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Abstract The liquid film remaining on a wire withdrawn

from a liquid bath and forced through an annular jet is

experimentally investigated on a dedicated facility. An

optical laser-based technique recently introduced to study

liquid-film instabilities on small-radius cylinders allows the

measurement of the mean final thickness and wave char-

acteristics. Experimental results are compared to analytical

predictions obtained with a simple model specifically

derived for this configuration and based on liquid-film

properties (density, viscosity and surface tension) and

operating parameters (wire speed, nozzle dimensions and

stagnation pressure). Such a model relies on the knowledge

of pressure-gradient and wall shear-stress distributions

generated by the annular jet radially impinging on the

cylinder. Different correlations providing the maxima of

these profiles are employed and, after some improvements

to the original ‘‘knife’’ model, the mean final thickness is

correctly predicted. Successful results are obtained, also,

using a simple expression derived from the LLD theory.

The experimental measurement of surface-perturbation

features (wave amplitude, wavelength and amplification

factor) as a function of the operating parameters leads to

some important conclusions that could have a remarkable

and direct influence on the industrial process of wire

coating.

1 Introduction

The deposition of a thin liquid film on a solid surface is the

basis of numerous coating techniques used in industrial

processes such as paper and photographic film manufac-

turing, finishing of steel strips, and wire coating. Here we

focus on the last process which, more generally, aims at

covering a small-radius cylinder with a thin layer of another

material, initially liquid, so as to protect or paint textile

fibers, optical fibers, electric wires, etc. (Tadmor and Gogos

1979). In the commonly used dip-coating method, the

coating material is applied by withdrawing the wire from a

liquid bath and by letting it dry without undergoing any other

kind of treatment. The mean final thickness hf depends on

the wire radius R, fluid density q, surface tension r, dynamic

viscosity l, and wire velocity U (for a detailed review on the

subject of fiber coating the reader is referred to Quéré (1999)

and literature cited therein). Since the wire radius and the

coating properties are fixed, the desired final thickness hf is

achieved by controlling U. The high productivity required in

industrial processes, however, imposes high speeds that

result in an increase of the coating thickness. In order to

combine high productivity and precisely controlled film

thickness, more complex coating techniques have been

devised. The excess (extra) liquid material is removed by a

mechanical or hydrodynamic process known as doctoring.

Die coating, for which (doctor) blades or special dies are

employed, is a mechanical technique whereas gas-jet

wiping, which uses a blast of air to wipe off the undesired

liquid, is hydrodynamic. Since die coating involves a direct
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Present Address:
S. Zuccher (&)

University of Verona, Ca’ Vignal 2, Strada Le Grazie 15,

37134 Verona, Italy

e-mail: zuccher@sci.univr.it

123

Exp Fluids (2009) 46:309–322

DOI 10.1007/s00348-008-0561-x



physical contact between the liquid and the mechanical

device (the die), in many practical cases—especially those

involving very high temperatures—the only feasible alter-

native is annular jet wiping (see Fig. 1a for a sketch of the

technique). Jet finishing, jet stripping, or gas jet wiping are

all synonyms used to identify the same process in which the

thickness of a liquid coating is controlled by the stripping

action of a gas jet.

Despite the importance of such a technique for industrial

applications, experimental or numerical data specifically

regarding annular jet wiping configurations have never

been published. The only available results, to the author’s

knowledge, reduce to very few experiments carried out at

the von Kármán Institute for Fluid Dynamics over the last

few years (Anthoine 1996; Zuccher 1999).

Contrary to the wire-coating configuration, jet wiping

has been extensively studied in the planar case. Thorton

and Graff (1976) proposed a theoretical coating-weight

model based on the maximum flux theory for jet stripping,

in which the gravity force is supplemented by a pressure

gradient originating from the jet. In such seminal work the

effect of the wall shear stress induced by the stripping jet

was ignored. Tuck (1983) considered a similar approach

and analyzed the stability of the solutions for long-wave-

length perturbations. Ellen and Tu (1984, 1985), Tu (1995),

and Tu and Wood (1996) refined the work of Thorton and

Graff (1976) by introducing the wall shear stress on the

surface of the liquid coating due to the wiping jet and

obtained a better agreement with industrial coating weight

data. Lacanette et al. (2005a, b) considered the more

detailed, but numerically demanding, approach involving

direct numerical simulation of the gas-jet wiping in the

continuous galvanizing process, whereas Naphade et al.

(2005) employed a finite-volume commercial code to

compute the pressure and wall shear stress profiles required

by the model to predict the coating weight as a function of

different operating parameters. Lacanette et al. (2006)

analyzed the jet-wiping mechanism by comparing for the

first time a 1D lubrication analytical model, 2D VOF-LES

simulations and experimental results, demonstrating the

complementarity of the three approaches and showing a

good agreement between them. Elsaadawy et al. (2007)

developed an air-knife wiping model for the liquid zinc

coating in the continuous hot dip galvanizing process based

on improved correlations for pressure and wall shear stress

obtained by a combination of experimental and computa-

tion techniques. Gosset and Buchlin (2007) carried out an

analysis of the gas-jet wiping process in hot-dip galvani-

zation considering also the occurrence of a violent film

instability, better known as splashing, which limits the

applicability of the wiping technique.

The development of a reasonable coating model depends

on the knowledge of pressure gradient and wall shear stress

distributions on the impinging surface and due to the jet

action. In the wire coating process, an annular jet radially

impinges on a small tube in the inward direction, as shown

in Fig. 1b. It should be noted that ‘‘annular’’ here refers to

the fact that the nozzle surrounds the wire in an annular

fashion and not to other jet configurations normally refer-

red to as annular (for the latter, which are completely

different from the present one, see, e.g., Del Taglia et al.

