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Effects of Nozzle Geometry on the Fluid Dynamics of Thin
Liquid Films Flowing down Vertical Strings in the Rayleigh-

Plateau Regime
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Mechanical and Aerospace Engineering Department, University of California, Los Angeles, 420

Westwood Plaza, Los Angeles, California 90095, United States
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ABSTRACT: Thin-liquid films flowing down vertical strings undergo instability, creating wavy
film profiles and traveling beads. Previous studies assumed that the liquid film thickness and
velocity profiles within the healing length from a nozzle were specified by the Nusselt solution,
independent of the nozzle geometry. As a result, the influence of the nozzle diameter on the flow
characteristics, such as the liquid bead size, spacing, and traveling speed, was largely
overlooked. We report an experimental and numerical simulation study on liquid-film flows in
the Rayleigh-Plateau regime while systematically varying the nozzle diameter from 0.5 mm to
3.2 mm at different mass flow rates (0.02, 0.04, 0.06 and 0.08 g/s). We find that the nozzle
diameter does have a strong influence on the flow regime as well as flow characteristics. We
identify the thickness of a nearly flat portion of a liquid film that precedes the onset of instability,
which we term the pre-instability thickness, as a critical flow parameter that govern the size,
spacing, and frequency of liquid beads that develop downstream. By defining the liquid film

aspect ratio « in terms of the pre-instability thickness, we capture a flow transition from the



Rayleigh-Plateau (RP) instability regime to the isolated droplet regime. An improved
understanding of the flow regimes and characteristics assists a systematic design and
optimization of a wide variety of processes and devices, including fiber coating and direct

contact heat and mass exchangers.

INTRODUCTION

The characteristics of thin liquid films flowing down vertical strings of diameter of the order of
1 mm has attracted a lot of experimental and theoretical interest due to their significance in fiber
coating and direct-contact heat? and mass exchangers®*. The latter has diverse applications,
including dry cooling of thermoelectric power plants, thermally driven absorption/adsorption
chillers, thermal energy recovery®, and vapor or CO, capturing®®. Past studies showed that
wetted wire columns deliver comparable heat transfer performance at lower air pressure drops
than packed beds, Rigorous fundamental understanding of liquid film flows is important for
physics-based design and optimization of such heat and mass exchangers.

As a liquid film flows down a thin string of high curvatures, interplay among surface tension,
viscous diffusion, and inertia leads to flow instability, creating periodic or aperiodic liquid beads
traveling along the strings. Rayleigh described the importance of surface tension in wave
formation in liquid columns. A comparison between liquid film flows over a planar and a
curved surface illustrated the effects of surface curvature on velocity profiles®. Trifonov et al.!*
studied the nonlinear wavy regimes of viscous liquid film flows on vertical wires using integral
method. Quéré observed the formation of axisymmetric drops when a wire was drawn from a
liquid bath and related the liquid bead formation to mean flow advection®'®, Kalliadasis et
al.'showed that for film thicknesses larger than a threshold value, the Rayleigh-Plateau

instability triggers natural disturbances of the flow, which then leads to liquid drop formation.



Early theoretical and experimental studies of liquid film flows down vertical wires employed
highly viscous liquids and thin fibers to reduce the effects of gravity. They observed the
existence of a dominant wavelength and the formation of uniformly-spaced beads!®. A later
study® investigated flows under similar conditions and developed a creeping-flow model to
predict flow characteristics.

Lin et al.?® took the gravitational force into account for the stability problem of the free
coating of and concluded that any flow in this configuration, regardless of the liquid Reynolds
number and string diameter, is unstable. Craster et al.?! derived an evolution model for liquid
film flows under a long-wavelength approximation for the thin-layer limit where the radious of
total fluid is much smaller than the capillary lengthscale, whose prediction yielded a good
agreement with experimental results. Wehinger et al.?? conducted a numerical simulation study
using the multi-fluid method to capture the sinusoidal and solitary wave limits. Griinig et al.?®
experimentally investigated the fluid dynamics of a single wetted string in the presence of
significant counterflowing air and observed a limit for gas load where the beads break up into
small droplets and flooding occurs.

