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Abstract

The transient response of a planar liquid sheet, subjected to an acceleration in a direction normal to its plane of flow is
investigated both experimentally and numerically, for various acceleration trajectories. Experiments were performed by video
recording the sheet during acceleration, and measuring its deflection from the captured frames. Experimental data shows a
very weak dependence of the sheet’s response’s settling time on the acceleration trajectory parameters. Based on the equatior
of motion derived in part I, a computational model is developed to simulate the transient response. Preliminary computations
neglect the influence of air surrounding the sheet, and yield only qualitative agreement with experiments. The air, trapped
between sheet and shields, is assumed to exert a damping influence on the sheet’s response. The computational model is modifie
by introducing a nonlinear damping element, which is empirically identified. Solutions of this extended model show improved
agreement with experiments.
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1. Introduction

In a previous paper (part ) a coating method was described that made use of a translating planar liquid sheet to coat a layer
of liquid. This coating method is used in a manufacturing process called stereolithography. A coating die from which a liquid
sheet emanates is repetitively moved over a liquid pool onto which new liquid layers are coated. Products are built in this pool
by selectively curing the liquid layer after layer. A detailed description of the application may be found in part I.

When the coating die is set into motion, it is accelerated to a given coating sieedihis causes an important transient
response of the sheet, in which the sheet deflects out of its plane of flow. This part Il paper provides experimental results of
the transient response of a liquid sheet when the coating die, from which the sheet emanates, is subjected to a time-dependen
acceleration. The liquid sheet falls vertically under the influence of gravity, and the acceleration considered is perpendicular to
the plane of flow. The investigation is carried out because the transient response needs to have dissipated before a liquid laye!
may actually be coated.
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Nomenclature
AL acceleration length Ve coating speed
ap acceleration of the coating die v normal velocity component
apeak  Peak acceleration € slenderness ratidL 1)
f normal velocity of the sheet’s centre line ¢ damping ratio ¢(2v/mk) 1)
8 gravitational acceleration 0 angle of the sheet’s centre line with the vertical
L sheet length axis
£max maximal sheet deflection at lower end " curvature of the sheet's centre ling(/ds)
ps gas pressure _ I dynamic viscosity
0 flow rate per unit sheet WEj:tLh P liquid density
Re Reynold_s numberdus Ton ™) o surface tension
T sheet thickness T time for the sheet’s response to decay to 10t
To initial sheet thickness (at die exit) 90 P Y 0
u streamwise velocity Of max .
ug initial mean streamwise velocity (at die outlet) ~ “Peak time to peak acceleration
Us streamwise velocity scale/gL) wn natural frequency(km 1)

The experimental results are compared with solutions obtained from equations of motion that have been derived in part | of
this series of papers. The authors are presently not aware of any previous study about the transient dynamics of liquid sheets
subjected to an acceleration of the die from which they emanate. However, quite extensive resstatibnamy(i.e. not trans-
lating) liquid sheets is found in literature. Topics mostly concern sheet stability [1-3] and coating practice [4,5]. Noteworthy at
this point is the work of Weinstein et al. [6] and Clarke et al. [7], who investigated the dynamic response of two-dimensional,
inviscid liquid sheets subject to small, high frequency disturbances in ambient pressure. The pressure disturbances were gener
ated using an electrostatic field perpendicular to the liquid surface. The frequency of the applied disturbances ranged between
40 and 110 Hz. The experimental results were compared to solutions of the linearised time-dependent potential flow equations,
showing good agreement. These findings are however of limited use for the present work, because of the order of magnitude of
the disturbances, the different nature of the exciting force, and the viscid properties of the liquid under investigation.

The present work was undertaken in order to (i) investigate to which extent the transient response was affected by the
acceleration trajectory that was applied to the coating die, and (ii) to identify additional parameters influencing the response.
The goal is to have the transient response decay as fast as possible.

