 
omputer was used to 
apture the images. Ba
killumination was provided by a 90W �bre opti
 light guide pla
ed behind the rear of the
urtain.Removal of the bulk of the liquid �lm from the solid substrate post 
oating was per-formed using two urethane double-v `squeegee' blades (Perforag Ltd., UK). By 
hangingthe tension of the blades, the amount of the residual 
arrier layer remaining on the wheel
ould be altered. Estimates of the thi
kness of the residual 
arrier layer were produ
ed bypla
ing absorbent material onto the rotating wheel before the 
oating die for 10 revolutionsduring the 
oating pro
ess. The 
arrier layer thi
kness was dedu
ed from the weight of
uid absorbed and values are given in Table 2. Results for the thi
kness of the residual�lm indi
ate that the thi
kness is dependent upon vis
osity and the wheel speed, but is
onsistently of the order of 10−7m− 10−6m. These then fall into the 
lassi�
ation of thick .Measurements of the wheel velo
ity at the onset of air entrainment were made for ea
hof the 
uids given in Table 1 at set 
urtain heights of 35, 65 and 85 mm. The onset of airentrainment was obtained by in
reasing the substrate (wheel) velo
ity at 
onstant 
urtain
ow rate until wetting failure and entrainment of air bubbles was observed with the nakedeye. Although wetting failure o

urs before air entrainment, these two points 
ould not bedistinguished in these experiments, as also observed by Cohu & Benkreira (1998b) for dip
oating. The pro
edure was then repeated for a higher value of 
urtain 
ow rate until thesubstrate velo
ity at the onset of air entrainment was no longer a fun
tion of the 
urtain
ow rate. Ea
h experiment was repeated at least three times and the observed variationwas less than 3%.
3



3. Results and discussionImages of the pro�les of the free surfa
e are shown in Fig. 3 for the 0.0839 Pa.s solutionover a range of substrate velo
ities and 
urtain 
ow rates. No air entrainment is presentat these 
onditions. Fig. 3(a-d) show the e�e
t of in
reasing substrate velo
ity at a �xed
urtain 
ow rate. A pronoun
ed heel is observed in Fig. 3a and the wetting line is upstreamof the falling 
urtain. Under these 
onditions re
ir
ulation of 
uid o

urs in the heel asdes
ribed by Blake et al. (1994). As the substrate velo
ity in
reases, the wetting linemoves progressively towards the falling 
urtain until it is dire
tly beneath it (Fig. 3
).In
reasing the substrate velo
ity further 
auses the heel to disappear and the wetting linemoves downstream. A similar behaviour is observed if the substrate speed is kept 
onstantand the 
urtain 
ow rate is de
reased as shown in Fig. 3 (e-h). This behaviour is 
onsistentwith previous �ndings [Blake et al., 1994; Blake et al., 2004; Yamamura et al., 1999℄.The points marked on Fig. 4 
orrespond to the lo
ations of the free surfa
e pro�lesshown in Fig. 5. All of the lo
ations marked to the left of the air entrainment 
urve (a,b, d, f, g) represent su

essful 
oating. In Fig. 5g, where the wetting line is 
onsiderablyupstream of the falling 
urtain, the wetting line be
omes isolated from the e�e
ts of the
urtain 
ow �eld. Figs. 5
 and 5e, whi
h show images lo
ated to the right of the airentrainment 
urve in Fig. 4, show that air entrainment 
an o