Ruyer-Quil et al.?* developed a two-equation evolution model for liquid film flows that
accounted for the effects of viscous diffusion and inertia to predict liquid film profiles as a
function of time. This and follow-up studies observed wavy flow regimes, where discrete liquid
beads are formed and travel down a string at regular or irregular intervals. Extending these
studies, Duprat et al.?® proposed a flow regime map based on a parameter set including the liquid
mass flow rate, liquid properties and string diameter. Flow regimes, which are affected by the

effects of viscous dispersion, inertia, flow advection and azimuthal curvature, were classified



into four categories?®®. Duprat et al.?*?>?7 also studied the effects of controlled excitations
applied at the liquid inlet reservoir.

Previous studies largely overlooked the effects of nozzle geometry on the characteristics of
liquid film flows down vertical strings. One generally considers that a liquid film has a smooth
or non-wavy region that extends from the nozzle to the location of the onset of instability. The
liquid velocity profile within such a non-wavy region was assumed to be given by the so-called
Nusselt solution, which is not a function of axial position and nozzle geometry. This
approximation may have been made in part to facilitate obtaining solutions to simplified Navier-
Stokes equations. To mitigate challenges in the alignment of strings, experimental studies may
also have employed large-diameter nozzles, which may have obscured the effects of nozzle
geometry. With a “pre-instability” region prescribed independent of the nozzle, all parameters
characterizing liquid flows, including liquid bead frequency and diameter, were considered to be
independent of the nozzle radius. Our recent study !, however, suggested that the nozzle radius
does influence liquid-film flow characteristics, including the liquid bead diameter and bead
frequency.

In the present manuscript, we report our combined experimental and numerical systematic
study of the effects of nozzle geometry on thin liquid films flowing down a vertical string. We
limit ourselves to experimental conditions within the Rayleigh-Plateau (RP) instability regime 2.
We experimentally determine how the nozzle radius influences the flow characteristics such as
the healing length, liquid bead diameter, liquid bead spacing and liquid bead spatial frequency.
To help interpret experimental results, we perform sets of numerical simulations. Previous
studies simulated the formation of liquid beads on vertical strings under both flowing and static

conditions. Mead-Hunter et al.?° simulated the breakup of a liquid film on a vertical string using



the OpenFOAM CFD package and achieved good agreement in droplet spacing with theoretical
results based on the Quere theory®®. Hosseini et al.® simulated thin liquid film flows using the
volume of fluid (VOF) method. Their work could qualitatively capture the experimentally
obtained profiles of liquid beads but the predicted liquid bead spacing deviated from
experimental results. An approximate analytical model is proposed, which relates the flow

characteristics.

FLOW REGIME

Interplay among surface tension, inertia and viscous forces governs liquid film flowing down a
vertical string which has the potential to show various patterns such as regular train of drop-like
beads or solitary waves (wavelike regime)?®. Previous studies proposed flow regime maps in
terms of the liquid mass flow rate, string diameter and liquid properties ?*. Figure 1 shows one
such regime map based on the normalized string radius Rs/lc and the film aspect ratio an = hn/Rs.
Here, Rs is the radius of the string; Ic is the capillary length of the liquid; and hy is the Nusselt
thickness or the thickness of a flat liquid film before the onset of instability. The Nusselt
thickness in turn is a function of the liquid mass flow rate and the string radius but is independent
of nozzle geometry.

The ratio between the growth time of RP instability, 75, and the time needed for the flow to
displace its wave over the wavelength, z, defines the saturation number g*. The saturation
number is a function of an and Rs/lc. The curve fg* = 1 divides the coordinate plane into an
inertia-dominated region to its right and a surface tension-dominated region to its left. The curve
p* = 1.507, obtained from a dispersion analysis on traveling beads, demarks a transition between

absolute and convective instability. In convective instability, liquid films exhibit disturbed noise-



driven flows where liquid drops are not uniformly spaced and exhibit coalescence . In this
study, we limit ourselves to flows in the RP regime with absolute instability.

One limitation of this flow regime map is its inability to capture the effect of nozzle geometry.
Our numerical simulation and experimental results show that cases with the same liquid mass
flow rate, string diameter and working liquid can exhibit very different flow regimes (e.g.,
isolated droplet regime; the convective instability regime; and the Rayleigh-Plateau instability

regime) depending on the nozzle diameter (see Figure S1 in Supporting Information).
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Figure 1. Flow regime map for thin liquid film flows down vertical strings. The symbol
represents one flow condition we investigated: silicone oil v50 with a mass flow rate Q = 0.08

g/s on a string of diameter 0.2 mm.

EXPERIMENT AND NUMERICAL SIMULATION

We perform a systematic experimental and numerical study to investigate the influence of
nozzle geometry on the flow characteristics such as the healing length, spatial/temporal

frequency of traveling beads, and their spacing and size.