2004; Chen et al. 2003; Patte-Rouland et al. 2001). Data

regarding the configuration reported in Fig. 1b cannot be

found in published literature. On the other hand, many

studies in other configurations have been carried out in

recent years from both numerical and experimental view-

points. Most of them refer to the use of an impinging jet for

cooling purpose (Pavlova and Amitay 2006), while in the

present work the jet is used exclusively to reduce the final

thickness of the liquid film on the wire. For an account of

studies and correlations of pressure and wall shear stress

distributions of impinging jets on flat plates or cylinders the

reader is referred to Zuckerman and Lior (2005). The

recent work by Esirgemez et al. (2007) is an experimental

study of a round jet impinging on a convex cylinder, while

Nada (2006) considered single and multiple jets impinging

on a cylinder in different jets-cylinder configurations, but

excluded the one in Fig. 1b. Other classical works referring

to cylindrical geometries, but still different from the one

shown in Fig. 1b, are Chan et al. (2002) and Olsson et al.

(2005). For recent studies of jets impinging on a flat plate

and, thus, possible suggestions on how to treat the annular

jet under investigation, the reader is referred to the

following works and references therein: Zuckerman and

Annular jet

Annular nozzle
Wire

Liquid bath

(a)
U

Wire

(b)

Annular nozzle

Fig. 1 a Annular jet wiping in the wire coating process. A thin liquid

layer is formed on the surface of a wire withdrawn from a liquid bath.

The mean final thickness hf is controlled by operating conditions such

as nozzle geometry and pressure, stripping velocity, etc. b Annular

nozzle and annular jet surrounding a small cylinder set in the center

(note that the geometrical dimensions are not respected in the figure)
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Lior (2007); Silverman et al. (2006); Ashforth-Frost and

Rüdel (2002); Maurel and Solliec (2001); Phares et al.

(2000a, b).

Measurement techniques for detecting liquid-film

thickness encompass film conductance and film capaci-

tance methods, the needle contact method, the light

absorption method, the fluorescence method, the c-ray and

X-ray absorption methods (Hewitt 1978; Alekseenko et al.

1994). Mouza et al. (2000) developed a photometric tech-

nique based on the absorption of light passing through a

layer of dyed liquid; Stelter et al. (2000) presented an

optical method suitable for the characterization of the

behavior of viscoelastic polymer solutions in elongational

flows, and, earlier, Nozhat (1997) applied a laser interfer-

ometry technique to measure the thickness of the liquid

flowing on the inner surface of a glass tube. More recently,

Zuccher (2005) introduced a laser-based measurement

method that allows the detection of both mean final

thickness and perturbations of the liquid film. This tech-

nique has been successfully employed to characterize the

film instabilities occurring during the die-coating process

of wires (Zuccher 2008).

If such perturbations are stable but feature large

amplitudes or, in the worst-case scenario, are unstable with

increasing-in-time/space amplitudes, the final coating can

be severely compromised. In these cases, the industrial

product is unacceptable either because typical values of the

coating characteristics become unknown and, thus,

uncontrolled (e.g. the heat-transfer coefficient, which is

important in chemical reactions, varies depending on the

local coating thickness) or because the final finish may not

be aesthetically good enough. Since the instabilities can set

a limit on the production rate or dictate the selection of the

liquid in precision coating, experimental investigations are

of considerable practical significance.

Due to the complete lack of literature and data on

configurations that could be used for the understanding of

the annular-jet wire-coating process, this work aims at

providing some experimental measurements of the mean

final thickness and characteristics of the perturbations as a

function of the operating parameters.

2 Modelling of annular jet wiping for the prediction

of the mean final thickness

With the final goal of deriving a simple model to predict hf,

let us focus on the liquid film and consider the Navier–

Stokes equations in cylindrical coordinates under the fol-

lowing assumptions: (1) the axial velocity component is

much larger than the radial one which is, thus, negligible;

(2) the flow is axisymmetric; (3) inertial forces are negli-

gible compared to viscous stresses (lubrication approach);

(4) the liquid film is stationary; (5) the static pressure is

constant through the liquid film in the direction normal to

the wire surface; (6) the jet is not affected by the coating,

i.e. pressure and shear stress distributions are the same with

or without the film (this is confirmed by Lacanette et al.

(2006) for the planar case). Under such assumptions, the

axial-momentum equation reduces to

l
r

o

or
r
ouðx; rÞ

or

� �
¼ dpðxÞ

dx
þ qg� r

d3hðxÞ
dx3

; ð1Þ

where x and r are the axial and radial coordinates as

shown in Fig. 2; l and q are, respectively, the viscosity

and density of the liquid coating; p(x) is the pressure

profile which depends only on x; u(x, r) is the longitudinal

(axial) velocity component, g is the gravity acceleration

and h(x) is the liquid-film thickness. The effect of the

liquid surface tension can be neglected in a first-approx-

imation model (as done, for instance, by Ellen and Tu

1985) owing also to the recent conclusions of Gosset and

Buchlin (2007), who proved that r does not play a sig-

nificant role in typical planar jet-wiping configurations.

Since the pressure within the liquid film is assumed

constant at fixed x and the surface tension disregarded, it

can be concluded that dp(x)/dx = dp(x)jet/dx, where p(x)jet

is the pressure distribution of the jet impinging on the

wire and it is generally approximated by a Gaussian dis-

tribution as in Fig. 3.