ur with or without theformation of a heel.Fig. 6 demonstrates the e�e
t of both the 
uid vis
osity and 
urtain height on thepro�le of the free surfa
e near the 
onta
t line at similar 
urtain 
ow rates and substratevelo
ities. The images in rows (Figs. 6a, 6b; Figs. 6
, 6d; Figs. 6e, 6f) are taken for thesame 
uid vis
osity and the images in 
olumns (Figs. 6a, 6
, 6e; Figs. 6b, 6d, 6f) are takenat 
onstant 
urtain height. Considering the images in 
olumns in turn, the position ofthe wetting line moves downstream with in
reasing vis
osity and hen
e the size of the heeldiminishes. This is due to the redu
tion in the in
uen
e of the inertia of the 
urtain dueto vis
ous e�e
ts. For the images in rows, in
reasing the 
urtain height 
auses the wettingline to move upstream, in
reasing the size of the heel, due to the in
rease in impingementvelo
ity (and hen
e inertia) due to the free-fall of the 
urtain under gravity.Figs. 7(a-
) show air entrainment data, plotted as 
urtain 
ow rate versus substratevelo
ity for 
urtain heights of 35mm, 65mm and 85mm respe
tively. At low 
urtain 
owrates, Fig. 7(a) shows large in
reases in substrate velo
ity for marginal in
reases in 
urtain
ow rate for the 0.0326Pa.s and 0.0839Pa.s solutions and the maximum substrate velo
ityis observed at a lower 
urtain 
ow rate than observed for the 0.245Pa.s solution. Figs.7(b) and 7(
) also show maximum substrate velo
ities, whi
h de
rease with in
reasingvis
osity. Fig. 7 shows that all the air entrainment 
urves tend to a substrate velo
itywhi
h is independent of 
urtain 
ow rate at high 
urtain 
ow rates, but this is more readilyobserved for the two higher 
urtain heights of 65mm and 85mm. This is unsurprising,sin
e, as shown in Fig. 6, in
reasing 
urtain height leads to higher inertial e�e
ts at thewetting line. The onset of 
ow �eld independen
e o

urs at higher 
urtain 
ow rates asthe vis
osity is in
reased. The maximum substrate velo
ity observed o

urs in all 
aseswhen the position of the wetting line is dire
tly beneath the impinging 
urtain, as observedby Blake (1994). An image of the free surfa
e at the 
ow rate for whi
h the maximumsubstrate velo
ity o

urs for the data presented in Fig. 7(b) for the 0.0839 Pa.s solution isgiven in Fig. 3(g).The data presented in Fig. 7 is replotted in Fig. 8 for 
onstant 
urtain height. Fig. 8(a)shows that for the 0.0326Pa.s solution, in
reasing the height from 35mm to 85mm leadsto an in
rease of the maximum substrate velo
ity from 1.25ms−1 to 1.66ms−1. Similarin
reases are noted for the 0.0839Pa.s and 0.245Pa.s solutions in Figs. 8 (b) and (
)respe
tively. A feature 
ommon for all the 
uid vis
osities used is that higher substratevelo
ities are attainable at lower 
urtain heights above the maximum substrate velo
ity. Inea
h of Figs. 8 (a-
), the values of U obtained 
onverge to a single value when the wetting
4



be
omes independent of the 
ow �eld (Ui). On
e this point is rea
hed, the only for
esa
ting at the wetting line are those due to surfa
e tension and vis
osity, whi
h implies thesame physi
al me
hanisms witnessed in dip 
oating. The verti
al lines on Figs. 8 (a-
)represent the velo
ity predi
ted by Burley and Jolly (1984), given in equation (1). Somedis
repan
ies between the measured values of Ui and the predi
tion is noted. These aretabulated in Table 3, together with previous data obtained for 
urtain 
oating onto a drysubstrate (Blake et al., 1999; Blake et al., 2004) and 
oating onto a pre-wetted surfa
e(Wilkinson, 1975).The data show that for a dry homogeneous substrate, in the absen
e of any hydro-dynami
 assist, the maximum attainable substrate velo
ities for dip 
oating and 
urtain
oating should 
oin
ide. The data of Wilkinson (1975) and the 
urrent data feature a simi-lar dis
repan
y where the measured values of Ui are mu
h higher than the values predi
tedby equation (1); the di�eren
es are typi
ally 0.15 − 0.20ms−1. Indeed, the maximum sub-strate velo
ity, Umax, measured by Blake et al. for a 0.025 Pas solution is lower than themaximum substrate velo
ity measured for the 0.0326 and 0.0839 Pa.s solutions (taken at asimilar 
urtain height) in this study. It 
an therefore be postulated that the di�eren
es aredue to the presen
e of the 
arrier layer on the surfa
e of the solid substrate. The 
arrierlayer thi
knesses shown in Table 2 fall into the 
lassi�
ation of 'thi
k' made by Chen et al.(2004). The data from Table 2 imply that the 
arrier layer for the 0.0326Pa.s solution is
O(10−7m) whilst the 
arrier layer for the 0.0839 and 0.245Pa.s solutions is an order of mag-nitude higher (O(10−6m)). However, higher entrainment velo
ities are observed regardlessof the 
arrier layer thi
kness.Despite the in
uen
e of the 
arrier layer, the role of vis
osity upon the degree of hy-drodynami
 assist is not 
lear from the 
urrent data. Blake et al. (1994) showed thatit was possible to produ
e a `master' air entrainment 
urve for 
uids of vis
osities rang-ing from 0.063 − 0.22Pa.s by plotting the normalized relative wetting line position versusnormalized substrate velo
ity (at the 
learing of air entrainment). A similar set of airentrainment 
urves may be produ
ed by plotting a modi�ed Reynolds number at air en-trainment, Rem = ρQuc