EXPERIMENTAL SETUP

Figure 2 shows a schematic of the experimental setup we use to study the effects of nozzle
geometry. A syringe pump is used to pump the liquid. The liquid flow rates are varied from 0.02
g/s to 0.09 g/s. A high-speed camera is mounted on an X-Y stage to capture liquid film profiles
along vertically mounted Nylon strings. A frame rate of 1000 frame/second is used for all
experimental results reported here. A video zoom lens is interchangeably used to capture details
of individual liquid beads. The uncertainty in the liquid bead radius and length is estimated to be
+ 0.08 mm and that in the liquid bead spacing + 0.3 mm.

We use stainless steel nozzles of inner diameters varying from 0.5 mm to 3.2 mm and wall
thicknesses varying from 0.1 mm to 0.2 mm in our experiments. Nylon strings of length 0.6 m
and diameters of 0.2, 0.29 and 0.43 mm are mounted vertically using a weight attached at the
end. A set of two X-Y stages are used to align each string such that it is centered with respect to
a nozzle. We monitor the liquid mass flow rate using a precision weight scale of resolution 0.1 g
with a computer readout.

Rhodorsil silicone oil v50 (density p = 963 kg/m?, kinematic viscosity v = 50 mm?/s, surface
tension ¥ = 20.8 mN/m at 20 °C) and Rhodorsil silicone oil v100 (density p = 963 kg/m?,
kinematic viscosity v = 100 mm?/s, surface tension ¥ = 20.8 mN/m at 20 °C) are used as the

liquids.
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Figure 2. Schematic of the experimental setup.

Using the captured video images, we extract relevant flow parameters, including the liquid
bead spacing, the liquid bead temporal frequency, the liquid bead velocity, the healing length, the
pre-instability thickness and the liquid bead radius (see Figure S2 in Supporting Information).
The first three parameters are determined from a so-called spatiotemporal diagram, which we
construct by extracting a single vertical line of pixels that intersect liquid beads near their centers
from each of the video frames and then juxtaposing them along the horizontal time axis. The
vertical axis represents the distance from the tip of the nozzle. As for the healing length, we
consider the onset of instability at the location where local perturbations exceed 4% of the mean

liquid film thickness.



NUMERICAL SIMULATION

To help understand experimental results, we perform sets of numerical simulations. Figure 3
shows the simulation domain and boundary conditions we use. We implement the volume of
fluid (VOF) method within the framework of a commercial CFD package (ANSYS-Fluent) to
model two-phase flows and track liquid-gas interfaces. We assume that the flows are two-
dimensional and axi-symmetric. We employ an unsteady 2D solver utilizing the PISO (pressure
implicit with splitting of operators) method to handle the pressure-velocity coupling. The
pressure staggering option (PRESTO) is used to handle the pressure and the second-order
upwind scheme is used to discretize the momentum equations. A mesh independence study is
carried out to ensure that the predicted liquid flow parameters, including the liquid bead spacing
and diameter, do not change by more than 2% with a further mesh refinement. An unstructured
quadratic mesh with the minimum element size of the order of 0.01 mm and the number of mesh

elements of the order of 200,000 is used in typical simulation runs.

We adopt the continuum surface force (CSF) model proposed by Brackbill et al.*°, where the
effect of surface tension is represented as a source term in the momentum equations. The
apparent contact angle® is dynamically calculated based on the equilibrium of forces at each
instant®>*3, We do not employ any artificial perturbation in our simulation but rely instead on

noise inherent in numerical simulation to initiate instability.
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Figure 3. Schematic of boundary conditions for numerical simulation

During a flow initiation stage, liquid beads formed near the nozzle spread and slide down an
initially dry string. Our numerical simulation results showing two liquid film profiles: (a) shortly
after the beginning of a simulation run and (b) after a steady state has been established (see
Figure S3 in Supporting Information). The geometric characteristics of liquid beads, especially
bead spacing, during this flow initiation stage differ markedly from those under the later steady
state condition We consider that a steady-state has been reached when the spacing between 5
consecutive beads passing a fixed position varies less than 5% of their mean value. All
simulation results reported later in the manuscript are obtained after such initiation stage has

ended and stable liquid profiles are established.
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RESULTS AND DISCUSSION

We first compare the relative effects of two nozzle geometric parameters: nozzle inner
diameter (ID) and nozzle outer diameter (OD). Figure 4 shows the predicted and measured bead
temporal frequency as a function of the nozzle inner diameter. For the results shown in Figure
4(a), the nozzle wall thickness is varied such that the nozzle OD is fixed. Under this condition,
both the simulation and experimental results show that the flow characteristics are relatively
insensitive to the nozzle ID. In contrast, the results shown in Figure 4(b) are obtained from
nozzles with the same ID but different ODs. This time the bead temporal frequency (and other
flow parameters) do vary appreciably with the nozzle outer diameter.