The experiments are discussed first. The results of numerical computations are shown afterwards. The paper starts with an
outline of the experimental set-up and procedure, followed by a description of the experiments that have been undertaken to
qguantify the transient response of the sheet. Next, the results of numerical simulations, based upon the equations derived in
part I, are presented. Comparison of experiments with computations makes clear that the shielding of the sheet is an important
element. However, modelling the influence of shielding the sheet, on the transient response is very difficult. It is shown in
this paper, that the shielding causes a damping effect on the sheet’s transient response. An empirically determined, nonlinear
damping term was added to the equation governing the sheet’s out-of-plane deflection. Solutions of this extended model with
added damping show satisfactory agreement with experiments.

2. Experimental set-up and procedure

The experiments consisted in imparting a given acceleration trajectory to the coating die, from which the sheet emanates.
The planar sheet experienced a transient response during which an out-of-plane deflection was observed. The deflection wa:s
recorded by a video camera and analysed to extract quantitative data.

Fig. 1 depicts a front view of the test set-up, that was used for the experiments. A liquid sheet is extruded out of a curtain
coating die, having a narrow slot at its lower face. The slot has a clearance of 0.4 mm, and is 400 mm wide. The die is
mounted onto a portal. At both sides of the portal, a tooth belt slide is provided (Isotec CA-80, Austria). The slide span
measures 1800 mm. The tooth belts’ driving gears are mechanically connected, and driven by a 750 W servo motor (Yaskawa
SGMPH-08, Japan), with corresponding amplifier (Yaskawa SGDH-08). The servo amplifier is controlled by a 1.5 axis machine
controller (Yaskawa MP940). The controller is needed to execute motion with well-defined acceleration trajectories. The servo
motor features a 13 bit incremental encoder.
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Fig. 1. Front view of the measurement set-up for recording the transient response of a moving liquid sheet.

2.1. Acceleration

Dedicated time-dependent acceleration trajectarjg8) were imparted to the coating die. Different kinds of acceleration
trajectories were used to investigate how a given acceleration trajectory affects the sheet’s transient response. All trajectories
were specified with the aim of reaching a desired coating spegedfter a specified acceleration lengsh (distance that the
die system has to travel before a consténtis reached). The trajectories that were used can be divided into three classes:

e a second degree polynomial trajectoB2-class):
apo(t) = 0212 + cqt

this trajectory features a discontinuous jerk (derivative of acceleration) at the intervakgpl8);
o a fourth degree polynomial trajectory4-class):
apy(t) = C4t4 + C3t3 + C2t2
this trajectory features a continuous jerk all over its interval (vadyagere properly selected);
e a sinusoidal trajectorys(-class):

ag(t) =c1sin(wt + ¢) + c2
the jerk here is also continuous.

Another characteristic parameter of the acceleration trajectories is the peak accelegi@n Which is determined by the
acceleration length, the coating speed, and by the trajectory class. Fig. 2 shows the three trajectory classes for a coating spee
Ve=1 ms-1 and acceleration lengthL = 275 mm. For a given acceleration length and coating spe@@-aajectory will

have the smallest peak acceleratios-tiajectory the highest.

Both controller and amplifier were configured such that the actual imparted acceleration trajectories matched the pro-
grammed ones. Fig. 3 shows an example of the match between programmed and measured acceleration trajectories. Th
measured trajectory was extracted from encoder data, while the programmed one is what was input to the controller. The peak
acceleration for this trajectory is about 9 ms which is one of the highest performing trajectories used throughout the exper-
iments. The figure shows a satisfactory agreement, and in what follows the programmed trajectories will be considered to be
identical to the actual ones. Moreover, in order to make a comparison with numerical simulations, the acceleration trajectories
actually imparted to the die have to match the ones used for simulation.

2.2. Extrusion of the sheet

Liquid is fed to the die by a metering gear pump. Control of the pump’s rotational speed allows for flow rate control. The
sheet, which is extruded out of the die, falls vertically in direction of gravity, over a height of 125 mm. Thereafter it impinges
onto a punched plate. When the die is accelerated, the inertia forces will make the sheet bend, as depicted in Fig. 4. At both
lateral ends, the liquid sheet is guided by rods (also referred to as edge guides). This is done in order to prevent lateral contraction
by surface tension. The liquid remains pinned to these rods even during acceleration, meaning that, at its lateral ends, the shee
does not bend. Thus, deflection is actually 3D, with maximum occurring in the middle. It is the deflection in the middle of the
sheet, that is extracted from the video recordings (as shown in Fig. 4).
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Fig. 2. Comparison between three classes of acceleration tra-
jectoriesVe =1 ms 1, AL=275 mm.