µUae

(where uc =
√

2gh is the impingement velo
ity of the 
urtain),versus normalized substrate velo
ity (U ′ = U/Umax). These 
urves are presented in Figs. 9and 10 for 
uids where the 
arrier layers are thi
k at O(10−7m) and O(10−6m) respe
tively.The 
urves presented in Figs. 9 and 10 follow the same general shape, yet the valuesof Rem obtained at U ′ = U/Umax = 1 (the maximum substrate velo
ity), and the value at
U ′ = U/Umax ≈ 0.5 (
ow �eld independen
e) are di�erent. On Fig. 9, at U ′ = 1, the �rst
riti
al Reynolds number identi�ed is Rec ≈ 6 whilst the value at U ′ ≈ 0.5 is Rei ≈ 20.The data for the two higher vis
osity solutions in Fig. 10 appear to 
ollapse onto a single`master 
urve'. In this 
ase, Rec ≈ 3 and Rei ≈ 12. Whilst these observations may be dueto di�eren
es in the 
arrier layer thi
knesses, and hen
e degree of vis
ous bending at thefree surfa
e may be less for thi
k 
arrier layers, further work is ne
essary in order to be ableto de
ouple the in
uen
es of 
uid vis
osity and 
arrier layer thi
kness.
4. ConclusionsAn experimental study into the e�e
t of 
arrier layers in 
urtain 
oating has beenperformed. Images of the free surfa
e and the onset of air entrainment have been obtainedfor 
uids of di�erent vis
osity over a range of substrate velo
ities and 
urtain 
ow rates.The in
uen
es of 
urtain height and 
arrier layer thi
kness have been examined.Free surfa
e images 
on�rmed previous �ndings that the maximum 
oating speed isalways attained when the wetting line is beneath the impingement zone of the 
urtain.For ea
h 
uid, as the 
urtain 
ow rate is in
reased, the substrate velo
ity at the onset ofair entrainment eventually be
omes independent of the 
ow �eld of the 
urtain and is only
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dependent upon the 
uid properties (vis
osity and surfa
e tension) whi
h allows 
omparisonwith 
orrelations produ
ed for dip 
oating.A general trend of de
reasing maximum substrate velo
ity at the onset of air entrainmentwith in
reasing vis
osity is observed, whi
h is in a

ordan
e with previous works. However,a remarkable di�eren
e was noted when 
ompared with previous work on dip 
oating and
urtain 
oating onto smooth, dry substrates. These di�eren
es are proposed to be due tothe presen
e of a 
arrier layer. Dimensionless 
urves presented in the form of a modi�edReynolds number versus normalized substrate velo
ity for thin and thi
k 
arrier layersfollow the same general trend, although di�eren
es in the values of Rec at the maximumsubstrate and the value of Rei at the onset of 
ow �eld independen
e 
ould be explained bya 
ombined e�e
t of both vis
osity and 
arrier layer thi
kness. Further work is ne
essaryin order to de
ouple these two e�e
ts, by performing experiments onto 
arrier layers ofdi�erent thi
knesses for 
uids of the same vis
osity.
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Fluid Viscosity (Pa.s) Density (kgm−3) Surface Tension (Nm−1)

90% glycerol soln 0.245 1236 0.064

82% glycerol soln 0.0839 1220 0.0659

72% glycerol soln 0.0326 1185 0.0654

Table 1: Properties of glycerol-water mixtures.