The above trend can be explained by considering the profile of a liquid film near the nozzle.
The predicted liquid profiles for different values of the liquid contact angle illustrate that, at
relatively low contact angles, as is the case for well-wetting silicone oils, the contact line remains
attached to the outer nozzle surface (see Figures S4 and S5 in Supporting Information). As a
result, the liquid bead diameter and other flow parameters are governed only by the nozzle outer
diameter and do not change much with the contact angle. When the contact angle exceeds a
threshold value, approximately 45 degrees, the contact line recedes from the outer surface and
moves towards the nozzle inner surface. The liquid bead diameter decreases more appreciably
with increasing contact angle at these higher contact angles. With these results, we present all

subsequent results on flow parameters as a function of the nozzle OD.
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Figure 4. Dependence of the liquid bead frequency on (a) the nozzle inner diameter when the
nozzle outer diameter is fixed and (b) the nozzle outer diameter when the nozzle inner diameter
is fixed. Two sets of data for two different liquid flow rates (Q = 0.08 g/s and 0.04 g/s) are
shown. The hollow symbols correspond to our simulation results and the solid symbols

correspond to our experimental results.

Figure 5 and Figure 6 show two of the flow characteristics for silicone oil v50 flowing down

a vertical string with a diameter of 0.2 mm at two different liquid mass flow rates of 0.04 and

12



0.08 g/s. The liquid bead frequency and the healing length decrease with increasing nozzle outer
diameters whereas the bead spacing and the bead diameter increase with increasing nozzle outer
diameters (see Figures S6 and S7 in Supporting Information). The predicted results all agree well
with the experimentally measured values.

One noteworthy observation is that the flow regime itself can change as we change the nozzle
outer diameter. Our experimental and numerical results show that the flows can transition to the
isolated droplet regime, as shown in Figure 5.b(I11), when the nozzle outer diameter is larger
than 1.6 mm (for Q = 0.04 g/s) or 2.1 mm (for Q = 0.08 g/s). At even lower liquid mass flow
rates (0.025 ~ 0.04 g/s), the flows are observed to be in convective instability regime when the
nozzle outer diameter is less than 0.7 mm, which is shown in Figure 5.b(l). The previous flow
regime map would have predicted all of these flows to be in the absolute instability regime

shown in Figure 5.b(1l).

13



25
(a) T T T i
—u— 0.08 g/s - Experiment
— 0— 0.08 g/s - Simulation
20 L —e—0.04 g/s - Experiment] |
— 0= 0.04 g/s - Simulation
N
Isolated
I Convective dsr‘:)::t
: 15 _Instabil:ty Absolute Rayleigh-Plateau . regime
- 1 1
3‘ H=—l=g=
e
c | = LI-—:.___
@
S 10| — .
o a—
w \\.‘-o
T k A |
Ci ti " .
Inos?av:IT\tl;e Absolute Rayleigh-Plateau Isolated droplet regime
0 1 1 1
0.5 1.0 1.5 2.0 2.5

Nozzle outer diameter, OD, (mm)

)
|
* B

(1) ) (1)

(b)

Figure 5. The measured and predicted liquid bead spatial frequency as a function of the nozzle
OD for RP regime in (a). Two sets of results are presented for two different mass flow rates: 0.04
and 0.08 g/s. The experimental liquid film profiles are presented for b(l) convective instability,
b(I1) absolute RP instability and b(ll1) isolated droplet regimes. Note that the experimental data

shown in (a) are only for liquid film flows in the Rayleigh-Plateau regime illustrated in (b-11).
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Figure 6. The predicted and measured liquid bead spacing as a function of the nozzle OD. Two

sets of results are presented for two different mass flow rates: 0.04 and 0.08 g/s.

We hypothesize that the pre-instability region (between the nozzle and the location of
instability onset) is a key to understanding the observed dependence of the flow characteristic
parameters on the nozzle outer diameter.