Fig. 3. Comparison between programmed and measured
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Fig. 4. Schematic representation of the deflection of a liquid sheet when accelerated. The shields are protecting the sheet from aerodynamic
influences. (a) Horizontal cross-section of a backwards Hesgts(b) Vertical cross-section of a backwards bent sheet.

Attention is given to shielding the sheet from surrounding air. Neglect of giving shielding the necessary consideration makes
the sheet extremely susceptible to inertia effects of surrounding air when the sheet is moving. This can also be deduced from
the derived equations of motion (28) in part I, in which a pressure disturbancépin@ay cause an Q) deflection of the
sheets is a slenderness ratio. Shields were provided at the sheet’s front and back, as depicted in Fig. 4. The clearance betweer
substrate and shield was 1.5 mm. The shields were about 100 mm wider than the sheet. No shielding was provided laterally.

2.3. Procedure

A digital video camera (Sony) is fixed laterally to the portal (see Fig. 1). In this way, the camera moves together with the
die, and the liquid sheet. This allows the capturing of clear, sharp images of the sheet’s lateral profile. The camera captures 50
frames per second, which is sufficient for the present experiments. The frames captured during motion are processed afterwards
to extract deflection information.

In order to allow a quantitative comparison between the various experiments provided in this paper, the out-of-plane deflec-
tion at the lower end of the sheet is extracted from the video recordings as quantifiable data. This deflection is measured in the
middle between the edge guides, as it is here that deflection is maximal. Fig. 4 illustrates the spot in the sheet where deflection
is extracted from the video frames.
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For each frame of interest, the elapsed time from motion start has to be known. This is achieved by video recording a LED
together with the sheet. When the die is set into motion, this LED will turn on and readily indicates which video frame is given
zero time. Thus, the maximum time error on the measurements is less than the interframe period of 20 ms.

The video camera is mounted such that the optical axis is parallel to the sheet (when stationary and planar). By so doing, a
video image represents a purely lateral view, and sheet deflection can be easily measured. A calibration is performed beforehand
S0 as to establish the scale factor. Video images are stored on a digital cassette, and processed afterwards to extract all the frame
of interest. Fig. 15(a) shows, as illustration, a sequence of three captured video frames of a bent sheet.

2.4. Liquid properties

The rheology of a liquid can exert a significant influence on the fluid dynamic behaviour. The liquid that was used for the
present study is the SOMAS100 photopolymer. A sample of this liquid was rheologically characterised at the Department of
Chemical Engineering, K.U.Leuven, on a DSR 200 rheometer (Rheometrics). The dynamic viscosity was found to be 1.18 Pa s
at 27°C, and was independent of shear rate (tested up to a shear rate 6f%0Ulse dynamic viscosity was also found to be
frequency independent (ratio of loss modut@é to frequencyw is constant up ta = 100 rads'1). Even though no data is
available for higher shear rates, we consider the liquid to be Newtonian.

The static surface tension was measured to be 37 mN niquid densityp = 1100 kgt 3. All experiments were per-
formed with a constant flow rate issuing from the die= 100 mn?s~1. No die swell is observed, and the initial sheet thickness
is considered to be equal to the slot cleararfge= 0.4 mm. The initial mean streamwise velocity is then easily calculated:
up=0 T, t=025ms™.

3. Experimental results

This section discusses the results that were extracted from the video recordings. Absolute measurement at@uravy is
for deflections larger than 5 mm. When deflection gets smaller, the measurement suffers from the presence of the edge guides
around which the sheet thickens due to a smaller velocity. This prevents a clear view of the sheet’s lateral shape, and therefore
negatively affects accuracy.

Figs. 5-8 present the collected experimental data. The deflection of the sheet is plotted against the distance travelled by the
slide system (die and portal). In the figures, this distance is referreddie assplacementt is useful to examine the relation
between deflection and die displacement, because it gives an idea of the travel length of the die, required for the transient
response to decay. As such, this relation gives a direct indication of the drive span needed for the transient response to decay
An in-depth discussion of the experimental data is provided in what follows.