Equation (1) is supplemented by the boundary

conditions

uðx; rÞ ¼ U at r ¼ R

l
ouðx; rÞ

or
¼ sjetðxÞ at r ¼ Rþ hðxÞ ¼ HðxÞ;

ð2Þ

where U is the wire velocity, sjet(x) is the shear-stress

profile due to the jet impinging on the wire with a typical

shape as in Fig. 3, and R is the wire radius. Since dp(x)/

dx = dp(x)jet/dx and sjet(x) cannot be confused with other

notations, dp(x)jet/dx and sjet(x) will be denoted simply as

dp(x)/dx and s(x).

The velocity profile of the liquid film as a function of x

and r can be obtained by integrating equation (1) subject to

boundary conditions (2),

uðx; rÞ ¼ U þ A

4
ðr2 � R2Þ þ H B� A

2
H

� �
ln

r

R

� �
; ð3Þ

with A and B functions of x and defined as

AðxÞ ¼ 1

l
dpðxÞ

dx
þ qg

� �

BðxÞ ¼ sðxÞ
l
:

ð4Þ

Once the velocity profile is known, the volumetric liquid

flow rate Q = $R
H(x)2pru(x, r)dr is computed as
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Q H;
dp

dx
; s

� �
¼ 2p

U

2
ðH2 � R2Þ þ A

16
ðH2 � R2Þ2

�

þ C
R2

4
þ H2

4
2 ln

H

R

� �
� 1

� �� ��
;

where C = H[B-HA/2].

Q depends on x through H(x) = h(x) ? R, dp(x)/dx and

s(x). However, if p(x) and s(x) are available as empirical

correlations from experimental or numerical investigations

(see, e.g., Fig. 3), the equation above expresses a constraint

between two unknowns, Q and H, at a fixed position x.

Therefore, Q remains a function of two independent vari-

ables H and x,

QðH; xÞ ¼ 2p
U

2
ðH2 � R2Þ þ AðxÞ

16
ðH2 � R2Þ2

�

þ CðxÞ R2

4
þ H2

4
2ln

H

R

� �
� 1

� �� ��
; ð5Þ

where H is independent of x in the sense that so far it is still

an unknown function of x. Practically, H(x) is derived from

(5) simply as the level curve (contour line) of function

Q(H, x) at a fixed level �Q of the flow rate. This is consistent

with the fact that in stationary conditions Q must be

constant, i.e. the continuity equation has to be satisfied.

Mathematically, equation (5) is not sufficient to determine

both QðxÞ ¼ �Q and H(x). However, from physical

considerations, the flow rate is not arbitrary because its

only acceptable constant value �Q must simultaneously

correspond to a critical point of Q(H, x) (stationary

condition) and provide the smallest flow rate (physical

limitation). It should be noted that such �Q is not a local

minimum for Q(H, x). In fact, function Q(H, x) from

equation (5) has, for typical profiles of p(x) and s(x) as

those in Fig. 3, two critical points (Hc, xc) that guarantee

the stationary condition

rQðHc; xcÞ ¼ 0:

As shown in Fig. 4, one of them is the maximum of

surface Q(H, x) (QM = Q(HM, xM)) and the other one is a

saddle point (QS = Q(HS, xS)). Since QS \ QM, the correct

value of the flow rate is �Q ¼ QðHS; xSÞ: Alternatively, the

p(x)τ(x)

s

Z

Wire

Liquid film

Annular nozzle

r

U

x

Run−back flow

Fig. 2 Schematic diagram of

the annular-jet stripping

process. The geometry is axial-

symmetric and it is shown on

the right side of the figure. The

pressure and wall shear stress

distributions generated by the

jet impinging on the wire are

reported on the left side.

(Geometrical dimensions are

not respected in the figure)

Fig. 3 Normalized profiles of jet pressure p, shear stress s and pressure

gradient dp/dx as a function of x with p = p(x)/max(p) =

exp(log(1/2)x2) and s = s(x)/max(s) = (erf(1.4x) - atan(x/10)2/p)/

0.908)
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maximum is not acceptable because it provides a level

curve H(x) at Q(H, x) = QM that degenerates in a single

point (for the same reason a minimum would not be

acceptable), whereas the level curve at Q(H, x) = QS

(saddle point) provides the unknown function H(x).

The critical points of Q are found by solving

rQ ¼ 0 ()
oQ
oH ¼ 0

oQ
ox ¼ 0;

(
ð6Þ

which is a nonlinear system that includes logarithmic

functions and, thus, must be treated numerically. Figure 5

reports the curves qQ/qx (dashed line) and qQ/qH (dotted

line) on the plane (H/R, x) for the surface Q(H/R, x) shown

in Fig. 4. Condition (6) corresponds, graphically, to the

intersection between the curves. The only acceptable

solution is the saddle point, on the left.

An easier, but mathematically equivalent, way to com-

pute the saddle point and find �Q follows two steps: (a) the

maximum of the liquid flux Qmax(x) is found at fixed x by

employing the condition qQ/qH = 0, i.e.

UH þ A

2
HðH2 � R2Þ þ B

4
ðH2 � R2Þ

þ H2ln
H

R

� �
3

2
B� AH

� �
¼ 0; ð7Þ

which provides Hopt(x) and then, through equation (5),

Qmax(x) = Q(Hopt(x), x); such a maximum Qmax(x) changes

with x because so do Hopt(x), p(x) and s(x); (b) the physi-

cally acceptable liquid flux �Q is the minimum of Qmax(x)

because, in steady conditions, Q must be constant (conti-

nuity equation) and limited by its smallest value.

Therefore, we conclude that �Q ¼ ðQmaxÞmin: This ‘‘opti-

mal’’ approach was used by Elsaadawy et al. (2007), who

followed what had already been done by Ellen and Tu

(1984). Since it consists in searching for the maximum of

Q(H, x) in direction H (at fixed x) and then in searching for

the minimum of these maxima in direction x, the ‘‘optimal’’

method is, indeed, equivalent to searching for a saddle

point among the critical points of Q(H, x) provided by

system (6).