Figure 7(a) shows the predicted liquid film profiles near two nozzles of different diameters.
The flows are in the RP regime. As the liquid exits the nozzle, it develops to form (nearly) “flat”
liquid-gas interfaces before any flow instability leads to the generation a neck and subsequently
discrete liquid beads. We define the thickness of this flat liquid film before the onset of the
instability as the pre-instability thickness. Figure 7(b) shows the predicted axial velocity profiles

in the pre-instability regions at locations marked with the arrows in Figure 7(a).
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We note that the pre-instability thicknesses and the velocity profiles deviate from the
predictions of the Nusselt model despite the fact that the string diameter and the liquid mass flow

rate are kept the same for both cases.
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Figure 7. (a) Predicted liquid film profiles near the nozzles for different nozzle outer diameters
(2.1 and 0.8 mm). (b) Predicted axial velocity profiles at locations marked with arrows in the
pre-instability regions. Note that the horizontal axis corresponds to the axial velocity. The
hollow triangles are for OD = 2.1 mm and the hollow squares are for OD = 0.8 mm. The solid

line/filled symbols correspond to the Nusselt solution.
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We also examine the effect of the nozzle outer diameter on the pre-instability diameter, which
is computed as the sum of the string diameter and the pre-instability thickness. We observe that
the pre-instability diameter generally increases with increasing nozzle outer diameters or
increasing liquid mass flow rates. This simulation results once again agree well with our
experimental data (see Figure S8 in Supporting Information).

Figure 8 shows the experimentally measured pre-instability diameter as a function of the
nozzle outer diameter in the RP regime using strings with different diameters, different liquids
with different viscosities, and different liquid mass flow rates. Once again, we observe that the
pre-instability diameter increases with the nozzle outer diameter. At the higher flow rates, the
pre-instability diameter approaches a limiting value of approximately 1.65 mm. At the lower
liquid flow rates, the pre-instability diameter also increases with increasing nozzle outer
diameters but the flows transition into the isolated droplet regime before the pre-instability
diameter reaches the limiting value. These trends are observed for both fluids and all the string

diameters examined.
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Figure 8. The pre-instability diameter experimentally measured as a function of the nozzle outer
diameter. Experiments are performed using two different liquids (silicone oil v50 and v100);
three different string diameters (0.2, 0.29 and 0.43 mm); and four different liquid mass flow rates

(0.02, 0.04, 0.06, and 0.08 g/s).

The flow regime map reported in previous studies does not have any provision to account for
the effects of the nozzle geometry. We propose a modified flow regime map where we attempt
to account for the influence of the nozzle outer diameter by replacing the Nusselt thickness with
the pre-instability thickness in calculating the liquid film aspect ratio a.

Figure 9(a) shows all of our experimental and numerical simulation conditions on the previous
flow regime map. All of our cases would be in the RP regime according to this regime map.
Figure 9(b) shows our new flow regime map, which can now capture the transition to the

isolated droplet regime. The film aspect ratios for flows in the isolated bead regime, where there
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is no well-defined pre-instability region, are calculated using “equivalent” pre-instability

thickness values using the relation discussed later.
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Figure 9. (a) The flow regime map proposed in previous studies. The Nusselt thickness is used
to define the liquid film aspect ratio «. (b) The newly proposed flow regime map. The pre-

instability thickness is used instead to define c.
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We proposed an inter-relationship between the flow parameter. In this method, the bead
diameter can be calculated using the pre-instability thickness and the bead velocity and
frequency are found by the bead diameter value. The spacing, which is the division of the bead
velocity and frequency, then, can be calculated. Based on these inter-relationships and a
simplified free body diagram of a liquid bead on a vertical string, we develop semi-empirical
models to help calculate the flow parameters from the pre-instability thickness (see Figures S9
and S10 in Supporting Information).

Based on our experimental results, we first develop an empirical correlation between the liquid
bead diameter Dy and the pre-instability thickness hp:

Do/ =145 x hoy + D5/, )

Figure 10 shows that the bead diameters calculated using our empirical model agree well with
the experimental data. There is an approximately linear relationship between the pre-instability
thickness and the liquid bead diameter. As a result, the limiting pre-instability thickness results in
a corresponding limit for the bead diameter as illustrated in Figure 10.