Fig. 5 introduces a scaling for the deflection data. The figure shows the measured deflection of the #eetdss accel-
eration trajectories and different coating speeds. All trajectories feature an acceleratiomerg22¥5 mm. The deflection,
scaled by\/gg*l (g represents the gravitational acceleration), is plotted against the displacement of the die, which is scaled by
the coating speetic, and has now the unit of time. With the introduced scales, the deflection pldtg fer0.5 and 0.75 ms?!
interestingly collapse. For higher coating speeds, however, the coincidence is lost, and we may state that deflection is less than
proportional tovg for Vo > 1 ms 1. On the other hand, the die displacement needed for the transient response to decay scales
with V¢, and holds fo > 1 ms™1, as Figs. 7 and 8 evidence.

3.1. Influence of the acceleration trajectory class

Fig. 6 shows deflection plots of the sheet's response to different acceleration trajectory @&s9@4, (or S), but with iden-
tical Vo and AL. The graph shows no significant difference in the responses to the three acceleration classes. The differences
in peak acceleration affect the maximal sheet deflection in a minor way.

Fig. 7 shows measured sheet deflections when accelerated to a coating/speeims 1, by S-class trajectories with
different acceleration lengths (peak accelerations of 3.6, 5, and 18)rikhe responses are plotted against the die displacement
scaled by the coating speed, and the figure clearly shows that all three responses need about the same die displacement to dec:
The acceleration lengtiL, clearly affects the magnitude of deflection. A shosér(i.e. higher peak acceleration) increases
the magnitude of deflection. Fig. 7 also shows that the drive length needed for the response to decay is a fdw Eiges6
and 7 lead us to conclude that neither the acceleration trajectory class, nor the acceleration length visibly affect the settling time
(or settling distance).

1 Somosis a registered trademark of DSM Desotech.
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When increasing coating speed beyond 1 hghe acceleration trajectories will exhibit larger acceleration lengths or/and
higher peak accelerations. This results in larger sheet deflections. The die displacements needed for the responses to deca
remain more or less on the order of magnitude of\Q:7 Fig. 8 shows measured transient responses to acceleration trajectories
resulting in coating speeds &% = 1.2 and 1.5 msZ1. The sheet’s response to the acceleratioito= 1.5 ms™1, shows a
flattened extremum. This is due to the fact that the deflection was so large that the sheet touched the shield, and thus could not
bend further. Table 1 gives an overview of the relevant response parameters for all tested acceleration trajectories.
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Table 1
Summary of characteristic parameters of the sheet’s response for different acceleration trajegtgiieime to peak acceleratiodmax:
maximal sheet deflectionmax: time to¢max, Tgg: time for the sheet’s response to decay to 10% of its maximal value (10%R)

Acceleration trajectory Sheet’s response
Class Ve AL dpeak Tpeak Experimental Simulation

(m S_l) (mm) (m 572) (S) [max Tmax 790 Zmax Tmax 790

(mm) (s) (s) (mm) (s) (s)

P4 Q50 275 085 0550 100 0.81 - 114 0.59 103
P4 Q75 275 192 0367 231 0.64 100 271 042 070
P4 100 425 221 0425 268 0.70 110 306 0.48 080
P4 100 350 268 0350 308 0.63 100 383 040 067
P2 100 275 273 0275 322 0.54 092 442 0.35 059
P4 100 275 341 0275 347 0.54 091 540 0.32 054
S 100 275 364 0275 352 0.53 090 600 0.33 053
S 100 200 500 0200 410 0.44 079 1099 031 042
S 100 100 100 0.100 465 0.34 068 - - -
P4 120 500 270 0417 322 0.70 — 378 047 079
P2 120 400 270 0333 332 0.60 102 374 0.39 071