The optimality condition qQ/qH = 0 stated in equation

(7) confirms the early result of Deryaguin (1945) who

considered the withdrawal of a plate from a liquid bath at

high capillary number (i.e. negligible surface tension r)

and concluded that the film thickness is that which results

in a maximum volume flux of liquid being entrained by the

plate. In other words, the flow adjusts itself until the

coating carries as much material as possible. Such opti-

mality condition was recovered also by Homsy and

Geyling (1977) in the framework of rapid coating of cyl-

inders without any jet stripping, and further confirmed by

Tuck (1983) who analyzed jet stripping on vertical plane

surfaces. Tuck (1983) pointed out that experimental evi-

dence (see Deryaguin and Levi 1964; Esmail and Hummel

1975) suggests that Deryaguin’s result qQ/qH = 0 is

accurate for sufficiently large Capillary number, which is

precisely the case of the present work.

It should be noted that, in the special case of no effect of

the annular jet, i.e. dp/dx = 0 and s = 0 (A = qg/l and

B = 0), equations (3), (5), (7) reduce, respectively, to

equations (1), (2), (6) of the theoretical work done by

Homsy and Geyling (1977) and carried out under the

assumptions of negligible inertial and surface-tension

effects.

Once �Q ¼ QS ¼ ðQmaxÞmin has been found, the mean

final thickness is easily determined as

Fig. 4 Surface Q(H, x) (normalized by its maximum) from equation

(5) obtained with the pressure and shear stress profiles reported in

Fig. 3. S denotes the saddle point, M the maximum. The only

physically acceptable value of the withdrawal flux is �Q ¼ QS; at the

saddle point

Fig. 5 Graphical solution of system (6) in the plane (H/R, x)
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hf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ

�Q

pU

r
� R: ð8Þ

Instead of assuming p and s as functions of x, an alternative

approach—known as ‘‘knife’’ model—considers only what

happens at the position �x where the pressure gradient dp/dx

reaches its maximum. The idea is based on the physical

observation that the pressure gradient and the wall shear

stress reach their respective maximum and minimum more

or less at the same position �x; as visible in Fig. 3.

Therefore, instead of studying the evolution along x, all

quantities are assumed constant and equivalent to their

values at �x: Equations (5) and (7) remain formally the

same, but now they express two constraints at �x; where H

must be replaced by �H; Q by �Q; dpðxÞ=dx by dpð�xÞ=dx ¼
ðdp=dxÞmax and s(x) by sð�xÞ ¼ ðsÞmin ¼ �ðsÞmax (for

symmetry reasons). With this notation, �A and �B are two

constants that depend, respectively, on the maximum

pressure gradient and maximum wall shear stress,

�A ¼ 1

l
dp

dx

� �
max

þqg

� �
; �B ¼ �ðsÞmax

l
: ð9Þ

Once �H has been determined through (7), �Q is computed

using (5) and, finally, hf is derived from (8). This model,

whose main advantage is that dp(x)/dx and s(x) are

replaced by two constants, has given encouraging results

for jet stripping on a flat surface (Gosset and Buchlin

2007).

The ‘‘optimal’’ and ‘‘knife’’ models are, indeed, very

similar and provide comparable results. Among recent

works dealing with jet wiping on flat surfaces, the ‘‘opti-

mal’’ approach has been considered only by Elsaadawy

et al. (2007), whereas the ‘‘knife’’ approach has been used

more extensively (Naphade et al. 2005; Lacanette et al.

2005a, b, 2006; Gosset and Buchlin 2007) because it does

not require the complete knowledge of the profiles p(x) and

s(x).

Regardless of the model employed for predicting the

final coating thickness hf, the most critical issue is the

determination of the pressure gradient and wall shear stress

(for the ‘‘optimal’’ model) or their maxima (for the ‘‘knife’’

model). The only data known to the author and relative to

the geometry in Fig. 1b are those by Anthoine (1996), who

provided the correlations

dp

dx

� �
max

¼ 10
ffiffiffi
2
p Pnffiffiffiffiffi

sZ
p

sð Þmax ¼ 0:083P3=4
n

Z

s

� �0:11

;

ð10Þ

where Pn is the nozzle stagnation pressure, s is the width of

the nozzle slot and Z = (D - d)/2 is the distance between

the nozzle slot and the wire, with D denoting the nozzle

internal diameter and d = 2R the wire diameter (see

Fig. 2). The maximum pressure gradient was obtained from

pressure measurements on the surface of a small cylinder

(tube) set in the center of an annular jet as in Fig. 1b. The

correlation for the maximum wall shear stress was obtained

from numerical simulations carried out with Fluent� and

from some heat-transfer measurements.

3 Experimental measurements of the final thickness

and comparisons with different models

Experimental results were obtained using the GALFIN

facility originally developed and constructed at the von

Kármán Institute (VKI) to carry out measurements during

the wire coating process. The wire is typically 8 m long

and 2 mm in diameter and forms a closed loop. Its tension

is ensured by a mechanical stretching device and a set of

pulleys, whereas a motor connected to one of them moves

the wire at a constant speed owing to friction. After the

wire has gone through the liquid bath (as in Fig. 1a) and

the coating characteristics have been detected, it is cleaned

by a doctor blade so as to recover the liquid (that goes back

to the bath) and to avoid slippery conditions between the

driving pulley and the wire, which could compromise the

wire speed and, consequently, the measurement. The liquid

typically employed for the tests is silicon oil, with the

possibility to use different values of viscosity, density and

surface tension. The values used for these experiments are

reported in Table 1. A complete description of the facility

can be found in Zuccher (1999).