Fluid Viscosity (Pa.s) Q (cm2s−1), U (ms−1) Film Thickness (×10−7m)

0.0326 2.34, 0.269 1.29

0.0326 2.43, 0.419 1.73

0.0326 2.34, 0.884 2.54

0.0839 2.62, 0.419 6.69

0.0839 2.62, 0.652 12.01

0.0839 3.14, 0.419 11.63

0.245 2.28, 0.419 16.04

0.245 2.28, 0.219 28.94

Table 2: Residual film thickness calculations based on volume of liquid absorbed by ma-
terial placed on the wheel surface through 10 revolutions.

Data µ (mPa.s) Coating method Umax (ms−1) Ui (ms−1) Ubj (ms−1)

Blake ’99 25 3cm curtain, dry web 0.8 0.7 0.81

Blake ’99 57 3cm curtain, dry web 0.47 0.4 0.43

Blake ’04 320 10.2cm curtain, dry web 0.21 0.12 0.115

Wilkinson 245 immersed roll n/a 0.39 0.14

Fig.7 245 3.5cm curtain, prewet 0.48 0.35 0.14

Fig.7 245 6.5cm curtain, prewet 0.59 0.33 0.14

Fig.7 245 8.5cm curtain, prewet 0.72 0.31 0.14

Fig.7 32.6 3.5cm curtain, prewet 1.25 0.84 0.67

Fig.7 32.6 6.5cm curtain, prewet 1.57 0.84 0.67

Fig.7 32.6 8.5cm curtain, prewet 1.66 0.86 0.67

Table 3: Comparison of air entrainment data. Dry web and prewet refer to the substrate.
Umax corresponds to the maximum substrate velocity and Ui the velocity which is inde-
pendent of flow rate. The final column is the velocity predicted by Burley and Jolly for
dip coating.
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Figure 1: Experimental apparatus.
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Figure 2: Plan view of the impingement of the curtain.
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a e

b f

c g

d h

Figure 3: Free surface profiles for the 0.0839Pa.s solution. Images (a)-(d) show the evolu-
tion on increasing substrate velocity, U , for a fixed curtain flow rate, Q, of 2.44cm2s−1 with
velocities of 0.22, 0.41, 0.55, 0.88ms−1 respectively. Images (e) - (h) show the evolution
on decreasing curtain flow rate for U = 0.83ms−1 with Q = 4.38, 3.7, 2.81, 2.41cm2s−1

respectively. Image (f) has a reference length scale that was used for all images.
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Figure 4: Air entrainment onset curve for 0.0839Pa.s solution with curtain height of
65mm, with the location of images of the free surface, as given in Fig. 5.
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g

Figure 5: Free surface profiles for the 0.0839Pa.s solution. The images correspond to those
located on the air entrainment graph in Fig.4 above. Image (f) has a reference length scale
that was used for all images.
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Figure 6: Free surface images for increasing curtain height and viscosity. Images (a) and
(b) are for the 0.0326Pa.s solution with substrate velocity, U of 0.27m/s and flow rate,Q
of 2.44cm2s−1. Images (c) and (d) are for the 0.0839Pa.s solution with U = 0.27m/s and
Q = 2.44cm2s−1. Images (e) and (f) are for the 0.245Pa.s solution with U = 0.29m/s and
Q = 2.34cm2s−1. Images (a), (c) and (e) are for the 35mm curtain height and images (b),
(d) and (f) for the 85mm curtain height.
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Figure 7: Air entrainment curves for three set heights: (a)35mm, (b)65mm and (c)85mm.
The legends indicate viscosity in mPa.s.
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Figure 8: Air entrainment curves for the three viscosities: (a) 0.0326Pa.s, (b) 0.0839Pa.s
and (c) 0.245Pa.s.
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Figure 9: Air entrainment curves for the 0.0326Pa.s solution with a thin carrier layer, plot-
ted as modified Reynolds number against substrate velocity (normalised by the maximum
substrate velocity). The legend indicates viscosity (Pa.s) and curtain height (mm)
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Figure 10: Air entrainment curves for the higher viscosity solutions with thick carrier
layers, plotted as modified Reynolds number against substrate velocity (normalised by the
maximum substrate velocity). The legend indicates viscosity (Pa.s) and curtain height
(mm)
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