4. Simulation of thetransient response of a 2D liquid sheet

This section covers the simulations that have been performed to study the transient dynamics of a liquid sheet subjected to
acceleration. In part | of this series of papers, time-dependent equations of motion were derived, governing the deflection of a 2D
liquid sheet subjected to acceleration, on the assumptions of a slender sheet, and small Reynolds number. The equations wer
expressed in a 2D curvilinear noninertial reference fréme), with s following the sheet’s centre line, amdhormal tos. The
s-axis is made talwayscoincide with the sheet’s centre line, even when the sheet deflects. To characterise the dynamics, a new
velocity term was introduced: the normal (directed alapgelocity f of the sheet’s centre line. Thg-velocity component,
together with the sheet thickneFsand streamwise velocity, constitute a set of three unknowns that characterise the sheet’s
dynamics. Assuming that the liquid sheet is falling in the direction of gravity, and ugjit9 as the acceleration that is applied
to the die (perpendicular to the direction of gravity), the 2D equations of motion derived in part | are expressed as follows:

Continuity

9 aT
—(T — =0, 1
8S( u)+8[ (1)

Momentum balance

19
() = but 4 2euf =cosd — Lsing — = (pst 4 psTy+ a4 202,
9s2 T ds ds

du  du 1(,0% 43T du
ot s g 29s R ’

) '—+u——f—s—/<(u2—f2) @)

1 2« 1(10T 43 3u+ 8K+3K
TWe R|Tas %% ™" T |

Here,¢ is the ratio of the initial sheet thickness to the sheet Ienﬁ@lﬂ,(l). As slender sheets are considereek 1. R =
¢~ 1Reis a modified Reynolds numbeRé= pu;Tou ). us = /gL is a velocity scaleW e is the Weber numbep@2Too —1).

Kk represents the curvature of thexis, andp$ the air pressure at the interface. The accuracy of the set of equations (1) and (2)
is O(e). With the values used during the experiments of SectidRe3; 0.4 andWe= 14.6.

Based on the set of 2D equations (1) and (2) a computational finite difference model was developed. A predictor—corrector
algorithm was used to solve the finite difference equations for the three unkribwinsand f. This is an explicit finite-
difference method to solve the equations through a time-marching scheme. (hi€)Oaccurate in both time and space.
Calculations were performed with Matlab™ with a time step 6f% 10~4 s. The sheet was modelled with 50 nodes.
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Fig. 9. Simulated sheet’s responses to different acceleration trajectB@elg: = 1 ms1, AL=275 mm,P4 Ve=1 ms1, AL=275 mm,
SVe=1ms1 AL=275mm,S Vo =1 ms 1 AL=200 mm.Q = 100 mnfs 1, Re= 0.4. The lower graph plots the acceleration
trajectories in function of scaled die displacement. The upper graph plots the corresponding sheet’s responses.

A constant feed) = uTp is assumed. No pressure differences are present across theheetpd™ = 0. No downstream
solution is specified where the sheet impinges onto the substrate. This last consideration stems from the fact that, when inertia
forces dominate the flow, no information can travel upstream the dheet.

4.1. Simulation results

As with the experimental results, the computed responses are represented by the sheet’s deflection defined as in Fig. 4. The
acceleration trajectories used for the computations are identical to the ones used for the experiments.

Fig. 9 plots the computed responses to different acceleration trajectories, all leading to a coatirgspebehs L. The
results are plotted using the same scaling as for the experiments, to ease comparison with the experimental results of Figs. 6
and 7.

The agreement of the computed responses of Fig. 9 with the experimental observed ones in Figs. 6 and 7, for correspond-
ing acceleration trajectories, is however only qualitative. Table 1 summarises the characteristic parameters of the computed
responses, and the experiments. Thax andtmax data of Table 1 are also presented graphically in Fig. 13, graphs A and C,
where the computed values are plotted against the experimental ones. All computed responses feature a larger maximal de:
flection £max, but also faster dynamicsax andtgg). The computedmax Shows an exponential increasing discrepancy with
experiment, while the difference between computed and experimgggris more or less steady for the range under investi-
gation.

Analysis of the discrepancy between experiments and simulations lead the authors to believe that these are due to the
dynamics of the air trapped between the sheet and the shields protecting the curtain. The simulations presented up to now have
neglected the influence of surrounding air. In the following section the model is empirically modified to include the effect of
surrounding air flow.