The measurement technique was chosen in order to

allow the detection of possible waves developing in the

coating so as to study the instabilities of the liquid film

occurring in the jet stripping process. A new laser-sheet

based non-intrusive experimental technique that could

satisfy the requirements of both good spatial resolution and

high sampling frequency was employed (see Zuccher

2005). As sketched in Fig. 6, a laser source produces a

laser sheet 5 mm wide, which is collected by a receiver

Table 1 Typical liquid properties and operating parameters used in

the experiments

Description Symbol Values Dimensions

Wire velocity U 0.25–1.32 m/s

Liquid density q 951 kg/m3

Liquid viscosity l 0.114 kg/(m s)

Liquid surface tension r 0.02 kg/s2

Wire diameter d 0.002 m

Nozzle internal diameter D 0.014 m

Nozzle slot s 0.001 m

Nozzle stagnation pressure Pn 500–4,000 Pa
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placed in front of the source at about 300 mm with the wire

positioned in between. The measurement is easily obtained

because the light detected by the receiver is linearly pro-

portional (with a negative slope) to the diameter of the wire

covered by the coating film. This probe allows a sampling

frequency up to 3 kHz with a 5 lm spatial resolution.

Moreover, the problem of a wire moving in the horizontal

plane is completely overcome because the total light

received by the detector does not depend on the position of

the wire, which is, thus, free to oscillate within the 5 mm

span. A remarkable advantage of such a technique is that

the wave speed can be retrieved by using two probes set at

a known distance from each other and by performing the

cross-correlation between the two signals.

The possibility to extract information on wave charac-

teristics through this technique relies on the assumption of

axisymmetric waves. A technique for the detection of non-

axisymmetric waves would require multiple probes acting

in the same plane perpendicular to the wire but in different

azimuthal positions. Due to the complexity of such a sys-

tem, investigations are here limited to one azimuthal

position, assuming axisymmetric waves as done in several

theories (see, e.g., Lin and Liu 1975) and models previ-

ously mentioned. The voltage from the laser-sheet probe is

converted into the total diameter, which includes both the

wire and the coating. In order to retrieve the liquid-film

thickness h(t) it is necessary to know the mean wire

diameter d, which is obtained by averaging the diameter as

a function of time measured during a dry run in which the

total wire length is scanned for a sufficient number of

times. The mean value of the final thickness hf is eventually

retrieved simply by averaging h(t).

Figure 7 reports the normalized mean final thickness hf/

R as a function of the Capillary number Ca = U l/r for

different values of the nozzle stagnation pressure, whereas

Fig. 8 shows hf/R as a function of the nozzle stagnation

pressure for different values of the Capillary number. The

distance from the annular jet is L = 134 mm; in some

preliminary tests (for details see, Zuccher 1999), the mean

final thickness was measured at two different distances

from the jet, L = 84 and 134 mm, respectively, and it

was found, within experimental uncertainties, that the

measurement was repeatable and that the mean final

thickness reached its asymptotic value. Instead of divid-

ing the dimensional thickness hf by the reference

length h0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lU=ðqgÞ

p
; typically used for planar geome-

tries, we normalized hf with respect to the wire radius R so

as to have an immediate idea of the final thickness in terms

Laser Sheet

Wire

5 mm

Laser Source

Receiver

Fig. 6 Sketch of the laser probe. The laser sheet produced by the

laser source is detected by the receiver. The wire, covered by the

liquid film and positioned in between, interrupts part of the laser,

allowing a very precise measurement based on the output signal from

the receiver

Fig. 7 Normalized mean final thickness as a function of the Capillary

number for different values of the nozzle stagnation pressure

Fig. 8 Normalized mean final thickness as a function of the nozzle

stagnation pressure for different values of the Capillary number
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of wire dimensions. In Fig. 7 data without jet wiping

(Pn = 0) have also been reported in order to allow the

direct comparison with the dip-coating case (data from

Zuccher 2005). Results are as expected. For increasing

Capillary number the mean final thickness increases at

constant nozzle stagnation pressure, whereas the increase

of the stagnation pressure at constant Capillary number

leads to a smaller final thickness. While results at high

stagnation pressures (Pn C 2,000 Pa) seems to be linearly

equispaced as a function of Pn and Ca, for low stagnation

pressures (Pn = 500 and 1,000 Pa) the mean final thick-

ness grows quite fast with the Capillary number. This is

probably the signature of some nonlinear phenomena

occurring in that range of operating parameters. It should

be noted that for the smallest stagnation pressure and the

largest capillary number the mean final thickness is about

85% of the wire radius, i.e. many of the assumptions

employed to develop the one-dimensional model in Sect. 2

might not be verified.

In order to compare the experimental results with some

theoretical predictions, several different ‘‘knife’’ models

are tests (see Table 2). Model M1 refers to the correlations

for the maximum pressure gradient and wall shear stress

suggested by Anthoine (1996), who specifically studied an

annular jet impinging on a small tube (wire). Results are as

in Fig. 9. The predicted values are much smaller than the

measured ones, meaning that the maximum pressure gra-

dient is overestimated, with relative errors � ¼ jhf predicted=

hf measured � 1j between 35 and 85% (the average is

�� ¼ 60%). This is quite discouraging because such corre-

lations were the only data available in literature for the

geometry studied here.

Some reservations on model M1 were expressed in a

following project carried out at the von Kármán Institute

for Fluid Dynamics (Passelecq 1997), in which 0.72 was

suggested as the constant for the correlation of the maxi-

mum pressure gradient to replace 10
ffiffiffi
2
p

: We refer to this

second option as model M2 (see Table 2 for details).

Results are shown in Fig. 10. Clearly, the predicted values

are now much larger than the experimental ones meaning

that the estimated pressure gradient is too week. The rel-

ative errors are still very large and have about the same

average as model M1.