Next, we model a liquid bead as a rigid object sliding down on a thin liquid substrate. Based

on our numerical simulation results, we approximate the velocity of the liquid at the surface of

the substrate as half the bead velocity, Vu/2, and the liquid substrate thickness as % X Rp,. From
N

the force balance, we then derive the following semi-empirical equation for the bead velocity, Vp

2
Vb=?XRSXLX<ER§—(RSX(?+1))) (2)
N N

hpt 3
X(RgX(=—+1
ux(Rs (hN )
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from the empirical model. The liquid mass flow rate is 0.06 g/s. The limit line corresponds to the

limit line of pre-instability diameter.

The liquid bead velocities calculated from the semi-empirical model agree well with the
measured values (see Figure S11 in Supporting Information). We note that, as the pre-instability
diameter increases with decreasing string diameters, the bead velocity also increases. This can be
explained by the fact that liquid beads formed from thicker pre-instability regions are bigger.
Since the bead volume and corresponding gravity force grow faster (~ Dy°) than the viscous
force on the inner side of the sliding bead (~Dy?), the bead velocity increases with the pre-

instability thickness
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The bead frequency f can be readily calculated from the mass flow rate and the mass of an
individual liquid bead. We first obtain the part of the mass flow rate contributed by liquid beads
by subtracting the part of the mass flow rate contributed by the liquid substrate from the total

mass flow rate. The liquid bead is assumed to be a sphere of diameter Dy,. We then obtain

f= ? @3)

2
px(3mR}~2Rpmx(Rs)?)

The liquid bead frequency decreases with increasing pre-instability thicknesses (due to either
increasing nozzle outer diameter or decreasing string diameter) because of the corresponding
increase in the diameter of liquid beads and hence their mass (see Figure S12 in Supporting
Information). The liquid bead frequency needs to decrease to maintain the same liquid flow rate.
The bead spacing can be obtained by simply dividing the liquid bead velocity by the bead
frequency.

Moreover, as an increase in the bead diameter leads to an increase in the bead velocity and a
decrease in the bead frequency to satisfy the mass conservation, the limiting value of the bead
diameter translates into a corresponding upper limit for the bead velocity (see Figure S11 in
Supporting Information) and a corresponding lower limit for the bead frequency (see Figure S12
in Supporting Information). We emphasize that these limiting values represent limits for liquid
film flows to stay in the Rayleigh-Plateau regime and not other physical limits.

Earlier studies!®3* related the liquid bead spacing to the dominant wavelength for instability,
2m\2h, in cylindrical liquid columns. This result, however, was obtained for static liquid films
whose thicknesses are much smaller than the string radius. These conditions do not strictly apply
in flowing liquid films considered in the present study. The classical relationship indeed does not

directly capture the relationship between the bead spacing and the flow rate (Sp ~ Q) illustrated,
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for example, in Figure 6. Our semi-analytical models (Egs. 2 and 3), however, do suggest that
the bead spacing, Sy, is linearly related to the pre-instability thickness, hpi. Comparing bead
spacing results in Figure 6 and the corresponding pre-instability diameters, we also generally
note an approximately linear dependence of the bead spacing on the pre-instability diameter (see

Figure S8 in Supporting Information).

CONCLUSION

We report our experimental and numerical simulation study on the effects of nozzle geometry
on the characteristics of thin liquid films flowing down vertical strings with diameters of 0.2,
0.29 and 0.43 mm under the ranges of liquid flow rates (0.02, 0.04, 0.06 and 0.08 g/s) where the
Rayleigh-Plateau instability is the dominant instability mechanism. The nozzle inner diameters
are varied from 0.5 to 3.2 mm. We identify that the portion of a liquid film near the nozzle,
which precedes the onset of the instability, as a key to the down-stream flow characteristics, such
as the liquid bead size, spacing, and traveling speed. The thickness of a nearly flat part of this
pre-instability region is termed the pre-instability thickness, which differs from the Nusselt
thickness often presumed in the literature. We show that an increase in the nozzle diameter at a
fixed mass flow rate leads to an increase in the pre-instability thickness. This in turn results in
increases in the liquid bead size, spacing, and traveling velocity. With an increase in the liquid
mass flow rate, a decrease in the string diameter, or an increase in the liquid viscosity, the pre-
instability thickness grows, approaching a limit before the film flow transition into a different
flow regime. This transition is captured in a modified flow regime map where we replace the

Nusselt thickness with the pre-instability thickness to define the film aspect ratio. Semi-
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empirical models are also developed for the liquid bead size, spacing, and traveling speed as a

function of the pre-instability thickness.
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