5. Influence of shielding

The computed responses shown in the previous section show a similar behaviour with the experimental ones, but the agree-
ment is merely qualitative. In general it may be stated that the computations show a faster sheet dynamics for all acceleration
trajectories under investigation. Two facts may be identified, which might — at first sight — cause the simulations to disagree
with the experiments. A first fact is the 3D behaviour of the liquid sheet used for the experiments. The width to length aspect
ratio is 400 to 125 mm, or 3.2, and the computational model of the sheet was 2D. However, experiments have been performed,
with the sheet unsupported by edge guides. By so doing, the sheet’s lateral ends were free to bend, and the behaviour might

2 We refer to Lin [8] who showed that in a viscous curtain sinuous waves can propagate upstream only dta Weber number defined
by o0uo~Lis smaller than 2. At the downstream location of the sheet used for the experiments the local Weber number is 4.4.



580 M. Gilio et al. / European Journal of Mechanics B/Fluids 24 (2005) 572-585

better approach the 2D case. In this case the sheet contracted laterally, and at its downstream location measured 280 mm wide
These experiments showed no significant difference in the sheet’s response (measured in the sheet's middle), compared to th
presented experiments with edge guides. This fact supports the assumption that the sheet’s behaviour may well be represente
by a 2D model. A second fact is the neglect of the dynamics of the air inlthmbersetween the sheet and the two shields.

When the sheet bends, the chambers change in volume. This volume change will have two effects: (i) a change in air pressure,
and (ii) an air flow to level the pressure difference between chamber and surroundings through the chamber’s lateral open ends
(see Fig. 4). The authors conjecture that (i) and (ii) account for additional stiffness and damping effects on the sheet’s behaviour.

What follows is an attempt to prove this conjecture.

5.1. Facts that support the conjecture

The parameter through which the air surrounding the sheet interacts with the sheet itself, is the air presbaneg
dependent on time and space. Sheet deformation and air pressure are strictly coupled, as was evidenced by Schmid and Her
ningson [9]. They performed a stability analysis of a falling liquid sheet enclosing an air cushion at one side. Using an optimal
superposition of low-frequency modes, a strong correlation was found between the pressure signal in the cushion and the fall
time of particles in the sheet. The main deformation of the sheet and the pressure signal in the air cushion are caused by wave
packets travelling down the sheet, which in turn are triggered due to a global coupling by the compressible air cushion. The
correlation could be observed over a wide range of parameters governing the flow, and was in accordance with experimental
data.

Finnicum et al. [10] investigated the steady-state deflection of sheets when a pressure difference is applied. A 100 mm
deflection was reported for a sheet, 250 mm long and Ritk= 11, when a pressure difference of only 0.76 Pa was applied.

Their experimental results showed good agreement with theoretical predictions.

Experimental evidence of the large influence of the shielding configuration on the transient response is given in Fig. 10.
This figure shows two measured sheet’s responses to an identical acceleration trajectory, but for two different shielding con-
figurations. A first configuration featured the shields mounted at a distance of 40 mm from the sheet (average distance, due
to the shields’ oblique shapes — see Fig. 4), while the second configuration had the same shields mounted at 80 mm from the
sheet. The second configuration results in a larger maximal deflection, but the time to the maximum is less compared to the first
configuration.

In the following section an empirical model is derived governing the effect of surrounding air on the dynamics of the sheet.

It is based on an analogy of the sheet’s responses with the responses of a mechanical mass-spring-damper system.

5.2. Simulation with added damping

A closer look at the plotted experimental and computed responses of Figs. 6, 7, and 9 shows that the computed and observec
responses show qualitatively a similar behaviour. Both approach the response of a second order system. Therefore, consider, b
way of illustration, a mechanical second order system, as depicted in Fig. 11. The system consists of a small mass (the sheet)
able to move without friction on a cart (the die). The mass is attached to the cart through a spring with gtiffmesdamper
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Fig. 11. Simplified mass-spring- Fig. 12. Match of the responses of the system (3) with mea-
damper model of the deflection of a sured sheet deflections: (14 Ve =1 ms1, AL = 350 mm,
liquid sheet. The mas@ coincides ¢ =051+ 12€| — 89¢|2), w, = 137(1 — 19| + 40£[2); (2) P4
with the sheet; the cart is the die im- Ve = 12 ms1, AL =500 mm, ¢ = 0.7(1 + 10| — 92¢|?),
parting the acceleration. wp =129(1 — 171§] + 33£1%); (3) S Ve =1 ms L, AL =275 mm,