Model M3 employs the correlations suggested by Elsaa-

dawy et al. (2007), who derived pressure and wall shear

stress distributions as a function of the slot gap s and

impingement distance Z for a two-dimensional jet impinging

Table 2 Summary of knife

models employed for

comparison with present

experiments

Model (dp/dx)max (s)max

M1
10

ffiffiffi
2
p Pnffiffiffiffiffi

sZ
p ; 0:083

Z

s

� �0:11

P
3=4
n

M2
0:72

Pnffiffiffiffiffi
sZ
p ; 0:083

Z

s

� �0:11

P
3=4
n

M3

0:714

�0:0056
Z

s

� �2

þ0:0268
Z

s

� �
þ 1:0108

s 0:0453
Z

s

� �
þ 0:7921

� � Pn;

�0:0001
Z

s

� �
þ 0:0035

� �
Pn

M4

0:263 � Pn

U

� �0:2

0:7 Pnffiffiffiffiffi
sZ
p ;

0

M5

kðU;PnÞ � 0:714

�0:0056
Z

s

� �2

þ0:0268
Z

s

� �
þ 1:0108

s 0:0453
Z

s

� �
þ 0:7921

� � Pn;

�0:0001
Z

s

� �
þ 0:0035

� �
Pn

Fig. 9 Comparison between measured and predicted dimensionless

mean final thickness hf/R, knife model M1
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on a flat plate in the range Z/s B 8. The Gaussian shape

pðxÞ ¼ pmaxecn2

is typically used for the pressure distribution

of an impinging jet, where pmax is the pressure maximum (at

the stagnation point), c = ln(1/2) & -0.693 and n = x/b

with b denoting the half width of p(x), i.e. the position x

where p = pmax/2. Even though Elsaadawy et al. (2007)

proposed a slightly different shape of the pressure distribu-

tion, they showed that the Gaussian choice provides very

good results. Having the analytical form of p(x), the maxi-

mum of the pressure gradient is readily found at

x ¼ �b=
ffiffiffiffiffiffiffiffiffi
�2c
p

; where j dp=dxð Þmaxj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
�2c=e

p
� pmax=b:

The correlations by Elsaadawy et al. (2007), valid only in

the limit Z/s B 8,

b

s
¼ 0:0453

Z

s

� �
þ 0:7921

pmax

Pn

¼ �0:0056
Z

s

� �2

þ0:0268
Z

s

� �
þ 1:0108

smax

Pn

¼ �0:0001
Z

s

� �
þ 0:0035

ð11Þ

can, thus, be inserted into j dp=dxð Þmaxj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
�2c=e

p
� pmax=b

and, after noting that
ffiffiffiffiffiffiffiffiffiffiffiffiffi
�2c=e

p
� �0:714; it is straightfor-

ward to obtain the maximum pressure gradient and wall

shear stress of model M3 as in Table 2. It should be noted that

equations (11) are valid in the range Z/s B 8, which is pre-

cisely our case since in the experiments Z/s = 6 (Z = 0.006

and s = 0.001, see Table 1). By comparing the predicted and

measured values of the mean final thickness (see Fig. 11), a

quite good agreement is found only for hf \ 0.4. This is due

to the fact that at low stagnation pressure Pn and high wire

speed U, i.e. when hf is large, phenomena not considered in

the simple one-dimensional knife model take place. Many of

the initial hypotheses might not be verified because of pos-

sible loss of axial symmetry, non-negligible effects of

surface tension, strong nonlinearities affecting the advection

terms of the Navier–Stokes equations and here disregarded,

possible influence of the coating film on the jet characteris-

tics, etc. Despite the fact that circles in Fig. 11 are localized

in the vicinity of the diagonal, errors can be easily identified

for small values of hf, leading to quite large relative errors on

the order of �� ¼ 25%:

Model M4 is based on a very simple attempt to use a

modified expression of that proposed by Anthoine (1996)

for the maximum pressure gradient, where the constant

10
ffiffiffi
2
p

is replaced by 0.263(Pn/U)0.2/0.7, i.e. an expression

that depends on both Pn and U. The coefficient 0.263 was

chosen empirically so as to match the value of hf at

U = 0.78 m/s and Pn = 2,000 Pa. Results are remarkably

good, as shown in Fig. 12. As opposed to model M3, now

the best agreement is found for small values of hf, leading

to an average relative error �� ¼ 8%: However, some dis-

crepancies are still present for very large values of the

mean final thickness, hf/R [ 0.3, i.e. for the seven points in

Fig. 12 which are the most distant from the dashed line. If

such points are disregarded, because they might have been

obtained in the range of parameters in which many of the

initial hypotheses were not verified, the average relative

error drops to �� ¼ 5:5%:

Model M5 is based on the idea that a reliable expression

of the pressure gradient, such as the one proposed by

Fig. 10 Comparison between measured and predicted dimensionless

mean final thickness hf/R, knife model M2

Fig. 11 Comparison between measured and predicted dimensionless

mean final thickness hf/R, knife model M3
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Elsaadawy et al. (2007), could be empirically modified in

order to account for the annular geometry and for other

unknown phenomena occurring for hf C 4. In other words,

the expression of the pressure gradient in model M3 is

multiplied by a function k(U, Pn) obtained by correlating

the coefficients needed to match the predicted and mea-

sured values of hf at a particular U and Pn, as resulting from

Fig. 7 or 8. Such a correlation takes the form

kðU;PnÞ ¼
X3

i¼1

X3

j¼1

aijU
3�j

 !
P3�i

n

" #
; ð12Þ

with

A ¼
9:628� 10�8 �2:477� 10�7 6:474� 10�8

4:227� 10�4 �4:980� 10�4 6:819� 10�4

�9:220� 10�1 3:161� 10�1 9:391� 10�1

2
4

3
5

Function k(U, Pn), which can be more easily recognized if

expanded as k(U, Pn) = (a11 U2 ? a12 U ? a13) Pn
2 ? (a21

U2 ? a22 U ? a23) Pn ? (a31U2 ? a32U ? a33) is repor-

ted in Fig. 14. Results obtained with model M5 are shown

in Fig. 13. All measured values are very well captured by

the predicted ones, except for the two experiments with the

largest hf which were carried out at the lowest nozzle

pressure and highest wire speed. As opposed to all previous

models, the average relative error is now very small,

�� ¼ 3%:

For all models here considered it was found that the

major role in the prediction of the mean final thickness hf is

played by the maximum pressure gradient rather than the

maximum shear stress. In a first-approximation model,

therefore, the latter can be set to zero.

Knife models are the current state of the art for pre-

dicting the mean final thickness in planar jet wiping

configurations. However, the fact that surface tension

effects are negligible suggests that the run-back flow in the

case of annular jet wiping is due to the dynamic pressure of

the air jet. The Landau–Levich–Deryaguin (LLD) theory

(see Landau and Levich 1942; Deryaguin 1945; Levich

1962; Deryaguin and Levi 1964) generalized for the

cylindrical case, hf * RCa2/3, can, thus, be rearranged by

Fig. 12 Comparison between measured and predicted dimensionless

mean final thickness hf/R, knife model M4
Fig. 13 Comparison between measured and predicted dimensionless

mean final thickness hf/R, model M5

Fig. 14 Function k(U, Pn) used to correct the correlations for two-

dimensional jet impinging on a flat plate
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replacing the capillary pressure r/R with the nozzle pres-

sure Pn. The result is

hf ¼ KR1=3 lU

Pn

� �2
3

; K ¼ 1:08; ð13Þ

where the constant K has been determined by minimizing

the difference between the experimental final thickness

reported in Fig. 8 for Ca \ 4.5 and the one predicted by

equation (13). As shown in Fig. 15, results are quite similar

to those provided by model M4, which is, indeed, similar to

the simple formula (13) in the sense that in both cases hf

depends on a function of (U/Pn)a. The average relative

error of the data in Fig. 15 is �� ¼ 8%; with some discrep-

ancies visible for very large values of the mean final

thickness where model (13) is not valid.

4 Characteristics of the waves developing

in the liquid film

The details on how to retrieve wave characteristics using

the laser-sheet probe and the appropriate post-processing

procedure can be found in Zuccher (2005). The phase

speed is measured by utilizing, during the same test, two

probes as the one in Fig. 6 and positioned at a distance DL

from each other. The time delay Dt needed for a particular

surface peak to travel from the first probe to the second one

is found by performing the cross-correlation between these

signals. Having measured the distance DL between the

two laser sheets, the absolute phase speed is computed as

cr = DL/Dt.

The wavelength of the perturbation is extracted by

employing the Fast Fourier Transform (FFT) of the signal

h(t). Since in one time history there might be more than a

single peak, the relative importance of each wavelength

with respect to the whole signal is measured by the ratio

between the integral of the spectrum around the peak and

the integral of the entire spectrum. For each of such

observed wavelengths, the corresponding amplitude is

computed by reconstructing a new signal that contains only

the wavelengths in the range of interest. This is done with a

band-pass filter or, simply, by multiplying the original

spectrum by a unitary shape function different from zero

only in the band range and by applying an inverse FFT.

Low frequencies are responsible for slow variations of the

signal and account for large variations in its amplitude,

whereas higher frequencies can be associated either with

very small wavelengths or electronic noise and do not

contribute considerably to the signal amplitude. The

amplitude A is defined as half of the difference between the

maximum and the minimum of the wave (half peak-to-peak

amplitude) and is computed as A ¼ stdðhÞ
ffiffiffi
2
p

; where std(h)

is the standard deviation of the filtered signal.

The stable or unstable nature of the liquid film is asso-

ciated with the growth (or decay) rate. The form of the

perturbation is typically A = A0 exp(i (x - ct)) (see, e.g.,

Lin and Liu 1975), where A is the amplitude at a certain

point x in space (along the wire) and t in time, c = cr ? i ci

is the complex wave speed and x and t are measured with

respect to the reference location where the amplitude is A0.

By considering two amplitude measurements A1 and A2 at

different distances from the nozzle, the experimental

growth rate ci = (1/Dt) ln (A2/A1 ) = (cr/DL) ln (A2/A1 ) is

immediately computed.

Figure 16 reports the wave speed cr, normalized with r/

l, as a function of the capillary number. As mentioned

above, measurements were carried out by employing two

laser probes set at a distance DL from each other. In order to

check the possible dependence of cr on DL, two sets of data

were collected, for DL = 40 and 90 mm. The distance of

the bottom probe from the nozzle jet was 57 mm. The wave

velocity is quite independent of DL and is consistently

lower than that computed with the linear theory by Lin and

Liu (1975). Such a theory was applied straightforwardly by

considering only the behavior of the liquid film after the

action of the wiping jet. Theory and experiments agree

fairly well for low values of the capillary number. Some

differences are visible at large capillary numbers, for which

the linear theory is, indeed, not appropriate due to the

presence of possible nonlinear effects as seen in Fig. 7 for

Pn B 1,000 Pa and Ca C 5. Figure 17 shows the wave-

lengths k normalized with the wire radius R for

Pn = 1,000 Pa. Since multiple waves are found for some

capillary numbers, the relative weight of each of them with

Fig. 15 Comparison between measured and predicted dimensionless

mean final thickness hf/R as from equation (13)
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respect to the whole signal is represented by the size of the

circles. Multiple waves are typically harmonics, as it is easy

to verify, e.g., for the two distinct waves at the lowest

stripping speed, whose ratio is 9. The main wavelength

slightly increases with the capillary number with a sort of

more pronounced step around Ca = 5. However, the

average wavelength at Pn = 1,000 Pa is contained within

the 3–5 mm range (since R = 1 mm, k/R is the actual

wavelength in millimeters).