¢ =0.5(1+ 10| — 4715 |2), wy = 14.7(1 — 19| + 30(£]2).

with coefficientc. The stiffnessk of this model corresponds to both the stiffness of the liquid sheet itself, and the stiffness
imparted to the sheet by the air trapped in the chambers between sheet and shields. The damper, in the cart model, actually
represents the damping influence of the air flow on the sheet’s dynamic behaviour. The internal damping of the liquid sheet is

neglected®
When the cart is accelerated, the following equation governs the relative motion of the small mass w.r.t. the cart:
E+2mné +ofe =-X, €)

where the dot represents differentiation w.r.t. time, ardx — X. The damping ratig = ¢(2«/mk)~1 and the natural frequency

w, = vkm~—1. The solution of (3) may be fitted to the sheet's measured responses to extract important information on the
conjectured damping phenomenon. However, before proceeding to do this, let us note that damping will be highly nonlinear.
Therefore, we consider to be a function of the displacement velodity

¢ =" (14 arlé] + azé?). (4
Moreover, the sheet'’s stiffness will be dependent on the deflection of the sheet, thus, on the displacement
wn = o (14 e £] + k282). ©)

The solution of the second order system (3), expanded with (4) and (5), has been fitted to each measured sheet’s respons
separately. The solutions of the cart model match the sheet’s experimental responses quite well, providaddhgt are
well-chosen. Fig. 12 shows a few matches of experimental responses and fitted solutions of the cart model (3). The numerical
values of¢ andw,,, averaged over all responses, were found to be:

¢ =0.5(1+ 10| — 5062),
(6)
wn = 13(1— 20| + 40¢2).

The value ofw}; may also be found by numerical simulation of the equations of motion (2) as follows. A continuous
sinuous acceleration is applied to the shegf(r) = A sinwt, and its response is computed according to the method outlined
in Section 4. Assuming the system to be undampeg Q), then the steady state response will also be a sine, with equal
frequency, but with a phase shift. The amplitude of the responge ‘im(w,% — w?))~L. As the sheet's mass can be calculated,

3 The contribution of viscous forces to the deflection is thus neglected. See part | for a discussion on the influence of viscosity on sheet
deflection.
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Table 2

Summary of characteristic parameters of the sheet’s response for different acceleration trajectories: experimental and computed with damping.
Tpeak time to peak acceleratiofimax: maximal sheet deflectionmax: time to £max, Tgo: time for the sheet's response to decay to 10% of its
maximal value (10% 0fmax), ¢max= ({maxsim — £maxexp)/fmaxexp: 8 Tmax = (Tmaxsim — Tmaxexp)/ Tmaxexp

Acceleration trajectory Sheet'’s response

Class Ve AL Experimental Sim. w. damp.
—1
(ms™) (mm) £max Tmax 790 £max d€max Tmax dTmax 790
(mm) (s) (s) (mm) (%) (s) (%) (s)
P4 Q50 275 100 0.81 — 100 0.0 0.74 —86 -
P4 Q75 275 231 0.64 100 210 -9.1 0.58 -9.4 0.96
P4 100 425 268 0.70 110 252 —-6.0 0.64 —-8.6 107
P4 100 350 308 0.63 100 288 —6.5 0.59 —-6.3 0.94
P2 100 275 32 0.54 092 309 —-4.0 0.50 —-74 0.88
P4 100 275 347 054 091 311 -103 0.53 -18 091
S 100 275 352 053 090 311 —-116 0.54 +19 0.84
S 100 200 410 0.44 079 317 —22.7 0.45 +2.3 0.75
P4 120 500 32 0.70 — 310 —-37 0.64 -85 107
P2 120 400 332 0.60 102 320 —3.6 0.56 —6.6 0.97
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Fig. 13. Plots of¢max and trmax data of Tables 1 and 2. Computed values are plotted against experimental ones. Graphs A and C match the
values of simulations witho damping with experiments. Graphs B and D match the values of simulatitmdamping with experiments.

computation of the response resultsuifi = 12.5 rad s1 which is in good agreement with the value found by curve fitting
in (6), and supports the assumptions that (i) the contribution of the air in the chambers to the sheet’s stiffness is small, and (ii)
the computational model, described in Section 4 is a good estimate of the real sheet. Concerning the dampjrayvaltie
of ¢* = 0.5 is considerably high. As previously outlined, this damping cannot stem from the sheet itself, but is caused by the
air flow in the chambers. Such a high damping is not present in the computational model of Section 4, which explains the
discrepancy between experiments and computational results.

The previous discussion makes clear that a relation of the kind (4) is missing in the computational model of Section 4, while
a relation (5) is already included, and no additional stiffness, stemming from the air in the chambers, is needed. Thus, adding a
damping term of the form (4) to the equations of motion, should result in a better agreement of the computational results with
experiments. Thér)-balance of the momentum equations (2) may then be written as:
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Fig. 14. Comparison between computed responses with damping and experiments. Solid lines represent simulatios 'respifesents
experimental data.
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with @, a7, andaz the dimensionless counterpartsaf, o, andap. SK(s) is a scale factor, linearly scaling the damping
influence over the sheet’s height. The damping effect is assumed to be highest downstream, and lowest at the die outlet. As
depicted in Fig. 4, the shields do not run parallel to the sheet (assuming the sheet to be stationary), but diverge downwards. The
scale factor evolves in the same way as the distance between sheet and shield, going linearly from a minimum of 0.65 at the die
outlet to a maximum of 1.35 at the substrate.

Solutions of the adapted model (7) — with nonlinear damping — have been computed for various acceleration trajectories.
For all computations, the values fof, w};, a1, anday were identical and taken from (6). Table 2 summarises the characteristic
response parameters of the simulations with added damping, and compares them with experiments. The agreement betwee
computed responses and experiments is significantly improved, compared with the simulations without damping. This may also
be seen from Fig. 13, comparing the computed and experim@nigland tmax data graphically. Fig. 14 plots a few responses
and compares with experiments. The figure shows clearly that during the stage of increasing deflection, the agreement betweer
simulation and experiments is quite good. The fact that the computed maximal deflection is smaller than the experimental
maximum in most of the cases, makes the stage of decreasing deflection not agree well between simulation and experiment.
In some cases the computed responses show an overshoot, but this is not experimentally observed, perhaps due to its sma
magnitude. Fig. 15 compares a sequence of three video images of the deflected sheet with the computed lateral profiles of the
sheet, for the same acceleration trajectory, and at the same instants of time. The lateral profiles match well, giving additional
validity to the performed simulations.

Let us note that all computations were performed with the same damping coefficients of (6). These coefficients have been em-
pirically obtained. The fact that one damping relationship gives similar results for various trajectories, supports the assumption
that the physical mechanism causing damping is the same for all investigated cases. However, Fig. 13 evidences an increasing
discrepancy for the trajectories causing the largest deflections (i.e. the trajectories with the highest peak accelerations). This may
point out that the damping behaviour of the air alters when the base frequency of the exciting inertia force (i.e. the acceleration
trajectory) increases.

6. Conclusion

The transient response of a liquid sheet, subjected to horizontal acceleration of the die from which it emanates, has been
measured experimentally for various acceleration trajectories. The measured responses show a very weak dependence on th
trajectory class. The acceleration length, and accordingly the peak acceleration only significantly affect the maximal deflection,
but merely affect the settling time. Moreover, it has been shown that the shielding of the sheet from surrounding air has a very
large impact on the sheet'’s response.

Comparison of the observed responses with simulations shows that in reality the sheet’s response is highly damped. The
damping stems from the air flow between sheet and shields, and its characteristic was identified by fitting solutions of a me-
chanical second order system to the experimental data. The damping ratio was fourd=dtiE and damping was found to
be nonlinear and dependent on the rate of deflection of the sheet.

To improve the agreement between experiments and simulations, a nonlinear damping term was added to the computational
model. The resulting computations of the sheet’s response show satisfactory agreement with experiments. However, the exact
mechanisms that lie at the basis of these damping phenomena are yet unquantifiable and are matter of future research.
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