In order to avoid reporting plots as those in Figs. 16 and

17 for all different values of Pn, the curves in Fig. 18

summarize the behavior of the main wavelength (i.e. the

shortest wavelength at fixed Ca and Pn) as a function of Pn

for four values of the capillary number. The monotonic

decrease of the wavelength k/R with Pn characterizes all

capillary numbers and seems to be quite regular for low

values of Ca. The strongest effect is visible at Ca = 6.93,

probably due to the nonlinear effects occurring when the

mean final thickness is large (i.e. at low Pn and high Ca).

The most interesting feature of Fig. 18, however, is the

disappearance of waves for Pn [ 2,000 Pa, independently

of the capillary number. This experimental evidence is

quite a remarkable finding. In fact, the mean final thickness

hf can be controlled by changing either the capillary

number or the nozzle pressure Pn (see Fig. 7 or 8), but

industrial applications require large stripping speeds for

productivity reasons together with the absence of waves.

From the experiments it seems to be possible to meet both

requirements simply by increasing Pn beyond a cut-off

value.

Fig. 16 Pn = 1,000 Pa. Normalized wave velocity cr l/r as a

function of the capillary number Ca

Fig. 17 Pn = 1,000 Pa. Normalized wavelength k/R as a function of

the capillary number Ca

Fig. 18 Normalized wavelength k/R as a function of the nozzle

stagnation pressure Pn for some values of the capillary number Ca

Fig. 19 Pn = 1,000 Pa. Wave amplitude normalized with mean final

thickness hf as a function of the capillary number Ca
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Figure 19 reports the wave amplitude A normalized with

the mean final thickness hf (instead of R) as a function of

the capillary number for Pn = 1,000 Pa. Since A is quite

large and goes from about 10% of hf for low Ca up to

almost 30% for Ca [ 6, linear theories cannot be used for

comparisons. It is interesting to observe that the amplitude

detected at the measurement station on the bottom

(L = 84 mm from the jet nozzle, circles) is always larger

than the one at the top (L = 134 mm from the jet nozzle,

squares), meaning that the perturbations are stable at each

capillary number. The very same behavior is found at

Pn = 500 and 2,000 Pa (figures not reported) and the rel-

ative amplitude, at fixed capillary number, decreases with

increasing stagnation pressure. Practically speaking, this

means that large values of Pn guarantee small relative

amplitudes, as one could argue considering that there is a

cut-off value of the pressure beyond which no wavelengths

can be observed (see Fig. 18).

A quantitative account of the stability of the perturba-

tion is provided by Fig. 20, which reports the experimental

amplification factor ci. As expected from the amplitude

plot, the amplification factor is negative and, moreover, the

stability of the wave increases with the capillary number.

The experimental finding reported in this section have a

remarkable impact on annular jet wiping for industrial

applications. Firstly, because the waves, when present, are

always stable and therefore their amplitude keeps decreasing

as the wire is dragged away from the wiping jet. Secondly,

because the stability of the perturbation increases with the

production rate (i.e. stripping speed or Ca number), ensuring

a better finish of the product in high-productivity conditions.

Thirdly, because the amplitude of the waves can be consis-

tently reduced by increasing the nozzle stagnation pressure

up to a cut-off value (around 2,000 Pa in these experiments)

beyond which no waves can be detected.

5 Concluding remarks

This study presents, for the first time, some experimental

investigations carried out to characterize the liquid film left

on a wire after it has been withdrawn from a liquid bath

and has undergone the action of an annular jet intended to

reduce its final thickness. Such a configuration is rather

complex and challenging from the theoretical/numerical

point of view because it involves the interaction between a

turbulent jet and a thin liquid film. Its understanding,

however, is particularly interesting for industrial applica-

tions such as annular jet wiping.

It is found that the mean final thickness of the liquid film

increases with the capillary number (stripping speed) and

decreases with increasing nozzle stagnation pressure.

Experimental results are compared with an analytical model

(‘‘knife’’ model), which assumes the knowledge of the

maximum pressure gradient and maximum wall shear stress

due to the jet, and it is based on the liquid properties and

operating parameters. The only correlation available for a

jet in this geometry leads to very poor results. On the

contrary, a correlation recently derived for a two-dimen-

sional jet impinging on a flat plate for the study of planar jet

wiping provides a quite good agreement with experimental

data. The best comparisons are obtained with modified

knife models, which employ a maximum pressure gradient

that accounts not only for the nozzle characteristics (stag-

nation pressure and geometry) but also for the stripping

speed. A very simple formula derived from the LLD theory

with the capillary pressure replaced by the air-jet pressure

provides results comparable to modified knife models.

Since the appearance of surface waves in the final

coating sets a limit on the quality of the product, the sta-

bility characteristics of the liquid film are also investigated

as a function of the capillary number and nozzle stagnation

pressure. It is found that typical wavelengths are on the

same order of magnitude as the wire diameter and that

both, the wavelength and the wave amplitude, decrease for

increasing stagnation pressure up to a complete disap-

pearance of waves for a certain cut-off pressure. When

waves are detected, the experimental amplification factor is

always negative, ensuring a stable film; this feature is

enhanced by increasing the capillary number.
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